
AD-AISR 662 PALISADES INST FOR RESEARCH SERVICES INC NEW YORK F/S 9/5

1978IEEE CONFERENCE RECORD OF 1978 THIRTEENTH PULSE POWER MODULATOR--ETC(U)

UNCLASSIFIED 78-CH-1371-4-ED N

mo.4 Ehhhhhhhum

'-""IEEE...mo



AD A119662

. IEEE
CONFERENCE RECORD OF

1978 THIRTEENTH PULSE POWER

MODULATOR SYMPOSIUM

-fne 20-22, 1978

DTIC
, ,.,., ,. ELECTE3

- IEEE Electron Dvices Society SEP 28 IM
i mspsrmon w.m Uw

Advisory Group on Electron Devices

The Staft Univensity of New York at Buffalo Du01WV ot

Plisade Intitute for Research Services. Inc.

8

D5IleOm AmsT A Q2 09 27 074D isbp buo _ ubo , . .. .



T CH 13714 EDT

IEEE
CONFERENCE RECORD OF

1978 THIRTEENTH PULSE POWER

MODULATOR SYMPOSIUM

Papers presented at the
4 Statler Hilton - Buffalo, New York

June 20-22, 1978

I Aeoession For

Nit---RA&I
DTIC TAB

Spohored by the Unannounced Q
IEEE Electron Devices Society Justitfication
in tooperaion vft th
Advisory Group on Electron Devices By
and Distributio
The State University of New York at Buffalo Ailabioity 'bdes

uer thw mnagemen ofAviability 0e
Palisades Institute for Research Services, Inc. copy jAvail and/or

2NPCW Dist Special S

Library of Congres Catalog Card No.: 78-6972

S~Pflmed in UL4 CopwtgtM 01978 by The InuM o f 6W*C a OhM1 InUIMU1S€-

3 -4EWA 471h ftet how Yor N. Y. 1001?



FOREWORD

The 1978 Thirteenth Pulse Power Modulator Symposium is the latest in a series
beginning with the Hydrogen Thyratron Symposium in 1950. These conferences have
provided early views of the evolution of devices and technologies in the modulator field.
As a part of the Symposium, information on recent trends and current modulator
applications is presented.
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A iNI TURR, HIGH VOLTAGE, HIGH CURRENT NANOSECOND
PULSE GENERATOR

Joseph Bajda
Cober Electronics, Inc.

Stamford, CT

Summary period (67 msec for a Prr - 1511%).1 "ch
charging intervai of 67 masc consists of

This paper describes the development of alternate primary and secondary half cycles
a high voltage, high current, nanosecond at a switching rate of approximately 20KHz.
pulse generator of small volume, low weight, During the primary half cycle, energy is
and high efficiency. The pulse generator drawn from the 28 vol: input and stored in
operates either single pulse or 15Hz at a the primary inductanru of the ringing-choke
pulse width of 1Z5ns, pulse voltage of 30KV, transformer. During the secondary half
Ind pulse current of 1200 ampe. The 30KV, cycle, the energy stored in the primary in-
1200 amp pulse is formed by discharging a ductance is coupled by the secondary winding
Blumlein circuit with a triggered spark gap. to the Blumlein network capacitors.
A ringing choke dc-to-dc converter charges
the Blumlein circuit capacitors to 30KV by Power Supply
transforming the 28 volt input.

Presented are factors leading to the The 30KV output is formed by connecting
design approach, problems encountered, and the outputs of the three secondary windings
breadboard test results. of transformer T1 in series. Each secondary

consists of 2500 turns of wire wound around
Introduction a separate molypermalloy powder toroid core.The secondary start and secondary finish are

Table I summarizes the design goals as terminated in corona rings separated by
specified in Contract Number DAAB07-77-C- 0.5 inch. Each core has an outer diameter
2641, U.S. Army Electronics Command, Fort of 1.31 inches, an inner diameter of 0.76
Monmouth, New Jersey. inches, and a height of 0.46 inches. Adja-

cent cores are separated by 0.5 inch. The
TABLE I primary winding passes through the center

window of all three cores and is insulated
Input Voltage 28V to withstand the 30KV potential difference
Output Voltage 30KV between primary and secondary. The drive
Peak Current 1200A winding of transformer Tl passes through the
Prr 15Hz and single center of all three cores and over the

pulse primary winding. It is insulated for 15KV.
Pulse Widt!. (50%) 125ns Figure 3 shows a photograph of a transformer
Rise Time (10% to 90) 20ns max. configuration utilizing two cores with the
Fall Time (90% to 10%) 40ns max. secondary windings in series.
Pulse Energy 90% min. (resis- The function of the control circuitry

tive load) is 1) assure the start of the conversion
Life 106 pulses min. action, 2) control the duration of the
Weight 2.0 kg max. primary half cycle (power transistor 2N6340
Volume 360 cm3 max. conducting), 3) limit the input current, and
Form Factor Cylindrical 4) establish the correct charging voltage at
Maximum Outer Diameter 6.3 cm the output.

Presented in Figures 1 and 2 are sche- Modulator
matic diagrams for the power supply and
modulator for the pulse generator. The 30KV, 1200A pulse is formed oy dis-

The insulation requirements of the power charging the Blumlein circuit with a trig-
supply and modulator high voltagit components gored spark gap. Each network of the

have a significant effect on size and weihc. umlein circuit has a 12.5 ohm impedance.
A conventional pulse forming network (PFN The high voltage trigger pulse is formed by

requires the network capacitors to be discharging a capacitor with an SCR. A

charged to 60KV in order to form a 30KV triggered transformer, having a 1:250 turns

pulse. The 30KV voltage required to charge ratio, applies the high voltage pulse to the

the Blumlein network capacitors results in trigger electrode of the spark gap.
a significant reduction in volume in the The 1250 pP, 30KV capacitors in the
following areas: Blumlein circuit have a significant effect

on the size of the pulse generatoi Th.

1) converter high voltage transformer size of each capacitor, wound with mica

2) network capacitors dielectric, is approximately 2.25 in. x
3) triggered spark gap.1 1.75 in. x .25 in. Figure 4 shows a photo-

graph of the Blumlein network.

To achieve m.aImum efficiency and mini- Test Results
mum volume, the ringing-choke converter pro-
vides a uniform charging current of 5ma
during approximately the full interpulse The power supply and modulator were

SCH1371417810000-00ISOO.75 01978 IEEE



integrated and operated satisfactorily at
10KV. A single secondary transformer,
charges the Blumlein network capacitors to
1OKV. A pulse current of 400 amps was mea-
sured through a 25 ohm load.

The modulator was operated at 30KV with
an external supply. A pulse current of
1200 amps at a pulse width of 140ns was
measured through a 25 ohm load at a Prr of
15Hz. The pulse rise and fall time were
approximately 40ns.

Problems associated with the converter
transformer have hindered operation of the
power supply at 30KV. Inadequate insula-
tion on thq core, inadequate insulation on
the secondary wire, and the fragile nature
of secondary start and secondary finish
connections to the corona rings are among
the problems encountered.

Conclusions

Based on breadboard tests a practical
approach has evolved to generate high
voltage, high current nanosecond pulses
from a battery source. The volume for a
125ns, 30KV, 1200 amp pulse generator
approaches the specified requirement of
360 cm . Items having a significant effect
on the overall size are the converter high
voltage transformer and the high voltage
capacitors of the Blumlein circuit.
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Driving Pockels Cells in Multi-Am Lasers'

Bruce M. Carder
Lawrence Livermore Laboratory

P. 0. Box 5508
Livermore, California 94550

Introduction For a 25 mm (20 pF) cell, 7- 20 x 50/2 a 500 ps, and
for a 50 n (50 pF) cell, r- 50 x 50/2 a 1250 ps.

This paper describes the method used to drive It is desirable therefore that the pulser provide a
Pockels cells on the 20-arm Shiva laser for inertial risetime -1 ns, so that the intrinsic capability of
confinement fusion research at the Lawrence Livermore the Pockels cells is not degraded.
Laboratory. Shiva became operational last fall, and It is also desirable that the Pockels cell gates
has just completed a series of 20-am target shots. be normally open to facilitate alignment of the 20
It uses two Pockels cell gates in each laser arm for arms with a steady-state laser. A few seconds before
suppression of amplified spontaneous emission (ASE) the laser is pumped, however, the gates must be biased
that can damage or destroy the target before the main closed by applying a 7 kV dc voltage to the cables.
pulse arrives. Two additional Pockels cells are used Just before the switched-out laser pulse arrives, the
in the preamplification stages, so that a total of 42 gate must be opened with a 9 kV fast-rise, 20 to 60 ns
cells must be driven by the pulser system. wide electrical pulse. The 7 versus 9 kV voltage dif-

ference accounts for dc versus pulse response of the
Pockels Cell Load Requirements Pockels cells. It is important that the electrical

pulse falls - and that the gates close again after pas-
Each Pockels cell is a capacitive load that is sage of the main laser pulse in order to prevent re-

driven with a 50-ohm coaxial cable. The capacitance flected light from amplifying barkwards down the chain.
is about 20 or 50 pF, depending upon Pockels cell size A few seconds later, after lnac ,tion of the laser,
(25 mm or 50 mm diameter). The cable is terminated the 7 kV bias must be turned o, , "estore the gates
with a second 50-ohm "get lost" cable at the cell, once again to their open, or t aitting mode. The
Figure 1. The voltage waveshape across the Pockels complete required voltage hist 's given in Figure 3.

cell is given by l-e't/r for a step input applied to c
the cable, where the time constant 7- ZC/2, Figure 2. b .b-.-

( ,- S o4 2k,- --------- _ V -

p K*P cysm
-7kV-s- ------ Pokels Vale

Low boaw-~I - m I oa

20 -o nmac

a. Normally two voltage, with pockals call open
b. Mnus 7 kV dc at - minus 5 conds
c. Pm 9 kV pubs at -ns 10 recwith 2 no estimsad

20 -60 mac pulewidth (2 kV ovedWot compu*etn for
pulse epon)

1-5 01-chm "'t 1Wolt" ble d. Mins 7 kV dc until plus 2 econds
a. Zero volkp, pockeh gM open

Fig. 1 Pockels Cell Layout Fig. 3 Voltage history of the Pockels cell gate pulse:
z 0

Pulser Design Criteria

The initial design was for a pulse generator to
provide these voltages Into 50 parallel 50-ohm cables,
so that any number up to 50 Pockels cells could be
driven. The dc bias voltage was applied to the center
conductor of each coaxial cable, and the. pulse voltage
superimposed thereon. The general arrangement of this

z pulser is shown in Figure 4. 50 pulse cables, each
cut to the appropriate length, were arranged in a cir-
cle with all of the braids common, and connected to the
high side of a spark gap switch. The center conductor

2-=z C V - - ')  of each pulse cable was hard-wired across the gap toV0( the center conductor of its matching output cable. The
ground shields of the output cables were tied togetherT-____ and connected to the ground side of the spark gap.Thus when the braids of all the pulse cables are

Fig. 2 Pockels Cell Schematic and Equivalent Circuit T

'Research performed under the auspices of the U. S. Department of Energy under Contract

mo. W-7405-ENG-48.
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charged negatively, and the gap is fired, an inverted if one uses pressurized SF6 gas, then p/p stp air -

(positive) pulse of half the charge voltage is sent P and E/P -7 MV/r •atm, therefore, for a 2 ohm
down each output cable. The time duration of this Patm'

pulse is simply the two-way transit time of the pulse circuit impedance,
cable. 88(5P) 112 488 51/2 12

-16k ' (E;" .21/3 P7-18 kV -7k ptRZ() (7 P
-7 kV ft ngp votau -7 kW PC

bin volt a birn Votsp The highest practical pressure for SF6 is about 12

"-Shield atmospheres, so the shortest resistive time for the gap
is 12/125/6 = 1.5 ns unless a multiple-channel gap is
employed. For example, a 3-channel, 12 atm SF6 gap

will provide 1.5/21/3 . 1.0 ns resistive time because
the impedance each gap drives increases by three. A
1.5 to 2 ns resistive time was considered adequate for
this requirement, however, and the pulser was developed
using a small 3-electrode pressurized SF6 spark gap

T. L .C27 - To P.C. switch.
To P.C. -7 kV trigga bias The spark gap length f - V/E, and for 12 atm, SF6

- HV Pu -e  - - 2voltr at 7 MV/m, atm, E - 12 x 7 - 84 MV/m. Therefore, for
.......Stmner 1olt -- 20 kV holdoff, I - 20 x 103/84 x 106 . 2.4 x 10- 4 m

or about 10 mils. The inductance of a single channel
Fig. 4 Arrangement of the Pockels cell pulser using a gap can be designed to be less than 40 nH/cm, so for

mid-plane triggered spark gap switch. this gap L < 40 x 2.4 x 102 . 1 nH. Since this pro-

vides an L/2Z time constant of 1/2 x I - 0.5 ns, it is
This arrangement is convenient because it allows apparent that the limitation on the gap risetime will

dc bias voltage control to be fed to each Pockels cell be established by the resistive time phase of the gas,
via the free end of each pulse cable, using resistive provided that care is taken to keep the gap inductance

isolation. very low.

Switch Design Criteria The Shiva Pulser System

The actual system that was constructed for ShivaThe requirement upon the spark gap switch is a comprised one six-way and two twenty-way pulsers. Therather stringent one. It must drive a one-ohm load dual twenty-way design was chosen because it was ex-
via a one-ohm 20 kV source, and provide about 1 ns
risetime in order to preserve the fast-pulse capa-. pected that the two sizes of Pockels cells (25 mm andriseimein rde to resrvethefastpule pa- 50 mm) would operate most efficiently at different
bility of the Pockels cells. The equivalent circuit v olae opinate hastemne tw ent
of this pulser is shown in Figure 5. A time constant voltages. So in the Shiva system, one twenty-way pu -

of 1 ns for a one-ohm load will require the inductance ser drives all the 25 mm cells in the 20 laser arms,

to be L l ZZ - 2 x 1 x 1 2 nH. The current for a and the second 20-way pulser drives all the 50 mm

10 kV pulse into one ohm is 10 kA. The initial cur- cells.
rent rate of rise is (di/dt) V /ZT 10/1 x 1 The six-way pulser drives the two 25 mm Pockels
10 kA/ns. max 0  cells on the preamplifier table. By adding this pul-

ser to the system, we avoid the need to add a hundred
L feet or so of delay cable bet-ten each Pockets cell

vland its 20-way pulser. Th.' cable would otherwise
Z~pube=biem)be r 'uired because th~e laser beam takes about 150 ns

ZuO to travel between the preamplifier table cells and the
cells on the laser arms.

The Shiva system is set up so the 6-way pulser
is triggered from a master pulse generator that isI_ fed a low-level signal from the oscillator switch-Z(load) V VV0 - - 1')  out table. The six-way then drives the two preamp

r-L/2Z table Pockels cells and it also provides delayedtriggers to each of the two 20-way pulsers. The mid-
Fig. 5 Equivalent Pulser Circuit plane voltage to the 20-way gap trigger electrodes is

conveniently fed through the triqger cables in the
The only known switch that would provide this per- same way that bias voltage is provided to the Pockels

formance and that could also be dc-charged and allow a cells. The two additional 6-way outlets are used for

reasonable pulse repetition rate, is a high pressure m Anltoring urserpuses.
gas spark gap. A gas gap has a resistive phase, of A puise terminator is provided at the ends cf
time duration given approximately by J. C. Martin's each of the "get-lost" cables to prevent the signal
formula1  from reflecting back to the Pockels cell. These ter-

minators are 50-ohm resistive dividers, each with a(.ns. series capacitor added so that the Pockels cells can
P stp air MV/m be given dc bias. In addition, the resistive divider

provides a 100:1 voltage reduction, with a BNC output
connector that allows the pulse to any cell to be moni-
tored.

L ... _ _°L - . ...6



A picture of the six-way pulser is shown in Figure 7 shows one of the 20-way pulsers, with
Figure 6. The Pulsar Pulspak IOA trigger generator all cables attached. Bias voltage is fed from the
is at the bottom, a monitoring terminator is laying top - as with the six-way (except here it is one
on the Pulspak; the knob at the bottom of the 6-way voltage common to all cells). The charge cable for
pulser controls the trigger-pin setting via a worm the spark gap is seen just above the gap. Normally,
gear. SF6 pressure cables are connected at the these pulsers are encased in metal jackets to pre-

vent high frequency noise from radiating into thebottom of the spark gap. Only one output cable is laser bay.

shown connected. The six pulse forming cables are

wound up above the gap. They are each 20 feet long
to provide a 60 ns pulse. The ends of these cables
are connected to a plate at the top of the pulser,
with the insulation and center conductors fed through.
A 20 megohm resistor connects these conductors to the
cables bringing in the bias and the 20-way trigger
pin voltages.

.Pg,

at

* Fig. 7 Shiva Twenty-way Pockels Cell Pulser

Fig. 6 Shiva Six-way Pockels Cell Pulserj
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Pulser Performance The gap producing these pulses was operated at
68 pslg SF6 with about 18 mils gap spacing. The gapThe three pulsers have been operating on the

Shiva laser since October 1977. In the inltial setup, voltage was 18 kV and the sharp-edge trigger pin

some maintenance problems were encountered . .ijse voltage was 7 kV (both voltages were negative). It

the spark-gaps were pulsed up to 10 pps for hours at is an easy matter to set the trigger pin, since the

a time. Very close spacings are used, and sharp-edged worm-gear arrangement provides precision control -

Elkonite trigger electrodes are required. In about one full turn of the knob is about 1.25 mils adjustment

105 pulses, the trigger pin edges become 
worn and of the pin.

the gap cannot be set for low jitter operation.
In the present mode of operation, the gaps are

fired just a few dozen times a day, so they operate
for weeks with no attention. Normally, an occasional
few minutes of minor tweaking will establish low jit- Conclusions
ter perforn nce.

The scope-traces, Figure 8 show the waveshape In the Shiva system, all of the Pockels cells

from one of the 20-way pulsers. Each trace is 10 operate at the same voltage (7 kV bias and 9 kV pulse).

shots overlaid, with the scope trigger taken from Because of this, a 40-way pulser may be more desirable
the monitor output of the 10 kV Pulsepak trigger gen- than two 20-wAys because one spark gap is easier to

erator. Thus the jitter shown is through two spark maintain than two. Another possibility that we are
gaps. The Pulsepak fires the six-way, and the six-way presently exploring is to use a hydrogen thyrtron
fires the 20-way that is being monitored. in place of the 6-way gap. With specialized trigger

Figure Ba shows the complete 60 ns waveshape of and pulse compression techniques, it may be possible
the 9 kV pulse. Figure 8b shows the leading edge of to achieve about 5 ns rise when only 6 cables are
the pulse at 2 ns/cm sweep speed. This trace confirms switched. This would be adequate for the Shiva or
the calculations of -2 ns risetime. Note that the similar laser systems.
system jitter through both gaps can be held to less This type of pulse generator has many Interest-
than 1 ns. (Also, the Pulsepak jiiter is about 0.5 ns.) ing applications. It could be designed to hold off

100 kV or so. The spark gaps are very low inductance -
the present gaps are less than 2 nH. The voltage is
variable over a wide range - the Shiva gaps will
operate from less than 2 to over 40 kV.

Because we have noticed multi-channeling in the
gaps, we are confident that they could be designed
to drive up to 100 cables, and still provide a few
ns risetime.

(a) 20 urJecm As we have noted, the pulser makes an ideal trig-
ger generator for synchronized parallel or series
firing of many gaps. One big advantage is that the
trigger pin bias voltage can be fed to each individual
gap via the trigger pulser itself, eliminating the
need for a myriad of separate voltage dividing strings.
A second advantage is that the fast-rise, flat-topped
trigger pulse produces voltage doubling in even a
fairly capacitive trigger electrode.

Reference

Nb12 nem 1. J.C. Martin, "Duration of the Resistive Phase and

Inductance of Spark Channel , SSWA/JCM/1065/25,
Fg. 8 Twenty-way pulser waveforms. Ten traces are Atomic Weapons Research Establishment, Aldermaston,

overlaid in each pictura.

0 i
ma



OPERATING HYDROGEN Many of these steps are well known but
OPRATON IN HYDRGE it is felt that they will bear repeating and

it is also worth mentioning that in all

G. Scoles& R. L. Snelling parallel systems so far, only the tetrode
En h lesc Vthyratron with its precise firing and highhel or Vvex. rates of rise has been successfully used. It

Chelmsford, Essex. is also true to say that tube geometry and

care of manufacture to ensure repeatability
Summary of performance is all important.

User requirements have recently become Effects of Parallel Tube
more demanding for hydrogen thyratrons.
Laser driving, Torus and Plasma experiments Parameters on Pulse Shame
have required new dimensions in terms of In broad terms, the rate of rise of
Pulse current and rates of rise of current. current is controlled by the speed at which

the plasma can be made to grow within the
The paper discusses the effect on pulse tube.

parameters of paralleling tubes and the way
jitter, and delay time are affected. Tube jitter is affected by the way the

grid is driven and the magnetic field from

Several ways of paralleling thyratrons the heater (if supplied with ac). The

and achieving current sharing are considered, maximum current is determined by the size and

These include "Swamp Sharing" by use of both geometry of t1'. tuhp.

resistors and inductors and "Forced Sharing"
where coupled inductors are so connected as Jitter, delay time and delay time drift

to force the thyratrons to accept equal affect the front edge of the pulse, as

currents.successive current additions are added in
time or variable time sequence. See fig. 1.

Practical winding details are given
including a novel "core threading" system. - Ddtflng finngV mes

For very high rates of rise the proposal

is made that it is better to employ separate
energy stores for each thyratron rather than Tue 3
to attempt true parallel working.

In practice this enables higher
impedance PFN and cable systems to be
designed.

Tuibe 2
Introduction

The thyratron is a switch with finite
possibilities as to rate of rise of current,

jitter and pulse current capability.
Discussion of the physical reasons for these Tubel
limitations is outside the scope of this
paper and at this time the sort of figures
which can be reasonably achieved from a
single tube are 1OOKA/us rate of rise, 20 KA
pulse current and 1-3 ns jitter. It is
normal in thyratron data to specify th".t the
current and rate of rise must be limitad by
the external circuit and not by the tube The flat top of the pulse is relatively

itself, independent of the impedances of the tubes
and current sharing during the pulse is

To achieve currents and rates of rise usually within ± 10% for the individual tubes
in excess of that obtainable from a single for a 20 us pulse.
tube it is possible to operate thyratrons in
parallel. As the current through each tube Fig. 1, shows currents through tubes in
must be limited to a maximum, sufficient parallel when fed from separate Pfns. If
tubes must be used to switch the complete a common Pfn is used then the first tube to

current and steps taken to ensure that the fire may take most the current for the
current is equally shared. complete pulse.

9
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The rate of rise of current is given
The back edge of the pulse is primarily by:-

determined by the fact that energy has been
taken from the pfn or other energy bank. = ny
Secondary effects such as inverse voltage dt L
etc. can be modified by the recovery
characteristics of the thyratrons. Where V - anode voltage

L - value of each individual
To date current sharing has been anode inductor

achieved in two different ways. n - number of inductors

Swamp Sharina (for a capacitively ended Pfn).

This method "irons out" differences by Operating thyratrons in this manner
swamping thet with a resistance or inductance carries with it an added advantage, inasauch
in series with each tube. as they can collectively withstand a higher

inverse voltage applied imnediately after
P10.2 the pulse since the peak currents are

pDn inversely proportional to the number of

R2  of current is controlled by each individual
inductor.

Trig - - Load Forced Sharing

"Forced" sharing is a possibility,
where out of balance current is itself used
to bring about balance.

The Auto Transformer Method of Sharinx
a) The simplest method is to include a

resistance in series with each tube. This is In this method a pair of thyratrons is
not necessarily the best technical solution, joined to each end of a centre tapped
(Fig. 2.) 100 volts is usually sufficient as inductor. The power being supplied via tte

a "swamp" value, therefore, each resistor centre tap. Ref 1.
will be R - 100, where I - the current of

I _M

each individual tube.

This doubles the losses during the _Pfn

pulse in a practical hydrogen thyratron case
although it still compares very favourably
with the series losses encountered in vacuum - 2
tube switches. L

P10.3

pin

Trig Th The two halves of the winding must be
2 Load * 2tightly coupled by means of an iron or

ferrite core, and any out of balance current
increases the voltae of the side taking
less current, thus restoring balance.
This system can be extended to 4 thyratrons
at the expense of some complications by

b) Better control is obtained if using three centre tapped inductor which
series inductors are used instead of equalise pairs of already equalised
resistors, (fig. 3). The inductors initially thyratrons.
tend to force the current to rise at a
similar rate in each thyratron However,
if the inductor value is high enough to
ensure reasonable sharing, the rate of rise
of current is often adversl&y affected.

10
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A Practical Case From this result and using the formula

At currents and rates of rise encountered VT - L I mag
in radar modulators, the inductors and i.e. I mag -V
transformers become single turns on ferrite L
or iron ring cores.

Where I mag is core magnetising current
Assume the use2 of an iron core of 4

cross section 10 cm which does not saturate I mag - 10 X 10 - 25 A
until the flux density exceeds one Tesla 4 X
(10 K Gauss).

If the "winding" is a single turn and This is negligible in comparison with
has 1 h0 appliedincross it sinhe tie ao typical pulse currents of say, 1000 amperes,has 10 KV applied across it, the time to and thus single threadings of a core perreach saturation is given by, conductor results in adequately rated

VT - N.Bsat.A components for achieving current-sharing.

i.e. T - N.Bsat.A One such example of what can beV achieved by core threading is shown in
Fig 5, an arrangement which can be used towhere V - applied voltage equallse the current between four thyratrons.

T - time (secs)
N - number of turns

B sat - saturation flux density (Tes as) A FIM5

A - cross sectional area (Metres ).

Which is 1 X I X 10 3 -10 secs

10 4

- 0.1 us5

This means that any sharing action must
be well under way within 0.1 as. C

The inductance of a single wire threaded
through such a core is given by:- Use of Separate Pfns

L - uo X 4 X N2 A Components which are capable of storing
t high energies at high voltage are of

Where L - Inductance (Henrys). necessity large.

uo - Permeability of free space This physical size carries with it the
(Henrys/Metre). disadvantages of high residual inductance,

ur - Relative Permeability of core. bulky dielectrics and long connecting
N - Number of turns, distances.
A - Cross sictional area of core

(Metres ). Considering a co-axial energy store such
- Mean circumference of the core, as a cable, it becomes very difficult to

(Metres). manufacture a single cable which has high

voltage capability at the low impedances
Assuming necessary for very high currents..

ur . 10
- 30 cm It is usual in this situation to adopt

the solution where sufficient co-axialT -gie X 0 7  4 -3 cables of standard impedance are used in
L - 411 X 10 X 10 X 1 X 10 parallel to provide the correct impedance.

3 X 1O
5 It is obvious that this principle of

- 4 X 10- Henrys paralleling can be extended to include a
switching thyratron in each co-axial cable,

- 40 4H and that the whole can be combined to produce
a very fast, low impedance assembly.

11



Fig 6 and Fig 7 show the electrically
equivalent circuits and the impedances
obtained. Me 4 MS

Eachco-ajcw

W/SM

mSUZl75l

Zo*,~y *,-~doo

lbco-amAxald0l75ft

PROPOSED PARALLEL LAYOUT
FIG.9

A single CX1175 Ceramic Thyratron in
the single shot, low repetition rate, or
burst mode is capable of the following
parameters. Nws =y 2 CXI17 Iee

Anode Voltage 70 KV
Anode Current 20 KA
Rate of Rise 100 KA/us

Figs 8 and 9 show a proposed layout
for ten CXll75s, with a theoretical capability Akrfj
of: ni

Anode Voltage 70 KV_____
Anode Current 200 KA
Rate of Rise 1 MA/us

There are obviously some engineering X
problems yet to be solved!

A point of principle concern is that
the tubes must be made to fire simultane-
ously. As the rising edge of the output
pulse becomes faster, jitter and drift in_____
turn become more important, as also do tube
design and repeatability of manufacture-A 3
from tube to tube. COVa~be

12



The electrical layout and design must References
also be carefully considered and in (1) MIT series Pulse Generators. Se 8.11
particular the trigger circuit itself where p 343 K. J. G en .
the rising edge of the trigger pulse must p 343 K. I. Germeshausen.
be as fast as possible, of more than (2) A High Voltage Thyratron Switch for
adequate voltage and be supplied from a very the Fast Inflector H 0' Hanlon and
low impedance source. J P Zanasco CERN Geneva 10th Modulator

Another parameter which must be Symposium.

considered is the tad (anode delay time). (3) High Voltage Pulse Generators for
This will differ slightly from tube to tube Kicker Magnet Excitation.
and a variable delay must be incorporated in D C Fiander, D Grier, K D Metzmacher,
the trigger to each tube. This should be P Pearce CZRN Geneva, 11th Modulator
of the order of tens of nanoseconds. Symposium.

Servo systems are in being which Acknowledgements
monitor each pulse and adjust the trigger
accordingly. These systems have reduced The authors wish to thank the Directors
long term drift to one or two nanoseconds. of the English Electric Valve Co. Ltd.

for permission to publish this paper.
Of particular interest to engineers

working with high energy, high rate of rise
applications are 2 papers written by CERN
in Geneva, given in previous modulator
symposium sessions. (Refs 2 and 3).
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A STABLE LOAD-INVARIANT HIGH-FREQUENCY SCR
SERIES RESONANT INVERTER FOR RADAR TRANSMITTER

APPLICATIONS

Robert C. Cole
International Telephone and Telegraph, Gilfillan, Inc.

A high-frequency series resonant SCR An experimental inverter, operating from
inverter has been developed for radar trans- 208-V 3-phase ac, provides 30-kMW output into
mitter power conversion and regulation appli- a load resistor connected to the inverter
cations that overcomes most of the limitations through a bridge rectifier and energy storage
of present-day high-frequency SCR inverters. capacitor. The inverter switching frequency
Significant characteristics of the inverter is 10 kHz. Reltable operation with complete
circuit include stable operation and con- freedom from commutation failures has been
trolled resonant capacitor voltages over a demonstrated using non-preselected SCRa. Pre-
wide range of input line voltages and load dicted control of inverter resonant capacitor
resistances (including short-circuit loads), voltages has been shown for all loads, includ-
fast response, and high efficiency. Low inter- ing a short circuit. Two such units can be
nal stored energy permits automatic reset of paralleled to develop a 40-Kv 60-kW regulated
faults withoug destructive failure or reliance high-voltage power supply for a radar trans-
on fusing. The inverter is ideally suited for mitter.
charging of capacitor loads typical of radar
transmitter and other pulse-discharge applica-
tions.
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HIGH VOLTAGE DC POWER CONDITIONER

D.L. Pruitt
RCA Government Systems Division

Missile and Surface Radar
Moorestown, New Jersey 08057

Abstract Circuit Description

Modern radar systems, particularly mobile systems, Figure I is a simplified schematic of the variable ire-
require high quality, compact, lightweight DC power sources. quency series inverter powur conditioner with regulated DC

output voltage. Three phase input power (single phase is
High frequency (e. g. , 10 kliz) power conditioners have acceptable for low power systems) is fed through protective

been used to obtain the desired qualities, circuit breaker CB1 to a full wave bridge rectifier (D to
D6). The input DC filter consists of components L1/C1/C2.

By adapting a variation of the series inverter circuit, C1 is an electrolytic capacitor which provides most of the
liberally infused with artificial line type pulse modulator energy storage, while C2 is a paper or plastic dielectric
technology, an effective, simple, and high performance capacitor which supplies most of the pulsed inverter current.
technique has been devised. Low frequency (50 to 400 Hz) Resistor R2 limits ripple (inverter frequency) current in
transforwiers are eliminated by direct full wave rectification electrolytic capacitor C1, while resistor R1 limits fault
of the AC power source. (With appropriate input filter de- currents in the unlikely event that both SCRI and SCR2
sign, power source frequencies from 50 to 400 Hz can be "latch" on simultaneously.
accommodated in one design.) A pair of suitable high fre-
quency thyristors alternately charge and discharge a pair of C4 and CS are the inverter pulse capacitors. C4 is
capacitors through the primary of a pulse power transformer, charged as C5 is discharged, and vice versa. Operation is
Since the effective frequency is high (thousands of hertz), the initiated by triggering SCR1, whereupon C4 is discharged,
transformer and load filter capacitor are small compared to and C5 is charged, via inductor L2 and load circuit A2. L2
the equivalent normal power frequency components. Opera- (in combination with C4 + CS) determines the pulse width.
ting Q is low (approaches 2), minimizing the reactive power. Load circuit A2 presents a series resistance into the charge/
Regulation of the output voltage is achieved by varying the discharge loop, resulting in a single (half cycle) heavily
pulse recurrence frequency: from as low as zero to some damped ring. At the end of the SCR! forward current pulse,
maximum (e.g., 20 kHz). No load to full load regulation conduction is interrupted (SCRI does not conduct backwards),
< 1/2f has been demonstrated. The circuit is not harmed by and SCR1 recovers forward voltage blocking ability. A few
overload, and has a current fold-back feature. Normal oper- microseconds later, SCR2 is triggered, charging C4 and
ation resumes automatically when an overload is removed, discharging C5 through the effective load resistance of A2,

completing one full cycle of operation.

Introduction
R3/C3 is a "snubber" circuit, which prevents excessive

Modern radar transmitter systems, particularly mobile dV/dt on the SCRs. R4 and R5 are bleeder resistors. R6,
systems, require high quality, compact, DC power sources. D9, and D10, in conjunction with A3, compose the fault
High reliability, usually associated with solid state design, sensing circuit which detects excessive voltage swings at
Is also required. In the not too distant past, designers of the C4/C5 junction.
large radar transmitter power systems commonly achieved
voltage variability (and slow regulation) by use of motor The load circuit (A2) consists of a high frequency power
driven variacs or inductrols operating at the AC power line pulse transformer followed by a full wave bridge rectifier
frequency. More recently, phase controlled thyristor tech- and a capacitor input filter (C6). A compensated voltage
niques have been used to obtain variability and regulation, divider feeds a sample of the output voltage to the control
still operating at the AC power line frequency. Still more amplifier (Al). In A2, the output voltage sample is compared
recently, designers have started using high frequency to a manually adjusted reference signal in a differential
inverter techniques to obtain superior performance (faster amplifier circuit to develop an error signal which in turn
response, high efficiency) with smaller and lighter weight controls the SCR trigger frequency.
equipment. The general principle is to eliminate magnetic
components operating at the power line frequency (50 to When the load circuit (A2) presents a low impedance (or
400 Hz) by direct rectification ot the power line voltage, short circuit) to the inverter, the normal heavily damped
followed by a DC filter and a high frequency inverter. Output LRC discharge becomes an undamped LC discharge, with
transformers, operating at the inverter frequency, are damaging resonant voltage buildup possible. To prevent
smaller and lighter than equivalent power-line-frequency excessive voltages, the excessive charges are returned to
transformers. Switching devices used in these Inverters may the storage capacitor (C2) via the LA/D7/D8 feedback circuit.
be either power transistors or thyristors, and the inverter Current transformer circuit A3 detects these excessive
frequency may vary. from I kHz up to 40 or 50 kHz, depend- voltages, sending a fault signal to the control circuit, which
Ing on the power requirements and the switching device then delays the next SCR trigger until after the feedback
characteristics, cycle is eomplete. Inductor L4 has a large inductance com-

pared to L2 or L3, resulting in a feedback pulse width
This paper describes a version of the series inverter several times the normal discharge pulse width. This is

circuit which promises to be useful as a high performance necessary to prevent the feedback circuit from Interfering
power conditioner. DC output voltage is variable from zero with SCR recovery. In normal operation, the feedback
to a design maximum, with no load to full load regulation of current pulses are small, and the normal operation near
less than 1/2r, at normal output voltage, mayimum frequency is not inhibited (a threshold circuit ts
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provided). With a sustained short circuit, the fault circuit ditions, with 1500 W of regulated power available, with low
limits the operating frequency to about 1/8 of maximum. AC line voltage (-10%).
Thus, the circuit is short circuit proof, with a current fold-
back feature. When the abort circuit is removed, normal Figure 4 shows waveforms of the inverter operation
operation resumes automatically. If desired in some partic- under normal full load conditions. Figure 5 shows the same
ular application, the fault signal could also be utilized to waveforms with the load short circuited. Note that the hori-
send a trip signal to the line circuit breaker. zontal time scale is different in Figures 4 and 5; in each

case, about 1-1/2 cycles of operation are shown.
Control Circuit

(5)

Figure 2 is a block diagram of the control circuit. The THYRISTOR

output voltage sample (typically *5 V DC) is compared to a VOLTAGE

manually adjusted reference voltage in a differential ampli- IOOVI*.
fier. The DC error signal is amplified, and then applied to a
voltage controlled, variable frequency, blocking oscillator. o -

The pulse repetition rate from the blocking oscillator varies
from zero to a design maximum (typically 20 kHz) as the
amplified DC error signal varies from zero to maximum

(e.g., 25 N'). The flip-flop and output pulse amplifiers feed (b)
alternate triggers to each of the main switching SCR9. THYRISTOR

CURRENT

When a low-impedance or shorted load is detected, the 20A/CM

fault signal amplifier shorts out the amplified error signal
for up tc 

4 0 0 pis. The circuit speed is sufficient to inhibit the
very next pulse following a fault. The NFO frequency is

limited to a low value (typically 2 to 3 kHz) until the fault
clears.

(C)
Performance Achieved TRANSFORMER

PRIMARY

Figure 3 is a photograph of an inverter designed as CURRENT

described above. The switching SCRs are a pair of RCA 20A/CM

S7412 M devices, rated 35 A rms at 600 volts maximum.
The maximum operating frequency is 10 kHz (20, 000 output
pulses/secondi. Output voltage is 30 k% DC (maximum) at
50 mA DC. No load to full load regulation is less than 1/2,.
Regulation is maintained over a -1r. range on the AC input

voltage. Measured efficiency was 85'. (d)
THYRISTOR
VOLTAGE

Output ripple is a function of the size of the load 1OOV/ CN
capacitor (C6 of Figure 1), and the maximum energy in one

pulse: 0.2c peak to peak for the circuit of Figure 3 with a
0.1 microfarad total load capacitance. For an application O -
requiring lower ripple, additional filtering could be supplied.
This equipment is capable of 2 kW output under normal con-

(e)
TRANSFORMER

PRI1ARY
VOLTAGE

" SOV/Cm

CAPACITOR
VOLTAGE
5OY/CM

0-

. 20 MICROSECONDS/CM

Figure 3. 1500-Watt Regulated High Voltage DC Power Supply Figure 4. Inverter Waveforms, Normal Load
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Figure 5. Inverter Waveforms, Short Circuit Load

Growth Potential

The circuit concept of Figure 1 is capable of operating 0 CI

at power levels far in excess of 2 kW, with appropriate
choice of thyristors, components, and operating parameters. TI
Three phase line voltages of 460 V, or even 4160 V or higher, 02
can be accommodated by use of higher voltage thyristors, or 03

series strings of thyristors. The inverter frequency could
fall as low as 2 kHz at higher power levels, since very large S 2-------

thyristors are generally slower devices. 04 LOAD

A second possibility is to operate 2, 4, 8. etc. such ci
basic Inverters with outputs in series, or parallel, or
series/parallel. A common control circuit could provide
property phased SCR trigers to achieve 2, 4, 8, etc. times " "
the basic ripple frequency. Power delivered is, of course,
the same multiple of the power of a single unit. Special load
sharing arrangements are unnecessary: the nature of the Figure 6. Simplified Schematic, AC Output Circuit
series inverter circuit operation leads to automatic load
sharing. Amplitude and waveshape is controlled by frequency modula-

tion of the inverter. An output sample, from an R/C compon-
A third possibility Is synthesis of low frequency AC sated divider, is compared to the desired waveshape to

waveforms by providing an SCR output circuit as shown in generate the required error signal. Additional output filter-
the simplified schematic of FWre 6. ing may he added If desired. Complex waveshapes could be

synthesized in this mannr. The output AC frequency must,
SCRI is gated alternately with SCR2 to provide the of course, be much tess than the maximum Inverter

positive and negative half cycles of the output AC waveform, operating frequency.
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MODULATOR CHARGING SYSTEM UPGRADE FOR A 5-MeV ELECTRON ACCELERATOR*

D. Rogers, W. Dexter, A. Myers, L. Reginato, A. Zimmerman

Lawrence Livermore Laboratory

Livermore, California 94550

SUMMARY

The Lawrence Livermore Laboratory is currently acceleration of electrons.
constructing a new linear induction accelerator with a
higher beam current than the Astron1 accelerator. The Since the total energy storage for the ETA is
new accelerator, called the Experimental Test Acceler- much greater than the requirement for Astron, the
ator (ETA) will be a 5-MeV, lO-kA accelerator with a power system, the capacitor bank and the modulator
pulse width of 50-ns. Like the Astron, the principle charging system all had to be modified to provide an
of magnetic induction is used to obtain a linear accel- overall regulation of .1%. This strict regulation of
erator. The modular accelerating cavities form essen- the charging voltage is necessary for pulse-to-pulse
tially a 1:1 transformer and the change in flux in the repeatability.
ferrite core induces an axial electric field for the
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WX452

35
N YR ATR

MODU LATORS

STEP UP

BLLNLEIU

SPARK AP

FIG. I ONE LINE DIAGRAM OF MODIFIED CHARGING SYSTEM

Hard Tube Modulator

The pulse forming network for the accelerating resonance charge mode of charging would have resulted
ca vity consists of a Blumlein which is charged to in an excessive amount of current and power dissipa-
250-ky by an off resonance step-up transformer from a tion in the WX4852 output tube. The constant current
3.3-uf, 25-kV capacitor. A total of one hundred and mode of charging was chosen using a voltage ramp with
seventy-five capacitors are required to provide the a duration of 250-ms. The resultant current for a
energy storage for the burst mode capability and de- 250-ms charge time is:

s 3

sired energy out. Fig. I is a system schematic. I bC . 578 x 10- 6 x 25 x 102, 78 ms 1

With this large capacitance, 578-0f. the command 25 x 10.2'5. w 1

'Christofflos, N.C. et al. "High Current Linear Induction Accelerator for Electrons." RSI Vol. 35, No. 7
886-890. July 1964.
This work is jointly supported by the U.S. Deoartment of Enerov under Contract No. W-7405-Eng-48 and the
Department of the Navy under Contract 1100014-73-F-3012.
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The hard tube modulators are shown in Fig. 2, and resonant charge circuit, and the low level reference
Fig. 3 is the schematic. Each modulator charges 35 of system have been modified for constant current opera-
the 3.3-uf capacitors to 22-kV. Usual pulse rates will tion. Each modulator charges ll6-uf worth of capaci-
vary from one to five pps, however, much higher rates tors, thus providing one of five pulses in a burst
are required for some experiments. In such cases the operation. The resonant charging circuit has been re-
accelerator is operated in the burst mode with the moved and dual output diodes provide charging and iso-
average rate held to the cw rate of 5 pps or less. lat.on between two sequential pulses of the burst. The

use of the dual output diode allows the removal of one
or two modulators from the system without affecting
overall accelerator operation. The 250-ms charge time
was chosen so that the peak power dissipated would not
exceed ratings in the anode of the 4852. Peak power,
of course, occurs at the start of the cycle.

Reference and Driver Stages

The actual constant current in the output is ob-
tained by calling for a voltage ramp from the ramp gen-
erator which is shown in Fig. 4. The time duration of

. _-xl " VOLTAG-E
REFERENCE RAMP LEVEL RAMP

O-5V GENERATOR SET OUTPUT

FIG. 2 FRONT VIEW OF HARD TUBE MODULATOR TRIGGER

FIG. 4 BLOCK DIAGRAM OF RAMP GENERATORXW4452

the ramp is controlled by counting down from a lO-mHz
clock and is adjustable from 100-ms to 500-ms by set-
ting the time on digital thumbwheel switches. The out-
put of the modulator is compared to this ramp in the
low level amplifier, and the error signal is amplified
oy the intermediate amplifier and driver stages. It is

D'bE |then fed to the grid of the final tube in a closed loop
system. Note that since the modulators are not opera-
ted in the l-kHz charging mode, the full closed loop
gain is available for the regulated output. In our
system, with a six Ob/octive roll-off, the loop gain at
250-ms charge time is about ten to twenty times better
than the resonant charge system of the Astron. The
loop gain could be further increased at the low frequen-
cy end at a very nominal cost, should it become neces-
sary. The ramp voltage and the output voltage are

__ 5 T shnwn in Fig. 5.

INTIPMDIATI LOW LtVtL
&MIJPFIER AMPLIPIWR

FIG. 3 CONSTANT CURRENT MODULATOR SCHEMATIC

Although five modulators are available for normal
operation, It was decided to have the full system capa-
bility with any three of the modulators operational.
This would result in a maximum current requirement of
23 amps from any one modulator. A maximum tube drop
of 5-kV would be required for good voltage regulation;
meaning the capacitor bank could be run at 30-kV, re-
sulting in a peak power dissipation of 690-kW across
the output tube. One advantage of the lower current
required is that it is no longer necessary to drive
the grid of the WX4852 positive to obtain the desired TOP REFERENCE VOLTAGE 2 V/cm
output current. BOTTOM MODULATOR OUTPUT S kV/cm

The basic modulator design is the same as for the VERTICAL 50 m/cm

Astron ac(elerator, the mode of the operation, output FIG. S
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Power System and Capacitor Bank When the Astron accelerator was dismantled, the motor-
alternator was also removed thereby limiting Lne out-

With an output requirement of 22-kV, and allowing put of the 15 megawatt transformer-rectifier to 125-kW.
a tube drop of 5-kV, the power supply would have to be
operated at a minimum of 27-kV. To supply the full It was decided to use this power supply for the
voltage at 57.8-A would have meant a costly modifica- new 5-MeV Electron Accelerator and ways were investi-
tion to the power system. A compromise was reached gated to increase the output above 125-kW. Four op-
where the ratio of peak-to-average power requirements tions were considered to increase the output of the
were satisfied by enlarging both the primary capacitor power supply by replacing the limiting components.
bank energy storage, and the power input. The original Of course, all components could be replaced and a full
bank was 770-pf and 670-kJ. By rearranging the config- 15 megawatts could be obtained, but this was not need-
uration of the bank, we were able to connect it so the ed for the accelerator nor would the budget allow it.
total capacitance is now 1770-uf at 40-kV for an energy It was decided to replace the limiting 150-KVA, 480 to
storage of 1.4-MJ (Fig. 6). 2400 volt, transformer with a 500-KVA unit to give an

output of 188-kW. A 50D-KVA transformer was chosen
so it would not be the limiting item if subsequent op-
tions were to be installed. 188-kW appeared to be a

•" satisfactory starting point for the accelerator and
if increased power is needed the other limiting compo-

z nents could be replaced, giving 474-kW. Fig. 1 shows
a one-line diagram of the modified power supply.

CONCLUJSlONt

1 In accelerators where a high degree of regulation
is required in the electronics for beam quality, a
series modulator is invariably used to provide that
degree of regulation. In the Astron accelerator, the
power and regulation during a beam burst was provided
by the modulators and parallel systems were not neces-
sary. When the beam power during a burst becomes very
large, the modulator cost and complexity become exces-
sive. In the ETA it was decided to reduce the modula-
tor power requirements by charging between bursts and
sequentially firing parallel capacitors to obtain the
high rep rate. For example, the average ETA power dur-
ing a burst is:

FG 6 14 EGAJOULE CAPACITOR AN . (5 106) (10) 50 Om

When running in the burst mode, the current from 
.5 10- 

the power supply will be 57.8-A, with an input current
of 8-A. The capacitor bank voltage will be: Because of power losses in compensating networks, charg-

ing transformer, switch chassis and modulators, the

<LV out )  
overall input power requirements are more like 25-50 MW.

LT LT - .25 sec (2) This would have meant a large and very costly modulator
development and primary power supply changes. For high-

/78er rep-rate requirements the accelerator power during
57.8 .25 7.03 kV (3) the burst is even greater, which makes the primary

I\1770 x 10-t power supply and modulator requirements excessive, and

one has to resort to an intermediate energy storage to

The cadacitor bank must be charged to a total of: provide the burst energy.

Vbank' Vout+Vtube*Vsag * 22 kV + 5 kV + 7 kV - 34 kV REFERENCES

(4) 1. Smith, Mark E., "Recent Changes in the Astron Fast
Pulsing System," 4th Symposium on Engineering Pro-

Since the capacitor bank is rated at 40-kV and has blems of Fusion Research.
been run at this level this should present no problem.
The modulators have all been tested into a dummy load
that very closely approximates the system. The charg- Reference to ma coniui tr product
ing current for a single modulator was measured at namc does not impl. appiomal or
11.? amps, vs. 11.5 amps calculated, with an output rCcnnndnation of the produc( h"
voltage from the modulator of 22-kV and 34-kV on the (ti ( niklsi ,tt% ot ( jifornttr thh

bank. I I)ep.irtmernt 0i f Lner t o the
cclumn of other tihat nij'% hr

Power Supply Primary Equipment u:,jhc
NOTICL

The original Astron power supply primary equipment " rorort , r .. , pr-o, .n aount of ork
consisted of a 20 megawatt motor-alternator for high shovi n b, ., t,,, Stat. ,ocdr atoNeither the tnlited States not the Lontled Stain
power operation and a second circuit that could be IpmnmentofEirtsnornoftheireamplow .
switched to replace the motor alternator for low power nor ran of their contrtors. ICmrt'to,, or

ihei r nlpo¥cs. maka, a~n% marranit gressa or

operation. The low power circuit was an after thouoht implied. ormasimme n% tt illior mrOn.
to save wear on the high maintenance motor alternator oi.tt for the acuas cnompittens, o,

usctolfeses of in, ,nforminotn, appitatul. product
and was assembled from components that were on hand. , rfor, dmoiost or represents th. its use
Because of this, some components were rated greater ould no(nlinge 1 mrittl-on.t-J r*Ihls '

than others and the output was limited to about 125-kW.
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PULSYL TWT PQWEF SUPFLY: A TEChiNIQUE FOR KININIZIN? P.P.
PHASY INSTABILITY AND HIGH VOLTAGE ENERGY

Franoesco Tarantino-Paolo Porzio

Selenia S.p.A. Rome-Italy

The ripple voltages o0n the electrodes of After the time t , C is charged with time
the powe: microwave tule limit the pe:fo:.man- constant RaC wherl R1 is the output resirtan

ces of M.T.I. radar system. When the radar . ce of the &ouhler series.

ployes ttagger'ed F.R.F., pulse-to-pulse ripple The second stage (fig. 3) is & "flyback"

ariees due to load duty change. converter whose duty cycle (6) is controlled

For TWT power ampli.Pie:, the vxriations of by the H.V. regulator. Energy is inductively
tle cathode-body voltage cause phas- and ampli stored during the transistor-ON time, then pal

tuds modulation of , tritnsmitted wavefo:,m. sed to the load during the transistor - OFF ti
The M.I.I. degradation results mainly from pha me. If the inductor current is continuous,the

se mcdulatio' I(P(t'-X0 x JV, (t) where Kp is steady state .utput voltage is given by [2]:
the TWT cathode phase sensitfvity and V k(t, V =nE --.- V, as we can se:, is indipen-heI T cathod
is *he cathode voltage variation, dent of the load cuirent.

It is possible to reduce AV (t .by increa If the value cf L is decreased below a mini
sing the value of ihe F.V. cayacito:s, but with mum depending on the output current, the cho-
this solution the stored energy increases too. ke current becomes interrupted and all of the

Series regulator is another alternative,but inductive energy . LI is dischared into
Y7 L m4x i icaedit

this means more sophisticated circuitry with the load (disregarding loses). For t con

decroasing of reliability and more design ef- stant, the average power is constant.

forts. We choose the constant power cperation for
Thi- paper describes a H.V.P.S. configura- the following main advantages:

tion which allows to solve the problem with 11 a) th chocke ri;e is smaller because thevalue
mited H.V. a~ored en ergy,.)t~cok i . mle eas h au

of 1 is lower for a given output current;

H.V.P.S. Desc-iso b) the transistor switching-ON losses are lo-

Fig. 1 shows a basi: block diagram of the wer because the magnetizing current is re-

".V.P.S. designed for a grid pulsed, deprerceed duced to zero before the ON time occurs;

collector TWT. There are three series conneo- c) higher voltage gain is allowed and the sta-

ted stages to achieve the cathode-body voltage bility margin of the control loop is impro-
(V k). Beam, collejtor and body ourrents are ved because the converter is a first order

Ib' I and I respectively. Pulse width and system when it is used with interrupted-in
interpulse period are tp and T. ductor current, instead of a second order

system with continuous-inductor current opn
The first stage provides cQleoctor-oathode ration (3] , [4] , (5]

voltage (V 1 . This power supply is obtained
"y a series of voltage "doublers" with an out- In our case, considering for simplicity C2
put capacitor C1 (fig. 2). The use of voltage only, it results:

doublers offers the following advantages: 'd V
a) the transformer requires a simpler design,-

it is lees expensive and allows better per-

formances from the electrical point of view; After the time t, C2 is charged by a con-
stant average curre t I "I ap,where 6P is

b) no chocks filters are required; the load dity (t /T). Sfnce the time constant

c) the high voltage discharge effects are limi of the f1rot stae and the response time of the

ted by the intrinsically large output resi- H.V. control loop are very large compared with

stance _. [11. the interpulse period T, r.f. phase instabili-

ji" ty occurs if (V I(t)+ V (t)} is not compensa-

In our case, during the time t , low ( us) ted. For constant T, ho phase instability
if ompared with power supply recovery time, occurs during the pulse time only; but if stagthe I current pulse is supplied by the Capao gered P.R.F. is employed, pulse-to-pulse insta
tor C1 (here only C is taken into acount,. bility occurs too (fig. 4).

The output voltage variation iss Lod_ riple omoe tion

,JI,(t) . -. {-t 0 l t t5t The third stage allows compensation of the

22

CHI 3714/78/00000.0223 0 0,7 3 01978 MEE

t!



V and V variations due to the load pulses.1 2

The circuit operation is as follows (fig. 5):
when transistor Z2 si turned-ON by the current T2

transformer, a current 13 charges C3  Hence

'iyt t , 0 S t <tI where

and, if K 1 < (4).

+ Mi, +
C. +If now the equations(1) and (3) are substitu-

it results ted in Eq. (2),

After the timeI discharges through the J~M jM"6 )- )(V

resistor R. The m ian value of V (t) is 7(t)- "

:RI 3 where T -I 
6p; if dp changes, V(t) also

changes. 
Since AV (t) 'V 1 (t)+V (t)+V 3(t', with sui Separating the terms with K and normalizing,we

table C an 'R values it is possible to grea- obtain:
tly reduce the V variations and, therefore,

k
the pulse-to-pulse r.f. instatility. 3

The fig. 6 shows the variation of 2 and 
1
3' J .

V. due to a load duty change. The Ilyback con

virter is open loop operating and is assumed

to be equivalent to a constant current source.
(See Appendix). += - t _,I+ (, 2  1 -K1 (5

The expressions for 71 (t),4V2 (t) and AV3(t) (see fig. 7).

are, for t 0, Without the compensation circuit, the normali-

zed k variatioL is:

A ) o,1bA(,-e ) where r--oC,

A---- 2 t The ratio AVk-t) without compensation is

C2 47 k W with compensation
shown in fig.E where we see that low and high

values of K give good ripple rejection. But

~t) -_,R , -- ) where 'r2 R C3  from the point of view of stored energy, a mi-
nimum is found to be for K >0.5. In fact, to
tal stored energy e results:

if AV(t) and 473 (t' are series developed, C; +12J
resu ts: 

I

4 JIrt)= A PI, t) - A t (t) + - V 2 ( +

where AVIA(mlIbC, +IwlC 2 I is the designed slo
Ra t2  pe during the pulse time. The function F(K).

(6~1, (l - + ') =1/li IWIb ( ti , has a minimum for high va-
lues of K (fig. B).

Conclusion

4  . It 3
_ _ J2_ t4  1 (2) A H.V.P.S. has been described which is atie

/2-V- 4 t! Tc re~ect load ripple due to the P.R.F. stag-

The first term is zero if Eq. (I) is sati- ger without sophisticated series regulator and

ied. The second terr is also zero if: with limited H.V. stored energy. The proposed

23t ___ ______________________
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sol ticn has been realized for a 2 KW transmit [4] A. Cape!, J.-,. Ferrante - R. Prajoux

tr. Load ripple less than 1V (Vk. -11KV "Stability analysis of a P.W.M. control-

has been obtained with 40% P.R.. variation led DC/DC regulator with DC and AC feed-

pulee-to-pulse or pulses group stagger). The back loop"
H.V. stored energy has been limited to less P.E.S.C. 74 Record - rp. 246-254.

than 5 Zoulas with a K value of 0.3.

The compensation circuit is a simple low [5] A. Capel - J. . Ferrante - R. Pra-oux

voltage circuit that is open loop operating "Dynamic Behaviour and Z-Transform stabi-

without affecting che gain and phase of catho- lit7 analysis of LC/DC regulator with a

de loop control. nan linear P.W.M. control loop"

P.E.S.C. "3pp. 149-15".

&Rpen dix

ie can support the assumption of constant

current source for the flyback converter in

fig. 6 with the following considerations. ..

WAYC O'"
The mean value of the flyback output current SOL,

is see fig. 3): V,

f L L
2  

f ____

174t) 2 L" V2014f/1

-where V. is the mean value of V '- before th-e TS.M.--
load ohinge occurs and f is the converter ope-
rating frequency. If we assume v,

C 2  
TO

-4e h ave:

t FIG.1 TWT HVPS. BLOCK DIAGRAM

For V -0. 3V and 1 -0.2 I (typical va-

lues), ii 
0 is: w

For example. if 1,=1.6A, V - 11KV and Jdp- K
=.,it is:

t 3 - '

i.e. 1 error after one me if C =0.1 uF. Con-

stant current source assumption2 is a good one C1
for our case. Vl
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OFF-RESONANCE TRANSFORMER CHARGING FOR 250-kV WATER BLUNLEIN*

E. Cook, L. Reginato

University of California
Lawrence Livermore Laboratory
Livermore, California 94550

SUMMARY

An off-resonance transformer for charging a 250-kV accelerating potential is generated by separate mod-
Blumlein system provides a viable alternative to other ules, each capable of producing a 250-kV accelerating
charging schemes by permitting the use of conventional pulse of 50-ns duration to a lO-kA electron beam.
thyratrons. Such a transformer must have reliability, Each module is a complete system which consists of a
a reasonable voltage step-up, and a non-reversing pri- variety of pulse conditioning components as shown in
mary current. This paper presents the analysis, de- Fig. 1. Since there are numerous modules, high relia-
sign, and performance data for such a transformer. The bility and long life are required of components cam-
strong interrelationship between transformer design and prising the module.
Blumlein requirements necessitates that Blumlein des- The Blumlein and its charging system are consi-
cription and design criterion be briefly presented dered to be an independent module subsystem. The de-
prior to transformer design such that transformer load sign of either component is dependent upon the charac-
requirements be defined. teristics of the other, So both designs are presented.

As needed, other details which influence design are

INTRODUCTION described. Blmlein Design

The ETA, Experimental Test Accelerator, being
built at Lawrence Livermore Laboratory is a 5-MeV, The Blumlein is a 10-il water line. The low Impe-
lO-kA machine. Being a linear induction machine, the dance geometry is necessary as the Blumlein delivers

approximately 50% of stored energy to waveshaping and
1-&M compensating networks. At the cost of heavy Blumlein

loading, these networks ensure that the electron beam
has the desired accelerating potential. The choice
of water as the dielectric permits the construction of
high energy density Blumleins. This is due to water's! high permittivity (,80) as opposed to permittivitles
of 2-3 for most oils. Water has the advantage of

being able to recover from a breakdown without having
IEAW• WAVED Lformed conducting by-products (carbon, acids, etc.).

ACCLtATO CAVI', However, water does require a circulation system and
conditioning to remove dissolved gasses and conducting
ions.

250%V COALWATR Blumlein dimensions are determined by line impe-
WATER IL.L K dances and the degree of safety desired. The break-

down strength of water is a function of the time water
has to hold off voltage. Based on a minimum charge
time of l9-us, water breakdown occurs at approximately
200-kV/cm. By limiting the maximum voltage gradients
to lO0-kV/cm, a reasonable safety factor is provided.
Using this design criterion, the Blumlein dimensions
are shown in Fig. 2.

Details of mechanical construction are important
?3.RA. - if electrical parameters are to be attained. To this

Io PRESSUR . end, the metal electrodes are, of course, radiused to
S,.-N, minimize or eliminate gradient magnification. In ad-

dition a 1-1/2" diameter corona ring is placed at the
,open circuit end of the middle conductor. Since sur-

210 face preparation is so ctucial, all surfaces which are

" n 54 1 in the vicinity of the higher voltage gradients 
are

0. 1! IK electropolished to remove whiskers and protrusions.
,,. T.01,TMoN o.All Blumlein comoonents are constructed of stainless

T osteel, which unlike aluminum, does not -oxidize in very

A1 0 pure water and is less likely to suffer from surface
25 KC damage in the event of a breakdown.

*tR PROM 0 1 2510V
IuNLATOPS T RE, SOAN For short duration charging cycles (us), the water

2oV Blumlein appears to the charging system as a parallel
resistor, capacitor combination. Calculations based on
Blumlein geometry and the dimensions of Fig. 2 show the

FIG. 1 ACCELERATING MODULE

IRThis work is jointly supported by the U.S. Department of Energy under Contract No. W-7405-Eng-48 and the
Department of the Navy under Contract N00014-78-F0012.
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capacitance to be lO-nF. Using the maximum realizable Based upon thyratron capabilities and limitations,
value for water resistivity, 18-M-cm, the shunt resis- the transformer is required to have a minimum voltage
tance is approximately lO-k.2. These values represent step-up of 10:1 and a non-reversing primary current not
the complete load seen by the charging system. The ca- to exceed lO-kA. The lO-kA maximum is predicated upon
pacitance is the dominating element as the energy dis- using two parallel thyratrons operating at 5-kA each.
sipated into the resistor is small provided the charg- Since the load is essentially capacitive, a reso-
ing time is not excessive. nant charging transformer is logical. To determine

which of several possible resonant charging modes would

OL500

v I Wtl 1 j t Ll L 2 CL2(t) C2  v 2(t)

S-3.000 DIA.
V, (0) =V0

a6.625 DIA. X . M
3 0.109 W. k - =L2

33.62 15.000 DIA. X FIG. 3 RESONANT TRANSFORMER CIRCUIT

29.00 0.125 W.

be best suited, a careful analysis of the transformer
circuit is appropriate. Using the circuit of Fig. 3,
the Laplace loop equations may be written for the pri-
mary and secondary currents. These are:

SI(s LS + ()

and

0 12(s) l + L2  + II(S)MS (2)

where Vo is the initial voltage on the primary capaci-

,or C , OM I s the mutual inductance between 
the primary

FIG. 2 BLU4LEIN DIMENSIONS and sbtondary windings and the subscripts I and 2 de-
note the primary and secondary terms respectively.
Using the relationship M-k,[LIL 2 (k is the coefficient
of coupling) and rearranging the current equations

Transformer Analysis yields:

The design of a charging transformer is influenc- 
V w 2

ed by many parameters; the drive, the load, step-up "l(s) - 2 2

-atio, charge time, etc. The Blumlein load is known. 1 ( ,kz)+5(w(, +ww 2  (3)
The primary drive circuit is determined by the switch
and its capabilities and limitations. The primary and
switch for this transformer is the English Electric -V k 2
thyratron FX 2508 (a modified CX 1159). This thyra- I (s) 0 4
tron is used because 400 are available from the dis- 2 - s 4 (1-k +s 2 2  2  (4)
mantled Astron accelerator. 'J12 (' 212

The use of this thyratron imposes voltage and cur- 2 2
rent constraints upon transformer design. The FX 2508 where w 1 /LIC l and w2 * 1/L2C2 .
was designed to be pulse charged to 32-kV which cannot
be done with ETA due to dc power supply limitations. The case where the primary and secondary resonant
In consideration of the slow (250-ms) charging rate, frequencies are equal is worth considering since the
the tubes are derated to 20-25-kV. The FX 2508 is also equations are considerably simplified and are more
specified at 2-kA peak current, however, lab tests show easily solved. The time domain solutions for primary
that at low repetition rates (5 pps) they can handle and secondary voltages and currents are:
6-kA peak current for millions of shots. A limitation

of any single anod* thyratron is its inability to con- V 0 rwt 1sn -(5-

duct current bilaterally without internal damage. To i1(t) •w-I,..sin ! += sin i()-
properly handle negative current, auxiliary circuits 7- l k 4 +k fl-J
such as diodes or perhaps double-ended thyratrons would V r nwt)
be required. Circuit protection for the number of 12{t) 0 - i nt- (6)
thyratrons to be us% is not an economically feasible 2wj' " 1=2"
solution.
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lt)-V 1 s! voltage occurs when the maximumn of the low and high

v(t) + cos (7) frequency terms peak simultaneously. At this instant
in time the primary and secondary currents are zero,

and the primary voltage is zero. Theoretically, this
v2)- os -Cos () because of transformer and switch losses, a 90-95%

Ic Iefficiency has been achieved. Unfortunately, the
primary current of the transformer does reverse and

The most commonly used transforme f f this type the transformer cannot be used because of the deci-

has a coefficient of coupling k . . The cur- sion to use existing thyratrons.
rent and voltage relationships for the primary and th a the as o e p i c

Atheodh va toge nak. ysir o fi.) theay cur-

secondary windings are repeated here for comparison rent and secondary voltage as a function of coupling

able percentage 4f.its maximumsvalueuandfevenothoug

p hcoefficient is arduous, an examination of the time
domain solution indicates that for any value of coup-
ling, the primary current does not reverse before the

,MI, 1*, e 1.000E.00 first secondary voltage peak. However, it is not un-! CLWlllT Tl S 1.O06IC*O00

til k > .8 that the first voltage peak begins to exceed"; / ' 'the second voltage peak. For k - .8 (Fig. 5) the cur-

rent in the primary at the voltage peak is a consider-
dable percentage of its maximum value and even though

this is an acceptable mode of operation in that iti satisfies the design criterion, it is not desirable

because of the low efficiency and because the unused
Sienergy in the transformer primary continues to drive

j the secondary thereby inhibiting sparkgap recovery. To• 'h " ,, damen this energy, in a high rep-rate system, it be-
', , comes necessary to include lossy devices which further

' ) ,reduce the energy transfer efficiency. One good fea-
° 'k ,ture of this mode of operation is that the voltage peak
' 'occurs on the first cycle and therefore the charge time

.... ' ,is shorter.

.,L Having found no desirable mode of transformer oper-
.,, ation for equal primary and secondary resonant frequen-

cies, equations (3) and (4) must be solved for the gen-
•,eral case where wI # w2 . The solutions are:

":! : :" : : : ": : : ": :: : l~t) = L Sl sin slt - - si 2 9
0 w " 2Vk sl (sin

-1 2

i 2 (t) - " Is2 sin s2t S I sin st] (10)
•VOLIAGE '1lCS 9 O -
• ~CO I tmN liMS I .ooE0

where

2 2 (WI + WW I w 2 2(1.2k)* I w (2,)
C. s s 2(k 2 l

" ' an

'" 4 + w 4 2 (1-2k').2,2 (12)

, The corresponding voltages are:

V 2 w2  2 2 2

v.. W ...j.. 2 -7 .Cos st2 2 22

1 2 (13r
V kw2 1

. v2 (t) - r- a[cos s2t - cos s1 t] (14)

- .- . . . . Examination of equations (9 through 14) reveals that
SECONO- ,T, . AN: P :NA c.mv" VS -;"by factoring out wI , the equations may be interpreted

as functions of k and the ratio of the two frequencies.
On this basis solutions for these equations are gener-
ated by computer. To add ve-satility to the output
results, the transformer simulated has the input vol-
tage, primary and secondary inductors, and secondary

FIG. 4 PRIMARY AND SECONDARY VOLTAGES resonant frequency equal to one. Only the coefficient
AND CURRENT FOR A TRANSFORMER of coupling and ratio of primary to secondary frequen-
HAVING k .6 and w I  w2  cies are varied. This results in a family of voltage

and current waveforms where for each value of k, a set
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of curves - each curve representing a different reso- occur before the secondary voltage peaks. At this
nant frequency ratio - is generated, point other factors become important; primary energy

storage, voltage step-up, and energy distribution at

v(X~e TMES .00.00the time of maximum secondary voltage. The goal now
CUR, TIMS I " .oo is to maintain the highest efficiency while having a

minimum of energy stored in the transformer when the
sparkgap is triggered.

Fig. G shows that the current in the primary is
non-reversing and near zero at the secondary voltage
peak. The primary voltage has actually reversed by

* k60% at this time but this energy remains in the capa-
citor because the thyratron opens at the zero current
point. Although this case is not optimum from an en-
ergy transfer standpoint, the remaining energy has no
adverse effect upon the sparkgap recovery time and
does satisfy the step-up and primary current require-
ments.

N
1. ¢ UNW T IMES$ 1 031[0

TL IES 1 .10 111

PRIMARY~~~~.O VOLTAG AN SEONAROO(OO V.TM

IPMARY vOMTAG ANO EACONOARY CURRDNI VS.CTOME .. C /
CK 0.000 : /WI.000 K/-

Y ILTMIA TIME "1. 7m-Co 00.
t~~CLN TIMESI I. -M-0410

Mk1

;ECRIMARY VOLTAGE ANO SPRIMARY CURRENT vs..TIME
K-~) 0.900 ;PWS 590S1.

.. ,, \

" ' .90 I ,WS,-.0.;

FIG. 5 PRIMARY AND SECONDARY VOLTAGES
AND CURRENT FOR A TRANSFORMER
HAVING k - .8 and w *

An examination of all computer generated curves '
reveals that a particular set of transformer parame-
voltage and current waveforms shown in Fig. 6 cor-/
respond to a value of coupling eual to .25 and a/
frequency ratio equal to .69. It should be understood
that thse nbers do not represent a unique solution- ....
slight variations about either of these parameters have SECONDARY VOLTAGE AND PRIMARY CURRENT VS. TIME
only slight effects on the waveforms. In fact, all K-0.5n : WP/WSO.6O

values of w /ws less than .69 satisfy the thyratron
current reqgiremonts of non-reversal for k a .525. FIG. 6 PRIMARY AND SECONDARY VOL.TAGES

' /S

Futeroe an trnfre, readls ofkIa tADCRET O RNFREso pin w/w a hih uret evrsldos otHVIG .2 and / .6
, :, ! .: : - .. .. .: \ ,30
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Transformer Design Transformer Construction and Testing

At this point, transformer design in terms of in- The transformer is a spiral wound auto-transformer
ductances, capacitances, current limits and voltage as this type of construction lends itself to fast and
gains is ready to begin. The known values are Eqs. simple manufacture. Transformer dimensions and number
9-1, the secondary capacitance (lO-nF), k (.525). of turns are determined by the coefficient of coupling.
and ww (.69). Also known are the maximum primary the inductance values, and the container. The number
curreAt2 (lO-kA),.mlnimum voltage gain (10:1), and the of turns for the primary and secondary and the relative
range for charging time (t'%l0-us). There is enough spacing of those windings were initially determined
information that the other transformer values - pri- from standard formulae for inductance and coupling co-
mary inductance and capacitance and secondary Induc- efficient. These values were modified to account for
tance may be determined, the shielding affect of the container walls and several

low voltage transformer models were constructed to in-
As there are several transformers which can be sure proper performance. The low value of coupling re-

designed to operate unde- the specified limits, trade- quires a thick transformer winding and thus permits the
offs in terms of reliability and efficiency are made. use of relatively thick foils and insulations. The
For the former of these reasons, a realizable voltage foil is capacitor grade 2-inch wide, 7 mil aluminum
step-up of 13:1 is reasonable. The higher transform- and the insulation consists of 6-inch wide, 7 mil my-
er gain reduces the thyratron dc operating voltage lar between two 6-inch wide, .5 mil kraft paper (for
from 25 to about 20-kV at the cost of lengthening the oil wicking). The thick foil minimizes corona pro-
charging time. To offset anticipated 5-10% losses in blems and the insulation width and thickness provide
the secondary damping circuitry and the 10% losses in a long creepage path and an insulation voltage break-
the primary drive due to tube drop and cable induc- down strength far in excess of anticipated potentials-
tance, a design voltage gain of 15:1 is required. all necessary requirements for long life and reliabil-
Substituting the values of k and w,/w2 into the secon- ity. As shown in the transformer cross section, Fig.7,
dary voltage equation (Eq. 14) yields: the transformer has non-shorting curved conducting

surfaces as the output (250-kV) and drive (20-kV)
vt M terminals to shape the electric fields and eliminate
2 .59 [Cos .92 wIt - cos 1.85 wt] (15) gradient magnification.
o , 1  The final transformer winding consists of a 7-1/2

turn primary wound onto the outside of a 150 turn
v2(t) attains its peak value at time t -t 7/(.92wl). secondary separated by an approximate 3/16" spacer;
Substituting this value of time into the above equa- foil and insulation dimensioned as previously describ-
tion and using the design value of 15:1 for the vol- ed. The drive point is the junction of the primary
tage gain yields: and secondary windings. The transformer is 4 inches

1.D. and 9-1/2 inches O.D.
L2 - 162L1  (16) The averaged measured values for the primary and

secondary inductances and coupling for the 34 trans-
Similarly the primary current equation becomes: formers constructed are approximately L ll.5-ufi,

L - 2.0-mH, and k - .525. Low level operational tests
l(t) - ll.37sin.92w t + .72sinl.85W t Uing a SCR switch are shown in Fig. B. These wave-

L w (I.forms compare favorably with the computer generated
1 1  (17) waveforms of Fig. 6. Secondary voltage and primary

The current peaks at t % 2.07/1.85w , and for a de- current oscillograms for output voltage of 13D-kV

sign peak current value of lO-kA an an anticipated are shown in Fig. 9. The first prototype has over

primary drive voltage of 20-WY, the current equation 100,000 shots without failure at voltages in excess

reduces to: of 200-kV.
The other circuitry in the transformer container

L-w1  .93 (18) (which is oil filled) provides the sparkgap midplane
Il potential, damping, and decoupling. Referring to the

schematic in Fig. I and to Fig. 7, these components

or are identifiable. The varistor in series with the
(19 high voltage output provide damping after sparkgap

C1  .270LI (19) breakdown by becoming a large impedance at low current
levels. The 20-uH, 50-12 parallel combination decouple
the sparkgap and transformer at high frequencies. The

Knowing the resonant frequency ratio series 12-n resistor supplies additional damping and
aids sparkgap recovery. The 20-ko resistor string pro-
vides the sparkgap trigger electrode with its required

w 1 2' 2V/2 potential. The 250-OF capacitor is a coaxial para-

- .69 - (20) llel plate structure which couples the sparkgap trigger
2 JLICI voltage to the sparkgap trigger electrode.

and values of C , L ., and C in terms of L , the value
of the primary ?ndu~tance i- easily found to be CONCLUSION
L ' 12.6-uH. Other transformer values are then found
ti be L2 • 2.04-mH and C1 • 3.4-uF. These values al- Using a thyratron as a primary switch imposes cur-

low the determination of the secondary charging time rent restrictions with which a conventional charging

which is 2
2-us after switch closure. However, examin- transformer cannot comply. A .525 coupled transformer

ation of Fig. 6 shows that the peak-to-Peak voltage operating in an off-resonance mode satisfied the cur-

swing occurs in slightly more than half the time re- rent requirements, but at the expense of a non-optimum

quired to attain maximum secondary voltage. This time energy transfer. A .6 coupled transformer can be used

is slightly less than 13-us which reasonably approaches to overcome the energy transfer problem, but only if a

the design value, bilateral switch such as a spark gap or, preferably,
an inexpensive double-ended thyratron is used.
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PRECISION REGULATED, 20 KW, MODULATOR PFN CHARGING SYSTEM

Charles A. Corson

Westinghouse Electric Corporation
Systems Development Division
Baltimore, Maryland 21203

Summary the two transistor switches into saturation. This
applies the 300 VDC power supply to the charging

This paper describes a new, high efficiency, reg- transformer primary. Actually, each transistor switch
ulated modulator charging system that accurately is made up of 36 power transistors connected in paral-
charges the pulse forming networks (PFN's) in a 14 lel. A transistor switch assembly is pictured in
megawatt modulator to over 3 kV without the use of a Figure 3. The base and emitter of each transistor is
conventional high voltage power supply, or dissipative separately fused.
regulator. It is impervious to load open and short
circuits and regulates PFN voltage precisely. The The voltage applied to the inductance of the
circuit stores a measured amount of energy in a trans- transformer primary causes current to ramp up in the
former as 1/2 LI2 aqd then transfers it to a PFN primary, as can be seen in the waveforms in Figure 4.
capacitor as 1/2 CV . This technique uses consider- The charging diode connected to the transformer sec-
ably less parts than previous methods and therefore ondary is polarized so that it will be reverse biased
produces impressive size, weight and cost redLctions when the primary is energized. The stored energy in
as well as design simplification. It also charges the primary at any given time is represented by:
and regulates PFN's more efficiently than previous 2
methods because of using less parts in the main power Jp = 1/2 L I , wn:re
path and not using a dissipative regulator. p p

Ph joules stored in the primary
Previous Technology P inductance

Figure I shows the conventional method previously Lp = primary open circuit inductance
used for charging and regulating PFN's. It consists I . current in the primary winding
of three basic groups: p

By measuring the primary current and comparing
1. A high voltage power supply it against a stable reference, the time at which
2. A comand charge group the primary stored energy reaches the desired level

3. A PFN voltage regulator can be determined and used to stop the charging
of the primary inductive stored energy. By removing
transistor drive and turning off the two transistor

The high voltage power supply uses a three phase switches at this time, a precise amount of energy can
stdp-up transformer and six high voltage rectifiers be measured into the primary each pulse
followed by a filter choke and filter capacitor. Us-
ually this is preceded by a line regulator (motor When primary current flow is interrupted, the
driven varlac or 3 phase SCR controller). transformer voltage tries to reverse. As this volt-

The command charge group includes a charging age crosses zero, the secondary charging diode con-

choke, charging diode, and an SCR with its trigger nects the transformer to the modulator PFN which has

circit, to control the time at which the PFN is no charge. The transformer dumps its stored energy

charged. Often the charging voltage is high enough into the PFN over a period of time calculated by:

that several SCR's are needed in series.

The PFN regulator consists of a shunt regulator T CHG  Ls x CPFN , where

connected across the PFN to remove the excess charge Ls transformer secondary inductance
above the desired level that is caused by power sup- C
ply ripple. PFN the PFN capacitance

New Charging Circuit Description The voltage rise on the N is a quarter sine-
wave as seen in Figure 4. lue final voltage on the

A new method has been developed for charging and PFN, neglecting losses is:
regulating PFN's which has been implemented in a 20
kW charging system in the ARSR-3 radar transmitter for VP2Mx*
the Federal Aviation Administration. The new method pFN D
has resulted in a 4:1 reduction in size and a 5:1
reduction in weight as well as impressive reductions
in cost. Forty-eight transmitters are currently in By controlling the peak primary current, the
production, several of which have been shipped after final PFN voltage can be controlled precisely. Be-
an extensive test program which Included environmental cause the pulse-to-pulse operation repeats itself,
tests. losses are constant and do not affect the pulse-to-

pulse precision of the PFN voltage.
Figure 2 Is a block diagram/schematic of the

regulated charging system. Three phase power is rec- In the system that was built, the pulse-to-pulse
tifled through a choke Into a 300 volt electrolytic PFN voltage accuracy was better than 0.05% for varying
capacitor bank. When the charger control unit re- line voltage inputs, harmonic ripple on the 300 volt
ceives its trigger coemand to charge the PFN, it sim- power supply and variable interpulse periods required
ultaneously energizes two transformers which drive by the radar system.
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The charging transformer is specially designed secondary current will flow through any secondary
because it is used as an energy storage element. Fig- short circuit and this current is limited by the
ure 6 shows the transformer. The current sensing energy stored in the transformer and can never ex-
transformer and the high voltage charging diode are ceed the level to which the primary was limited. A
built into the assembly on the right side. Figure 5 secondary current sensor then reads out an overload
shows the transmitter that is in production and Fig- and shuts down the system. Previous conventional
ure 7 shows the charging system compartment with its systems would short circuit the high voltage power
door open. The upper part of the compartment contains supply when the modulator shorted. This would pull
the 300 VOC power supply on the left and the transis- very heavy currents through the charging diode and
tor switches on the right along with their control high voltage power supply until a large contactor
unit. The bottom part of the compartment contains the could be opened or the main breaker tripped. This
charging transformer and charging diode. was sometimes destructive to parts in the charging

system.
System Parameters

Another desirable feature is the fuses associated
The 20 kilowatt system that was built and tested with the individual transistors in the transistor

has the following parameters: switch assemblies. Figure 8 is a schematic of a
transistor switch assembly. If a transistor fails.

PFN capacitance 11.3 microfarads it short circuits and blows the emitter and base
fuse associated with it. Then the emitter and

PFN voltage 3.1 kV (3.3 kV max) base terminal of the transistor assume the collector
voltage. This voltage is then fed through the asso-

Repetition Rate and 365 PPS ciated base and emitter resistors to a summing diode
Stagger 300 to 400 PPS whose output indicates a pair of blown fuses. This

signal is used to light a maintenance light which
Pulse-to-Pulse Voltage indicates that maintenance should be performed at
Accuracy + 0.02% Typical the operator's convenience. The charging system

continues to run as if nothing had happened. If
Average (HV) Current 13 Amps DC more transistors should fail before the maintenance

is performed, more current is fed through the summing
Primary Peak Current 500 Amps Typical (600 A diodes, ind when more than five are failed, a sensor

max) detects the high level and shuts down the system.
This system has been run at full power with up to

Transformer Turns Ratio 13.5:1 25% of the transistors removed.

Transformer Primary Because the chdrging diode is reverse biased dur-
Inductance 425 Microhenries ing the first portion of the charging -vcle, modu-

lator switch recovery is not a problem. rhis system
Input Power 30 , 60 Hz, 120/208 VAC inherently provides switch recovery time and allows

+ 10% the charging cycle to use the entire interpulse
period.

The system that was built uses five 2.26 micro-
farad PFN's connected in parallel. These PFN's are A crowbar was included in the system that is
charged in parallel and are switched with five solid currently in production. It is connected across
state switches into a single primary of a pulse trans- a tap at 10% of the transformer secondary winding.
former that delivers a 135 kV, 105 Amp, 3 microsecond This allows the use of a low voltage SCR to divert
pulse to a klystron load. The modulator can be run the energy stored in the transformer. PFN voltage
with one of the PFN's removed leaving four PFN's con- is monitored and if it climbs above a preset level
nected in parallel. the crowbar is triggered and the system is shutdown.

This could nappen if the operator turned the high
Design Features voltage adjust up too high or if he tried to oper-

ate with too many PFN's removed.
In order to Protect the transistor switches from

transient voltages, two diodes were included across Conclusions
the switches and the transformer primary that return
inductive energy to the 300 volt power supply. These This method of charging PFN's will be used ex-
diodes conduct every pulse when the transistor switches tensively in the future because of its versatility
are turned off. They divert the current flowing in and economy. Its main advantages are achieved be-
the transformer primary back to the power supply cause this one circuit performs the three separate
until secondary current starts flowing. This slight functions listed earlier. It also reduced the num-
delay occurs because of transformer leakage reactance ber of high voltage components and connections in
which prevents instantaneous transfer of interrupted the hardware to a minimum. In summary, this new
primary current into secondary current. These diodes circuit offers the fulowing advantages:
also divert the stored energy back to the 300 volt
power supply if the secondary becomes open circuited. a SIMPLICITY - thus easier maintenance and
A current sensor on the diodes indicates when the re- troubleshooting.
turned current is excessive, and shuts the system
down. s HIGH EFFICIENCY - because a dissipative

regulator is not needed,
This type of charging system is also impervious and there are fewer parts in

to load short circuit. Because of the polarization the main power path.
of the charging transformer and the secondary charg-
ing diode, tho primary side of the system never sees e RELIABILITY - because of the low power loss,
load short circuits. When the primary side of the low parts count and very few
system is disconnected with the transistor switches, high voltage parts.
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* SMALL SIZE AND WEIGHT - high voltage paper/oil The combination of the two transistor switches
capacitors and 60 Hz and clamping diodes with an inductive load provides
step-up transformers a fool-proof power controller that is easy to design
have been eliminated, and safely operates without stress, even during load
resulting in typically shorts, opens, or arcs. Other production systems
a 4:i size and weight are currently planned that use this new charging
reduction, thus pro- system.
viding easier mainten-
ance.

a LOW COST - because of low parts count, minimal References
assembly labor and less circuits
to be tested.

1. E. H. Hooper and S. R. Bird, "An All Solid
* HIGH ACCURACY REGULATION comparable to exis- State Modulator for the ARSR-3 Transmitter",

ting techniques Thirteenth Modulator Symposium, June, 1978,
without the need Buffalo, N.Y.
for high voltage
because current at
a low voltage po- 2. C. A. Corson, "A Modular Modulator for an
tential is con- Air Defense Radar", Twelfth Modulator
trolled. This cir- Symposium, February, 1976, New York, New
cuit is unaffected York.
by staggered pulse
repetition fre-
quencies. 3. This charging system was produced as part of

the ARSR-3 Transmitter under FAA Contract
DOT-FA75WA-3641.

NOTE: Patent application filed in 1976.
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A MODULAR PFN WITH PULSEWIDTH AGILITY

H.J. Blinchikoff
R.A. Gardenghi

Westinghouse Electric Corporation
Systems Development Division
Baltimore, Maryland 21203

SUMMARY GOALS

This paper describes the design, analysis, In the context of this paper, the pulse-
and realization of a lightweight, low-impedance forming network (PFN) is the aggregate of
pulse-forming network (PFN) in which identical pulse-forming modules (PFM's). The pulse
inductor-capacitor modules can be added or re- duration of each PFM is to be 2 microseconds.
moved to change pulsewidth while maintaining Therefore, the pulse duration of the PFN can
high pulse quality without introducing exces- be 2, 4, 6, 3, or 10 microseconds, since the
sive pulse-top perturbations. The PFN evolved maximum number of modules considered here is
contains an input module that is optimized for five. The parameter goals for the PFM and
a pulse-plateau ripple of + 0.5 percent. The the achieved results are given in Table 1.
ripple remains within this-limit as modules
are added or removed from the PFN to change TABLE 1
the pulsewidth in 2 usec steps, The opti-
mized parameters are presented in normalized PULSE-FORMING MODULE GOALS AND
form allowing the optimum response to be ACHIEVEMENTS
achieved for arbitrary pulsewidths and network
impedances. Parameter Goal Achievement

Peak Power (!!W) 5 5
This low-ripple response is achieved

without incorporating mutual inductance into Average Power (kW) 4 4
the design, therefore, easing the module Charging Voltage (kV) 10 1 '
tuning and assembly. Mutual inductance has
been considered indispensible in PFN's, but Pulse Duration (usec) 2 2
it is a roadblock for modular construction. Pulse Repetition 400 max 400
.ts elimination as a design parameter is the Frequency (pps)
key to realizing the modular PFN.

Impedance (ohms) 5 5
A breadboard was built and tested under Pulse-Top Variation Vs max 1% max

.igh power. Included are measured responses
that verify that the modular concept and Weight Energy Density 2 min 5.1
optimum response can be realized in practice. (joules/lb)

Max Dimension for Stack 60 17
This paper is based on studies performed of 5 Modules (inches)

for the U.S. Air Force under contract number
730602-76-C-0207, RADC, Rome New York.

INTRODUCTION THEORETICAL CONSIDERATIONS

The PFN serves the dual purpose of stor-
This paper describes the design, analysis, ing the exact amount of energy required for a

and realization of a lightweight, low imped- single pulse and discharging this energy into
ance pulse-forming network (PFN) in which a load resistor Ro in the form of a rectangu-
indentical inductor-capacitor modules can be lar pulse. An equivalent model for this pulse
added or removed to change pulsewidth while discharge is shown in Fig. I, where the PFN
maintaining high pulse quality without intro- is selected so that i(t) approximates a rec-
ducing excessive pulse-top perturbations. tangular pulse to within an acceptable tole-

rance when the input voltage v(t) is the step
The need for this type of PFN arises function.

from the growing sophistication of modern
radars, particularly transportable radars The ideal PFN is an open-circuited loss-
with modern ECCM capabilities. Advanced less transmission line of characteristic im-
signal processing techniques require improved pedance Zo = R. and transmission time T/2,
transmitter pulse fidelity, which depends where T is the rectangular pulsewidth [I].
heavily on the modulator pulse quality. However, practical considerations rule out
Furthermore, a radar r,auirement exists for this line as a PFN, and in practice this dis-
pulsewidth agility in which line-type modu- tributed line is simulated by a network com-lators may be made pulsewidth variable through posed of a finite number of lumped elements.

the use of modularized PFN's. Conventional
PFN's are heavy and bulky, and the pulse-top The lumped parameter network cannot
ripple associatpd with these devices is con- exactly simulate a distributed transmission
sidered excessive for these applications. line, so an approximation procedure must be

employed to determine the network element
values. Cf the many possible choices for the
network, the voltage-fed networks are the most
commonly used because only with this type can
the usual discharge switches be used. The
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energy, stored in the electrostatic field of and, most important, the change in the initial
the PFN, is transferred to the load resistor overshoot and rise time due to the removal of
Ro when the discharge device is switched to sections was insignificant. This experiment
a conducting state. showed that a modularized PFN without mutual

inductance was feasible and proved the basis
We investigated two voltage-fed network for the design of the optimu,, network.

classes; the Guillemin Type E network in
Figure 2(a), and the Rayleigh network in Three sections (N:3) were selected as the
Figure 2(b). In each network all capacitors fundamental module because it yielded a flat-
are the same. Other networks equivalent to top pulse whereas the two-section module
the Guillemin voltage-fed network are given yielded a rounded pulse. Nominal values from
in Il, but these networks do not offer any (1) are L = 1.67 uH, C = 0.067 pF. Although
appreciable advantages over the Type E. the pulse-top variation was considerably re-

duced by increasing the value of the first
The network in Figure 2(t) is the lumped- inductor (LI), this one degree of freedom was

parameter approximation to the transmission not enough to reduce this ripple to the 1 per-
line, truncated after N sections. We call cent goal. Therefore we also varied the first
it the Rayleigh network because application capacitor (C1 ) to improve the response.
of Rayleigh's principle to the transmission
line yields this line-simulating network. The Computer responses in Figure 3 show the
Rayleigh network is well suited for modular interesting trends in the pulse-top response.
separation because each section is identical. For a fixed value of CI , the initial overshoot
The Guillemin Type Z network, because The in- decreases as increases. out the succeeding
ductcrs are not restricted To be the same undersnoot is relatively insensitive to this
value, produces a better approximation to the chanwe. However, as C is increased, this
rectangular pulse than does the Rayleigh net- undershoot improves. aince the pulse rise
work, for the same number of elements. How- time is proportional to LI , it is also desir-
ever, the close interrelationship among able ThaT the value of L be minimized. Con-

element values does not make this network sequenlTv. the optimum pirameters selected were
adaptable for modular separation. Further- Ll : 3.u PH and C. : C.073 IF, and the corre-
more, careful control of the coupling between sponding pulse response is shown in Figure 4.
coils is required to achieve the correct The + 0.5 oercent variation has been achieved

o and the 2 usec pulsewidth occurs very near the
e ecicted 70 percent value. The significant

Type E networks with satisfactory pulse- aoeet about this portion of the study is that
usually obtained b au t he . percent variation goal has been satis-plateau ripple are ad~ust- fiedwithout incorporating mutual inductance

ment of the various inductors ; however bewe coils. Until now, mutual inductance
this is not practical if sections are added has be indispensible in PFN's, but it 4s a
and removed as required. Analog computer roadblock for modular construction. Its

simulation of Type E networks showed that ex-
cessive pulse-plateau distortion occurred e alion th mdularPand aionally
whenever sections where added or removed to rlinthe outhe PN is aon aly
change the pulsewidth because the carefully easnd. Figure 5 shows The optimum input
chosen aggregate of section self-inductances
and mutual inductance between sections was module parameters and the Rayleigh module
upset. For this reason, the Type I PFIl was parameters.
excluded as a network that meets the require-
ments in Table 1. The cascade of the Rayleigh N=3 modules

with values L and C does not upset the initial
RAYLEIGH N ETWORKS portion of the optimized pulse. This feature

is demonstrated in Figure 4 which shows the re-
The analysis of Type E networks suggested sponse as one and then two N=3 modules are

that the requirement cf a variable oulsewidth added to the input module. The pulse-top
could best be accomplished, and most economi- variation remains within + 0.5 percent and the
cally, by having identical sections without desired pulsewidth again 3ccurs near the 70
mutual inductance between sections. The percent value. In this manner, an arbitrary
pulsewidth then becomes a function of the pulsewidth can be achieved by the cascade of
number of plug-in modules. This configuration these identical basic building blocks. The
is the Rayleigh network in Figure 2(b), where commonality of these modules further reduces

manufacturing cost and alignment time.C FF (1) The optimum normaliz,d parameters are

presented in Table 2. With these values the
Initially we computed the current re- response in Figure 4 for an arbitrary pulse-

sponse of a six-section (N=6) Rayleigh PFN width and impedance can be obtained. Use of
(T 1 I0 usec, Ro = 5 Sl) on a digital computer this information allows a predictable response
because accurate values of the small :ulse-tc which includes the presence of the resistor

variations were not obtainable from The analog This in itself is a major improvement over
computer results [23. The first overshoot Cf previous approaches, because the design pro-
this network's response, was i2 merceno, a cedures in [l) are based on an ideal voltage
figure that is unacceztatle for rcst practical source (R. : 0). Since there is no resistance
situations. However, 0y increasi? tne value
f the first inductor, we consideratl. re-

duced the first n,'ershoot and sucte-dn
rirple. Tho. the Three end-sectins were
removed. -he rulsewidth halved a- desired
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in the circuit, the theoretical response is 'hyratron acted as the discharge switch.
:ericdic. When the resistor Ro is included, Four 1.25 ohm air cooled ;oven Jire r oisZ_ r
the response degrades to a transient pulse connected in series provided a matcned IC ̂
hat departs from the theoretical response. load for the PF* test.
The above information eliminates this
shortcoming of previously published design High-power testing 4as performed a- 1:
-rocedures. t' heak F:1 storage voltage. Figure E shows

the pulse responses for !, 2, 3, 4, and 5
TABLE 2 modules while Table 3 gives the test results.

The full peak and average power were met for
NORMALIZED PARAMETERS FOR OPTIMUM 1, 2, and 3 modules. Laboratorv Dower supply

FULSE RESPONSE limitations required a reduced ?RF for the 8
,sec and 10 usec pulsewidths; however, the

To Denormaize duty cycle was maintained constant.

Ouantty Normalized Value Multiplv by The measured plateau ripple of the PFN
high-power model was z -.5 zercent, because

L T X R the component tolerance was ± 5 percent.
6 The design goal of ± 0;5 percent ripple will

be satisfied as this comtonent tolerance isC16 R tightened."

2.04 x R TABLE 3

C, 1095 1. : _HIGH-POWER FFN TEST RESULTS

6 _

Risetime l 10% 1.428 T Parameter Number of Pulse Forming Modules

9 1 2 3 4 5

78-0099-TA-17 Puisew,-dtl,. sec) 2 4 6 8 10

Peak Currmst (Ampi 1000 1000 1000 1000 1000

HIGH POWER MODEL Average Current (Amp) 08 1.6 2.4 2.4 2.5

Packaging of the high-power pulse form- PePowr mW) 5 5 5 5 5
ing module and the mating of these modules to
roro the final ?FN require strict mechanical, ChargingVoltagkV 10 10 10 10 10
elect.rical, and cost considerations to achieve
the goals in Table 1. The PFN must be rugged Rep.Frequencyvmm 400 400 400 300 250
and be able to dissipate the generated heat,
yet it is desired to have a minimum weight AveraePowr(kW 4 8 2 12 12.5
energy density of 2 joules/pound. Insuiation
to prevent arcing and minimum lead length toavid parasitic inductance are important 7 T

electrical considerations, while cost is im-portant for large quantity manufacture.

High-power modules were assembled using CONCLUSION
dry impregnated mica capacitors and air-core
inductors. The tolerance of each component A modular pulse-forming network that does
was within ±5 percent. The length of the not include mutual inductance as a design
five module assembly was 17.75 inches, easily parameter has been developed. Moreover,
satisfying the design goal of 5 feet for the identical basic pulse-forming modules can be
greatest demension. Electrical connections cascaded with the optimized input module to
between modules were made with No. 8 copper yield the desired Dulsewidth vithout increas-
wire. The complete assembly is sufficiently ing the pulse-plateau ripple and pulse rise-
rugged to withstand normal usage in a radar time. This synthesis procedure also provides
system. the capability for electronically varying the

pulsewidth by allowing the appropriate modules
We now describe the tests on the high- to be switched into or out of the circuit.

power model of the PFN as the pulsewidth is Although the variable puliewidth has been
changed in 2 usec steps. All modules were emphasized, the Deak power can be increased
the same except the input module, which had bv adding modules in parallel.
a larger input inductance and capacitance
in accordance with the optimum design in ACKNOWLEDGEMENT
Figure 5.

This paper was based on a study sponsored
The high-power test circuit was a con- by the U.S. Air Force under contract number
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power supply had a voltage range from 0 to
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PFN LOSS CALCULATIONS

S. Ivan Rambo
R.A. Gardenghi

WESTINGHOUSE DEFENSE AND ELECTRONIC SYSTEMS CENTER
Systems Development Division
Baltimore, Maryland 21203

SUMMARY CALCULATIONS

Approximation methods for the calculation of PFN losses The calculation technique used can best be illustrated by a
have been used for many years. With the current availability of specific example. A series of computer programs were written in
computer facilities to most electronic engineers today, more "basic" using the "interactive" approach where the computer
precise calculations can be made. requests the pulsewidth, load characteristics, number of sections

desired, and pulse trans) :mer parameters. The load can be a
Many PFN's designed for thyratron switching have had klystron, CFA, laser, or other nonlinear device. Data stored in

characteristic impedances high enough that losses could be ig- the program is for a type "E", equal-capacitance, mutual- in-
nored safely. The recent trend to all-solid-state pulsers requiring ductance, voltage-fed network of 3, 4, 5, 6 or 8 sections. Figure
very low Zo (less than I ohm) and high pulse current capability I reflects such a typical network. Figure 2 is an example of an
makes it essential that distribution of losses be determined more eight-section computation using a low impedance PFN feeding a
accurately. This paper describes a proven useful approach, using high-turns-ratio, step-up transformer for pulsing a klystron.
simple tite-shared computer programs. Figure 3 shows the resultant plot of the coil currents. It can be

seen that 1, the current through the first coil, has a duration
Methods are described for loss calculations by first determin- equal to the full pulsewidth. Current durations progressively

ing the pulse current shape in each coil and capacitor in the time decrease down to Is . It is obvious from this plot that coil losses
domain. Then these pulses are transformed into the frequency will be the greatest in L I and the least in L8 .
domain to determine their spectra. By knowing the Q of the coils
and the dissipation factor of the capacitors and how they vary
with frequency, it is easy to sum the losses for each spectral line Figures 4a and 4b show similar plots for the capacitor cur-
for each component. Results agree well with experiments, rents. Two plots are shown with four currents on each for the

sake of clarity.
INTRODUCTION Once these current shapes have been determined, at least two

methods of determining the spectral distribution have been
The technique to be described for calculating PFN losses was used. The simplest method is to assume the coil current pulses

suggested in Volume V of the MIT series. But lack of modern are trapezoidal, and the capacitor currents are pairs of half sine
computer facilities prevented its extensive use until recently. The waves. Closed form solutions for Fourier analysis are available
method actually used in the early years as described in Volume V for these shapes. For greater accuracy, the pulses can be
utilizes a number of approximations no longer necessary, since sampled and the data applied to FFT programs available on
the advent of time-shared computer facl'ities. For PFN's de- most time-shared facilities. Figure 5 reveals the spectrum for the
signed in the past and employing thyratron switches, first section current pulse of figure 3.
characteristic impedances were usually high enough (typically
15-25 ohms) so that losses were usually low. The recent trend to Bfore losses can be calculated from the above spectra, the Q
high-power solid-state pulsers requiring very low Z. sometimes or dissipation factors of the coils and capacitors must be deter-
less than an ohm) and high pulse current capability makes it mined as a function of frequency all the way from the first few
essential that distribution of losses be determined more ac- spectral lines at the PRF to the frequency beyond which the
curately during the design. spectral amplitude is negligible. Although measurement of coil

Q over such a range is not a trivial problem because of dif-
The determination of losses in the inductors and capacitors of ficulties in obtaining low loss capacitors to resonate the coils at

a PFN requires that the shapes of the current flow through each very low frequencies, a fair approximation is usually possible.
element be known. Then by transforming these pulse shapes to Calculation methods such as those of Butterworth are also quite
the frequency domain, power dissipation can be computed by good though tedious. If the coils are to be assembled in metal
summing the losses at each discrete spectral line. Unfortunately, enclosures such as for oil- or gas-insulated PFN's, the Q must be
the effective resistance of inductors and capacitors is a function measured "in situ." Calculations are much more difficult than
of frequency and must be determined for accurate calculations. for coils in "free space."
A fundamental limitation to accurate loss calculation is the dif-
ficulty of simulating this frequency in the time domain when Capacitor dissipation data for PFN types as a function of fre-
computing the pulse shapes. Obviously, some pulse shape quency is not always known, and must be determined for ac-
modification must occur because of this dependence. Fortunate- curate calculations. The relationship, RC - dissipation fac-
ly, this effect, even for low impedance PFN's is small, and can tor/2*PlOF*C), where dissipation factor is measured at 1,000
be ignored in the cases we have examined. Hz, can be used with fair accuracy.
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Once the dependence on frequency of the effective resistance, ,

of the coils and capacitors has been determined, then a simple ,,. .. . .,,,, , ... ,,, -

computer subroutine can be inserted in the Fourier transform m- ,J., , ,

program to determine loss distribution and total dissipation ,. ,,,. , .... ,

within the PFN. The equation: F .. .. , -

k F~.4 r 10-11P r; WP.r . -F tF,

PL IL,
2(n) . RL(n) F '

n= I

will compute losses in coil Lm by summing the loss at each spec-
tral line where RL (n) is adjusted for each line to agree with - -"

measured or calculated values. Similarly, summations can be
made for each capacitor. The upper summation limit K can be
raised progressively until the contribution of added terms to the Figure 2. Eight Section PFN Computation

element loss can be ignored.

Applying this method of calculation to the actual network of 7W-

figure I resulted in a total coil dissipation of 18 watts. A similar " 1 3 £
calculation using the method of Volume V of the MIT series as

given on page 214 produces a total coil loss of 21 watts. The dif-
ference is less than 20 percent and may not seem significant in all
but the most exacting cases. The main advantage of the calcula-. I I
tion method described is that fewer assumptions are required,
and it is easier to execute with the aid of a computer. , I -

We have used two techniques for experimental verification of 2W 11 - \
the loss calculations. Both were based on temperature rise
measurements. One uses the true calorimetric method where the 100

change in temperature of a known volume of liquid such as in-
sulating oil is measured versus time. The other replaces the net- 0 - -

work with a resistor and power source which is adjusted to .o- I
duplicate the time-temperature function of the actual network. 0 2 4 s 6 10

Reasonable correlation between calculations and measurements Time. Microsecmw0s

have been obtained. These measurements verified the overall
network loss. Verification of the losses in the individual network
elements was considered to be too difficult to implement. Figure 3. Coil Currents

CONCLUSIONS 5 -

A method for more accurate calculations of the losses in I1

PFN's has been described which is easier to use than older
methods since fewer assumptions need to be made. Reasonable 400
correlation between calculations and measurements have been L
obtained.
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PULSE FORMING NETWORKS WITH TIME-VARYING OR NONLINEAR RESISTIVE LOADS

R. M. Roark, M. E. Parten, L. B. Masten and T. R. Burkes

Texas Tech University
Lubbock, Texas 79409

Summary Many achievements in designing high power
pulse forming networks have been recorded(4,5].

High power pulse forming networks (PFN) However, consistent with the continuing develop-
have been in use for some time. The networks ment of pulse-power technology, more exotic
are usually designed using techniques that applications have arisen. Whenever producing
assume a desired pulse shape and a constant various pulse shapes for complex but resistive
resistive load. High power gaseous discharge loads is necessary, the design procedure is
devices have created a need for high power usually not well-defined. This paper outlines
pulse generation operating into time-varying a method which permits computer-aided optimiza-
resistive loads or nonlinear resistive loads. tion of a given set of PFN parameters based on
Although some work has been done in designina a specific error criteria in order to better
a PFN with a time-varying load, little has approximate the desired output pulse. In the
been done for the nonlinear loads in general. process, sensitivities with respect to network

In this paper a study of the effects of a elements can be calculated to develop a specific
time-varying or nonlinear load on a pulse form- adjustment criteria. The optimization tech-
ing network is presented using simulation tech- nique has been applied to networks designed
niques. The resultant output pulse is compared using the classical procedure, producing signif-
to the desired pulse using different error fun- icant improvements in the form of resultant
ctions, such as mean-square error and absolute output pulses. Also, some information of net-
error. The sensitivity of the error function work element sensitivity is presented.
with respect to the parameters of the PFN is
determined. A criteria is developed for the Preliminary Discussion
adjustment of the parameters of a pulse form-
ing network to improve the pulse delivered to The Fourier design technique is invariant
a time-varying or nonlinear resistive load. to different types of finite, real pulses.
The form of the desired pulse, the error func- However, as Guilleman argued, the theoretical
tion and the type of resistive load can be pulse should have finite rise and fall times
varied to obtain a specific adjustment criteria, if the series is to converge uniformly through-
In one case, applying the technique to a given out (4]. Using finite rise and fall times
PFN resulted in a 46.4 percent improvement in will insure that overshoot and undershoot can
mean-square error. be minimized as desired, usually by increasing

the number of sections. A trapezoidal shaped
introduction pulse and a pulse with parabolic rise and fall

are two commonly used forms.
The classical technique used in designing When evaluating the performance of a PFN,

pulse forming networks with constant resistive it is convenient to define an error criteria
loads is based primarily on the Fourier series which gives a measure of how well the network
expansion of the desired output pulse (see approximates the theoretical pulse. Defining
Fig. 1) (1]. Since i(t) is an odd function, the theoretical pulse as p(t) and the resultant
the series contains only sine terms. Like output (voltage) response as v(t), the error
terms in the series, the sinusoidal current function of the approximation, E, is given by
produced by the circuit of Fig. 2 consists of
an amplitude and frequency portion. This cur- E(t) - p(t) - v(t) (3)
rent is given by

/ Ck t For a full measure, error should be amassed
ik V V/ - k  sin .k (1) over the entire Fourier series period, 2: (Fig.k V L k sin 1). Hence the mean-square error, E m , is given

by

By comparing the general term of the Fourier 2T
series to that in Equation 1, the values of Em = s(-) = f (t)dt (4)Lk and Ck can be written in terms of the series m o

coefficient, bk. The result is found to be
L Vc  tbkI 2 Another commonly used measure is absolute

C =b 1'k n (2) error, given by
Lk . )r and Ck k

k p ZTaE a -a f  JE(t) tdt (5)
A network that approximates the original wave- 0
form can be realized by adding n much LC cir-
cuits in parallel. The result is the voltage- The full advantage of an error criteria can be
fed (type C) network in Fig. 3. In turn, this realized by appropriately weighing the error
network can be converted into a large number function according to the designers' prerogative.
of equivalent forms by manipulating the complex A weight function, q(t), can be chosen to
impedance function of the network [2]. Ball emphasize (or deemphasize) those areas of the
and Burkes have shown that the classical tech- pulse which are of most concern. The weight (
nique can be extended to include time-varying function can be included in Equation 4, yield-
resistive loads (3). However, the Fourier ing a weighted mean-square error. The result
series method does not easily lend itself to may be written as
nonlinear resistive loads.
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to remain relatively constant during the pulse
2 period. The current i(t) for the given re-Em f C2(t) q(t)]dt (6) sistance is shown in Fig. 5a. The same current

0 is shown expanded into a periodic function in
Fig. 5b. As the current waveform deviates fromIf optimization is to proceed based on a pre- a roughly sinusoidal shape, the n-term Fourier

viously defined error criteria, then enhanced series can be expected to have a lower order of
improvement of various aspects of the pulse convergence. Therefore, it is not surprising
can be realized--for instance, decreased rise that a finite number of Fourier sine terms
and/or fall time, maximum flatness, maximum fails to provide the best fit (in the mean-
energy delivered during the on period, maxi- square sense) of the current function, espec-
mum flatness in the off period, etc. ially for the general resistive load. Conven-

The optimization procedure is concerned tionally, more terms of the series are in-
with minimizing a preselected error criteria, cluded in effort to reduce error. In lieu of
E, with respect to the output v, subject to adding sections to the PFN, another set of
the network equations. The minimization of E element values may exist which produces a
is a function of its argument, the network more desirable pulse. Improved results may
parameters. The network behavior can be des- be obtained from the original set by an appro-
cribed in terms of its state, given as an priate optimization procedure.
m-dimensional set of first-order differential Consider designing a six section PPN to
equations. This process can be written in the develop a one microsecond, one kilovolt
following manner: pulse across a resistive load given by the

minimum of equation

E(L,C,...) r(t) - I + t , 0 < t < T (8)

subject to For the duration of the pulse, the time-varying

xi - fl(xl,x 2,x 3 ,...,t) (7a) current must be of the form

X - fz(xlxX 3 ... t) i(t) - , 0 t < (9)

Expanding i(t) into an odd series (Fig. 5b) and
calculating the Fourier coefficients yields

Xm . fm(xlx2'x3 ... It) twelve element values which best approximates
the current pulse by the classical procedure.
These values are listed in Table 1 for ref-

v - g(xx 2,x 3.  .t) erence. The output pulse is shown in Fig. 6.
The above design has offered a starting

point for the optimization procedure. ThisLetting [x' represent a column vector of state particular optimization was based on mean-
variable derivatives and x a row vector of square error and concerned with the pulse
identical dimension, a more compact form is period, one microsecond. The final element
given by values appear in Table 1 along with the per-

cent change. The resultant pulse is shown
minimum of in Fig. 7. The error has decreased 35.2 per-

E(L,C,.... cent over the one microsecond duration. Par-
ticularly noticeable is the fall time, de-
creasing from .47 Lus to .16 s. Element values

subject to (7b) have varied from 0.3 percent to 13.4 percent
(x - f(xt) in magnitude. For completeness, sensitivity

of the error with respect to each element (at
v -g(x,t) the final point) has been included in Table 1.

As a second example, an additional micro-In short, the procedure uses a standard grad- second (2 L.s) is included in the error criteria.
ient approach and is not restricted to any The result is shown in Fig. 8 where a 46.4 per-
particular PFN; it is applicable to all of the cent improvement was noted. Again, the fall
(finite) current- and voltage- fed forms. For time has improved considerably. Probably the
the purposes of this paper however, the net- most noticeable aspect of the new pulse is
work of Fig. 3 has been chosen to illustrate the relative flatness in the off period. More
the optimization procedure. Included in the energy delivered to the load can be expected.
simulation program are capabilities of provid- Inherent to the latter design is immunity from
ing intermediate errors, sensitivities, para- the large undershoot occurring in %he off per-
meter values and output plots upon request. iod. This fact becomes more important when

incorporating special switching requirements
Optimization as a Design Criteria in an actual network design. Similar results

were obtained using absolute error.A problem with any infinite series repre- In examining the effect conventional im-
sentation is the error introduced when approxi- provement methods would have on the original
mating the function by a finite number of PFN design, six additional sections were added.
terms. How well a truncated Fourier series The optimized network was better than the
represents a waveform depends not only on the twelve section Fourier extension in some ways.
number of terms but on the original function The six section PFN had 54.5 percent faster
itself (i.e. its convergence). Consider de- fall time and 33.7 percent less error. How-
signing a PFN to operate with the time-varying ever, the twelve section PFN exhibited more
load, r(t) in Fig. 4. Assuming that v(t) is flatness on top of the pulse. These results
a rectangular pulse, the product i(t).r(t) is have further enlightened the practical signifi-



cance of a systematic -iization procedure. References
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the derived network was changed from r(t) - Engineering, Texas Tech University, August
1+t to a constant R - 1. The associated pulse 1975.
is shown in Fig. 9 and is not unlike Fig. 8 in
many respects. Likewise, the response in Fig.
10 is from the same PFN with a decreasing re-
sistance r(t . - t/4. After optinizaticn,
the error improvement recorded was 37.4 per-
cent and 23.1 percent respectively.

As an example of the amount of computer
time required for the optimization program, the
results of Table I were obtained in 8.1 CPU
minutes. This time includes three output plots
and intermediate result information. However,
the optimization time is greatly dependent on
the particular design nued. Depending on the
number of network parameters and the degree of
.improvement required, the time may be much
more or much less than the example given.

Conclusion

A considerable improvement in the calcu-
lated response of PFN's for time-varying resis-
tive loads has been made. It has been shown
that the optimization procedure results in a
better overall response (mean square error)
than prior design procedures, even for the
same number of LC sections. It should be
noted that the best designs obtained with this
optimization procedure results in component sec-
tions (type C network) whose natural frequen-
cies are not harmonically related. This result
leads to many interesting questions concerning
established design procedures. These questions
form the basis for future work on general PFN
design.

The optimization procedure described has
a weighted feature for error calculations. This
feature allows the circuit designer to opti-
mize a PFN's response in several ways. For
instance, the fall time of the output pulse
could be considerably improved at the expense
of other portions of the overall response. By
extending the period of optimization beyond
the pulse width, a better PFN-load match can
be obtained. Thus, a better transfer of energy
is obtained during the pulse period itself.
Likewise, rise time, maximum flatness, etc.
could be optimized at the expense of other
portions of the pulse. Although this paper
describes the optimization only for time-vary-
ing loads, it is felt that the procedure is
applicable to nonlinear loads as well. This
work along with experimental verification is
planned for the future.
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Fig. 1 An odd expansion of the desired pulse Fiq. 4 The time characteristic for the
into an alternating current waveform, resistance r(t) - 1 + t

2
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Fig. 2 An LC network to produce a sinusoidal Fig. 5a The desired current response
current waveform. i(t) - 1/(l + t)
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Fig. 3 The voltage-fed network derived from a Fig. 5b The expanded current to be ap-
Fourier series expansion of the output proximated by a six term Fourier
pulse. series.

Table 1. Element values, before and after optimization, and final
sensitivities for a six section PrN with r(t) = 1 + t.

Element Initial Final Change Sensitivity

L 0.3669 M 0.404 uH 10.11 -0.1645

L2  1.0754 1.0299 -4.23 -0.0109
L3  0.3386 0.3677 8.60 -0.0634

L4  1.00227 0.99042 -3.16 0.1510

L5  0.3387 0.3839 13.35 0.0196

L6  1.0069 0.9728 -3.39 -0.0372

C1  0.27613 LF 0.2728 *.F -1.21 1.60

C2  0.02355 0.02285 -2.96 -0.020

C3  0.03324 0.03314 -0.30 -0.0181

C4  0.00619 0.00599 -3.23 0.1072

C5  0.012 0.01234 2.83 0.0078

C6  0.00279 0.00276 -1.08 0.1168
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Fig. 9 Response of a PF14 designed for r(t) I + t used
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Fig. 10 Response of a PFN designed for r(t) I + t used
with the load r(t) - 1 - t/4
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PEAK SWITCH CURRENT ENHANCEMENT FILTER

by

James P. O'Loughlin
Air Force Weapons Laboratory

Kirtland AFB, NM 87117

and

William M. Noeny
Tetra Corp

Albuquerque, NM

Summary Fig. 1

One method of providing ionization in a control-
led gaseous discharge is to apply very short over
voltage pulses. The voltage is typically several Conductivity Lo PRF Conductivity Vi PRF
times the breakdown voltage of the gas but the
time duration is less than the arc formation time
so a complete breakdown does not occur but the
gas is ionized. The level of ionization achieved
depends on the total charge or equivalently the
peak current delivered during the over voltage
pulse. Typical parameters used on one experiment
were 50 to 100 nanosecond pulses at 35 KV and
repetition rates up to 500,000 PPS. A hard tube Low PRF Current Hi PFRF Current
modulator was designed and built to deliver up to Pulses Pulses
200 peak amperes. Later in the experiment higher
currents were desired and it was found that by
using a peak current enhancement filter it was
possible to deliver peak current of 350 amperes
to the load while the hard tube modulator was only
switching 200 peak amperes. The design and
characteristics of such a filter is described in
the paoer. TIME

8ackground

In applications such as gaseous electric Fol a particular experiment on 2000 K supersonic
lasers it is necessary to have a means of providing N2 - CO a hard tube modulator was designed and
and controlling the electron number density. This built to deliver 50 to 100 nanosecond 200 peak
is so because the electron number density de- ampere pulses at 35 KV and at repitition rates up
termines the gas condictivity and there by the to 500,000 pps in short bursts.
amount of electrical power which may be loaded into
a given volume of gas. One method is to shoot The schematic diagram of the modulator is
high energy electrons into the gas which collide shown in Fig. 2. The modulator consists of a
with and ionize gas molecules. (1) A second Velonix Model 590 pulser, the output of which is
method is to irradiate the gas with ultraviolet stepped up to 3000 volts with a pulse transformer
radiation which photo-ionizes the gas. (2) A and drives - (4) parallel 3E29's in a cathode
third method Is to apply a high voltage pulse follower configuration which in turn drives the grid
stress to the gas which initiates a Townsend of a 4C X 35,000. The screen of the 4C X 35,000
avalanche breakdown, but before the breakdown goes Is held at 2500 volts which allows a peak plate
to completion, that is before the formitive current of about 200 amps with about 350 volts
lag time expires, the over voltage pulse ends and positive grid drive. The output of the 4C X 35,000
thus an arc does not occur. (3) During the over is capacitively coupled to the gas load. The 2000
voltage pulse the electron number density rises to V. D.C. sustainer power supply is pulse isolated
a high value and then decays after the pulses from the load and 4C X 35,000 with an inductor. It
at a rate depending on the characteristics of the is the purpose of the pulser to establish and
gas. Thus to maintain conductivity of the gas maintain the ionization in the gas whereas the
reasonably uniform with time and above a given major part of the actual power loaded into the gas
minimum value the pulse repitition rate of the over is provided by the 2 KVDC supply. The effectiveness
voltage ionization pulses must be above a certain of the pulse in establishing the electron number
minimum rate, Ref Fig 1. density depends almost entirely upon its peak

current since the maximum duration of the pulse Is
limited to less than the arc formation time. The
pulse shape, that is the rise and fall times are
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Peak Current Enhancement Filter In Fig. 5 the effect of changing the driving
pulse width is shown for the case of Zo - 5 and for

It being not uncommonly the case as the experi- driving pulse widths of .25 to 1.5 times To. The
ment proceeded more peak current was desired from optimum drive pulse width is between .75 and 1.0
the modulator than it was originally designed for. times To.
The instrumentation of the installation included
current monitors on both the 4C X 35,000 plate and Although the maximum enhancement is 2 for large
the gas load. It had been observed that the peak ratios of characteristic to load impedance it is not
current in the load was reading about 1O% higher usually practical to use ratios greater than three or
than the peak current in the tube. At first this was four due to the fact unreasonable over voltage
attributed to measurement error but accurate calibra- stresses develop on the switch tube.
tion of the current sensors and measurements made
with the sensors interchanged confirmed beyond doubt If the load resistor is non linear in a manner
that the peak load current was 10% greater than the such that the resistance decreases with amplitude
tube current; This enhancement effect was traced to (as a gaseous load) the enhancement effect is in tne
and explained theoretically by the presence of a pi area of 10% better than for a linear load.
section filter made up of circuit stray capacitance
and inductance between and including the 4C 35,000
and the load. The circuit in Fig. 3 was used to Conclusions
explore the enhancement effect to determine what
relationship between the parameters leads to a Based on experimental and theoretical data it is
maximization of the enhancement. This model consists concluded that a current enhancement filter can be
of a unit step current source, a pi section filter of realized in a narrow pulse hard tube modulator utili-
Cl , Ll , and C2 defining a characteristic impedance, zing in part the stray circuit capacitance and
and a load R such that: inductance to achieve a peak load current which may

be up to twice the peak current switched by the hard
(1) Zo - B*R - B (R-1) tube. This filter is useful in tie pulse width and
(2) B SQRT (LI*(C l + C2/(Cl*C 2 )) rise time regime where conventional transformers are
(3) C L B *B* 2 not feasible to increase the peak current capability
(4) Cl . (1 A) * C/A of the modulator. Also the performance of the filter
(5) C2 : A*Cl on non-linear loads such as a gaseous discharge if
(6) To 2*w * SQRT (L*C) in the order of l% more effective than a linear

resistance load.
where:

R - normalized one ohm load resistor
Zo - B = normalized characteristic impedance of the

pi filter
C - effective series capacitance of Cl and C2  References:A - ratio of C2/C1To - nor lized time base (1) Douglas-Hamilton, D.H., et al. CO2 Electric
G - enhancement ratio, normalized peak load current Discharge Laser Kinetics Handbook, AFWL-TR-74-216,

AFWIL, KAFB, MM p. 57, Apr 75.

The way this circuit is set up 
the ratio (B)

between the characteristic impedance and load (2) Denes, L.J., et al., UV Initiated C02 Laser
resistance and the ratio (A) between the input and Research, AFWL-TR-76-13, AFWL, KAFB, NM, Jan 77.
output capacitance can be varied over a range of
values and the output peak current (normalized) is (3) Hill, A.F., "Continuous Uniform Excitation of
the enhancement ratio G. Medium-Pressure CO2 Laser Plasmers by Means of

Controlled Avalanche Ionization", Appl. Phys. Let,
This circuit was analized by computer over Vol. 22, No. 12, pp 670-673, l973.

ranges of .1 to 10 for both A and B. It was found
that over these ranges the enhancement was not
effected more than a few percent by A but did
depend on B. The enhancement improved as B increased
and is about 1.70 for a & of f, as shown in Fig. 4.
The maximum theoretical peak current enhancement
appears to be 2 as one would expect by considering
the filter as a transmission line with characteristic
impedance Zo terminated in R and driven by a unit
source. ILN delivered to the load is:

(7) ILN % Zo*l/(Zo + R) + (Zo - R)/(Zo + R) ** 2)

Which has a maximum value of 2 as the ratio of Zo/R
becomes large.

The response shown in Fig. 4 is for a unit amplitude
input pulse width of To*3/4.

C
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A NEW RESONANCE TRANSFORMER

John Harrison

Maxwell Laboratories, Inc.
9244 Balboa Avenue

San Diego, California 92123

Abstract Resonance Transformer Circuit

Resonance systems have been used to provide trans- Figure 1(a) shows the circuit of the voltage
former like voltage step up from a low voltage to a transformer version of the resonance tranaformer. If
high voltage. However, all early systems have the dis- we let
advantage that the voltage gain is limited to the Q of [-
the total circuit (including the load). This imposes
a severe gain limit and leads to high line voltage

regulation under changing load conditions when the gain and
is moderate. The circuit described here is a new cir-
cuit which overcomes most of these early problems. ' = l
It provides a gain which is relatively insensitive to o
the load circuit and is mainly limited to the product
of the Q of two resonant loops (i.e., the regulation the equations for the circuit are
of the circuit is similar to that of an iron core
transformer). Furthermore, several stages can be step
or series connected to provide an unlimited potential 4%

gain. The circuit is thus a competitor of the iron o + o
core transformer, and will be particularly attractive G(G +) 1 +- i2 sinwt (1)
in very high voltage or high frequency circuits where
adequate insulation or hysteresis loss becomes a

problem. iz Iicz I

Introduction G+ 1 1 G + Lt 2

The circuit descried in this report is a resonant
circuit with characteristics similar to those of a The solution is simple. We subtract G times
two winding, inductively coupled transformer when it equation (1) from equation (2) to get
is excited from a steady state a.c. voltage, or cur-
rent, source. The circuit would have a gain that is ZL i 2 - -G sin wt
independent of the load impedance if loss free com-
ponents could be used. Thus, the "ideal" lossless But ZL 12 is the voltage across the load. Thus, the
version of the circuit performs like an "ideal" two load voltage has an amplitude of C times the input
winding transformer. This feature is a major advance voltage and is phase shifted by 180

°
, and the voltage

over earlier resonance systems that have been used gain, G, is independent of the load.
to replace transformers. These earlier systems have
a gain that varies with the load resistance. The
circuit also has other features that make it superior
to earlier circuits. These include: L/G L

1. A lower ratio of reactive power in the cir-
cuit to the delivered power. The reduction
is substantial at high gains. sip Wt

2. A much higher gain limit for a single stage
of the circuit. E

3. The elimination of this single stage gain
limit through the use of several series con- () voltage tratsfmer circuit

nected, or ladder connected, stages. The
earlier circuits could not be series or
ladder connected to increase their gain
limit. [~)

As a result of these improvements, the new resonance
transformer can be used as an economic replacement for sirlwt
a conventional transformer in many applications.
Furthermore, it can operate at frequencies above the
range covered by iron core transformers. c cICDC

The resonant circuit described here has four TT
basic variations. Furthermore, there is a sub-set of W tArv*"t traftfosmay circuit
more complex circuits for each of these variations
which are expected to be of interest to the community.
However, these more complex variants will not be
covered in this report. Figure 1. Resonance transformer circuits for voltage

and current transformation.
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The Figure l(a) circuit has the inverse circuit The sum of the reactive power in the inductors
shown in Figure l(b). This circuit is a current is equal to the sum of the reactive power in the
transformer and provides a gain of G in current that capacitors in the phase corrected optimized circuit.

is independent of the load impedance. Both these The ratio of the reactive power in the inductors, or

circuits have reverse circuits in which the induc- capacitors, in this circuit to the active power in the
rances are replaced by capacitances of equal impedance resistive load is
and the capacitances are replaced by inductances of
equal impedance. The performance of the reverse cir-
cuits is similar to the circuits from which they were VAR* 2 (v
derived. VA k G)

The circuits can be optimized for minimum
reactive component size by providing phase correction
in the load circuit. The optimum load for the This ratio of reactive to active power sets the
Figure 1 circuit should reduce to a capacitor with a size of the components, and thus the cost of the
capacitance circuit for a given rated load.

.1C - Some Additional Features of the Circuit

The circuit has some interesting features which
in parallel with a resistor with a resistance value c ircit hasoe iteres f e te n ih

can be used to enhance its usefulness or to extend its

range of applications. These features are:

0 1. Equivalent Auto-Transformer

The inverse circuit is optimized with an equivalently The output of the circuit is phase shifted 1800
sized series inductor and resistor. from the input. The input and output can consequently

Finally, the initial and inverse circuits can be be connected in series to provide a gain of

power factor corrected so that the input and output G' - G + 1
power factors are equal by adding a reactor at the
input. The resulting circuits are shown in Figures The resulting circuit is shown in Figure 3.
2(a) and (b).

This change reduces the ratio of VAR to VA to

L/G L VAR

(+I )C C

(a) Voltage transformer circuit
(601)c f

61. (6.1)1 L.
$fI wt L/G

R

Figure 3. "Auto transformer" version of the Figure
l(a) circuit.

(b) Current transformer circuit 2. Series or Ladder Connection

Several Figure 2 circuits can be series connected
to provide a gain of

Figure 2. Transformer circuits with added reactances GGn
to minimize the reactive energy and provide T ,
a unity power factor load on the source
when feeding a resistive load.
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I
where because then the impedance of the output reactor is

GT is the total gain greater than that of the load. The Figure 2(s) cir-
cuit, and its associated reverse circuit, are most

G is the gain per stage useful when the gain is greater than unity because in
this case the admittance of the output reactor is

n is the number of series stages. greater than that of the load.

Similarly, the Figure 3, "auto transformer," circuit
can be ladder connected to provide a gain of

GO - GOn

where the symbols are equivalent to the earlier case.
Figure 4(s) and (b) show the resulting circuits. 10

6

This series or ladder connection reduces the 6

ratio of VAR to VA when the gain is high. Figure 5
is a plot of VAR/VA against gain for one, two and 4

three ladder connected circuits and demonstrates this

effect.

• €10 3 Stage

S2 Stage

(a) ii.. series co"v',te ,esovan~t. tra~ife. circuits Stage

2 4 6 a 10 2 4 6 6 10

Figure 5. Ratio of inductive, or capacitive, reactive

power to power output in lossless "auto"
transformer circuit.

Lead
Inductance

ftlte 64. .63 L/G L/(G+) L"LL LL

CResistive
(B.T,),-- --..-- '--.. t~te,-- nt TI°

Figure 4. Cascaded arrangement of resonance trans-
formers used to reduce component site in
high gain applications.

Figure 6. Circuit for combined service of power
factor correction and voltage or current

3. Power Factor Correction transformation.

The circuit can be used to provide the combined
service of power factor correction and voltage (cur- 4. Inverter Commutation

rent) transformation by selecting the correct circuit
form and reducing the VAR in the output reactor. A The circuit is a resonant circuit which can be

typical circuit of this type is shown in Figure 6. designed to provide a leading power factor at its

Here the inverse circuit is used and the inductance of input terminals by reduciug the size of the input

the output inductor is reduced to compensate for a reactor. Therefore, it meets the design requirements

lagging power factor load. It should be noted that for a filter circuit to series comutate an inverter

this circuit will also compensate for the voltage drop circuit, and can provide the combined service of vol-

in an inductive connection in series with the load. tage step up and series commutation of an inverter.
The current transformer version, the Figure 2(b) cir-

This inverse circuit and its associated reverse cuit, may prove to be the best for inverter appli-

circuit are most useful in power factor correction cations where a step up in voltage is required be-
applications when the voltage gain is less than unity cause then the impedance of the input reactance Is
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higher than the input impedance under optimum load- The first order - neglecting Dn terms of higher

ing conditions. If the input nductor of this circuit order than unity and GD
n 

terms of higher order of D

is omitted, the input power tactor is leading whenever than 2 - equation for the actual gain is

the series inductance in the output circuit is less

than (1 + G)L, a condition which should be easy to GR {l+J(D 2+D)
design into a system. The optimum value of this G 4

inductor is L, and with this value of output induc- A (G(D1+D2 )+D2+D3-JG(D1 +D2)(D3-D4)}Zo
tance the power factor is leading and the circuit is

current limiting. This series commutating resonant
circuit will, in most ap~lications, be lighter than

the circuit it replaces. + {l+G(D I+D +D4R)-J (D -D2-D3-D 4 ) }R

5. Combined Use with a Two Winding Transformer Here the loss term is stated in terms of the dissi-
pation factor D - (l/Q) - (R/wL) - wCR and the omitted

The circuit can be used in combination with a 0n terms are in the form D0 or D 1D00.

standard two winding transformer tv reduce the mutual

reactance required in the transformer and reduce the The no load/full load regulation can be calcu-

circuit regulation. Figure 7 shows a typical circuit lated using this equation and setting R - - for the

of this type. Here the mutual inductance of a trans- no load condition and Z - R// for the full load

former replaces the shunt inductance of the central condition. Figure 9 shows the resulting regulation
shunt inductor of the reverse circuit of Figure 1(a). for a single and two stage figure 2(a) circuit when

the dissipation factor of the inductors is 0.02 and

the capacitors 0.0025.

Lower regulation is obtained if the dissipation

factor is lower, and when

C, C2  z

R

sin ~t

Figure 7. Variant of resonance system using a two
winding transformer to provide part of the 10- 2 Series Stages
gain.

Component Loss Considerations

We will now consider how the circuit performs
when real components, with losses, are used. This I Stage
subject has only been studied with a series resistance
in each reactive element using the circuit shown in
Figure 8. This circuit shows the reactive impedances
as X and the real impedances expressed in terms of the
dissipation factor of the reactive elements. The 0 10
reactive element type can be either that shown 

in

Figure l(a) or the equivalent reverse circuit reactors Voltage Gain

can be used. The circuit is terminated with the
appropriate minimum energy output reactance. The
results of the following analysis apply equally to the Figure 9. Regulation of single stage and 2 series

inverse circuits, stages of the Figure 2(a) circuit plotted
against gain when inductors with a dissi-
pation factor of 0.02 and capacitors with a

R D lxI x3  R3 a D3x3  dissipation factor of 0.0025 are used.

j Comparison with Earlier Resonance Circuit

The resonance circuit shown in Figure 10 has been
2  X4 used for many years to obtain resonant gain under

steady state s.c. conditions. 
The open circuit gain

2  2X02 4  4 O4 4  of this circuit is G if lOslalss components are used

when

W 1

Figure 8. Circuit used in loss/gain analysis.

The performance of this circuit can be investigated
1MR-601, "Wih Power MMD System Technical Mmorandum, using the variables
Technical Discussion of Resonance Type Voltage Step
Up Systems", I December 1976.
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2O -

and 
- D W(G-I)L

GA - the actual gain (G -)L Load
sin wt Resistor

This circuit ha several fundamental limitations. The 2 3

first limitation is that the open circuit gain limit

is the Q of the resonant circuit where _

Q 1 Figure 10. Conventional resonance system used for
Di + D2  obtaining a resonant voltage gain.

The gain limit when the circuit is loaded is The overall effect of these various features is
to make a low regulation (1-0Z), reasonable gain

R3  (G >5) circuit heavy and expensive. For instance, a
GA - conventional resonance system with a gain of 5, built

o with inductors with Q - 50 and capacitors with Q -

This gain is only approached when 400 must be twice as heavy as the new resonance
system if the no load/full load regulation must be

G less than 10. The new circuit would have a 6%
and regulation with equal components. As the gain

R increases the advantage in using the new systemincreases rapidly.

0 Conclusion

This ratio of the reactive energy in the output This paper has described a new resonance trans-
reactor and the active energy is former that has characteristics similar to those of a

two winding inductively coupled transformer. The
VAR (X2 ) R3  resonance circuit can be designed to provide either~ A current or voltage transformation, and can combine its

VA to0 transforer duty with power factor correction.

The circuit is a viable competitor to a conven-
tional transformer, and is likely to prove to be
superior to a conventional system in many applications.
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SOLID STATE LLIPPER DIODES FOK HIGH POWEk MODULATOKS

By

Stephen Levy and John E. Creedon
Electronics Technology and Devices Laboratory

USA Electronics R&D Command
Fort monmouth. New Jersey 07703

Sumary

En-of-line solid state clipper diodes are a. worst case forward current
essential to high power pulse modulators. These b. worst case inverse voltage
diodes are chosen to reduce the potentially damaging c, power dissipation
inverse network and switch voltages which occur when d. diode recovery
the load is less than the network impedance; espe-
cially when non-constant loads are encountered. The Forward Current
choice of the clipper diode stacks for a megawatt
(MW) average power pulsar resulted from a study of It was decided that parallel operation of diodes
commercially available units. Destructive tests of was inadvisable as the ballast resistors needed to
available units gave a figure of merit of 3UO:1 for insure proper current sharing would be impractical at
the maximu

m 
single shot 10 microsecond (Us) current the tens of kA level. the alternative was to try to

pulse to diode rated average current. A 150 ampere (A) tind a single diode capable of handling the worst
average current diode ws choeen for the 20,000 case current. For a matched clipper diode the maxi-
A worst case expected in the MW pulser giving a mum current would occur if both the modulator load
current safety factor of better than 2:1. For the and the clipper load R were shorted. The currrent
40 kilovolt (kV) pulser operation at a 1.5:1 voltage would be c

safety factor required 60 of 
the 1.0 kV diodes in

series. A snubber capacitor and resistor across
each diode provided equal voltage division and 

1 p .
transient turn-on protection. Transient response of
the snubber protected diode stacks was modeled at
low powers and later confirmed in actual MW pulser where epy is forward anode voltage, and [Zo] magni-

operation. tude of PFP impedance.

Introduction For an epy of 40 kV and a [4o] of i ohm, the
peak clipper current woulo be 40 kA. Ignoring higher

High power line-type modulators require end-of- order current reflections the diode chosen must be

lime clippers to protect circuit components from capable of sustaining 40 kA for 10 us pulse. Our

overvoltages due to short circuits in the load. The diode selection began with destructively testing

major components susceptible to damage are the Pulse diodes of different average current ratings to tind

Forming Network (PFN) capacitors, and the thyratron if this rating would relate to its peak current han-

switch. A substantial amount of damage occurs at dling capacity.
the anode when the thyratron is subjected to inverse
voltage. One study' reported that the power dissi- The test consisted of pulsing individual off-the-
pared on the tube anode varies as the square of the shelf diodes at a given current level with a lOUs

peak inverse voltage and that the anode "hole drill- pulse repeated every 5 seconds for 10 shots. After

ing" occurs in the approximately first 50 nano- checking the diode the current was increased to its

seconds (no) of inverse, next level usually in 1 kA steps. The results are
shown in Figure 2. From the best-fit-line a diode

The large MW tubes with their lower gas pros_ with an average current rating of greater than 75 A

sure and commensurately longer fall of anode poten- would be required to survive a 40 kA pulse.

tial, are particularly susceptible to inverse dissi- Worst Case inverse Voltage
pation. Voltage reversal can severely damage high
energy density pulse capacitors. Life expectancy
of a capacitor will decrease by a factor of 2 with The next most important factor is the maximum
only a 30 percent voltage reversal. It has been reverse voltage (epx) the stack will sustain under
shown that in a thyratron line-type modulator the the worst conditions. this is when the modulator load
inverse voltage will be as much as 1.5 times the becomes shorted and the clipper load opens. this
initial PFN voltage in the worst case of a shorted voltage. epx, has been shown to be as much as 1.5
Load. 2 On the other hand i: is customary to design times spy. For a charging voltage of 40 kV the
the modulator with a load impedance slightly small- "diode" would be capable of sustaining a reverse volt-
er than the network impedance to produce a small age greater than 60 kV. Of course there is no one
negative voltage on the thyratron. The approach is solid state diode capable of meeting this need there-
to apply just enough inverse to allow the thyratron fore a series stack of diodes is required.
sufficient time to recover and at the sem time. Ideally enough diodes can be connected in series
prevent large inverse voltages from occurring. where 60 diodes with I kV hold off could sustain a

The mot effective protection technique Is the 60 kV voltage indefinitely. in practice the reverse
end of line (matched) clipper. A schematic of the leakage I and the junction capacitance Ga of in-
matched end of line clipper is shom in Figure 1. dividual hod.. differ significantly, Both l. and CA
The circuit consists of a diode stack and a resis- are temperature and voltage dependent. Stacked
tive Load where the resistive load is chosen equal diodes require both resistive and capacitance compen- -A
in egnitude to the network impedance. The choice sation to overcome individual variatons. An equiva-
of the diode stack depends on the following factors: lent circuit for the series stack is snowe in Figure 3.
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in this figure A is the equivalent forward resist- case of the shorted load tne average current, lavg
ante of the diodg, RR is the resistance equivalent is:
to the leakage resistance, Cs is the diode junction to (3)
capacitance and CG is the diode capacitance to 'avg - Ip
ground. In our design the worst case diode leakage

(T - 200) wa 15 milliamperes (mA) at I ky. A where
resistor equivalent to 1/2 this value was selected
to parallel each diode. 'te worst case voltage to, pulse width is A0 us,

division would then divide as V. - 8Y, V2 - It.30. Ip is the peak current, 20 kA, end

Without resistive compensation the voltage would
divide as V1  4 462V and V2 - 1538 V. T is the pulse period, 8 me

the diodes are rated at 1000 volts (V) reverse avg -5 A and the square of rms current,

with a maximum instantaneous peak reverse voltage of
1300 V. With resistive compensation the diode would I

2
rms, is: to (e)

survive, however, it would fail without it. 2rms - lp
2 

S0

the diode junction capacitance and stray I'rms - 5 x 101 A
2

capacitance affect the voltage division whenever
the voltage rises or falls. The junction capacl- Then the forward power loss per diode is:
tnce can change significantly from diode to diode.

A recent article3 stated for one type of high power Pfwd - 0.825 x 25 + 5 x 105 x 0.000

rectifier the reverse recovered charge Qrr stored in
the junction while it passes from forward to reverse or

bias, can vary '. more than 300 percent. For diodes Pfwd " 420 W in the case of a shorted load

with different values of Qrr the shunting capacitors
provide a current path for the stored charge to where the modulator will be operating for t6 ms

aissipate. Additionally, the external shunt capaci- (2 pulses).

tance must be chosen large enough to swamp out all
values of 3snction car.2itance. In the case of our According to the manufacturer this forward

clipper stack the sh. t capacitor was chosen to be power dissipation is equivalent to an average sinu-

100 times the typical device junction capacitance soidal forward current of 380 A which is comparable

when measured at 10 V. to maximum power dissipation of 560 W. For Sinu-
soidal operation the peak power to average power

Power Dissipation - Worst Case dissipation is 3.14;
5 

therefore the maximum
(sinusoidal) peak power capacity of the modulator

The power dissipation of the individual stack clipper diode is

diodes is important to the determination of the
cooling required. The "worst case" philosophy was 5oO x 3.14 - 1/58 W

used in designing the stack mounting. This is a sinusoidal equivalent to the individual

In the MW modulator the "worst case" conditions diode power dissipated when conducting 20 kA for a

which would P'fect the diode dissipsion are: 20 ps pulse operating at 125 hertz (Hz) rate for
2 pulses.

Shorted load, system shut-down To verify if the chosen diode can handle this

time is 16 milliseconds (ma) peak power, this value of 1158 W must be compared

to the peak power diode heat dilsipation.
-p l t) kV P11'

lp - 20.000 A The peak power in the diode produces a tran-
sient heating effect which if beyond the capacity

t - 10 us pulse width of the diode to absorb or conduct this heat away,

will destroy the unit. Again. the manufacturer
prr - 125 pps provides curves of effective transfer thermal

impedance for various operating times. At an
The forward power loss per diode is : ambient of 16*C and for 16 ma duration the Junction

SEto case thermal impedance is 0.09 maximum. Then the

Pfwd - Eo Iav rm R k2) peak power that can be dissipated in the diode is
limited by the maximum junction temperature of 200*C

where by the relationshipb

Pfud is forward power loss per diode peak . 200 - Transient (5)

E and R are emperical constdnts r(t)
0
representative of the diode selected Peak - 200 - 16 2u44

U.0Y
Iav is average current in the forward

direction, and Therefore, the diode selected for clipper operation

meets the manufacturer s power handling requirements.

Ilrms is the root-mean-square forward Power Dissipation - Normal Operation

current through the diode

The diodes ordinarily can dissipate 40 W each.
The diode chosen for the MW modulator was the 1N#594 The chosen diodes are designed to dissipate 4U W
which nad an Ed of 0.82- and R of 0.U006. For the mounted in the stack in air. The normal operating
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clipper current tor each MW module is 8 kA. Each show the interior. With the end in place, the 3
series stack of 60 diodes will have an average cur- fans forced approximately 750 cubic test per minute
rent of 5 A and an I

2
rms of 2 x 104 A

2
. Then the of 15*C air into the box plenum. The air escaped

normal forward power per diode equals 20 W and the through 4 centimeter (cm) diameter holes adjacent to
sinusoidai equivalent peak forward power would be individual diodes. The air velocity escaping all
close to 400 W. For air cooling of the diode stacks holes was greater than 200 linear teet per minute
where the ambient temperature is W6c, the diode which surpassed the manufacturer's recommended
manufacturer suggested 150 linear feet per minute limits. This design provided a non-repetitive in-
through the stacks. The air flow requirement was verse voltage safety tactor of 2, an operating volt-
factored into the modulator design. age; safety factor of 1.5 and a current satery

factor of 4. It was thought that if one diode-
Diode Recovery resistor unit opened the other PF unit could with-

stand the combined fault.
The recovery of a forward-biased to a reverse-

biased diode is a i-fold process.
7  

When a diode A second design used two diode stacks (cut into
is suddenly reversed from thm forward direction, the 4 sections of 10 diodes each) in series. The clipper
current will not immediately drop to Its steady- load resistor consisted of eight Carborundum washer
state reverse-voltage value, Is. It can only reach resistors (0.25 ohms each), type No. 916WSR25L,
this value after the excess minority cargiers are stacked in a series-parallel combination to give 0.5
swept out of the junction, or recombine. During ohms. A view of tnis 40L clipper assembly is shown
this time the diode will conduct easily with a in Figure 7. This unit has a non-repetitive voltage
value determined by the external circuit impedance. safety factor of 1.3 and a current safety factor of
Once the excess carriers are swept back across the 2.
junction, the diode voltage can begin to reverse and
the diode current can drop. lhis period of time is Performance of Clipper Circuits
called the storage time t5.

Normal operation ot the MW modulator at an epy
The second part of the recovery process is of 1U kV is shown in Figure a. The anode voltage

called the transition time tt, and this interval fall and load current rise occur simultaneously.
extends from the end of the storage time ca, until The clipper current trace was subject to pick-up
the junction capacitance has been charged to the during the main current pulse. Ignoring the false
reversed-bias voltage. positive-going current signal, the clipper current

is seen as a series of oscillations with a period
Figure 5 shows the voltage and current wave- equal to the PFN pulse width of 10 Us and a maximum

forms illustrating these points. It has been shown peak st 50 A. 1he anode waveform suggests that the
that the storage time increases with larger forward inverse voltage never exceeds 300 V. A theoretical
currents; also larger reverse currents reduce verification of the clipper oscillations is found in
storage time. A relationship expressing this is: Reference I. The question of what happens when the

IF clipper load shorts is shown in Figure V. There is

ta - Tln 1 + I ) (6) no noticeable change in anode voltage waveform.
IR Actually the tube current waveiorm looks improved.

The first three clipper current peaks increased with
where T is called the effective lifetime, the second peak increasing more than the first.

Comparing the second peak to the second clipper
The transition time, t. is a function of the current peak in Figure 8 shows a 2.5 times increase

junction capacitance Ct and will be reduced by in- when the clipper load is shorted. The waveforms of
creasing reverse bias. According to 5(a) the Figure 10 were taken with both the modulator load
estimate of tt is 

3RLCT. When the capacitance and the clipper load shorted. in Figure lU the
is small the diode recovery can be low ns range. anode voltage waveform shows an inverse voltage of

1.5 kV occuring 2U is atter the tube current pulse.
A negative mis-match will cause a rapid volt- The peak clipper current is 6 KA for a spy of Iu kV.

age reversal on the end-of-line clipper diode The peak tube current is ) kA. The tube for this
stack. It the stack load were to be shorted or worst case does-show some inverse conduction at the
underdesigned than the combination of rapid volt- peak of the first clipper current oscillation.
age reversal and qIgh reverse currents can destroy After this point the tube current always stays in
the diode stacks. the forward direction and the clipper diodes con-

tinue to pass high currents In an attempt to dissi-
Megawatt IOL Clipper Design pate the energy stored in the PFN. Figure 11 show*

the diode clipper stack voltage and current for both
The clipper design chosen was based on a the main load and clipper load shorted. This figure

Westinghouse diode stack consisting of 20 each shows a definite phase difference in the voltage and
IN4594 diodes with a 30 K ohm, 10 W resistor and current wavetorms. From the 20 KV trace, the
a 0.1 microfared ( LF), I kV dc capacitor across diode voltage is 4 kV when the current is zero and
each diode, the slope of current is 2.4 x 109. when the current

is zero then the voltage must be inductive. The
In the first design, the clipper diode estimated inductance is:

assembly, Figure 6, consisted of 3 stacks in a
series. L.cih assembly had a mating one ohm V - L (7)
clipper resistor In series. The one ohm clipper t
resistor had four Carborundum type number 890
SPIRULT resistors in a serie parallel combination. L - 4 X 103 1. 7 mcrohanrtes( H)

originally each diode-resistor assembly was designed 1.4 x 109
to parallel each of the two module PFNs. Figure 6

shove the two assemblies for a MW module housed in
a fiber glass-bakelite box. The end is removed to
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Tne individual diooe package is the DO.8 which has
a flexible stranded lead which is U.6b0 cm in diam-
eter and 6.86 cm long. A solid copper wire with the
same number of circular mls has a diameter of 0.583
cm. The self-inductance o 60 diode leads can be
calculated from 

T

L - 0.o)o2L (to 3143 (8) 3 f i~?

mdd

where , cw, l

Z - length of diode lead in cm,

d - lead diameter in cm, and
rigr. i. n4,I.3.r ctf,3 S9- 1$- f 13* 33* r tvlt

L = self-inductance of a diode in uh

L - 0.002 x 6.86 [tn 4 x b.8 - 3/4o
0.:)83 

g

L - U.042 Uh per diode; then 60 diodes would have .2n 4,,tro~ds, ,,,,
self-inductance of 2.55 UH. This is fairly good , -Azz0

agreement with the observed inductance. 1"1316

Lastly compare a gas tube clipper, two 7890s
in parallel, to the diode stack in Figure 12. The ,
hydrogen tilled triodes have inherently low induct-
ance and could be thought to represent an ideal
diode stack. The forward voltage drop of the gas -- 4 A

tubes is only 1 kV peak while the diode stack has
a 4000 V forward drop. For an epy of 10 kV with a 74..- 2. VI,..:t° t, 1--, k." A C-

shorted modulator load the gas clippers pass 10 kA t., •t-l... 0 P- 0 -".. 0.4. F..da-%- 5 I - A.t t., os eoeIsol

peak which is what would be expected from a 0.5 ohm c LI l....
network and a clipper load of 0.5 ohm. The diode
stack on the hand passes only 6 kA under the same
conditions. The efficiency of the solid state
diode stack can be improved.

C C_
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Figure 12. Comparisonl of Gas Tube Clipper and a Solid

State Diode Stack at an Epy - 10 kV with
the PVN Load Shorted.
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LOW INDUCTANCE, LOW U PEDANCE MEGAWATT AVERAGE POWER LOAD

William Wright Jr.
Electronics Technology and Devices Laboratory

USA Electronics R&D Command
Fort Monmouth, New Jersey 07703

Summary

A compact, low inductance, one-half ohm, one long-term average power (over a period of hours) to
megawatt average power resistive load has been devel- make the heat exchanging task manageable. The system
oped to facilitate testing of the MAPS-40 Thyratron. never reaches thermal stability during a series of
The flowing liquid electrolyte system uses the large runs but is always either heating up or cooling down.
thermal mass of a storage tank of electrolyte to
store the energy which is dissipated through a heat Design Considerations
exchanger after the high power run. The electrolyte
starting temperature, flow rate. and allowable temper- The electrical energy is deposited in the elec-
eture rise determine the maximum average power into trolyte between the electrodes in the resistor. The
the load; the external and internal spacings and flow flow, power input, and temperature rise are related
uniformity determine the maximum peak power; and flow by:
rate and storage volume determine maximum running P - 70.1 F&T,

time. The load assembly consists of two parallel
glass pipes 10.2 centimeters (cm) in diameter and where P - input power, watts
15.25 cm long. The active volume in each pipe is F = flow, 1/min
6.35 cm long and is contained between electrodes al - temperature rise, 'C
8.9 cm in diameter. The two sections of the load are
electrically in parallel and flowing In series, put- When the average power is high and the peak power is
ting both flow connections at ground potential. The moderate, the exit temperature may safely approach
major problem was getting the internal flow pattern 100c. However, when the peak power is also high,
uniform to eliminate local boiling and arcing across 800 MW in this case, high voltage stress and local
the bubbles while keeping the pressure drop low and boiling lead to breakdown across the steam bubbles
flow high. The calculated inductance of the load which could cause the energy to be dissipated in a
assembly is 11 nanohenry (nH), and the structure small volume, rather than uniformly, with explosive
lends itself to coaxial connections which reduce the forces being generated. For a given input power and
overall inductance still further. Material compati- flow rate. the exit temperature depends on the en-
bility with the electrolyte will be discussed. trance temperature, which is the temperature of the

electrolyte in the storage tank after the cool-down
Introduction cycle. For effective heat exchanging, one would like

the final electrolyte temperature after cooling to be
Liquid electrolyte resistors have been used in high, but for an adequate safety factor in avoiding

experimental modulator setups for many years.
1,2  

local boiling, this temperature should be low. The
They offer a wide range in resistance value (at least required volume of electrolyte must be enough to
5 orders of magnitude), flexibility in physical supply cool electrolyte to the resistor for the dura-
design, high energy absorption in a compact structure, tion of the run, allowing for a warm zone in the
high voltage stress, and are amenable to low induct- storage tank where the returning hot electrolyte
ance design. They are often easy to design and build, mixes with the cool electrolyte. This warm zone can
sometimes even trivial, and the resistive medium is be minimized by paying attention to the flow pattern
forgiving, as opposed to solid resistive substances of the electrolyte return.
which are often damaged by overheating or overstress-
ing. Most of the liquid resistor applications have One of the major advantages of working in this
been either single-shot or very low average power thermal transient mode is that the rate of final
where natural cooling is sufficient to dissipate the energy disposal, heated city water down the drain in
energy. A liquid resistor for high average power, this case, depends only on the long-term average
however, presents some problems. power, and the heat exchanger can be minimized con-

sistent with the number of runs desired per day.
The load described here was developed to facili-

tate testing of adiabatic mode modulator components In the design ot a low impedance load, one
(capacitors, PYlN's, thyratrons). The requirements on important factor is the minimum value of electrolyte
the load were 20 kilovolt (kV), 10 microsecond (us) resistivity. While others have used sodium chloride,
pulse length, 1.0 megawatt (MW) average power, and nickel chloride, ammonium chloride, potassium dichro-
resistance matched to PFN impedance (0.5 ohm) to with- mats, sodium thiosulfate, and probably a host of
in a few percent over the run time of I minute. The others, I have found that copper sulfate and sulfuric
variation of electrolyte resistivity with tempera- acid in water to be suitable. A concentration of 60
ture (approximately 0.8 percant per degree Celsius grams (g) hydrous copper sulfate (CuS04 . 5R2 0, blue)
(*C) at 30C), and the requirement of nearly constant per liter of water gives a resistivity of 70 ohm-cm
resistance would have required and extraely large at room temperautre nd is about a factor of 5 away
.clume of electrolyte in a noncirculating resi:ttor from saturation, which ensures easy dissolving, and
(over 4000 liters (1)), and a heat exchanger to no problems with the solute coming out of solution.
dissipate the energy d-' ing the run would have been The resistivity is then adjusted to the desired value
impractical, therefore t e approach used was to build by adding small amounts of concentrated sulfuric acid:
a circulating load, store the energy in the heated about t percent reduces the resistivity to 12 ohm-c.,
electrolyte and dissipate the host during the time
between runs. This approach uses the difference be-
tween the short-term average power (during a run) and
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Detailed Design

the load assembly, shown in Figure 1. consists average temperature rise, was only 70'C. No such
of two resistors, electrically in parallel but flow-- arcing has been seen with the slotted electrode
Ing in series. This puts both hose connections at assembly.
ground potential and prevents current flow through
the electrolyte filled hoses. Each resistor is a The glass pipes are ataybolt clamped between
10.2 cm diameter, 15.25 cm long pyrex glass pipe the copper plates by a circle of eight tapped lucite
containing two identical electrode assemblies, and rods around each pipe and sealed with neoprene gas-
both pipes are contained between two copper plates. kets which allow for a slight difference in length
43.2 x 21.6 x 0.635 cm. Each electrode assembly, between the pipes. All assembly between copper pipe.
one of which is shown in Figure 2. is a 8.9 cm copper plate, and brass disc is with lead-tin soft
diameter by 0.95 cm thick disc on the end of a 5,1 solder, and a reinforcing ring is used around the
cm diameter copper pipe. There are eight slots, lower pipe to which the heavy hoses are attached.
each 0.95 x 2.86 cm, in the pipe behind the electrode Soft solder joints have been suitable for over two
and nine 1.25 cm diameter holes in the disc, one in years of exposure to this electrolyte mixture, but
the center, and one adjacent to each slot. The elec- silver-solder joints eroded in a few weeks. There
trolyte flows out through the slots and divides, has been no appreciable erosion of the brass elec-
part through the eight holes and part through the trodes by the electrolyte.
annular gap between the disc and the glass wall.
Another part of the flow is directly out through the The circulation system shown in Figure 3. uses
hole in the center of the disc. The purpose of a 750 1, 91 cm diameter, 122 cm deep polyethylene
these holes and slots is to uniformly replace the tank nearly filled with electrolyte, a 3 horsepower
heated electrolyte with cool electrolyte. In one of (hp) magnetic drive pump (March Pump, #TE-gC-M).
the previous designs, with only a large center hole, 5,1 cm reinforced PVC hose, and nylon or PVC plumbing
there was sparking in the electrolyte between the fittings. The cool electrolyte is drawn from the
electrodes and near the glass wall at 800 MW peak bottom, perpendicular to the side of the tank, and
and 1 MW average power, but not at 800 MW peak and the hot electrolyte is returned to the top, tangent
low average power. Presumably the energy was being to the circumference of the tank at two places to
uniformly deposited in the electrolyte but the heat- impart a circular flow. The flow rate is 435 1/mn.
ad electrolyte near the walls was not being swept which corresponds to a temperature rise of 33C at
out by the flow, was boiling locally, and the high 1.0 MW average power, and provides 80 seconds of
voltage stress was causing arcing across the steam cool electrolyte. This has not been verified because
bubbles. The calculated exit temperature. based on other modulator components have limited run times.

Figure 1. Load Assembly
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In the present application there was no require-
men: for closely spaced runs, the long-term average
power was low, and a very simple heat exchanger could
be used. Fifteen meters or 1.z5 cm copper tubing was
formed into a b-coil helix, /6 cm in diameter. bl cm %'

high and suspended in the tank with 1.6 cm between
the tank walls and the coils. The circular flow aids
the transfer of heat from the electrolyte to the tcap
water in the coils, giving a U factor of 410
6TU/hr/sq ft/'F (837 joules/hr/cm2' Ci, and average
heat removal rate of JO kW for water flow of
13 .9 /min and electrolyte temperature ot 50'C.

Inductance

In general. to minimize inductance one would
like to maximize the length of the magnetic flux
linkages created by current through a component and
minimize the volume in which these linkages exist.
This is normally accomplisned by making a component
as compact as possible, consistent with voltage
breakdown, using wide or large diameter conductors,
and using coaxial geometry where possible for in-
ductance cancellation. This load can be viewed as a
distorted coaxial structure where the outer conductor
is an array or 50 conductors (only 25 are being used

Figure 2. Electrode Assembly in Figure 1) evenly spaced around an 4J.2 by 21.6 cm
rectangle, and the inner conductor is the two paral-
leled electrolyte-filled glass pipes. Because of the
complicated structure, a rigorous calculation of in-
ductance is difficult, but an estimate can be obtained
by using the dependence of inductance on the volume
of flux-filled space. and hence on area, and the de-
pendence on the Length of the flux linkages, or mag-
netic reluctance, around the space between the con-
ductors, and transforming the actual structure into
an easily calculated coaxial cylinder structure with
the same area (volume) and the same mean flux linkage
circumference. This gives a coax with 35.4 cm outer
diameter and 32.5 cm inner diameter. Using the
equation for coax with a thin outer and solid inner
conductor

3

L -0.002± (Zn ro/ri + H ) U

gives a value or 10.2 nK. It skin effects pushed the
current flow to the outer surface ot the inner
conductor, the inductance would be Z.6 nH for the same
size coax, using the equation for two thin cylinders

L .0. 00.1 (in ro/ri ) uH

where t - length of coax structure

o - radius of outer cylinder

ri - radius of inner cylinder, all dimensions
in cm.

An experimental determination of inductance can be
seen in Figure 4 which shows voltage and current
waveforms across the load in a 2 ohm modulator with a
110 nanosecond (as) pulse width and 8/ kA/ls di/dt.
The calibration factors have been adjusted to make
the amplitudes equal at the peaks where di/dt - U.
Looking at the portion of the curves from maximum
positive to maximtm negative di/dt, the overiay
between voltage and current waveforms shows virtually
no inductance. To determine the resolution of the
method, voltage waveform have been calculated for
the actual current wavefors and an assumed 1O nM and

Figure 3. Circulation System 20 nl inductance in series with the resistor. These
waveforme are noticeably displaced from the observed

voltage waveform, indicating that the resolution of
the technique is better than 10 nH, and the actual (
inductance is lets than 10 nH which agrees with the

calculated estimates.
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Lonclusions

A low-impedance, low-inductance resistive load
has been aeveloped which is capable of handling a
giSawatt peak power and a NW of average pover for

N> ., 1run times in the order of 6U seconds. The energy
i7 is stored in a liquid electrolyte and dissipated

/ via a heat exchanger between runs. The resistance
t . .. :can be a least as low as one-half ohm and the

S... inductance is less than 10 nH.
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Transient Resistance Variation

At the time of the first pulse, with the

electrolyte flow already established, all the elec-
trolyte in the resistor is cool. After a short time,
which depends on the flow velocity and the physical
size ot the resistor, the entering electrolyte is
cool and the exiting electrolyte is hot; this results
in a reduction in resistance. Assuming a linear
temperature rise through the active zone of the
resistor, and a linear decrease in resistivity with
temperature, the stabilized resistance is

L o 2- p, ot + 3/16 (a 2t

where "o - cold resistivlty, ohm-cm

- change in resistivity, ohm-cm/*C

Lt - temperature rise through load
assembly, 'C

L - length of active area in one load
pipe, cm

A - area of one load pipe, cmz.

The resistance of the cold load in IPo/2A.
For C - lz ohm-cm, a - .096 ohin-c./1C (0.82/ C),
At 5 3'C, L - 6.35 cm and A - 81 cm

2
,

Rhot - .406 ohm, Rcold - .470 ohm; the decrease

is 14.6%. Half of the change occurs during the
first 71 millisecond (ms) of the run, the time
required for the nested electrolyte to cross the
active zone in the first glass pipe. There is no
change for the next 131 me while the first heated
electrolyte is in the electrode assembly and cross-
over pipe. The rest of the variation occurs in
the next 71 ma crossing the second glass pipe.
After the heated electrolyte reaches the exit
pipe equilibrium is established and the resist-
ance is constant for the duration of the run. If
the load value were critical, the cold resistance
could be adjusted to 13.6 percent higher than the
desired stabilized resistance. The structure could
be modified to reduce, but not eliminate, the time
during which the resistance changes.
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LOADS FOR HIGH-POWER TESTING

Bobby R. Gray
Rome Air Development Center

The designer or test engineer of high- A test load may be required anywhere
power systems is often faced with the problem between the prime power source and the final
of substituting a load for some portion of output. It could mean a load bank on a large
the system for the purpose of evaluating some ac or dc power line or transformer/rectifier,
other component in the system, trouble shoot- a pulse-type load in the power conditioner
ing, checkout of the system, calibration, or stages of the system, or the energy output of
for system optimization. To be a truly the total system.
equivalent load it must match the normal load
in its reactive and resistive power relation- An example of some substitute loads dis-
ship, its voltage/current ratios as a function cussed would be an rf load on the output of an
of time, power-absorbing ability, polarity, rf amplifier, beam energy absorbers in accel-
and many other factors. erators, pulsed power load at the video level,

and equivalent diode loads for modulators,
etc.

(*Paper available from author upon request")
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LIGhTEIGHT PWIR CONDITZOUXIM KAGNETICO
by

James P. Welsh. President
Robert L. Rausesser, Chief Engineer

David L. Lockwood, Chief Saientist

Thermal Technology Laboratory, Inc., Buffalo, N.Y.

Recent requirements for lightweight high It was initially established in this
power magnetics which have led to increased program that the power, size, and weight
research and development in this and related limiting condition in transformers is the rate
areas are explained. Transformers with at which heat can be removed from the windings
specific weights in the range of 0.1 to 0.25 and to a lesser extent, the magnetic cores.
lbs/KVA have been developed through the Thus, one of the basic approaches in our
utilization of improved materials, improved research was to emphasize internal heat
magnetic circuit modeling, and the application transfer in transformers and to develop
of advanced heat transfer techniques. These thermal techniques that could provide the
thermal aspects are particularly important to lowest practical thermal resistances. This
the size and weight reduction of magnetics. permitted conductor current densities which
If each conductor in a magnetic device can be were almost an order of magnitude greater
adequately cooled throughout most of its than those in conventional transformers.
length, then the current density can be
increased and the conductor crossectional area The main thrust of the program, has been
significantly reduced. This, in turn, results to utilize modern Pr putmg techniques,
in a smaller core window and consequently, a advanced magnetics analyses and modeling, and
smaller core. thermal technology backed by extensive experi-

mentation to develop lightweight transformer
The selection of suitable magnetic and design procedures. Various experimental

insulating materials is discussed. The transformers were designed, constructed and
highlights of thermal analysis and experi- tested to demonstrate the validity of this
mentation to evolve controlled cooling of approach. Test results indicate very close
conductors is outlined. Electrical design, correlation between the size, weight, and
magnetic models, and the resultant computer electrical performance of the experimental
aided design programs enable a designer to units and the computer derived models.
rapidly study the effects of changes in
materials, geometry, and many other physical Rarly in the program, in order to assess
parameters. the validity of the thermal approach, a series

of experiments were performed to ascertain the
Lightweight Transformer/Rectifier Units conductor current densities which could be

at power levels of 10 KW, 200 IKX, and attained with the more effective cooling
multimegawatt levels have been designed and techniques. For example, it was established
fabricated. Their performance is very con- that vaporization cooling of typical high
sistent with the computer predictions and power transformer conductors safely permitted
validates the programs. current densities of an order of magnitude or

more than with conventional transformers.
Discussion Both dielectric liquid cooling techniques

The increasing requirements for aircraft were also evaluated in detail. It was
performance, size, and electronic systems concluded that the thermal aspects were
capabilities has placed electrical power particularly important to the size and weight
demands on future power conditioning equip- reduction of magneties. If each conductor in
ment which can no longer be effectively a magnetic device can be adequately cooled
handled by existing hardware and the related throughout most of its length, then the
technology. Pertinent to this paper is the current density can be increased and the
requirement for mall lightweight high power conductor corasectional area significantly
magnetics having specific weights in the range reduced. This, in turn. results in a smaller
of % to 1/10 lb. per XVA at 400 HZ and core window and consequently a smaller core.
higher and at power levels of a few kilowatts
to mgawatts. The USAF Aero Propulsion Lab., Two approaches to transformer design
at Wright-Patterson A? Base, has sponsored the have been developed. The first approach.
R&D reported herein with the primary goal of which has been called the steady state
reducing the specific weight of magnetics analysis routine, is basically a magnetic
without sacrificing electrical performance circuit approach. This method uses flux and
and reliability. Mmphsis in this program flux leakage concepts to relate the primary
has been on power. inverter, and pulse and secondary in a transformer. The second
transformers. approach, which has ben called the real time
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analysis routine, is a coupled electric often ( but not always) reduced efficiency.

circuit approach in which the primary and The efficienty of well designed conventional
secondary are related through their high power transformers is usually high in

inductances. the neighborhood of 98 to 99.5 percent. The
low specific weight transformers tend to

In formulating the governing equations exhibit 2 to 4 percent lower efficiency.

for transformer design. it was found that the This is a small penalty and often can be

mathematics of steady state design are not accomodated wm an external cooling system

especially complex, but that the design process is provided. Another penalty is the

is complicated by the profusion of design slightly degraded voltage regulation due to

input variables. Depending upon the appli- the increased conductor resistances in the

cation. between fifty and two hundred windings of low specific weight transformers.

parameters. all interrelated by physical laws Usually, these are small compared to the

and performatce criteria, are required to external system resistances and are offset

fully describe a design. Since many of the by the relatively small increase in resist-

relationsips are not only non-linear, but are ance due to much lower winding temperature
discontinuous. the manipulation of these rises in the low specific weight transformers.
parameters to achieve optimm results becomes Furthur, the low specific weight transformers
formidable. However, a programmable have shorter total conductor lengths in a
calculator can be used for parametric given winding compared to conventional

analyses and design, provided a complete transformers, which also tends to offset the
design optimization is not desired. Complex slightly degraded voltage regulation. The
optimization programs for large machines have computer programs developed permit the

also been developed. tradeoff of transformer gains and penalties
such as weight, size. efficienty, voltage

Since vaporization cooling techniques regulation, leakage inductance, and many other
were determined very early to be most parameters with respect to any given set of
applicable to the high heat fluxes anticipated, transformer requirements.
much of the thermal investigation and
experimentation was directed to the application The transformers developed under this
of this cooling method. While a considerable program are mostly continuous duty transformers.
amount of literature exists on the boiling The time required for the windings to reach
process, much of it is empirical in nature thermal equlibrium in a thermally adequate
and therefore limited in scope, and little design is very short, much shorter than any
if any is directly applicable to the problem contemplated duty cycle. Thus. from the
of boiling in narrow vertical ducts as are viewpoint of the internal thermal aspects,
found in the transformer. The analyses and the transformers are capable of continuous
experiments were directed at obtaining values duty. However, for Intermittent duty
of the muximum attainable heat flux without applications, the external cooling system can
exceeding the nucleate boiling regime, and be reduced In size. weight, and capability
of the minim channel width required to to accomodate the specific duty cycle desired.
insure against the formation of vapor Thus. a lightweight transformer system
pockets with the attendant extreme temp- capable of any required duty cycle can be
erature rises and potential burnout, designed and developed.

Vaporization cooling application There is another class of lightweight
additionally lead to other considerations, transformer which also can be designed under
Compatability tests indicated that testing this program - namely the " adiabatic
of the materials involved is desirable for a transformer. These are transformers which
given application with a specific coolant, are intended for very short duty application
The high electric fields and small spacings and incorporate relatively high internal
typical of reduced size transformers lead thermal resistances. The duty cycle is
to detailed investigations of dielectric limited by the total quantity of heat the
breakdown, partially in view of the two phase transformer materials can absorb without
nature of the dielectric coolant. Dielectric attaining excessive temperatures. The
breakdown and insulation relationships and transformer must "cool down" prior to
models were refined and experimentally reenergization.
validated for use in this program. Also, the
ope construction required to provide coolant Safety and reliability aspects are
passages resulted in consideration of the important also. The small lightweight high
mechanical forces imposed on the windings, power transformers developed can withstand
especially under overload conditions. considerable overload in spite of their mall

size. For example, a two hundred KVA
The gain in specific weight and sixe transformer recently developed has a volume

reduction is not always without a penalty, of about 300 Cu. in. When this transformer
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is connected to the normal power sources One problem common to theme transformers
which are capable of several megawatts if an is that of providing adequate input and output
internal fault occurs, it initially looks like terminals and bushings. The large currents
a "bomb." However, because vaporization and/or voltage* involved mandate large

- cooling is used. the coolant is capable of conductors or bushings with long leakage paths
safely dissipating very large powers, which are generally incompatable with the
Further. the operating temperatures of the small sizes of the transformers. For example,
transformers are typically somewhat lower with the 200 KW units, the input currents at
than with conventional transformers. The 10 KEZ are greater than 400 amps and a low
overall reliability should equal or exceed inductance is also required. With the 50 RVA
that presently attained because the electrical, transformer the primary lead size on the
thermal, and mechanical stresses an the inside of the transformer case was No. 13 AMG,
materials are controlled design parameters. while the external lead to the primary was a

No. 4. Consequently, 5/16 in. dia. stud
Figures 1 and 2 show a 50 KVA-400 HZ- terminals were mandated, for a 15 lb. trans-

three phase 208V. to 10 XV Freon cooled former. The terminals and bushings can
transformer which weighs about 15 pounds constitute a significant portion of the
without the coolant, case, or external cooling volume and weight of a low specific weight
system. It has been operated up to 100 KVA transformer.
without failure and has been severely over-
loaded on several occasions. Fig. 3 presents This program, which is now in its sixth
a 10 KW Freon cooled transformer rectifier year, is continuing. The goals of reliable
unit for a 10 KW inverter operating at 10 KHZ. lightweight high power transformers with
The output is 10 KV DC at 1.0 amp. Fig. 4 specific weights of h lb. per NVA at 400 HZ
presents another version of the same unit, or higher have been achieved. This will aid
except that this is a complete forced air in attaining future power conditioning systems
cooled syste. Fig. 5 is of a 700 to 1,000 HZ of higher power and/or reduced weight compared
multimegawatt, high voltage transformer to the present state of the art hardware.
rectifier unit. The forced oil cooled
transformer has a specific weight of 0.08 lbs. Acknowledgement:
per KVA and the complete system including The assistance of SUNYAS Dept. of
the conventionally sized pump, heat exchanger, Electrical Engineering personnel, under the
fan and structure has a specific weight of direction of Prof. A.S. Gilmour, Jr., in the
4 lb. per XVA. Figs. 6 and 7 show a 200 KW consultation, fabrication, and testing
transformer rectifier unit with a specific associated with this program is gratefully
weight of 0.13 lbs. per XVA. This operates acknowledged.
in conjunction with an inverter at 10 Khz
and delivers 25 KV at 8.0 amps continuous
duty. Final Technical Report on Development of

Lightweight High Power Transformers for
Airborne High Power Supplies, Vol I and 2

Report No APAPL-TR-75-15

/Interim Technical Report on Development
of Lightweight Transformer for Airborne High
Power Supplies - Report No AFAPL-TR-76-102

Figure 1
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ELECTRO-OPTIC TRANSDUCERS AND OPTICAL FIBERS
IN HIGH VOLTAGE MICROWAVE MODULATORS.

by
-7

Piero Cervone and Giovanni Scerch

Selenia S.p.A. -Rome - Italy

Summary

This paper describes a new solution for the transfer of l'i the diagram we can identify four diffe rent voltage le-

information through different voltage levels in a high voltage vels.

modulator for gridded microwave tubes.
I nformation transmission.

The new Solution is realimd with the use of electro-optical

transducers coupled by optic fibres. The information transmission system must respond to some
basic requirements:

A description of the transmission channel, the control u-

nit and the failure indications is presented. - reduced size in order to have many channels

Introduction - maximum mechanical flexibility in order to avoid constrain-
ning the mechanical positions and dimensions due to the high

As known, microwave tube modulators can be divided in- voltage circuits.

to two main classes: - bandwidth up to few MHz to have fast response times.

1 Modulators for cathode pulsed tubes - sufficient electrical insulation and absence of corona ef-

2) Modulators for electron gun gridded tubes fect.

In modern radar transmitters, for radar system with puL  The solution choosen in our system employs electro-oPtic

se compression and frequency agilit.. the second type is co- transducers coupled by optical fibres. The latter are compo

ming into general use. It is connected mainly with the supe- sed of many elementary fibres of diameter 0.07 mm max bun-

rior performance that can be obtained from the points of view died together to make up an external diameter of 3 mm and co-

of flexibility. stability, transmitted pulses complexity (as any vered by siliconix sheath . Each elementary fibre is compo-

type of phase modulation, time modulation etc. I. n order to sed of an internal core and external coat. Denoting respec-

use this kind of tube, it is necessar, to have ir the modulator tivel no n2 n 1 the reflection indexes of air, core and coat

man subassemblies referred to different high voltage levels and assuming n o < n 2 < n1 its performance can be so resu-

(from a few kilovolt up to several tens of kilovolts). There- med (fig.2) [23 . When a light ray coming from the air en-

fore, ir, these modulators the problem is to know in real time ters the fibre, it Propagates in accordance with Snell's law:

the performance conditions of the equipment and consequently

to operate in such a way to avoid microwave tube or compo- (1) r, SiR ou In, sin 1

nent failure.
Moreover, it is necessary to give the operator information as until it reaches a boundary between the media. Hte re, if:

detailed as possible in order to individuate and remove in ve-

ry short time any kind of failure, thus reducing the MTTR. (2) Aiit > na/mt

The present paper Proposes a solution in order to solve, then the total reflection occurs. Therefore, within the fiber

having the maximum flexibility, the minimum size and high re- the light propagates only if there is total reflection i.e the

liabil F, three main problems of these modulators: incidence angleO. is lower than a critical value

a) information transmission between circuits at different vol- If a substitution for inequality 121 is made in 0) the fol
tage levels and ground. lowing expression is obtained:

b) real time processing of all the modulator parameters.

C carefull indication of modulator state and failures in order 13) n .ilt <N.A.
to reduce MTTR.

Description Equation (31 defines the "numeric aperture" N.A. of the fi

Schematic block diagram. bre and consequently the maximum possible angle of the inci-
dent ray in order to have the light transmission through the

In fig. modulatr is S n The catiock andiagr o ag- fiber. The same relationships are effective at the output end
ded tube modulator L1) . The cathode and collector voltages ofteib.

of the fibre.

are realized by two series power supplies.
On the output of the first power suppli there is the crowbar For the fibres actually used the refractive indexes are

which is usually necessary in order to limit at safe value the respectively n1 = 1.63 for the core and n2 = 1.52 for the

N energy discharged into the tube in case of arcing. A cathode coat.

voltage regulator is added to achieve the required voltage The numerical aperture is N.A. = 0.589 which corresponds
stabi Iit,, to a maximum permissible incidence angle of 36". Therefore

the total aperture angle is 72'.
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'he transmissione capability of these fibres have a uni- For the last class, it is convenient to have further sub-
r, value in the range between "00 and 2500 nm. The fi- divisions-

bres, being arranged into parallel lavers, determine some i signals for persistant failures ie.g. bias voltage absence ,
ron-conductive zones towards the inside of the whole Fibre, etc.). For these the trouble shooting can be made on-line .

giving rise to packaging losses pl (within 10%, with the cho-
sen fibre',. b, signals for ;nstantaneous failures (e .g. body tube over-

current). In these cases it is necessary to memorize the
As far as concern transmission attenuations and to total error signal and therefore the trouble shooting is made

reflection on single walls, they are evaluated to approx 10% via a failure table. Return from a failure condition to the
for ! meter. ready condition is caused by a manual reset signal for the

Special care has been given to obtain maximum transmis electronic memory.

,ion coefficients f b'etween fibres and transducers In the case of contemporary failure signals the Control U
considering the transmitting coefficient as a ratio between nit indicates only the primary failure with the inhibition of
the average ene rgy flux per time unit and exposed areas with the indicators of all secondary failures caused by the prima-
"n the two materials on their respectively exposed surfaces. ry one.

As a matter of fact, light coming fromh the photoemitter hits

the frontal flat and optically polished surface of the fiber nu- Another characteristic of the control unit is the capabili-
cleus; part will be reflected and part will propagate inside t, to control the power-up sequence of all parts of the trans-

the fiber itself, mitter including the blowers, liquid pump, filaments bias vol

tages, etc. until the whole transmitter is ready for opera-
It has been found that this transmitting coefficient is tion.

practically constant for the incidence angles between 0x and

?0 and almost equal to 3.g. The described Control Unit is realized by HLL circuits

and its size is three standard printed circuit boards (20 x
This result haL permitted no critical coupling between 16 cm).

transducers and fibers. The realized system shows optics
efficiency of approximately 60%. Failure indications.

The transmitting system is composed of a switch circuit Failure signals run from the Control Unit to the indication

and an electro-optic transducer which is a PN gallium arseni circuits. Fig. 5 shows the schematic diagram of the system.
de infrared emitting diode with maximum spectral output at Interface circuits adapt the HLL levels to TTL levels which

900 nm. then arrive at the inputs of e ight-way multiplexers which are

The receiving system employs an opto-electrical transdu cyclically explored by two binary counters controlled by I

cer (photo transistor or photo diode) and following amplifier. KHZ clock.

We used two different types of receiver (fast and slow) accor- For each failure the coded output so obtained is decoded

ding to the signal bandwidth, and goes to two 7 segments LED numerical indicators, there

Fig. 3 shows the response time of the fast channel, by generating a two digit failure code.

The transmission system is designed in order to have At present, .,7 codes have been employed. When there is

light transmission when the signal is logically active, an output from rnultivexer a gate inhibits the cycle counting for

In this way the system is self-protected in case of failure it- a few seconds. Hence the operator will see at intervals a

self. In fig. 4 we can see the completed transmission system. number and !hriough a failure table will be able to locate the

failure. This system permits a great reduction of the circu
Parameter Modulator Processor. try and of the number of wires needed to provide failure indi

cations at a remote control point.
The signals to transmit between the different voltage le

vels of the modulator are mainly of two types: Conclusion

II pulse s, triggers The system has been used since some years for many kind

21 logic levels able to define the modulator behaviour of transmitter (with average power from some watts up to so
me kilowatts). It allows a great size reduction and it is a-

All these signals are processed by a Modulator Control ble to control in real time many modulator parameters.
Unit in order to guarantee safe automatic and faultless func- With the most sophisticated transmitte r, we have obtained a

tioning of the microwave tube and modulator and in order to MTTR of 20 minutes.
give to the operator as correct as possible indications for lo

cating and repairing faults. REFERENCES

Therefore the modulator is divided into many subassem- 1 G. Scerch

blies for each of which ixists a failure indication. High power solid state modulator for coherent agile ml-

In the Control Unit the signalk are divided in three main crowave amplifier

classe s: Eleventh Modulator Symposium - Sept. 1973

1) mechanical (e.g. interlocks, breakers, etc.l 2 W.B. Allan

Fibre optics: Theory and Practice
2) thermal (e.g. thermometers, flow rate of refrigeration Plennum Press - London 1973fluids)

3) ele, 4rcal
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THE CROSSED-FIELD CLOSING SWITCH -

A STATUS REPORT*

R.J. Harvey and R.W. Holly
Hughes Research Laboratories

3011 Malibu Canyon Road
Malibu, California 90265

and

J. Creedon and H. Gauch
U.S. Army Electronics Technology and Devices Laboratory (ERADCOM)

Fort Monmouth, New Jersey 07703

Abstract sensitivity is 20 kA/div and the horizontal sweep is
2 Ps/dIv.) The trace consists of approximately 16

The crossed-field closing switch (CFCS) has been pulses from a train of 2400 pulses in a 30 s run.

evaluated using a modulator consisting of 25 cables
each 15.24 m long. A low-inductance 2-Pcopper sulfate Subsequently, the CFCS was tested in another line-
load was used to terminate the modulator in its charac- type modulator of similar total impedance (1 0) and
teristic impedance. Before evaluating the CFCS in the pulse width (12 us) in which the current rise time
cable modulator. studies were made of firing character- (10 to 90%) was reduced from 2 to 1 Us. Peak currents
istics and mode of operation using a conventional pulse of up to 47 kA were switched at average currents up
forming network of 0.5 Q impedance matched to a copper to 40 A using burst lengths of a few seconds at the
sulfate load. The pulse width was a nominal 12 V;. higher average power loadings. In general, however,
Preliminary results were then obtained with the cable the reliability was considerably reduced over that
modulator at an anode voltare of 23 kV at a peak cur- experienced in the initial phase of the evaluation.
rent of 6 kA and pulse repetition rates up to 500 Hz. Anode voltage hold-off capability and pulse-to-pulse
The pulse width, measured at the half power points on jitter were noticeably influenced by the operating
the load, was 160 ns. Experimental results are shown mode, which was found to be related to peak B field
for the cable modulator test. and the dependence of value, anode voltage, and gas pressure. Unfortunately,
operating mode on circuit parameters is discussed, the evaluation was somewhat clouded by an eccentricity

in the grid cathode spacing (which was accidentally

Previous Results introduced during the refurbiahing of the CFCS after
the initial evaluation phase) and by the presence of

The CFCS operates reliably at average power up to .- several high-frequency resonances in the test circuit.
0.8 W at pulse repetition frequencies up to 108 Hz. To establish the circuit independent characteristics of
Repetitive switching at peak current levels of 20 and the CFCS, a cable modulator system was constructed.
40 kA at an anode voltage of 40 kW was demonstrated This allowed examining the trigger characteristics more
using a line-type modulator. The initial experimental carefully.

3et-up is shown in Figure 1, which also includes an
oscilloscope trace showing the peak current waveform Short Pulse Characteristics
generated at an anode voltage of 40 kV. (The vertical

Test Circuit

The circuit chosen for short pulse length operation
included: a variable impedance pulse forming network
(PFN) composed of 50 ft (15.24 m) lengths of RG 214/U
cable, a set of low-inductance collector plates for
connection to the CFCS, a matching set of load cables
15 ft (4.57 m) long, and a low-inductance CuSS4 load.6

Figure 2 shows these basic components as they were
arranged in the laboratory at the Evans area of
Ft. Monmouth. The PFN was draped from the ceiling to
the CFCS at one end and to s groundable common terminal
at the other. To date, only 25 of the possible 50
cables have been connected. This yields a 2-P system.

A detailed drawing of the circuit is shown in Fig-
ure 3. The inductances shown are estimated from the
known geometries, and the 77-pF capacitor is the cal-
culated internal capacitance of the CFCS. The CFCS
cathode was chosen for the system grounding point.
The locations A and B were the collector plate voltage
sensing points, and a current transformer (CT) was
normally located as shown to sample a fraction of the

load current.

- The calculated cable signal reflection times are

154 and 46 ns for the PTH and load cables, respec-

tively. The PFN was charged both resistively and

resonantly (as shown).

Figure 1. Initial Experimental Setup (1976) Calibration

*This work supported by the U.S. Army under Contract A Tektronix 7834 400 MEz storage oscilloscope waa

DAAB07-77-C-2703. used to record the data. The CT was a Pearson 410 with
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related to the CT primary leakage inductance. Fig-
ure 4(b) shows the dramatic change in the signal (upper
trace) when the CT is moved to its normal location on
two of the load cable connections. The sharp features
of the pulse are now washed out in the noise.

The location of the lead cables had a strong effect
on the signal waveforms. Some noise coupling to the
horizontal amplifier was observed at high-voltage oper-

- ation. Taken collectively, this noise problem pres-
ently restricts any interpretation of the subtle fea-

"r tures of the high-voltage data to a qualitative
nature.

Magnetic Field and Grid Pulsers

The magnetic control field was generated by a

resonantly charged thyratron pulser delivering a 60 A
sinusoidal pulse with a 410 Us half period to the 100
turn field coil. The limiting frequency of this parti-
cular pulser was about 500 Hz.

The grid pulser waveforms are shown in Figure 5.
The upper trace is the current (which was set to reach
a peak of 80 A). The grid voltage reaches a peak of

kV and then drops to about 300 V on the onset of
conduction. The grid was delayed in time with respect%j to the magnetic field pulse. This delay was variable.
The pulser voltage was not changed during these experi-
ments, although a 0.01-uF peaking capacitor was some-
times added from the grid terminal to ground.

Trigger Timing

The details of the trigger characteristics of the
Figure 2. Experimental Arrangement triode CFCS are beyond the scope of this paper. How-

ever, recent experience with low-impedance circuits
has shown that the present CFCS design may be operated

reliably and with low jitter. Certain precautions

• Mv
'462-2

-II

V8

4. 21 _ 2 __"1 C

Figure 3. Test Circuit (a) 175 1N$

a rated rise time of 10 no and a 0.1 VIA output. Cur-
rent transformers with higher ratios were found either ?492-3
to not have their rated rise time capability or to
introduce too such stray inductance into the circuit!

being monitored to be of any use.. The Pearson 410 wasI
of marginal use. The voltage probes were Tektronix
60159 (20 kVDC. 1000:1) with 5 as rise times.

The system response was checked at low voltage by
mechanically shorting out the CFCS at point A. Fig-

ure 4(a) shown the current measured at the anode (lower
trace) and the voltage masured at point 8 (upper Ve
traces) at 50 na/div. The voltage noise may be pick-up
noise or the natural ringing frequency of the CFCS + t:
inte ral capacit anc. Wb 50 M

The trapezoidal current pulse appears to have a
linear 50 no rise and a similar fall. The pulse width
is about 175 ns. The fact that the top is not flat is Figure 4. Low Voltage :alibration
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Figure 5. Grid Pulse Waveforms 4

must be taken to maintain a well defined operating 1 W$
point in parameter space to achieve this result. If 37M TORRHe
one variable is altered, another must typically be

changed to compensate. The critical variables in this
parameter space are anode voltage, magnetic field Figure 7. Anode Fall at Low Pressure
strength, gas pressure, and grid timing.

Without pressure control, and using the magnetic 7462-7

field pulse trigger signal as a reference, we were able
to achieve a stability of about :10 ns in the anode
fall point (some 200 Uis later), during runs of about
700 pulses. This jitter level includes variations in
the grid pulser and delay circuitry. A further reduc-

tion could be achieved by referercing the grid voltage
signal.

Single Pulse Experiments

Figure 6 shows the load current waveform at acharging voltage of 10 kV. The peak current is 2.5 kA
with a pulse shape equivalent to the calibration pulse 50 M TORR He
shape of Figure 4(a), but without the asymmetrical dis-
tortion produced by the CT inductance. The pulse I
width is 165 ns, which is consistent with the 154 ns
theoretical PFN pulse width and the sensor rise times
(' 10 ns). The mismatch at the end of the pulse is Figure 8. Anode Fall at Intermediate Pressure
probably due to the load inductance.

would show as a precurrent. Figure 9 shows both the
The anode voltage fall (measured at point A) appears anode fall and the load current at 50 ns/div and at a

to be a function of gas pressure. The initial fall is pressure of 75 mTorr. No significant prepulse is vis-
often seen at low pressure to have a gradual drop in ible. The base of the anode fall exhibits a decaying
the beginning, followed by a more rapid exponential time constant of about 15 ns (exponential). This is
fall. This is shown in Figure 7 at 37 mTorr of He. mostly accounted for by assuming that 5 ns is due to
When the pressure is increased, the initial fall com- the probe response and that the L/2R circuit time con-
ponent disappears and the drop is precipitous. This stant is 7 ns. The remainder is well within the
is shown in Figure 8 at 50 mtorr. (Here the noise in systematic error.
the horizontal amplifier is most evident, negating any
attempt to assign an anode fall time at this sweep
speed.)

The anode fall time may be inferred by examining 7452-s
the foot of the current pulse rise. Any delay in fall

7452-5

~2.4 KA

VA 5 KV

T 170NS 75 M TORR He

Figure 6. Load Current Waveform Figure 9. Anode Fell at High Pressure
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Repetitive Operation

During repetitive operation, the anode voltage was
set to 22 kV, resulting in peak currents of about
5.5 kA. The repetition rate was then increased to
526 Hz. Figure 10 shows the anode voltage at
10.5 kV/div using a resistive divider. The sweep
speed is 1 s/div. The upper trace is the magnetic
field waveform. (The frequency limit was set by the
magnetic field pulser thyratron latching in the on
state.) The peak average current wa then 0.5 A with
5.4 kW delivered to the load.

Figure 10. Operation at 526 Hz

We previously reported operation of a CFCS at over
800 kW of average power at voltages to 40 kV and cur- References
rents to 40 kA. Recently, we investigated the char-
acteristics of the same CFCS under short pulse duty. i. M.A. Lutz, R.J. Harvey, and H. Alting-eens, IEEE
The device is present," inductively limited to rise Trans. Plasm Sci., Vol PS-4, No. 2, June 1976,

times of 50 ns. The intrinsic rise time of the device p. 118.
(i.e., avalanche time) is < 10 ns at pressures
approaching its Paschen limit (1- 75 mTorr). As the 2. M.A. Lutz, U.S. Pat. No. 4,034,260 (7/5/77) and
pressure is reduced, the intrinsic rise time increases M.A. Lutz and R.J. Harvey, U.S. Pat. No. 4,034,261
until a 1-Us prepulse is observed at 36 mTorr. Jitter (7/5/77).
times vary along with the intrinsic rise times and are
of the same order of magnitude. 3. M.A. Lutz, IEEE Trans. Plasma Sci., Vol. PS-5,

No. 4, p. 273, Dec. 1977.
The CFCS has been run at over 500 Hz in the short

pulse mode. Conduction appears to be in a crossed- 4. R.J. Harvey, R.W. Holly, and J.E. Creedon, IEEE
field glow discharge. Therefore, previous simula- Pub. No. 76CH1147-8 Rag 5, Proc. rnt. Pulsed Power
tionsls suggest that the ultimate repetition rate will Conference, Texas Tech. Univ., Nov 9-11, 1976.
be limited only by the auxiliary power supplies and p. 1B-3.
thermal cooling.

5. R.J. Harvey and M.A. Lutz, IEEE Trans. Plasma Sci.,
Vol PS-4, No. 4, p. 210, Dec. 1976.

6. See: W. Wright, "Low Inductance, Low Impedance
Megawatt Average Power Load," these Proceedings.
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PULSE MODULATOR BEHAVIOR OF THE

LIQUID METAL PLASMA VALVE (LMV)

by

W. Wright, Jr.

U.S. Army Electronics Technology and Devices Laboratory
(ERADCOM)

Fort Monmouth, New Jersey

and

J.R. Bayless
Hughes Research Laboratory

3011 Malibu Canyon Road
Malibu, California 90265

Abstract Table 1. LMPVCS Operating Goals

The LMPV is a mercury-cathode, triggered, closing a
switch which employs a small area mercury pool and a Parameter Values

cooled (-30*C) condensing surface to maintain the
conditions for vacuum arc operation. These conditions Peak Charging Voltage (kV) 50 100 200

result in high-voltage capability, fast recovery and Pulse Width (us) 20 50 50
high current operation with negligible cathode wear.
Therefore, the LMPV was considered to have potential Peak Current (kA) 8 8 4

as a high average power closing switch for modulator Repetition Rate (Hz) 250 50 50
applications. An LMPV closing switch (LMPVCS) was
built at Hughes Research Laboratories and evaluated Average Current (A) 40 20 10

at ERADCOM at voltages up to 150 kV, currents up to Average Power Delivered 1 1 1
8 kA peak and 7.5 A average, pulse lengths up to to Load (MW)
50 us, and repetition rates up to 250 Hz. The device
failed as a result of excessive anode dissipation Run Time (min) 1 1 1

caused by a long anode fall time on the order of 5 us. Minimum Off Time (min) 10 10 10
Subsequent experimentstion has indicated that the fall I
time is reduced at increased mercury vapor pressures,
however, experiments are required to define the
relation between the fall time and voltage hold-off The major portion of the test program was under-
capability, taken at ERADCOM, Ft. Monmouth, New Jersey with the

following conclusions:
Introduction and Summarv

1. A maximum average load power of 0.3 M4, which
The increasing size and complexity of pulsed was limited by arc over in the PFN and current limita-

power systems is leading to the requirement for closing tion of the high-voltage power supply, was achieved at
switches capable of higher average powers, peak cur- a PFN charging voltage of 149 kV in 50 us pulsed oper-
rents and voltages while maintaining high reliability ation. No misfires, electrical breakdown or current
and compactness. There are, however, few candidate conduction in the reverse direction was observed under
closing switches which hold the promise for reliable, these conditions; and
long-life operation at average load powers in excess
of 1 MW. 2. The anode fall time was typically 5 usec.

This led to severe power dissipation in the anode and to
The objective of the liquid metal plasm valve its eventual failure. Higher average powers would not

closing switch (LMPVCS) program** discussed herein has be possible unless the fall time can be reduced.
been to develop a new type of closing switch capable
of meeting future requirements. This expected caps- Following failure of the LMPVCS, single pulse
bility has been based on over ten years of development experiments were performed with a similar LMPV at HL
of the LMVV*** as a high-voltage dc converter valve in an effort to reduce the anode fall time. A fall
and as a commutated dc interrupter. In these programs time of 200 nsec was achieved by increasing the con-
operation has been achieved at voltages over 200 kV, denser and cathode temperatures and thereby the pressure
peak currents up to 40 kA and average currents over of mercury vapor. Although the voltage hold-off cape-
600 A; this provided confidence that high average bility is thereby reduced, it is possible that a rle-
powers could also be achieved in relatively short pulse tion exists between fall time and voltage.hold-off
operation. which would offer the capability for high-average-power,

high-voltage operation. More experimentation is
The objective was pursued by constructing and required to evaluate this possibility.

testing the LHPVCS shown in Figure 1. The test
objectives, which are outlined in Table 1, were to use The LNPVCS
the LMPVCS to connect a PFN to a matched resistive
load at an average load dissipation of I MW under a A block diagram of the LMPVCS system is shown in
number of combinations of voltage, current and repeti- Figure 2. The LHPV, which is the central element of
tion rate. This power level was chosen to be con- this system, is shown in Figure 3 as it's being pro-
sistent with existing test capabilities at ERADCOM pared for bakeout.
while providing information concerning the scalability
of the LMPVCS.
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The LU'V consists of a liquid metal cathode, an Experimental Evaluation
anode, and a condenser. The cathode is fabricated
from molybdenum and contains a narrow annular groove The LMVCS was initially operated at HRL primarily
into which mercury is fed. When any combination of the to condition the cathode by wetting it with mercury but
three igniter electrodes, which are located at the also to verify its high voltage and EMI integrity.
periphery of the mercury surface, is pulsed, arc spots Conditioning was achieved by operating with low dc and
form on the inner and outer periphery of the cathode ac voltages at average currents up to 350 A for an
groove such that the arc power is distributed and cool- accured time of about 30 min.
Ing is maximized. The molbdenum is wetted by the
mercury and the arc spots are anchored at the mercury- Testing at ERADCOM was performed using the circuit
molybdenum interface, thereby eliminating droplet shown schematically in Figure 4. The high voltage
ejection and providing gravity independence. The power supply, charging resistor Rc, and the PRN charac-
cathode is water-cooled at a temperature of 20-30C teristics were changed during the test program in order
for which mercury vaporization from the small mercury to match the range of operating parameters. The load
surface area is minimal, and the anode temperature is resistor, which employs a recirculating copper sulphate
maintained at -. 50'C in order that mercury does not and acid solution, was matched to the PFN impedance
condense on it. The condenser is cooled to -30C so to within 10 except when the effects of mismatching
that mercury vapor released from the cathode will were investigated. The capactive voltage divider was

condense on it. Thus, a low pressure is maintained used to measure the rapidly varying voltage at turn-on
and the valve operates in the vacuum arc mode. This and the resistive divider to measure the more slowly
results in a low voltage drop during conduction (30 V) varying waveforms. Current waveforms were measured
combined with high recovery rates and excellent insula- by means of the current transformer.
tion integrity. The use of this liquid metal cathode
in which the arc spots are anchored and mercury evapo- The operating levels are sumarized in chrono-
ration is controlled eliminates the main problems logical order in Table 2 where V is the PFN charging
associated with the conventional use of mercury as a voltage, I is the peak current conducted to the matched
discharge cathode, load, T is the current pulse width, f is the repetition

rate, IAV is the average current delivered to the load,
Anode temperature control is provided by a liquid and T is the running time. The average current, which

loop which recirculates Dowtherm at nominally 5O*C is calculated as IAV - If T, is within 10% of the value
through the anode at approximately 5 gal/min. High measured using the power supply current meter.
voltage isolation of the bulk of this subsystem, which
is near ground potential, from the anode is provided The Sets 1-3 represent operation at up to 100 kV

by dielectric hoses and the excellent dielectric prop- with the PFN and load resistance configured for imped-
erties of the Dowtherm coolant. Instrumentation is ances of 25, 12.5 and 6.25 :,, respectively. The
provided to calorimetrically measure the thermal input repetition rate was adjusted such as not to exceed the
to the anode. nominal maximum power supply current of . 5.0 A. In

these tests, no misfires (failure to fire when trig-
The condenser temperature control system employs gered), prefires (breakdown in the absence of a

a 1-1/2 hp refrigeration unit and a recirculating R-11 trigger pulse) or current reversals (reverse current
liquid loop operating at 4 gal/min to maintain the when the voltage swings negative) were observed. During
condenser at approximately -35'C during off periods, testing at a PFN impedance of 6.25 2, a load resistance
The heat capacity of the conuenser and cooling system
Is relied upon to absorb the short-term load during
operation such that the temperature of the inner wall Table 2. L.PVCS Operating Levels
of the condenser rises to no more than -10C; this
corresponds to a mercury vapor pressure of 10

-
4 Torr.

Instrumentation is provided to permit calorimetric
measurements of power input to the condenser. DATA .sa2

SET V. kV I. kA ..4EC f. Hz 1AV. A T, SEC
Two redundant 8 Z/sec Varian vac ion pumps 

are NO.

provided to exhaust outgassing products released
during LWVCS operation. 1 100 2.0 so 50 5.0 60

The cathode temperature control system serves to 2 100 4.0 50 25 6.0 60
regulate the temperatures of the cathode, surfaces
which surround the cathode, and the igniters. 3 100 7 2 50 13 4.7 60

The ignition subsystem supplies voltage pulses 4 202 0 Ic 0 120
to the three semiconductor type igniters as well as to
a mechanically actuated igniter which is used in the 5 127 2.4 50 36 4.3 60
event that the semiconductor Igniters do not operate
properly (this never occurred). 6 138 2.7 50 32 4.3 so

The mercury supply system contains an externally 7 149 2.9 50 30 4.4 15

pressurized bellows-type reservoir which releases
mercury to the cathode by manual commnd. Because the 8 5 20 50 3.8 s0

amount of mercury evolved during one operating period 9 15 1.0 20 250 5.0 60
is smell in relation to the volume contained by the
cathode, feeding is only required between runs. 10 53 3.8 20 100 7.6 36

A control system serves to indicate subsystem
status and to disable the LMPVCS if any of the coolingsystems malfunction.
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of 5.2 (20% mismatch) resulted in current reversals breakdown of the interelectrode space occured after

in only 20-30% of the conduction pulses. Figures 5 30 see. The misfire rate was also sporadically

and 6 illustrate characteristic waveforms for the high, however, no prefires or reverse current was
50 usec, 6.25 0 PFN configuration. The current rise obse,-4. On the third attempt to operate at this

time (refer to middle trace in Figure 5) of N5 usec is levei he anode failed catastrophically and anode

determined primarily by circuit parameters. The jitter coole.: was released into the interelectrode space.

was -4 wsec, however, it is expected that this is This terminated the testing.

associated with the relatively slow rise time of the
igniter current pulse. The anode fall time, the time The anode was subsequently removed from the

for the voltage across the UMPV to drop from 90% to LMPV for inspection. A spot approximately 1 cm in

10% of its original value, was typically 5 us as shown diameter, which was located on the anode face almost

in the lower trace of Figure 5 (it ranged from 3 to directly above the igniter in use at the time of

10 Liec). This time, which is determined by the failure, appeared to have been heated to its melting

physical processes within the LMPV, is much longer than point. A narrow crack approximately 5 cm long passing

had been anticipated on the basis of experiments under through this spot was the source of coolant leakage.

different conditions performed at HRL. As a result The high power concentration was probably due to the

of the long fall time, the anode dissipation was large; prescence of an electron beam during the anode fall

it was 6.6 kW for Data Set No. 3. As seen from Fig- time which is emitted from arc spots localized near

ure 6, the voltage rate-of-rise after donduction is the igniter; presumably the are spots do not spread

approximately 2.2 kV/msec for the operating voltage of significantly during the fall time.
50 kV.

Although brief attempts at ERADCOM to reduce
The voltage withstand tests outlined in Table 2 the fall time met with little success, single pulse

were performed with a current limiting resistance of tests were subsequently undertaken with an identical

200 M:. in series with the high voltage power spply. LMPV at HRL with the objective of reducing the fall

A voltage of 202 kV was reached within 80 min. and time. These tests were performed using a series L-C

held for 2 min. with no activity, circuit which provided a current pulse waveform

similar to that existing in the damaging ERADCOM tests.
Data Sets 5-7 represent the progression of oper- For the same LHPV parameters as used in the ERADCOH

ating conditions directed toward achieving high power tests the fall time was, as before, %5 usec.
operation at 200 kV. Performance of these tests was

limited to 4.5A average by the high voltage power However, as the condenser temperature was varied

supply, to 149 kV by arc-over of the PFN, and to short from -40*C to room temperature, the anode fall time

run times by Rc. The LMPVCS operated at the higher decreased for temperatures above about OC. With both
voltages similarly to its operation at 100 kV; with the condenser and cathode at room temperature, fall

few exceptions there were no prefiraes, misfires or times of typically 0.2 usec were measured at voltages

current reversals. The maximum average load power up to 38 kV, peak conduction currents up to 12 kA,
reached in these tests was 0.33 MW; the peak power was current rates-of-rise up to 7 kA/usec. The Paschen

0.3 GW. breakdown voltage under these conditions was A5 kV.

This result indicates a significant relationship
Data Sets 8-10 were obtained using a PFN-Power between mercury vapor density and the anode fall time.

Supply assembly capable of supplying 70 kV, 10 kA peak Further experimentation is necessary to determine the

and 50 A average in 10 or 20 wsec pulses. The objective details of the relationships between temperature,

of these tests was to reach the operating levels fall time, and vthstand voltage.

described in the first column of Table 1. For repeti-

tion rates close to 50 Hz, the test results were Footnotes
similar to those obtained previously. At 50 kV and a

peak conduction current of 4 kA, the anode fall time ,

was ,4 usec; times as low as 1.5 usec were occasionally This work was performed under Naval Surface Weapons

observed. Calorimetric measurements of the power input Center, Dahlgren Laboratory Contract No. N60921-76-

to the condenser at 50 kV, 3.8 kA peak and 7.5 A average C-0139 with support from the Air Force Aero

indicated that less than 4% of the total LMPV power Propulsion Laboratory, Defense Advance Research

dissipation was in the condenser; this is much less Agency, and US Missile Research and Development

than the 30% measured for operation with 60 Hz ac. The Command.

dissipation in the cathode, also measured calorimetri-

cally, was less than 1%. Thus, for an LMPV operating Bayless, J.R., and Heckl, J.P., "The Liquid Metal
under short pulse conditions, more than 95% of the Plasma Valve Closing Switch," Proceeding of IEEE

total dissipation is in the anode. International Pulsed Power Conference, Lubbock,

As the repetition rate was increased, misfiring 
Texas, Nov. 9-11, 1976.

begain to occur; a misfire rate of approximately 5% was *

observed at 250 Hz with low average power. Eckhardt, W.O., U.S. Patent No. 3,659,132 (1972);
G. Eckhardt and W.O. Echardt, "Liquid-Metal

When the average load power level was increased Plasma Valve Configuration," U.S. Patent pending.

to 0.2 MW at 100 Hz (Data Set No. 10) electrical
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Figure 1. The LMPVCS

ANDEAN TEMPERATURE 1

mus"INGCONTROL

CATHOGET

CNESR CONTROL AO 2 A

VACUUM
Figur 2. lock iagUMS 'VSsa..Fgue3 h MVbig rprdfrbko

CATHODE6

i _________TEMPERATURE_



VOTAER REISIV -

ROO

DIVIDE DIVDER-V

ROOM I

t101 (5uS/IV

Figur 5. V'VScnuto )vfrs h o rc 1ue6 WC aeom. Tetptaei h

dugurt 5.on currenton a defowe rms. The anode tr oltaFgue . U aeom.Tetptaei h

voltag..

87



DEVELOPMENT OF A 100 kV MULTIMEGAWATT REP RATE GAS SWITCH*

Allen Ramrus

Maxwell Laboratories, Inc.
9244 Balboa Avenue

San Diego, California 92123

Abstract no malfunctions whatsoever occurred after 10
sec bursts at 250 Hz and (2) maintenance of

A 100 kV gas switch has been developed high-power capability at reduced flow-rate.
and tested which is capable of controlling
5 MW average power when operated up to 250 pps These objectives were accomplished with
repetition rate. Recovery of the switch vol- a new switch design, called Configuration II
tage hold-off capability after each discharge and shown in Figure 1, which features gas flow
was accomplished by providing both a 1 milli- which is highly directed at the region where
second grace period during which no voltage is sparking occurs. In contrast, the pre-
reapplied, and by continuously purging the vious hollow electrode approach utilized gas
switch with 40 psig pressurized air at flow flow which purged relatively large electrode
rates up to 60 SCFM. The switch was tested areas. This Configuration II design succeeded
using a simulation technique in which the in reducing flow to about 60 SCFM while still
switch was subjected to the same repetitive maintaining negligible malfunction rate over
peak voltage and current as it would in con- the 10-second test durations. A brief review
trolling several megawatts of average power, of the electrical details in this simulation
Limits of switch performance as a function of technique is contained in the next section.
air flow rate and peak voltage have been The convention used in specifying the peak
established. power rating, e.g. the 5.6 MW rating indicated

above, assumes-the switch is intended to dis-
Introduction charge a generator whose internal impedance

is negligible compared to the load impedance;
Development of high average power switch- in that case, the switch charge voltage equals

ing was initiated at Maxwell under contract the load voltage. Often the load voltage is
with Wright Patterson Air Force Base early in only one-half that initially across the switch
1974. The objective of that effort was to because the load and internal impedances are
acquire capability to switch pfn type pulsers matched. Then, for given pulse duration and
which operate in the voltage range of 100 kV, current, the power rating would be 2.8 MW.
with impedance of tens of ohms, and power in Since an important application of the switches
the multimegawatt regime. To avoid the discussed in this report are pfn's with
capital outlay required for such a high-power matched loads, the lower rating will be
test facility, Maxwell devised a simulation employed. For example, the 100 kV switch dis-
technique capable of providing the same peak cussed in this paper passed 0.24 coulombs at
current, voltage, and charge transfer as the rate of 250 pps. Mounted in a generator
would occur at full-rated power, but with a of low impedance it would deliver power ofsimula~o; which required only 107. of full 100 kV x 0.24 C x 250 pps - 5.5 MW. If in apower.,- The simulator circuitry underwent generator of impedance matching the load, the

significant development during this program delivered power would be 50 kV x 0.24 C x
and the initial prototype switch was developed 250 - 2.6 MW.
capable of controlling about 5.6 MW.

Experimental Setup
The prototype switch was composed of

hollow cylindrical electrodes through which The simulator is composed of separate
high velocity compressed air flowed to purge high-voltage and high-current sources, as
the ,acay products after each discharge. A shown in Figure 2. The high-voltage source
150 SCFM flow-rate was shown to be a require- provides the >100 kV switch charge voltage,
ment to attain the highest power levels with from a high impedance source. This recharge
this spark gap. Another parameter shown to waveform from the voltage waveform generator
be important was the grace period, the time (vwg) is isolated from the high current
following the completion of a pulse, during source with a switch identical in all respects
which no voltage is reapplied to the switch. to the test switch. The high-current source,
A grace period of 1 sec was shown to be which consumes most of the circuit power, is
adequate to ensure acceptable switch composed of a high-power circuit capable of
performance, charging a relatively large capacitor to about

8 kVy.
A second program was then sponsored by

Naval Surface Weapons Center with the ob- A more detailed schematic is in Figure 4
jective of furthering this development, while in which (1) the current circuit, (2) the vwg
utilizing the circuitry previously developed, circuit and (3) the trigger generator are shown.
Key accomplishments during the latter program
were (1) establishment of operating param- (1) Three transformers each capable of
sters with extremely low malfunction rate; providing 1.5 MVA reduce the power company's
100 kV, 5.6 MW switch tests occurred in which 12 kV to 4160V which is then rectified in a
W -diode bridge circuit as shown in Figure 5.
This development was supported by the Naval When the ignitron command fires, Cs is
Surface Weapons Center, Dahlgren, Virginia
under Contract N60921-76-C-0274.
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resonantly charged through the 1.3 mH inductor A 400 pF coupling capacitor is installed
to about 8 kV. between the trigger circuit and the high-

power circuit; this enables the trigger volt-
The charge on this capacitor is important age to add to the voltage waveform generator,

in calculating simulated load power. In a ensuring switch closure on the rising portion
conventional circuit, the power dissipated of the trigger waveform.
in a resistive load is given by the equation

It is essential for the operation of this
fT circuit that low switch jitter be maintained

p - prf x IV dt to ensure both switches close reliably. In-
fo stallation of circuit inductance between the

switches, between the test gap and the load,
where prf is pulse repetition frequency, T is and between the isolation gap and the source
pulsed duration, I and V are load current and capacitor, was found desirable to partially
voltage respectively, isolate these components. The total induc-

tance available depends on the desired oper-
For square pulses, V0 is constant and sting parameters of the circuit. For example,

to attain a desired peak current of 5 kA
fT circuit inductance of ;t20 vH is required.

p - prf V I dt This inductance is placed as shown (Figure 4)
0  to optimize circuit performance. If the

inductance in a branch is too low, circuit
malfunctions occur because when the switch

= prf V0 x Q where Q connected to this branch fires slightly earlier
than the other, the common-point voltage is

is the charge transferred. abruptly reduced, thereby inhibiting closure
of the second switch.

To calculate the simulated power de-
livered to the load in this test circuit, we ti cir onnected the
use the same basic equation: p - prf x common-point via a pair of spark-plugs which
Q provide ultraviolet illumination to the neg-where . is the peak voltage and Qs ative electrode. As the trigger voltage is

applied, the spark-plugs fire prior to the

The capacitor Cdischarges through the breakdown of the main spark gap. The illumi-load RL when bothwit ches throgh the nation is important to maintain minimumloa RLwhn bthswitches close. The in-
ductors and load resistor, RL, are selected jitter. The time sequence of the main events
to provide about 201. voltage reversal on CS  is sketched in Figure 6.
to insure comuutation of the ignitron. These Diagnostics
circuit parameters also allow control of peak
current, up to about 6 A. Switch Conumon-Point Waveform

(2) Voltage Waveform Generator The switch waveform is obtained with a

In many applications for which this resistive voltge divider composed of a series-
switch is intended, recharging the electrodes string of carbon resistors connected between
will occur relatively soon after completion the common-point and ground. The monitor
of a pulse regardless of how long afterwards output is connected to a magnetic-tape
the switch is -,ain required to close. In recorder capable of recording at high speed
anticipatior I this, the recharging voltage to attain 300 kz bandwidth. Playback of this
waveform, is Lied about I msec after a dis- recorder occurs at conventional speeds for
charge. The Asetime of this recharge wave- recording on thermosensitive tape.

form is about 1 msec. For example, for 250 prf A Pearson current probe provides the
the switches are required to hold off this d
full voltage for about 2 msec since the diagnostic waveform of the recharge current
interpulse period is 4 msec. This 1 msec flowing through L Examples of this wave-
grace period and the I msec risetime were held form, that from te voltage waveform gen-
constant throughout this program. erator, and a timing mark from the trigger

generator are displayed on the tape-playback
The voltage waveform generator is powered shown in Figure 7.

by a 0 - 20 kV, 10 kW power supply which Periodically, conventional oscillographycharges a capacitor, ty i ca ly 30 iF forPeidclycovnoalailgrp
argesa ap ctors, tyaly 30 schfr is employed to calibrate the current and

maximum power tests. A thyratron discharges votgwaerm frasuncthciui
the capacitor into the primary of a 1:7.5 voltage waveform, for assurance the circuit

step-up transformer The output of this conformed to specifications. Figures 8 and 9

transformer is passed through a pfn to provide show discharge current and voltage respec-
an approximately square waveshape to the switch tively.
common-point. The diode D3 maintains the Pneumatics
voltage at the common-point until the switches
close. A compressor system stores the compressed

(3) Trizzer Generator ai- required to purge the switches. The
Se o reserving volume is 60 ft3 , pressurized to

During normal circuit operations the about 100 psig. During a ten-second burst,

switches withstand the VWG waveform until they this pressure normally drops to %65 psi .
are triggered. The trigger circuit delivers a The regulators in the intake and manifo ds

trigger pulse up to 200 kV with a risetime of appear to maintain pressure at approximately

10's of nsec. the preset value which is less than 50 psig
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for tests to date. Figure 10 shows the flow Simulation Qualitydiagram.

The subject of simulation quality, that
Flow velocity is measured with Pitot is the accuracy with which one can predict

tubes located at tae gas outputs of the actual high-power performance levels based
switches. Flow readings from these tubes upon the simulation results, is not treated
agree closely with flow-rate measured by in detail in this paper. For spark-gaps of
reservoir pressure change. Most data to date interest to this program the factor most
was taken with 1550 ft/minute flowing in a relevant to high-voltage recovery is heat
2-7/8" diameter output tube, from which is dissipation within the gas. Following are
derived the 63 SCFM flow vate. some general comments regarding heat dissi-

u Ppation within the gap due to the arc plasma.Circuit Performance
Consider a means of comparing the heat

Three variants of switch malfunctions dissipation per pulse for a switch in a
manifested themselves early in the program: simulator with that of a switch in an actual

high-power circuit. In both cases, the energy
(1) Spurious triggering: switch trans- dissipated in the gas during the resistive

ients were capable of triggering the ignitron phases of gap breakdown, assuming the voltage
in the power source. range of 100 kV, is less than about 10J.

(These estimates are provided in Appendix I
(2) Switch prefires: with inadequate of ref. 3). This is small compared to the

gas flow, switch prefires (restrikes) dissipated energy due to joule heating
occurred, as shown in three instances of within the gap which occurs over many Lisec.
Figure 11 (in which circles point to prefiring T. James and J. L. Browning 5 indicate an arc-
on the voltage waveform), drop of 50V is expected. Current of 5 kA,

flowing for ;50 isec therefore provides
(3) Switch no-fires: Figure 12 shows Z'40 J/pulse. This suggests, if current and

an example of switch no-fire. In that case, pulse width in the simulator are the same as
the isolation and test switches failed to those of an actual high-power circuit,
break down. Therefore, the recharge current approximately the same dissipations should
waveform is absent and the voltage waveform be expected since most of this energy is
generator is attempting to reapply voltage, dissipated during the late time of the wave-
Since the switch is already charged, the form, and the current and arc-drops are
voltage increases still further until self- approximately the same in the two cases.
break occurs.

Usually, switch malfunctions resulted in Acknowledgement
no significant damage to circuit components.
Periodically, however, a switch would enter The bulk of the engineering effort applied
a so-called lock-on mode characterized by a to this program was provided by the late
continuous ar7 across the electrodes fed by Dennis Markins in collaboration with Richard
the high current source. Current of >10 kA Fitch. Our thanks also extend to P. Krickhuhn
would flow for a substantial fraction-of a and W. Richardson for their skill in initially
second until a circuit interrupter actuated. trouble-shooting the apparatus and for their
The charge transfer through the switch would assistance in performing the experiments.
therefore be many tens of coulombs which
tended to pit the electrodes and scorch the References
insulator. A typical waveform resulting from
a lock-on is shown in Figure 13. These 1. High Power Spark Gap Switch Development,
triggering problems were overcome by a careful Final Report. MLR-484, May 1975.
shielding of low level timing circuits within
screen rooms and by placing small, low in- 2. High Repetition Rate - High Average
ductance filter networks at various points Power Spark Gap Switch Studies, W. Clark
within the circuit to damp transients prop- and V. Fargo, 1976 Pulsed Power Systems
agating from the switches back to the com- Workshop, Naval Surface Weapons Center,
ponents associated -ith the ignitron firing. White Oak Laboratory, Silver Springs, Md.
Ultimately, trouble free performance was
attained, reculting in ten-second bursts at 3. High Power Spark Gap Optimization, Final
100 kV, 1/4 cb. 250 prf and 5 kA with no Report, MLR-670-2, June 16, 1977. Naval
malfunctions. Surface Weapons Center, Dahlgren

Laboratory, Dahlgren, Virginia.

4. Duration of the Resistive Phase, J. C.
Martin, AWRE, Aldermaston, England.

5. Arc Voltage of Pulsed High Current Caps,
T. James and J. L. Browning, UKAEA
Research Group, Culham Laboratory,
Abingdon, Berks.
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Figure 3. Idealized switch voltage and cur- Figure 5. Main power source. 4160 volts,
rent waveforms. (P.W.-pulse 3-phase with 1 MW capability is
width, t - grace period, tr - rectified to provide pulsatingrise imf, T p - interpulse dc, rms - 5.6 kV dc which
period). resonantly charges C to 8 kV.
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Figure 6. Time sequence of voltages and Figure 7. Magnetic tape record of rechargecurrents in the switch test current and common-point voltage
facility, waveform for Configuration II

switch with d 1.5 cm.

Piak V6WRy 2*kV/em

S10 WiON~ OCOW mi
S0. 005 V/Amp cm

2 - &lmX2W-- - 4.4kA

- tevil *22%

so eO/ on -

Figure 8. Load current into 14 - 0.88n,
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is a Pearson probe mod. 301A which
has 0.01 V/amp sensitivity un- Figure 9. VWG waveforms. Power source not
terminated and 0.005 V/amp when connected.terminated in 50n as in the (a) 100 PPs 20 kV/cm, 0.1 msec/cm
present case. prf - 250 pps. (b) 150 pps
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Figure 10. Air-flow diagram for Config- Figure 11. Run #9 (250 pps) of Configur-
uration 11 switch test. ation I switch, showing prefires

(circles). Magnetic tape record
of (a) ignitron trigger, (b)
recharging current waveform, c)
voltage waveform generator output
(common point), j) triger to
trigger generator.
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Figure 12. Recorded waveform several seconds Figure 13. Magnetic tape record of recharge
after previous figure. The error current and VWG waveform for
points to a no-fire of both early Conf. II test. Point (1)

switches. Recharge waveform shows switch prefire, point (2)
increased voltage until self shows switch lock-on.
break occurred.
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MULTICHANNEL SURFACE SPARK GAPS

W.J. Sarjeant, R.S. Taylor, A.J. Alcock and K.E. Leopold
National Research Council of Canada

Division of Physics
Ottawa, KiA 0R6, Canada

Summary the ratio of 1:18:1500. For a nominal peak
voltage on the transmission line of 150 kV,

A study has been undertaken on high less than 10 kv appeared across the laser
pressure surface discharge switches during the charging time. This voltage
potentially capable of moderate repetition decreased sharply with reduced charging
rate operation. The parametric experiments voltage. The peak hold-off capability of the
reported were carried 6ut utilizing the gaps SSG was then defined as the peak voltage
as transfer switches, under pulse charging appearing across the device. The effects of
conditions,.between several types of low A contributions on the voltage monitors were
impedance transmission lines and a high checked and found to be 1-5%. Taking this
pressure rare gas halide laser discharge, and other sources of error into consideration,
acting as the load. The effects of spark gap the empirical relations derived have an
internal geometry, gas composition and accuracy of -10%. The number of channels
controlled changes in the laser load, upon closing and their temporal evolution were
gap multichanneling, closure simultaneity and rerirded using high speed streak photography.
peak hold-off capability are discussed. Open shutter photographs of gap closure
These surface gaps, of length 66 cm, showed about 1.5 times as many bright channels
reliably close 19 channels per side (29 per as observed in the streak photographs.
meter) with a hold-off voltage greater than
120 kV and a closure simultaneity of ",2 ns Multichanneling was investigated 1
for the first 500 shots, increasing to %5 ns utilizing both a ceramic capacitor PFN and
and remaining there for 10,000 shots, the water transmission line,4 with comparable
test limit to date. Preliminary results at results. As the latter provided potentially
higher charging voltages have yielded intense higher voltage capability the parametric
multichanneling with hold-off voltages in study of SSG performance described below
excess of 210 kV. was executed with this system.

Introduction Results

A low-inductance surface discharge spark Pulse charging of the transmission line
gap (SSG) has been developed as a transfer in '%i00 ns was obtained by discharging two
switch Sn multiatmosphere gas discharge 0.1 uP, 100 kV storage capacitors through a
lasers. In these lasers, the production of single channel spark gap. Figure 3 shows
volume glow discharges is required for (a) an open shutter photograph of the SSG
efficient laser operation and high output breakdown, a streak photograph of (b) multi-
beam quality.2 ,3 In order to achieve this channeling and (c) gap closure. Since the
with highly overvoltaged, constant E/N imaging system also recorded the laser
excitation, a low inductance transfer switch fluorescence (not shown) only 80% of the
is required between the pulse charged PFN or length of the SSG was recorded by the streak
transmission line and the laser electrodes.4  camera, so that the number of channels
A parametric study of this switch, sketched plotted in the following data are corrected
in Fig. 1, was thus undertaken in a test for this. Varying the dc charging voltage
geometry shown in Fig. 2. The scale drawing from 40 to 92 kV produced strong multi-
of the SSG illustrates its simplicity of channeling with suitable adjustment of the N2
construction. The switch element is pressure in the SSG. Closure simultaneity
fabricated of 0.125 inch thick type G-30 remained within 5 ns for most test conditions,
modified polyamide rigid copper clad laminate increasing to 10 ns at higher N2 pressures.
having 2 oz. copper cladding. The copper is Figure 4 illustrates the dependence of the
etched away to somewhat less than the number of channels closing along the 0.66 m
desired 2.0 cm gap spacing with final active length of the SSG, on the hold-off
finishing being done on an end mill, voltage of the gap. For laser gas fill
executing in addition about a 0.005 inch pressures of 3 and 6 atm the best fit to the
undercut into the laminate. T' ' last step data in Fig. 4 gives:
has been found to ensure long-term, stable
multichanneling. The complete SSG unit is N a 0.35 Vh - 17 (1)
assembled using Viton O-rings and high
strength insulating bolts, where N is the number of channels closing per

meter (tl) and Vh is the hold-off voltage in
The switch was then inserted into the kV.

laser test assembly in Fig. 2 and pressurized
with high purity nitrogen. In order to The increased hold-off for fixed N,
characterize it, voltages, on both electrodes pressure is presumed to come from the faster
were measured with modified versions of a charging time observed at higher dc voltages.
fast probe system described previously.5 The The relationship between hold-off voltage and
dc resistance of each probe was approximately risetime is given by
3 kC. Vh a 1.2T-z (2)

The laser, similar to a diode magnetron
load, yas filled with the mixture required where Tr is the 10 to 90% rise time of the
for maximum output energy, i.e., F2 :Kr:He in charging wave in microseconds. For a fixed
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dc voltage of 84 kV, Fig. 5 gives the high-power XeF laser", Appl. Phys. Lett.,
dependence of Vh/N upon the pressure of N2 30, No. 12, 15 June, 1977, pp. 635-637.
in the SSG. Up to 3 atm there is a linear
increase: 2. C.A. Brau, A.E. Greene and S.D. Rockwood,

"Theoretical model for discharge excited
- Vh/N 2.8 PN2 -0.8 (3) rare gas halide lasers", Second Winter2 Colloquim on Laser Induced Chemistry,

where PN2 is the SSG pressure of N2 in atm. 13-16 February, 1977 and C. Brau,
Above 3 atm, the peak voltage on the trans- "Excimer Lasers", presented at the Third
mission line is nearly constant and Vh/N International Congress and International
remains at 19. Over this range of N2 Trade Fair, 20-24 June, 1977, Munich,
pressures Tris 90 no and the rise-time of Germany.
the voltage on the laser remains at 12 ± 3 ns.
This latter rise-time remained constant, to 3. W.J. Sarjeant, A.J. Alcock and
within 3 ns over a wide range of charging K.E. Leopold, "Constant E/N pumping of
voltages, N2 pressure and laser gas pressure high power rare gas halide lasers", post-
suggesting that the duration ?f the resistive deadline paper presented at the 1977
phase is relatively constant.0  IEEE/OSA Conference on Laser Engineering

and Applications, Washington, 1-3 June,
In both the above cases a straight line 1977.

provides a reasonable fit to the data.
Initial measurements at higher charging 4. R.S. Taylor, W.J. Sarjeant, A.J. Alcock
voltages have produced denser multichanneling and K.E. Leopold, "Glow-discharge
with hold-off voltages in excess of 210 kV. Characteristics of a 0.8 Joule High
Further experiments are planned to determine Pressure Rare Gas Halide Laser", accepted
the applicability of the present data, and for publication in Optics. Comu.
the results of previous breakdown studies,

7 ,8

to the scaling of switch operation from 0.21 5. W.J. Sarjeant and A.J. Alcock, "High-
up to the ,.1 MV level. At this time closure voltage probe system with subnanosecond
simultaneity in the switch of %5 ns has been rise time", Rev. Sci. Instrum., 47,
observed in or-line laser operating at 10 ppm No. 10, October 1976, pp. 64-68.
and peak charging voltages of 140-150 kV for
at least 10,000 shots to date. Tests at 1 6. J.C. Martin, "Duration of the resistive
pps have recently demonstrated the unsuit- phase and inductance of spark channels",
ability of the present substrate material AWRE Switching Notes, No. 9, Dec. 1965.
for long-life operations. Initial tests
with prototypes utilizing boron nitride 7. J.C. Martin, "Pressure dependency of the
substrates in a SSG have yielded promising pulse breakdown of gases", AWRE
results and may have direct applicability to Dielectric Strength Notes, No. 15,
modest repetition rate systems operating in 26 September, 1967, and J.C. Martin,
the range of 10-20 Hz. "Pulsed surface tracking in air and

various gases", AWR' SSWA/JCM/745/735,
References May 1974.

1. W.J. Sarjeant, A.J. Alcock and K.E. S. J.C. Martin, "Multichannel gaps" AWRE
Leopold, "A scalable multiatmosphere Switching Notes, No. 10, 5 March 1970.
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HIGH PRESSURE SURFACE SPARK GAP

TOP VIEW TP ELECTRODES
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Fig. I Scale drawing of the pressurized multi-channel surface spark gap.
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rig. 2 Schematic representation of the cc~mplete laser system utilized as the surface spark
gap test bed. 9



Multichanneling in 2.4 atm Surface Spark Gap 6
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Fig. 4 Dependence of the number of channels
upon the SSG hold-off voltage for fixed
SSG and laser pressures.

(c) 200ns Streak I
of Gap Closure 50 ns

T

Fig. 3 (a) Open-shutter photograph of the
SSG breakdown for a DC charging
voltage of 84 kV and a 6 atn gas
mexture in the laser. >

(b) 200 ns Streak photograph of SSG I I
multi-channeling starting 20 ns c
after gap closure. r1s -Charging Voltage 84 KVDC
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(c) 200 ns streak photograph of the

SSG gap closure.
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Fig. 5 Dependence of the SSG hold-off per
channel as a function of the N pres-
sure for a fixed DC charging voltage
of 84 kV.
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HIGH REPETITION RATE BURST-MODE SPARK GAP*

A. Faltens, L. Reginato, R. Hester, A. Chesternan,
E. Cook, T. Yokota, W. Dexter

University of California
Lawrence Livermore Laboratory
Livermore, California 94550

SUM4MARY Spark Gap Design

Results will be presented on the design and test- The construction of the coaxial spark gap' is
ing of a pressurized gas blown spark gap switch capable illustrated in Fig. 1. The spark gap bolts on to the
of high repetition rates in a bjrst mode of operation. lower end of a 5.2-Qa coaxial water Blinilein and is de-
The switch paralne~ers which have been achieved are as signed to switch the mid conductor to ground. The
follows: 220-ky, 42-kA, a five pulse burst at l-kHz, Blumlein's mid conductor feeds through a polycarbon-
12-ns risetime, 2-ns jitter at a pulse width of 50-ns. ate resin insulator which interfaces between the water

oule Aode

dwfnm - Tr4 .W

Pmuftlzd 7- _

Trlw

- -inptuwfw __ _ _

FIG. ISPARK GAP CROSS SECTION

*This work is Jointly supported by the U.S. Department of Energy under Contract No. W-7405-Eng-48 and the
Department of the Navy under Contract N00014-78-FO012.
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and high pressure gas and becomes the switch's anode. with only amperes flowing. To insure quick arc snap-
This electrode continues through a second lexan in- out and recovery times short with respect to 1-ms, we
sulator separating the high pressure from the oil fil- installed some linear resistance and some non-linear
led charging transformer. The center electrode or a- resistance (varistors). Although these resistors are
node of the switch is 3.81-cm in diameter and is made not necessary in an ideal energy transfer system, in

- of stainless steel with a .76 mm thi:K, 3.18-cm long the practical case, they provide damping (<50-us) of
tantalum insert where the actual arc s tv occur. The the residual energy.
trigger electrode is a concentric cylinder 30 mils
thick and 3.18-cm !ong, also made of tantalum. The Gas System
qround electrode or cathode is stainless steel with a
.76 mm thick cylindrical tantalum insert 1.91-cm long The test setup for the gas flow system consisted
and 6.76-cm in diameter. The tantalum cylindrical of a Roots type blower in a pressure tank closely con-
liners are made to give the spark gap long life and to nected to the plenum chamber of the spark gap. We did
be easily replaceable after wearing out. Concentri- not have means for varying the flow rates in the switch
city of tantalum inserts is maintained with 5 mils max- but only pressure and gas mixtures. No extensive stud-
imum deviation. The coaxial cylindrical geometry was ies were made of gas mixtures but several were tried
adopted for two main reasons: long life and high rep- and for our rep-rate and voltage requirements it ap-
rate. The trigger electrode is expected to wear uni- pears that 6-8% (gage) of SF6 with Nitrogen has given
formly in the axial direction with no change in the us satisfactory results. The gas flow rate for this
spark gap electrical characteristics. The 30 mil tan- mixture was about 4-cm/ms; this is expected to be about
talum cylinder can then wear for 2-cm axially before 5-cm/ms in the final accelerator system. The pressure
replacement should be necessary. drop in the spark gas was about 3 psi at 80 psig gas

Secondly, since we chose to achieve the l-kHz pressure. It is expected that once in operation the
rate by blowing gas through the spark gap, the co- gas mixture will be changed periodically and some of
axial geometry assures high gas velocity and low pres- the contaminants may be removed between changes by
sure drop. The chamber on the outside of the spark mechanical and chemical filtration.
gap reduces the pressure drop and provides uniform
gas flow through trigger to ground and trigger to Test Results
anode.

The interface insulators were made of polycarbon- The test results indicate qualitatively what is
ate resin because of their strength and resistance to expected of the spark gap. Fig. 3 shows the relation-
high voltage tracking. Some cold flow problems were ship between rep-rate, voltage and pressure. The air
encountered when we tried to use cast epoxy for those flow remained relatively constant as pressure was var-
insulators, ied. The graph shows that the closer the switch is

run to the self-breakdown mode, the lower is the rep-
Charging System

In order to obtain high rep-rates, careful atten-
tion must be given to the charging system. Fig. 2 120b , %150 lb
shows the charging pulse to the Blumlefn and spark gap
being triggered at the peak of this wave form. A re- X-
sonant transformer coupling coefficient of .525 was 4
chosen because this gives current non-reversal in the 1500 -0- -

1000i .- ZII\

0 o0 -

100 200
FIG. 2 BLUMLEIN CHARGING VOLTAGE VOLTAGE -kV

primary or thyratron switch. The current in the pri- FIG. 3 REP-RATE VS. VOLTAGE AND PRESSURE
mary switch at peak output voltage is nearly zero and
most of the energy is switched out of the Blumlein by
the spark gap. These are nearly optimum conditions
for arc snao-out in the switch. If, for examole, a
coupling coefficient of .8 Is used, steps must be rate. As the voltage is lowered, the rep-rate increas-
taken to dissipate the energy still remaining in the es and one is limited only by the trigger amplitude
transformer which acts to maintain the spark gap arc on how low in voltage or high in rep-rate it is po:-
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sible to go. Fig. 4a shows the output pulse into a The final trigger for the spark gao will be generated

cooper sulfate load connected to the Blumlein by a 1-in from a Blumlein with faster rise time. The jitter mea-

water transmission line. The 10-90, rise time is 12-ns surements were made with the trigger transformer and

and some improvements on this rise time were observed yielded the results shown in Fig. 5. These results
when a trigger pulse with faster rise time was used
(Fig. 4b). The decrease in rise time is an indication -801b I 1201b
that multiple arcs are occurring, thus decreasing the
arc inductance.

Jitter 1

The trigger electrode- is biased at the natural mid

equipotential that it is designed to follow and is .

field at the edge leading to electron emission and

breakdown. The trigger pulse for the test was genera- : -
ted by a ferrite loaded transformer with geometry much I

like an induction accelerator unit. This transformer - - T -

has a step-up of nine and produces 125-ky, lOO-ns pulse -J
with 30-ns rise time. A 50-Q~ resistor in series with r\1-
the trigger electrode terminates the trigger cable once 

t:

spark gap breakdown has occurred. Before breakdown, "
the load impedance is high and the pulse voltage doubles. i

.1 ....- 4.-.

100 200
VOLTAGE -kV

FIG. 5 SPARKGAP JITTER AS A FUNCTION

OF PRESSURE AND VOLTAGE

were not unexpected. As the self-breakdown of the
spark gap is approached, the jitter becomes less, and

conversely as the voltage is reduced, the jitter in-. - . creases until the gap no longer triggers. Fig. 6 shows
N U E the jitter of ten shots superimposed.

(a) PULSE INTO CuSO4 LOAD

FIG. 6 TEN SHOTS SUPERIMPOSED

Spark Gap Wear

The spark gao was tested at full voltage for 10$

(b) 10-gO RISETIME shots at less than maximum rep-rate. The electrodes
were then removed and inspected. The anode and cathode
tantalum liners showed practically no wear. The major-

FIG. 4 ity of the arcing had occurred at the edge of the trig-
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ger electrode but a few stray arcs occurred lower down
toward the insulator where the electrode is reduced in
diameter. The trigger electrode showed uniform wear Hclrec to itcompany orproduct
at the edge except for one spot (Fig. 7). This wear rrjme. does not imph ' dppro~al or
spot occurred because sometime during the test the spot recnrindastion of the product b%

the I tttersit o! California or thec
(. S l)epartrmmn or Lnerlt to the
;:%clusion ofr others thait miii be
suitable

NOMIE
- '"This report %as prepared as in accousnt of *ork

sonsordh the United States Gos'ernmenr
Urete h nited States nor the United States

Denpartmnt or Eneeg). nor any of their emploryees.
IF nor uris of their contractors. subcontractors. or

their ertployees. mtakes anN -arrant,%. express or
-imtpliedt. or ssumeC Sat wit isarb or respolt.

fiibllstt for the accurac). completene-ss or
hiefuliess of aniy informtation. apparatus. product
or process disctosed. or represents that its use
rould not infringe prrsstcty.- n-d rights.-

FIG. 7 TRIGGER ELECTRODE AFTER 105SHOTS

weldino had come loose and the tantalum electrode be-
cmtilted to one side. Even with this shift the

spark gap operated normally. If one assumes uniform
wear to this electrode for 2-cm, the projected life
appears to be greater than 10' shots. For the 105 shot
test the insulators upstream of the air flow showed a
small amount of debris deposited on them. These insu-
lators could be shielded, as in the LBL ERAgap, if
necessary.

CONCLUSI ON

We have carried the spark gap development to the
point where we feel satisfied that all the requirements
of rep-rate, voltage, currents, rise time, jitter and
expected lifetime for the ETA have been met.

With further development of the existina technolo-
gy of gas-blown spark gap, it is likely that reD-rates
of a few kilohertz at full voltaqe will be achieved.
It apoears that because the blower oower requirements
are proportional to the cube of the velocity, a few kHz
may be the practical limit with this technique. After
completion of the ETA, we hope to do further develop-
ment to find the limits of the existing spark gap.

A disclosure of invention has been made byv A. Faltens.
-Avery, R. , et a'l., "The ERA '.-MeV Injector. IEEE Trans-
actions in N~uclear Science, Vol. 16l8-No. 3.



FLANGE MOUNTING GLASS and have, as a consequence, a limited
ENELOPE HYDROGEN THYRATRONS switching speed. Coaxial housings for

glass thyratrons tend to minimise these
L.J. Kettle, C.V. Neale, inductance effects (Ref. 1).

and B.P. Newton
The new flange mounted glass envelope

ENGLISH ELECTRIC VALVE CO. LTD. hydrogen thratrons, CX1558 and CX1559,
CHELMSFORD, ESSEX incorporate the annular apertured grid

structure from the glass tetrode mounted
Summar directly on to a metal flange. (Fig. 1).

This enables the tube to be bolted into a
The stacked grid and anode assembly of coaxial housing for minimum inductance. The

conventional ceramic thyratrons does not heater and reservoir connections are made via
provide a reservoir of neutral gas near the flying leads thereby eliminating the need for
anode which is as large as that in a glass plug-in sockets, which are becoming more

envelope tube. In consequence, when a trip difficult to obtain. Wit' strip line or
or kick-out occurs in many pulse modulator cable systems, rates of rise of current in
applications, the follow through current excess of 50 kA/s are obtainable.
may cause a ceramic thyratron to quench
and conduct in a metallic spark mode, thus
causing irreparable damage to itself.

The paper describes recently developed
hydrogen thyratrons which combine the
advantages of the open structured glass
envelope tubes, capable of high amp. second
ratings for their size, with the conventional
low inductance flange mountings normally
associated with ceramic envelope tubes.

When used in simple low inductance
housings, these tubes are capable of
handling rates of rise of current in excess
of 50 Wa/s.

Wave-form pictures are given showing
performance of current carrying capability
versus time. In this manner it becomes
obvious that the amp. second rating of the
glass ube is several times that of a

Introduction FG.1

There are many applications for hydrogen Long Pulse Discharges
thyratrons which demand a long and/or a fast
rising pulse capability coupled with a The above features make the tube
relatively low duty cycle. Traditionally, attractive for use in circuits where high
the former requirement has been satisfied by amp. second ratings are required due to
using a plug-in glass envelope hydrogen modulator trip-outs or for crowbar protection
thyratron. These tubes have a compact of sensitive circuit elements.
electrode structure, mounted within a large
glass envelope allowing good gas circulation Where average power is low, such tubes axe
to replenish the anode-grid region during an economic alternative to ceramic envelope
conduction. The grid apertures are large types, and a more rugged alternative to
enough to prevent arc extinction, and they plug-In glass envelope tubes of the same
are capable of maintaining long current size.
pulses, unlike the over baffled positive grid
designs of the past. Experiments conducted in co-operation

with Mr N S Nicholls of R.S.R.E.(M.O.D.)circa
High Rates of Rise of Current 1960 using glass thyratrons of the 5949 type

produced rather surprising results, in that
Glass tubes are fairly inductive due to same types exhibited classical quenching

the long leads to the cathode structure, whilst others did not. A 200 us pfn was used
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for the experiments and it was found that the requirement did arise, it occurred in an
negative grid tetrode CX1140 thyratron did application using single ended mltigap
not quench at 500 A, whereas 5949 tubes with ceramic thyratrons for the beam oumping
positive grid characteristics, in which the magnets of the S.P.S. at Corn, Geneva and
grid apertures were baffled and segmented, problems of quenching due to gas starvation
usually showed quenching within about appeared. It was realised that arc
20 us at this current level, extinction was occurring in the grid/anode

region of the ceramic tubes. At this stage
FIG2 CURRENT WAVEFORM FX229 (5IM) SHOWING QUENCHING the single ended ceramic tubes had to be
AFTER 20 MICROSECS. (Sh: 10 ond 240 Atomps prdson) de-rated for peak current by a factor of 2 and

for amp. second rating by a factor of 10.
The double cathode range of ceramic tubes
eventually satisfied the S.P.S. requiremenz
(Ref. 2).

F IGA CXI 154 QUENCHING AT THE END OF 1S00 AMP S0 IMCROSECONO
PULSE. (Sm)e: 10 nwion aei 600 Am ps vmin)(

Recently these results 
were corroborated

using a low rep-rate system (2 p/min). with
a 60 us, 2 0. pfn and load. At 30 kV, the
tube under test has to attempt to switch a
pulse of 7,500 A, 60 us, Fig. 2 shows a
classical case of quenching at 500 A, 20 us
with an obsolete FX229 (5949). Fig. 3
shows an FX297, triggered inverse diode, Fig. 4 shows the current waveform of
switching 1,000 A for 60 us without a CX1154 thyratron under quenching
quenching. conditions in the 60 us, 2 Z modulator.

Quenching occurs at the end of a 1500 A pulse.
FIG.3 FX297 PASSING 1000 AWS FOR S0MICROSECS WITHOUT Fig. 5 shows the current waveform of a
QUENCHING. (Scale: 10 microsecs and 500 Amps per divXa6onl

CX1559 thyratron at over 6,000 A in the same
modulator, without any signs of quenching.

FIG.5 CX155g PASSING 6 KA FOR 60 MICROSECS WITHOUT QUENCH-
ING (SMal: 10 mi asec d 2.4 KA p., divsion.)

About 20 years ago, the CX1140 was used
successfully in an experimental modulator
at 6 p/min switching 30,000 A, 20 as pulses.
Tube weakness in this case was confined to
the glass pinch seal, where inadequately
welded flexible leads were blown apart by Overload Protection
the force from the current pulse. Tubes
with satisfactorily welded leads stood up A second tube limitation is apparent
to this although problems with the pfn when a modulator fault causes the hydrogen
capacitors were never really overcome. thyratron switch tube to act as its own
Crowbar ratings for the CXl14O and CX1159 crowbar until the protection and overload
were established from these experiments, circuits operate. In many equipments

designed to use glass tubes these.protection
With the advent of ceramic thyratrons, circuits were relatively slow and the

which were developed for both rugged and thyratron had to withstand a large amp.
high power applications, glass hydrogen second rating. Replacement of glass tubes
thyratron types CXll4O and CX1159 were by their ceramic equivalents in such
replaced by ceramic envelope tubes, CX1180 modulators resulted in premature tube
and CX1154, in many radar and linear failures. Thus, the flange mounted glass
accelerator modulators. The crowbar ratings tube is a more satisfactory alternative for
for glass tubes were optimistically medium and higher power radars between 2
proposed for the ceramic range where and 20 MW.
equivalence occurred, but for several years
no requirements arose where ceramic tubes It is important, however, to give
were used to these ratings. When a detailed attention to the protection
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circuits, where speed of operation -rd FIG.8 CX1569 PASSING 500AMPS FOR 10 MILLSECS WITHOUT

performance of the overload detector are QUENCHING (Scd: 200 Amp and I miiec pr division)

critical. The need for a fast breaker
is obvious and the performance of solid
state systems is usuall;" superior to that
of mechanical systems. Should a mechanical E-
system be used, a fast operating, low inertia
breaker is essential and its 'hold on' coil
should be interrupted directly by the
contacts of a high speed relay. The
positioning of this relay is of paramount
importance to the speed of fault detection. Conclusion
It must be placed where it can receive the
initial surge of current from the When a modulator trips and the switch
reservoir capacitor (Fig. 6) as current tube is forced to crowbar the power supply
levels in the rectifier and transformer it has the worst of 'all worlds'. It has
circuits rise so slowly that sensing these to be able to cope with high peak currents
currents cannot prevent tube damage. from the pfn, in normal pulsing and also to

discharge the reservoir capacitors, and handle
M. MOma.Aomsam m oris- wO tM the longer duration power supply short circuit

follow on current under fault conditions.

Thus to survive without damage to itself

a thyratron modulator switch tube must be able
to pass both high current short pulses and
low current long pulses. It has been
demonstrated that the flange mounted glass
thyratron adequately fulfils these
requirements.
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In order to investigate thyratron
operation under equipment fault conditions,
a single shot 10 millisecond half sine
wave pulser was commissioned. Fig. 7 shows
the CX1154 ceramic tube quenching at 7.5 ms,
300 A peak pulse. The quenched current was
diverted into high power surge arrestors for
circuit protection. Fig. 8 shows the CX1559
passing a current of 500 A peak for 10 me
without quenching.
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DOUBLE ENDED HYDROGEN THYRATRONS required within a few hundred nanoseconds
FOR CROWBAR PROTECTION OF HIGH in order to limit the energy "let through"

POWER TWT SYSTEMS into the transmitting tube to a safe value.
For a fault arc duration of a few micro-

N. S. Nicholls seconds it is likely that the very high
RSRE, Malvern, England current densities in the molten and solid

material of the forming arc spot will be
H. Menown & R. J. Wheldon resistive and therefore the amount of

English Electric Valve Company Limited material vapourised will be dependent on
Chelmsford, Essex. I i2 dt. This integral may either be

calculated from the current waveform or
Sumary determined from the temperature rise in a

resistor in the fault tube circuit. When
The double ended multigap ceramic the arc is established and has a voltage

thyratron is a versatile switch for crowbar drop independent of current, then the energy

applications. It will provide protection into the arc will be dependent on f i.dt.
over a very wide range of H.T. voltages
and will operate within a submicrosecond The voltage across the crowbar device
time delay. Since the tube operates in a at the time of firing will usually be much

normal nondestructive 'thyratron mode' it less than the voltage during normal trans-
will fire reliably for many millions of mitter operation; in an extreme case it
shots. Practical crowbar conditions can be will even be reversed. Also, crowbar
complex, in particular with floating deck protection is usually required over a wide
modulators where stray capacitance and range of H.T. voltage. Thus the minimum
inductance can cause the H.T. voltage to firing voltage of the device should be as
ring and sometimes completely reverse. In low as possible, and at most a few percent
the event of voltage reversal the double of the maximum operating voltage. The rate

ended thyratron conducts smoothly in the of change of voltage across the crowbar at

reverse direction as the circuit requires, the time of firing may have a high negative
value which could cause a problem due to

The paper describes a new range of capacitive coupling to the triggering
compact double ended thyratrons specifi- electrode. The requirements on the crowbar

cally designed for crowbar use up to 100 kV system are complicated by the wide
with an auxiliary power consumption of only variations observed in the rate of build-up
75 W. A dynamic test arrangement is of arc current in the transmitting valve.

described which demonstrates the tube's After the reservoir capacitor has been

capability of discharging 0.75 uF charged discharged, there will often be a follow-

to 60 kV, the current rising to 5000 A at through current from the short-circuited
a rate of 50 kA/us, with an anode delay time power supply sufficiently large to damage

of 200 ns. The test equipment simulates the transmitting valve unless it is diverted

either grounded cathode or floating deck by the crowbar. The crowbar current will

operation under conditions where a flash pass through a low value immediately after

arc fault occurs. The efficiency of the the capacitor discharge, so that a device
protection is evaluated by monitoring the with a low holding current is required if

"let throygh current" (i),charge (it) and conduction is to be maintained. These
energy (i t). Coincidence counters register requirements on the crowbar device are
faulty operatoins. denc coma tes i r discussed in more detail in subsequentfaulty operations. A compact auxiliary, sections.

supply module makes these tubes especially
attractive to aerospace systems engineers. A number of different types of device

Introduction have been used as the crowbar tube such as:
ignitrons, thyratrons, triggered spark

Gn gaps, triggered vacuum gaps, and cadmium
Gridded-gun klystrons and T.W.T. s surge diverters. All of these, except the

working at voltages between 30 kV and 100 k1 thyratron, are different forms of cold
are employed in the transmitters of compact cathode device and appear attractive to the
radars. Such tubes frequently need user in that they do not require auxiliary
protection against damage during a flash arc supplies other than the trigger. It will
by means of an electronic crowbar. The emerge during the subsequent discussion that
circuit condition and performance requirements the cold cathode devices have certain
for the crowbar in a typical radar drawbacks on electrical performance which
transmitter call for device parameters which leave the thyratron, in particular the
are difficult to meet. Because the T.W.T. double ended version, as the most versatile,
is connected more or less directly across a reliable and the fastest operating crowbar.
large reservoir capacitor, crowbar action is
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The ignitron and the cadmium tube are makes on the performance of a crowbar, a
limited to less than 20 kV for reliable rapid fall in voltage on the T.W.T. is
hold-off voltage, so that for the voltage likely to be the worst case. This is because
range with which we are concerned, a number the minimum of anode delay time is then
of devices must be connacted in series, allowable and because the disturbance of the
These devices are relatively slow to turn on voltages in the H.T. supply circuit will be

and the ignitron requires a large trigger greatest. As we shall see, these distur-
power. The triggered spark gap has a bances tend to greatly reduce or even reverse
limited voltage working range and requires a the voltage on the crowbar tending to
high trigger voltage. The triggered vacuum increase firing delay. In this section we
gap requires a high trigger energy and fires will, therefore, assume an infinite rate-of-
much more slowly than the thyratron (this fall of voltage across the T.W.T., leaving
will be illustrated later). the problems of protection of fault, and the

problem of diverting follow-through current
Both the ToS.G. and the T.V.G. operate from the power supply, to be considered in

in a spark mode where the electrodes are a later section.
sputtered with every shot, and arc
extinction occurs if the current falls below M.1

a few amperes. The double ended thyratron
will continue to conduct even at a current 4 1
of a few milliamps and is, therefore, LO. W
unlikely to extinguish during any period cX a-jit

of power supply follow-on current. The
thyratron has an adequate follow-on current .,,e, - Lk
capacity. V0 s A

The thyratron operates from its hot
cathode in a non destructive mode, 0. tvre

particulatly since the emissive source is 1A

separated from the high voltage gaps. "Ves -
Thyratrons will work over an extremely wide O,.R2  _otag A tI

voltage range, with a submicrosecond delay -V
0

- irageas(f o
time and with a minimal triggering signal.
In order to achieve reliable voltage hold-off C. ,
any number of high voltage gaps may be put I
in series in the same tube, with little 0
change in triggering requirements, delay
time or minimum working voltage. Thyratron (bCHV,,WM

lives of between 10
4 and 10

8 shots have 0 -

been achieved depending on the energy passed. OtageuA

An important advantage of the double -v0
ended thyratron is that it will continue to
conduct current in either direction, as the
circuit demands, until all stored energy ,_CU.IWOa

has been removed. It does this as a hot Cew, we

cathode discharge at all times and therefore 0

is not subjected to arc back damage. To build up an understanding of the

ANALYSIS OF TRANSIENTS IN waveforms, it may be useful to start by

H.T. SUPPLY CIRCUITS considering calculated waveforms for simple
idealized circuits and then examine the

The waveforms observed following a effect of progressively adding various

T.W.T. arc in a typical transmitter circuit circuit strays. In the absence of any stray

containing a crowbar are complex, due to the capacitance or inductance the simplified

numerous significant stray inductances and c inig The volt ao t ar,
capacitances. These waveforms must be taken shown in Fig, . The voltage on the crowbar,

into account, not only when specifying the immediately after the load are, Is reduced

characteristics required of the crowbar by the factor R2/(R1 + R2). The rapid drop

device, but also when designing the trigger in voltage at the crowbar may in some crowbar

circuits for it. devices tend to interfere with firing due to (
There is some evidence that the rate of capacitance coupling to the trigger electrode.

When the drop in voltage at the crowbar is
build-up of arc-current in a T.W.T. trans-mitter can assume a wide range of values. large, multi-gap thyratrons may need to be
From the point of view of the demands it fitted with grading capacitors to prevent
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over-stressing, and possible damage, to

individual gaps due to a temporary departure ___

from correct voltage sharing. The current in .t

the T.W.T. drops instantaneously to zero as M

the crowbar fires. The crowbar current
leaps to its maximum value and dies away
exponentially as the reservoir capacitor
discharges. Fig. 2 shows the effect of the Li.. A2  A L3
stray inductances Ll and L2 which are I ,
inevitably significant in a high-voltage

circuit. The voltage on the crowbar,

immediately after a load arc, is reduced in / /

the ratio L2/(L1 + L.2). With typical values, V~age0oMUW

this voltage may be less than that determined

by the resistance ratio. -
/10.2 % % %

,..et ,-- -' ~ ll

% o- _--.,b.?--

load 6, Crvlae eobar before ahe crwar

cc fa

-vA Voltage ogoun h is

SR,. L, abu , L2s

0) Croba no fi"Craren thriebeepcedt ie
Ea)C bwwlft. ' C*'el n -I at

tolge voltage at the crowbar before the crowbar
tO~W - -- votagal~loadtuh) fires is to produce a period of reversed

- otelB m~ voltage on te device. Thially this occurs
-at about, or just before, the time when the

---- emwA crowbar might otherwise be expected to fire.

0- ~To ensure reliable operation ofa
triggered spark-gap under these conditions

(b)Crowbarfimd would be difficult, since the gap voltage
0 ------- rmay be low or reversed when trigger-gap

breakdown occurs. A T.V.G. or thyratron
voltgeuA might be expected to start conducting as

V voage, forward voltage reappears.

Addition of the stray capacitance
-u-s curre" M kw associated with the power supply and trigger

--- CU! inC-OW-- circuits for a thyratron crowbar modifies

o...-.. the waveforms in detail but without
altering their general character. The

The crowbar is likely to fire before he discharge of this capacitance through the

current in the T.W.T. reaches its maximum inductance of the crowbar tube and its

value, but the current continues for some connections will, however, contribute a

time afterwards as the energy stored in L2 component of reverse current through the

is dissipated in R2. This contributes crowbar tube.
substatially to the "let-through". To
minimise this, either L2 must be made small, It may not be easy to eliminate the

when the voltage on the crowbar at firing will reversals of voltage and current in the
be reduced (Li + L2 being fixed by transmi ter crowbar by altering circuit constants or by

layout) or R2 must be made large, with the addition of damping components without

consequent high power-loss during normal significantly increasing the size, weight

transmitter operation. and power loss of the transmitter. The 'let-
through' will also in general be increased.

Fig. 3 shows a typical effect of the Thus a crowbar device capable of operating
inevitable stray capacitance associated satisfactorily under conditions of voltage
with power supplies and grid-driving and current reversal facilitates optimum

equipment for the T.W.T. The effect on the design of other parts of the transmitter.
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OTHER ASPECTS OF CROWBAR SYSTEM DESIGN advantageous because it would give earlier
warning of a fault. However, tests in this

It is necessary in the design of crow- position have shown no improvement, possibly

bar systems to cover the possibility of due to the oscillatory nature of the fault
slow-growing arcs in the transmitting tube. current at this point, which could result

Such an arc may absorb a large amount of in the thyratron grid being driven negative
energy by the time that the H.T. current at a critical time. Also, during the period
reaches its normal peak operating value, so when the voltage across the crowbar has

that the threshold at which the crowbar is fallen to a low value, the precise time at

fired should not be Coo far above this. To which it fires will have little effect in the

obtain good current descrimination it will subsequent current waveforms. A more

generally be necessary to add an auxiliary significant advantage may be taken of the

switching device in the crowbar trigger electrical isolation of the grid circuit by

circuit. This must be robust and reliable, firing the crowbar from the T.W.T. body

but must not introduce a time delay which current. This is particularly easy when,
would be unacceptable in the fast-arc case. as is usually the case, separate capacitors

Fare employed for the T.W.T. body and
collector. The threshold current may then

HTgo-- sec be reduced by about an order of magnitude,
7 100T giving earlier detection of slow arcs and

*, " also making the circuit sensitive to a
variety of other transmitter faults, hazardous
to the T.W.T. There are a number of these
faults which may be most easily detected at

PnSvOTT) ground potential. If it is deemed necessary
to protect against these with the crowbar,
it is convenient to communicate the trip
signal to the crowbar deck by means of a
light-link. After amplification, the
triggering signal may be applied to the

thyratron grid through a 
diode. If the

trigger power required is sufficiently small,
A technique which has been found suitable a transistor may be employed to drive the
for use with thyratrons uses a magnetic grid. This is simpler to use than a

switch (fig. 4). The primary winding, which thyristor, which requires additional circuits
consists of a single turn, carries the H.T. to secure turn-off under all conditions.

current. A suitable secondary winding is
connected between the grid of the thyratron The low power, relatively low voltage
and its grid-bias supply. A tertiary trigger required by a crowbar thyratron
winding carries a biassing current. This makes it much preferable to other devices
has a magnitude and direction such as to when this facility is required.
oppose the H.T. current and to hold the core
in a state of saturation until the H.T. A further problem may arise in trans-
current exceeds the required threshold, mitters lacking fast trip circuit breakers
when a positive voltage appears on the for interrupting the supply of H.T. current
thyratron grid. Further increase of the within a few tens of microseconds of an arc

H.T. current provides grid-current to fire occurring. For instance, if after the

the thyratron. The biassing current must initial discharge of the reservoir capacitors,

be supplied from a source of high impedance the current in the crowbar device should dip

at high frequencies such as the choke below its holding current, the device will

illustrated. The energy which maust be turn off, and voltage will begin to reappear

stored in this choke is about an order of across the T.W.T. If this has not recovered

magnitude greater than the triggering energy from the effects of the initial arc, it could

delivered to the thyratron. A low minimum break down again before the voltage is

triggering energy for the crowbar device reached at which the crowbar is able to fire

keeps the components small and power in the presence of a T.W.T. arc. After an arc
consumption low, and in this respect a restrikes in the T.W.T. under these

thyratron is much superior to a T.V.G. conditions, the crowbar voltage will be
reduced below its take-over voltage. Then

The electrical isolation possible with the crowbar will be unable to refire and the
transformer-coupled triggering gives T.W.T. arc will carry the whole of the C
freedom to insert the device at any point follow-through current of the power supply,

in the H.T. circuit. To deal with fast which is disastrous. To reduce this risk,
arcs, a point near the T.W.T. appears the holding current of the crowbar device
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should be low, since there may not be any are designed for operation under insulating
prior load current in the circuit when the liqid for compactness. Fig. 6 is a
initial arc occurs; the current minimum dJ.-rammatic representation of the CX1542B,
may be a fraction of an amp. This favours the dotted section indicates how the basic
a thyratron in comparison with a T.V.G. If two gap unit is repeated for additional

- crowbar extinction does occur, the safest sections. The two gap unit consists of two
course is to refire it as soon as its anode closely spaced gradient grids and these are
take-over voltage is reached. This must be joined by a cavity drift space in the higher
done by an auxiliary electronic firing voltage tubes.
circuit, the energy for which is kept to a
minimum if a thyratron crowbar is used.

H R

effective ard compact crowbar system is
possible, particularly in transmitters with G1,

follow-through current, if a thyratron is G2
used for the crowbar, rather than any of the G3
alternative devices.

NEW COMPACT CROWBAR THYRATRONS

The foregoing section has shown the need 9- -

for the crowbar to be able to operate under ga

a wide variety of circumstances depending -oM
upon the detail of the particular crowbar
circuit.

d',fts ac

Te tue i te

-G

similar cathode, priming grid Gi, triggered
control grid G2 aT~d shield grid G3 at each

_ p cathodes and therefore act as virtual anodes

S shield the control grids against the

capacitive coupling of fast rates of voltage
Schange across the tube. Such effects could

either cause spurious voltage hold-off
failure or, even inhibit triggering. The high
voltage gaps are stressed at less. than 20 kV

i per gap and therefore give very

reliable voltage hold off.
Fig. 5

The cathodes are compact, rugged, but
low wattage, and rely on the hollow cathode

A new range of compact double ended structures within the surrounding heat
thyratrns has been developed which require shields to enable them to pass the high peak
only a small amount of auxiliary power. current and coulomb ratings. A small
Fig. 5 shows a photograph of 3 of these tubes, reservoir at each end of the tube supplies
the CX154lB, CX1542B and CX1543B rated for sufficient gas for a long life.
35 kV, 65 kV and 100 kV respectively. They
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Tube ratings and characteristics are given tfetme~

in table 1.

TABLE 1

IUBE RATINGS AND CHARACTERISTICS i, A

C15A13 CXIS5Zi~nA

a zsm% fow rd a de VoL". 35 kIV 65 kV 100 kV n..m. FA

1Uas Working sueda Voltae I kV 2 kV 3 k
esa Sa" curZren (sa) 00 A 5000 A 5W0 A
f"a of lisa of cur". (ua 50 WAA.. 50 Was 50 IA/a
feak dIacha ie (aaa) O.Os C 0.05 C 0.05 C
Peak follow on csurseot (max) 10 A 10 A 10 A
follow on dLschre (asx) I C I C I C
61 prted currmt 10 Me 10 HA 10 A
G3 tvtger pulse voltate 500 V S0 V 500 V
62 power (Q.* ood) 5 W 355 A and the response of the crowbar tube is
A011e lay p ti ( 5 kV pwad 05 M 200 " zoo 11D 3 2- aci 3 v t o i zoo ee measured. The test sequence is initiated by

.e h b tue .0.o the triggering the fault tube, which starts to
Uebt 11.87 ke 2." lb 3. __ discharge the 0.75 4F capacitor C1 charged

to 65 kV through Ri and R2. A trigger for
the crowbar is derived from the growth of
current in R2 or from a current transformer
in the fault tube line. The fault tube is
a multigap thyratron which has a fast
current rise time and therefore supplies
sufficient signal to trigger the crowbar
within tens of nanoseconds. After a further
interval, which is the anode delay time of
the crowbar tube, it starts to conduct and
divert the energy. Stray reactances of the

A CROWBAR TEST CIRCUIT fault tube filament supply may be comparable
with that of a T.W.T. floating deck or can

A test circuit for crowbar tubes must be adjusted by adding L & C. Fig. 9 shows

have two functions: firstly to measure some typical current waveforms through the fault
basic pworauntis ofsthe t udearesoe tube and the crowbar tube. The current
basic parameters of the tube under test; through the fault rises until the crowbar
secondly, to show that the tube will operate conducts and then dies away exponentially

fast and reliably (when the circuit reactance discharging the energy stored in the

causes the anode voltage to ring) in a insuctances of the crowbar/fault tube loop.

simulated floating deck circuit. In the The area under the fault current curve is

latter situation, current, charge and energy a are of the psile damae chv ould
let through' into the fault are monitored. a measure of the possible damage which could

take place when a fault occurs in a T.W.T.,
MI s~w i.e. the energy transferred into an arc.

The fast rise time of the thyratron fault
tube gives a top limit for 'let through'
current.

260Atm.

-- u

Fig. 7 shows a simple capacitor

discharge circuit with positive H.T. where Cewbmowim M'--'
voltage hold-off tests can be carried out
on the crowbar tube and anode delay time Pel U xff"t =117181
measurements can be made with a well defined
trigger pulse. Fig. 8 shows a dynamic test
circuit where a simulated fault is generated
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F10.1o The sharing resistors can be of high
value, 100 MQ across each gap, hence their
wattage dissipation is low. Single resistors
which connect between the terminal tabs on
each electrode have been found entirely
satisfactory and only cissipate about 2.5 W
each. (Fig. 12). Compact ceramic sharing

3500AAWO capacitors of about 100 pF, each with a
Iwam small series resistance (500 0) are connected

across each high voltage gap. These ensure
CAubeurent ICX154281 equal sharing under transient conditions.
Faut current T.V.G.)

FIG.11

3U0DA/an

3210Aicm

cmber 0 mmw l-V.G.)

Fauh t CXe142M,

If a device with a slower rise
time, such as a triggered vacuum gap, is
used as the fault tube then the 'let J,
through' is reduced, see waveform Fig. 10.... ..-- _ .
Fig. 11 shows the 'let through' current and
crowbar current when a thyratron is used as Fig. 12
a fault tube and a triggered vacuum gap as
a crowbar tube. The greater 'let through'
in this case is due to the longer anode delay A compact method of providing the
time and slower current rise of the T.V.G. heater and priming stejplies for both ends
Comparing 1 2 dt in igs. 9, 10 and 11, they of the tube is from an encapsulated
are d3.2, 1.05 and 27.5 A2 .s respectively transformer driven by an inverter (at say
andji' dt; 1.8, 1.3 and 7.4 MA.s. Faulty 20 kHz). The transformer is a cylindrical
operations, such as spurious breakdown or column of similar size to the crowbar
failure to fire, of the crowbar tube are thyratron itself, with secondar windings
registered by coincidence counters. The for ooth heaters and grid 1 priming supplies.
test circuit also has the facility to subject The total power used by the crowbar tube is
the crowbar tube to a simulated follow about 75 watts. If indirect triggering of
through current pulse. A thyristor the high voltage end of the thyratron is
controlled power supply and resistor R3 allow requi- , the small amount of power for a
the fault current amplitude and duration to triggeL submodulator c~n also be derived
be varied. from the same transformer.

THE INTERFACE BETWEEN TUBE AND CIRCUIT

The use of a multigap device with hot
cathodes necessitates the following
associated components:- LARGER DOUBLE ENDEr CROWBAR THYRATRONS

1) Sharing resistors and capacitors There are two ranges of larger multigap
to divide the voltage equally double ended thyratrons which have been
between the gaps under all described at previous Modulator Symposia,
circumstances, and are suitable for crowbar use. References

2) Heater supplies for both ends of 1), 2), 3) and 4). The CX1168B, CXI171B

the tube, one end usually at ground and CX11.99B are rated for 1.O.A.s peak

potential, the other at positive discharge at 60 kV, 90 kV and 120 kV

or negative H.T. respe.;tively and the CX1175B, CX1192B and
CX1193B for 2.0 A.s peak discharge at 60 kV,

3) D.C. priming supplies for G1 at 90 kV, and 120 kV.

each end of the tube.
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- ~ ~CONCLUSION

It has been shown that of all the

crowbar devices which might be employed in
El compact radar transmitters, a double ended

hydrogen thyratron is the only device which
completely fulfills the nerformance require-

t .. ments in every case.
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CX1528 and CX1529. The first two have short

R. J. Wheldon anode insulators and are designed
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Chelmsford, Essex. two for air cooling.

Summary;: k

The metal envelope thyratron has
established itself as a versatile switch
capable of high power service over a wide
range of duties. The compact barium
aluminate cathode used in these tubes gives
a long life at both high peak and high
average currents and the metal envelope
provides efficient electrode cooling under
these conditions. A compact high content
gas reservoir system allows direct switching
at high current without gas starvation. A
'boxed in' anode with the high voltage
insulator behind the anode prevents material
sputtered by ion bombardment in the presence
of inverse voltage from degrading the .

insulation. This range of tubes now includes
two new higher voltage versions.

The paper describes the CX1525 which is
capable of switching 3500 A at 70 kV and the 1:G.1
CX1536 10,000 A at 70 kV at 5 and 10 A
continuous average current respectively. It The double gap tubes CX1525 and CX1536
describes the grids and gradient grids are shown in fig. 2 and illustrated
which enable very short recovery times for diagrammatically in fig. 3.
tubes of their size (of the order of 25 Ls),
allowing operation at prfs in excess of
10 kHz. An alternative method of tube
operation is described, as a single gap
triple grid tube, which further improves
the recovery time and screens the control
from fast rates of change of anode voltage.

Introduction

The metal envelope thyratrons were
described at the Modulator Symposium of 1973,
Ref (1). The most recent additions to the "
range have been two double gap tubes, capable

of higher voltage hold-off.
The metal envelope thyratron differs

thermal conduction paths from the active
regions of the tube, (anode, gradient grids I
and the grids) to the external cooling
surface, have a much lower thermal
impedance. This is achieved by the use of
thick copper electrodes and a copper
envelope. Insulators are used in the
envelope only where voltage isolation is FIG.2
required. This design philosophy has lead
to compact tubes capable of high average DESIGN OF HIGH VOLTAGE GAPS
power dissipation. Heat is removed
efficiently from the envelope by fitting There are two approaches to multigap
fins and applying either forced air or thyratron design:- one is the iterative
liquid cooling. Fig. 1 shows the single gap cavity design illustrated in fig. 4, the
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other is the single or two layer gradient ANOE

grid design as shown in fig. 3. The
advantage of the former is that it can
easily be extended to additional gaps but
has the disadvantage that the drift space
contains a large volume of ionisation
during a pulse and therefore takes a
relatively long period to recover. The
design of fig. 3 is limited to two or
possibly three gaps before the conductive
paths from the electrode apertures to the GRACIENT
envelope become long and begin to restrict u S
the heat flow, but it has the advantage
that the volume of lonisation is small and
faster recovery can be achieved.

AM=

GAS . *. =

am 2 FIGA SCHEMATIC OF CERAMIC rTERATIVE DOUBLE GAP
ThYRATRON

In order to achieve a short recovery

time the volume of plasma between Gl and
anode has been kept small, The two grids and

Mgradient grid are therefore close together.

THE CATHODE

Barium aluminate impregnated tungsten
cathodes are used in this range of tubes. It
has been shown that they will give a good
life at high average currents for both high
and low duty ratio applications. The design
of the hollow cathode structure surrounding
the cathode is important since it contributes
significantly to the high pulse current

FIG.3SCHEMATC OF CXI36DULE GAPMETAL capability. The solid tungsten matrix and
ENVELOPE THYRATRON large reserve of emissive material held by

the cathode makes it less prone to permanent
In fig. 3 the anode to gradient grid damage due to sparking and ion bombardment

gap is a 'boxed in structure', that is, the than the oxide cathode.
gradient grid forms a box round the anode
plate and the high voltage insulator is THE RESERVOIR SYSTEM
behind the anode, therefore shielding it
from metal sputtered from the electrodes The reservoirs are compact, of
during pulsing. The gradient grid itself relatively low thermal mass, and are well

consists of a single layer of thick copper isolated thermally from the body of the tube.
with angled slots through it. The lower The gas content in the reservoir is high and,
gap between gradient grid and control grid therefore, to give the required pressure
is conventional and closely fills the bore stability, the current is controlled by a
of the high voltage insulator. Overlapping rugged barretter mounted within the base of
molybdenum shields protect the insulator the tube. The reservoirs are constructed
from sputtered material. The thermal paths so as to respond very quickly to transient
are all short. gas pressure changes. These features enable
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the tube to be directly switched at very these small tubes discharging separate
high peak and average powers without gas pfns into a common load would, therefore,
starvation of the discharge occurring, handle about I MW average power under

adiabatic conditions. It would be expected
POWER HANDLING CAPABILITIES OF METAL that the CX1527, which will operate at
ENVELOPE TUBES 300 kW continuously would switch about 1MW

adiabatically. The CX1525 and CX1536
Continuous Operation might be expected to switch similar average

powers to CX1526 and CX1527 respectively
The average power which a thyratron but at 50% higher voltages.

can handle is dependent upon the duty
ratio under which it is made to operate. OIL COOLING OF THYRArR)NS
If the duty ratio is low, i.e. high peak
current and short pulse, the tube will only
handle a fraction of the average power that
it is capable of at a high duty ratio; i.e. . ,
low peak current, long pulse. This is due o-
to the additional dissipation associated
with the leading and trailing edges of a
high peak current pulse. For many years
now the CX1527 has been operated in medium
frequency intertors. In these applications
the tube has to hold-off 30 kV forward
voltage and pass continuous average currents
of up to 60 amperes. The duty ratio is high
(0.5) and the prf is a few kilohertz. A
pair of tubes produce a megawatt average -A ~
continuous medium frequency power with lives
of many thousands of hours.

ADIABATIC OPERATION

If a tube is operated in an adiabatic I
mode, i.e. a short on period with a longer
off period, it is possible to increase the
average power during the on period signi-
ficantly above the continuous .average tube
ratings. The uprating will depend on several
factors:-

1) The repetitive duty ratio. (This
includes pulse amplitude, width
and prf).

2) The duration of the operational
and off periods.

3) The thermal stabilisation and
thermal recovery time of the
electrodes, which will depend
on their mass, thermal
conductivity and external cooling. 0

Some adiabatic operation tests have G.5

been carried out on metal envelope tubes.
Since the maximum pulse power available The CX1526 and CX1527 are designed for

was 200 MW pK - 350 kW average, with an operation under oil, similarly zhe CX1525

r.ms current of 420 amperes, tests were and CX1536 can, with advantage, be
carried out on the smaller metal envelope operated in the same manner. Fig. 5 shows

tube (the CX1526) operating in oil with a tank housing which is capable of

a 30 sec on period followed by a 4 min operating any of these thyratrons in oil.

off period. A similar electrode tempera- This unit contains all the auxiliary,
ture was reached for 350 kW average as for priming and bias supplies, and gradient
100 kW continuous operation. Three of grid resistors, for the thyratron along
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with a water cooled heat exchanger complete Fig. 7 shows the anode and gradient
with oil circulation pump. For high rates of grid waveforms of a CX1525 operating under
rise of current where low inductance is the same conditions. It will be seen that
important, an oil filled coaxial housing the gradient grid recovers within 20 us.
should be considered.

PRINCIPAL RATINGS AND CHARACTERISTICS
Oil cooling is a simple and efficient OF THE CX1525 AND CX1536

way vf removing heat from the metal
envelope and enhances many of the tubes' CX1525 C(1536
power ratings. (Ref-(2)). Peak anode voltage 70 k 70 kV

Peak anode current 5 kA 10 kA

RECOVERY TIME Rate of rise of anode current lOk AS 10 kItAS
Average anode current 5 A 10 A 9
Heating factor 100 X 109 300 x 10

FIG. 6 ANODE-AND GRADIENT GRID VOLTAGE WAVEFORMS FOR Peak power (continuous) 100 MW 300 MW
A CX11US Average power (continuoua) 150 kW 300 WW

TRIPLE GRID OPERATION
Anode vo{ta
23kV/div. The construction of the CX1525 and

Ss/div. CX1536 lends itself to an alternative mode

_______&,WAWA_______________of operation. The gradient grid may be
connected to cathode instead of to the
potential divider. The tube then becomes
single gap with half the voltage hold-off

Gradientgridvoltagp rating. The grounded "third" grid will

2.3 kV/dIv. further improve the recovery character-
20,s/dv. istic (see fig 8 ) and will also screen the

control grid from fast rates of change of
anode voltage. In circuits where the anode
voltage is rising fast, (as in high rep.
rate charging), or falling fast, (as in a

Pointoftewva crowbar) capacitive coupling between anode
and grid 2 can cause a tube to prefire.

The long recovery time of double gap The "third" grid used as a screen reduces
ceramic thyratrons with cavity type gradient the coupling capacity by more than an order
grids is due to the slow recovery of the and thus eliminates these effects.
cavity. Fig. 6 shows the anode and gradient
grid voltage waveforms of a CX1168 ceramic M rfeT-4L MCOVEW OFCMW
thyratron. The point at which the gradient i Mo, d2
grid recovers is indicated by the start of - - 1-SOO

oscillations on the gradient grid waveform a 140
and is over 00. Before this time, the 10
full inverse voltage is across the top .0. -00 .W-
gap.

. .--.. .. - --emL
FIG. 7 ANODE AND GRADIENT GRID VOLTAGE WAVEFORMS FOR - -
ACX1 2S h vad
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DEVELOPMENT OF A HYDROGEN THYRATRON HAVING
A LONG PULSE CAPABILITY

D. Dolbear, D. Flelscher, S. Merz, R. Plante and D. Turnquist
EGAG, Inc., Salem, Massachusetts

N. Reinhardt
Consultant, Lexington, Massachusetts

Summary

A hydrogen thyratron is being developed which i s 
-  
- -(- ! -O)

capable of switching 80 amperes at 100 kilovolts with , K , 50D oo

the additional and unusual requirement that the pulse
width be as long as 30 seconds with a 10 percent duty L-1 .L' L r-1 L5L
cycle. Thyratron operation under these relatively .L2'pv I I . I

- -  
45 CAM

long pulse conditions at moderate current levels -j j L, rk L L 2

represents a unique class of thyratron service, , -o T
requiring significant departures from standard 1=6 ir-
thyratron design practices. 2

Radical departures from standard cathode design C 06 EI

are necessary to ensure effective utilization of the
cathode a,: the required cathode current on the long I
time scales involved. In addition, energy losses v2000r P"
which occur both in the cathode plasma and at the grid
structure integrate over the duration of the current
pulse, and the resulting high transient heating must
be considered and controlled.

The need for a conservative 100-kilovolt anode
holdoff capability necessitates the use of a multiple- Figure 1. Basic modulator circuit.
section high voltage holdoff structure, and this need
is complicated by an additional requirement that high
voltage recovery be achieved within 100 microseconds.

Table 1. Thyratron requirements.
The various aspects of the overall tube design

are reviewed and the design approach is discussed.
Experimental results are presented and consideration Forward Holdoff Voltage,
is given to the external circuitry associated with the epy (kV) 100
tube in its interJed environment, a neutral beam power
supply for a magietic plasma confinement fusion Peak Current, ib (a) 150 85 80
application. Pulse Width, tp (sec) 5 x 10-6 0.5 30

Introduction
Pulse Repetition Rate 1 pulse/5 minutes

The design of a high voltage, long pulse thyra-
tron was undertaken in response to a need for the Recovery Time (us) 100
switching of a neutral beam sustainer source for
testing high power neutral beam plasma heating. The Recharge Rate (kV/s) 3
basic switching requirement is to deliver an 80-kV,
80-ampere pulse to the modulator load, with a pulse Anode Inverse Voltage,
width variable between 0.5 and 30 seconds, once every epx (kv) 0-6
5 minutes.

The essentials of the modulator circuit are shown
in Figure 1. In this circuit, the thyratron is used The major design considerations resulting from
as a series switch, triggered on to start the current these requirements are:
pulse. The inductor L2 limits the thyratron dl/dt to
200 a/us. To end the pulse, an L-C ring-around * The cathode design must differ significantly
circuit is used. To turn off the thyratron, the from that of standard thyratrons, since the
vacuum spark gap, SGI, and V2 are triggered. C1 rings low peak current prevents utilization by the
through LI, and then reverses through D1 and D2, to plasma of the usual vertically extended
commutate V2 and SGI. During this entire period, the cathode vane structure. The very high
thyratron anode is held below ground by C2, to allow average current during the long pulse does,
the thyratron to recover. At the end of this period, however, produce high power dissipation in
the thyratron anode is recharged to 80 to 100 kV, with the cathode structure, due to the voltage
a dV/dt somewhat less than 3 kV/us. The requirer,ents drop in the cathode plasma sheath and adja-
for the thyratron in this circuit are given in cent plasma, as well as rms heating of the
Table 1. cattode structure.
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0 The need for reliable 100 kV static holdoff In the worst case condition, all of this energy
in air requires the use of a conservative, must be absorbed and dissipated over the 4-1/2- to
multiple section thyratron with low voltage 5-minute inter-pulse interval.
stress per section. The design of the
grid-anode structure must also be compatible Oxide Cathode: The first type of cathode tested
with high power dissipation during the for this program was based on a standard production
pulse, must not allow current quenching HY-5 thyratron cathode. This cathode is of a triple
during the long 30-second pulse, and must oxide, indirectly heated vane design, of approximately
recover in less than 100 microseconds. 500 sq. cm. This type of cathode is used in the

HY-5001 and 5002 thyratrons, which have been tested at
a The external trigger circuit, divider string, up to g k4 peak and 30 amperes average, in a 30-second

and auxiliary components must all be inte- burst.el,)
grated with the tube to give reliable trig-
gering, good recovery, and immunity from The high ms current (520 Aac) and significant
false triggering during recharge. average current in these tests indicated that the

basic cathode structure might at least be adequate for
a The entire system must be tolerant of faults, short pulses In the 80-ampere condition. Accordingly,

arcs, and other mishaps In a very high power the vane structure was altered to allow better utili-
environment. zation at low currents, and is shown in Figure 2. The

total enissive area is in excess of 150 sq. cm., but
In order to accomplish this task, we were fortu- only a little more than the projected area of 20 sq.

nately able to draw heavily on our experience with on. is available to the 80-ampere discharge. Three
adiabatic mode thyratron design(l, 2 ,3) for both such cathodes have been built and tested, first in a
high voltage structures and for design information to bell jar test, then in an HY-SO01 standard triode
accommodate high current burst heating effects. thyratron structure, and finally in a full scale

HY-4105 thyratron. In this final version, the high
Thyratron Design purity nickel used in the vane structure was replaced

by nickel coated molybdenum for improved thermal
Cathode Design conductivity and arc resistance. These tests showed

that at cathode temperatures in excess of 760 0 C
In most thyratron applications, the peak current (brightness):

4s hundreds or thousands of amperes, and the pulse
widths are of the order of tens of microseconds, or 1. With a 1/2-second pulse, the arc limit is
much less. Even in rectifier or induction heating between 120 and 135 amperes.
applications, the pulse widths do not approach the
requirements of this application. The direct implica- 2. With a 30-second pulse, the cathode could
tions - the very long, 0.5 to 30 seconds, pulse deliver 80 amperes without arcing, but overheating and
widths or cathode design are: consequent metal vapor deposits would substantiallyimpair the high voltage holdoff of the tube.

1. The allowable cathode current density at 
the

emissive surface Is considerably less than that 3. At 80 amperes, a pulse length of less than 8
for short pulses but may still be higher than those seconds results in no apparent damage to the tube.
permitted for continuous duty in vacuum tubes. For
pulse widths of this magnitude, in low pressure
hydrogen, arc limits for various cathode types are
not well established. , .....

2. In most thyratron designs, the cathode
structure takes advantage of the ability of the
discharge plasma to penetrate and envelop complex
extended structures and shapes. By using vanes or
coaxial structures, large cathode ,reas may be con-
tained in relatively sIall volwues. The penetration
of the plasma into these structures, and hence the
utilization of the cathode area, is for most struc-
tures prppgrtional to the square root of the peak
current. ; At 80 amperes peak, consideration of
the cathode utilization factors requires that the
cathode surface be nearly planar, or a hollow spheri-
cal sector with only a very shallow vane structure.

3. The cathode-plasma sheath and adjacent plasma
will give a cathode power dissipation of at least 2000 -.

watts and possibly more, decoending on plasma loss to
other nearby structures. In addition, there will be
resistive losses in the cathode structure and coating
that may approach a kilowatt. Over a 30-second pulse,
the total energy absorbed may thus be in excess of 100 Figure 2. Triple oxide cathode vane structure (wrap-
kilojoules. around heater not shown).
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1. 100-kV holdoff: To achieve reliable 100-kV
static holdoff in air requires a multiple holdoff
section structure, with relatively long insulators.
The entire structure must be long enough to accommo-
date the necessary corona shields. With a conserva-
tive 20-kV per section holdoff, a reiterated cavity
type grid-anode structure is favored, with relatively
tight grid baffling.

2. Grid quenching and gas flow: Although the
80-ampere peak current is low, the very long pulse
length of 30 seconds presents a possibility for severe
gas starvation and grid quenching. The likelihood of

! - quenching is expected to be high for long structures,
and therefore the use of a relatively large diameter
tube, with large grid aperture area is favored.

3. Grid dissipation with the 80-ampere current
pulse is significant, both from the voltage drop in
the discharge column (originally estimated to be of
the order of 10-29 v/cm, giving 800-1600 w/cm) and
possibly from the formation of Langmuir double sheaths
at the grid baffle entrances. If such sheaths are
present, another voltage drop of the order of 30 volts
is expected, giving another 2400 watts per sheath.
The high dissipation favors the use of relatively
massive grid structures.

4. Recovery time of less than 100 us, followed
by a voltage rise at a rate of 3 kV/us without retrig-
gering of the tube, would not be a problem for stan-
dard, fast recovery, single section thyratrons, with
measured recovery of 1 to 10 microseconds. The large
cavity type grids used for this design, however, are

* known to have slow recovery. Since de-ionization is
.*"by ambipolar diffusion to the wall, followed by wall
* .. ,recombination, a partial solution is to reduce aper-
* *- .- ture, baffle, and intracavity spacings. Unfortu-

nately, any structural changes which enhance recovery
are liable to cause triggering difficulties.

* The design chosen for the high voltage structure:- , was largely based on~the e~rier HY-5001 and HY-541/
MAPS-250 designs.1 , These tubes have

demonstrated:

1. 30-ampere average, 30-second burst condition
in a single section thyratron.

2. 215 kV holdoff and operation in a 10-section,
cavity type thyratron.

Figure 5 shows the essentials of the design used
for the first HY-4105. A five-section design is used,
with the cavities partitioned by heavy copper plates,

* ,both to reduce recovery time, and to absorb power
dissipation in the structure.

Figure 4. Cathode and reservoir mount. The external high voltage ceramic spacers are
convoluted to provide long creepage path, and glazed
for ease of cleaning.

the titanium weight is 100 grams, with a gas exchange
area of 2000 sq. cm. and a heat exchange area of 100 The fourth, uppermost cavity insulator is extra
sq. cm. The titanium strips and heater are confined long, to prevent external flashover of this spacer
by molybdenum liners, screens, and plates. The entire when the tube is triggered. External breakdown of the
structure is supported by a Hastelloy frame. upper cavity occurs because the voltage cascades up

the high voltage stack when the tube is triggered,
Grid-Anode Design redistributed capacitively as each grid and anode

element sequentially collapses to cathode potential.
To operate successfully, the design of the grid The upper cavity is therefore exposed to as much as

and anode high voltage structures must provide for half of the 100-kV holdoff voltage, for some 1O's of
several crucial factors: nanoseconds. External breakdown or puncture of the
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'W~", -. . 1. 100-kV holdoff: To achieve reliable 100-kV
-. :" static holdoff in air requires a multiple holdoff
7, section structure, with relatively long insulators.

The entire structure must be long enough to accommo-
date the necessary corona shields. With a conserva-

- tive 20-kY per section holdoff, a reiterated cavity
\ type grid-anode structure is favored, with relatively

tight grid baffling.

2. Grid quenching and gas flow: Although the
'80-pere peak current is low, the very long pulse
length of 30 seconds presents a possibitlity for severe
gas starvation and grid quenching. The likelihood of
quenching is expected to be high for long structures,
and therefore the use of a relatively large diameter
tube, with large grid aperture area is favored.

3. Grid dissipation with the 80-ampere current
pulse is significant, both from the voltage drop in
the discharge column (originally estimated to be of
the order of 1o-2g v/cm, giving 800-1600 w/cm) and
possibly from the formation of Langmuir double sheaths
at the grid baffle entrances. If such sheaths are
present, another voltage drop of the order of 30 volts
is expected, giving another 2400 watts per sheath.
The high dissipation favors the use of relatively
massive grid structures.

4. Recovery time of less than 100 us, followed
by a voltage rise at a rate of 3 kV/us without retrig-
gering of the tube, would not be a problem for stan-
dard, fast recovery, single section thyratrons, with
measured recovery of I to 10 microseconds. The large
cavity type grids used for this design, however, are
known to have slow recovery. Since de-ionization is
by ambipolar diffusion to the wall, followed by wall
recombination, a partial solution is to reduce aper-
ture, baffle, and intracavity spacings. Unfortu-
nately, any structural changes which enhance recovery
are liable to cause triggering difficulties.

Ac The design chosen for the high voltage structure
") was largely based onlheerlier HY-SO01 and HY-541/

MAPS-25 designs. ,  These tubes have
* demonstrated:

1. 30-ampere average, 30-second burst condition
in a single section thyratron.

2. 215 kV holdoff and operation in a 10-section,
cavity type thyratron.

for Figure 5 shows the essentials of the design used
for he first HY-4105. A five-section design is used,
with the cavities partitioned by heavy copper plates,
both to reduce recovery time, and to absorb power
dissipation in the structure.

Figure 4. Cathode and reservoir mount. The external high voltage ceramic spacers are
convoluted to provide long creepage path, and glazedfor ease of cleaning.

the titanium weight is 100 grams, with a gas exchange

area of 2000 sq. cm. and a heat exchange area of 100 The fourth, uppermost cavity insulator is extra
sq. cm. The titanium strips and heater are confined long, to prevent external flashover of this spacer
by molybdenum liners, screens, and plates. The entire when the tube is triggered. External breakdown of the
structure is supported by a Hastelloy frame, upper cavity occurs because the voltage cascades up

the high voltage stack when the tube is triggered,
Grid-Anode Design redistributed capacitively as each grid and anode

element sequentially collapses to cathode potential.
To operate successfully, the design of the grid The upper cavity is therefore exposed to as much as

and anode high voltage structures must provide for half of the 100-kV holdoff voltage, for some 10's of
several crucial factors: nanoseconds. External breakdown or puncture of the (
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Figure 5. Thyratron design.

Figure 6. HY-4105 thyratron.

ceramic thus limits the minimum length of the upper
cavities in this type of design. Testing

In order to aid the triggering process, an Full scale testing has not yet been done on the
auxiliary grid was included, tube, although operating conditions have been simu-

lated in two types of test, first in testing the
Since the severe damage effects of high current cathode structure by drawing a current pulse from an

arcs on conventional copper elements have been seen in arc welder and/or a battery bank, and second, in a
both the experimental testing done for this tube and series of triggering and recovery tests.
in other high power tube development, special measures
were taken to ensure tube survival under fault condi- The triggering and recovery test circuit consis-
tions. All of the surfaces exposed to the high ted of two parts, a current pulse generator protected
voltage, or likely to be the site of an arc, are from the high voltage by a diode string, and a 100-kV
molybdenum. The auxiliary grid, control grid, gradi- step function generator with a controlled dV/dt (set
ent grids, and gradient anodes were all made of to 3 kV/us). The voltage ramp could be triggered on
molybdenum-copper-molybdenum sandwich structures to at a variable time after the current pulse ternina-
provide both arc resistance and high thermal conduc- tion. Using this circuit, an extensive series of
tivity. The grid baffles, inner cavity structures, tests was performed to determine the best arrangement
and support caps were made of copper, for thermal of divider elements for reliable operation.
conductivity and high specific heat. In the type of tube tested, the stray capacity

Figure 6 shows the final tube, resting on its between each anode-grid pair is about 30-40 pF, and
base fins. that of the cavities is about 15-25 pF.
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The two major problems encountered in achieving 3. Figure 8 shows the correct compensation
the required 100 us recovery were: network, which gives uniform voltage division. In

this circuit, the minimum anode voltage required is 12
1. Non-uniform voltage distribution on the kV. The required grid drive is 2 kV open circuit,

holdoff sections during recharge, requiring use of a from a 50-ohm source.
particular compensating network, and

Recovery Time
2. Cavity recovery, requiring low tube operating

pressure. Prior to construction of the full scale tube, a
number of triode, tetrode, and single cavity gradient

High Voltage Divider grid tubes were tested for recovery time. A current
pulse of 80 to 160 amperes was first applied to the

A number of high voltage divider and compensating tube under test and then, after a variable time delay,
networks were tried: a 3-kV/usec voltage ramp was applied. During the

recovery period, a predetermined inverse anode
1. With only resistor dividers as in Figure 7a, voltage was applied to the tube. These tests demon-

or with symmetric compensation, as in Figure 7b, the strated several important facts:
lower sections charge much faster than the upper ones,
receiving almost all of the anode voltage, and limit 1. The use of negative control grid bias reduces
the tube to 50-60 kV before self-firing occurs. the effective recovery time by a factor of 3 or more,

and is particularly effective if the inverse anode
2. If in the circuit of Figure 7b the lowest voltage is sufficiently high. In all cases, a bias

divider capacitor, Cl, is made 1/3 the value of the voltage of -50 Vdc produced the maximum result
others, and the auxiliary and control grids are observed.
severely clamped (with 0.025 UF), the tube no longer
self-fires but is very hard to trigger. With an 2. Inverse anode voltages applied to all tube
additional 20-kV trigger pulse applied to the second types were found to be somewhat marginal at -500
or third section, the tube could be triggered with 7 volts and adequate at -1 kV. Further increases in
kV on the anode. Figure 7c shows that the compensa- inverse to -2-1/2 kV produced no further observable
tion is not quite correct, either, reduction in recovery time.

eiq.V 4KV.

AS

"I _ LAS
800s A410 kV/dlv.

A3

AS IL 13

* - -- AsA

" _ 5 ps/dlv.

0.028aF

7a 7 7c

single resitr divider Cam p mted divider Val"eg disributlen during recherge

Figure 7. Anode voltage dividers.
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1. Varying the tube current from 45 to 150
amperes increased recovery time by 50%.

2. Varying the applied anode voltage from 50 to
90 kV increased recovery time by about 20%.

3. Adding a negative bias of -9 to -22 volts had
no effect until a number of factors were changed,
resulting in recovery times less than 80-100 us. In
this range, cavity bias and cavity recovery time

0Mv dominate the recovery time behavior.

4. Tube pressures above 0.15 torr give recovery
times of 250 to 325 us, and below 0.1 tor give an
abrupt change to 50-75 us.

Tube Drop

Anode-cathode tube drop during conduction was
found to be 600 to 700 volts, or 12-13 v/cm overall
average.

S _ -Cavity Delay Time

A series of tests to observe the voltage distri-
bution during triggering showed that the voltage was
almost redistributed uniformly in the time between the
voltage collapse of successive sections. This time

., was of the order of 100 nanoseconds per section at a
tube pressure of 0.1 torr pressure, and about 50
nanoseconds per section at 0.18 torr.

,b MVr, PM Ancillary Equipment Requirements
Goav

lw, #as.=T -,With the various compensation network require-
: o.on 0ments established, the final drive and heater require-

ments for the HY-4105 were defined. These are:

Control Grid Drive - 2000 volts open circuit,
50-ohm source impedance, 1
usec minimum voltage and
current pulse widths.

Auxiliary Grid- 50 to 100 mAdc from a 300
Vdc source.

A4
A1d0 IOkV/dv. Control Grid Bias - -50 to -150 Vdc.
Velt A3

A3via Cathode Heater- 6.3 ±0.5 Vac, 30 Aac
DwIM A2 max.

ot 60kV AI Reservoir Heater - Variable 6 to 16 Vac, 25
Aac max.

5 06/div.

Figure 8. Optimum divider configuration.

3. In large cavity type tubes the cavity domi-
nates the recovery process, giving recovery time 3 to Conclusion
10 times that of related large tube types except at
very low pressures. Further testing at high power is needed. The

tests currently underway, however, have shown that
The results of these tests were used to guide the several improvements are possible, particularly to

design of the full scale tube. The HY-4105 was tested extend the pulse width capabilities of the tube, and
for recovery after the conclusion of the divider to further reduce its recovery time. The performance
experiments, of various critical tests, and the construction and

preliminary testing of the HY-4105 have demonstrated
In the configuration of Figure 8, a nunber of the basic feasibility of the design of thyratrons for

exneriments were made to determine recovery time. high power, long pulse applications.
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THYRATRONS FOR SHORT arcing of the tube causing severe loss of
PULSE LASER CIRCUITS condition and irreversible damage.

H. Menown & C.V. Neale A new range of tubes has now been
English Electric Valve Company Limited developed to operate under these demanding

Chelmsford, Essex. conditions in a reliable manner without
introducing circuit complications. (See

Simiary fig. 1). The new feature, incorporated in
these tubes, is in the anode design which is

The conventional thyratron is a uni- a hollow box with an aperture facing the
directional switch; therefore when circuit main discharge region. When inverse voltage
design demands large current reversals appears on the anode, some plasma formed
(as in many short pulse laser drivers) arc during the forward pulse is available for
back, or positive ion sweeping of the anode reverse conduction. Hence the reverse arc
surface, causes metallic sputtering whizh drop is kept mainly in the glow/arc mode of
soon leads to a degradation of forward conduction which prevents sputtering of the
voltage hold-off. anode, and the tube operates as a bi-

directional conductor after switching. The
A new range of tubes is described duration of reverse conduction is limited

which is designed to accomnodate this by the amount of plasma stored during the
circuit requirement by storing plasma forward pulse, as, unlike the double cathode
produced during the forward pulse within a thyratron which has an ionising source
hollow annular apertured anode structure, built into the anode, plasma is not readily
It is shown that by careful design of the replaced during reverse conduction.
grid/anode geometry, a form of bi-
directional operation, without loss of
forward voltage hold-off, can be obtained.
Information is given concerning circuits
suitable for operating these thyratrons,
principally in order to avoid problems
associated with recovery time.

Introduction

The advent of the pulsed gas discharge
laser has opened up an entirely new field
for the application of hydrogen thyratrons.
Due to the nature of the laser as a load,
however, the conventional radar modulator
optimised thyratron has some shortcomings.
The radar modulator is designed to have a
suitably matched line and load with
controlled inverse voltage, whereas the laser
discharge cavity, being a time varying load,
demands high rates of rise of current
allied with the ability to withstand rapid
rates of application of inverse voltage on Fig. I
the anode.

Experience of operating gas discharge
laser circuits has shown that merely Tube Design
applying a high voltage across the laser
cavity does not necessarily result in It became obvious early in 1976 that
instantaneous conduction, as the actual laser drivers of all types then available,
breakdown time is dependent upon gas e.g. spark gaps, conventional thyratrons
pressure, electrode surface condition and and grounded grid thyratrons, left much to
residual ionisation from the previous pulse. be desired as far as operating life was
Any substantial delay in breakdown will concerned.
lead to inverse voltages appearing on the
thyratron anode after a delay equal to the The last tube appeared promising but
transmission time of the laser energy storage experiments at our Chelmsford Plant proved
system. With the current amplitudes and time that if it were used in the grounded grid/
scales involved, the use of a conventional spark gap mode, lives of only a few hours
thyratron will often result in reverse could be obtained. Investigation revealed
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that the switch tube was being subjected to FIG.3 HOLLOW ANODE THYRATRON
a very high inverse voltage immediately
following the current pulse. In some cases, -s - anode
especially when the laser did not break down,
this inverse voltage equalled the forward
voltage.

The solution to this problem was
suggested by the results obtained from
experiments on a two-gap thyratron (CX1168)
when operated as a single gap tube with the
gradient grid electrodes shorted to the anode.
This produced a plasma containment volume
in the gradient grid cavity and it was
observed that when run in the normal mis-
matched test modulator, forward current
conduction was followed by reverse current grid
conduction. (See fig. 2a & b).

*--grid

FIG.2 CXiiU EXPSRIMENTAL CURRENt WAVEFORMS

1 Opwawd as naaW CXiii (at ml dmn UP GuMf). SoL" &GdO Hollow Sodao" Voltage TLeal
thyratroa derivutl ruing Pi p Caveat

a1157 157O 16 WV 3,000 A
CK1530 C1571 20 k? 4,000 A
C31180 CK1572 25 kv S,000 A
= 154 CX1573 35 WV 7?.NO A

01174 GUI.574 35 kV 15,000 A

pressure.
Fig. 4 lists the hollow anode derivatives of
the EEV range of ceramic thyratrons with their

M o1 OW 0 M gIra" me g voltage hold off and peak current ratings.
Md). Fig. 5(a) shows the current pulse

through a CX1157 at 15 kV when the test
modulator load is short-circuited. The tube

Operation in this mode over an extended is being forced into a sparking ar back
period of time did not cause any damage to cniindet h moiino h

the tube, even though it appeared 
to be

arcing back. It was realised at this stage inverse voltage at the end of the pulse.

that the 'arc back' was in the glow/arc FIGS CURREN WAVEFORM WITH SHORT CRCUITED LOAD
discharge mode and not in the destructive

metal vapour mode which characteristically
destroys voltage hold-off. As a result
the thyratron developed for laser circuit
driving has a hollow box anode. a) Cxlii?

Fig. 3 shows diagramatically the

general principle adopted for the anode
structure as a plasma contairmAnt box. The
annular hole in the control grid aperture
is mirrored by a similar hole in the anode.
The Paschen breakdown distance between the s cx~sn
electrodes has, therefore, been increased.
As a result the voltage hold-off may be "
reduced slightly compared with a similar
conventional tube filled to the same gas
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Fig. 5(b) shows the current pulse through
a hollow anode CXl570 at 15 kV in the same FIG.7 CURRENT WAVEFORMS WITHSHORT CIRCUITED LOAD

modulator under the same conditions. It will

be noticed that the pulse current reverses
with an acceptable amount of commutation
loss and comparison of the voltage waveforms EEVA .

substantiates this. 
(Fig. 6a & bi.

FIG.6 ANODE VOLTAGE ARC DROP WAVEFORMS WITH SHORT
CIRCUITED LOAD.

a) CX1157 
b

FIG.8 ANODE VOLTAGE ARC DROP WAVEFORMS WITH SHORT
CIRCUITED LOAD

b) CX1570

H h
b)

COMPARISON WITH DOUBLE CATHODE THYRATRONS m

Figs. 7 & 8 show a CX1573 and a CX1154B
double cathode tube operating under the same
short circuit load conditions in the same
modulator. The commutation arc drop losses
of the hollow anode tube should be noted
and compared with those of the double cathode
tube, also the number of voltage and current Their higher reverse arc drop in some

reversals for each type as these show the ways is an advantage since the oscillatory

fundamental differences between the two currents which maintain conduction in the

types. Therefore, for circuits where tube die away more rapidly. Tube recovery

commutation losses are important, e.g. beam is therefore not as great a problem as for

bending magnets for high energy nuclear the double cathode tubes and it has been

particle accelerators or for high power found in practice that normal modulator

laser driving, the double cathode tube is circuit precautions are all that are

preferred. For pulsed lasers originally necessary. Recovery time measurements so

driven by triggered spark gaps the hollow anode far made at EEV have shown that hollow anode

tubes have distinct advantages especially for tubes recover within a microsecond or so
higher prf operation. They have the same of the recovery time (measured from the
outline dimensions as the solid anode tubes point of current extinction) of the solid
and do not require any extra circuitry. anode tube.
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LASER OPERATION FIG.10 OPERATION IN NITROGEN LASER CIRCUIT

HT a)r CXIIS7

n~me 9 KA/em,

Figt 9 shows a typical pulse nitrogen Fig. 10a shows the unstable sparking

laser circuit. The capacitors are charged arc back of a solid anode CX1157 which can
to double H.T. voltage by a resonant choke be compared with fig. lOb showing the more
charging circuit. When the thyratron is stable glow/arc discharge of the hollow
triggered the voltage on the adjacent capa- anode CX1570. A nitrogen laser is being
citor is rapidly reversed resulting in four driven by a CX1570 at EEV as a life test,
times the H.T. voltage appearing across the To date it has achieved 200 hours
laser cavity. Ideally the laser discharge continuous running at 100 pps and is still
takes place just before maximum voltage is operating satisfactorily.
achieved and the energy stored in the
capacitor is rapidly dissipated in the Acknowledgements
cavity. As in many practical circuits there
is a formative time lag for cavity break- The Authors wish to thank the Directors
down and the thyratron will see an inverse of English Electric Valve Co. Ltd. for
voltage of the same order as the forward permission to publish this paper.
voltage.
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MULTI-GIGAWATT HYDROGEN THYRATRONS WITH
NANO-SECOND RISE TIMES

S. Friedman, S. Goldberg, J. Hamilton, S. Merz, R. Plante, and D. Turnquist
EG&G, Inc., Salem, Massachusetts

Summiary

A new and advanced class of high-power hydrogen
thyratrons is being developed which is capable of GRID CUP
switching very short and ultra fast-rising multi-
gigawatt pulses. The effort underway is to extend F" GRID BAFFLE
the operating range of thyratrons to values of di/dt R A.
and current rise time an order of magnitude faster
than heretofore achieved, and to do so at high i t
voltages, peak currents, and repetition rates.
Immediate goals are di/dt * 1012 a/s with a 5-20 ns I ANODE
rise time, peak currents of up to 75 ka, pulse

repetition rates of 1 kHz, and forward voltage J CONTROL
holdoffs of 50 kV for a single section tube and up GRID
to 250 kV for a gradient grid tube. Retention of the
usual advantages of thyratron switches (stable GRID-'
operation, fast recovery time, and long life), is BAFFLE
required in addition to meeting various other require-
ments imposed on these tubes in these applications.
This paper describes some of the problems we have
encountered and the progress we have made in this t CMO
previously uninvestigated regime of thyratron ASSY
operation.

I ~AUXILIARY " ' y

Thyratron Design Requirements GRID

Thyratron tubes of existing design are capable
of meeting the objective high-voltage, peak-current,
and repetition-rate requirements. Figure 1. Experimental HY-3004, modified 1802/7322

thyratron.
A 10-section gradient grid tube capable of

switching 215 kV and 20 ka has been constructed.1

The HY-7 operates at a peak current Df 40 k and can
switch 40 kV at megawatt average power. It is Figure 2 compares the tube operation in low and
the high di/dt and short rise time that pose the high di/dt regimes with both grids triggered simultan-
greatest challenge, especially in conjunction with eously. The pulse forming network (PFN) consists of a
high voltage holdoff. This is because fast switch- single capacitor and inductor, and di/dt is varied by
ing re 1res very low inductance and hence short changing the inductor. Note that at high di/dt the
tubes and compact systems, while good holdoff has, anode fall time is equal to the current rise time, and
in the past, required long gradient grid designs and is much longer than in the low di/dt case. This
long external breakdown paths. The major portion of illustrates the point made above; 'he current rise
our effort has been accordingly directed in two time and the measured anode fall time are inter-
primary areas: discharge propagation and growth related, and cannot be treated separately as in the
in the thyratron, and the high-voltage structure. low di/dt regime. In this latter case the anode fall

time is only a function of pressure, and the current
di/dt rise time depends only on PFN capacitance and induc-

tance. At high di/dt, inductance within the tube
Thyratrons are usually operated in a regim, where causes the anode fall time, which would otherwise be a

the current rise time is much Irnger than the wreak- measure of the breakdown time of the tube, to contain
down time (anode fall time) of the tube. Wher the a significant di/dt term.
rise time reaches the 10-ns range this is no longer
the case, and dildt is influenced by the manner in Several interrelated factors influence the
which the discharge in the tube forms and spreads. We discharge growth and di/dt. Our current results are
therefore constructed a number of specially modified summarized below.
thyratrons that enabled us to independently control
the formation of the grid-cathode discharge and the Grid-Cathode Breakdown
moment of commutation. Most of the di/dt experiments
to date have been carried Out using design based on di/dt is significantly higher when the auxiliary
standard 1802/7322 tubes fitted with an auxiliary grid grid (the grid closest to the cathode) is used to
between the control grid and the cathode. The struc- trigger commutation than when the control grid is
ture of these tubes, designated as MY-3004, is shown triggered. Figure 3 shows this effect. In each case
in Figure 1. The density of the grid-cathode dis- the untriggered grid has a high impedance to ground.
charge is controlled by the voltage on the auxiliary Note that when the auxiliary grid is triggered,
grid, and is spread prior to commutation by the bias grid-cathode breakdown is more developed at the
on the control grid. instant of commutation.
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(a) (a)

(bI (b)

Figure 2. Anode fall and anode current. Figure 3. Grid voltage and anode current.

Pressure - 400 millitorr. a) Control Grid Triggered
a) High di/dt b) Auxiliary Grid Triggered
b) Low di/dt Voltage: 200V/minor div.

Voltage: 500V/minor dlv. Current: 200a/mlnor div.
Current: a) 200A/minor dlv. Time: 20 ns/minor div.

b) 40A/minor div. epy - 15 kV
Time: a) 10 ns/mlnor div. Driver source impedance, zg -2 ohms.

b) 20 ns/minor div.

dl/dt also increases substantially if a DC
discharge of about 100V and 100 ma (not enough to
cause commutation) is established in the auxiliary
grid-cathode region prior to triggering the control
grid, as shown in Figure 4. Further increases in
auxiliary grid drive produce further, though diminish-
ing, results. For example, a change from 1 amp to 200
amps produces a change of about 10% in di/dt.

Discharge Spreading

The inductance of the tube depends in part on the
deqree to which the discharge fills the volume.
Discharges tend to begin from one spot on the cathode,
and spread laterally. To study the effect of spread- Figure 4. Anode current 500a/minor dlv.
ing on di/dt, the control grid was biased negative to
delay commutation while a 2 kV pulse was applied to epy - 10 kM.
the auxiliary grid. Figure 5 shows the resulting Pressure - 400 millitorr.
auxiliary grid voltage and anode current waveforms for Control Grid Triggered.
zero and -1OV control grid bias, corresponding to a With (left) and without (right) IOOV,
variation of over two orders of magnitude in delay 40ma, DC discharge between auxiliary
time. No effect on anode current rise is seen. This grid and cathode.
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(b)
(a') Errs 6.OV

(b)U

(b) Eres 7.2V

Figure 5. Grid voltage and anode current at zero (a)
and -100V (b) Control grid bias (Ecc).

epy- 15 kV.
P - 400 millitorr.
Voltage: 200V/minor div.
Current: 200a/minor div.
Time: 50 ns/minor div. -

negative result is contrary to what we expected from
the grid-cathode breakdown experiments, and is not yet (C) Eres S. OV
understood. Experiments are continuing, and a number
of tubes fitted with Langnuir probes are being con-
structed so that discharge propagation can be measured Figure 6. Risetime variation with pressure.
directly.

(Hydrogen reservoir voltage as a
Pressure parameter)

(epy - 25 kV, EF - 5V)
Tube breakdown time varies inversely with pres- Time: 10 ns/minor div.

sure because the electron-neutral collision frequency
increases. Figure 6 shows anode current pulses at
three different pressures. Note that most of the shorter and/or wid .r, and we are presently doing both.
increase in amplitude results from a steepening of the The HY-3004 tubes presently in use are 3 in. in
early portion of the pulse, indicating a decrease in diameter and 5 in. long, and together with their
the resistive phase rise time. No significant in- return current shroud are calculated to have an
crease in di/dt is observed at pressures beyond 500 to inductance of 40 nh. (This is in good agreement with
at least 800 millltorr, suggesting limitation by measurements of anode voltage divided by di/dt.) We
inductive effects in this region, are constructing a 2-1/2 in. long 1802/7332 type tube,

and also a 4-1/2 in. diameter HY-53 having an anode-Tube Geometry to-cathode distance of 1-1/2 in. (The standard HY-5
distance is 5 in.) Close fitting current return

di/dt should increase if the inductance of trie structures have also been nade, and the calculated
thyratron decreases. The inductance of the thyratron inductances of the new 1802/7332 and HY-5 assemblies
can theoretically be reduced by making tubes that are are approximately 20 and 13 nh, respectively.
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di/dt Results Repetitive Pulse Operation

The attainment of high df/dt required grid Breakdown tests with the HY-3004 (modified
currents of several amperes. High di/dt is sensitive 1802/7322) attained better than 40 kV forward holdoff
to trigger location, making it better for auxiliary (the limit of the test system used) at 800 millitorr
grid triggering, pressure using comand charging at a rate of 10

Th highest value of di/dt attained to date is kV/sec. With conventional resonant charging this
51011e a/s at epy a 25 kV, lb a 13.5 ka and 500 tube operates at only 25 kV, at 400 millitorr pres-

sure. We have therefore proceeded with the construc-millitorr pressure, with the auxiliary grid triggered tion of a 50 kV, 1 kHz modulator circuit and load
and the control grid floating (Figure 6c). The using an HY-3004 variant and command charging (Figure
trigger impedance was I ohm and the trigger voltage 1 7). The tube is operated at 400-500 m111torr pres-kV. The PFN consisted of thirty 30-ohm cables in 7) Thtueioeaed t4050mliorprsparallel. The calculated inductance of the tube and sure, and is immersed in silicone oil for electricalparallel.Th cacuatedinhdscac e fte tube insulation. The dielectric strength of the oil immersedshroud was 40 nh, assuming the discharge filled the cable end was tested successfully to 30 kV DC across a
slbtot his asut in d iametr uoted biy srd 1/4 in. gap. The tube anode is water-cooled. The PFNslots. This assumption s supported by observed is a 15-ohm Blumlien consisting of two groups of fouruniform anode damage patterns in a tube operated at a 30-ohm cables. The load is an acid bath and has anhigh pulse repetition rate (prr). Since di/dt was impedance of approximately 15 ohms. We have presently
found to vary linearly with epy, this is an encour- attained 25 kV and 3.2 ka at I kHz and are systemati-
aging result. However, the early part of the pulse cally eliminating various problems associated withstill needs steepening if a 20-ns rise time is to be clyeiiaigvrospolm soitdwtachieved, higher voltage operation. Figure 8 shows load currentwaveforms in this system, at two levels. In these

High Voltaae Holdoff and photographs the bandwidth of the measuring equipment
Repettiive ulse Operation is exceeded.

Designing and constructing reliable, high- Recovery time of the command charge triode
voltage, very low inductance switches requires imposes a limit on the minimum obtainable time at high
a systems approach that simultaneously takes into voltage. We are now operating at dwell times of about
account several normally separate elements. The 20 s.
charging method, the coupling of circuit components,
the distribution of electric fields both inside and In general, the average heating of thyratron
outside the tube, the choice of dielectric materials, anodes is a function of di/dt x prr x epy, designated
and the overall system geometry are all being by us as the wb factor (by analogy with the old
carefully studied. plate breakdown factor, Pb). For most thyratrons we

TRION(

ORIVER TNUSE VIE WING

UDRTRANSFORMER

Figure 7, Schematic of 1 kHz modulator.(7

132

.. ._ ii . ...... i i .. .. ... lmf .._ Z 4- 
! . .



ever-greater fraction of the total forward voltage
will appear across the tube sections closer to the
anode as the preceding sections break down, placing
extreme stress on the ceramics and other dielectrics.
The shorter the sections and the smaller the current
return path spacing, the greater the stress.

Our approach to these problems involves three
areas of investigation.

Pulse Charaing: This will improve forward
holdoff both internally and externally. The required
charging rate might well be several 10's of kV/ sec.
Our present approach uses total charge times less than

COW*. Lad 20 $s.

Vol" CuWnet Studies of Electric Field Distribution: Knowledge
)kV/W 50a/norOiv. of the transient internal voltage dEstribution among
Dlv. the tube sections is critical in determining the

minimum number of sections required to withstand the
stress. Figure g shows the calculated capacitive
transient voltage distribution for different numbers
of grids. For the assumed capacitance ratio shown, it

(CS appears that five grids represent the point of dim-
inishing returns. (This ratio is determined in part
by the external dielectric fluid, as well as by grid
geometry.)

Lood
Cumn
200a/Mino Div.

epy "25 kV

(100
I00 ;' I j ' I

Figure 8. Low level (a) and high level (b) Blumlien n-

load current pulses. 90 SEGMENT 2
W SEGMENT n

HY-3004, Pressure - 500 millitorr. / SEGMENTI< V
prr - 1 kHz. So TOTAL
Load resistance: approximately 15 ohms. \C c1 Ci cci
Time: 5 ns/minor div. > "j

W~: 70-2 - ANODE
are able to clearly distinguish several levels of 00. C C 2 CTHODE
anode heating: V)< 60 . .... .

b > 17 Amp x Hertz x volts/sec. Air -.

cooling needed, hot anode.
1017 Red hot anode in air, liquid r 50 050b cooling needed. WUU.

b - 250 x 1017 Present limit of experience. 40
wUJ 40

Inadvertent destruction of one tube in this 3
circuit by anode overheating reemphasized the need for
proper cooling and anode design for operation at high ou 30 4
dl/dt and high prr.- r 5 67

High-Voltage Holdoff '0

Requirements for the 250 kV gradient grid tube
are much more severe, and a major effort is being 10
directed toward solving many interrelated problems
stemming from conflicting demands of high di/dt and
high voltage. The major problems and the methods we O
are using to solve them are summarized below. 0 2 4 6 8 10 12 14

"th SEGMENT IN STRUCTURE CONSISTING
High di/dt requires high pressure, short tubes, OF n SEGMENTS

and close-fitting current return paths. High pressure
lengthens the recovery time, and degrades forward Figure 9. Capacitive transient distribution of
holdoff. However, high voltage becomes an especially multi-segment structure, fixed capacitive
severe problem when the tube is switched, since an ratio Cl/C? 20.
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Computer calculations of the external electric 200
fields have also been made. Results for a 5-section
tube are shown in Figure 10. These computations are
being used to design insulator and electrode shapes
that minimize the voltage stresses, as shown in [so-
Figure 11.
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Figure 10. 5-seg'ient tube structure under capacitive I I I
distribution. 0 0.1 0.2 0.3 0.4 0.9 0.6

RADIUS OF GUARD RING(EXPRESSED AS A
FRACTION OF FLANGE SPACING)

Figure 11. Maximum external field stress as a func-

Materials Studies: High stress levels require tion of guard ring radius.
careful selection of ceramic and dielectric materials.
The ceramic must also withstand ion bombardment,
x-rays, and thermal stress, over a reasonable life.
Experimental testing of several different insulating
materials is being conducted. Special attention is References
being given to the effects of flaws, small defects,
and other non-uniformities in composition. It Is also 1) J. Creedon and S. Schneider, Mgawtt Avre
important to consider machining properties and avail- Power Adiabatic Mode Thyratrons, IF nt. Pulsed
ability of standard sizes and shapes in selecting Power Conf., Lubbock, Texas, 1976, pp. 184-1 -
materials and designing system parts. 1B4-6.

The results of these calculations and investiga- 2) J. Hamilton, S. Merz, R. Plante, 0. Turnqulst, and
tions will be tested on a 5-section tube now under N. Reinhardt, Development of a 40 kV Megawatt
construction. Average Power Thyratron, 13th Pulse Power

Modulator Symp., Buffalo, New York, 1978.
Conclusions

3) S. Goldberg and J. Rothstein, Hydrogen Thyrtrons
Modest extrapolation of present di/dt ar. voltage Advances In Electronics and Electron Physics. Voa.

holdoff data show that the attainment of 1014 a/s at XIV, new York, Academic Press, 1961, pp. Z07-264.
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DEVELOPMENT OF A FORTY KILOVOLT
MEGAWATT AVERAGE POWER THYRATRON (MAPS-40)

J. Hamilton, S. Merz, R. Plante, and D. Turnquist
EG&G, Inc., Salem, Massachusetts

N. Reinhardt
Consultant, Lexington, Massachusetts

J. Creedon and J. McGowan
ETOL, USA ERADCOM, Fort Monmouth, New Jersey

Summary Major problems were forward and inverse holdoff
capability, aggravated by the standby requirement, and

The thyratron which resulted from the MAPS-40 the thermal and mechanical design of heavy internal
Megawatt Average Power Switch development effort structures.
achieved switching of 40 kV and 40 ka with a pulse
width of 10 microseconds and a repetition rate of Table I. Major specification objectives for MAPS-40
125 Hz. Operation was in 10- to 15-second bursts at thyratron.
the 1-megawatt average power level.

The MAPS 40 embodies new engineering solutions Operation Operation
to the problems encountered in high power thyratrons. Parameter (Units) Rating (1) (2)
In this development, careful attention had to be given
to the control of operating dissipations, to the epy (kV) 40 44 44
storage and dispersal of heat, to the strength and
protection of internal tube structures, and to the lb (ka) 40 44 11
special requirements of tube and circuit operation at
the megawatt level. egy (kV) 1.5-4.0 ....

In the first phase of the program, eight thy- tp (us) -- 10 20
ratrons were constructed, five of which were delivered
to Fort Monmouth for evaluation. Four of these proto- prr (Hz) 500 125 250
type tubes were tested to the specified objectives in
short-burst operation, and were subjected to further lb (A dc) 50 50 50
tests to explore their nominal design capabilities.
Seven more tubes have since been built, all of the Ip (kA ac) 1.48 1.48 0.74
same design, all of which have met the specified
objectives. Pb (109 va/s) 400 242 121

Introduction dik/dt (ka/us) 20 20 20

The MAPS-40 megawatt average power thyratron tad (us) -- 0.2 0.2
program is an outgrowth of the earlier MAPS-70 pro-
ject, in which operation at several hundred kilowatts Atad (us) -- 0.1 0.1
was achieved.(l, 2 ) The work performed in this
development relied heavily on advances made in earlier tj (us) 0.02 ....
Programs in extending operation to the present mega-
watt power level. Ef-Eres (Vac) 1511.5 ....

Specified objectives for the MAPS-40 thyratron If (A ac) 70 ....

are listed in Table 1. The operating condition
features: Ires (A ac) 40 ....

1. Operation at an epy level of 40 - 44 kilo- tk (sec) 900 ....
volts. Life (pulses) -- 5x10 6  5x10 6

2. Peak current of 40 kiloamperes.

3. Average current of 50 amperes. Principal Design Considerations

4. An rms-equivalent current of 1480 amperes. A conventional external-anode, planar-electrode,
ceramic-metal tube design was chosen to meet the basic

5. Repetitive burst mode operation, with "on" design considerations for the MAPS-40 thyratron as
cycles of 3 to 3n7 seconds at the 1-megawatt outlined in Table 2. To obtain reliable, kick-out
average power level, free operation at 40 - 44 kV, the use of a gradient

grid was necessary. To prevent quenching, a large
6. Restrictions on the number of missing pulses total grid-slot aperture area was required, implying

or kick-outs experienced during extended an 8-inch diameter tube design. An auxiliary grid was
burst-mode operation, necessary to obtain good triggering characteristics.

To handle the operating dissipations at the cathode, a
7. A 48-hour standby requirement (heaters only), novel open-work type of vane structure was proposed.
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Table 2. Principal design considerations.

Design Parameter Area of Principal Concern Design Decision

Electrical

40 kV operation Forward voltage hold-off, Use gradient grid and

reliable operation, tight baffling.

40 ka peak-current Grid aperture quenching. Use 8-Inch diameter tube.

High di/dt; low tad, Atad Conflict with tight baffling Incorporate auxiliary grid;
and jitter. of grids, use "keep-alive" bias.

1480a ms current. Current distribution; ohmic Careful attention to feeds
heating in the cathode and connections.
structure.

Burst-mode operation Transient hydrogen cleanup. Use fast-response reservoir.

High average power Overheating. Use composite construction
of adequate thermal mass
and conductivity: low
thermal resistance from
grids to external flanges.

Survival under arc-fault Melting of tube elements. Molybdenum high-voltage
conditions surfaces: anode, grids.

and shields.

Thermal and Mechanical

8-inch diameter seals Thermal stresses arising from Use compensation and stress
bimetallic electrode relief techniques.
construction.

Burst-mode operation Thermal runaway. Absorption of heat followed
by dispersal during "off"
periods.

Deuteriun Pressure Titanium reservoir temperature Isolate reservoir from
Stability and rate of response, thermal surges in rest

of tube; design for
fast response.

Sagging, creep, warping Complex and heavy mechanical Brace structures with
parts made of ductile stiff framework of
materials in grids, cathode, refractory metals.
reservoir.

Environmental

Survival under shock and Tube envelope and structures. Design for strength and
vibration sti ffness.

Field Handl.ing Shipping, mounting, connecting. Handling features planned
as integral part of tube.

The most difficult design problems arose in the prevented from warping, or from exerting powerful
thermal and mechanical design of the tube structures. expansion forces on the ceramic-t0-metal seals.
Massive internal structures were needed to carry
currents and to absorb and distribute operating The cathode required that a kilogram of deed-soft
dissipations. These had to function without warping, nickel be supported well enough to prevent sagging,
local melting, or causing electron mission to occur creep, or deformations from g-forces (all problems
In undesirable places. experienced in the earlier MAPS-70 cathodes). The

early tubes in the MAPS-40 program were built with
The grids, for example, were designed as thick what was basically a structurally augmented MAPS-70

copper-molybdenum sandwiches to resist arc dlmage and cathode; later tubes Incorporated an entirely new
to spread heat away from the grid slots and conduct It design In which operating dissipations were minimized
to the tube exterior. These sandwiches had to be and the structure integrally braced.
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The reservoir, designed for rapid response to In the MAPS-40 tube, inverse voltage holdoff was
pressure or heater power changes, likewise had to be expected to be poor due to large peak currentq and
protected against deformation and heater shorts, and high di/dt required by the operating conditions. The
it had to be isolated from thermal surge- in the rest use of a "virtual" anode, employed elsewhere and
of the tube. believed to act as its own inverse clipper, as well as

to improve quenching characteristics, was considered
The tube envelope, used to transfer the grid- as shown in Figure 2, and was tried on preliminary

dissipation heat loads efficiently to the surrounding evaluation samples and on one actual early 8-inch
air, was designed to employ butt-seals to heavy diameter tube. Despite much effort, results proved
1/8-inch thick copper flanges and to nickel-iron alloy negative or inconclusive, and this approach to the
flanges. Figure 1 shows the external appearance of inverse holdoff problem was shelved. The virtual
the finished tube. anode concept may offer some advantages, but its use

was not pursued further in this program. The final
tube design employs a conventional anode as shown in
Figure 3. In this structure, a 3116 in. thick molyb-
denum disk is supported by a tapered cup made from
Driver Harris No. 146 alloy. A stepped shield of
molybdenum surrounds the anode to prevent damage to

ANODE the cup caused by discharges going up the side wall.

VIRTUAL ANODE

H E gu ~ a IGRmADIEN4TGI

CONTROL SAIO

AIJXILIARY $AID

C AT"OO[

Figure 1. External view of MAPS-40 thyratron.

Significant Design Details

In tubes of this size and power level, it is
necessary to carefully engineer many details of
construction which can be left uncritically over- Figure 2. Trial version of MAPS-40 with virtual
designed in smaller tubes. In the MAPS-40, many anode.
details were significant design problems, requiring
that the tube electrodes and components be individu-
ally developed and tested separately to assure proper
functioning as part of the complete tube.

Anode Gradient Grid

Anode dissipation was assumed to be roughly 60% Of the alternative cavity and box-type grid
of that of the gradient grid, or about 1200 watts designs depicted echematically in Figure 4, the box
maximum. Its surfaces had to withstand potential arc type was chosen because of its compact structure.
damage and be suitable for maintaining high voltage Cavity-type grids imply longer, heavier structures and
holdoff. tend to exhibit poor recovery time.
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offset was 0.110 in. Gradient grid to anode spacing
was 0.125 in. Total grid aperture area was about 7.5
square inches, large enough to avoid quenching at the
typical limit of 10 to 11 kiloamperes per square inch,
a value confirmed experimentally early in this pro-
gram. The aperture slots themselves were 0.155 in.

m m r wide, arranged as a concentric circular pattern of
arc segments, a configuration found to give less hedt
buildup at the grid slot edges than a radial-slot
layout with the same total aperture.

CONTROL 61 The mass and thermal conductivity of the grid
were chosen so that the worst-case calculated grid

AUXLIARY NO dissipation (approximately 2000 watts) could be
sustained for 30 seconds without causing more than a
250*C rise in average temperature. Overall grid

CATHoCE 3*FPI.E thirkness was 3/8 in., posing a formidable problem in

accommodating differential thermal expansions.
Strain-relief cuts and the use of deformable copper

CATHODE protect the ceramic-metal seal from failure due to
these expansions.

Control Grid

Control grid dissipation was assumed to be higher
than that of the gradient grid, to a maximum of about
3000 watts, due to power lost in the vicinity of the
control grid baffle from the 30- to 50-volt Langmir
double-sheath drop to be expected where the discharge
constricts. Copper bars were attached to the under-
side of the grid to increase its mass and to assist
the radial heat flow, with the object, again, of
restricting the operating temperature rise to 2504C.

Figure 3. Cross section view of MAPS-40 with Slots were cut in the copper bars to provide strain
conventional anode, relief. The conical control grid support was also

made of copper.

The aperture pattern used for the control grid
was identical to that employed in the gradient grid.
Control-grid to grid-baffle, and control-grid to
gradient-grid aperture offset was 0.110 in. Control-
grid to gradient-grid spacing was 0.140 in.

Auxiliary Grid

The tight baffling of the gradient and control• ias' grid sections, used to promote forward holdoff and

E VAIIretard 

migration of emissive material from the cath-
ode, was expected to have an adverse effect on trig-
gering characteristics. Accordingly, it was decided
to use an auxiliary grid, which could be supplied with

SCO- -. "keep-alive" bias to shorten time of anode delay from
ahundreds to tens of nanoseconds, to stabilize delay-

time drift, and to suppress jitter. The presence of
the auxiliary grid would also aid recovery, help"--'--'-"f Oft t suppress cathode material migration, and most signifi-

iOCAH DE m aO__ cantly, lower the heat load of the control grid by the

CAVITY OW Ginterception and reflection of cathode power.

The auxiliary grid is a molybdenum plate connec-
ted by heavy copper heat-conducting bars to a copper

Figure 4. Comparison of cavity- and box-type grids. support cone. A skirt keeps evaporated material off
the ceramic insulator ring. The auxiliary grid is
spaced from the control grid by about 5/8 in.

Cathode Baffle

The cathode baffle is basically a heat shield
which intercepts power and evaporated material from

Tight grid baffling was used to promote good the cathode. It is heavily constructed at the top to
forward holdoff. Molybdenum wall shielding was used resist damage. Currently a single-layer structure,
to improve inverse holdoff capability and to increase its dimensions are chosen to obtain a nominal cathode
quenching limits. For additional holdoff capability, heater power requirement of 800-1000 watts. Its upper (
the use of deuterium as planned in place of hydrogen surface is spaced I in. away from the auxiliary grid,
as a fill gas. Gradient to control grid aperture and about 1/4 in. away from the cathode vanes.
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Cathode and gas conduction from the heater to the emitting
surfaces of the vanes, an arrangement which allows

The 5000 cn 2 cathode used in the earlier MAPS-70 both efficient use of a cool-running heater, and the
program, suitably braced and provided with extra prompt redistribution of possible localized heat
current feeds as shown in Figure 5, was used for buildups due to operating dissipations. Individual
the early tubes in the MAPS-40 program. While this welding of each vane, illustrated in Figure 8, to the
cathode was capable of supplying the necessary peak annular current-feed ring assures uniform electrical
current, completion of an entirely new design (Figure current distribution, while the stiff cylindrical
6) was necessary. Its design objectives were: understructure provides support and restricts con-

ducted heat losses to a tolerable level.
1. Improved utilization.

2. Improved storage and distribution of the
operating dissipations.

3. Better thermal efficiency.

4. Prevention of thermal runaway through careful
design of welds and current feeds.

5. Mechanical ruggedness.

6. Independence of the cathode from all mechani-
cal and electrical connections to the heater.

Figure 6. Cathode design developed for MAPS-40.gem.

Figure 5. Early KAPS-40 cathode structure.

The thermal mass of the cathode, together with
its radiative and conductive properties, allows it to
absorb the high operating dissipations encountered Figure 7. MAPS-40 cathode support structures.
during "on" cycles and to disperse them to the
surrounding structures and tube exterior during "of"
cycles. Vanes covering the upper face and the sloped
contour are Intended to improve cathode utilization. As a bell-jar test, a one-eighth pie-wedge sector
The vanes are held and spaced by slots in both the of the cathode was isolated electrically and heated to
support structure and the circtnferential band, made the estimated maximum operating temperature in vacuum
of Hastelloy B. Figure 7 shows the nickel vanes by means of the cathode heater. The output of a
fitted to the Hastelloy support structure. No base- 200-ampere arc-welder was then connected across it
plate or cylinder is used between the vanes and the through a current distributing harness. An examina-
central heater: heat transfer is by direct radiation tion was made for hot-spots or signs of thermal
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runaway, a test equivalent to 1600 amperes rms-
equivalent through the complete cathode. No signs of
distress were observed.

As an environmental test, the entire cathode
structure, thoroughly annealed by prolonged test runs
at operating temperature, was bolted to a test bed and
subjected to 10-g vibration at 50-2000 Hz, and to
100-g shocks in the axial and orthogonal planes. No
major resonances were observed and no deformation took
place, a distinct advance over the earlier MAPS
cathode structures.

Figure 9. MAPS-40 cathode heater.

Reservoir

Figure 8. Cathode vanes individually welded to Transient cleanup was suspected to be a problem
current feed ring. during burst-mode operation, with very little time

available to readjust the pressure. A fast-acting
reservoir able to respond quickly to pressure and
heater-power changes was required. The reservoir used

Heater in the MAPS-70 had these desirable characteristics,
but it was fragile and unstable. After much effort,

Previous experience indicated that it was best to the reservoir was redesigned.
run the heater at a relatively low temperature, and to
separate It mechanically and electrically from the The MAPS-40 reservoir shown in Figure 10 consists
cathode structure. The area available for heat of a flat serpentine heater flanked by two sets of
transfer inside the cathode vane structure is small; titanium strips stacked edgewise. The resulting
therefore, severe demands are made on the design of sandwich is packaged in a lightweight, open frame,
the heater. where it loses heat primarily by radiation and gas

conduction. Run hot, at a relatively low specific
The heater shown in Figure 9 is a cylinder of loading, the reservoir responds quickly to changed

vertically pleated molybdenum mesh, assembled from conditions at a rate determined only by power, mass,
four quadrants, each with its own head and tail and specific heat considerations. A complete reser-
current feeds, which are connected down at the bottom voir consists of four of the units shown, a total mass
of the structure, well away from the hot-zone. of 400 grams of titanium loaded to approximately 500
Toothed "gears" made of ceramic-covered molybdenum liter-torr total of deuterium at 0.3 torr equilibrium
support the pleats both internally and externally, fill pressure.
preserving their spacing and bracing them against
lateral and torsional vibration. The reservoir is isolated from the cathode heater

and tube operating dissipations by suspending it
This heater has withstood 75 cycles at three beneath a heavy sole-plate, a "false-bottom" connected

times the design power, followed by pounding on the to the tube base by massive copper bus bars. The sole I
bracing structure with a hmr and further cycling, plate also serves as the current feed and mechanical
without shorting or fracture. Its net emissivity to support for the cathode, which is bolted to its upper
the -urrounding vane structure at opeating tempera- surface. Al' hedt reaching the sole plate its promptly
turr is 0.78. conducted out through the base of the tube.
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Figure 10. MAPS-40 reservoir.

Figure 11. Damage to anode shield.

Aging and Testing

After assembly and processing, the tubes were
given a preliminary aging and test at EG&G in Salem,
Mass. They were then shipped to the high power test epy
laboratory of the US Army Electronics Command, in Fort
Monmouth, New Jersey, for further aging and final T F
testing.

In the first phase of the program, of five tubes
shipped, four were selected for full power test and 20MEG.
evaluation. The procedure consisted of bringing the CONTROL

GRIDtubes up to the 40 kV, 40 ka operating level, and then TRIGGER
increasing the repetition rate in stages to give INPUT
successively higher average power levels. Sufficient
time was allowed at each stage for the tube to stabi- +
lize and adapt itself to the increased demands made
upon it. The aging time per tube varied between four AUXILIARY
and ten hours, while the number of kick-outs ranged GRID BIAS
from a low count of two to about thirty. SUPPLY

Aging and running-in proved to be a critical
process, due to the prevalent possibilities for sudden
catastrophic failure in both tube and test circuitry
at the power levels involved. Here, phenomena such as
anode overheating or glow-spots could rapidly assume (a.)
serious proportions when the energy responsible for
them became concentrated in one spot. Protecting the
test instrumentation from conducted spikes and stray
fields was a critical problem. As experience was
gained in getting the tubes to run, the final tubes in
the series became relatively easy to bring up to full TO PFN-
power.

The following necessary precautions were taken:
20 MEG,

1. Careful monitoring of the tube anode, enve- CONTROL

lope, and seal temperatures, and use of GRID
TRIGGERadequate and symmetrical forced air cooling. INPUT

2. Visual observation of the anode and the+ 2 MEG.
entire 3600 of envelope circumference to
catch sudden overheating, glow-spots, and AUXILIARY

other troubles before they became severe. GRI BIASSUPPLY L

3. Attention to tube pressure to avoid cata-
strophic tube failure from hydrogen starva-
tion. Figure 11 shows a hole burned through
the anode shield by excessive dissipation due
to low deuterium pressure. (b.)

4. The use of a distributed-current feed, as
shown in Figure 12A, was essential to keep
magnetic fields from pushing the internal
tube discharge into the walls and structures, Figure 12. Distributed and symmetrical current feed.
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where it could degrade holdoff and cause 6. Allow generous warmup time to help overcome
considerable damage. The problem is now an initial tendency to kick-out when first
avoided entirely by use of a symetrical feed starting up.
from the pulse forming network (PFN) as shown
in Figure 12B. 7. Monitor the temperature and resistance of the

copper solution used as a load to maintain
5. Use of inverse clippers. As expected, the the proper ratio of load to PFN impedance

tube did not display any inverse holdoff during tube operation.
capability. Figure 13 shows inverse break-
down occurring at only 2 kV. 8. Use of thyrites in the cathode heater and

control grid leads to prevent spikes from
getting into the filament and trigger
supplies.

9. Presence of keep-alive current in the auxi-
liary grid circuit was essential in reducing

(swmv.) tad and jitter.

,py92.SkV Operation at the full megawatt power level
(2kv/Div.) " -  produces brilliant red bands of hydrogen Balmer-alpha

light which encircles the tube envelope, accompanied
by a heavy hammering at the repetition rate. It is
obvious that much is being demanded of both tube and

.e ---TioMCv.test circuit at this power level.BRE.AKDO3WN: t =3 TO 10 MICROSECONDS

Test Results

U--UmmSpecification Objective Tests
( O/4 kV Representative test results for the first four

tubes evaluated at the full megawatt average power
_ i icondition at Fort Monmouth are indicated in Table 3,

(2v07/IV.) -. which compares the original specified objectives with
observed performance.

Once aged in and running, both the original four
mAKDOWN, ,<0.S MICACONO tubes tested and the subsequent seven tubes built

under this program operated within specified limits.
Figure 13. FIPS-40 inverse breakdown voltage. Trigger voltage was typically 2000 volts, well within

Table 3. Representative performance of developmental MAPS-40 thyratrons.

Specification Objectives Representative Performance

Parameter Rating Operation Full Power Special Tests
(Units) (1) Test (1) (2) (3)

epy (kV) 40 44 44 40 36 50
ib (kA) 40 44 44 75 36 so
egy (kV) 1.5 to 4.0 - 2 - - -

tp (Ws) - 10 10 - - -
prr (Hz) 500 125 125 - 77 50
Ib (Adc) 50 50 50 - 20 24

Ip (kA ac) 1.48 1.48 1.48 - 0.85 1.1

Pb (109 va/s) 400 242 242 - - -
dik/dt (kA/us) 20 20 20/40 75 36 50
td (us) - 0.2 (0.2 - - -
Atad (us) - 0.1 <0.1 C

tj (Ns) 0.02 - <0.02 E.

Ef (Vac) 15t1.5 - - Z
Eros (Vac) 1stl.5 - I

If (A ac) 70 - 66
Ires (A ac) 40 - 40

tk (sec) 900 - 1200 .
Life (pulses) - 5 x 106  * . .

*0.3 x 106 pulses achieved to date without discernible change in performance.
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the specified range. The anode delay time of 0.2 wherein a tube was operated in a standard 2.5-micro-
microsecond was met with the aid of an auxiliary second, 7-ohm, 400-Hz thyratron test set. A standard
keep-alive current of 50 ma. (Measurements indicate a 240OV, 50-oh. driver was used, with the auxiliary grid
tad of much less than 0.2 microsecond.) tied to ground through a 30K ohm resistor. The

following results were obtained:
Due to temporary test equipment limitations, none

of the existing tubes has been tested to the full
thirty seconds of "on" time in burst mode at 40 kV. Elapsed
They have been repeatedly run, however, at this Ef If Eres Ires epy Time tad
voltage for "on" cycles of 10 and 15 seconds, and in
other tests, they have been subjected to a full 30 (Vac) (Aac) (Vac) (Aac) (kV) (min.) (usec)
seconds at 30 kV and 0.56 megawatt, and have also been
run for 10 seconds at 45 kV and 1.27 megawatt. The
capability shown so far augurs well for success in the Run 1 15 63 12 37 1 25 1T 3.0

full 30-second burst at 40 kV and 1.0 megawatt. 15 63 13 39 40 25 1.3
15 63 14 43 40 50 0.14

Representative values for temperature rise during
burst-mode operation are shown in Table 4. The rela- Run 2 16 68 14 43 25 7 T 0.8
tively modest temperatures reached and the small 16 68 14 43 40 . 0.72
spread between them shows that the thermal loads are
well balanced and not excessive. Minimum Ebb was 4kV.

Table 4. Temperature rise at megawatt average power
MAPS-40 Tube No. 10 - 10 second "On" cycle. Conclusions

Temperature Probe Temperature, *C Of the eight thyratrons constructed in the first
Location Start Finish phase of the MAPS-40 project, four were tested suc-

cessfully against the specification objectives at the
Cathode Enclosure 120 210 megawatt power level. Seven additional tubes have

been constructed and tested, all of which met the
Cathode - Auxiliary Grid 135 255 specification objectives at this power level. While
Auxiliary Grid - Control 100 220 further exploration of the design limits needs to be

Grid done, including a full 30-second run at 40 kV, it is

already apparent that the MAPS-40 can be rated for
Control Grid - Gradient 65 150 burst-mode applications at the megawatt average power

Grid level, and for high power continuous repetition-rate
Anode (avg.) 35 180 operation as well. The tube is producible, and the

thermal and mechanical features are capable of exten-

Final Temperature Spread - 15 sion to still higher power levels. The MAPS-40 gives
the pulse power circuit designer the option of employ-

ing the well-known advantages of the hydrogen thyra-
tron for switching at megawatt power levels.
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DOUBLE-ENIDED T'YRATONS IN HICH PIOWER IRST MODE

PULSE MODUIAT(R APPLICATIONS

R.B. Molyneux-Berry

Marconi Research Laboratories, Chelmsford, U.K.

Modulator Load

The use of four-gap double-ended thyratrons in a The modulator is designed to power a load whose
30 to 100 6iS pulse modulator is described. The PFN- impedance is complex and varies widely, being only
type modulator operates at 105 kV peak, charged from partially under operator control. The real part of
the 11 kV publi,- supply, and powers an il-matched and the load impedance, under specified burst runnin
potentially unreliable load directly at 30 to 70 kV conditions, is predictable only to within a factor of
without a pulse transformer. The maximum repetition 2:1 error either way, and the actual load impedance
rate is 200 pulses per second. The completed modula- tends to vary progressively during each pulse, and

tor has been delivered to the customer and success- throughout a burst. The modulator is therefore
fully re-comissioned. required to deliver a specified minimu of 330 kW

average burst power into any load impedance whose real
Sacisfactory operation is reported with 200 ? part lies between 7.5 and 90 ohms; this is sub-divided

6 kJ pulses in bursts of average power up to 400 kW; into three overlapping ranges by adjustment of modula-
this is well in excess of the published ratings of the tor tappings to match the coarse degree of operator
tubes employed. The methods used to obtain this control of load impedance. The 330 Wd burst mst be
performance are discussed and the main details are sustained for at least 0.3 seconds (100 kJ delivered)
given of pulse discharge, energy dump and switched with the capability of extending this to 400 kW for
charge circuits appropriate to the thyratrons used. 1 second (0.4 MJ) when favourable load conditions are

maintained.
The possibility of uprating the modulator is

mentioned, and certain recent developments in large The load is liable to erratic malfunctions
thyratrons are discussed. These include larger dia- resulting in its becoming open-circuit or short-
meters, increased numbers of gaps and a new pentode- circuit for part or all of a pulse duration. The two
type electrode system which should give improved per- extreme conditions may both occur within a single
formance with simpler deck circuitry. For extended pulse. The modulator is required to maintain un-
bursts at long pulse lengths the realistic -xim. interrupted burst operation in spite of sporadic mel-
capability of single tubes in current production functions of this sort, and to absorb all excess
seems to be about 1 Gd peak at 2 W average power, energy within itself without overvolting the load or
Tubes at present being developed hold the promise of affecting the accuracy of succeeding pulses. The
at least doubling these powers, modulator is in fact capable of safely absorbing the

full burst energy, though in practice the modulator
Introduction control. system is normally programed to discontinue a

burst i.i the event of severe load malfunction, in order
An earlier paper described work to determine the to miniai se risk of damage to the load.

performance of double-endyd thyratrons in a range of
pulse modulator circuits. No attempt was made to Basic Modulator Circuit
explore the very high power performance of which the
tubes are capable. Further work has now been com- Each of the switches shown in Figure 1 represents
pleted, using mlti-ap double-ended thyratrons in PFN a four-gap double-ended thyratron. This circuit
modulator circuits up to 400 kW burst average power arrangement has been chosen for reasons given in,
level, in excess of published ratings. From the previous paper and further discussed elsewhere. '12

results, the highest burst ratings practicable with The composite pulse forming network (PIN) shown con-
the present generation of tubes have been deduced, and sists of three identical units each of 42 ohms imped-
the performance of a new series of double-ended tubes, ance (Zo), 30 S pulse width, storing 2 kJ of energy
at present still being developed, estimated.

Modulator Development

The work reported was undertaken in connection
with the development and manufacture of a burst-rated
power system which included a pulse modulator. The
nature and purposl of this equipment are described in
a companion paper'. os ,v

In addition to prototype work, and the series of
measurements and test essential to the modulator
develomnt programe, a special programme of tube,
testing was carried out to determine the optimum
operating conditions for double-ended thyratrons in
burst mode and the maxium performance that could

reliably be achieved without tube damage or reduction
of useful life. The results of these tests have been - 7
confirmed by the reliable operation of the equipment

for the past year with the three tubes originally
fitted. Figure 1. Basic Modulator Circuit.
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at 105 kV peak charge voltage. These may be combined (c) Three-inch tubes had a good current margin at
in five series or parallel arrangements to ensure that increased gas pressure but with slightly reduced voltage
at least 330 kW can be delivered to the load over the hold-off capability.
full range of load impedance. A choice of pulse
lengths (30, 60 or 90 6iS) is available; these may be (d) The larger 4j-inch tubes were completely
varied by using the inverse switch as a pulse satisfactory at all duties up to the maximum capability
shortener. The principal use of this switch is to of the test modulator.
enable the matched inverse load, Ri , to absorb posi-
tive polarity PYN mismatch energy after each modula- (e) Voltage hold-off degradation which occurred
tor pulse. This enables the modulator to accept load when a quench was deliberately forced could be
impedances greater than the Zo of the composite PFN. corrected, in situ, by simple reconditioning techniques

without overall ill effect; a reliable electronic means
Maximunm Ratings to detect quenching was developed.

Pulse of 6 kJ can be delivered to the load. At (f) Very high reliability of voltage hold-off
30 pS pulse width this represents 200 MW at match and could be ensured by operating the tubes in a 'screen
requires about 4 kA peak pulse current in the dis- grid, mode, i.e. with g, connected to cathode at each
charge circuit. Adverse match conditions can in- end. This arrangement also minimised 'dark current',
crease this to 5 kA, while the peak short-circuit simplifying the static sharing of applied voltage
current is 7.5 kA. These currents must be switched between gaps, and prevented self-triggering on rapidly-
repetitively by the discharge tube. The average applied voltage.
tube current under these conditions can reach SA
depending on pulse repetition frequency (PRFI. The (g) Trigger sensitivity in the 'screen-grid, mode
maximum rated PRF depends on pulse energy and is 67 H. was quite adequate, using g1 only: a few amps ensured
with 6 kJ pulses, rising to 200 Hz at 2 kJ. The peak rapid turn-on while a few hundreds of milliamps of
pulse voltage applied to the load normally lies be- steady positive bias served to hold each of the cathode.s
tween 36 kV and 72 kV, according to match, ready to conduct even in the temporary absence of anode

current.
Discharze Switch Thvratron

(h) Tubes run in the 'screen-grid, mode would
The discharge thyratron has the most arduous duty hold off maximum voltage with zero bias on both grids,

of the three switch tubes (Figure 11 since, under and were best triggered sharply on both g 's simultan-
negative mismatch conditions (RoA - :o), it carries eously to initiate conduction. (low-levil forward
the sum of the average currents in the other tw tubes, bias should be continued at both ends until majorthe um pea average currents under tese currents in the anode circuit have ceased; the tube willThe maximm peak and average currents under these te unofadrcvrqikyadrlal sso

conditions have been quoted above. In addition, the then turn off and recover quickly and reliably as soon

discharge tube must be completely reliable in with- as the forward gl bias is discontinued). 3

standing 105 kV peak working voltage in order to pro-
tect the load from being directly fed from the recti- (j) A simple and convenient arrangement of small

fied supply. Fault current under these conditions passive components arranged on a 'bandolier' around

can reach IOOA for 40 mS (4 coulombs). The English each tube gap would ensure static and pulse sharing of

Electric Valve Company (EEV) recommended the standard the applied voltage, and also serve to force reliable

3-inch 4-gap double-ended thyratron type CX119B for sequential breakdown of all gaps when the tube is
this duty although it meant burst operation of the triggered, even when the total applied voltage is aslow as 3 kV.
tube well beyond its continuous rating of 3A average
current. This rating is principally due to thermal (k Four-gap tubes would operate satisfactorily
limitations. It was considered that if suitable in air up to 60 kV. A higher voltages there was a
conditions were established in the tube prior to each tendency to external flash-over when the tube was
burst, it would behave satisfactorily in an adiabatic triggered due to the sequential nature of gap breakdown.
mode, and that the large reserve of hydrogen available Operation in oil was entirely satisfactorily up to the
within the grid/cathode/reservoir structure at each maximum voltage tested (110 kV).
end of the tube would flow through the grid apertures
to prevent quenching (metal arc), voltage breakdown, (1! No external X-radiation was detectable,
or other undesirable effects due to ion transporta- either statically or when triggered, up to 60 kV in air
tion. Moreover, the reverse conduction capability or at full voltage in an oil-filled steel tank.
of the double-ended type of tube removes the risk of
tube damage due to high-voltage arc-back.

Preliminary Tube Testing

A test programme was carried out jointly by
Marconi Research Laboratories, by the tube manufactur-
ers, and by R.S.R.E., Great Malvern, in order to
determine the optimum running conditions for double-
ended tubes in burst duty. It was determined that:

(a) The tube cathode heater voltage could, with
advantage, be increased by about 8" to allow for the
lack of self-heating by the anode current between
bursts.

(b) Three-inch double-ended tubes would carry "p-

the full current required by the modulator specifica-
tion at normal gas pressure without quenching though
with only a small margin under worst-case conditions. Figure 2. Four-Gap Double-Ended Thyratrons.
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monitoring and control. This is assisted by the use
-~ -:of H.V. coaxial cable throughout the modulator to de-

I c- fine and enclose high-current paths.

- -. i i---In order to maintain the insulating properties of
. ' ithe oil filling under direct voltage stress, the

thyratron tanks are hot-vacuum processed and sealed
t under a positive pressure of dry nitrogen. The

thyratrons can satisfactorily withstand repeated

processing cycles.

The Inverse Circuit

The inverse circuit (Figure 1) consists of a high
_ __energy carbon-ceramic block resistor bank which can be

, __accurately matched to each of the five possible PFW
arrangements, with an inverse semiconductor diode

Figure 3- Circuit of Thyratron Switch in Tank. stack and a double-ended thyratron switch. The inverse
circuit is located at the end of the PFNT remote from
the charge and discharge circuits. The inverse diode
is redundant since its function may be performed by the
thyratron across it. It was provided for the develop-
ment and commissioning phases of the modulator, before
the inverse thyratron was available in a fully manu-
factured and tested state - the semi-conductor diode
stack was subsequently retained as it gives useful

iS back-up protection to the PFN under unexpected short-
,. circuit conditions, being independent of external

triggering and the state of readiness of the thyratron.

Because the forward characteristics Of the diode
and the thyratron differ slightly, and to assist the
thyratron to conduct in parallel with the diode, the
inverse resistor is subdivided and tapped. This en-
sures the best possible match between the inverse
circuit and the PFN, and therefore the complete ab-
sorption of unwanted energy of either polarity within

a single PIN pulse duration. A small CR network is
provided to damp fast transients associated with

Figure 4. Mounted Thyratron Raised from Tank. thyratron turn-on and diode snap-off.

In normal use the inverse thyratron is always
triggered just before the aid-point of the PFN dis-

Tube and Tank Assemblv charge pulse so that it conducts first in the positive
direction and then, almost imediately, reverses to

Figure 3 shows the circuit of the tube in its conduct in parallel with the diode if the main load is
tank, and Figure 4 shows a tube raised from its tank undermatched (R < Z ). This tailbiting mode gives a
for inspection. The tank was designed so that, if L 0

necessary, the CX11998 3-inch thyratron could be useful improvement in pulse fall time. If the main
directly replaced by the larger CX1193B 4j-inch type. load is overmatched (IL > Zo) the thyratron continues
Tube heaters, gas reservoirs and all trigger and con- to conduct in the positive sense until the remaining
trol circuitry within the can-shaped decks are powered PFN energy has been absorbed.
via the polymer-insulated fila ent transformers. These
transformers, which operatt at 2.4 kHz, are rated at The inverse thyratron may be triggered earlier (up
400 watts each to allow for the use of a 41.inch to half a pulse before the discharge switch) to obtain
thyratron; typical power consumption is only half this any desired degree of pulse shortening. The inverse
with a 3-inch tube. The tank is naturally cooled by tube and load are rated to absorb the full burst
free oil circulation guided by a funnel system, energy.

The tube layout within the tank, like the tube Under severe fault conditions the inverse tube may
itself, is completely symetrical and the whole system be triggered to discharge the PF1 and divert current
may be used in reverse polarity if required. To limit from the rectified supply. The protective action is
the initial rate of rise of current the anode inductor not instantaneous because of the delay of the inter-
is divided symmetrically between the two cathodes. vening PF1. This allows sufficient time for the
The resonant frequency of the tube within its tank is modulator control system to detect the fault and
damped by resistances within the anode inductors, trigger the inverse tube before the fault condition
assisted by the CR sharing network on the 'bandoliers'. robs the tube of initial hold-off voltage essential to
High-voltage coaxial sockets and cables are used for turn-on. The discharge wavefront travelling down the
the main connections, and all other connections (fila- PF from the inverse switch will usually provide
sent supplies and current transformers) are double sufficient current reversal at the fault to permit the
screened. Triggering and monitoring are carried out arc to extinguish, leaving the inverse circuit to
via optical fibre links. These precautions have absorb up to 100A of rectified supply current until the
eliminated any tendency for tubes to trigger due to primary circuit-breakers have acted.
external interference; the shielding of the tubes is
sufficient to enable the widespread use of sensitive A further function of the inverse switch tube is
analogue and digital circuitry for modulator to remove unwanted initial charge from the P1N
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immediately before the start of a modulator power associated current reversals (which the double-enced
burst. Due to conduction through the voltage sharing tube will pass without harm) lipset the latching
network across the charge switch tube the PFN can process.
slowly charge to a significant voltage when the recti-

fied supply remains energised between bursts. The These requirements have been met by the careful
discharging action of the inverse tube ensures that choice and placing of a number of CR networks, the
this does not result in the amplitude of the initial principal ones being shown in Figure 5. The optium
output pulse being incorrect. CR necessary to control charge inductor internal

oscillations is insufficient to guarantee latching, so

Because the inverse tube must withstand the full an additional CR network from tube 'cathodet to ground
system voltage and, when pulse shortening or with an makes up the difference and ensues that the mean tube
overmatched load, carry peak currents approaching current does not fall below 200 mA under worst-case
those in the discharge tube, the same CX1199B type has conditions until charge is complete. Energy loss in
been used in both positions. For convenience both the resistors is small under burst conditions. The
switches are mounted with identical circuitry into CR networks also control H.T. circuit oscillations, and
identical tanks and are fully interchangeable. define and damp inductor oscillations at the end of

charge.

To limit fault currents, and to avoid H.T. droop
at the beginning of each power burst, the H.T. recti-

C4ftAM DIEoo fier has no significant reservoir capacitor. The half-

c ON -MRsines of charging current are delivered by the trans-
former directly from the ii kV input. A 12-pulse
rectifier is used to reduce H.T. ripple. Additional

P-,N CR networks (and a surge clipper) have therefore been
Is w fitted to the rectifier output to damp oscillations

VABLI associated with transformer leakage and H.T. cabling.
Sufficient bleed is provided to prevent these compon-
ents charging up to overvoltage when the rectifier is
off load between bursts.

Commissioninz

Figure 5. Basic PFN Charging Circuit. The thyratrons and the H.T. circuits of the
modulator fully achieved the design aims during the

Charging Circuit comissioning period. Full power burst operation has
been demonstrated into loads ranging from a direct

When using a double-ended thyratron as a charge short to an open circuit. No serious troubles or
switch, the tube will conduct backwards immediately faults were encountered. The tubes have shown no
after peak charge, ischarging the Pf again unless dt signs of quenching and, although one of the three took
antr beak qcklyatredichein the curregn re ess i longer than the others to condition to achieve stable
can be quickly turned off when the current reaches and reliable voltage hold-off, commissioning to all
zero. This is difficult at high voltage, so a sep- essentials of the specification was completed without
arate semiconductor charging diode is used in the
normal position following the resonant charging n- any tube damage. A CXI93B (4-inch) held in reserve

h - during commissioning was not required - if used, the
ductor (Figure 5). The charging thyTatron is per- modulator would probably have reached a full power
mitted to conduct backwards in order to discharge burst of 1o seconds.
stray energy associated with the inductor. This
overcomes the arc-back troubles commonly associated
with thyratron charge switches, and results in a Ultiat Tube Performance

reliable circuit.
The performance achieved into a reasonably matched

Although the lower forward voltage and small peak load (about 200 NW pulse at 400 kW mean burst) is
currents in the charging circuit seem to indicate that probably not far short of the realistic capabilities
a smaller thvratron is adequate, consideration of of the present 1-inch tubes, though under optimum
transient voltages at the rectifier output makes the conditions they should be capable of perhaps 250 W ,
use of a 4-gap tube desirable, while the relatively 500 k. Further increases in power may be expected
high average current (up to SA)requires the use of at if pulse and burst lengths were to be significantly
least the 3-inch size; therefore the same CX1I99B reduced, but operation in this region has not been
type, in another identical tank, has been used here explored in detail. The short-pulse, higher-PRF
too. It has proved most convenient to have all tubes region seems particularly favourable to the tubes with
immediately interchangeable, respect to both maximum current and voltage hold-off,

but the relatively poor deionisation time of multi-
Although the charge tube is fitted with the stan- gap tubes limits their useful PRF to about 2 kIz.

dard CR voltage-sharing network, which ensures rapid
amd reliable breakdown of all gaps when triggered, the Under crowbar conditions the 412-inch tubes are
rate of rise of current through the external charging rated at four times the peak current of the _-inch
circuit can be very low (especially at reduced HT and types, due to their substantially enlarged grid aper-
PRF) so that means must be provided to ensure that the tures. It is therefore to be expected that the
tube reaches and maintains latching current, about WO CX11938 tubes will handle up to I GW peak pulse output
to 200 milliamps depending on gas pressure. It is power at 2 W4 average into the load, and burst lengths
insufficient merely to use long trigger pulses as comparable with those reported above. Verification
these cannot maintain conduction in the central gaps of this must await the construction of a sufficiently
once the local CR networks have discharged. It is powerful modulator.
also important to control and damp out stray circuit
oscillations initiated by triggering in case the
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very rapid triggering by g2 which can carry the usual

bias and trigger waveforms. The g, bias level may be

used to monitor the state of readiness of the tube.

The chief differences in performance are that, with
the pentode tubes, g, recovery is improved, and

protective gI to cathode bias can be applied without

affecting hold-off voltage. The pentode tube can have
- Figure 6. Six-inch a much simpler check circuit as it is not necessary to

multi-gap Thyratron use time-sharing methods to combine bias, monitoring,
triggering and recovery-control circuits on a single
grid. If these tubes had been available earlier,
they would have been chosen in preference to the te-
trode version.

Conclusions

It has been established that multi-gap double-ended
thyratrons will perform reliably to maximum ratings in
the major switch positions of PFN modulators. With
pulse lengths in the region 30-100 1S, they will switch
up to three times rated average power for bursts of a
few hundreds of milliseconds. No special or unexpected
difficulties have been encountered.

The maximum power available with single current-
production tubes is probably about 1 GW at 2 14W

average burst power for pulse and burst lengths
comparable with those reported here. Tubes which
might achieve twice these powers are being made.
Further increases in pulse power would, at the present
time, require multiple switch tubes.
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The extra grid is created, in effect, by replacing

Sl in the tetrode version by two grids. The tetrode

h remains unchanged but is re-umbered g3 in the pen-

tode. This arrangement permits tetrode bias and

triggering techniques on gI and g2 while g3 is used as

the screen grid, connected to cathode. A constant(.
positive bias may be used on g, to give a continuous

plas around the cathode, ensuring ion protection and
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COMPLETE CHARACTERIZATION STUDIES VERIFY RBDT-RSR RELIABILITY

J. B. Brewster
Westinghouse Electric Corporation

Pittsburgh, PA (R&D Center)

G. F. Sherbondy
Westinghouse Electric Corporation
Youngwood, PA (Semiconductor Div.)

SUMMARY levels necessary to reliably achieve the best device

This paper presents the latest characterization performance. Watt second per pulse loss curves have
information available for a two terminal, high speed, been determined for various trigger voltage rates so
solid state switch previously called the RSR (Reverse that a variety of pulse widths can be accommodated and
Switching Rectifier) but presently referred to as the proper heat sinking may be determined. Some field

RBDT (Reverse Blocking Diode Thyristor). Studies of results are included to demonstrate that characteriza-
the RBDT have been continuing, leading to broader tion data and reliability goals were achieved.
pulse loss characterization than had previously been Mechanical Configuration
available. Loss characterization and trigger studies Comparative two dimensional drawings are shown
were made concurrently, and the results show that with in Co a two dimenso drigare shonprprtriggering, the RBDT will function reliably inFigure 2 of a standard thyristor structure and of an
proper iggring, the ewuion weicl RSR-RBDT. Fundamentally, both devices are four-layer
and with minimum loss. New test equipment, which in structure, and both are fabricated by existing
tests to customer specified load conditions is
described. The paper cuncludes with a summary of reliable and reproducible all-diffused-design tech-
field originated life data, which supports the con- niques. The thyristor requires a gate lead for trig-
clusion that the RBDT may be effectively and reliably gering, but the RBDT is turned-on by application of a

applied for short pulse, high current, high rate-of- trigger voltage between anode to cathode. The

rise duty. recommended RBDT trigger voltage is large and tightly
specified, but no other solid state switch of this
size can exhibit comparable switching speed, excluding

INTRODUCTION solid state switches triggered with laser light.

During the last 10 years, a solid state switch Electrical Characterization
called the Reverse Swtiching Rectifier (RSR) was The RBT was originally designed for use as a
developed for short, high current pulse duty. Using solid state radar modulator switch. It has been, and
IEEE nomenclature, the device has now been renamed the is now being applied for that purpose.
Reverse Blocking Diode Thyristor (RBDT). The meaning In this application, it is necessary to charac-
of the RBDT acronym is as follows: terize the RBDT in terms of more than one parameter.

R) Reverse Blocking As an example, a thyristor used for 60 Hz applications
B) may simply be rated in terms of maximum half-wave
D) Diode or Two Terminal average 60 Hz rectified current, but thyristors rated
T) Thyristor or Four Layer tor narrow pulse width applications require concurrent

The first fully characterized RSR-RBDT was a characterization where peak current, pulse width,

device of 3/8" diameter, called the T40R RBDT, which losses, etc., must be simultaneously specified for
is available in a 1/4" stud or D05 package. In the proper circuit design and realizable device performance.
initial application of the T4OR-RBDT, 20 modulator Similarly, the RBDT must be characterized using
modules were paralleled to obtain full rated modulator several parameters to define its permissable operating
output. The T62R-RBDT, a device of similar voltage region, the principal ones being peak current and pulse
capability but capable of carrying a much higher width. The peak currents are in excess of those
current due to the use of a larger fusion diameter normally associated with 3/8" or .9" fusions, and the
(.91 inch) was then developed to reduce the amount of pulse widths are smaller than those associated with
paralleling required. The T62R device is available high speed chopper thyristors. As an example, most
in a standard T62 type (two terminal) flatpack. See high speed chopper thyristors are characterized for
Figure 1. pulse widths no less than 50 microseconds, whereas the

Both the T40R and the T62R RBDT's are RBDT is not characterized for pulse widths higher than
Botha ther To ndo sthes R s30 microseconds. Also, a six-sized chopper thyristor

used as radar modulator switches in systems presently isrtdaapekcrnto poxmely10functioning or under construction. When devices first is rated at a peak current of approximately 1000
functioniae or u e cnearly failures were encountered, amperes, whereas the T62R device (six-sized RBDT) is
became available, a fe al alrs eeecutrd rated to 3000 amperes. Although RB!"T's are rated using
This indicated the need for more RBDT characterization techniques previously associated with high speed
and for a testing program to weed out infant mortality thyristors, the rated values are specified using higher
failures. This paper describes current characteriza- peak currents and narrower pulses than similar sized
tion study results and testing techniques designed thyristor devices.
to make RBDT application easier and more reliable due
to an improved testing program. The intent of the For a particular combination of peak current and
most recent characterization is to make available needed pulse width, measurements were made of RBDT switching
data to circuit designers so that the RBDT may find its losses on a watt-sec/pulse basis. A rating approach
way into a variety of applications not presently paralleling gated thyristor rating procedures and also
served by the device. adopting thyristor derating techniques allows determin-

Of particular interest is the power handling 
ation of permissible maximum pulse rate 

levels.

capability of the RBDT and the optimum triggering
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Triggering Because ROT junction capacity varies little

Early work with both the T40R and T62R RIOT's between devices, trigger current is completely defined

demonstrated the need for very precise trigger levels, by a specified rate-of-rise of voltage (dv/dt) during

Before complete and thorough trigger studies were made, the trigger period. The rate-of-rise of trigger

some applications were troubled with unexplained device voltage must be linear up to the peak trigger voltage,

failures. These difficulties were initially attributed since it has been shown that it is the margin of
to inadequacies in two areas. (1) Full and complete trigger voltage in excess of hold-off voltage which

RSR trigger characterization requirements were lacking, accounts for fast ROT triggering. Figure 3a shows

and (2) adequate device test results at full load trigger voltage across the RBr)T without the holdoff

levels were also lacking. As a result, a program was voltage which produces the main current pulse. Holdoff
initiated to study ROOT trigger requirements in detail. voltage will be less than rated ROT blocking voltage;

this is re4uired for more than blocking voltage con-
Forward Characteristic Response siderations. See Figure 3b for a typical trigger-load

The characteristics of the ROOT when a forward circuit arrangement.
voltage is applied between anode to cathode may be An ROT voltage waveform showing combined trigger
divided into three regions. These are as follows: and hold-off voltage is shown in Figure 4. With the

1) OC voltages applied at levels less than the presence of hold-off voltage, trigger current begins to
forward hold-off voltage rating. flow only after trigger voltage exceeds hold-off vol-

tage. Recommended trigger rate-of-rise values given
2) Transient voltages applied at less than the in data sheets apply between points (d) and (a) in

forward hold-off voltage rating. Figure 4. As hold-off voltage approaches rated block-
3) High speed transient voltages which exceed ing voltage, the differential transient voltage (e-d)

the forward blocking voltage. is reduced, as is trigger current. For optimum opera-
tion, hold-off voltage should be no more than 2/3 of

The response to a dc voltage applied to the RBDT rated blocking voltage.
less than its rated blocking voltage is similar to the
response of other four layer thyristor-like devices. Any means which allows tne device to operate with
Some small forward leakage current will flow and at a wide differential transient voltage (e-d) improves

maximum leakage current, rated blocking voltage is RBOT turn-on. It has been repeatedly demonstrated that
defined. Early in ROT development, latching and two devices in series have lower switching loss per
holding currents were tested by breaking over RIOT device than a single device switching the same hold-off
devices under dc or near dc conditions. This resulted voltage. This is a direct result of creating a larger
in a substantial number of failures, and the technique differential transient voltage per device, more triggerwas abandoned. For this reason ROOT's should never be current, and less switching loss per device. We do not
wasuandone Forhes thiseasniOTs houlded neger b recommend that two RIOT's be used to switch a hold-off
turned on with less than minimum recommended trigger voltage where one device will be adequate. This result
drive, merely illustrates the character of RIOT switching.

The ROT response to transient voltages less than It has been found that two devices switching the same
rated forward blocking voltage is similar to that of voltage as a single device exhibit reduced switching
the gate triggered thyristor. Turn-on will occur by losses of about .15 per unit, so that two devices show
dv/dt at some level. During in-circuit operation, a combined loss of (.85 x 2) a 1.7 p.u., as opposed to
transient voltages should not exceed maximum rated the 1.0 p.u. loss in a single device. If absolute
data sheet dv/dt's to avoid false triggering, loss levels are unimportant, then it may be generally

The response of ROOT's to high speed triggeringis stated that the ROOT works best when differential
not as expected. Most thyristors will be found to transient voltage is maximized, however this occurs.
respond similarly, but most will be found to fall with Early RIOT circuit failures were eliminated by
any appreciable load current. The ROOT has been determining experimentally the minimum recomended
desighed and tested to accept a high speed trigger and trigger pulse voltage rate-of-rise. For the two types
respond with broad turn-on. The response of any four of devices available, these are:
layer device to a transient voltage with rate-of-rise
at least an order of magnitude higher than Its tran- Device (Holdoff Voltage T s .66 dRM)
sient rated dv/dt and an open circuit level at least _________ Voltage_!__66_V_____
2.5 times higher than rated b~ocking voltage is to T-40R 5,000 volts/us
support this transient for a snort time, then turn-on T-62R 15,000 volts/us
broadly as in the ROOT case, or turn-on destructively t
as in the gate triggered thyristor case. The high Optimized NOT Trigaertna
speed transient voltage supported by the four layer The minimum differential transient trigger vol-
device will be greater than rated blocking voltage for tages as tabulated were Initially determined by trial
an instant. and error over an extended period, but a carefully
Trigoer Resonse planned experiment was undertaken to determine optimum

trigger drive. A large number of switches were tested
A normal ROOT trigger response is shown in using a short 3 microsecond pulse of 2000 ampere peak.

Figure 3. The peak ROOT trigger voltage will always Current rate-of-rise for the test pulse was 2500 A/us.
exceed the ROOT rated blocking voltage. In the range All test results were obtained when switching a hold-
of rated trigger voltage rate-of-rise, the response of off voltage of 600 volts, and all results are presented
the ROOT is slow, and peak trigger voltage (a) exceed- for a test system using cie PIOT test device to produce
Ing the rated brakover voltage will be supported by the test current pulse. (Some previously published
the device. Thereafter, a trigger current will begin RBDT results presented loss data for two devices in
to flow which will exist while substantial voltage is series which was averaged to determine the losses per
still across the device (b). Finally, voltage collapse single switch.) A typical load current pulse is shown
will result in switch turn-on (c). From turn-on con- in Figure 5.
siderations, all current existing after voltage W
collapse is not useful trigger current. All current Watt-second per pulse loss data for a sample
occuring during and before voltage collapse is con- group of devices is shown in Figure 6. Single device
sidered a d/at inspired current, which is accountable losses are shown here as a function of trigger voltage
for broad ROOT turn-on area. rate-of-rise, in volts per micro-second using a type
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T62R RBDT test device. Trigger voltage rate-of-rise selected level resulting in elimination of some seldom
was altered by changing the open circuit trigger occurring infant mortality failures. Although this
voltage, and the most general trend in the results is test has not been designed to determine pulse switching
a decrease of switching loss as trigger dv/dt is losses, measurements have been made of dynamic forward
increased. In the region of 25,000 volts per micro- conducting voltage, and correlation obtained between
second, losses for most devices appear near minimum, this parameter and pulse switching loss. Means are
and for this reason this point is taken as the optimum then available to select devices of better than average
suggested working point. For least switching stress, switching capability, if this should be necessary.
it is recommended that the T62R RBDT be driven with no During testing at full load current and maximum
less than a trigger dvfdt of Z6.000 volts per micro- junction temperature, a turn-off time test is performed
second. at customer required reapplied blocking voltage. RBDT

Trigger responses for this lowest loss condition in-circuit simulation and maximum load current testing
are shown in Figure 7 and Figure 8 for the condition is complete. In effect, a single RBDT is given an
of zero holdoff voltage. Figure 7 shows a unique effective in-circuit test to give every assurance of
photograph in that two sweep speeds are presented switching tolerance and forthcoming in-circuit relia-
simultaneously. The first portion of the sweep showing bility.
trigger voltage occurs at a speed of .1 sec/div. while Reliability
the trigger current, in the right hand portion of the
trace is shown at a speed of 1 usec/dlv. Hence, the As a result of this complete and extensive test
most interesting features of each response may be programming, RBDT reliability in initial applications
viewed simultaneously, but not simultaneously in time has been reasonable and acceptable. The types of
frame. Simultaneous presentations of trigger current applications served by the RB.DT are demanding of system
and voltage are shown in Figure 8 for the recommended reliability. The need for extreme reliability in radar
25000 volt per microsecond trigger speed. Similar tracking systems is unquestionable. The thorough
photographs for the minimum recommended trigger (15000 testing schedule described in this paper, as well as
volts per microsecond) are shown in Figures 9 and 10 additional environmental testing have improved RBDT
for comparison. All responses are for zero hold-off reliability over that existing ten years ago. The
voltage, most convincing and meaningful testimonial to system

and device reliability is the accumulation of operating
For the optimum reconsended trigger situation, device hours in a variety of pulse applications. At

RBDT loss performance data has been measired to cover the present time, pulse power modulators used in radar
an operating spectrum of pulse conditions as indicated transmitters and laser systems now utilize parallel
in the following tabulation, combinations of RBOT's with a wide spectrum of pulse

Pulse Widths Peak Current widths, peak currents, and frequencies. Of those
systems using the T40R device, some 340,000 device

3 usec 5000 A hours have been logged for a variety of pulse condi-
10 usec 5000 A tions. These include peak currents of 100 to 550
30 usec 5000 A amperes, di/dt's up to 2000 amperes per microsecond,
30 usec 5000 A and pulse widths from a fraction of a microsecond up

Full Load Testinn to 55 microseconds. These applications of the T40R
The second feature of RBDT characterization include operating pulse rates of from 15 to 1000

A pulses per second. For the larger disc type T62R
lacking in early development was full load testing. A device, over 300,000 device hours of operation have
test system has been devised and constructed such that been logged. Operating conditions include peak currents
RBDT fusions may now be full load tested to customer to 5000 amperes, at 2500 amperes per microsecond, and
specifications before encapsulation. As a result, the pulse widths of 3 to 20 microseconds at frequencies up
RBOT product leaving the factory will have been tested to 36S pulses per second.
at a desired switching level before shipment.The ullloa levl tstig sujecs te tet snt1 Additional long term reliability runs are pro-

The full load level testing subjects the test sently in progress in order to generate quantitative
RBOT to the dynamic pulse conditions expected to be data under controlled conditions to support the
encountered by a customer, but at reduced pulse rate. incoming field originated data. For the long term
High pulse rate effects are simulated by elevation of reliability runs, voltage stress levels on both device
fixture temperature anywhere in the temperature range types are typically 75 to 80% of maximum on a per
of 2S*C to 1009C. Since the RBDT fusion is small, it device basis. Formal, finalized data indicating RODT
will quickly assume the temperature of the more massive life and reliability will then be available at the
fixture, showing that the customer specified pulse highest working stress level
width and peak current may be tolerated, at worst case
junction temperature conditions. In addition to electrical testing, environmental

tests have also been conducted at temperatures ranging
Photographs of the test system are shown in from 106C to SOC ambients while operating a modulator

Figures 11 and 12, as well as block and power component at full load. These types of information have resulted
diagrams in Figures 13 and 14 respectively. The impor- in a calculated system MTBF of over 17,000 hours.
tant parameters of the test system are:

1) Trigger rate-of-rise control CONCLUSIONS
2) Peak current and pulse width control Early applications of the RBIT, a solid state
3) Turn-off time measurement run concurrently switch designed for radar modulator duty, lacked com-

w4th selected peak current plete trigger characterization and adequate fusion
4) Average junction temperature selection testing at full load levels. Recently completed RBOT
Trigger voltage rate-of-rise may be selected characterization studies now indicate the existence of

over the range of 5000 to 40,000 volts per microsecond. optimum triggering levels. Recently constructed RBDT
In most cases the recommended trigger is applied and test equipment allows full load level testing of unen-
devices are classified by peak trigger voltage, capsulated devices resulting in the exclusion of mar-

ginal devices before final encapsulation. Accumulated
Peak load current and pulse width are determined device operating time indicates that the RBT testing

by the design of the pulse forming network used. program and characterization studies are yielding
ROT's in fusion form are load tested at the customer
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improved reliability and better service life than was
attainable using earlier devices. U
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HYBRID SCR SWITCH

D.L. Pruitt

RCA Government Systems Division
Missile and E-rface Radar

Moorestown, New Jersey 08057

Abstract Figure 1 is a schematic diagram of the resulting circuit.

ANOOE NUS
Hybrid solid state switches were designed and con- M ~

atructed using SCR (silicon controlled rectifier) chips on a SCR? c- SO

beryllia substrate. Peak pulse currents of up to 6000 A T

with 2 is rise time, or up to 3000 Awith I jus rise time, l DI t --
were achieved. A series stack was constructed to produce
a 10 kV air cooled switch. 132

IntroductionC T2 /ca - - 8"2

High power pulse switches, using parallel/series T R2

arrangements of small SCIPs, were designed and constructed __4

at RCA in the 1973-75 time frame. These efforts were re- CATHODE BUS

ported in a paper delivw)d at the Twelfth Modulator Sym- Figure 1. Hybrid SCR Chip Switch
posium in 1976.1

The circuit of Figure 1 operates in essentially the same
Early in this program, the use of hybrid circuit tech- manner as the parallel/series SCR switches described in the

niques was recognized as offering a potential dramatic re- Twelfth Modulator Symposium. Briefly, a sharply rising
duction in size and weight for the parallel SCR switch module, current pulse (50 amperes typical) in the primary loop of
When glass passivated chips of an appropriate size became Pulse Current Transformers Ti and T2 provides "hard"
available in 1975 (Unitrode Corporation), plans were made to triggering (1 ampere peak) trigger pulses to pilot thyristors
initiate a hybrid circuit development at RCA in 1976.2 SCRI and SCR12. SCR3 and SCR12, in turn, switch the

voltages on capacitors C1 and C2 onto the main trigger buses,
Hybrid Circuit Design resulting in "hard" triggering (2 to 3 amperes peak) for main

SCRs SCR2-SCR11 and SCR13-SCR22 and establishing a con-
A 40-ampere (rms rating) 600-volt chip (R044060) was duction path from anode bus to cathode bus.

chosen. This chip is 5 millimeters (0.2 inch) square. The
concept involves attaching, by reflow soldering, 20 main Several trial layouts were generated and discarded in
switch SCR chips in a 10 parallel/2 series configuration, arriving at the current hybrid circuit layout shown in
plus two trigger for pilot) SCR chips, on a beryllia sub- Figure 2. Because of the high currents involved (40 amperes
strate. Beryllia was chosen for its excellent thermal prop- rms per chip), the SCR chips are not soldered directly to the
erties - high conductivity and high specific heat. substrate metallization, but are soldered to copper contact

SCR CHIP SWITCH

LAYER 1 2 3 4 5 6 7 DATE 4-38-76

~REV -~-I~- -- -j LOGIC REV. 1REV 
DWG REV. 4ITEM NO. H...-9-76
COMP.8-9-76

Figure 2. Hybrid Circuit Layout
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pads which are in turn reflow-soldered to the metallization 1-mIAN mO V

pattern. The printed circuit resistors (gate resistors and

bleeder resistors) add negligible weight to the hybrid circuit.

The trigger transformers (Ti and T2) and the circuit capaci-

tors (Cl and C2). contribute significant (but not major) weight

to the hybrid module.

The completed module weighs 190 grams without cool-

ing fins, and 235 grams with cooling fins attached.

Figure 3 is a photograph of a completed hybrid circuit

thyristor switch module.

Figure 4. 10 kV Air Cooled SCR Switch

rne 10 kV hybrid SCR switch was installed in a test mod-

Mulatar. in initial testing, some difficulty was experienced with
midule voltage sharing, resulting in device failure. After re-

pairs, maximum voltage was limited, resulting in the follow-

Figure 3. Hybrid SCR Chip Switch Module ing maximum operation:

One of these hybrid circuit modules was pulse tested, * Peak Voltage 8.9 kV
with forced air cooling, to the following maximum conditions: o Peak Current 3 kA

. Pulse Width 10 #A

* Peak Voltage 600 V o Current Rise Time I ;s
* Peak Current 6 kA * Repetition Rate 101) pps
e Pulse Width 20 Ms * Duty Cycle 0.001
* Current Rise Time 2-1/4 x s e Load Resistance 1.2 ohms
* Repetition Rate 100 pps e Peak Load Power 10. 8 MW

a Duty Cycle 0.002 o Average Load Power 10.8 kW
e Peak Power 1.8 MW
e Average Power 3.6 kW Conclusions
* Length of Run I Hr

The work performed on thyristor switching has shown
This rigorous test provides confidence that the modles that series/parallel arrangements of relatively small thy-

can reliably achieve air cooled objectives as follows: ristors can be effectively utilized in super-power, artificial

line type pulse modulators. A lightweight, compact, air-
* Peak Voltage 1 kV cooled hybrid SCR switch attained 10 megawatts peak and
9 Peak Current 3 kA 10 kilowatts average load power in an aritifical line type

* Pulse Width 10 g s modulator.

* Current Rise Time 1 is
e Repetition Rate 100 pps
* Duty Cycle 0.001
* Peak Power 1.5 MW Acknowledgement

e Average Power 1.5 kW

This work was sponsored by the Air Force Systems
Ten hybrid SCR modules were connected in series to Command's Rome Air Development Center, Griffiss AFB,

obtain a 10 kV (nominal) air cooled switch (shown in Figure N. Y., under Contract F30602-76-C-0197.
4. Objective rating for the air cooled switch was as follows:

o Peak Voltage 10 kV References
o Peak Current 3 kA
o Pulse Width 10 uWs 1. D. L. Pruitt, "Multi-Megawatt Solid State Switch,"

o Current Rise Time I us Conference record of 1976 Twelfth Modultor Symposium,

o Repetition Rate 100 pps February 4-5, 1976, pp. 62-66.
o Duty Cycle 0.001
o Peak Power 15 MW 2. "Final Report, Multiple Chip SCR," Contract F30602-
o Average Power 15 kW 76-C-0197, RCA 6T0062A1.

ise



OPTICAL DRIVE REQUIREMENTS FOR LASER ACTIVATED SEMICONDUCTOR SWITCHES'

P. G. McMullin and L. R. Lowry
Westinghouse R&D Center
Pittsburgh, PA 15235

Summary
This paper concerns efforts to come up with a rel-

Laser activated semiconductor switch (LASS) devices atively simple device model to use in preliminary
of the thyristor type exhibit three regimes of opera- system design. It is well known that thyristor model-
tion. At low optical drive, optical triggering is oh- ing is a difficult task. Electrical regeneration
tained with delay time before conduction and relatively built into the two-transistor combined structure means
low current rise rates. At intermediate drive levels, that the electrical properties governing behavior are
fast switching is obtained with no appreciable delay not subject to external control or even measurement.
time and fast current rise rates (greater than 109 A/S) High current operation implies high injection condi-
but with substantial power lost in the switch element. tions. A two-dimensional structure is inherent in
At higher optical drives saturated switching is ob- view of the spreading of the current from the il-
served with the rise rate and power loss relatively in- luminated region and in view of the built-in gain
dependent of the optical drive level, structure. Also, heating is an important variable.

LASS thyristors of 1 kV and 4 kV operating voltage Previously Davis developed a model to calculate
ratings have been characterized in the lossy fast the instantaneous temperature rise in the silicon
switching regime. For pulses of i00 ns duration, the structure and the corresponding voltage drop across
devices act as resistive elements. The magnitude of the switch element for a given iniji~lly illuminated
the resistance varies inversely with the optical drivc, area and a given current waveform. 3 This work was
and can be understood as conductivity modulation of the extended and confirmed experimentally for long (, 40
conduction path by the photogenerated carriers. us) pulses by Davis and Roberts.(4) Although many

simplifying assumptions were made to make this cal-

Such characterization allows switch system design culation possible on a reasonably sized computer, a
tradeoff between the required optical drive level and large body of input data to the program is required

the tolerable power loss in the switch elements, and no explicit connection is established between the
intensity of the optical drive and the impedance of the
switch.

Introduction This paper presents recent experimental results for

LASS system performance in a limited range of operation.

Laser activated semiconductor switch (LASS) sys- The pulse width is limited to 100 ns. This time scale
tems combine the proven power handling capabilities of is suitable for short pulses or for the initial portion
solid :ate switching elements with the short pulse du- of a longer pulse. Also, the current density is as-
ratio,is obtainable from Q-switched lasers to attain sumed to be limited to about 104 A/cm

2
. Although this

power switching at very high current rise rates. A current density is high when compared to transistors or
LASS comprised of a silicon thyristor driven by an the conventional operating limits of thyristors, it is
optical input from a neodymium-YAG laser has achieved a reasonable level for short pulses where heat will not
curren; rise rates of 101 A/s at current levels of build up excessively. An empirical model has been de-
1000A. L' Other work has demonstrated 20000A pulses of veloped to describe LASS operation under these condi-
40 us duration switched from a 2 kV supply with 0.5 tions. This model is approximated by a simple con-
us risetime.(

2
) The rise rate has been limited by the ductivity modulation calculation that can be used for

inductance in the external circuit, and the power by preliminary system designs.
the available pulse sources. The limits of the LASS
system capability in terms of maximum current rise Experiment
rate or maximum power handling have not yet been es-
tablished. Pulses of 100 ns dur , on were generated by a pulse

forming network composed of several 50 ohm coaxial
Reliability of the LASS system depends on the cables connected in parallel. The number of cables was

functioning of both the solid state and optical parts changed from one to ten to adjust the system impedance
of the system. Silicon thyristors are well known to from SO to S ohms, respectively. The charged cables
be very reliable within the operating range encoun. were switched into a matched load by the LASS device
tered in electrically triggered operation. The very under test. The load was compesed of the proper num-
high current rise rates possible with optical drive ber of SO ohm terminations connected in parallel. Some
pose more stringent operating conditions, but no par- measurements were taken of the voltage across the LASS
ticular problems are expected given a good device device by means of probes placed at the terminals of
design for distributing the current flow and main- the device, connected to differential inputs of an
taining adequate heat sinking, oscilloscope. The oscilloscope display verified that

the voltage across the device collapsed rapidly to a
As for the optical source, Nd-YAG lasers are used low value under the drive conditions for lossy fast

in production facilities for scribing, trimming, and switching. Most of the measurement data were taken by
welding operations with low failure rates and low observing the voltage across the load. This presented
maintenance requirements. Nevertheless, the bulk of the advantage that precise measurements of small
the cost and complexity of the LASS system lies in the changes in the peak voltage could be taken using a null
optical source and delivery subsystem. Therefore, offset procedure with a Tektronix 7A13 module as the
important design considerations are (1) how much opti- input p,-rt of the oscilloscope. A further advantage of
cal drive is needed for a given switching function, and this prt. i-dure is that it directly measures the power
(2) how can one trade off switch performance for opti- delivereo to a load which is the principal performance
cal drive. figure for any switch system. The sample holder is a
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stripline configuration for low inductance. Test pulse Results
response measurements show response times in the ns
range for this structure. As the optical drive is varied, three regimes of

operation can be seen as shown in Figure 2. At low
The optical drive for the LASS switch element was drive, the LASS element switches on relatively slowly

provided by an ILS LL-103 Nd-YAG laser. Depending on
the laser alignment and on the operating conditions.
the laser output pulse duration ranged from 22 to SO ns,

full width at half maximum. The laser output was ad-
justed in steps by Schott glass attenuators, and con-

tinuously by a Glan prism polarizer. Apertures were

used to confine the region illuminated by the laser
bean to areas ranging from 1 to 8 x 10

3 
cm

2
. The

laser pulse energy was measured at the position of the

test sample by a Scientech absorbing calorimeter or by

ballistic thermopile. It is assumed that 30 percent of

the incident energy is reflected at the uncoated sili-

con surface. All optical energy measurements refer to
the transmitted energy that actually enters the silicon
wafer. Figure 2. Waveshapes for six optical drive levels.

At lowest optical drive, there is a 1.6 us

System Model delay before the thyristor turns on. At
higher drive levels there is less delay, and

The measurement data was treated on the basis of at the highest level the waveform is a

the system model shown in Figure 1. The load resis- sharply defined pulse of 100 ns duration.

tance is denoted by R, and the switch impedance by S.
The resistor Z represents the impedance of the charg-
ing line and incorporates also any resistance in the after a substantial delay. This corresponds to elec-

trical gate drive of a conventional thyristor in which
the switching process is due to the regenerative gain

of the thyristor structure. As the optical drive is

increased, the delay time shortens until conduction
occurs during the drive pulse. However, the device is
not completely turned on, so although the switching is
fast it is also lossy. Finally, as the drive is in-

V Vcreased still further, the switch loss reaches a mini-
C Vmum value which is insensitive to further changes in

optical drive. This is saturated fast switching,
and represents the best electrical performance, but at

R the expense of high optical drive. ;v re,,ucing the
optical drive to a tolerable loss lt. in the switch,
the switch system design can b, opt,, .

In the lossy fast switching ,-, z :he wave

Figure 1. Equivalent circuit of LASS test system. shape of the output pulse at the loaa .s practically
identical to the saturated output pulse, but the
amplitude is reduced. When the switch resistance is

calculated according to expression (2), the device
resistance can be plotted against the optical drive as

switch device which is not modulated by the optical shown in Figure 3. These data were taken with device
drive. For a given charging voltage Vc , the voltage 4J10 w. h is rated for 1000 volts forward operating
V observed at the load during pulse is given by voltage. The observed resistance is relatively in-

dependent of applied voltage, system impedance, and

R size of aperture, depending mainly on the optical
V - Vc x S (1) drive. As seen in the Figure, the device resistance

and the optical drive input pulse energy are linearly
related in the log-log plot over a range of two orders

As the optical drive is increased to reduce S to a of magnitude. The slope and intercept for the best
minimum, the maximum voltage observed at the load is straight line fit to the data are given in Table 1.
yVn;

V c V R TAILE 1V0 = c X W=

REDUCED DATA ON TWO LASS UNITS
Then the switch impedance can be expressed by Experi- Theoret-

mental ical

S - (. + 1) x ( - V)/V (2)jc Voltage Log Plot c co

Device Rating Parameters n x MJ a x uJ
Slope Intercept

In practice, V is established by increasing the opti- 4JlO 1 kV ".953 .6001 3.98 1.2

cal drive unti? the observed voltage no longer changes.
A very definite saturation in output voltage is ob- N2 4 kV ".993 1.218 16.5 5.2
served for whic;i increases in optical drive of twoorders of magnitude do not increase Va.
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Figure 3. Device resistance S vs. optical drive pulse Figure 4. Device resistance s vs. optical drive pulse

energy E for device 4J10. The vertical axis energy E for device N2. The vertical axis

is log S in ohms, and the horizontal axis is log S in ohms and the horizontal axis is

is log E in uJ. log E in J.

Since the slope is very nearly equal to -1, the data a function of the distance x from the surface. For
are well described in this range of operation by the carrier concentrations below 1010 cm

"3
, the resistivity

expression can be written as

S . C/E (3) -/q ug

Where q is the electron charge, u is the sum of hole
where E is the energy of the optical drive pulse that and electron mobilities since both contribute to the
enters the silicon, and C is constant. The magnitude current, and g is the density of hole-electron pairs
of the constant C is also shown in Table 1. produced by the laser drive pulse. If the total

optical energy entering the wafer is E, then g is
The resistance data for another device are shown given by

in Figure 4. This device, designated N2, is rated for
operation at 4000 volts forward operating voltage. The
measurements were made with a 5 ohm test system im- g - E a e /E0 A
pedance at a voltage of 1000 volts, limited by break-
down in the connectors of the coaxial cables in the
charging lines. Within the limits of the lossy fast where E is the energy of a single photon, and a is the
regime, this device is also well described by ex- absorptlon constant for the laser light in silicon.
pression k3). The linear best fit parameters and the Here it is assumed that each photon absorbed in the
scaling constant C are listed in Table 1. wafer creates a hole electron pair, a valid approxi-

mation when free carrier absorption is low as it is at
Device Model carrier densities below 1019 cm-

3
. Taking the in-

tegral over the length L of the path where conducti-
The simplicity of the relation (3) suggest a vity is modulated, we obtain

straightforward physical mechamism domiating device (eaL _)
characteristics in the lossy fast switching regime. Eo
The required form is obeyed by conductivity modulation. 2 - (4)
To calculate the magnitude of this effect, we assume a a

that the current is restricted to a cylindrical region
of circular cross-section defined by the aperture in
the laser beam path. The resistance of this path is where E is expressed in electron volts. It can be
given by seen that the switch resistance has the expected form

of expression (3), is independent of the area of the

dx illuminated region, and depends only on the material
S dx constants L and a and the length L which described the

device structure. To evaluate this expression for
comparison with the experiments, the low concentration

where A is the area of the wafer surface illuminated by mobility, - 2000 cm
2
/VS, the optical absorption,

the laser and , is the resistivity of the silicon as a * 20 cm, and the photon energy 1.16 eV were used.

161



The lengths L were taken as the entire thickness of collimated beam so this effect by itself is not
the device, 300 um for device 4J1O and 760 tm for likely to be the full explanation. Other factors are
device N2. The results are listed in Table 1. The free carrier absorption in the highly doped emitter
model also neglects the effects of the two forward region at the surface, carrier-carrier scattering and
biased junctions in the thyristor structure and the Auger recombination. None of these effects is ex-
stored charge at the reverse biased center junction. pected to change the result by more than about 15%.

It is likely that complete agreement will come only
after more detailed study of device characteristics.

Discussion

Several LASS devices characterized in the same Acknowledzements
way have shown a similar reciprocal relation between
optical drive and device resistance as described by The authors wish to express their appreciation to

expression (3). This relation has important impli- E. S. Schlegel for providing the 4 kV device, and to

cations for switch system design. The main point of O. J. Page and J. R. Davis for helpful discussions.

this relation is that the device resistance depends
mainly on the total energy input into the wafer and
not on the way is is distributed. In the measure- This work was partially supported by the Dept. of

ments described here, the optical drive is confined to Energy, Oak Ridge Gaseous Diffusion Plant through Union
a region such smaller than the total area of the wafer. Carbide.

If the optical drive is divided among several equiv-
alent areas, and the resistances described individually References
by expression (3) are combined in parallel, it can be
seen that the total resistance depends only on the 1. 0. S. F. Zucker, J. R. Long, V. L. Smith,
total energy input. Dividing the optical drive in D. J. Page, and P. L. Hower, "Experimental Demon-
this way to create a number of parallel paths will de- stration of High-Power Fast-Rise-Time Switching in
crease the circuit inductance and improve the thermal Silicon Junction Semiconductors," Applied Physics
performance by distributing the heat. In addition, Letters, Vol. 29, pp. 261-263, 1976.
performance for long pulses will be improved by re-
ducing the time necessary to reach full conduction by 2. L. R. Lowry and D. J. Page, "Light Activated Semi-
spreading of the plasma. conductor Switches," Proceedings of 1977 National

Aerospace and Electronics Conference, pp. 616-622.
As seen in Table I, the agreeent between the

experimental number for the constant C is not as close 3. J. R. Davis, "A Theoretical Model of Light-Fired
as desirable to the model prediction C'. The most Thyristors," Power Electronics Specialists Con-
major likely factor contributing to this discrepancy is ference Record 197S, pp. 305-312.
scattering of the input light at the rough surface of
the silicon. Qualitative optical views of scattering 4. J. R. Davis and J. S. Roberts, "Ultra-Fast, High-
in similar wafers with both surfaces exposed shows Power Laser-Activated Switches," Power Electronics
that most of the input light remains an approximately Specialists Conference Record, 1976, pp. 272-279.
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IMPROVEMENTS ON TRANSMISSION LINE PULSERS

R. Dollinger and C. Scheffler

Laboratory for Power and Environmental Studies
Department of Electrical Engineering

State University of New York at Buffalo
Amherst, New York 14226

Suiary 1 kV pulses2
. By using mercury globules as the

switching medium, pulsers are obtained with
A series of pulsers have been built that pro- essentially all of the above advantages that can

duce up to 10 kV pulses into 1 to 100 Ohm loads also operate at higher voltages into lower resist-

with rise time of 1/2 to 1 na, durations of 4 1 no to ance loads at high repitition rates with little
1- 100 ns and repetition rates in excess of 10 kHz (or switch erosion.
several megahertz if transmission line reflection
techniques are used). Most of the advantages without
the difficulties of mechanical and solid state
switches can be obtained by using a stream of L
mercury globules to bridge the gap between the two ---

electrodes which are used to discharge the transmis-
sion line into the load or by having a charged
mercury globule discharge into the load.

Introduction

& comon solution to the problem of generating
pulses with nanosecond rise times has been to dis-
charge a transmission line into its characteristic V
impedance. The method of operation is quite simple
and is shown in Figure 1. Initially (t<O), the left
piece o:f coaxial cable is charged to the voltage V T 0
(see the top graph). At t - 0, the switch is closed L
and a voltage pulse of 1/2 V propagates toward the load
and another one to the left which partially discharges DIST
the initially charged line (see the middle graph). The ,
last pulse reflects from the open circuited left end of
the cable and travels to the right (see the bottom
graph). This pulse finishes the discharging of the V
originally charged line and forms the trailing edge
of the output pulse. Thus, the output pulse has at
most an amplitude of 1/2 V and a duration equal to 2L T
divided by the wave velocity. The actual output V/2
voltage and the rise and fall times of the pulse as
well the case of unmatched cables and load will be
discussed later.

Historically, mechanical switches with metal
contacts can discharge a transmission line into a

matched load and produce a pulse with < 
I ns rise- V

time. However, such a switch has inherent character-
istics that limit its performance such as: contact
erosion (i.e. short lifetime), slow moving contacts 2L
(i.e. low repetition rates), limited travel (i.e. low
voltage), and sticking and bouncing contacts (i.e.
prefiring and non-uniform voltage pulses). These FIGURE l. Schematic of transmission line pulsor
difficulties have been substantially reduced by and waveforms corresponding to the opeatio. of
using mercury globules as the switching medium, the pulsar.

Mercury wetted reed relays were often used
as the switch for discharging the line because of
their availability and durability but their low Subnanosecond pulses can be obtained by making

repetition rates 30 Hz) and voltage ratings the initially charged line very short
4
'
5
'
6
'
7  

The

(' 100 V) are rather low . Triggerable pulsers first pulser referenced uses a hydrogen spark to
2
'
3  ~discharge a stray capacitance of 2 pF to produce

can be made using avalanche transiatorsd . 
Ho- 20 to 400 V pulses from a supply of 500 to 2000 Vver, they are relatively expensive, hard to findat r p i io r te up o 80 k zaver.theyat repetition rates up to 80 kliz.

and require 12 transistors in series to produce
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The next two pulsers referenced use a small outer (ground) or the inner conductor of the term-

metal ball or cylinder as the charged line. The inated, 50 ohm, coaxial cable. In order to obtain

ball is electrostatically attached to the charging the maximum output voltage (1/2 V in Figure 1), it

lead and is then electrostatically repelled toward is necessary that the electric field be between the

another lead which is attached to the load, where sphere and the outer conductor only. This is

it discharges. This pulser is designed so that the because the electric field to the inner conductor

electrostatic forces are aided by the bouncing of represents charges on the inner conductor that are

the ball off the surface of each lead. Using neutralized when the sphere discharges. These

nitrogen pressurized to %. 25 atmospheres, this neutralized charges can not produce an output pulse.

bouncing ball generator can produce %, 200 ps wide Typically, the magnitude of the output pulse is

pulses of , 2 kV into a 50 Ohm load with repetition
rates of several hundred Hertz. The last pulser %.1/2 V for V < 100 volts and I/5 V for V > 1 kV.

uses a metal ball that is alternately rotated past
the charging and discharging lead by an insulated
paddle. The advantages of this rotating-ball
generator is that almost any size ball can be used 1 '
and that the repetition rate is variable.

Similarly, a charged mercury globule is used
to produce subnanosecond pulses. The main advant-
age of this pulser over a hydrogen discharge and
the ball generators is the reduced electrode erosion
because a new globule is used everytime and the
increased operating voltage because of the velocity SWITCH
with which the globules move. The repitition rate H f

is controlled by the rate at which the mercury
globules impinge on the discharge leads. The

maximum rate is limited by the velocity, diameter and
spacing of the globules in order to insure sufficient
insulation for the switch.

Construction of Pulsars

The pulsars that were used can be classified
by output pulse characteristics into the three CAL
groups.
1) long duration (. 100 no) pulses into a high FOIL
impedance (50 to 125 Ohms), L L B
2) long duration pulses into a low impedance
(1 Ohm), and
3) subnanosecond pulses.

Of all the pulsars that were built only the construc-
tion details of the three pulsaers that were used to FIGURE 2. One Ohm transmission line pulser.
obtain the reported data will be given.

The first pulsar uses a 1. 6 m length of RG-63
B/U coaxial cable as the initially charged line UT
(see Figure 1). This line was discharged into
another length of cable terminated in 50 Ohms. RU WIDTH

The second pulsar used a parallel place
transmission line with a characteristic impedance
of 1 Ohm (See Figure 2). The line consisted of
2 strips of aluminum foil each 5 cm wide and 6.3 INN
a long that were separated by 2 layers of (4 mil
* 100 pm) polyethylene film. The 1 Ohm load
was made of ten 10 Ohm. 2 W carbon resistors in
parallel ad vwa located at the and of a 10 cm, TO
1 Ohm line. In order to reduce the inductance
of the load, the loop formed by every other /" FIELD
resistor was twisted so that the direction of
the magnetic field of each loop was in the
opposite direction of the magnetic field of the
adjacent loops. To conserve space, the assembly
was wound in an evenly spaced helix on an in- FIGURE 3. Suboanosecond pulaer.
sulated cylinder 33 ca in diameter and 69 ca
in length. The pulser was triggered using
mercury droplets dropped or injected between
the electrodes. As the sphere comes closer to the inner

conductor the unwanted charge on the ier con-

The third type of pulsar had a charged, % 2 ca ductor can be so large that there is essentaiay
diameter sphere that comes into contact with the no pulse produced. Thus, it it important for a
center conductor of a piece of 50 Ohm coaxial cable "spark' to discharge the sphere before these
(sea Figure 3). Also sketched in this figure are the charges build up. This "spark" should not be
electric field lines from the sphere to either the confused with the gas breakdown that cn occur
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between the sphere and inner conductor if the MLFU : 2D XLIS
charging voltage is too high. The "spark"

- results in a desireable pulse with a fast
risetime. It is unclear why the gas breakdown
does not always occur before the sphere comes
close enough to spark. This is especially
puzzling when one considers the low velocity
( I n/a) at which the sphere's move. If
the unwanted gas breakdown does occur it can
be stopped by either increasing the velocity
of the sphere or by pressurizing the switch.
Typically, mercury globules with a velocity about
1 m/s are sufficient to produce 3 kV pulses and
10 m/s globules for 10 kV pulses.

Results

Typical output pulses of the three pulsers just RM WM.- 1Z M
described are shown, respectively, in Figure 4,5 and
6. The oscilloscope traces were all taken with a
Tektronix 519 oscilloscope and wideband attenuators FIGURE 4. Oscilloscope trace of output pulse from
(DC to 10 GHz). The rise and fall times, the RG-63 B/U pulser.
charging voltages, the pulse amplitudes and
the pulse widths are given in the following table.

Rise N iE '0 LTS
Figure Time Charging Fall
Number 10 to Voltage Pulse Pulse Time

90% V Amplitude Width 10 to

(ns) (Volts) (Volts) (ns) 90%

4 1l 45 20 125 •5

5 0.5(10) 1800 400 45 15

6 0.4 16 k 3000 1 0.4

It was found that the location of the power supply
connections to the line to be charged is not critical
but it is often necessary to have a large resistor
in each lead of the power supply as close as possible
to the line in order to obtain a zero level following
the pulse. A better but more difficult way to accom- p WID: 45 ms
plish this is to use optical or mechanical techniques I |
to electrically charge the line between pulses.

FIGURE 5. Oscilloscope trace of output pulse from

For the longer transmission lines the pulse the one Ohm pulser.
length is just twice the length of the charged line
divided by the propagation velocity. This no longer M .: ,000 ]LY
holds true for the subnsnosecond pulsers because
of the fringing field between the sphere and the
outer conductor (see Figure 3). In this case, the
characteristic length of the induced charge on the
outer conductor is used instead of the length of
charged line for calculating the pulse width.

This was qualitatively demonstrated experimentally
by using three different locations of the end of the
outer conductor in relation to the ball. In the first
location, the outer conductor was two centimeters
short of the end of the inner conductor. In the
second position, the outer conductor was even with
the center of the sphere. In the last location, the
outer conductor extended several centimeters beyond
the sphere. For the first case, there was no output
pulse, because the electric field was smll between
the sphere and the outer conductors. For the second
location, the output pulse was less then the width
of the output pulse corresponding to the last - 4 4
location, because the width of the fringing electric
field region (to the outer conductor) was less
in the former than the latter. FIGURE 6. Oscilloscope trace of output pulse fromthe subnanosecond pulsar.
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The fall times should be as short as the rise Variable Delay Double Pulser with Application to

time but can be much longer if the load is not Electron-Hole Plasmas". Boeing Scientific

matched to the cable. An example of this can be Research Laboratories Document Dl-82-0628, August

seen in Figure 5. The unmatched load was also 1967

responsible for the overshoot in Figure 5 and re-
sulted in the two values given in the table for the 2 Arvid Lundy, Joseph R. Parker, James S. Lunford,
risetime of this pulser. The 0.5 no risetime was and A. Don Martin, "Avalanche Transistor Pulser
for the -win pulser, without overshoot, and the 10 for Fast-Gated Operation of Microchannel Plate
n value includes the effect of the overshoot. Thus, Image-Intensifiers", IEEE Trans. on Nuclear Science
it should also be possible to tailor the waveform NS-25, No. 1. pp 591-597, February 1978.
of the pulse by suitably designed mismatching. For
example, the load was removed from the coaxial pulser

used for Figure 4. This resulted in a pulse repiti- Branko Leskovar and C. C. Lo. "Time Resolution
tion rate of 13 MHz. Performance Studies of Contemporary High Speed

Photomultipliers", IEEE Trans. on Nuclear Science,

Conclusion NS-25, No. 1, pp 582-590, February 1978.

The transmission line pulers described in this 4 H. S. Caplan, and D. T. Stewart, "Simple Milli-
paper produce up to 10 kV pulses into 1 to 100 Ohm microsecond Pulse Generator". Jour. of Scientific
loads with rise times of 1/2 to I ns, durations of Instriments, Vol. 38, pp 133. April 191.

< 1 ns to %. 100 as and repetition rates in excess of
10 klz (or several megahertz if trsnsmission line J. B. Gunn, "Bouncing-Ball Pulse Generator",
reflection techniques are used). These pulsers use Electronics Letters, Vol. 2, No. 5, pp 172-173,
a stream of mercury globules to the gap between the May 1966
two electrodes which are used to discharge the trans-
mission line into the load or by having a charged
mercury globule discharge into the load. E. Kunhardt, J. Tardiff and B-R Cheo, "The

Bouncing Conductor Generator", Proc. Inter-
national Pulsed Power Conference, paper VIIID7 pp 1-5,
November 9. 10 & 11, 1976.
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TIME RESOLVED RESISTANCE DURING SPARK GAP BREAKDOWN
William K. Cary, Jr.

John A. Mazzie
Naval Surface Weapons Center
Dahlgren, Virginia 22448

Summary quarter cycle of 1.25ns. With limited energy storage,
efficient operation would therefore require the resis-

The breakdown voltage and the time derivative tance of the spark to fall to a value less than the
of the current through a spark gap terminating a characteristic impedance on a time scale short compared
transmission line were measured as a function of 4 gas to 1.25ns. But except for the pioneering work of
species, 3 gap pressures and 2 gap spacings. From Sorensen and Ristic 3 who investigated nitrogen and
these measurements, the time varying channel resis- helium, there is a dearth of experimental data on the
tance, the power, and the energy dissipated in the resistive phase of a gaseous discharge during break-
discharge cin he determined for the first 1500 ps of down. We have therefore built on their work to measure
breakdown. time resolved resistances for a number of other gases

during breakdown, and this paper reports on those
Data were obtained with a 74 cm long transmission experiments.

line, open at the charging end, and terminated by a
spark gap at the other end. The line was pulse Experimental Methodology
charged with a 2 microsecond risetime pulse having a
maximum voltage of 3kV. The breakdown voltage was Setup
determined by monitoring the charge voltage waveform
while a di/dt probe close to the spark gap provided a Data were obtained with a 74cm long transmission
sampling oscilloscope with the other desired signal. line open at the charging end and terminated by a
The latter waveform was then digitized and the data spark gap at the other end. The line was pulse charged
reconstructed using Fourier techniques on a computer with a 2 microsecond risetime pulse having a maximum
to account for the frequency response of the required voltage of 3kV. The breakdown voltage was determined
signal delay line. by monitoring the charge voltage waveform, whilea di/dt

probe close to-the spark gap provided a sampling
Introduction oscilloscope with the other desired signal. The latter

waveform was then digitized and the data reconstructed
The mathematical theory for the underdamped re- using Fourier techniques on a computer to account for

sponse of an RLC circuit was first advanced by Lord the frequency response of the required signal delay
Kelvin in 1853'. It neglects the resistance of the line.
spark compared to the load, and predicts a logarith-
mic decrement in which the ratio of the amplitudes of A drawing of the transmission line terminated with
consecutive oscillations is a constant. In 1914 John the spark gap is shown in Figure 1. Castall 300 was
Stone 2 pointed out that the energy transfer in a employed as the dielectric material. A two component
high frequency discharge is less than a low frequency ceramic epoxy resin with very low shrinkage upon cur-
discharge because the capacitance used is much smaller. ing, it possesses both a high dielectric strength and
ie argued, therefore, that as one goes to higher and dielectric constant.
higher frequency oscillations, the resistance of the
spark should become more and more important in the The dielectric was poured in place between the
behavior of the circuit. To illustrate the point, he copper pipe and the brass electrode, the latter being
assumed the resistance of the arc inversely propor- centered by a mold at the gap end. This mold also
tional to the amplitude of the oscillatory current, served to offset the electrode (Imm) and to shape the
and showed that this led to a linear rather than dielectric in the gap area. When cured, a gas tight
logarithmic decay. seal was obtained. Because the other electrode was

adjustable, a means of shorting it to the housing
Typical LC generators capable of producing a through a low inductance, low resistance path was

transient discharge ringing at 200 MHz have charac- required. This was obtained by using a ring of copper
teristic impedances of 1 to 5 ohms, and a time to braid with a brass foil insert as shown in Figure 1.

GAS INLET

fill(4 11111
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- -
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FIGURE 1. Transriission line termin4.tecl by spark gap.
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FIGURE 2. Experimental Set-Up.

Brass was chosen as the electrode material because it velocity and the physical dimensions of the transmis-
is cmmonly used in spark gaps and the experimental sion line give a characteristic impedance of 18.53 ohms
results will then be readily available in an appropri- for the frequencies of interest and a line capacitance
ate form for spark gap designs. of 286pF. The gap capacitance as a function of gap

setting was determined by measuring the differential
Figure 2 shows the experimental setup. The capacitance with an impedance bridge.

transmission line is charged through a resistor with
a voltage pulse from a high voltage pulse generator. Figure 3 shows the setup used to determine the B
The charging voltage is monitored with a Tektronix probe constant k, where:
P601S high voltage probe. When the spark gap at the dI
other end reaches breakdown voltage, typically 2 VPROBF it) - k - . Again. an Ikor
microseconds after the start of the.charge pulse, a pulse generator Impedance matchd to the terminated
di/dt wave is launched towards the 8 probe from the transmission line provided a di signal to the probe.
gap.

while the actual transmission line current was deter-
The output of this probe is useful only for mined with a 300 ps risetime coaxial current viewing

about 4.8 ns, which is ;he one way transit time of the resistor. Knowing I and integrating V, the ratio of
line. To display this B signal, it is first used to the two yielded a k value of 2.13x10°1 o ohm-seconds
trigger a Tektronix 7T11 sampling time base, and sub- for the approximately 3me diameter semicircular probe.
sequently delayed by 32 N of cable (so the scope is on) With these parameters known (k, ZO, C, Vbreak), the
before reaching a Tektronix 7S11 sampling vertical probe signal Vprote(t) measured in a given breakdown
amplifier. A 25 ps Tektronix S-4 sampling head used in allows detemination of the time dependent channel re-
the vertical channel provided the risetime resolution. sistance via the equation 3  t
The pulse generator is necessary to provide a fixed k Z0  V(t) dt
repetition rate which allows relaxation of the gap so R(t) - (1)
the amplitude variatiwhs (jitter) of the displayed C Z0 Vp(t) + tVp(t) dt
signal are a minimum. This repetition rate was 500 1
hertz. Because the probe signal Is so important, and

because that signal is delayed by 32 M of cable which
The propagation velocity in the transmission acts as a low pass filter, the attenuation as a func-

line was measured by injecting a voltage impulse from tion of frequency of both this cable and its ancillary
an kor impulse generator and noting the time required cables and connectors was measured using standard
for the impulse to pass between the two i probes. The mi,:rowave techniques. As described later, this atten-
Ikor generator impulse has a frequency content similar uction was then used in a computer program to correct
to the experimental data, and in fact, a similar the probe signal for its frequency dependence. Peasure-
waveform. This velocity was determined to be 44.6% ments also showed there ware no dispersive effects from
the velocity of light in vacuum, which yielded a 100 Hz to 2.5 GHz, beyond which the CW phase measure-
relative dielectric constant of 5.03, as compared to a ment became difficult. The manufacturer claim negli-
manufacturer's specification of 6.0 @ 100 Oz. The gible dispersion thru 9 GHz.
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FIGURE 3. Determination of B probe constant.

Procedure Data Reduction

The spark gap was conditioned for 3 hours at The software schematic in figure 5 shows those
approximately I KHz with a 2 mil gap filled with steps used to process the experimental data of which
nitrogen at 38 psig. Strict gas tight integrity was the previous figure is typical. After photographic
maintained throughout the gas handling system. Before enlargement of the oscilloscope trace to 8xi0 inch
and after a run with a given gap pressure, spacing, or size, its information content is entered into the
gap species, a vacuum of 20 millitorr was pulled on computer program by manually digitizing closely spaced
the system, and repeated flushing were performed when sequential points along the wavefrom to produce an
switching gases. The narrow gap spacings used for ordered set of digital x, y coordinates. Figure 6
this experiment, 1 and 3 mils were chosen because of shows a data picture with significant amplitude jitter
power supply voltage limitations. For valid results, which had to be manually smoothed so it could be enter-
these spacings required accurate adjustment. This was ed for data reduction.
done to +3um using a dial guage on the adjustable
electrodi with the gap pressurized to the pressure of
interest. The closed gap zero from which the distance
measurement was made was determined by monitoring the
charging end voltage when a pulse was applied.
Repeated excursions about this zero point showed some
slight hysteresis on the order of +2um. The dial
guage zero thus set, the gap was opened to the desired
setting, and the H. V. pulse generator output set such
that breakdown occurred typically at the 2 microsecond
point on the charge curve. After the gap parameters
stabilized (about 3 minutes), voltage and B probe r
readings were taken. Figure 4 shows a B probe signal

as seen by the sampling scope for nitrogen gas at
50 psig and a 3 mil gap. FIGURE 6. B probe signal, Hydrogen gas,

3 mil gap, .5 psig.

To sample the digitized data at precise intervals
for Fourier transforming, a sliding linear averaging
and interpolation algorithm was written. It determines
the time location of each sampled data point and then
determines the height of each point by looking at the
two adjacent existing data points on each side. By
projecting straight lines from a combination of these
points through the sampled point time coordinate and
taking an average. the sampled point height coordinate
is calculated.

At this stage, the sampled data represents the

measured 0 probe signal. To remove the delay line
effects, the measured probe signal is FFT'0, combined
with the time invariant delay line characteristics to
remove the line's frequency dependent attenuation ef-
fects, and then inverse transformed to reconstruct a~corrected B probe signal.

FIGURE 4. B probe signal; nitrogen 
gas,

3 mil gap, 50 prig.
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FIGURE 5. Software Schematic.

To avoid aliasing, the Nyquist frequency of 10 species, 3 gas pressures, p, and 2 gap spacings, d.
GHz was chosen, mandating a sampling interval of 50 ps. The gases were nitrogen, argon, hydrogen and a mixture
A total of sixty-four sampling points was chosen to of 95% argon 5% hydrogen. For each of the gases,
give sufficient data sampling and accuracy without an measurements were made ci) with the gap spacing Set to
excessive number of data points to be plotted. Freq- 1 mil and to 3 mils, and (ii) with the gap pressurized
uency leakage effects, caused by non-zero data at the to .5, 25, and 50 psig. Resultant pd's in the gap
start and end of the sampling period" were eliminated ranged from 2 to 25 torr-cm, while the electric fields,
by the manner in which the experimental data was E. ranged from 158 to 669 kV/cm, ind E/p varied from
entered, namely zero fill. 0.05 to 0.85 kV/cm torr.

With the measured data FFT'D, the real and The measurements in nitrogen were made to check
imaginary amplitude components were next corrected by agreement with the data of Sorensen and Rlstic 3 , but
accentuating them the same amount they were originally an important difference was evident between the two
attenuated at each frequency. From 100 Hz to 4.5 sets of data. Their results, published for a 3.94 mil
Ghz, that attenuation was basically linear with gap pressurized to 94 psi in which E - 0.08 kV/cm-torr
frequency and the VSWR was low, so that the correction p
was essentially a real function. Above 4.5 GHz, the show a time dependence which is inversely proportional
VSWR was high and the attenuation became much higher. to time cubed. Limitations of our high voltage pulse

generator precluded breaking down such a gap so
Since the inverse FFT operation is of the sam pressurized, and we were forced to work with a 3 mil

form as the forward ones . the sam FFT subroutine was gap pressurized to 50 pslg, for which the correspond-
then used to construct a resultant time ordered A ing E number was 0.092 kV/cu-torr. While these E
waveform from its corrected frequency ordered crponents. P P
Using the trapezoidal rule, the reconstructed ? numbers are comparable, our gaps withstood a slightly
signal is next integrated and equation (1) subsequently higher field.
evaluated to determine the time dependent spark gap
resistance. If the resistance R during breakdomm varies with

the time t as Rt-m , then a plot of the data on log
Results paper should produce a straight line with a slopeequal

to the exponent m, or a series of straight line seg-
The results presented are from an ongoing ments having differing slopes which are indicative of

research program. There is a general agreement with changes in that exponent corresponding to changes in
other published work, but there is also some devia- the time dependence. On such a plot, the data of
tions. These are now being investigated. Time Sorensen and Ristic would appear as a straigt line
resolved resistances during the first 1500 ps of with a slope of 3 over the time scale of interest. For
breakdown were determined as a function of 4 gas comparison,. our results in nitrogen are shown in

Figure 7.
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The topmost of two curves in that figure corres-
pond to .5 psig of nitrogen in a 1 mil gap (dots) and I0
in a 3 mil gap (squares). The lower two curves in
that same figure correspond to 50 psig of nitrogen A R GAS
in the I mil gap and the 3 mil gap. The curves
suggest that the higher pressure discharges approach
the milliohm levels more rapidly than the lower
pressure discharges. The curves also indicate that
a number of different time dependences are operative
in the discharge over the time scale shown. It is 3 ?a
not known why this result differs from that of Soren- K UP
sen and Ristic below 800 ps, but the agreement after-
wards suggests at least some degree of consistency. 10 : P . "o
The non-identical pressure and spacing, however,
hinder direct comparison.

New data were acquired in other gases. For U
clarity a number of curves which would otherwise •
overlap have been omitted. Figure 8 shows the
resistance versus time curves for Argon in a 1 mil •
gap at 25 psig and in a 3 mil gap at I psig and 50
psig. The corresponding E value is 0.534 kV/cm torr.

p U
For a given pressure and gap spacing, it would appear 1.0
that argon approaches the milliohm level more rapidly
than nitrogen.

The resistance curves for hydrogen in a 1 mil 
5 MP

gap pressurized to 1/2 psig and in a 3 mil gap

pressured to 25 psig are shown in figure 9. The
corresponding E values are 0.826 kV/cm-torr and 0.076

p
kV/cm-torr, respectively. Figure 10 shows the resis-
tance curves when argon is mixed with hydrogen in a
95%/5 ratio. The curve for a 3 mil gap at 25 psig ..
(not show) is virtually coincident with the lower 0.1 1.0 10
curve. I[ (NS)
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HIGH POWER SWITCHING CAPABILITIES

T. Surkes, M. Kristiansen, W. Portnoy and M. Hagler

Department of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409

Summary meaning of the expression "the state-of-the-
art" varies with the user. The achievement of

Various high power switches are compared a particular voltage and current combination
with regard to their capabilities in terms of may serve to define the state-of-the-art if this
maximum hold-off voltage. peak current, pulse happens to be the first time this particular
repetition rate, current risetime, coulomb data point is achieved. However, for mature
handling capability and lifetime. The specific switching technologies, the extension of a par-
switches considered are thyratrons, silicon ticular parameter(s) must be balanced against
controlled rectifiers (SCR's), vacuum tubes, others so that a certain overall level of per-
ignitrons and spark gaps. Information fur this formance is achieved. For instance, in thyra-
study was obtained from the open literature. trons, the switch parameters 'peak current,

Emphasis is placed on a switches capabil- peak voltage, repetition rate, etc.) are bal-
ity to handle rated voltage and current simul- anced so that a certain life expectancy can be
taneously. The resulting repetition rate and achieved. Thus, it is necessary to choose a
etc. imposed by operation at maximum voltage consistent set of operating conditions (where
and current forms the basis for comparison, possible) in order to compare the date. The
If incomplete information was available to rational used to obtain the data in this report
allow calculation of the comparison parameters, is described in the next section.
those parameters were sinply deleted. In some only the information found in the open
cases, data describing an experiment or test literature and manufacturers' data sheets is
was used. The accumulated performance of the utilized (except in some spark gap cases) in
particular switch under test is utilized even the present report even though the authors
though the life data may be incomplete, are aware of experiments in various labora-

The resvlts indicate spark gaps, an ex- tories that have not yet been published. Al-
pected, are capable of greater voltage and cur- though, it is unlikely that all available
rent than other tvpes. Solid state devices literatuye data has been found, sufficient in-
have more coulomb handling capability because formation seems to have been gathered to define
of their high average current capability and the state-of-the-art in high power switching
loiq life expactancy. Vacuum tubes and thyra- in a reasonable way.
trons also move large amounts of charge through-
out their limited life but at hioh currents, Data Base Rationale
high rates of rise and significant pulse repe-
tition rates. Tho capabilities of ignitrons in The set of parameters chosen for evalua-
short pulse service is not well established. tion here are maximum rated voltage, peak re-

petitive current, current rate of rise (di/dt),
Introduction pulse repetition rate, Coulomb transfer per

shot, total number of shots in expected life,
New developments in high-technology areas, and the total Coulomb transfer throughout the

such as lasers and fusion, often require elec- expected life. The data used in this evalua-
trical switching capabilities beyond what are tion is presented in Tables 1-5. Each entry
.urrently available. Each new requirement may represents a particular device performance
result in new switch studies and development under a specitic set of operating conditions.
programs devoted to a particular application Note that not all parameters were available
and consequently to a narrow region in pars- for each entry.
meter space. Few studies however, have con- Because switches can be operated to en-
sidered broad areas of high power switching hance one particular parameter at the expense
and the general comparison of various switch- of others, it seems reasonable to choose a
ing technologies. This paper is a partial sum- common set of parameters and operating condi-
mary of a study effort currently under way at tic.is were possible for all switch types so
Texas Tech University to define and evaluate that easy comparisons can be made. For in-
the state-of-the-art for high power switch- stance, life expectancy in spark gaps and igni-
ing in general. trons is usually stated as a number of opera-

The types of switches described here are tions or shots under somf. set of conditions
limited primarily to thyratrons, spark gaps, (voltage hold-off voltage, peak cutrent, and
ignitrons and silicon controlled rectifiers Coulomb transfer) whereas the life of vacuum
)SCR's). Other switching concepts, not as tubes and thyratrons is usually expressed as
mature as the aforementioned ones, will be dis- a number of operating hours (usually 10 hours)
cussed in a later, more complete report.) The and the life of solid state devices in years.
emphasis is on "closing" rather than "opening" In all these devices the life expectancy can
switches. The vacuum tube is the only concept be increased by reduction of the operating
discussed which clearly qualifies as an "open- stress, i.e., lower voltage and current nd
ing" switch. Also, operation under "square Coulomb transfer or pulse width, as well as
pulse" conditions is utilizeO where data is a reduced rate of current rise. This is oen-
ivallable. Data on operation as phase control erally true because of lower energy dissipation
devices are not included in this evaluation, in the switch.

A meaningful and fair comparison of com- For thyratrons, the set of operational
peting switch technologies is difficult. The conditions are simultaneous operation at rated
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voltage and pulsed current, operation at rated the turn-on efficiency of the device. The
average current and pulse repetition rate de- dI/'dt value for the LASS devices were obtained
termined by the anode heating factor and a from pulse risetimes and peak currents. No
10,000 hour life. From this set of data it is lifetime data were available for any of the
relatively easy to calculate the required set tabulated devices, but it is to be expected
of parameters (Table I). In some cases, it that they will have the very lorg lifetimes
was fo ind that this procedure resulted in in- (in the order of 20 years) generally associated
consistencies with other operating parameters with semiconductor power devices.
such as the rms current, etc. However, suffi-
cient consistent data were found for the pre- Results
sent purposes.

Vacuum tubes are somewhat more difficult Figure 1 shows data from Tables I-V on
to evaluate. Little information was, for in- rated hold-off voltage versus peak forward cur-
stance, found on di/dt. This is because di/dt rent at that voltage. As expected the maximum
is a function of the drive power one is willing values occur for spark gaps. It also shows
to invest for a part~cular tube. A pulse width that spark gaps ignitron and SCR's tend to be
limitation was stated in several cases. The lower impedance devices than vacuum tubes and
data shown in Table II were derived by postu- most thyratrons. Figure 2 shows the total Cou-
lating operation at rated voltage and current, lomb transfer through the switch versus life
maximum pulse width and rated anode dissipation. time expressed as the total number of shots
A 10,000 hour life was assumed. Some of the obtainable. The best device in this regard is
tubes are developmental types and only incom- the SCR but little data are available and the
plete data were available (Table II). expected life is so great in comparison to the

Ignitrons are mostly rated for crowbar and other devices as to be off scale in Fig. 2.
ringing capacitor discharge service. A very After SCR's come vacuum tubes in their ability
limited life results from such operation (1000's to transport charge. Thyratrons can be ex-
of shots) and manufacturer's data tend to be 8 9
very conservative. It is well known that the pected to transport 10 to 10 total Coulombs
ignitron life in rectifier service is many years.with greater than 1010 shots. Spark gaps and
However, this type of operation is not within ignitrons are next. Ignitrons are not usually
the present meaning of "high power switching." operated in a manner similar to thyratrons but
Some data are available on operation of igni- when they are, respectable performance is ob-
trons in high repetition rate, square pulse tained. Notice that, as expected, devices with
service and these data were included. Other- longer lifetimes transfer the most total change.
wise, the data supplied by manufacturers on the The total Coulomb transfer capability
crowbar or capacitor discharge operation form shown in Fig. 2 gives, of course, no inclina-
the data base (Table I). tion of the rate of charge transfer. Thus, the

Spark gap data (Table IV) are particularly charge transfer per pulse versus pulse repeti-
difficult to compare since most spark gaps are tion rate is shown in Figure 3 and the peak
individually designed and built by the user repetitive current versus repetition rate is
for a particular application. As a result the shown in Fig. 4. The general fall-off in
gaps are also usually tested in a limited pars- charge transfer per pulse at high rep-rates
meter range for the given application. Many results from device heating limitations and
lifetests for instance, have been terminated for the reduced pulse width possible at high
before the device actually failed because there rep-rates. Figure 4 would be identical to
was no need at the time for longer life or be- Fig. 3 if the pulse lengths were the same for
cause there was no funding for continuing the all devices. Notice that vacuum tubes are
test. As a result it is felt that the indicated capable of considerable Coulomb transfer per
lifetimes for spark gaps are quite conservative, pulse but the repetition rate is low (Fig. 2)
The few manufacturer's specifications that exist and a low peak current (Fig. 3) implies long
for spark gaps are generally uninteresting in pulse operation. By reducing the pulse width
that they usually describe rather low performanceor Coul/shot much higher repetition rates can
devices. The information used in this paper be achieved.
was gleaned mostly from conference papers and Figure 3 shows only a modest Coulomb/shot
technical reports supplemented by interviews capability for thyratrons because operation
were obvious holes in the data base existed. at maximum current (Fig. 4) is assumed. Re-

The SCR data (Table V) were obtained from duction of the peak current will allow a con-
manufacturers' data sheets for high power in- siderable increase in pulse width allowing for
verters; phase control devices are not included, a much greater Coulomb/shot capability.
VT represents the repetitive forward or reverse The di/dt versus the peak current and
blocking voltage. The peak current, I., is maximum hold-off voltage for the various

switches are shown in Figs. 5 and 6. The char-
the maximum peak current obtained for a tra- acteristic turn-on time, -I /(dI/dt), for
pezoidal pulse with a leading edge ramp of t d
100 A/usec. The maximum values of dI/dt (shown the devices described in Fig. 5 generally seems
in parenthesis in Table V) for these inverters to decrease as the peak current capabilities
are based on dissipation constraints, and, ex- increases. Although vacuum tubes seem capable
cept for the lowest value, which was obtained f reaching their peak rated current somewhatrepeitiely(a uroean estconitin),ar: faster than the other devices, spark gaps showrepetitively (a European test condition) , are tegets aaiiyfrcmie pe n
non-repetitive values. The remaining data were the greatest capability for combined speed and
obtained from the open literature. VT for the peak current. Little data were found on di/dt

capabilities or limitations of ignitrons. Also,,-
RSR is the forward breakover voltage; the values the di/dt capabilities of vacuum tubes is a (
for the LASS devices are conventional SCR block- function of the drive capabilities as pravious I
ing voltages. Pulse shapes for these data were mentioned and little actual data were founA.
more or less rectangular. dI/dt for the RSR The di/dt limitation of thyratrons is to
was measured repetitively, and is related to a degree, determined by the application. At
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high repetition rates and high di/dt operation, J. E. Gruber and R. Suess, Proc. 6th Symp. on
considerable tube heating may occur and the Fusion Tech, Aachen, FRG., Sept. 1970.
life of the tube is thus reduced. However,
sufficient data was found to say that reliable "A 250 Coulomb 40 kV Spark Gap," E. E. eishop

operation from 104 to 105 amperes/microsecond and G. D. Edmonds, Proc. 5th Symp. on Fusion
can be expected for most commercially available Tech, Oxford, U.K., 1968.
devices.

Spark gaps have been tested in short-cir- Arc Voltage of Pulsed High Circuit Spark Gaps,"
cuit discharges and shown to have extremely T. E. James and J. L. Browning, Proc IEE Gas
high di/dt. Generally, spark gaps can be de- Discharge Conf., Sept., 1970.
signed with multichannel discharges to provide
such a low inductance that the current risetime 'Statistical Performance Data for a High Current
is limited by the load rather than the switch 60 kV Spark Gap Switch," R. A. Burder and T. E.
itself. Many spark gaps with liquid or solid James, Proc. 7th Symp. on Fusion Technology,
dielectric media also have spectracular per- Grenoble, Oct., 1970.
formance characteristics in single shot service
but it is difficult to envision how one can ex- 'Gas Cooling and Electric Strength Recovery
trapolate these parameters to rep-iated service. After a Spark Discharge," E. P. Bel'kov, Soviet-
The data presented here are, therefore, mostly Phys.-Tech. Phys., 16, 1321 (1972).frgsfilled gaps except for one vacuum gap
for gas ille ga. "Multimegavolt Modular Study," J. J. Moriarty,
listed in Table IV.

H. 1. Milde, J. E. Hipple, RADC-TR-70-107.
Conclusions

"Multichannel Spark-Gap Technology for Staged
This paper presents data for thyratrons, Theta Pinch Machines," W. H. Borkhagen, et. al.

SCR's, vacuum tubes, ignitrons, and spark gaps
operating at maximum hold-off voltage and the
maximum rated current under that condition. 'Explosive Erosion in stromstarken Funkonentlad-
Generally, spark gaps permit larger hold-off unge, K. Schonbach, Zeitsch Angew. Phys., 32,
voltages and higher peak currents than other 253 (1971)
devices. Spark gaps, SCR's and ignitrons seem
to offer the lowest impedance (Vhdldoff/Ip). Ignitrons:

"Professional Electron Tubes," Abridged Data,
Vacuum tubes, thyratrons and SCR's presently G.E.C. Electronic Tube Company Limited, 1976/77.
last longer than the other devices and hence
provides a larger total Coulomb transfer. Fred Vorwerk, "Evaluation of the Z-5233 Igni-
Spark gaps and SCR's usually provide the lar- tron," Technical Report. ECOM-2512.
aest charge transfer per pulse for repetition
rates greater than 100 per/second while thyra- G. Gronner, J. Murray and S. Duritt, "Ignitron
trons seem to offer higher peak currents under Long Pulse Testing," MATT-1104 Jan. 76, Plasma
these conditions. Vacuum tubes currently have Physics Laboratory, Princeton University.
the shortest turn-on time (-=I (di/dt)). The
relative merits of these devicEs are likely A. Booth and J. Holliday, "High-Voltage Mercury-
to change as a result of further development Arc Switch for Heavy Current Pulse Duty," Pro-
in device technology. ceedings of IEE, Vol. 110, Nov. 63.
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TABLE 1. Thyratron Data TABLE IV. Spark Gap Data

VT di/dt OT NT 0 fr VT Ip Wt QT ST 0 f,

S 7a C0u) 0)) , -s

50 80 2(10') 9(10w) 1.35(
10
0) 6,7 1(l

-
) (5V LA A/s Coul. co35. pp

so 5 10 4 2.B0108) 5.76(1010) 5(10-
3
) 1.6(103) 120 25 25(103) ,.14(106) 2.6(10 ) 53)10-

3
) 2 - 5

so 12 10
4  

4.32( 1 0
C) 1.0 1010) 2. h(102) g 54 1 200(103) 103 '105 .1 (10 3)

120 t 105 2.16(108) 0.7 (1010) 3.0(10
-
2) 1 94 100 100 10(10) -108 106 100 5(10 1

90 4.0 240(10"3 210 *.

160 105 2.16(10k) 0.52 (1010) 4.1 (10
-
) 14 9 0 4.5 20uo1a

S 5(107) S0(10
"
I single

40 a0 104 5.4(10 8) 1.0(1001 3120
- 2

)1 Soo00m shot

25 1 silo)3 4.5(107) 7.2(1011) 6.2(1051 20(103) 240 43 9

44 44 2 (104 ) 2.2 106 , 5 (106)1 .44 125 60 30 1. 1 04 5 1 3 ,60 340 4.510) S)

44 11 2(104, 1.1(106) 5(106) .22 250 60 Go 2.1(104) .7(106) 2(106) .35 .1

260 2 10 4 125 Soo 4(106) SU13, 5(1031 1

60 6 360(10
3
) 200 -*

80 1.2 100 .

80 
.56 200

60 .4 .29 400 *

00 .24 S00 *

20 
.56 SO0 *

60 400 -2(1051 1.3(1061 1.6(105) S .13

60 103 s0

TABLE 11. vacuu Tube Data 45 400 -4(10
S )  

13(10 3 30 1/60

40 750 103 so

V
7  1; di/dt 9T NT fr0V-Ap mp.e. Co. shts )ouiiiq:pp *s~ge atot 8±/it)

Sacvuv gap vith replaceable electrode

40 350 1.1(10 1.44(109) 4.1(10104) * (d8/dt an 2, nde ort C COt dtiB)

200 225 s aynthetic testing

G$ Soo 1. 205 .921209, 3.6110 11, 6(10- 3, 104

75 2 KA 1.S(1050 7.2(10e) 3.6(108' 2 10

6S i.2KA 2.6(10') 2.16110 5 120 .006

320 30

200 200 
TABLE V. SCR Data

100 o 90 D.C.

VT IP di/dt T T Ns fr

V kA A/usec Coul shots Coul/shot pps

1.3 1.8 100(200) 18 50

1.3 10.0 l008so0) 0.5 218

2.2 10.0 100(800) 2.1 60

1.2 5.0 2500 0.1 250

2.0 10.00 1.1x106 0.001 1000

TABLE Ill. :gnitron Data 2.0 24.0 4.O104 .96 1000

VT 2p dl/dt QT 
0

T Os f0

VT - kA. .u. pps

25 300 2(1051 103 200 2/min

50 15 .5(10 
S
) 10 3 15 2/min

50 65 
103

25 100 400

75 60 120

7S 10 45

35 1.1 1.261106) 4.5(100) 2.78(1031360

30 75 2.25(105) 2(10 ) 11.25

25 s0 200 400 .2

" 21 1.7 104)

35 7.4 2.86(106) 1.3(108) .0222 60

177

A l



10

a Thyrula

AC VuNi lkn0 om~

5CR

10 Ip 0a A M M ?

I0* a

0 0

0 a % qI 

- AA a
00 4-0

10 3 
0

0

02 0 0
4 o10 10

P .C AT D PF MA o c JN flE(Nm ue ) d.4[ .. .

Figure 1. Peak Hold-off Voltage vs Peak 1 Io IQo t
4  tos

Forward Current m r u tebmws

Figure 3. Charge Transfer per Pulse vs
Rep-rate

1 0 W

os

A Vess 11

x 0"

107~

9I3 A4 o w A

V" 0" WV fPto' A

Figure 2. Coulom Transfer vsi Life

• 176lo. . .. , _ .,. .e.. .. . . . .

.... . .to t1 . .. .. . .. ... • .. . i. . .. .. .



o Thyot oM

6 va . Tub".

j £ Vg 1*a

tot Ide 0PI "M

6 MM

7 me

00

1O 10 ~ 10 2 .1

REPETITION RATE (p~I4/Ita04)

Figure 4. Peak Pulse Current vs Rep-rate

lEAg 105-O W9~

top 0 v. Figure 6. Current Rise Time vs Peak Hold-off
8w* Voltage

050

103.

0 2 00 105

(PtAK M0NWAN CURN (IM

Figure 5. Current Rise Time vs Peak Current

179



A 100 K , 80 AMP. LONG PULSE SWITCH TUBE

Sterling G. McNees
Varian EIMAC Division
San Carlos, CA. 94070

A high power vacuum grid tube has several charac- Electrical Ratings
teristics which make it ideally suited for repeated DC
high voltage, high current, interrupt applications. Pulse Modulator 2__ 206?K
It has no moving parts, no arc quenching problems, Filament Voltage 12 12 V
adjustable current limiting in the case of a shorted Filament Current 660 660 A
load, and the ability to dissipate power. This Interlectrode Capacitance
latter feature can be used to advantage to pre-program Can 770 770 pf
any desired dl/dt during the turn "on" or turn "off" Cout 75 65 pf
interval. The'ability to handle large amounts of dis- Cgp 4 3 pf
sipation during the "on" cycle permits the high vacuum Csk 40 40 pf
power grid device to be used as a voltage regulator; Csg 480 480 pf
a very attractive feature when constant voltage over DC Plate Voltage 100,000 120,000 V
the load is required as in neutral beam sources. DC Plate Voltage During

The power grid tubes described here have 100 KV Conduction Phase 3,000 3,500 V
and 80 Amps. DC ratings and typically operate at 97 to OC Screen Voltage 2,500 2,500 V
98 percent efficiency. They require approximately Peak Cathode Current 90 90 A
2S KW of auxilliary power for filament and driver Plate Dissipation (Average 300,000 400,000 W
circuits. during Pulse)

The design of a power grid vacuum tube involves Screen Dissipation (Average * 3,500 3,500
many compromises between many more or less independent during Pulse)
variables. In the case of a switch tube this means in- Grid Dissipation (Average
creased spacing between plate and screen for voltage during Pulse) 1,500 1,500 W
holdoff, an output seal which minimizes voltage Pulse Length Infinite Infinite
stresses across the ceramic, and a long pump and age
schedule to clean up and condition the many surfaces *For long pulse, screen dissipation is usually the
within the tube. limiting factor.

The X2062J and K described here are water cooled
power grid,.tetrodes. These tubes are part of the Note that the only major difference in characteristics
4CV25Q,000 family and there are over 120 active opera- between the two tube types is the point where Platetin soket. Te tbesareshon i Fiure1.Current saturation occurs. At 80 amperes this is at
ting sockets. The tubes are shown in Figure 1. 1.5 KV Plate Voltage for the X2062J, but for the 'K

with it's increased anode spacing, tAis voltage is in-
creased to 2.2 KV. The lower this voltage the more
efficient the switch tube. Unfortunately, lower

rating. The output spacing for the X2062J is 2.3 cm
and for the X2062K 3.3 cm.

FIGURE 2.

COWA ? OFANl C"A9*CTMN51CS

aWoL *OLThIK me V

0 I

The X2062J is approximately 30" long and 14", in - - -

diameter and weighs 100 lbs. The X2062K is 36" long, MCI
17" in diameter and weighs 180 lbs.

The electrical ratings are given in Figure 2 -
and the characteristics curves in Figures 3 and 4. 1

• 00e t1 9 19 ISt

fLtE V013006 -E WOS

FIGURE 3.
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The vAcuum and aging processes are perhaps the
,HRmOCAmaM most important operations in guaranteeing reliability

, in the user equipment. Vacuum pumping is a lot more

than just removing the gas. All surfaces tend to
too Mgive up or absorb gases. During the pumping process

conditions are set up so as to favor quick desorbtion

of gases and since different gases behave differently
0 -- this is not a straightforward procedure.

__________ _ The finished switch tube has a vacuum of 10-9
o- -" Torr. If the finished tube is to have long life with

, few arcs, there are theoretical calculations which
___-,oo- ___-_'__"_ _.........__,,o indicate the partial pressure of C02, CO. "20 and CH4

-. -o should be less than 10-20 and 02 less than 10-40 Torr.
-. - _Although the literature is voluminous the nature of

too- voltage breakdown in vacuum is, at best, poorly
understood. It is reasonable to assume that as we
learn better processing techniques the voltage ratings
of switch tubes will increase without increase in size

"0o-.. . . . . .- , or cost.
0 So far, the remarks have applied mostly to

PLATEvOLTAGB-KILDVOLTS points inside the tube. another area which needs
FIGURE 4. special attention is the insulator and vacuum seal,

usually called the output seal. One solution for the
output seal problem is to make it big, but, for a
number of reasons, such as expansion and tolerances,
this is not practical.

In Figure 5 an output seal typical of what is
used in small tubes is shown. This is unsatisfactory
for high voltage. The voltage gradient tends to be

One of the nice features of a tetrode is the fact concentrated at the plate or high voltage end a prob-
that plate current is substantially independent of lem made worse when the effect of the dielectric con-
voltage drop. This means that in the event of a load stant of the ceramic is considered. By adding the
arc the current will increase only about ten percent corona rings, Figure 6, the concentration of the field
above what the switch tube was programmed to pass. at one end is corrected but a new problem is created.
With this characteristic minor vacuum arcs will clear The equal potential lines are now no longer normal to
without recourse to an interrupt, the ceramic surface. This is dangerous because of the

Looking at the characteristic curves observe low voltage gradient along the surface of the ceramic
that screen dissipation increases with increased which makes an ideal place for the buildup of a nega-
screen voltage and a given plate current. In general, tive charge. This charge comes from stray electrons
for long pulses in particular, the screen voltage emitted from the negative surface and when it gets
should be so adjusted as to give the required plate large enough a punctured ceramic results.
current at zero grid voltage.

Since the X2062J and "K" are derived from tubes
intended for RF communications the turn "off'and "on"
can be done in nanoseconds if necessary, but in gen-
eral much slower rise and fall times are dictated in
order to avoid ringing and the danger of tube over-voltage.

Both the X2062J and "K" can be used as program-
mable power resistors. The X2062J has a continuous - .
300 KW dissipation rating and the X2062K 400 KW.
These arE average ratings for short pulses - the peak / .------- ---
power may be much higher. The dissipation ratings I 1' ii
give the circuit designer flexibility in the event ,
that pulse shaping or voltage regulation are design I
requirements. II

Finally, no section on ratings and performance
is complete without mentioning tube arcs. Any high ' ,1
voltage, high vacuum device will generate an arc I
sometime and if damage to the tube is to be avoided -0%

then special provisions are required. It is conveni- \
ent to divide arcs into two classes - those generated so
by a malfunction within the tube and those simply
caused by serious overvolting, such as caused by -- -- 0o
ringing. Fault detection usually depends on a current
sensing device sometimes augmented with a differentia-
ting device for high rates of current changes. If a
tube arc occurs it is mandatory that the voltages be
removed quickly. If this is done within 20 usec then TYPICAL CERAMIC SEAL
there is usually no physical damage or gassing in the FOR LOW VOLTAGE TUBE
switch tube and operation can resume immediately.

Fig. 5
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______The switch tube requires a driver and since It
- .. .-~is usually located at high potential it is desirable

- that it be as compact as possible. A possible driver
_ ~circuit is shown in Figure 8. The low value of 100h

for the X2062K grid is for stability. Such a value
will make oscillations difficult and minimize ringing.
The driver tube should have a high transconductance.
The 8990 meets this requirement. An 8875 is used to

I drive the 8990. It is operated in a zero bias modeIj requiring a 10-15 V pulse. At this point solid state

and electro-optical isolators can take over.

i' Ii_90 %o
... .. X2O~i---- so

- - -~ ~ 00KvX2062X

" 10 IOO%

TYPICAL CERAMIC SEAL ,,Ls -, - Lv -, 5KV 0
DESIGN FOR HIOH POWER TUBE -A

D
.11. 20AISOO&I soo

Fig. 6 400Vs

In Figure 7 the ceramic is moved out and a
double corona ring arrangement is used at the positive
voltage end. The larger spacing keeps the equal po-
tintial lines near normal to the ceramic surface. The DRIVER CIRCUIT

small corona rings close to the ceramic serve the pur- FOR

pose of shielding the metalized edge of the ceramic -
a region that often has sharp points. The external
corona ring spacing is such that in the event of an Fi. a
arc the breakdown is between them and not across the
ceramic surface. Designs of this type have been
successfully used up to 200KV. This direct bootstrap circuit required four

floating power supplies. The plate supplies must be
suitably bypassed for the shortest rise and fall time
desired. Fall times are dictated by the characteris-
tics of the load. A fast turn off of the switch
tubes does not necessarily mean fast removal of volt-
age from the load.

The X2062J and "K" are vacuum tubes which areavailable today to solve the problems of switching
/- . .off and on high voltage DC quickly and frequently, as

, . . .well as providing regulation. We do not feel that
I this is the end of the switch tube design, but

I (rather a beginning and future tubes will have both
Ii I I1'I higher voltage and current ratings.

I. ll II15 u1I
"'I I I ",

- / -- 10

CERAMIC SEAL 0lleN

FOR HIGH VOLTAeE

SWITCH TUSE

Fig.?7
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LONG PIJLSE HI EF.FCIENCY SWITCH TUBE DEVEWDPM T

Albert F. Morreall

Thermionics Section

Surveillance Technology Branch

Surveillance Division

Rome Air Development Center

Griffiss AFB, New York

Sumr_,

A high power linear beam tetrode switch tube beamlets that form the electron beam. A nickel
was tested and evaluated at RADC's High Power shadow grid is aligned with the dimples to mask
Laboratory. Utilizing the device as a series the emission directly behind the control grid wires
modulator for a klystron amplifier, parameters in order to minimize grid interception. The electron
attained were 12C X' video output at 0.05 duty cycle Deam converges and flows through the anode hole as in
with pulse lengths up to 300 microseconds. Measure- a gridded klystron gun. When the beam traverses the
ments of efficiency, collector depression, per- anode to collector space, the collector is depressed
veance, control grid interception, anode (screen toward cathode potential causing an equivalent current
grid) current and collector dissipation were to flow in the diode load. (Earlier work had
performed. The ability to control the pulse width established that the optimum anode-collector con-
and shape was demonstrated at a variety of voltage figuration was a mirror image of the electron gun-to-
and power levels. These results indicated that anode region. A central probe was placed in the
operation at 140 KV, 100 amperes at 0.06 duty collector to compensate for the absence of the
could be achieved with an appropriate load tube. cathode button. Also, the collector is fly-trapped

to capture a portion of the returned electrons that
T"his switch tube was designed and fabricated otherwise would flow to the anode).

by Varian Associates under RADC sponsorship. Details
of the advantages of this device and of Varian's For maximum efficiency it is necessary that the
prelininar,' testing are covered, i. addition to load impedance be slightly less than the impedance
MAX's extensive evaluation, formed by the electron gun in order that the voltage

on the collector is slightly less than the beam supply
Background voltage. The perveance of the electron gun is variable

with grid drive in the region between 1.5 and 2.0 x
During the mid and late 1960's. efforts were 10-6. A thermionic diode load is ideal since the

pursued by the Department of the Air Force to develop constant perveance feature makes the load impedance
a super-power beam type switch tube. This work was match the switch tube impedance at any voltage up to
performed by Varian Associates and was supported the rated limits. The degree of collector depression
primarily by RA= and MIT. Early models of this allowable without reflecting electrons to the anode
device were capable of 200 XV hold-off voltage and determines the switch tube drop and therefore, the
could provide 14C KV, 95 amp pulses at approxi- efficiency of the modulator.
mately 20 usec. Favorable measurements of grid
emission, field emission, arcing, grid interception Advantages
and cathode activity demonstrated the feasibility of
operating a gridded gu, in a high voltage environ- The unique features of this device are:
ment. However, the electronic performance of the
gridded gur. was below expectations in terms cf gain, (a) the non-intercepting control grid.
a:nd beam tansmission through the anode was only

about 8C percent. Later versions of the tube (b) the convergent beam passing through a
exhibited increased gain but were still severely single hole in the anode.
lir.ited in efficiency and duty cycle (approximately
80 percent and 0.001 respectively). Reports of this (c) the high efficiency nade possible by the
early work are available from DDC to qualified controlled spreading of the electron
.requestors. 1 beam.

By 1972, a linear beam tetrode switch tube (d) the rise time of the load voltage
was developed which had a peak video output power follows closely the rise tife of the grid
of I. megawatts producing 140 XV pulses at 100 drive voltage because the total capaci-
amoeres with a pulse duration of 25 microseconds and tance of the switch tube collector, the
a duty of .005. This device featured a "100 percent" load tube gun and the filament trans-
depressible collector and provided efficiencies in former is about 90 pf. This capacitance
the 9' percent area. 2  ca be charged by the beam current in

100 nanoseconds.
Tneory of Operation

The long pulse high efficiency switch tube
, utilizes a modified Pierce-type electron gun.

The concave nickel cathode button contains 125
dimples which provide the eritting surface for the
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(e) the load tube is fully protected fran The load device was an S-band microwave tube
damage in the event of an internal arc with a perveance of about 1.9 x 0- -- which orcvided
since it is isolated from the dc power an excellent match for the switch tube. As Figjre 5
supply by the nassi e anode which is at illustrates, the switch tube is virtually cut off
g;round potential. The naximum, arc curent at a positive drive of !.0 KV while 45.3 amos peak
in the load is limited to the -witch tube was attained at a drive of 3.8 KV. Figure 6
current, illustrates an interesting and important characteris-

tic of the switch. As the grid drive is increased,
(f) the ability to control the pulse shape the current to the collector increases creating a

(minimization of droop and ripple) will in corresponding rise in collector depression. Above
turn minimize distortion effects in the rf about 60 percent depression the efficiency of the
output of the load tabe which will enable tube increases rapidly to a point where the electric
Optimized performance in Uighly sophisti- field strength is insufficient to collect the
cated pulse compression radar systems majorit-y of the electrons. Many of the electrons are
where extreme precision in phase and returned towards the gun and are collected on the
amplitude control is of prime importance body (anode) which accounts for the sudden increase
to the functioning of the signal proces- in body cur-ent. The most favorable area of opera-
sing system. tion is at about 95 percent collector depression

which results in an overall tube efficiency of
(g) the ability to change pulse width permits approximately 90 percent.

variations in average power which can
yield a "burnthrvugh" capability in ECM Testing at RADC

environmetnts.
Testing at RADC was performed in the

Obiectives Arthur J. Frohlich High 'ower Laboratory. The switch
tube and grid pulser were immersed in an oil pit

The goal of this program was to develop a which is eight feet deep, therefore, no meaningful

lr.ear beam hard tube switch capable of operation at photographs could be taken. Due to the fact that no
the following paraeters: thermionic load tube was available which Could

operate at the goals of the switch tube (140 KV,

Hold off 165 KV 100 amps at pulse lengths up to 30C usec), a water
load was utilized. This load is a closed system

DC operation 155 KV device with flow rates up to about 50 gallons per
minute and is capable of removing 300 94 of average

Video output 140 KV, 100 amperes power per minute. The resistance of the load can be
altered by adding or removing sall quantities of

Load impedance 1.6 to 2 uk(perveance) copper sulphate. Figures 7 and 8 are photographs
of the load and heat exc-anger respectively.

J-se lengt up to 300 usec initially, serious problems were encountered

Duty cycle .03 min., 08 goal with arcing and outgassing. Although Varian had
hi-potted the tube to 165 KV, this was performed

Dnphasis was placed on the ability to control with a cold cathode. At RADC, a sigificant rise
the pulse shape, particularly at the longer pulse- in pressure was noted with a hot cathode, grid bias
lengths. Also important was the design of the and the grid pulser in operation without any voltage
cathode in order to provide sufficient current at applied to the cathode. This indicated the presence
300 usec j Ises. Probably the most difficult of grid current and considerable time was required to
problem to be overcome -was the design of the outgas the control grid. Similar problems occurred
collector-probe system so that sufficient power when cathode voltage was applied with a hot cathode,
could be dissipated to permit operation at the the grid biased but with no grid pulse. The cathode
desired duty cycle, voltage had to be raised very slowly in order to keep

the tube pressure low and minimize a-cing. Eventually
Figure 1 is a photogrrph of the switch tube a cathode voltage of 1"5 KV was attained.

which is approximately four feet long and eighteen
inches in diameter. Figure 2 shows a sc-hematic Actual operation was first performed at 20 usec
diagram of the tube as a series modulator. Figure 3 pulse width at 30 pps (0.0006 duty cycle). With a
is a sketch of the collector-probe region while load resistance of 4000 ohns, 65 KV was applied to
Figure 4 depicts a simplified modulator layout the cathode which resulted in a collector output of
sketch. 62.5 KV at 16 amps. Then the PRF and pulse width

were gradually increased to 60 pps and 60 usec
Testing at Varian's Faility respectively which increased the duty cycle to

0.0036. Outgassing occurred but the pressure

Varian's testing was limited primarily by the gradually decreased to about 10-6 Torr. At this

capacitor ratings of their power supply. They were point the collector depression was 96% and tube

able to operate very briefly at 100 KV at a 0.03 efficiency 91%. Power output was 1 M peak and
duty cycle before successive failure of capacitors 3.6 KV average.
made operation at lower power levels necessary. The With the duty cycle set at 0.0012 and the
mjority of their testing was limited to a raxizi cathode voltage at 135 K, the output was 130 KV at
supply voltage of 88 KV at a duty cycle of 0.01. 30 amps. Anode current had now reached 2.5 amps
Although operation at 300 usec pulse lengths was which resulted in furt outgassing. Depression and -
d~iunstrated, most of their data was taken with a efficiency percentages rained essentially the sam
pulse length of 125 usec at 80 pps. but the output power had increased to 3.9 MW peak and

4.7 1W average.
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At a pulse width of 300 usec and duty at 0.018 Perveance measurements were made at all test
favorable results were attained up to about 75 KV points and were quite constant varying berweer, 1.5
cathode potential, i.e, 7C KV and 2o amps output. and 1.9 x 10-6. Pulse shape presented no problems.
Further increases in cathode voltage did not result The collector pulse was always very similar to the
in the expected increases in collector voltage and gria drive pulse. Figures 9 and i0 show representa-
current. Also increasing the drive amplitude re- Tive pulse shapes. In both cases, the horizontal
sulted in no apparent change. After reducing the dimension is 50 usec per division. Ir 7igure 9, the
load to 2000 ohms the following was attained with upper -trace is the oollector current pulse at 20 amps
300 usec pulses at 0.018 duty: per division, the center trace is the body current

at 1 amp per division and the lower trace is the
Ebb r Coll. I I co-l. Devress Efficiency collector voltage at 50 (V per division. Figure 10
(KV) (K') (A) (A) (t) (%) is the same except that the collector current set-

ting is at 50 amps per division and the body current
75 60 1.5 28 80 75 is at 2 amps per division. The droop in the collector

current pulse is believed to be caused by the cur-rent
90 62.5 1.7 3 69 61. viewing transformer which is approaching saturation.

The droop in the collector voltage is accurate and
115 65 1.8 31 56 50 is identical to the drive pulse.

Although the maximum positive grid drive re- Conclusions
quired was expected to be 3.S KV, increasing the
drive to 5. 0 KV had no a.parent effect. By dis- The long pulse high efficiency switch tube
connecting a diode ciiroer in the pulser circuitry, represents an advance in the state of the art of
a positive drive of 7.3 K%' was attained. his Linear beam series switching for radar modulator and
resulted in -ne following: linear accelerator applications. Operation at 14S KI

was demonstrated and it is believed that this could
Ebb E Coll. I I coll. Depress tfficiency be increased to 165 Y%' with proper aging. Pulse
(KV) (K'') (A) (A) (%) (%) widths of 400 usec at a duty cycle of L-.8% were

achieved. With water cooling it is expected that the62 50 1.2 24 80 75 duty could be increased by one or two percentage
points. Efficiencies of about 91% were attained at

90 72 1.9 36 80 75 moderate current levels. The goal of 100 amps was

not met but this limitation was probably due to the
100 77.5 2.0 38 78 7insufficient current capabilities of the driver.

Within the next few weeks this problem will be
A- this point the -e asons for low collector rectified and RAX will publish a final report ondepression and efficiency were evaluated. The this effort in September.

possible problems were that the cathode was incapable
of producing sufficient current, or the pulser The author would like to express his apprecia-
voltage was too low, or the pulse voltage was reduced tion tc the Hig, Power Laboratory personnel who
at the grid because -"- grid interception current was assisted in this work: Edgard I. Biondi,
too high. In sin34 : evices which used the same Joseph N. Favata, Airman Paul J. Grassel,
tve and size ca, .. , 10 ams were reached so the Bobby R. G'ay and Anthony J. LoValio.
cathode does not appear to oe the probler.. Also, iyJ

these earlier tubes, a positive grid drive of 5.5K'
was more than sufficient. Therefore, the probler. is
most likely associated with grid current. The grid References
interception curmnt is approxirately 5% of total
tube current so that at 2E amps tube current the grid . Super Power Beam Type Switch Tube
current would be about 1.3 amps. The _rid pulser
uses an Eimac 4PR65A tetrode which is rated at _.3 RAC-TR-66-494 September 1966
canps nxi;-n. Obviously the driver tube needs to be
replaced with a tube with current ratings of at least RAX-L-67-44 July 1967
5 or 6 amps. Time did not .erdt this change tc be
made at this point. RADC-TR-69-208 July 1969

The only other meaningful testing that could be 2. Long Pulse High Efficiency Switch
performed at this time was tc increase the duty to Zube Development
evaluate the dissipation of tube electrodes. At a

of 120 Hz and a pulse width of 400 usec, the RAtC-TR-77-319 September 1977
Tube was operated at 60 K%' cathode potential 

with a

load at 2000 ohms. Although the collector- depression
(83%) and the efficiency (78%) were comparatively
low as expected, operation at this dut," cycle (C.OL4)
was successful with only a slight rise in tube
pressure. The average output power was about 57 KW
with approximately 11 Kv collector dissipation. 1.1
KvX probe dissipation and 1.5 KY; dissipated in the
tube body. Insulation oil was used as the coclant
and was calculated to be about 201 as efficient a
heat remover as water.
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Figure 9. Pulse Shapes at 62 KV Figure 10. Pulse Shapes at 88 KV

Horizontal - 50 usec per division Horizontal - 50 usec per division
Lpper Tra - Collector current at 20 amps Upper Trace - Collector current at 50 amps

per division per division
Center Trace - Body current at 1 amp Center Trace - Body current at 2 amps

per division
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per division per division
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THE USE OF VACUUM INTERRUPTERS AT VERY HIGH CURRENTS

by

R. W. Warren# and E. M. Honig
Los Alamos Scientific Laboratory

of tne
University of California

Los Alamos, New Mexico 87545

Introduction

There is a slowly growing, widely based need for
switches which can be used to interrupt do currents. 30
In recent years the demands of fusion devices such as P(50%)
tokamaks have overghadowed all others and have/I
illuminated the need for conventional switches with
vastly improved performance or for better entirely new 25

Kinds of switches. Switches presently being developed
for tokamak uses must interrupt 25 kA at 25 kV with a
reliability of 99% or so for a total of many thousands 20
of cycles. Next generation tokamaks may operate at 2

100 kA and 100 kV and require switches with a L,

reliability of 9R.9% and a much longer life. No
existing switch can meet these requirements. 8 15 -

A promising approach to these goals is based upon
a vacuum interrupter used in conjunction with a
commutation or counterpulse capacitor bank. This bank S 10
is used to create a forced current zero at which
interruption can occur. Tests have been performed at
the Los Alamos Scientific Laboratory (LASL) to
determine the feasibility of tnis approach by using
conventional commercially available interrupters.
These tests have established the limits of current and
voltage at which interruption can be achieved and 0 1 1
determine the reliability and life time of the 0 5 to 15
interrupter under this duty This work has been
presented in earlier reports. Its major conclusions ELECTRODE DIAMETER (cm)
are presented in Fig. 1 which shows that the
interruption limit of conventional interrupters Fig. 1.

increases roughly linearly with the electrode diameter
and that the lkre3st interrupter available can
interrupt a maximum current of about 25 kA. Maximum Interruptible Current vs electrode diameter.

This report also mentions other techniques being
tested wnicn have promise of increasing these limits, which is supplied by the current passing through the
It is the purpose of this paper to present in greater interrupter, and 3) by employing a compact solenoid
detail the work done at LASL with some of these novel which is inserted inside the vacuum interrupter and
approaches. In particular, we shall discuss in some supplied by the current passing through it. Each of
detail experiments with axial magnetic fields, these tecnniques has particular advantages and
experiments performed by connecting two identical disadvantages. The first, for example, generates a
interrupters in parallel, and in less detaJl, field which is essentially do and which can be varied
investigations with interrupters employing a novel independently of the current to be interrupted. It
geometric construction or novel electrode materials, involves a relatively large power supply and certain

timing and insulation problems. The second, avoids
Axial Magnetic Fields the power supply but suffers the Inflexibility that

for a given solenoid the field strength is
Experiments by Kimblin et al. 3 and others have proportional to the current to be interrupted.

shown that axial magnetic fields can have important Another disadvantage involves the partial shielding of
effects upon vacuum arcs. The field modifies the the arc region by the electrode structure. How
tendency of the arc to constrict at high current rapidly, for example, does the field at the arc
levels. It causes a marked reduction in arc voltage position rise and fall when the interrupter current is
and in the characteristic noise commonly observed in turned on and off? The third technique suffers from
the arc voltage, both disadvantages of the second technique but has two

advantages. The field is concentrated near the
An axial field has been impressed upon the arc in electrodes where it is needed, and the solenoid and

three different ways: 1) by using a solenoid which interrupter are connected within the bottle. This
surrounds the interrupter and is supplied from a eliminates all special wiring peculiar to the axial
separate power source, 2) by using a similar solenoid field and makes possible the direct substitution of an

axial field interrupter for a conventional one. A
special disadvantage of the third technique is related
to the form of solenoid required. It is normally

*Westinghouse Research Laboratory Industrial Staff split into two coils, one directly connected behind
Member.
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each electrode.* This arrangement requires that one of
the aoils moves very fast witn its electrode during 100
each interruption cycle. The stresaea on this Coil
and the diavnaeintroduced by its extra mass 9 PFAI LURES
become especially serious when very fast actuation is ___ - -.
required. SUCCESSES

Figure 2 shows the solenoid used with the first -J~2? kA
technique. It is composed of 39 turns of 4-~0 cable 40 O- .Ofl 19 kA
wound on an insulating spool. It has a resistance of i' kA* O-OO..O...
about 10 sQ and Is normally driven by a do power 30 3 kA
supply with a maximum rating of 10 V and 1 icA. At

0
0 Q 02 Q3 Q4

H NkG)

Fig. 3.

Arc voltage and reliability vs field strength.

The experimental points above the dotted line are
mostly failures; those below ame mostly successes. At
the highest field Used, the interruption limit is well
in excess of 27 kcA; with no field it is 15 kA. This
improvement of about a factor of 2 is typical for the
7-in. interrupters examined. Smaller interrupters
show a smaller *improvement. The best performance
found with comercially available 7-in, interrupters
is a maximum interruptible current of 36 kcA with 90%
reliability at a field of 0.11 T.

fig. 2.

Axial field solenoid using external power supply.

this value of current the field generated between the
electrdes is 0.13 T. When this solenoid is used its
Current is turned an several aeconds tefore aInterruption. Measurements are made of arc vOitage
and Interruption reliability versus field strength
with the interrupter current held as a parameter.
both polarities of field have been used with no
apparent difference. Figure 3 shows data of this kind fig. M 7
found for a typical interrupter. Clearly the arc
voltage drops Significantly with Increasing field. Axial field solenoids driven by interrupter current.
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Figure 4 shows two coils used with the second
technique. Each is a 4-turn solenoid, wound with two R R
parallel 4-0 conductors. Parallel conductors are used
to reduce the force on each one and to smooth out
field variations caused by the coarse pitch of the

4. - windings. When carrying 20 kA, the field produced by
this solenoid at its center is 0.17 T. This solenoid Lsr sr
was placed directly in series with the interrupter.
With this connection and our standard test circuit,
the solenoid current turned on about 3 to 4 Is before
interruption and turned of f exactly at the time of
interruption. A discussion of the test circuit and
facili ies used in these experiments is given by
Honig.t The components and tlchniques used with this
circuit are given by Warren. The solenoid cou.'d have
been inserted elsewhere in the circuit so that its SI
current would continue for several hundred
microseconds after interruption, but the connection
was made as described because of the opportunity it
afforded to investigate the more severe duty in which
the field is reduced at the same time as the arc
current.

Heasurements were made on the same interrupter Fig. 5.

tested under conditions of the first two techniques. Circuit used for parallel connection.
The maximum interruptible current was the same in each
case even though the field was larger by a factor of assembly about 450 ' . Taken together, theseabout 3 for the second technique. Thus both resistances are large enough and, usually, well enough
techniques differ in detail but are equally successful balanced so that any additional resistors R can be set
in increasing the interruption limits of conventional erual to zero. T is the current balancing
interrupters. The interrupter used to invertigate thg tranformer. It is composed of a number of corea
third technique was specially built by Westinghouse. wound from 4-mil-thick silicon-steel tape and provided
It contained two half-turn coils capable of generating from an a€Justable air gap. Thicker lasinations
0.2 T at a 20 kA interrupter current. This device was cannot be used because of excessive eddy current
able to interrupt 42 MA with a 90% reliability. Since losses. These cores are threaded with two 4-0 cables
the electrode's geometry and mass were different from as shown schematically in Fig. 6.
those used in techniques 1 and 2, we cannot easily

draw a comparison of the effectiveness Of the third
technique relative to the others.

Within the range of fields investigated, larger
fields have always given better performance. This
suggests testing with fields even larger than those
p resently used. This has proved to be difficult,
however, because of the extra Mass and inductance
introducei by the larger field windings and because of
their aoditional heating. The second technique
appears to be the most appropriate for higher fields;
so we intend to use it in this way soon.

Parallel Interrupters Fig. 6.

If two interrupters are connected in parallel, shezatic diagram of transformer.
their combined interruption limit could be as high as
twice their separate rating. This would occur only if
the current split evenly between the two. Figure 7 snows a photo of this transformer that
Examinations of tOe fluctuations in the arc voltage of functions by generating a voltage which is applied in
a typical interrupter and of the variations between series with the interrupters. This voltage cancels
different interrupters Makes one doubt that this even the difference in the arc voltages of the interrupterssplit would ocur naturally. Placing balancing and thus keeps the total current evenly split between
impedances in eries with each interrupter Seems to be them. The flux rating of the cores must be chosen
i necessary step. If resistors were uped, their power large enuugh. Its minimum value is proportional to
losses sould be excessive for Most applications the difference that exists between, the two arc
Separate wnductors or ssingle balancing transformer voltages and to the length of time that this
is to be preferred. difference must be cancelled. Typically these values

are 50 V and 4 ms. Thus the flux rating of the cores

Accordingly, tests with paralleled interrupters must be about 50 V x M u 0.2 VS. Each core used in
were performed using the circuit of Fig. 5. The T Is rated at 0.006 Vs. Thus about 30 cores are
wetrble perforedctos t ciruit d of Fi. T needed. A total of 36 was used in T, as shown in Fig.
saturable reactors, LqR, are used to assist •

interruption. Their inQuctance when saturated is
about 1 ih and when unsaturated is much larger, as If the- currents through the two interrupters are
discussed elsewhere. 1 The resistors, R, are used to balanned only moderately well, i.e., within 1% or so,
balance the current division during the long time when gapless transformer cores will saturate before the
the interrupters are closed and carrying current. The Interrupters are opened and be unavailable for their
resistance of the Closed interrupters is about 100 ; balancing role. If the gaps are too large, the
and that of the connections and leads of each actuator
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Jboth currents. At t, about 10 as after t1, the two
currents are serioufly unbalanced, roughly in the
ratio 2:1.

Figure 9 shows What happens when no Changes are
made in the circuit other than the introduction of
gapless transformer T. Clearly the current sharing is
nearly Ideal at all times. Curves like Fig. 9 are
seen only when the initial current balance is very
good. If it is not, curves like that mhnW 4. 14. in

t I  t 2  t3  t 5

Fig. 7. 0

Thirty-six-core balancing transformer.

transformer inductance will be. so small that the
individual interrupter currents will become
significantly unbalanced during the arcing interval.
Calculations show that gaps of 10 mil or so are
optimum. Experiments were performed to verity those
conclusions and to choose the best gap and total flux Fig. 9.
value for the core.

Currents with a gapped transformer-
Figure 8 shows typical traces of the currents initial balaroe is good.

through each interrupter when the balancing
transformer T is not se"d. The traces are 15 as long.
R was chosen equal to 250 uQ bringing the total 1 2 3 4 5
resistance In each interrupter leg to about 800 4.

tL  t 2 t 3  t 4 t 5

Fig. 10.

Currents when initial balance is not good.

Fig. 8
are seen instead. In this *ase the initial unbalance

Currents when transformer is not used. caused the ores to be nearly saturated. The
correction of the further unbalance, which occurred
after arcing starts, forced then completely into

These 250 A resistors are current shunts which saturation at t4. After t4, the unbalance increased
provide the signals of Fig. 8. On Fig. 8 several without control until a 2:1 ratio in currents occurred
particular time are worth noting. At t 1 the current at interruption. This saturation effect can be cured
is established in each closed interrupter. The by opening gape in the core. In agreement with our
current traces are essentially Identical showing that calculations, a 5- to 10-mil gap was found to be
the balance in good. At t , interrupter number 1 optimum. With this arrangement we hve successfully
opens; the ar voltage forces Vho current to begin to tested two paralleled 7-in. interrupters to 29 MA,
transfer to Interrupter nser 2. At t , interrupter the limit of our facility at the time of the testing.
nuer 2 opens, stopping the rapid tr nser to it. At ;ith our upgraded facility we plan to test paralll
ta, the arc voltage (not shown) of interrupter interrupters beyond the anticipated limit of twice the
numer 1 underoes a spontaneous upward fluctuation single interrupter limit, i.e., 2 z 21 kA a 42 MA. We
and transfers current to interrupter number 2. At t , also plan to test three or more Interrupters onnected
the ounterpulse is fired and successfully interrupls in parallel.
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F 7

Interrupters With Novel Geometric Conclusions

or Metallurgical Arrangements
oaAn unconventlonal interrupter has been tested

Conventional vacuum _ratorruptefa h vC 41*o. . oda whichl can interrupt 34 kA without an impressed
4 - which are made of Cu-Bi or CLA. Such .lelrode magnetic field. The use of axial fields extends the

display roughly equal interruption ability but differ rating of conventional interrupters to 36 kA and
in other respects such as their contact eroSin rates. special interrupters to 42 kA. These ratings are 1.5
Special interrupters have been tested which have to 2 times that achieved with conventional

special configurations of CLR contacts. These include interrupters used in a conventional mnner.
cup-like electrodes with slots in their sides and Techniques for paralleling interrupters have been
plain unslotted disk electrodes with raised contact developed which work well with two conventional
rings. From our limited number of samples it appears interrupters and should be easily applied to
that the simplest disk electrodes out perform the more unconventional ones, to axial field interrupters, and
complicated ones with respect to their interruption to combinations of more than two interrupters. With
limits. these techniques, the limit of Irterrupttion ahoule

increase linearly with the number of interrupters
An unconventional gpometry soon to be tested is connected together. Great promise is found in early

that developed by Rich. His interrupter is composed counterpulse techniques, although the fat actuator
of mall disk electrodes surrounded by parallel rods. problems appear to be severe.
The arc initially formed between the disk electrodes
is rapidly transferred to the rods. Their much larger References
area allows the arc to burn in a uiffuse mode. This
is expected to provide higher interruption limite and 1. R. W. Warren, *Experiments with Vacuum
reduced erosion. Interrupters Used for Large -Current

Interruptlon,' Los Alamos Scientific .aboratory
Another interrupter, which has been tested, report LA-6909-MS.

employs 'Asmler' contacts.9 These unconventional
electrodes are in the form of a copper cup containing 2. R. W. Warren, "Vacuum Interrupters Umed for the
radial iron vanes oriented parallel to its axis. The Interruption of High DC-Currents,' Proc. cf the
arc initially forms between the copper Vapt but is Seventh Symposium on Eng. Problems of Fusion
rapidly transferred to the iron vanes. Due to a Rea, Knoxville, Tennessee, October 1977, IEEE P-t.
combination of the unique geometry and the magnetic #77CH1267-4-NPS, pg. 1774.

and resistive properties of the iron, the arc voltage
is unusually low, e.g., 47 V at 20 kA, and free of 3. C. W. Kimblin, "The Effect of Axial Magnetic
noise. The limit to interruption at 90% reliability Fields on Vacuum Ares," 10th International

is 3i kA for this 7-in. interrupter. This is about Conference Phenom. Ionized Gases, Oxford,
1.5 times better than conventional interrupters for England, 1971, p. 215; C. W. Kimblin and
the given set of parameters. This limit is R. £. Voshall, 'Interruption Ability of Vacuum
insensitive *To mignetic field, i.e. no ;urt4er Interrupters Subjected to Axial MaWetic Fields,"
improvement is noted when an axial field is applied. Proc. 'IfE, Vol. 119, No. 12, pg. 1754, 1972.

4. 0. Morimiya, S. Sohma, T. Sugawara, and

Further lmprove-tents in Rating;, H. Mizutani, "High Current Vacuum Arcs Stabilized
by Axial Magnetic Fields," Trans. IEEE PAS-92/5,
pg. 1723. (1973).

Int -rupters with axial magnetic fields have arc

voltages which are low and veproducible. Paralleling 5. E. M. Honig, "Dual 30-kA, HVDC Interrupter Test
such interrupters should be easier than with Facility," Proc. Seventh Symp. on Eng. Prob.
conventional ones. We will shortly pursue this of Fusion Rea, Knoxville, Tennessee, October
subject. Early counterpulsing operation in )977, IEEE Pub #77CH1267-4-NPS, pg. 1071.
conjunction with very1 fast actuator opening has been
disc4s.%ed previously. This largely-untried technique 6. Westinghouse Industrial and Govt Tube Division.
should allow very large currents to be in~trrupted Horseheads, Now York.
with negligible arc currents and erosion. An unsolved
problem is tne large 'popping" force found under such 7. Proprietary contact material used by
conditions. The popping force, caused by magnetic Westinghouse, Ref. 6.
repulsion of the electrodes at the current-
constricting contact points, is typically 500 N for a 8. J. A. Rich and C. P. Goody, Abstract of IEEE Int.
current of 25 kA. It will require large counterforces Conf. on Plasma Soi, Troy, New York, May 1977,
to hold the contacts closed and will make the design pg. 179, conf. record.
of a fast actuator difficult. We believe that further
improvements in the ratings of vacuum interrupters 9. J. Asaler, Sprecher and Schuh, Switzerland Char-
will be made by combining these three noteristies of the Vacuum Arc with Various
improvements--early oounterpulse, axial magnetic Electrode Designs. (In German). Bull SEV/VSE
fields, and parallel interrupters. 65, 16 pp. 1209-1215 (Aug. 1974).

10. B. Dethlefsen, Gould, Inc., Oreensburg, Pa.,
Personal Communication.
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THE USE OF VACUUM INTERRUPTERS AND BYPASS SWITCHES

TO CARRY CURRENTS FOR LONG TIMES

by

E. M. Honig and R. W. Warrens
Los Alamos Scientific Laboratory

University of California
Los Alamos, New Mexico 87545

INTRODUCTION Circuit Arramn

Vacuum interrupters are normally designed for use Our experiments were carried out with a synthetic
in SO utility Circuits where they typically carry a nircuit which is able to heat the electrodes with one
maximum continuous current of 2 kA but must interrupt apparatus and then connect the Interrupter to another
fault currents well in excess of 25 kA. Vacuum apparatus which can test its interruption ability.
interrupters are also used 1 

to carry and interrupt the
large do currents found in fusion devices such as This arrangement is shown schematically in
tokamks. In contrast to ac uses, however, these do Fig. 1, where HP, the electrode heating source, is a
applications usually require that the continuous homopolar generator capable of generating up to 30 kA
current limit be the same as the interruptible current for a minute. Its maximum terminal voltage is 6 V,
limit. In a previoUs paper 2 we have reports( tests but it can reach this voltage only after several
performed at the Los Alamos Scientific Laboratory seconds. It is connected in series with identical
(LASL) which show that the interruption ability of vacuum interrupters VII and VI by mans of a
standard vacuum interrupters used with dc currents is low-resistance bus. CYR is a .25-m. current-viewing
satisfactory for currents in excess of 20 CA. Little, resistor.
however, is known about the ability of standard
interrupters to cary such large currents for long The top terminal of VI is shown connected to the
times. "normal interruption test Circuit," (NITC). This

circuit is shown schemticaly in Fig. 2 and is
It is the purpose of this paper to describe described in detail elsewhere. 1- Capacitor CST, used

masurements which determine the period of time in conjunction with switches S 1 and 12 and inductor L.
conventional interrupters can carry currents as large establish an exponentially decaying Currnt in L5 and
as 20 kA without comprcmising their interruption the interrupter under test. A few milliseconds later
ability; describe special interrupters which should capacitor C and switch SR generate a very rapid,
extend this period; describe a bypass switch we have opposite polarity counterpulse current through this
built and two ways of using it to relieve the vacuum sae leg. If the interrupter is open and arcing, the
interrupter of its heating load; describe the bypass counterpulse can force Its current to zero and achieve
switch experimental setup and test results; and the interruption of its arc.
discuss ways to extend the life of the bypass.

Interrupter V12 is used to isolate VI1 from the
CURRENT CARRYING LIMITS OF VACUUM INTERRUPTERS homopolar generator when NITC is to be used. This

isolation and transfer operation takes place in a few
The limit to the continuous current which a milliseconds and is accomplished by opening V12 and by

switch can cary is set Oy problems encountered near using the exponentially decaying current from NITC to
the contacts due to heating. This limit can be counterpulse and extinguish the arc in VI2. In this
increased by decreasing the resistance of the contacts way the initiation of the "normal interruption test
and by improving their Cooling. Practical techniques sequence" automatically and rapidly disconnects TI1
for standard vacuum interrupters include cooling the from the homopolar circuit and Connects it to NITC.
electrode stems, increasing the contact force, and
choosing interrupters which have soft, high
conductivity contact surfaces.

Cooling the stem is effective only if current is
being carried long enough so that a significant amount
of heat can migrate from the contacts to the stem. A
This critical time is of the order of several minutes. V
For current pulses shorter than this time, the
temperature of the electrodes becomes independent of
cooling and, for a given interrupter. depends only V
upon the contact force and 11I dt taken over the
conduction interval.

It is this "short pulse" situation which is
important to present day tokamsks and other fusion R
devices. They are typically used in a pulsed mode
with a conduction time of I s or lees. This is the CV.
situation for which we have performed the experiments
dioussed below.

Pig. 1.
Heating test ciruit.

westInugbouse Research Laboratory Industrial Staff

Neer
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current through VII does not fall completely to zero
before t 3. Figure 4~ also shows an interruption

- " A failure. These traces are 20 ms long.
LSR This synthetic circuit has proved to be reliable

and flexible. Its only deficiency is the existence of
S 3  that short interval near time t when the interrupter

current momentarily drops wall below its averageCS S value. This dip occurs several milliseconds before
interruption. Separate experiments with NITC alone
have shown that the interruption ability depends only

C upon the gross heating of the electrodes and is
insensitive to short dips of the nature discussed
ebove.
Exerimental Procedure and Results

A conventional 7-in. vacuum interrupter with
CLR contacts was tested with a spring applied contact

Fig. 2 force of 80 lbs. With this force, these contacts had

Normal interruption test circuit, a resistance of about 100 4 . The homopolar curren
was increased steadily for several seconds so thatl
increased approximately linearly and the final current
Im equaled the current at which interruption was then

This sequence is illustrated in Fig. 3 which tested. The ramp time was as long as 20 a and I a

shows oscilloscope traces of the current through high as 20 kA Under these maximum conditions, 7f4

resistor CVR (upper trace) and the current through Vii dt z 4 x 10
9 

A~s.

(lower trace). The current through CVP is the
exponentially decaying current pulse generated by A thermocouple mounted on one stem of the

NITC. The current through VI1 includes this NITC interrupter showed a temperature rise of 130
0
C

current and the homopolar current. Its baseline in following this maximum pulse. Internal temperature

Fig. 3 is somewhat distorted because a Rogowski coil changes were clearly much larger. A period of 10 to

and an HC integrating circuit were used to generate 15 minutes was used between shots to allow the stem
this waveform. This also causes trace B to be temperature to return to 400C.
inverted with respect to A.iA series of ten shots as performed in this way

Several important times can be noted on Fig. 3. at each value of Im andfl dt. Figure 5 shows the

Before t, the tail of the homopolar current Pulse can results of these tests, where PI is the fraction of

be seen flowing through VIo. At to , V12 is opened. successful interruptions during each set of ten shots,
Its arc voltage drives the homopolarcurnt dt is shown on the x axis, and separate curves are
t t2 so that V12 interrpts at this tme. At t S shown for the three largest va Ues of IM tested. From

at~~~~ ge2 so tha value inerut atg thsta.stt S
is closed, generating the exponentially decaying Fig. 5oit fan be seen that I dt values as high as

c urrent pulse in CVI and VII . At t ,VII is opened 4 x 10 A s have no effect upon the success of
and area. Atse, successfully interruptions at 10 kA, but reduce the probability of

ad ac. At t5 ' S3 is cl succesinsfully 5 Aad o 0 a 2 A.Ainterrupting the current in VII. In some cases, as interruption to 80% at 15 A, and to 30% at 20 k. At
shown in Fig. 4, the timing is changed so that the

0-0

I I I I I 1 345

t1  t t4  t5

Fig. 3 2 Fig. 4.
Current weveforms of I

2
t test. Current waveforms of I t test with interruption failure.
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NEW INTERRUPTER TYPES WITH HIGHER 12 t RATINGS

Improved cooling of the electrode surfaces should
allow higher values of i2 t to be realized. The

I00 IOkA cooling must be applied very close to the oontaot
100 . . _surfaces to be effective. Figure 7 shows a modified

10 kAinterrupter design which employs forced flow of
cooling water immediatly behind the contact surfaces.

*< 15 kA With this design a continuous current of 10 to y kA
Ps % should be possible as well as much higher *1 dt

ratings for long pulse use. Wg have acquired an
20A interrupter built to this design and will test its

performance soon.

BYPASS SWITCHES

0f I Switching conditions which exceed the 12 t limits
0 1 2 3 4 5 of a vacuum interrupter require the use of a parsllel

2t 9 2 bypass switch. The continuous current rating of the
1 (10 amp S bypass should match the interruption limit of the

vacuum interrupter. The bypass switch must carry the
current under continuous duty, open to transfer the

Fi. 5. current to the vacuum switch, and after interruption
Probability of interruption vs 12t. withstand the same recovery voltage as the vacuum

interrupter. In addition to meeting the standoff

voltage and continuous current requirements, it would

20 kA, the reliability of interruption is high only be desirable for the bypass switch to complement the

for values offI dt less than 1 x 107 A23.

The interrupter was disassembled at the
conclusion of the tests. Figure 6 shows a photograph
of one of its electrodes. Indications of gross
melting are obvious. One of the spiral fingers was ARCING SURFACE
broken and adhered to its opposite member; large
Rflanges of mlted material formed between the spiral
fingers; and a general bending 2 of the fingers
occurred. Clearly at the maximumfI dt values used,
much of the electrode had been raised up to or beyond
its melting point. It is remarkable that the
interruption ability of the interrupter was maintained
so well up to this limit.

STEM

FLOW OUT

Fig. 6. rig. 7.
Zectrodes of vacuum interrupter after overheating. Water-cooled electrode design.
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vacuum interrupter by naving about the same size,
cost, and life.

Construction '

Since no switch meeting these reoirements was
available, a prototype was designfd, built, and
tested at LASL. A commercial high-current, *,, f

low-voltage switch, Fig. 8, was modified to withstand
high voltages by installing nonconducting structural
support members and using oil insulation. A movable
contact bridging the gap between the two stationary/
contacts provides the switching action. Figure 9
shows the modified switch in the open position. A
conventional pneumatic actuator operating at 150 psi
can open the switch in 30 ms. In the closed position
its resistance is 6 .

Modes of 02eration

Under conditions requiring a bypass switch, the
vacuum interrupter can be either open or closed during
the continuous current period. If initially open, the
vacuum interrupter must be closed to accept the
current transfer from the bypass switch just prior to .

interruption. If initially closed, the vacuum
interrupter will carry some current, but it must not
exceed its continuous-duty rating. Since the ..
resistance of the bypass switch is 6 . and that of
the vacuum interrupter is 100 f , the current in the
vacuum interrupter remains safely below its 2-kA
continuous rating for tota2 currents below 35 kA due
to current sharing.

~Fig. 9.
Exoerimental Procedures snd Results Fig. 9.

Prototype bypass switch.

t The bypass switch was tested for its dc voltage
and current performance, its current transfer and
recovery voltage characteristics, and its erosion witg n o 9h ss h
performance. Limits of the test facilities dictated voltages up to 90 kV.

that these characteristics be investigated in separate Heating of the switch in oil was tested by
tests. passing 10 kA through one half of the switch. As

shown in Fig. 10, the switch temperature rose only
Avoltage standoff test was conducted by applying 5

0
C after 15 minutes. Using both sections of the

high voltage across the switch 100 mS after opening switch in parallel and oil cooling should allow 25 kA

to be carried continuously.

The crucial transfer and interruption operations
of the bypass switch in parallel with a vacuum

SI. -SURSACED O PfERaTNG SuT
MOAL OT50

STAI LESS STEEL

40

-30-t -
StLVtIwERSUaceo COPER
STATIONERY CONTACT ,
AND TERMINAL

0 L L 0

CONDUCTION TIME (min)

Fig. 8. Fig. 10.

High-current. iow-vcltage commercial switch. Heating of bypass switch.
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interrupes were tested in the pulsed switch test pulse. Resistive current sharing is achieved by tI.
facility ' (the NITC described earlier) under the two When BP is opened at t2, an are develops which forces
modes of operation described above. The circuit of the current to transfer into VI until the arc V 0
Fig. 11 was used to test the vacuum interrupter-closed extinguishes itself. The arc in BP lasts longer than
mode of operation. VI is a vacuum interrupter, BP is normal because the voltage developed across CVR1
the bypass switch, R is a Rogowski probe, and CVRs 1 opposes the transfer. Interruption of the current in
and 2 are 1- and 0.25-mQ current-viewing resistors, VI was delayed until t3 to give BP time to open far
respectively. CYR1 was included in the VI leg to enough to withstand the recovery voltage.
monitor the current and to achieve proper current
sharing under the pulse conditions of the test. The VI-open mode of operation was tested with the
Figure 12 shows the current waveforms for the bypass same circuit configuration as shown in Fig. 11 except
switch and vacuum interrupter (upper and lower traces, that CVR? was removed. Figure 13 shows the waveforms
respectively). The traces are 51 ms long. Both VI for the current in the bypass switch (upper trace) and
and RP are closed at to, the beginning of the current the total current in both switches (lower trace).

Since VI was open at t., BP initially carried all the
current. VI closed Just after t , and current sharing
took place until t1 , when the contacts of VI
unavoidably bounced open again. The contacts of VI
closed without further bounce Just prior to t , when
BP opened and all the current transferred to 1. The
elimination of CVR1 allowed the transfer to occur more
rapidly and at reduced arc voltage. Interruption

occurred normally at t The unavoidable contact
bounce caused by the VI actuator was undesirable, but
it was reproducible enough not to interfere with the

V1 1p transfer operation.

Contact erosion was investigated by installing
new copper contacts in the bypass switch and

CVR performing 100 VI-closed transfer operations at 28 MA.
R From these tests, a life of about 1000 operations was

estimated for copper contacts. A set of contacts with
silver-tungsten arcing surfaces was then installed.
Figure 14 shows the erosion of these contacts after
100 transfer operations at 28 kA. A life of 5.000
to 10,000 operations was estimated for the

CVR 12 silver-tungsten contacts.

The problem of reduced VI life resulting from
erosion of the contacts while bouncing and arcing
could be serious. If the VI-open mode is used, a
bounce-free actuator or a saturable reactor which
would prevent current flow in VI during the bounce

Fig. 11. period might be required. Contamination of the oil
Bypasa switch/vacuum interrupter test circuit, was another problem. Sufficient arc products were

produced in the oil to indicate the need for an oil

0-lvi-

TTOTAL

II I I II I I

t0 t1 t2 t3 t0 t1  t2  t3

Fig. 12.
Current waveforms of VI-closed mode. Fig. 13.

Current wavefores of VI-open mode.
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CONCLUSIONS

Tests of vacuum interrupters show th t they can
safely cyry continuous current to the I t limit or
I x 1O A S. This is equivalent to carrying 25 kA for
1.6 3 or 20 kA for 2.5 3. A byp3ss switch is needed
for conditions exceeding this I t limit. A bypass
switch with . 25-kA continuous current limit and which

is comparable to vacuum interrupters in size, cost.
and life has been built and tested successfully.
Methods of extending the bypass switch life are being
pursued.
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interrupter and withstood 51 kV after a 10-kA IEEE Pub. 77CH1267-M-NPS, pp. 1071-1075

transfer. The VI-closed mode of operation seems to be (1977).

the better mode since the natural current sharin; is
well within the VI limits, no VI contact bounce

occurs, and the timing of events is easier.
., Proprietary contact material. Westinghouse

Extending! Switch Life Industrial and Govt Tube Division, Horseheads,
New York.

While the bypass switch built and tested at LASL
has a life comparable to present vacuum interrupters,
longer life bypass switches may be needed for use with
improved vacuum interrupters. Since the erosion of 5. Westinghouse Industrial and Govt Tube Division,

the bypass switch depends primarily upon the current Horseheads, New York.

being transferred and the stray inductance of the
BP-VI loop, not such improvement would be obtained
with other designs. Two methods of extending the
bypass switch life are proposed, both depending upon 6. E. M. Honig, C. E. Swannack, R. W. Warren, and

reducing the arcing current. One method is to add a D. H. Whitaker, "Progress in Switching Technology
resistor in series with the bypass switch and use the for METS Systems," IEEE Trans. Plasma Science,

WI-open mode of operation. Upon closing VI, this Vol. PS-5. No. 2. pp. 61-65 (June 1977).
resistance would force much of the current into VI
before SP is actually opened. However, the voltage
drop and energy loss produced by the resistor might be
unacceptable. A more promising method is to use an 7. ITE Imperial Corp, Greensburg, Pennsylvania.
auxiliary circuit to counterpulse the bypass current
to zero, forcing the current into the vacuum
interrupter and allowing the bypass switch to open
under no-load. 8. Gould Inc.. Greensburg. Pennsylvania.
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HIGH REPETITION-RATE, HIGH POWER PULSE TESTS

OF VACUUM ARC SWITCHES*

by

R. N. Miller, R. Dollingtr and A. S. Gilmour, Jr.
Department of Electr 'I Engineering

Laboratory for Power and Environmental Studies
State University of New York at Buffalo

SUTmarv employed to insure that the switch components ware
clean when assembled. Extensive bake-out procedures

Research has been proceeding at the State and discharge cleaning wer* then employed to condition
University of New York at Buffalo on developing the switches prior to firing. These procedures helped

vacuum arc swit. ies that can be operated in d pulsed but did not eliminate the problem. Continued efforts
to discover the source of the Sao led to the discovery

mode 
2
' . These switches have been demonstrated to that nitrogen appeared to be evolved from the boron

have turn-on and turn-off times in the order of nitride insulator between the cathode and igniter
microseconds, and recent tests now show that the electrode when the switch was triggered. Because of
vacuum arc switch exhibits significant potential for this, it was decided to re-design the cathode-igniter
high frequency pulsing applications. These new tests, electrode configuration*to change the igniting mechan-
which have been conducted on vacuum arc switches ism to one that would not cause evolution of gas from
employed in a series inverter circuit, show that the the boron nitride insulator. The early igniting
switches can be reliably turned on by kilovolt-level 4
triggers having a rise time on the order of one micro- mechanism being used can be envisioned by examining
second. They also show that the switches can be the cathode-igniter electrode assembly shown in
reliably slf-commutated to a turned-off mode by the Figure 1. In t-his figure the center piece is the
operation of a series resonant circuit placed in chromium cathode, and the small ring surrounding
series with the load. Combining these two techniques it is the boron nitride insulator. The large ring
provides reliable pulsing of the vacuum arc switches that appears next is the copper igniter electrode,
if the resonant frequency of the resonant circuit is and the final ring is a stainless steel retaining
higher than the pulsing rate of the switches. Using device for the igniter electrode. When the switch
this procedure, repetition rates in the five to eight- is fired, a thin layer of cathode material is
kilohertz range have been reached, deposited on the insulator. To ignite the switch

for the next firing, a pulse having approximately
Introduction 0.1 joule of energy is flashed across the surface

of the insulator, blasting part of the deposited
The earlier work devoted to the adaptation of layer off, forming a plasma which initiates

the vacuum arc switch to power conditioning applica- conduction through the switch.
tions, particularly in inverter circuits, is well

1,2.3 Ar-7
documented

'  
. Since this early work the advances

made by that work have been consolidated, and

expanded facilities5 have made possible continued

refinements of the vacuum arc switch in inverters
Many of the techniques and refinements employed in
the construction and use of this switch in inverters
make this device potentially more desirable in other
pulse power applications. It is the purpose of
this paper to document these techniques and
refinaents, as well as to point out limitations
that have been learned in later work. In this
pursuit, the following paragraphs describe the
evolution of the vacuum arc switch and its applica- -

tion since the earlier work.

Initial Problems Encountered in Operating
the VAS in a Pulsed Mode

Operation of the vacuum arc switch in the con- _
tinuously cycling inverter circuit has revealed
several problems in the switches that ware not earlier FIGURE 1. Early Cathode-Igniter Electrode Assembly.
apparent. Attempts to alleviate these problems have
resulted in the evolution of the switches to their
present form. The new cathode-igniter electrode assembly de-

signed to change the igniting mechanism is shown in
The initial problem encountered was los of Figure 2. In this device the center pace is still

high vacuum under repetitive firing conditions the cathode, and the sooth, rounded ring on the out-
This resulted in a loss of ability to stand off side is the trigger electrode. To ignite the switch,
high voltages, and severe internal arcing in the a 6-10 kV pulse is applied across the 0.020" (1/20 c)
switches resulted. At first this wee felt to be an gap between the igniter electrode and the cathode.
out-gassing problem, and particular efforts were then This pulse causes an arc to form between the two elec-

trodes, and along with the arc a small cloud of* This work is being supported by the Air Force er d s n l n i h th r m l l u f
plasma is evolved from the cathode. This plasma

Aeropropulsion Laboratory, Wright-Patterson initiates switch conduction. Thus, this nw igniting
Air Force Base, Ohio. mechanism does not depend on conduction across
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FIGURE 2. Redesigned Cathode-Igniter Electrode FILRE 3. Series Inverter Circuit Schematic
Assembly. Diagram.

the surface of the boron nitride to achieve ignition.
The important point here, however, is that the loss
of vacuum problems experienced before were eliminated I
by this change.

Two side effects from this change are important
to mention. The first is that since this change was
made it has been discovered that the extended bake-out
procedures do not appear to be necessary. The normal

cycle of achieving a vacuum in the order of 10 -

to-
8 
Tarr seems to be sufficient so that the first LO

few firings of the switch after pump-4own take care
of any out-gassing problems. These initial firings
after pump-down result in harder vacuums. It appears
that the "gettering" action of the chromium on
firing plays a large part in eliminating the necessity

The second side effect is that extensive con-
ditioning of the cathode-igniter electrode assembly
is necessary before reliable ignition is achieved. J.- 6
This conditioning seems to be a conditioning of the

gap and is evidenced by material being splattered
radially outward and upward on the igniter electrode FIGURE 4. VAS1 of the Znverter Circuit.
and away from the gap. This splattered material.
which consists of both cathode and igniter electrode
material, can be seen in Figure 2. made the envelope QV volts positive with respect

A second problem which appeared simultaneously to the cathode and, upon ignition, a conduction

with the one just discussed was an internal arcing path was establIshed through the plasma fro, both

of one of the switches from the anode to the stain- the anode and the cathode to the envolope the

less steel envelope. The inverter circuit being used anode-envelope path being the more important because

when this arcing occurred is shown in Figure 3. This this path shorts across the terminals of the power

problem occurred in VAS1 of that circuit. As can be source V.

seen in the steady state, the voltage with respect to Three actions were taken to eliminate this
ground at the node between VAS1 and VA 2 is essential- problem. First, a section of the stainless steel

ly equal to V when VAS is conducting and equal to 0 vacuum plumbing was removed and replaced with a piece
of rubber vacuu% hose. This can be seen below the

when VAS2  s conducting. If a~nonconducting period valve in Figure 4. The envelope was than electrically

exists between alternations of the inverter the connected to the cathode.

voltage at this node is either + QV or - QV, where Q Second. a glase shield, shown in Figure 5. was

is the Q of the resonant circuit, depending on inserted between the envelope and the conducting
whether VAS1 or VAS2 , respectively, has Just complet- elements of the VAS to eliminate the possibility
ed its conduction tim. The key voltage relationship of direct arcing fro th ande to th envlope.

Third. the anode vas ade to fit down ovet the
causing the problem exists just as VAS I begins cathode-igniter electrode asembly Vkf an InVrted
conduction. At this time the anode of VAS is at V cup. Ths st wa taken to Ise tht th plato

with respect to ground and the cathode is at - QV. resulting from conduction would be contained in the

In the original inverter configuration, the envelope inter-electrode epea of the anode sed cathode. The
of VAS, shown in Figure 4, was connected to ground specine between the cathode and the bottom of the

anode cup is appoximtely thr*e-eights of an inch
through the connecting vacuum plumbing. This condition (1 cu), and between the igniter electrode and the
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device characteristic, minimum switch ignition
current. I . Further discussion about the switch-

load circuit relationship is now necessary to

Sestablish the usefulness of C and 10

•~~ :• !i p Switch

Conduction

' 0 S-

Pulse

FIGURE 5. The VAS Glass Shield.

0 r T
sides of the anode cup the spacing is approximately 

s

one-half inch (1.3 cm). FIGURE 6. Vacuum Arc Switch Ignition Pulse and

These three actions have effectively isolated the Conduction Pulse Relationships.

active elements of the switch from the envelope,

and no further internal arcing has been experienced. 
As previously pointed out, in the inverter tests

Successful high repetition-rate pulse testing of the the vacuum arc switch conducted into a series resonant

switches was now possible. circuit, so the conduction current waveform is a single,
half-wave sinusoidal pulse as shown in Figure 6. This

restriction requires that the switch current start at

High Frequency Pulse Testina of the VAS zero sometime during the ignition pulse. This

ignition generates the initial plasma for switch

High frequency testing of the inverter circuit conduction, and thean the switch current must be

is detailed in reference 4, but, to smmarize, the high enough to maintsin the plasma until the end

three modes used to test the inverter were 2) single- of the switch current pulse. Thus, the ignition

cycle, unloaded, 2) multiple-cycle, unloaded, and pulse must generate a burst of plasma of sufficient

3) multiple-cycle, loaded. Testing in the two un- density not only to start switch conduction, but

loaded modes revealed that the vacuum-arc-switched also of sufficient quality to support conduction

inverters can be operated at power levels of at until the switch current is high enough to

least 2.5 MVA and at frequencies of at least 1 kHz. sustain the plasma. (Many test cases were observed in

Testing in the loaded mode indicated that these which an ignition pulse occurrad, but conduction was

inverters can be operated at power levels of at not established.) It was found that the switches

least 200 kVA and at frequencies of at least 5 kHz. conducting into a 10-ohm resistive load required

These tests demonstrate the potential of the vacuum ignition pulses at least 250 volts in amplitude to

arc switch in high frequency pulse power applications, break down the cathode-igniter electrode gap. After

but several other important characteristics of the gap break-down, these pulses furnished an average of

vacuum arc switch were revealed by these tests. 0.03 Joules for one microsecond. These pulses reliably

These characteristics are device characteristics, established conduction, so wcas taken to be 250 volts,
and can be divided into two general groups, switch
turn-on characteristics and switch turn-off 0.03 joules/microsecond for the inverter switches.
characteristics. It is important to note that these

characteristics are for vacuum arc switches conduct- The duration of the ignition pulse, or how long

ing into series resonant circuits, and operation the minimum igniting energy rate must be supplied to

with any other load impedance would require the switch conducting into a series resonant circuit,

appropriate adjustments. can be determined through the use of the second turn-
on characteristic, I . An explanation of to , its use,

Vacuum Arc Switch Turn-On Characteristics and its relationship to -c follows.

The inverter tests revealed that supplying an In the inverter tests, the width T of the
ignition pulse to the switch is a necessary but not i

necessarily a sufficient condition to establish ignition pulse was about 1.5 microseconds, and the
conduction through the switch. Although the resonant frequency of the loading series resonant
mechanism which is used to establish the proper circuit was 10 kHz. As can be seen from Figure 6,

conditions for conduction is not fully understood, the most ideal situation for establishing switch
two basic parameters of the ignition pulse which conduction is for conduction to start at the begin-

does cause conduction are known. These parameters ning of the ignition pulse. This arrangement would put

are 1) the m"naium voltage amplitude required for the the switch conduction 5.40 into its sinusoidal
pulse snd 2) the minimum energy required In the pulse. current pulse at the termination of the ignition
These two persmetors can be combined into one if pulse. At this time, the value of the inverter
properly used. This one parameter is called the current pulse is 0.09 times the anticipated peak

device minimum Igniting energy rate ci. The proper value. The minimum peak value of switch current
achieved in the inverter testing was approximately

use of this characteristic is dependent upon a second 400 amps. Using this value for the peak current in the
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analysis indicates that a maximum of 38 amps was flow- Conclusions

ing through the switch at the end of the 1.5 micro-

second ignition pulse. Refering to Figure 3, the The triggered vacuum arc switch has undergone a

0, second vacuum arc switch turn-on characteristic, period of both operating and application refinement,

minimum ignition current. is defined to be and it is apparent after extensive tests in an in-
vercer circuit that the switch has significant potent-
ial in many high frequency pulse power applicationA

This potential justifies the continuing study and
.- Tdevelopment, of the triggered vacuum arc switch,

I - I . Ti 1 0.1 Ts  especially to increase ignition reliability and
to determine switch oi srating characteristics

where Ti is the duration of the ignition pulse and with other loads. References

T and I are, respectively, the duration and thes p
peak value of the switch conduction pulse. I A. S. Gilmour, Jr. and D. L. Lockwood, "Pulsed

-metallic-plasma generators'. Proc. IEEE, Vol. 60,
Thus, if and I are determined for a par- pp. 977-991, August 1972.

ticular electrode configuration in a vacuum arc
switch and if the switch is to conduct into a series 2 A. S. Gilmour, Jr. and D. L. Lockwood. "Vacuum
resonant circuit having known parameters, then the arc inverter switch development program", Proc.

duration of the ignition pulse required is establish- IEEE 1975 NAECON, pp. 281-288, June 1975.
ed and the design parameters of the igniter pulse
generator are thus determined. 3A. S. Gilmour, Jr. and D. C. Hopkins, "Recent

Vacuum Arc Switch Turn-Off Characteristics results of vacuum-arc switched multi-megawatt

inverter tests", Proc. IEEE International Pulse

The voltage rate of recovery is the primary Power Ccnference, Texas Tech University, Lubbock,

vacuum arc switch turn-off characteristic of interest Texas, November 1976.

in vacuum arc switch inverter circuits because it

determines how much delay must be maintained between R. N. Miller, D. C. Hopkins, C. J. King, A. Pedano,
alternations of the inverter output. No inverter R. Dollinger and A. S. Gilmour, Jr., "A multi-
tests were conducted to determine the minimum delay megawatt. vacuum arc switched inverter for

possible, but in some single-cycle, unloaded tests airborne applications", Proc. IEEE Pulse Power
this delay was reduced to 4 microseconds with success- .odulator Symposium, Stats University of New York
ful recovery. In this case the voltage rate of re- at buffalo, %mherst, New York, June 1978.
covery was at least 1.5 kV per microsecond. This
compairs zonservatively with the 8 kV per microsecond 5

detemind i earierwor 2.R. N. Miller, P. T. Glinski, and A. S. Gilmour. Jr..

determined in earlier work
.  

"A facility for testing high power dc, ac, or
pulsed devices", Proc. IEEE International Pulse
Power Conference, Texas Tech University, Lubbock.
Texas, November 1976.
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A MULTI-MEGAWATT. VACUUM ARC SWITCHED INVERTER

FOR AIRBORNE APPLICATIONS*

by
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R. Dollinger and A. S. Gilmour, Jr.

Department of Electrical Engineering
Laboratory for Power and Environmental Studies

State University of New York at Buffalo

Susar

In previous papers
1
,
2 

the single-cycle tests
of the operatin of a vacuum arc switched inverter +r

have been reported. Now, the High Power Test +

Facility at the State University of New York atV tgl
Buffalo has reached a sufficient state of completion

to permit more advanced testing of the inverter than
has previously been reported. Several of these tests I
have been completed in which 

many cycles having peak

voltage amplitudes up to 
1.6 kV and peak current

amplitudes up to 1.8 kA were produced. The switches
used in this advanced inverter embody several new
refinements in the evolution of electrically controll-
ed vacuum arc switches. The inverter employing , 0-3 &V
these new switches is also refined, with special ] ~
care being taken to reduce internal power losses cas UF

in the circuit elements and leads. These tests " 3,

and refinements emphasize the usefulness of
vacuum arc switches in high power inverter applica-
tions. FIGURE 1. Series Inverter Circuit Schematic Diagram.

Introduction

High-frequency, high-power inverter circuits
employing vacuum arc switches as the switching
elements have been under development at the State
University of New York at Buffalo (SUNYAB) for some

tte.
1  3 

The circuit employed in this development
is the series inverter shown schematically in Figure
I and pictorally in Figure 2. The igniter pulse
generator has been developed to properly synchronize
the conduction of che vacuum arc wi~tches, and

three types of tests have subsequently been conducted
with the inverter.

The first two types of tests were made with the
circuit unloaded; that is, the transformer, T, was
removed from the circuit and the primary was replaced
with a short circuit. The third type of test was
conducted with the circuit connected as in Figure 1.
The following paragraphs describe the operation of the
inverter circuit during each of the three test modes,
and results of these tests are discussed.

Unloaded, Sinale-Cycle Testing

After the inverter circuit was assembled the
initial tests made were single-cycle, unloaded tests.
Figure 3 shows the inverter in the unloaded configura-
tion. In this mode, the three capacitors are pre-
charged to the desired initial values, after which FIGURE 2. Inverter test circuit. The ladder-shaped
VAS1 and VAS 2 are each triggered one time sequen- device is the fuse F, the box to the left of the

fuse is the transformer T and the rectifier, and
tially. Figure 4 shows an oscillograph of the current the power resistors mounted on top of the fuse
through L resulting from one such test firing. For comprise the 3.2 kn load resistance. To the right
this test, C1 was initially charged to positive 300 of the fuse is the inductor L, VAS 1, and VAS 2.

Below the fuse is C3 (front) and C2 (rear). To the

• This work is being supported by the Air Force left and below the fuse is C1. The plumbing and
Aeropropulsion Laboratory, Wright-Pattarson devices below VAS2 constitute the vacuum system for
Air Force Ree, Ohio. the VAS's.
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volts, C, charged to positive 3 kV, and C3 charged cycles. As has been previously discussed, the
to negative 2.7 kV. Triggering VAS 1 and VAS, 95 large majority of the losses in the vacuum arc

o aswitches take the form of heat in the cathode.
microseconds apart produced the 1750 amp peak wave- Therefore, cathode cooling will become a particular
form shown, problem to be solved before continuous inverter

operation at higher power levels can be achieved.

The third res is important because it provides
an indication of the upper bound to be encountered
in the plasma dispersal time in the vacuum arc switches
used. hoe importance of tgia characteristic is easily
seen if one imagines the firing of one vacuum arc

4. switch in Figure 3 before the other switch hascompletely "shut off", that is, before the plasma

density in the switch completing conduction has been

T, -reduced to the point where that switch will no longer
support conduction. In such a circumstance, both
switches would then be conducting simultaneously.T providing a short circuit path to the power source V.

At high power levels such operation clearly creates a
situation earmarked for disaster. Thus, if the
two alternations are to be brought close together
to approximate sinusoidal operation, a highly
reliable technique must be developed to insure
conduction oi only one of the VAS's at any one time.

Unloaded,. 4ulti-Cycle Testing
FIGURE 3. Unloaded Series Inverter Circuit.

The second mode of testing was essentially
identical to the first except that sustained opera-
tion over many cycles was attempted. The voltage
wave form developed across C 3 during such a test is

shown in the oscillograph of Figure 5. In this test
C1 was precharged to a positive 200 volts, C2 to

positive 1.2 kV and C3 to negative I kV. The

vacuum arc switches were triggered at a I kHz rate,
and the shape of the waveform envelope is due to
the Q of the series resonant circuit and to the
exhausting of the energy prestored in the capacitors.
The peak value of the initial alternations is 1.1
kV. and the peak value of the last alternation
before erratic ignition occurs is 700 volts. Thus,
for this test the inverter operated at an average
power level in excess of 200 kVA, at a frequency of
I k iz for 7 milliseconds. Several other tests
yielded similar results, the maximum continuous
operating time being approximately 10 milliscoade.FICUE 4. Oscillograph of the inductor current during It is important to note that th operating time

stale-vycle testing. Vertical calibration: 800 amps was not limited by the device, but was the result
pe" m: horizontal calibration: 20 microseconds per cm. of the energy stored in the three capacitors being

expended in the circuit resistance. Only when the
voltages on C2 and C 3 dropped below 700 volts did
the vecumarc witches begin to operate erratically.

The results of this and other similar single-
cYcle tests produced several significant results,
three of which stand ouc as being most important.
First, power levels of at least 2.5 (VA are
demonstrated to be feasible using the vacuum arc
switches. Second, at the conduction levels achieved
in this experiment, the vacuum arc switch losses are
approximately five joules each for each cycle of
operation, and third, the spacing between the
alternations of a cycle can be at least as small as
iour microseconds. This first result is viewed as
being important because it shows that the switches
as designed are capable of standing off the voltages
and conducting the currents necessary to achieve
multi-segawatt inverting. Additionally, it appears

from other tests that single-cycle current levels
of at least an order of magnitude higher are
possible with properly designed switches.

FIGUPRE S. Oscillograph of the voltage waveform

The second result mentioned provides an in- developed across C3 during multi-cycle, unloadeddication of the cooling problem to be encountered testing. Vertical calibration: I kV per cm;
in sustained operation of the inverter over many horizontal calibration: I millisecond per cm.
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The series of teats in this mode of operation also
uncovered two particular problem areas. The first of
these problems was that for volts&e on C2 and C3 in
excess of 1.6 kV, VAS 1 arced internally from the anode

6
to the stainless steel envelope . It was deter-
mined that the solution to this problem was to
electrically connect the envelope to the cathode.
This solution was realized by removing a section of
the stainless steel vacuum line to the switch and
replacing that section vith a piece of insulating
hose. Insulation was also inserted between the
envelope and its support. VAS1 has since been

operated successfully for several cycles having
peak values up to 4 kV.

The second principal problem, one that has been
more persistant. is that when a switch is triggered FIGURE 7. Oscillograph of the Primary Current during
and ignites, a signal of sufficient strength to Multi-Cycle, Loaded Testing. Vertical calibration:
disrupt the operation of the igniter pulse generator 400 amps per ca; horizontal calibration 0.2 milli-
is coupled back along the trigger leads. Extensive second per cm.
grounding the shielding efforts have reduced this
problem, but not eliminated it. is conducting. The cause of this occurence is not

Loaded, Multi-Cycle Testing yet fully understood, although it appears that coupl-
ing through the interelectrode capacitances and
through the comnon anode-cathode connection betweeno s indicated in the bntroduction, the third mode the two switches has a contributing effect. Thisofo r te reti nd lad esistn ected as possibility is currently under investigation.former. rectifier and load resistance connected as posblt uretyndrnvtlao.

in Figure 1, and sustained operation over many cycles
was again attempted. Because of the increase in the
rate of input energy consumption caused by the Conclusions
addition of the load, a different scheme for pre-
charging the capacitors was employed for these tests: The inverter has been operated in both a single-
CI was charged to positive 1.2 kV, C2 to positive cycle mod* and a multiple-cycle mode in an unloaded

1.6 kV, and C3 to negative 400 volts. The inverter configuration and in a multiple-cycle mode in the
w loaded configuration. These tests indicate that the

was then triger d as before, except at various presently used vacuum arc switches have both the
frequencies up to 8 kHz. current carrying capacity and the reverse voltage

stand off ability to enable the inverter to operate
at 2.5 NVA for about 10 milliseconds at 1 kHz in a
multiple cycle, unloaded mode. Similarly, the
multiple-cycle, loaded tests indicate that the in-
verter will operate for several cycles at 5 kHs and
higher and at power levels of 200 kVA. However,
vacuum arc triggering problems indicate the need for
further study of the vacuum arc switch, particularly
the triggering mechanism and the effects of the
intirlectrode capacitances on the dynamic operation
of the switches in the inverter circuit.
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MAGNETIC FLUX CONCENTRKATION WITH THE

ANODE IN A VACUUt ARC SWITCH*

Y. Swen and A. S. Gilmour, Jr.

State University of New York at Buffalo

Summary

The anode of a vacuum arc switch may be used as
a magnetic flux concentrator. This is done to permit
the use of a large diameter field coil, perhaps
located outside the vez.-im envelope, for generating
large magnetic flux densities in the anode-cathode
interelctrode region. The time required for the
magnetic flux to decrease substantially in density
because of diffusion through the anode is of
interest in switch applications where it is
necessary for the arc interruption process to be
relatively slow. In this paper measured flux
diffuuion speeds through a vacuum arc switch
anode are compared with those calculated using
the diffusion equation subject to boundary
conditions in two limiting cases. ONITIC PILO COIL

CATHODE

Introduction ISmUAoR

The configurato of the vacuum arc switches
being investigated ' at the State University /
of Nev York at Buffalo is shown in Figure 1. A lGNITIME LICThOOf

vacuum arc is ignited on the surface of the
cathode with a pulse of energy applied to the
igniter electrode. Conduction through the
ensuing vacuum arc plasma is interrupted by
applying a pulsed magnetic field to the device. CAllOO14eA6lTE AMUSLY
As is shown in Figure 2. the anode of the vacuum " - - -

arc switch may be used as a magnetic flux con-
centrator. This makes it possible to generate Figure 1. Vacuum Arc Device Capable of Current
a large magnetic flux density in the interelectrde Limiting or Interruption
space between the cathode and the anode with a
magnetic field coil having a relatively large inner
diameter. The large coil diameter is necessary -imn
in some cases to make possible the location of the
field coil outside the vacuum envelope. In other
cases, when the coil is located inside the vacuum An. "
envelope, it is necessary to use a large coil dia-
mter so that the coil and its supporting insulators,
ae. can be adequately shielded from the metallic/
Pasma generated by the vacuum arc. / //

In most applications of the vacuum arc switch '

the magnetic field is applied so rapidly that there N / ;
is essentially no diffusion of the magnetic flux - / \ '... ._.- //
through the anode and so the desired field con- ' ,

centration effect is achieved. In other applica- ' . ' /
tions of the switch the rate of change *Z ,.rrent - -

during the interruption process mst te relatively
low and so the magnetic field most be applied
gradually. In these cases the diffusion of the Figure 2. Concentration of Magnetic Flux by Anode
field through the anode may have a substantial
effect on the meanitude and/or the variation with Alysis
time of the field in the interelectrode space.

When a slotted* anode of a vacuum arc switch is
The objective of the study reported in this placed concentrically in a field coil, as is shown

paper was to determine, .alytically and *x- in Figure 3, and a tee varying current is passed
periamntally, the diffusion properties of the through the coil there is an induced current in the
field through the annular anodes of vacuum arc anode as is shown by the dashed line.
switches.

5 Supported by the Air Force Asro Propulsion ** The slot is necessary to prevent the anode from
Laboratory end the Electric Power esearch acting as a shorted single-turn secondary winding
Institute. on a two-winding transformer.
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Figure 4. The Anode in Cylindrical Coordinates

the materiai oi the anode is zero. for this case, the
Figure 3. Induced Current in Magnetic Flux assumed flux density at the surface of the anode is

Concentrator always smaller than the actual value. (The actual

With the assumption that the induced current in value is higher because of the concentration effect.)

the slt does not affect the magnetic flux density As a result, the calculated time required to reach a

in the axial direction at the center, the magnetic specific flux level is longer than the actual time.

flux density due to the induced current at the outer
edge of the anode is in the reverse direction and is For case It, it will be assumed tht the flux
almost o the same magnitude as the magnetic flux density at the inner surface of the anode (r - ra)

density due to the field coil. Therefore, these two is the peak concentrated value. Again, the initial
magnetic flux components nearly cancel each other, flux density within the material of the anode is zero.
The remaining magnetic flux density is due to the For this case, the assumed flux density at the surface
induced current at the inner edge of the anode. The of the anode is always larger than the actual value.
magnitude of this flux density can be several times As a result the calculated time cequired to reach a
the magnitude of the flux density in the absence of specific flux level is shorter than the actual time.

the anode if the inner radius of the anode is sub-
stantially smeller than the outer radius. Thus the Solution of Case 1:

slotted anode functions as a magnetic flux con-
centrator.

The steady state solution can be found by using

The magnetic flux diffusion equation is the Blot-Savart Law.

B 1AB . 0 The transient solution can be obtained by
KC 3t solving

Where K 1 (2) )B)

It
and where B - magnetic flux density

w - permeability By separating the variables, the solution is
a - conductivity

Bt (r,zt) " 1 Z C Uo( nr)Cos( mz)
The solution can be divided into the steady state n. 1 1

solution Bo and the transient state solution Be, as

is shown in Eq.3. The coordinates are as shown in e- (a n+ m)t (6)
Figure 4.

where Uo(anr) = Jo o r)Y (a b)-Jo (a b)Y (a r) (7)
B (r,z~t) - 8° (r a) + Bt (r,:,t) (3) adai h t oto

and an is the rith root of
0 ' t

The initial condition is
Jo(ona)Yo(anb)-Jo (anb)Yo (anS) -0 (8)

S (r,z,o).- (4) n 0n on 0n

The diffusion equation will be solved subject to the am is the mth root of

boundary conditions of two limiting cases.
Cos (B h) " 0

For case 1, it will be assumed that the flux den-

sit7 at the surfaces of the anode is the steady state 2-1
value, B and that the initial flux density within m 2-h
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Combining the steady state solution and transient
solution, the complete solution is obtain as follow: Measurement of Diffusion Speed

The rate at which the magmnetic flux diffuses(r~z~t) - B(rz) + m Cr U(nr)CoS(BZ) into the anode can be measured by observing the

transient response of the magmetic flux density to

a-k(n2 + 2)t 
a step current in the field coil.

where C can be determined by the orthogonal The induced voltage of an n-turn sensing coil
e ma in a magnetic field is

properties of Uo(nr) and Cos (Bz). V(t) - - n (12)

where the CUo (a ar)Cos(B z) are the weighting dt

factors for the attenuation terms. where V(t) - the iuc~ed voltage

n - number of turns
Sol utin of Case 2:

- total flux in the coil

The steady state solution is separated into
two parts And the magnetic flux density is

0 (r,z) - 0(r) Be(S) (10) irrV(Odt

B (z) can be approximated by a straight line since B - (13)A A 13

the thickness of the anode is small compared with 0

the diameter of tha anode. 5 (r) can be solved by where A is the area of the sensing coil and this
the method of separating variables subjected to the area is so small that flux density is approximately
boundary conditions in 5-5. uniform in this coil.

Thus Figure 6 shows how the induced voltage is

Bo(r a Z)n(b/r)+Bo(rbVz)tn(r/a)l taken from the coil, then displayed on an oscillo-
°(r'z) "I In (b/a) scope after amplification and integration. The

oscilloscope is triggered externally at the

a instant that the field current is switched on.

o •) According to Eq. (13), the waveform which
where m = -256 is the slope of B (z) at r-2.83 in. appears on the oscilloscope is proportional to the
(7.2 cm). magnetic flux density versus time.

The complete solution of case 2 is of the same
form as in Eq. (9) of case 1. except that the steady SOiC
state solution is changed to (11) Instead of being
obtained directly from the Biot-Savart Law.

The curves of magnetic flux density versus time
can be plotted from the solutions of the diffusion
equation subjected to these two boundary conditions

and are shown in Figure 5.

of Cue 2 h md

•C thmFigure 6. Technique for Measuring Diffusion Speed

A Gauss meter was used for calibrating the
output signal from the integrator.

The steady state magnetic flux density inI ~sun" C ims this experiment was 29.4~7 Gauss. The magnetic
Of CftIn flux density can be increased either by increasing

the field current or by increasing the number of
turns. As the rnumber of turns in increased, the

Tin, ms rise time will be increased due to the increase of
inductance. An excessive number of turns could
not be used because It was necessary to keep the
rise time of the step current in the microsecond

for Lmltini Cases range. As the field current in increased, the C
resistance of the field circuit will be increased

duo to the temperature rise resulting from

joulean heating.
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In this experiment, the number of turns n.
was 2. the field current I, was 265 amperes, the

radius of the current loop was 4.45 in (11.3 cm) vrQ.Saii1

- and the voltage of the batteries was 12 volts. A

magnetic flux density of 29.47 Gauss was generated
at the cancer of the current loops.

The inductance of the two turn current loops -idCW
was about 1.84 uH, the total resistance of the

field circuit was 45.3 mil and so the rise time

constant of the step input current, which is the
ratio of inductance to resistance, was about 40 Figure 8. Cross-Section of the .node in this

microseconds. Experiment

Shown in Figure 7 is the magnetic flux density
versus rime at the center of the current loop in

the absences of the anode. This is also, of course,

the current waveform in the field circuit.

i in

0"U

Time, I msec./div.

rime, 0.5 msec./div. Figure 9. Output From the tncegrator with an

Anode in the Current Loop

Figure 7. Output From the Integrator Without an The Lower Trace Was Due to the Induced

Anode in the Current Loop Current Introduced as the Field Circuit
Was Turned Off.

A slotted copper anode of 1.417 in (3.6 cm)
inner radius, 4.25 in (10.8 cm) outer radius and
1 in (2.54 cm) thickness as shown in Figure 8, was
placed concentrically within the field coils.

The magnetic flux density versus time, as
shown In Figure 9 was taken from a sensing coil of 4A

7 turns which was placed at the center of the anode. P
From the picture, it can be seen that the magnetic E
flux density can reach about 105 Gauss initially iS

which is about 3.5 times the steady state magnetic
flux density, then it decays to the steady state

because the magnetic flux diffuses into the anode. _ 0

In section One, it was predicted that the
peak flux density would be about three times the
steady state value or about 90 Gauss. The higher
value actually observed (105 Gauss) resulted from
the noise introduced at the switch And by the shape
of the anode.

The experiment described in the proceding

paragraphs wes repeated vith the anode slot shorted

by two copper plates. The result is shown in Time, 2 msec./div.
Figure 10. Initially the magnetic flux density was
zero at the center since there was no induced

current at the inner edge of the anode. However,
the magnetic flux density at the center of the Figure 10. Outout From :he Intearator When the Slot
anode increased to the steady state value when In the Anode Is Shorted
the magnetic flux diffused through the anode.
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A hole of 0.2 in (0.5 cm) diameter was drilled
at the position 2.83 in (7.2 ca) from the center
of the anode. A sensing coil containing 20 turns
was placed in the hole and flux density measurements "n
were made with the slotted anode. Figure 11 shows
that the magnetic flux density increased from zero ,
to the steady state value as the mangetic flux
diffused into the anode from both the outer and the
inner edges. L--

Shown in Figure 12 are the experimental U'
results, compared with tfie theoretical results
from Figure 5. Note that the experimental curveCI
initially follows the calriLLated curve for Case II.
This is to be eipected because the initial flux
density at the surface of the anode is the con-
centrated value used for the calculations of Case
2. As expected, the experimental curve then
approaches the same asymptotic value as is calcu-
lated for Case 1. Note that the effective flux Te , 0 e c./d iv-
concentration time is on the order of one milli- rme, 0,5msec./div.
second.

Figure 11. Magnetic Flux DensitY vs Time at the
Position R-7.2 01. Z*0 CH.

StaSard and Conclusions Segnetic Flux Density
Suinry ad Cocluson.- 44.11 Gauss.

An experimental and theoretical study has
been carried out to determine the magnetic diffusion

properties of the anodes of vacuum arc switches.
From the analysis of two limiting cases, an effec-
tive magnetic flux concentration time on the order
of one millisecond is calculated for one particular

anode under consideration. This time agrees well

with the measured diffusion tine. 44 I ---- --- -- -- ----
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ENERGY CONSIDERATIONS IN THE PULSED

OPERATION OF A VACt"fM ARC CURRENT LIMITER*

by

C. D. Bowman+. A. S. Gilmour, Jr., R. Dollinger

and D. P. Malone

Laboratory for Power and Environmental Studies
Department of Electrical Engineering

State University of New York at Buffalo
4232 Ridge Lea Road

Amherst, New York 14226

SuammaryAxso 
lwsPun

It has been demonstrated at SUNYAB that current Axi$ of PlamaPlume
peaks as high as '. 120 kA can be limited to I-1 kA v(irectin of Force
using a vacuum arc cur-int limiter (VACL). During ietoofFr
current limiting a large voltage is developed across Flux Line
the VACL and so a very large impulse of energy is
applied to the anode. This paper describes the results ' \
of a study that has calculated the current
amplitudes with and without the VACL in the system.
The resulting energy impulses applied to the device
were "etermined and a transient analysis of the
temperature distribution within the anode was made.Introduction\i

~Fied Coil
The work discussed in this paper resulted from ./C

interest in the possibility of using a vacuum arc / -Aode
device to limit fault currents to a value which power '_"
supplies can easily handle. The use of such a device \r
in the system would result in a smaller power uupply
and reduced cost because the cost of a power supply Ilitor- ElctronFlo
that had to withstand the maximum fault current

would be considerable. Limiting fault currents Cathode

to low values would also limit the degree of damage to
the load by preventing a high current failure in the FIGURE 1. Vacuum arc current limiter.

load. The VACL is also a triggerable vacuum arc so
it can be used as a turn-on switch.

The operation of a VA CI. depends on the character- Transient Current Analysis
iscice of vacuum arcs. A vacuum arc is a plasma
discharg, established between two electrodes in a The current limiting device can either be put in

vacuam a4 shown in Figure 1.
1
,
2 

The cathode material series with the 60 Hz power line to the power supply

is vaimrized and ionized by arc spots to provide the or in series with the unipoler output of the power

conducting medium. A vacuum arc discharge is a good supply. The present configuration of the VACL is

switching medium as it makes possible a high vacuum similiar to a diode in that it conducts in one

device having excellent insulation properties when direction only. Thus. if the current in the 60 Hz

nonconducting and it becomes a plasma drop during power line is to be limited, two VACL's are needed

normal conduction, for each current direction and they must be alter-
nately triggered on each half cycle. Of course,

For current limiting to occur, the electrodes only one VACL is needed in the output of a unipolar
34 supply. At first sight, the latter location for the

must be of coaxial geometry (see Figure 1) . The VACL might seem to be better than the former loca-
cathode is a relatively small electrode placed on the tion because only one device and turn-on trigger is
axis and the anode is an annulus surrounding the needed. However, the former position has the
cathode. The arc current may be limited by applying advantage that the fault current can be terminated
a coaxial magnetic field in such a way that the field at any of the 60 Ha current zeroes by merely not
lines are essentially perpendicular to the paths of triggering the VACL which is necessary for current
the electron current from cathode to the anode. The flow in the next half cycle. For this reason, the
effect of the field is to increase the voltage drop work presented here will assume the current limiting
across the arc (increase plasma resistance) end there- is done in the 60 Hz power line. Thus, the current
fore decrease the current. If enough current ie limiter, CL in Figure 2, is actually two VACL's in anti-

sent through an additional magnetic field coil, the parallel.
vacuum arc can even be turned off. Thus, the VACL
can act as a opening switch as well as a closing The circuit under analysis is shown in Figure 2.
switch. The circuit elements are Identified as:

* This work was su77orted by the Electric Power V S - source voltage (k rue);

Research Inetitut and Sandia Laboratories.
+ Present Address: Ontario Hydro, 700 University

Avenue, Toronto. Ontario Ls - source inductance (Henrys);
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RS - source resistance (Ohms); a - diffusivity ;
= Load resistance;
- load inductance; 

k - thermal conductivity of anode material
L l(copper);

I - fault current (kA);

and V - V (0) (I + K2 12). density of anode material
arc arc

and C - heat capacity of anode material.

CV

WITHOUT CL
, FAL WITH CL

FIGURE 2. Circuit Model.

The last equation is the model for the VACL where z;

Va (0) is the arc voltage with zero magnetic field
3
.

This is essentially the cathode fall potential and is
2 3

assumed to be 20 V. The K is a device constant 
. The w'b-oo .0 2" 3 .00 40.0 0 6b.00

anaylsis presented uses the following values for the IMr. S1

circuit elements. 0

Vs = 38 kV

LS - 23.3 mH

2 
- 5

K - 10

The greatest heating of the anode occurs when
the fault current is the largest. Only the worst case .

is considered. Therefore, it is assumed that the
fault occurs at a voltage zero, because this results
in the largest fault current. The current as a FIGURE 3. System current with and without CL.

function of time without the CL satisfies the
equation: As can be seen in Figure 1, the arc strikes the anode

/, dI. surface uniformly and perpendicularly, so it is assumed
VS sin (wt) - RS I (t) + LS  (t that the flow of het is radially only. Because thedt j 5 anode diameter is much larger than the depth of heat

penetration, the cylindrical anode is modelled as a one
With the CL, the current satisfies the equation: dimensional (z) heat flow problem with rectilinear

s t symmetry. Tharfore, the heat equation becomes:
2 VS sin (wt) - RS I Wt + Ls d~t

a~~ ~ ~ dt3Tzt T(z.t)

+ V (0) (1 + K
2 12 (t)). at 32

arc

the restttant fault current with and without the CL with the conditions:

is shown in figure 3. T (z,O) - 0

Reat Transfer in the Anode T (-t) - 0

The equation for the temperature in the anode as and 3T(O) -D

a function of tie and distance into the anode may Ik
be obtained by solving the heat equatio-n: where D(t) is the power density incident on the anode

T n V
2 
T, and is equal to Vr(t) I(t)/(Anode Atea) in watts/sa

2

where D(t) is graphed in FIgure 4 where the positive and

negative value s correspoa d to the powr density incident
on the respective anode of one VACL (i.e. one current

T temperature, a function of space and time; direction) and the other VACL (i.e. the other current
direction). It can be shown that the temperature

t - time; distribution is given by:
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T(Z-t) 2 A nz2  de at a temperature (TO) less th n 03C
) D(t- )

- 
exp (,-) dX, are also shown.

0 Inside Kitn iemum
which is solved by numerical techniques. Anode Depth into

o Surface Anode such

0 Area that 1 0 '100
0

C

0 1/2 Tm  10,720 cm
2  

0.3 cm

IS - 1/4 Tm  21,440 cm
2  

0.6 cm

- / . T=.001
~T= .002

0-6Tz.005

r=ao

Fr 4 . Pwraoe ()

Th tpraur isriTio=erust.een0ig

Ln 
T= 0.00000

the firs poitv curen pul0 e is/ shwn i Fiur s. .o 0.5 01 0.0 0Z T.S 00

= o
°  

Tz .009

rh t ;" /eha be nrmlie wthr-pctto.PTIC1

FIGURE 4. Power density incident on the anode, D(t:). C

The temperature distribution versus time and dis-
tance into the copper anode of the VACL which carrles:
the first positive current pulse is shown in Figure 5. .Go 0.05 0.10 0.15 0.20 0.25 C'.30
rhe temperature has been normalized with respect to DEPTH(CMt}
the anode surface area. The temperature distribution FIGURL 5. Temperature Distribution.
turves are not given at the surface of the anode be-
:ause it is not clear what is happening at or near Conclusion
the surface of the anode as several phenomena, such
is ion implantation and radiation, which cannot be It has been shown in the preceding analysis that
representated in this simple model are taking place, the anode of a VACL would have to be fairly large if the
rhus, this model holds only for depths just inside current in a 38 kV system is to be limited to 10 kA in
the surface and farther on inward, the case of a load fault. The large dimensions are

necessary in order to achieve the large anode surface
areas that are needed to prevent the surface from

Anode Nsi~eT mlting. However, the model studied does not takemany possibilities into account such as corrugated anode
surfaces, alloy anodes, multi-layer anodes, parallelfrom an examination of Figure 5w one can see that comutation resistors, etc. Whatever course is chosen,the required thickness of the anode al is "nal it must be kept in mind that enormous amounts Of

compared to its overall dimensions because the depth
f henergy must be dealt with and research and developmentoi hmat penetration is small. Thus, the overall ane are needed if a VACL is to be feasible.r ~diensions are dictated by the maxionum temperature,

because the dimensions must define a surface area
which would limit the maximum anode temperature value References
less than its melting te"meture (Tm - 1083°C). For G. A. Farrell, "Vacuum Arcs and Sitchig'. IEEE
design purposes, an area which would limit this Proc. Vol. 61, No, 8, p. 1113, August 1973.
maximum temperature (TS) to 1/2 or even 1/4
might be necessary. These areas are tabulated 2 Amos Selzer, "Switching t Vacuum: A Review", IZEE
below. The corresponding minimum depths for these Spectrum, June 1971.

- areas which would keep the outer surface of the
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REL,"%riu l,'ULSiNG WITI A

V.\CUUM \RC DEVICE"

A. S. Gilmour. .;r.. it. :),,1linger. C. ';. M.inikopout,%.

P. Schwartz, X. Rosenf.ld

Department if Electriil Encinering
Department of Encintvring Scienie

Laboratory for Power and Environmental Studics
State Cniversity of New Yirk at Bufiil.,

SummarY v aporize. The resultinc pisma. burst quickly

ills the intvr-el-itr,di, ':e d jowin the

In some contigurations of a vacuum arc device T.,Ln ire ,zrr..nt to ;,.is tvi.vvn t e inode ind

with a cylindrical anode and an axially positioned caiiOde with .rise tint on the order or one

cathode, high-repetition-rate relaxation pulsing microsecond. During the vnsuing disharce, tile

occurs. Sarrow. repetitive voltage spikes occur nutallic film is re.ener.ted. preparin the

with amplitudes well in excess of several kilovolts. sistum for the next icnitivn pulse.

Each voltage pulse is accompanied by a rapid "chop"

in the current through the arc from a level as high
as 10 kA to zero. The repetition rate tor this
phenomenon is approximately 30 kHz. Such a repetitive.
opening switch could be very useful if its pulse
characteristics could be controlled. An Intensive,
experimental and diagnostic effort to understand this
phenomenon has been in progress for some time now.
This paper will present the results that have bee~n
obtained to date concerning the spiking phenomenon

Int roduc tion ...

The type of relaxation pulsing, voltage spiking,

being reported is shown in Pigure I . These pulses
were observed during some of the previous work on the
DC vacuum arc interrupter using ring anodes and

'3
magnetic fields from external coils2' . Since then,
the authors have demonstrated that the magnetic field
from an external coil is not necessary but that the
ring anode is necessary. The following brief
description of these devices and vacuum arc dis-

charges in general is given to orient the reader.

A vacuum arc is a plasma discharge between two

electrodes in a vacuum . The constituent material
of the negative electrode is vaporized and ionized

5
by the arc spots to provide the conducting medium
A vacuum arc discharge is an almost ideal medium

for use in switching because it makes possible a
high vacuum device having excellent insulation

properties when nonconducting and it becomes a
plasma discharge device which, depending on the
configuration of the electrodes, has a low voltage Top: 2000 V/div.

drop
6
.7 during conduction. Bottom: 4000 Aldiv.

Shown in Figure 2 is a drawing of a vacuum Time: 0.1 ms/div.

arc device capable of producing the relaxation

oscillations of the type shown in Figure 1. A FIGURE 1. Relaxation oscillations occurring in
vacuum-irc discharge between the cathode and current limiter.
anode is initiated by the use of a third

electrode called in Igniter. The igniter
electrode is separated from the cathode by an As shown in Fizure 2, the cathode is i
insulator on which the metallic vapor from the relatively small electrode placed on the axis

arc can deposit forming a conductive thin film. and the anode is a annulus surroundinc the
To ignite the arc, a current pulse is passed cithode. Only if the electrodes are of the
through this film causing a portion of it to coaxial geometrv shown, can the arc current

be controlled by applying a coaxial magnetic

field to the device in such a way that the

* This work was supported by the Electric Power field lines are essentially perpendicular to

Research Institute and Sandia Laboratories the paths of the electron current from the

CHI 3714/78/0000-021700.75 01 !978 IEEE
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cathode to the anode. The effect of the
field is to increase the voltage drop across
the arc and thereby decrease the discharge
current.

A @A

Top Vzi

IICUCTION COIL A4MDl -T o. Co .. .. ............

IGNITER

INSLATOR A. Glass Barrier H. Anode Support Post

CA4D B. Glass Plate I. Ceramic Spacer

C. Boron 4itride Disk J. Anode Feedthrough Ring

D. Glass Cylinder (Stainless Steel)

E. Anode Cylinder (Copper) K. Cathode Base (ground)
FIGURE 2. Vacuum arc device used to demonstrate

the relaxation oscillation. F. Cathode Material

G. Ignitor Ring
The vacuum arc device shown in Figure 2

can operate in the self excited mode, in F7GURE 3. Vacuum arc device that is presently being
that the anode current is made to flow in the used to investigate the relaxation
magnet coil that is used to produce the axial oscillation.
magnetic field previously described. This
can be accomplished by using the magnet
coils as the anode and by suitable electrical The key features of this device are that:
connections of the ends of the two, single- the anode is a continuous ring.
turn induction coils showm in the figure. In
the self-excited mode, this vacuum arc device the electrical connections to the anode
becomes a current limiter which has experi- and cathode are cylindrically symmetric.
mentally limited fault currents to 1 to
10 kA from 3 kV sources. (The reader is the machine is easily accessible for the
referred to the literature for more

detail 1.2.performance of diagnostics and
details 1.2.)

the internal, structures are easily
It was during investigations of the vacuum arc changed as required for the parameter

current limiter that the relaxation pulses were seen. studies.
The unexpected occurred, however when these pulses
were still observed when the coil ends where The vacuum feedthrus for the anode and cathode are
shorted together so that the anode current in the respectively the stainless steel ring separating the
coils were thought to produce no net axial magnetic two glass cylinders of the vacuum chamber and the
field. The experimental arrangement. however, was metal baseplate to the Vat Ion pump. In the scale
asymetric so current flows could exist which have drawing, the anode is a cylinder 10 cm high and 18
produced magnetic fields that might be the cause cm inner diameter. After these major constructional
of the pulses. In order to reduce these asymetries, changes in geometry and dimensions, not only did
the vacuum arc device drawn in Figure 3 was the relaxation pulses still exist but even the
constructed. repetition rate was the same (30 kHz)t
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The remainder of this paper outlines the intensive e) polarity,
axperimental and diagnostic effort to understand f) energy in pulse.

this pulsing phenomenon+. 4) dimensions of ignitor.i s h) relative placement of ignitor to the
cathode and anode and

Parameter Studies I) power source.

10) Effects of:A series of parameter studies were Initially a) background pressure,
begun not only to improve the operating :haracter- b) cleaning techniques (discharge
istics of the device depicted in Figure 3 but also cleaning and electrochemical polishing,
to help explain the phenomena. The following is ac) material purity of the various parts and
partial list of these parameter studies. d) conditioning.

List of Parameter Studies 11) Effects of cathode spot and cell

1) Effects of various series and parallel characteristic for multi-ell, ulti-

impedances external to the device; on spot vacuum arcs.

the repetition rate, pulse width and 12) The effects of new current distributions
amplitude of the pulses. by the insertion of additional electrodes.

2) The correlation of current limiting to 13) Correlation of arc turn-on to ignitor
the occurrence of the pulses. plasma, voltage, current and energy with

3) Effects of dimensons:such paranmeters as thin film thickness.a) anode height and diameter, resistance. material, cleanliness, etc.

b) spacing between andue and cathode and
c) relative location of the stainless The performance of these parameter studies did lead

steel ring feed thru and the anode, to improved operating characteristics and an intuitive

,) Effects of 13 different cathode materials understanding of device operation. However, iton 7 different characteristics of the became apparent during these studies, that only avonta 7 diffe rent cratet. Th resseries of plasma-type diagnostics would lead to avoltage and current traces. These results better understanding of the relaxation pulsing
were then correlated to 30 physical phenomena.
properties of each cathode material.
Combinations of physical properties are
also being studied. Probable Plasma Theories

5) Effects of an externally produced, DC It is now believed that the relaxation pulsing
magnetic field. is a plasma phenomena and not an electrical circuit

6) Effects of different vacuum chambers: effect primarily because a capacitor in parallel
a) Materials (glass or metal or or an inductor in series with the vacuum arc device

combinations of both), does not change the repetition rate of the relaxation
b) volume and pulsing. There are many possible plasma effects that

c) relative placement of Internal parts. could be causing the pulsing. Some of the theories
are listed below.

7) Effects of different capacitor bank: List of Plasma Theories
a) capacitance.
b) inductance. 1) Formation of double sheath (caused by
c) physical arrangements and density gradients which in turn might
d) voltages be caused by magnetic fields generated

by arc currents).
8) Effects of shielding:

a) materials (glass or metal or 2) Anode sheath formation.
cot-binations of both),

b) georetry (rings, cylinders, plates, 3) The anode partially intercepts the
washers, etc.). axial ion jet generated by the

L) dimensions, cathode spots.

d) general location and
a) necessary clearances. 4) Rotating plasma spoke.

9) Effects of ignitor trigger: 5) Masnetic field blowout of a plssma spoke.
a) exploding thin film versus vacuum

gap. 6) Turbulent heating.
b) waveform.
c) duration. 7) Standing plasma wave.
d) amplitude.

8) Plasma instability such as a 'wptitlve
"sausage" or "kink" instability.

It should be noted that there is insufficient
space in this paper to discuss the motivation
and results of most of the various efforts The results available from the parameter studies are
being carried out and many require individual inconclusive if not contradictory, as to which theory
independent reports. Therefore, even though (or theories) might be applicable. Therefore, the
all the efforts are listed, only a few performance of plasma diagnostics is essential.
vil be discussed further.
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Diagnostics bank voltages and vanedium (see Figure 6) caused
spiking at all bank voltages. Typically, the

There are many factors involved in the selection amplitude of the voltage spikes is in excess of 60%

of just which diagnostics should be performed. Some of the bank voltage.

of the more important factors are:

The diagnostii must provide data that can CRTHODE TEST
be interpreted. CHROMIUM
The performance of a diagnostic can not
interfere with the mechanism producing
the pulses.

The diagnostics should be applicable to "
several different theories in order to
provide duplicate information in case a
particular diagnostic cannot be done for .
some unforeseen reason.

The necessary physical constants mast be U
available.

r A un
The resources (such as equipment, expertise, 01 a
access to plasma, cost, personnel, time, LW
etc.) should be available.

After many trade-offs, the following diagnostics are
presently being performed. Q.

List of Diagnostics

1) Capacitive probes to detect plasma
potentials, sheaths and plasma concentrations. MAIW1UD 0.6

2) High speed framing photography. c b.. u ka
3)TEST VOLTROC (VOLTS) U10

3) icrowave emission, reflection and FIGURE 4. Arc current versus initial voltage on
interferometry. capacitor bank which shows that chromium

4) Spatially resolved but time integrated produces negligible voltage spiking.

spectroscopy for determing the temperature I

and density of Cu I electrons. L U M I N I U M
5) Faraday cup measurements.

6) Fast voltage and current measurements. 0

7) Single and double electric probes• .w
5

8) The piasma theory which is chosen from the 0
interpretation should be consistent with 9

the results of the parameter studies. 1/4 CM LD

The interpretation of the available information is
discussed in the following paragraphs. I

Results

Data from the parameter study using 13 different
cathode materials show that some elements produce o
the repetitive voltage spiking while others show MV I ALvery little spiking. Furthermore, the occurrence of

spiking is dependent on the capacitor bank voltage 01
prior to the ignition of the vacuum arc discharge. --

,his can be seen in Figures 4, 5 and 6 where arc
corrent is graphed versus the initial voltage on the
capacitor bank. The straight line is the current I

that would flow in the 1/4 Ohm series limiting 0
resistor if the arc voltage is zero. The other curve 9
is experimental. Any large divergence of the two 60 3b.00 7 .00 106.00 144.00 10.00

curves indicate voltage spiking (i.e. an increased TEST VOLTAGE (VOLTS) Nt0
averaged arc voltage that causes a reduced current FIGUR 5. Arc current versus initial voltage on
flow). A small divergence represents only a smll capacitor bank which shows that aluminum
arc voltage and no significant spiking. Thus, produces spiking only at low bank

chromium (see Figure 4) produces negligible spiking; voltages.
aluminum (see Figure 5) exhibit* spiking at low
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than those which are applicable. In this regard, it
C? seems that a rotating plasma spoke, the magnetic

field blowout of a plasma spoke, turbulent heating,

standing plasma wave and a repetitive sausage or

kink instability are unlikely in this vacuum arc

- 1 A U device. They do indicate that the plasma energy
* v is being uniformly deposited on the anode surface.

This is desirable because it means that the dimen-

sions of a high power vacuum arc relaxation pulser

acould be kept to a minimum.
a

Acknowledsements

The authors wish to acknowledge the efforts of

1/ O D. Benenson, D. Malone, R. Bennett, C Bowman, W.
Crompton, D. Dettman. J. Lee, D. Huang, G. Smith,

SJ. Sullivan. P. Tam and F. Yao for their work
on this project even through there was insufficient

space in the paper to give the results of their work.

ac References

IC 2Electric Power Research Institute EL-276-SR,

"Symposium Proceedings New Concepts in Fault

CCurrent Limiters and Power Circuit Breakers".

A. S. Gilmour, Jr., pp 17-1 thru 17-18.

April 1977.

" ? TAL 2 A. S. Gilmour, Jr. and D. L. Lockwood, "Pulsed

metallic-plasma generatots," Proc. IEEE, vol. 60.

pp. 977-991, August 1972.

5.00 VOL68G. 0 1V44-0 8o. 3 A . ;. Gilmour, Jr. and 0. L. Lockwood. "The
LTA (VOL Interruption of vacuum arcs at high dc voltages.'

FIGMur 6. Arc current versus initial voltage on IEEE Trans. on Electron Devices, vol. ED-22, no. 4

capacitor bank which shows that vanadium pp. 173-180, April 1975.

produces voltage spikes at all bank

voltage. G.A. Farrall, "Vacuum arcs and switching." IEEE

Proc. vol. 61, no. 8. pp. 1113, August 1973.

Conclusion A. E. Gils, "Arc electrode phenomena," Proc. Inst.

The spectosraphic study shows that copper ions Elec. Eng. (IEEE Review) vol. 118, pp. 1131-1154.

are found only in the axially oriented plasma plume September 1971.

which is ejected by the cathode spots. The results

of 12 GHt microwave interferometry and reflection 6 A. Seizer. "Switching in vacuum: a review," IEEE

meaaurements correlate in showing a decrease in Spectrum, voL. 8. pp. 26-37, June 1971.

electron density during spiking.

Most of the completed diagnostics give more of 7.4. P. Reece. "The vacuum switch." Proc. Inst. Elec.

an indication of which theories are not applicable Eng., vol. 110, pp. 793-811. April 1963.

221

. . . . . . . . . . . . . i I n Ii . . . . . . . . . . . . . . . . . ,i I. .. . . . .



MAGNETICALLY MODULATED VACUUM ARC FOR DC SWITCHING

Rolf Dethlefsec and Justus Mylius

Gould Inc., R&D Division

P. 0. Box 98, Greensburg PA 15601

Summary

Experiments are reported on vac:um arcs in Following A. S. Gilmour's work, magnetically
a magnetron-type discharge geometry. Magnetic modulated vacuum arcs have been investigated
fields up to 0.6 Tesla are applied. Various with respect to the development of a fast
do-gassed cathode materials are tested at acting commutating switch. A progress report
currents up to 10 kA. is given about work that is proceeding under

EPRI sponsorship.
Depending upon geometry, the magnetic field

can raise the vacuum arc voltage from typi- The objective is to increase the inter-
cally 150 V to several kV. The probable cause ruption ability while using realistically
is an electron space charge current limitation sized vacuum envelope hardware for the exper-
in front of the ring shaped anode. imentation in order to insure practical

applicability of the results.
Dependent upon parallel capacitance, strong

oscillations are excited by the magnetic field.
Application of the magnetic field can reduce Experiments
the arc current from several kA to the current
chopping level, where circuit interruption is Standard vacuum interrupter materials are
f)llowed by rapid dielectric recovery. High used for construction of the experimental
repetition rates in the kHz region appeac devices. The cathode consists of various
feasible. vacuum degassed metals. The ring shaped anode

surrounds the central cathode coaxially. The
INTRODUCTION anode constitutes a part of the vacuum en-

velope. The test chamber in demountable for
rhe term vacuum arc is used for discharges a quick change of the experimental variables.

conducted in a vacuum ambient through a medium Vacuum in the i0- 7 Torr range is provided by
of ionized electrode material which is usually an ion pump with sorption rough pumping.
eroded by the arc attachment from the cathode.
The arc voltage is in the range from about 15V The vacuum arc is initiated by a trigger
to 100 V for electrodes with opposing surfaces, discharge which is established by a voltage

surge between an auxiliary trigger electrode
Higher arc voltages can be observed if a and the cathode (see Fig. 1).

line of sight connection does not exist be-
tween cathode and anode, because the arc
plasma requires a supply of positive ions
which are emitted at high velocity from the
cathode spots.

A. S. Gilmour( 1 '2 '3 )showed in 1967 that a -
vacuum arc In a coaxial geometry could be
switched off by the application of an axialI
magnetic field. 800 A interruption at a re- i
covery voltage of 23 kV and also a repetition .. ,;
rate of I k z at reduced power levels were
demonstrated. from the development of AC
vacuum circuit breakers, it is known that a
vacuum are in suitably processed and deog d .on

hardware allows circuit Interruption following
a current zero with high intrinsic values of
di/dt and du/dt.

The possibility of magnetically modulating
a vacuum arc to the point of discharge ex- Fig. 1. Test setup for the Magnetically Modu-
tinction allows new applications to emerge. lated Vacuum Arc. Power is provided by a
DC circuit breakers or fast acting commutation Discharge Capacitor Bank.
switches are conceivable. A magnetically
controlled high power, high repetition rate The current is fed coaxially to the test
modulator could allow continuously variable device in order to minimize the magnetic
pulse length. A weight reduction may result effect of the current return path.
in comparison with the pulse forming network -
thyratron systems. Other uses for high power, The resulting vacuum arc discharge burns
high repetition rate ON-OFf switches exist in with about 150 V arc voltage until the stored
the general area of power conversion and in- charge is drained from the discharge capacitor
ductive energy storage. bank which serves as a convenient supply of

test power. Application of a magnetic field El
Gould Inc. is involved in protective raises the arc voltage substantially. Circuit

switching for electric power systems. interruption results if the experimental para-
meters are chosen properly. Residual voltage
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remains on the capacitor bank if a circuit differential equation.
interruption is performed.

The magnitude and shape of the dischargecurrent and he transient ircuit recovery vz B -

voltage following an interruption are control-
led by air core inductor L and resistor R.
Further capacitance C is placed in parallel with B - magnetic field strength
to the discharge device as an experimental
variable. The pulse shape of the test current L - magnetic permeability
is dqtermined by the total circuit inductance,
resistance and the 3.8 mF capacitance of the 6 - electrical conductivity
capacitor bank. The frequency of the recovery
voltage oscillations is determined by the t - time
parallel capacitance C and the circuit induc-
tance L. Capacitance C is chwrged in parallel The associated time delay rcan be esti-
with the capacitor bank. Upon triggering of mated by inserting characteristic variables.
the vacuum device, an oscillatory inrush
current is created which is determined by
capacitor C and the distributed inductance d
between C and the vacuum device. (About 2.0
4H). The inrush current often crosses the with d - anode wall thickness
zero line which can lead to premature re-
covery of the vacuum gap. In this case only - typical time delay of the

a short pulse of current is conducted. This magnetic pulse diffusing
problem is overcome by extending the length through the anode metal,
of the trigger pulse. flat plate approximation

Magnetic switching is initiated after the
oscillatory inrush current has been damped An example of a magnetic field calibration
out. A typical switching operation is shown is shown in Fig. 3. The lower trace is ob-
in Fig. 2. 0.4 nsec after initiation of the tained from a calibrated search coil placed
4.5 kA vacuum arc, a magnetic field is applied inside the anode. The upper trace shows the
which drives the arc current toward zero. The exciting current flowing through the winding
peak transient recovery voltage is 9.5 kV. on the outside of the anode. Diffusion delays

the peak of the magnetic field by about 0.3
msec beyond the peak of the currerC.

2The time delay can be varied over a wide
2 kV/Div range by properly choosing the anode wall

thickness, conductivity and permeability of
Y'U the material.

The magnetic field can either be excited from
a separate power supply with electronic con-
trol for timing or from the anode current
through a series connected winding. In the
latter case the diffusion time delay can re-
place the electronic timing control. Anode

2 kA/Div geometry and material can be designed for a
time delay up to a millisecond. The series

_ _ _ _connected winding simplifies the system
considerably.

" - 0.2 mc/Div - I
Fig. 2. 4.5 kA Vacuum Arc switched off ' 1.28 kA/Div
by the application of a 59 mT magnetic
field pulse. Copper Cathode. 11.4 uF
of capacitance parallel to the vacuum
device.

Masnetic Control field

The magnetic control field is generated by I-38.8 mT/Div
discharging a capacitor into a winding of
about LO turns of solid core automotive ig-

nition wire which surrounds the anode. This
wire provides sufficient high-voltage insu-
lation and high temperature capability. ' 0.5 mec/Div

The anode acts as a partial short circuit Fig. 3. Magnetic Field Pulse inside the ring anode
winding to the pulsed magnetic field coil, and excitation current in 8 turn coil surrounding
The magnetic field pulse diffuses through the the anode
anode as described in the following partial
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PARAMETRIC STUDIES cathode is mounted on axis with an offset.
The counter plate to the cathode is kept

1. Discharge Geometry electrically floating in order to eliminate
spurious cathode spot attachment. The trigger

Magnetic modulation of vacuum arcs requires electrode is mounted inside of the cathode.
the application of a magnetic field rectangu-
lar to the flow of arc current. Most effec- High speed ion and neutral Jets are emitted
tive is an aux-symmetric electrode arrange- at right angle from the cathode spot attach-
ment where a closed-ring Hall-current can be ment area. Elevated arc voltage results if

established. the anode is shielded from impingement of
these jets. Elevated arc voltage is also

Coaxial cylinder and parallel disc-elec- associated with high frequency oscillations
trodes were tried. These were found to be on the current and voltage trace.
less effective than the geometry of Fig. 1,
which is detailed in the cross section drawing 2. Pressure
of Fig. 4. A metallic section of the vacuum
envelope acts as the vacuum arc anode, thus The demountable test facility is not baked
eliminating any possible problems with after assembly. The interior surfaces are
separate anode feedthrough conuections. The therefore loaded with surface gases. Initial

discharges result in gas bursting. The
initial switching ability is impaired. It
appears that a low plasma density in front ofthe

'-* anode is essential to attaining high arc volt-

- age and switching ability in the presence of
a magnetic field.

. rT- 3. Magnetic Field Strength

The stated magnetic field strength applies

to the inside of the ring-shaped anode. The
value on the axis is about 37Z lower.

Magnetic modulation of the vacuum arc im-
pedance is demonstrated in Fig. 5. 0.7 meec -

after start of the discharge, a magnetic field
pulse of 0.54 Tels peak magnitude is applied
to a 4.5 kA vacuum arc. For the duration of "
the magnetic field pulse, the arc voltage is
raised from 300 V to a peak of 1,700 V. Os-

cillations of about 40 kez frequency are

S - - - introduced if the parallel capacitance is
7.6 UF. Shut-off does not occur vith this
particular test shot.

- - -. I The magnetic field strength determines the
magnitude, but not the frequency of the os-

cillations during the magnetic modulation.

' -t T 1i A 0.5 kV/Div

I U

~ \\\~ T2 kA/Div

~§..ij ~0.2 meec/Div-

Magnetic field

Fig. S. levation of arc voltage due to an applied

Fig. 4. Coai dihrg geimtry magnetic field of 0.54 T peak ma nitude.

with swially offset cathode Aluinum cathode, parallel capacitance 7.eUF
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This observation rules out 3 rotating current DC circuit switching can be obtained when

spoke as the source of oscillation. The fre- the magnetically induced oscillations bring

quency of a rotating instability would grow the arc current toward zero. For a clean

with the magnetic field strength. vacuum system, dielectric recovery will fol-
low with a high du/dt capability. Adding 15wF

A summary of magnetic modulation data is of shunt capacitance to the vacuum device

shown in Fig. 6. The vacuum arc impedance as increases the du switching ability by a factor

derived from noise averaged values of arc of about two.

voltage and arc current is shown as a function

of the instantaneous magnetic field strength. For low valuws of shunt capacitance, it
The data are derived from oscillograma cakes many oscillations until che arc current

similar to Fig. 5. Parameter is the arc is forced to zero. With shunt capacitance

current, over about 10 .F, the arc current can be
brought to zero within the first oscillation

The voltage - currant characteristic of (see Fig. 2). An example of 13 hKz oscil-
the vacuum arc is positive without applied lations excited by a 0.54T magnetic field is

magnetic field. The value is near 0.04 Q. shown in Fig. 7.

The voltage current characteristic changes

to negative when sufficient magnetic field is
applied. Progressively larger magnetic fields
are required to achieve magnetic modulation at

higher arc currents. 
500 V/Div

* -

S2 kA/Div

* 0.2 mec/Div

- 'Magnetic Field
• , IApplied

Fig. 7. Elevated arc voltage and oscillations
excited by a magnetic field of 0.54T
peak magnitude. Aluminum cathode.

- - parallel capacitance 60 4F.

-" . 5. Cathode Materials

* Magnetically modulated vacuum arcs can be
operated with either a liquid or solid cathode
of sufficiently low vapor pressure. Fourteen

solid cathode materials were tested with re-
spect to trigger and switching ability. These

, ........ ,were in the shape of a I cm diameter cylinder
surrounded by a trigger electrode. The ring-

shaped anode had an area of 330 cm
2
. The

parallel capacitance was 0.04 VF. Arc voltage
was measured as a function of current and

Fig. 6. Increp s of vacuum arc impedance due magnetic field strength. High frequency noise

to ap .sd magnetic field. Parameter of about 100 to 200 V amplitude is superim-
is the arc current. Molybdenum cath- posed on the voltage traces. High arc voltage

ode with ring anode of 330 cm
2 

area. is associated with high noise amplitude.

Pressure 10-7 Torr range.
Average values of arc voltage are shown In

4. Shunt Capacitance C Table 1. The strongest magnetic modulation
of arc voltage is obtained for molybdenum,

The magnetic field increases the arc volt- vanadium, titanium and aluminum. The ampli-

age and exciteoscillations which are identi- fication factor appears to be related to a

cal In frequency with the inrush oscillations. lo Atomic weight and a high melting point of

This frequency scalee approximately with the he .-athode material.
shunt capacitance to the - power.

The following materials were found easy to

The observed oscillations exchange energy trigger:

between the vacuum device and the shunt

capacitor. It is suggested that this is re- Aluminum, silver, titanium, graphite and

Ilted to an oscillating electron space charge molybdenum, vanadium only if a graphite

sheath in front of the anode, trigger electrode is used.
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The switching ability with 134 mT of mag- forms which requires a large potential drop
netic field applied during the cathode study in order to provile continuity for the arc
was over 3 kA for the following materials: current. A plasma sheath usually assumes the
Aluminum, titanium, nickel, copper and width of about 10 times the Debye Length.
tungsten.

The voltage - current relation of a space
TABLE I charge layer can be calculated from the Child-

Average Arc Voltage at 3 kA 0 Langmuir relation (4). The observed anode

for Magnetic Field Strength 0 current density and potential drop indicate
of a space charge layer of a few mm thickness.

U This is in a reasonable relation to the Debye
'.4

Cathode I 0 19 mT 57 mT 96 mT 134 mT{ Length as calculated from plasma parameters
Material I known from the literature.

Volt Volt Volt Volt Volt The theory of operation is not sufficiently

Aluminum 200 330 500 600 800 4 developed. Work is proceeding in cooperation
with Prof. Gilmour at the State University of

Silver 150 180 300 400 520 1 3.46 New York at Buffalo.
Titanium 200 320 500 700 900 4.5

The highest switch-off ability so far
Iron 200 240 500 480 500 2.5 attained was 9 kA with a peak recovery voltage

Nickel 200 270 480 800 820 4.1 of 6 kV. The parallel capacitance was 157 uF
with a magnetic field strength of 97 mT applied,

Copper 250 300 500 500 760 3.04 using a molybdenum cathode.
Molybdenum 160 240 500 680 800 5 The highest arc voltage amplification factor
Graphite 200 200 280 400 550 2.75 due to a 0.6 T magnetic field applied to a 2 kA

2% Thoriated 170 180 300 430 580 3.4 arc on a molybdenum cathode was 72.5. The

Tungsten cathode material study indicated :hat high
melting point and low atomic weight lead to a

Tungsten 200 260 400 560 700 3.5 high amplification factor. This suggests that

Vanadium 140 200 400 450 680 4.85 beryllium might be a superior cathode material.
Beryllium has not been tested due to its toxic

Tantalum 170 320 500 420 600 3.5 nature.
Niobium 200 500 500 600 760 3.75NA high level of current chopping is expected
Chroam 200 240 400 560 680 3.4 to aid the switching ability. A vacuum arc

cathode of molybdenum shows the highest curr-nt
chopping level (1). Molybdenum is therefore a

The lowest switching ability was shown by: preferred cathode material.

Silver (2.4 kA) thoriated tungsten (2 kA) and The present design using a magnetic field
graphite (below 2 kA). coil outside the vacuum envelope leads to a

relatively slow rise of the magnetic field
6. Potential Distribution strength. Nevertheless current switch-off

with a rate of fall of current between 100
The floating potential was measured on and 200A/usec has been attained.

several metallic inserts in the vacuum enve-
lope in order to locate the potential drop ACKNOWLEDGMENT
region which is associated with elevated
vacuum arc voltages. The arc current was 3 kA. The skillful laboratory work of Norm Oevilt,
It was found that either with or without meg- Dave Moreno and Joe DeSalvo is gratefully
netic field, the major potential drop occurs aknoeged

in the anode area. acknowledged.
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the magnetic field does not raise the poten- The Interruption of Vacuum Arcs at High
tial in areas which are remote from the anode. DC Voltages. IEEE Trans. on Electron

Devices Vol, ED-22 No. 4 pp 173 _80 (1975)

DISCUSSION 2. A. S. Gilmour, D. L. Lockwood
Commonly cathode and anode oppose each Pulsed Metallic - Plasma Generators

other in vacuum interrupters. The high veloc- Proc. IEEE Vol. 60 p 977-991 (1972)
ity plasma jets originating from the cathode
impinge on the anode where they lead to 3. U. S. Patent No. 3,396.264 (1972)
relatively high local plasma densities. Magnetically Modulated Vacuum Arc Diode

The present coaxial electrode geometry is 4. 1. D. Cobine
such that the cathode jets do not directly Gaseous Conductors p. 125
reach the anode. Dover Publications, 1958

It is postulated that the plasma in front

of the anode becomes too tenuous to maintain
charge neutrality. A space charge layer
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ADVANCES IN THE DEVELOPMiENT OF A GAS DISCHARGE
SWITCH HAVINIG A REPETITIVE CJRRE'4T

I'ITERRUPTIlG CAPABILITY

R.F. Caristi, R.P. Simon, and D.V. Turnouist
EG&G, Inc., Salem, Massachusetts

Suliarl The physical basis for magnetic interruption is
rythe action of the x force on a gaseous conductor

The practical applications of a repetitively such that upon application of the magnetic field, the
openable and closable high current, high voltage conducting gas is driven a inst the sidewall of the
switch have resulted in considerable interest in the gas discharge channel(

4
-). Recorbination then

phenomenon of current interruption in a conducting gas rapidly ensues, and the impedance of the discharge
by the application of a transverse magnetic field to a column increases accordingly. If the magnetic field
gas discharge channel. Such a switch is useful as a is established at a level insufficiently high to
series-connected protective device, a controllable provide a complete interruption, the discharge can be
charging diode, a mechanism for the generation of constrained to function as a variable impedance, the
variable width pulses at high power levels, and as a value of which can be controlled via the intensity of
regulating device for high power, high voltage the applied magnetic field.
sources. A practical mechanism for utilizing the magnetic

The physical basis for magnetic current interrup- control of a gas discharge is to incorporate a dis-
tion has been shown to be the action of the X force charge channel into a hydrogen thyratron. In the
on the gaseous conductor. This force serves to drive absence of any magnetic field, the resultant device
the gas against a suitably chosen channel sidewall operates substantially as a standard hydrogen thyra-
such that the impedance of the discharge rapidly tron. It will thus function as a closable switch upon
increases as recombination takes place. The geometry application of a suitable triggering pulse to the
of the discharge channel is thus important in the grid, and may be maintained in the conducting state
design of a practical magnetic interrupter, with a keen-alive current if desired. Upon applica-

tion of a magnetic fie'l, the switch current can be
'he parameters of principal interest are the interrupted wholly or partially as desired. Permanent

current being interrupted, the voltage level of the interruption can he achieved, even with a pulsed
interruption, the voltage drop across the switch when magnetic field, if the keep-alive is removed upon
it is fully conducting, and the magnetic field energy application of the field, and the device is equipped
necessary to achieve the interruption, with a holdoff section capable of gaining control

during the period over which the pulsed field is
A practical gas discharge switch has been impressed. The discharge will not restrike, and the

developed which contains a unique "chuted-wall" switch will remain open until it is retriggered and
discharge channel. This geometry allows reliable the keep-alive is reapplied. Such a device thus
interruption of high current at high voltage with operates as a uni-directional switch, capable of
readily achievable magnetic fields. Nevertheless, the operation in either the normally open or normally
switch operates with a reasonable voltage drop when in closed states. Alternatively, the device can be made
the closed state. Based on hydrogen thyratron tech- to function as a variable impedance, the value of
nology, the device is scalable to high power levels, which may be controlled by the magnetic field indepen-
operates at usefully high pulse repetition rates, and dently of the system voltage or impedance level.
exhibits an economically feasible life time.

The parameters of principal concern in the
The interruption of 600 amperes at 20 kilovolts development of such a switch are the current to be

has been achieved with a magnetic field energy of less interrupted, the voltage level of the interruption,
than 8 joules. The interruption of I to 2 kiloamperes the voltage drop of thi device when it is in the
at 50 kilovolts is anticipated using comparable fully conducting state, and the magnetic field inten-
magnetic fields in a device operating with a total sity necessary to achieve interruption. This discus-
drop of 1400 volts when in the closed state. A life sion addresses the relationships existing among these
of 10,000 hours including 20,000 interruptions at full parameters for a class of practical and efficient
power is projected. switches designed to interrupt currents of at least

300 amperes at voltages in excess of 15 kilovolts.
Introduction

Discussion
The interruption of a gas discharge current by

the application of a transverse magnetic field has Types of Interrupters
been the subject of considerable study in recent
years. Various workers have considered the phenomenon Figure 1 illustrates in schematic form several
as a potential mechanism for developing an openable variations of the magnetically cortrolled interrupter
switch for use In a variety of applications including concept. In Figure la, no provision is made for
the proteqJ~io of microwave tubes against internal voltage holdoff after the removal of the magnetic
arc-overs - , a triggered charging tube with field, but such a capability is possible if a regular
magnetic protection ?, and the generation of thyratr~n is usel in series with the discharge
variable-width, high power pulses(5. Other aprli- channel 6). Figure Ib shows a scheme where the
cations include arc protection for high power gas magnetic field is applied to a specially designed
lasers, and comand-charge/stop-charge service in high multi-grid structure built into a standard hydrogen
energy modulators and pulse generators. thyratron. Such a device is capable of permanent
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SIMPLE TRIPLE POST- holdoff section deionization time, td, are assumed for
LONG GRID ANODE the interrupter, as is an effective grid-to-ground

COLUMN THYRATRON COLUMN stray capacity, Cg. If the tube is triggered at t-0
and the magnet current, im, exceeds the level required
to achieve interruption, the circuit waveforms will b.
as shown in Figure 2b. (Note that the grid is llfteo
to Ebb upon interruption.) Also, if tm2-tml is
greater than the sum of td and 5RgCg, the grid will be
at ground at the end of the magnet pulse. Permanent
interruption will have been achieved.

Rf
(a) (C.)

POSITIVE bN

GRID-CAThOOE GRID-CATHODE TRIGGIR

COLUMN CHUTED COLUMN IN "
Ebb go *a

I 
I

t-O4- 4.2

(a)

Ebb- etd

(d.) (e.) ib t - JI-
OA

Figure 1. Examples of magnetic interrupters. I I

Ebb

interruption and is reported to have operated with a I I

lov total tube drop, but reliable interruption of I
curr'nts greater than about 15A could be achieved only O I
at very low voltage (5-7 kV)(5). O I I

Figure Ic shows an interrupter of the "post I -
anode" type, wherein the discharge channel is appended t
to a thyratron having a perforated anode. Such four-
element tubes provide permanent interruption,, yt GRID I
exhibit very poor trlggring characteristlcs(O). T.9kR I Sq,

Figure Id shows a tube where the discharge channel is I -
located in the grid-cathode space. Although large .2..l
triggers are required, triggering stability is accept- o tv" tM2
able, and discharges of the order of 200A at 10 kY
have been interrupted in tubes of this type using
magnetic fields of about 10 kilogauss peak

6

Figure le shows an Interrupter similar to that of
Figure Id except that the geometry of the discharge Figure 2. Interrupter circuit and ideal waveforms.
channel has been specifically chosen to facilitate the
interruption process. Discharge currents as high as
60OA at 20 kV have been interrupted in such tubes with
magnetic fields of less than 6 kilogauss peak (magnet-
ic field entrgy of less than 8 joules), and the Practical Case
nature and performance of such devices form the basis
for the discussion which follows. A practical magnet circuit is shown In Figure 3a.

Rm is chosen to provide a critically or slightly
Typical Interrupter Waveforms underdamped Im, and the magnet pulse is electronically

delayed. As seen in the oscillogrm of Figure 3b, the
Ideal Case anode drops to etd as the current rises to its peak

value. The grid trigger is too narrow to be visible -

In the circuit of Figure 2a, assume that an ideal in the waveform of eg, but the grid-to-ground drop, ,
-nagnet pulse could be generated as shown, A total egk, which includes the drop of the discharge channel,
tube drop, etd, total grid and column drop, egk, and a may be clearly seen. When the magnet current reaches
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Cc cTYPE 00
not 01 n Cl2 INTERNUPTER

DOSITELAY

INi IN EA lW.illr " " Y - 0 414 C U W

(a)

Ob 10DA/OI)V V-2 \ N10 cup

*b I0I.V/OIV

eb 10 kV/DIV
t, 20../ODIV

(bi

Figure 3. Interrupter test Circuit and waveforms.

Figure 4. Construction details - Type Do interrupter.
the appropriate level,* interruption rapidly ensueS.
The anode returns to high voltage (some charge has
been removed from C by ib), Ib drops to zero, and the
grid follows the anode to the capacitor voltage, at Variations in Channel Geometry
which level it remains until deionization of the
holdoff section occurs. Thereupon the grid decays Six "Chuted" tubes have been built, each with one
exponentially to ground. Since e" well in advance of the channel geometries shown in Figure 5. Types A,
of imi0, restriking does not occur. Figure 3b is a B, and C have a conmon bore diameter, which is twice
time exposure showing about 10 interruptions at 2 Hz that of Types 0, E, and DO. Types A through E are
to indicate the voltage and timing stability of the rated at 15 kV. Type DO is a double-length tube,
device, designed to operate at 30 kV, and folded at nld-length

to fit within the magnet core and fully utilize the
Practical Interrupters available nagnetic field energy. Test results for the

chuted tubes are discussed later in this paper.
Construction of a Typical Tube

Self-Quenching in a Thin Discharge Channel
Figure 4 shows the construction details of an

interrupter of the type shown in Figure le. The Effect of uenching on Magnetic Field
discharge column is of a relatively narrow bore, but Required for Interruption
Is fitted with a plurality of "plasma chutes" of
rectangular cross-sect on, the axes of which are Self-quenching of the tube current at the grid
normal to that of the bore. The tube is positioned aperture of a hydrogen thyratron is a widely observed

i ~hin the air gap of the magnet core such that the phenomenon 7). At normal tube pressures and pulse
XW force is directed into the chutes of choice, widths (400 mcrons, 10 microseconds), a quenching

Either short or long chutes may be selected depending level of 10,Or
"
' ier square inch has been empirically

on the direction chosen for ia. Upon triggering the determined. -s level holds over a wide range of
magnet circuit, the discharge in the interrupter is aperture sizes. In thvratron design, the grid aper-
driven against a relatively large surface area and the ture is often a free parameter, and current-time and
discharge column length is materially increased, both current-pressure relationships exist such that self-
to the benefit of reducing the magnetic field required quenching of the tube current can generally be
to interrupt a given discharge, avoided.
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Figure 5. Discharge channel geometries. Figure 6. Maximum quench-free current vs. tube
pressure.

In interrupter design, self-quenching can be used Interruption Characteristics of Chuted Tubes
to advantage to reduce the magnetic field required for
interruption. This is most likely to occur in protec- The Interruption characteristics of the Type 8
tive applications where the tube need only interrupt tube are shown in Figure 7. This tube was chosen for
fault currents, which may be many times the normal discussion because its overall performance is typical
peak tube current, of the several different modes of interrupter opera-

tion commonly observed. For the 1000-ohm load resis-
Self-quenching effects were investigated for the tance, the tube current never approaches the calcu-

Type 00 tube of Figure 4. It was determined that the lated self-quenching level of 380A. and the magnetic
magnetic field required for interruption was reduced field required for interruption, 8, varies substan-
by a factor of three when quenching was allowed to tially in direct proportion to Ebb. When the load
occur, and that this factor of three prevailed over a resistance is reduced to values such that the quench-
factor of five in tube current (40 to 200A). ing level is approached (100 ohms and less), it is

seen that a current dependence exists for B with
quench-Free Operation at Long Pulse Widths higher currents more easily interrupted for a given

Ebb. Finally, at ib equal to 160A (one-half the
When a thin channel device such as an interrupter calculated self-quenching current), B increases

is to be operated at long pulse widths, it is neces- rapidly with increasing Ebb. The processes underlying
sary to ensure that self-interruption will not occur tube behavior in this latter regime are not yet
at the required normal current level, and the tube understood.
pressure and diameter must be adjusted accordingly.
Figure 6 shows the quench-free long term current level Figure 7 shows two curves for a load resistance
as a function of pressure for the DO tube. With a of 60 ohms. In one case, JX9 is directed into the
normal thyratron operating pressure of 400 microns, chuted surface, and in the other, into the unchuted
one calculates that self-quenching will occur at (smooth) surface. The chuting is seen to aid in the
Ib-177A. From Figure 6, the observed value is lISA, interruption process, and for tubes equipped with bith
an agreement sufficiently close to indicate that short and long chutes (such as Type 00), directing JXY
chuted interrupter discharge channels behave in the into the short chutes generally provided the lower B.
same fashion as do normally constricted regions within The present theory is that the existence of a rela-
standard thyratrons. It should be emphasized that tively large volume of plasma behind the driven
Figure 6 applies only for long-pulse operation. The discharge serves to provide a "plasm reservoir" which
00 tube easily passed a 300-ampere, I-microsecond functions either to supply plasma to the interrupting
current pulse at pressures as low as 150 microns. discharge or to inhibit the self-quenching process.
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Figure 7. Interruption characteristics - Tube B. INITIAL ANODE VOLTAGE Ebb (KILOVOLTS)

Figure B. Effect of magnetic field risetime on
interruption.

Figure 8 presents the interruption characteris-
tics for the 0 and D tubes at fixed pressure and load Tube Drop
resistance, but with differing magnetic field rise
times. Two observations are made: first, the double- Relationship Between Average Column
section D is by far the more efficient tube at high Dro' and Peak Forward Anode Voltage
Ebb; and second, both tubes perform better at high Ebb
with faster magnetic field rise times. The O pre- The design trade-offs between average column drop
sents double the surface area and path length to the and magneti field intensity have been previously
discharge and better utilizes the magnetic energy investigated 4,6). For the chuted tubes, the column
available in the air gap, but of course, operates with drop is relatively insensitive to pressure over the
twice the channel drop. The basis for the rise time desired range of 150 to 600 microns. At pressures
relationship is not clear since field penetration less than 150 microns, the tubes are difficult to
times into the plasma max b calculated to be of the trigger. At pressures in excess of 600 microns, the
order of one mtcrosecond.I ,.) holdoff capability of the grid-anode space is severely

limited.
Figure g shows the interruption characteristics

for the six tubes at high current (low load resis- The five single-section, 15 kV tubes typically
tance). The 00 tube is clearly superior. Next best operated with a drop of 400 volts across their 15.5
are the R and the E, tubes having a smooth wall, and cm-long interaction columns; that is, 26 volts/cm.
thus no *plasma reservoir." Narrow-bore tubes work The double-length column of the 30 kV tube typically
well at low Ebb where self-quenching effects are known operated at 800 volts. No arcing was observed during
to predominate. interruption for any of the tubes when operated at
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Figure 10. Steady-state tube drops.

Figure g. Interruption characteristics of chuted
tubes.

2Oi9/bIV

coluns of the general design and dimensions investi-
gated, the colun length, 1, adequate for interruption 0V
at a voltage level, E, is conveniently given by l(in
cm)*E(in kV). When operated at currents of about 5 to
50A, the colun drop, ecd, is roughly ecd (in volts)- ,IO~/I
26 ECE in IWy.(B-

Tube Drop as a Function of Pressure
and Current

Figure 10a shows the total drop, etd, of the DDO0k/I
tub* as a function of pressure for high and low 2~/'
current cases. The tube drop is not a strong function OA
of pressure. Figure 10b show the total tube drop as
a function of peak forward anode Voltage at a typicai
pressure of 290 microns. Frant Figure 10b one assumes t
an optimm lb for minimum etd lying somwhere between SCOV/DIV
about 20 and 70A. Figures Ila and hIb show the
grid-to-ground drop (essentially the colusun drop) wh~en
the tube is subjected to RC discharges of differing
peak currents, In both cases, minimuni drop is seen to ______________________

occur at 25 to 30A. .2usvl

If epy is defined as the peak forward anode
voltage of a non-conducting interrupter, then the
ratio etd/epy serves as a measure of the interrupter's
effectiveness as a closed switch. Figure 11. Instantaneous tube drop.
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Figure 12 shows the ratio etd/epy for the OD tube
as a function of epy for both high and low current

4 cases. The increase in etd at high currents is
reflected in the curve of Figure 12 which applies to OIQADIV
the high current case; but in the low current case, b
which case is pertinent to tube operation as a prot~c-
tive device, etd is still in the current regime where
increased ib reduces etd. Hence, etd/epy continues to 10 ky/D;V
decrease with increasin epy. The conclusion is that eb
total tube drops of only a few percent are feasible OV

for high voltage operation at moderate tube currents. im 10A/DIV
OA

t, 50s$/flIV

(a)

0.20
TYPE Do

0.15- etd AVERAGED OVER
PRESSURE RANGE ib 1 00/DIV

x 15u< P:_ 2 9 0
,. GA

0.10-

0.086 6411, ISb 10 kV/OIV

.06im 10A/DIV0.06-

0.04 t, 50us/OIV
0.03

0.3 // X b)

TOTAL CIRCUIT IMPEDANCE
1001 PULSE WIDTH GfS

0.02- -Figure 13. Life test wavefoms - Type DO interrupter.

5 t0 15 20 25
epy (KILOVOLTS)

Design Goals

Present work is directed toward the development
Figure 12. Ratio of total tube drop to peak forward of a tube capable of interrupting at least 1 kilo-

anode voltage. ampere at 50 kV. Extrapolation of existing data shows
that with the proper channel geometry, 50 kV, 1 kA
interruptions should be achievable with a magnetic
field energy of the order of 10 joules and a total
tube drop of 1400 volts.

Repetition Rate, Column Dissipation, and Life
A closure efficiency for interruptible switches

Figure 3b shows a total deionization and grid may be def.ned as nc-l-V/E, where V is the total drop
decay time of 60 microseconds, implying a maximum of the conducting switch and E is the voltage level of
pulse repetition rate of 16 kHz at the 1O0A, 10 kV the interruption. An interruption quotient may he
level. Data exist whIch show that at least twice this defined as no-El/W, where E is the voltage level as
pulse rate should be readily achievable. Permanent before; I is the interrupted current; and W is the
interruption of 200A at 20 kV has been accomplished magnetic field energy necessary to achieve the inter-
with a total grid decay time of about 400 microseconds ruption. A map of n. and no appears as Figure 14,
(implying a pulse rate of 2.5 kHz) in a circuit not where the performance of the projected device, the DO
optimized for high pulse rates. tube, mnd results typical of an unchuted tube areshown (6).

Interaction columns capable of dissipating 2 to 3
kW or more per section can be readily manufactured, On the basis of present data, it should be
which suggests that average tube currents of up to 7A possible to develop a 50 kV tube capable of operating
are feasible, at an average current of several amperes and at pulse

repetition rates of 10 kHz or higher. An operating
Figures 13a and 13b give results of an interrup- life of 10,000 hours including 20,000 interruptions at

tion life test performed on the 00 tube. The pulse full power should be achievable.
rate and power levels wee limited by considerations
other than the tube's capaoilities. The test was Conclusions
Intentionally terminated after 100,000 interruptions
with no apparent damage to the tube or change In its Practical gas discharge switches utilizing the
characteristics. Ihenomenon of magnetically controlled interruption of
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achievable pulse repetition rate is limited princi-
_ _ _ _ _pally by the recovery time of the holdoff section, and

0 I I secondly by the heating associated with high average
currents. The device is scalable and amenable to the
application of standard thyratron engineering technol-

PROJECTEO DEVICE ogy. Operation at 50 kV, several kiloamperes peak,
I and several amperes average should therefore be

achievable.

W DO TUBE

16-

TYPICAL
UNCHUTED TUBE
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A MODULATOR FOR THE SEASAT-A RADAR ALTVZTER

K. Y. tshikawa, C. T. McCown, G. E. Stronks

Hughes Aircraft Company
Electron Dynamics Division
Torrance, California 90509

Suumary Figure 6 is the Grid modulator block diagram.

Starting with the pulse gate input an eaitter coupled
This paper describes the modulator for the logic line receiver provides the interface. The line

Soesat-A Radar Altimeter. The unit, which consists of receiver than drives the pulse conditioner, which forms
a grid modulator, power supply and traveling wave a turn on signal coincident with the input signal
tube (TWVT), has been delivered to the Applied Physics followed by a turn off signal imediately following
Laboratory for their altimeter system in the Seasat-A the falling edge of the turn on signal. This doublet
Global Weather and Ocean Survey satellite, signal not only provides the required signals for the

pull up and pull down grid modulator circuits but
The TWT power supply develops 12 kilovolts at an provides volt-second balance for the pulse trans-

average power of 90 vatta and peak power of 18 kilo- former. This doublet signal drives the transformer
watts during pulse operation. driver which provides power gain to drive the pulse

transformer. The pulse transformer provides the high
The grid modulator which operates at the NT voltage isolation and also provides rhe signals for the

cathode potential swings the grid voltage over a pull up and pull down switches. r pull up and pull
350 volt range with rise and fall times of less Chan down svitches are normally off and che NT grid bias
80 nanoseconds to gate the TWT RF signal on and off. is set to a cutoff voltage by the grid bias resistor.
Transition times of approximacely 13 nanoseconds are When the pulse gate is received by the pull up switch
realized for the RF output pulse. During the pulse the grid is pulled up for the duration of the switch
operation the cathode voltage is held to within 2 and the pull down witch pulls the grid negative at
%*lts by the wide bandwidth cathode voltage regulator, the termination of the pulse gate.

System Description For protection, a fault circuit is provided that
monitors the average voltage of the T67 grid and sends

The modulator system consisting of the grid a fault signal to the power supply when the average
modulator, power supply and traveling wave tube is grid voltage become more positive then is safe.
shown in Figure 1. Figure 2 is the actual modulator
herdware with the cover removed. Interface Requirements

A more detailed block diagram of the modulator is The interface requirements for the modulator are
shown in Figures 3 and 6. Figure 3 contains the high presented in two parts: Spacecraft to modulator and
voltage power supply and the cathode regulator. The modulator to Trt. The spacecraft to modulator inter-
heater voltage output is supplied by a series regu- face is smarised in Table I and the modulator to
lator followed by a static inverter. This heater TIr interface in Table 2. The heater and grid volt-
supply also provides the floating deck modulator bias ages are referenced to the cathode voltage. Addi-
at the cathode potential. tional interface requirements include: input

overcurrent, cathode overvoltago, and line undervoltage
The TVT cathode voltage is provided through two protection, built-in time delay, and arc protection

stages of regulation. The first stage of regulation for the modulator and Twr.
Is a pulse width modulating switching regulator
followed by a linear regulator. Other blocks indi-
cated in the diagram are the control logic/tining
and protection/fault circuits.

miss **OUGtiNO M.5

C 0" 0C

Figur 1 glock diagra - TV? amplifier. Figure 2 hodulator with cover removed.
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TABLE I
SPACECRAFT TO MO~DULATOR INTERFACE E ]

nPowe buss 24-33 Vdc

Auxiliary Voltages +5 Vdc +15 Vdc + 28 Vdc :.

Input Power 95 watts maximum

Inrush Current IOA maximum

Commands

Heater ON/OFF TTL

RV ON/OFF 1 LAM

Fault Reset TTh

M1~ (ate fECL

Status VEE C

HV Ready rrL

KV ON TTL

Fault TTL

Telemetry
I Figure 4 Simplified Venable regulating DC

Cathode Voltage 1 volt per 3KV to AC converter.

Beam Current I ampere per volt
Weiht 0 pund in a clamped common base configuration. The switches

Weigh 30 pundsare clamped with diodes DI and D2 against a regulated
Size i5.5" width x 15" length voltage to achieve the required switching speed and

x 6.25" height pulse flatness. The pull up switch is clamped to an

'Temperature Range -10
0
C to 500C adjustable regulated voltage to achieve a pulse flat-

EHI equremets:ness of less then 2 volts.

Condcte S ibii I ppFurther, the design goals were achieved using
Conduted uscetibiity V P~approved .IA2TXV output transistor switches. The

Conuctd Eisson0.1A pp at .WT module- transistors that were finally used were the 2N45157.
CodctdFosp: y tion rate ] These devices are, in terms of switching speeds,

TABLE 2
MDUIATOR TO TilT INTERFACE

Cathode Voltage -12 KV DC

Cathode Pulse Current 1.SA peak for 3.2 uisI
Cathode Droop 5 volts maximum
Cathode Regulation 1% (line, load,

Itemperature)
Neater Voltage 6.0 VAC

Beater Current 2.5 amps
Grid VoLtage:

Off -150V

on +200? _____________

Grid Current 2O0 *A 0

Rise/fall Time -200 a

Grid Droop Across the Pulse I 2V 0

equipaoetial surface at 12 kilovot an h econd

potting is in the grid modulator outer came.

The TNTl grid pule requirement of 350 volts,
rise and fall time of 200 as and flatness of loe
tham 12 volts resulted in a solid state siodulator
switcb design. The resons for the selection of the
solid state switch approach are described. The out-

4put switches Q ad Q2 in Figure 8 are a push pull
Pdesign In ihch the output transistore are operated Figure 5 High voltage multiplier stage.
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used in the high voltage is a 0.16 wf, 18 KV capacitor.
: - ~ 1If the cathode regulator was not designed to regulate

CIRI - Tthe load pulse a 2.4 wf, 18 XV capacitor would be
i 211517 required to achieve the same regulation. This addi-

tional capacitance represents greater high voltage
stored energy, size, and increased Inrush energy from

- tOVI the power line.

0 VOLTS During linear operation the cathode regulator
2 2mmOe loop is basically all feedback controlled and haa a

100 KQz bandwidth. Additionally. with the high DC
Ts egain and input characteristic of amplifier U 3 theTI CATHOOC cathode DC regulation is less than 0.2% over line.

grid modulator and beam current is drawn, a voltage
step occur across R7 . Figure 13 This voltage step

J- large enough to initiate the feedback damping network

L AAICGA if fed into preamplifir 
V3. The output of U3 is

O'- GRID PULSE

2N2M 017SV VERTICAL

W0 VOLTSPER

'1V

2N3W ORO:ZONTAL

2O DIVISION

Figure 8 Simplified schematic of the grid modulator

pull up and pull down circuit.
aR#O PULSE
ROSE5 TIME

secondary is more difficult. The successful solution VERTICAL
involved the design and fabrication of a hard potted, SO VOLTS

Coaxial wound pulse transformer using a Ferrite core. PERV("VISION

The design approach using solid state switches HORIZONTAL.
has many advantages in achieving good performance. P0 "
However, it has the disadvantage of making the grid oIVISION

modulator susceptible to arcs. The solution to making
the grid modulator arc imune was to direct the arc
current along paths which bypassed sensitive parts of
the circuit without compromising the performance of
the grid modulator. The grid modulator was subjected
to over one thousand grid to ground arcs without deg-
radation in performance. Further, the arc protection
not only had to protect the grid modulator, but pro-
vided the required protection for the TWT.

GRID PULSE

As an example of the overall modulator and TW PALL TIME

performance, Figure 10 shows the time delay from the VERTICAL,
emitter coupled logic input to RF output, and Figure I1 50 VOLTS
shows the 3F rise and fall times of approximately OIVISION

13 nanoseconds.
HORIZONTAL:

The Cathode/Helix Regulator 20D
PER
DIVISION

In order to provide the DC and pulse regulation
requirements of the TV a wide band cathode regulator
is used. This regulator is designed to regulate the
DC cathode voltage and the cathode voltage during the
1.5 ampere TIr load pulse. Figure 12 is a photograph
of the cathode voltage during a load pulse. The pulse
droop is less than 2 volts and the passive filtering Figure 9 Grid pulse characteristics.
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VERTICAL. PER
NO CALIBRATION OIVISION

HORIZONTA..
HORIZONTAL 1 MICROSECONO

DIRVISIONO~
-I.kVFigure'lO ECL. input to RF output delay.

Figure 12 Cathode voltage during pulse load.
of u L and QI to form a current source which is matched
to the TWT bass current. During the 1.5 apre beam

current the voltage across Ql changes cc force current In addition, when the output at QI and Q2 is
through C2 to maintain the voltage across Cl constant. switching from one transistor to the other or when the

output of UL is zero, the feedback at the output stage

The linear operation o; the circuit is fairly of UI, Q1 and U2, Q2 use resistors 9 and RIO to pro-
straight forward in that most of the internal opera- vide idle current in the output transistors QL and Q2
tional blocks are feedback controlled. Referring to to prevent crossover distjrtion.
Figure 12 the regulator output push-pu.l stage trans-
istors Q1 and Q2 vary the voltage of the near ground Test Results
side of the high voltage output to maintain a con-
stant cathode voltage. Amplifiers U 1 and U2 are The performance of the modulator was obtained

drivers for the output stage transistors and provide from the engineering and flight models over line, load
power gain from the output of Amplifier UI. Ampli- and temperature. The results are given In Table 3.

fier U1 is the error amplifier and compares the cathode
voltage, through a resistive divider, with a reference Conclusions
voltage. All the amplifier stages are capable of

linear operation at up to the saturation level of the The design of the modulator for the Sesaat-A

output transistors. Thus, the power bandwidth of the Global Weather and Ocean Survey Satellite resulted in

:ircuit should approach the small signal bandwidth, the development and integration of circuits, compo-
nents and packaging concepts. A now cathode regulator
wirth sufficient high frequency response to control the
cathode voltage droop during the load pulse was de-
signed. A grid modulator capable of modulating the
grid voltage 350 volts in less than 80 nanoseconds was
developed. The grid modulator required the design of
a 12 EV isolating coaxial wound ferrite pulse tran-

former with excellent pulse characteristics. Careful

RF AIN TIEs design and corona testing proved solid encapsulation

VERTICAL: of 12 KV components feasible. The modulator was
NO CALIBRATION tested to be arc protected.

HORIZONTAL;
10 g PER
DIVISION

-F FALL TIME 4 02

VERTICAL: 1

NO CALI§RATION

HORIZONTAL:
10 'W PERDIVISION ... /,

wnoum

figure 11 RF rise and fall. Figure 13 Simplified cathode regulator.
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TABLE 3 Reference
TEST RESLLTS

1. R. Rayner, T.K. Phelps, J.A. Collins, and R.D.

1 4easured Middlebrook, "The Venable Converter: A Now
C Perforane Approach to Power Processing," IEEE Power Elec-

Characteristic Specification Perfortmce tronics Specialists Conference Record, 107-111,
1976.

Power input 95 4 max. 92.4 watt max.

Inrush transient at 10 Amp PK 8 Amps PK
I. V. trnms on

Delay time from .V. I second 0.6 sac max.
command to RE power max.
out on input volt-
age range

Input voltage range 24 - 34 volts 22 - 35 Vdc
DC

Cathode regulation I. 0.2%

Cathode droop across <5 volts 2 volts
the pulse

Conducted I vpp 5 vpp
susceptibility

Conducted emissIons 0. A pp at 10 ma at I IHz,
I KHz

Grid rise and fall 200 na max. 80 as typical
times

Grid droop across 2V max. IV typical
the pulse
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AN ALL SOLID-STATE MODULATOR FOR THE ARSR-3 TRANSMITTER

Edward H. Hooper 4)'
Steohen R. Bird

Westinghouse Electric Corporation
Systems Development Division
Baltimore, Maryland 21203

SUMMARY Performance of the modulator has been
verified through a comprehensive series of

This paper describes an all solid-state, tests and the demonstration of an entire ARSR-3
high power pulse modulator used in the ARSR-3 diplex radar system which has been in operation
system (an FAA air route surveillance radar at a Westinghouse test site. Reliability
system). The modulator, the culmination of a demonstration testr have just been completed
number of years of both device and circuit with over 1000 hours of operation on the
development, uses fast switching Reverse system, which includes two modulators, with
Blocking Diode Thysistors (RBDT's) to directly no modulator failures. In addition, the
switch 14 MW, three microsecond video pulses ARSR-3 transmitter has completed environmental
at high current without the use of magnetic tests per FAA-E-2483b.
switching aids.

BLOCK DIAGRAM
The modulator consists of five identical

PFN modules, a trigger amplifier, and a pulse Figure 2 is a block diagram of the modu-
transformer which matches the modulator output lator. Five PFN modules, each comprising a
to the beam characteristics of a klystron. pulse forming network and a solid-state switch
Each module contains its own pulse forming make up the body of the modulator. Outputs of
network, discharge RBDT switch assembly, and the five modules are combined and coupled to
associated circuitry. This modulator is the the klystron cathode through a high turns
first production equipment to use the new ratio pulse transformer. A trigger amplifier
Westinghouse T62R RBDT devices. The devices unit provides the necessary trigger pulse to
switch 220C amp pulses with a turn on rate of turn on the solid-state switches.
rise of ap to 3000A/microsecond. The PFN's are charged to their nominal

INTRODUCTION operating voltage of 3200 volts by a precision
charging system which controls the PFN volt-

The ARSR-3 system is a new high perfor- age to better than 0.05% pulse-to-pulse. Upon
mance, air route surveillance radar system discharge, each of the five modulator modules
which incorporates the most advanced aspects deliver a 2200A, 3 microsecond pulse to the
of modern radar technology. Among these is HV transformer primary. The resulting compo-
a high power modulator which has demonstrated site primary current is ll,000A.
the reliable performance available in an all
solid-state system. The pulse transformer is a foil wound

transformer having a step up turns ratio of
The ARSR-3 modulator is a modularized, 93:1 to step up the nominal 1400 volts pulse

all solid-state, line type pulser which pro- on the primary to 130 KV on the secondary.
vides the required video pulse power to the The transformer is mounted in an oil tank to-
cathode of the transmitter klystron final gether with the klystron socket and filament
power amplifier. Nominal operating parameters transformer located directly behind the elect-
of the modulator are as follows: ronics cabinet. Connections to the transformer

from the modules utilize multiple twisted
Modulator Peak Pulse Power 14 MW pairs of high voltage insulated wire to

minimize inductance be-ween the modules andModulator Average Power 15.3 KW the pulse transformer primary.
Pulse Repetition Frequency 365 pps

The trigger amplifier is essentially a
Video Pulse Width 3 uSEC switch system which arms itself by charging
Klystron Beam Voltage 130 KV trigger energy capacitors in each of the PFN

modules. Operation of this switch then simul-
PEN Storage Voltage 3200 V taneously dumps these capacitors to provide

the trigger energy required to operate theNote particularly that the modulator operates PFN modules.
at substantially lower PEN voltage than do
conventional line type modulators of similar SOLID-STATE SWITCH
power levels.

The problem of switching short high powerThe modulator is packaged in a cabinet pulses with solid-state devices is answered
assembly shown in Figure 1, which is designed in the ARSR-3 with the Westinghouse type T62R
to provide utmost maintainability. The plug- Revs se Blocking Diode Thyristor (RBDT). The
in modulator modules can easily be replaced, B 13 is a four layer thyristor type device
or completely removed from the cabinet for which holds off voltage in the forward direct-

operation of the modulator with reduced power ion until switched on. When properly turned
capability. on, it conducts very high current with low
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forward voltage drop. Furthermore, the turn- in each module. The design margin is such
on mechanism is such that in a properly trig- -hat in :he unlikely event That orne of the
gered device, the is fully on within RS:T's should fail, the module will continue
one microsecond of triggering. This means to operate with only four good devines. evice
that the device is ready for full current al- failure does not mean immediate shut down of
most immediately without the need for magnetic eqi=ment. :t cnly means tnat the failed le-
switching aides. vice snculi oe replaced at the next maintenanze

period.
The RBDT is a two terminal device related

to the SCR thyristor. it differs primarily in =UIPME,;T
the turn-on mechanism and the absence of a gate
lead. The internal structure of the four layer Figure 5 is a photograph of the transmit-
device is optimized for turn-on by the action ter modulator cabinet wit' orotective doors
of displacement current through the blocking and covers opened. The five visible modules
junction capacitance as shown in Figure 3. The at the l:,er right are the five PF': modules.
source of this trigger current is a high dv/dt The trigger a:lifier oduleis the horizontal
impulse across the device from a trigger gene- module to the left of -e : odules. The
rator. total volume occupied by these units is 8 cu.

ft. The high voltage pulse transfortner, is
In the ARSR-3,five Westinghouse T62R RBZT in an oil tank immediately behind the !F:

devices, each having a rated hold off voltage modules. The volume occupied --y the pulse
of 800 volts are connected in series to give a transformer is -. 7 :u. ft.
total switch assembly hold-off voltage of 4000
volts. The turn on trigger is applied across Figure is a tho n raph _f a PF,: module.
the string of five devices, causing the turn- The 7.3DT sw tch assembly which includes back-
on displacement current to flow through the swing and trigger blocking diodes is in the
five devices in series. The result is that center zortion of the mcdule. The large block
all five turn on simultaneously. With the is the pulse forming network. The modular
trigger applied in the ARSR-3, the RBDT "stack" concept for solid-state modulators has demon-
switches a nominal pulse current of 2200A with strated not only reliable operation but has
a di/dt of up to 3000A per microsecond from proved to be extremely easy to maintain. The
turn on. peak pulse power capability of a single module

is over 3.5 VI. This means that one module
The required trigger for this operation may be removed if necessary and peak RF pulse

is a voltage impulse above the voltage hold off :ower may be maintained. Current and voltage
level which has a rate of rise sufficient to detectors are incorporated into each module
cause 20A of switching current to flow. In to provide fault isolation to the module level
the stack of five devices used in the ARSR-3 and removal of the mcdule, after opening the
switch a trigger voltage with 25 KV per micro- key interlocked safety door, is accomplished
second rate of rise to at least 6500 V ensures by simply pulling out the plug-; ,. nodule. This
this trigger current, type of construction is possibli si-me each

PF:N module is operated with only 3 KV stored
Figure 4 illustrates schematically the on the pulse forming network.

utilization of the five RBDT devices in each
ARSR-3 module and the technique used for trig- Figure 7 is a side view of the solid-state
gering the five modules. Fundamentally, each switch assembly showing the five RBDTs and six
PFN module is configured as a conventional isolation diodes stacked in series. Also pic-
line type modulator. Five such circuits are tured are the heat sink fins utilized for
operated in parallel. Each module contains cooling purposes. Copper plates are used for
its own pulse forming network, RBDT switch interconnections to the switch assembly to
assembly, trigger transformer, and trigger minimize inductance in all pulse current con-
energy storage capacitor. All five switch ductors.
assemblies are triggered from a common trigger
amplifier. When the trigger amplifier switch Figure 3 is a photograph of a modulator
is closed, trigger energy, stored in a cape- trigger amplifier. The RBDT switch assembly
citor in each module, is applied through the is in the back right portion of the unit. The
trigger transformer to the stack of five RBDT remainder of the modulator trigger amplifier
devices. The resulting voltage impulse causes is comprised of a trigger switch driver, and
sufficient displacement current to flow through all the fault logic functions for modulator
each device to cause dv/dt across each stack protection.
to reach at least 25 1V per microsecond, which
satisfactorily turns the devices on. The MODULATOR PERFORMANCE
diodes in series with the RBDT devices are
to isolate the trigger impulse from the PFN. The solid-s-ate modulator has performed

well in various ARSR-3 transmitter tests per-
Provisions are made in the transmitter formed over the past year. These include

control system to guarantee adequate trigger environmental tests in accordance with FAA-E-
by monitoring the voltage on the trigger 2483b and a 1000 hour life test for a diplex
storage capacitors just prior to trigger transmitter system.
operation. If for some reason this voltage is
not sufficient for proper device triggering, Environmental tests were completed suc-
the trigger amplifier is inhibited and modu- cessfully on two transmitters last fall. These
lator operation is interrupted. tests consisted of subjecting the transmitter

to operation from -100C to *5*o0 with a- to
Further test provisions provide a means 90% relative humidity and concluded with an

for assessing the state of the RBDT devices extended operating period at 250C.
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The 1000 hour life test followed con-
struction of a test site in which an entire
diplex radar system was placed in operation.
As of the writing of this paper the 1000
hours has been exceeded with no failures in
either of the two modulators in the system.

Performance wise the modulator fully
meets the system requirements for a range
of 200 nautical miles and an MTI Cancellation
factor of 40 dB. Figure 9 is a photograph of
the modulator output (pulse transformer
secondary current). The slight rounding of
the pulse is due to inductance of the trans-
mission system between the PFN's and the kly-
stron cathdde.

Jitter and delay measurements were made
on the video pulse under various operating
conditions. Under uniform PRF conditions,
pulse-pulse jitter was less than 4 nanoseconds
rms. Under stagger pulse conditions this in-
creased to 10 nanoseconds. Delay time,
measured as the time between the leading edge
(70% amplitude) of the input trigger timing
pulse and the 70% point of the modulator
video pulse to the klystron was measured at
2.5 microseconds nominal.

Efficiency of the modulator from energy
stored in the PFN to pulse energy supplied to
the klystron is 81% for 5 MW RF operation
(13.9 MW peak video power to the klystron).
Of the total power loss, slightly less than
half (1200 watts) is in the diodes and RBDT
devices in the switch stack assemblies.

As a result of the success in the test
and evaluation of the ARSR-3 equipment five
dual channel systems have already been shipped
to the FAA. This includes one system cur- Figure 1. ARSR-3 TRANSMITTER CABINET
rently in use by the FAA for training pur-
poses.
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HAYSTACK HILL LONG-RANGE IMAGING
RADAR TRANISMITTER

By

William NJorthi

GTE SYLVANIA. INC.
Electronic Systems Group

77.'*A* Street

Needham Heights. Massachusetts 02 194

ABSTRACT

TITLE: The Haystack Hill Long-Range Imaging Radar Trainsmitter frequency o1 the LRIR tile antenna beamwidth is onl 3 minutes of
AUTHOR: William North Jc

(Contracted by Lincoln Laboratory to work on system developed Of the total complement ot transmitter equipment the entire
by Lncol Laoratry)high-level RF chain and the floating-deck modulator are housed in
by Lncol Labratoylan environmental enclosure or '*T.R hox.-12 feet long and 8 feet

PROFESSIONAL AFFILIATION: GTE Sylvania. Electronic: Systemns square in cross-section. This box, as shown in Figure 1. can be hoisted
Group from floor level to a position at the local point of tile approximately

LOCATION. Needhamo Heights. Mass. 9-f oot diameter subretlector. The ligl-eiciency multiinode antenna
feed protrudes from tlit front of the T R hox througli a hole in the

The Long-Range Imaging Radar ILRIR). developed by MIT back of the primary reflector. The remainder of the transmitter equip-
Lincoln Laboratory for the USAF. is presently installed at the Hay- ment is located in a high-voltage! vault it ground level.
stack Hill NEROC radiotelescope facility, in Westford Mass, and uses
its 120-foot diameter parabolic reflector antenna. Its transmitter is
designed around the Varian VTX-5681I TWTA, which was developed
specifically for this application under the sponsorship of MIT Lincoln
Laboratory.

Each state-f-the-art VTX-5681I has a peak power of 100 kW.
average power of SO kW. pulse duration of 50 milliseconds. and
instantaneous l-dB bandwidth from 9.5 to 10.5 GHz. The LRIR trans-
mitter uses four of them in its FPA; the RF outputs of which are
combined in pairs. split, and cross-combined, to present signals to
the inputs of the high-efficiency feed which are equi-phase and equi-
amplitude despite individual tube dissimilarities.

TWT beam voltage is 42 kVdc at 10 amperes, which is gated
by means of the output of a direct-coupled floating deck modu-
lator connected to the unity-mu modulating anode of each parallel-
consnected TWT. The modulator, which uses Eimsac 8960 switch tubes.
is capable of pukse durations of from leis than 10 microseconds to CW,
and PRFs up to 2000/second. Output amplitude control is accom- v ; ~
plished by a diode-coupled grid-catcher circuit applied to the upper ~ t
switch tube grid. Low-level signal coupling is by means of a balanced.
capacitively-coupled 10 MHz links, using microcircuit components.

Maximum use was made of the existing 58 kVdc. 21-ampere Figure 1. Haystack Hill Radiotelescope Facility
HVPS and the 80 kV. 156 mF capacitor bank and crowbar. It was RF Chain
necessary, however, to augment them with a 20-ampere electronic
current regulator, between rectifiers and capacitor bank, and a 40- The LRIR transmitter was designed around the capabilities and
ampere electronic voltage regulator, between capac-itor bank and TwI-T requirements of the state-of-the-art Varian VTX568I. which wa dt-
beam input, and an output buffer capacitor bank and separate crow- veloped under contract from MIT Lincoln Laboratory specifically for
bar. Both regulators use Eimac 4CW2SO.000 tetrodes. this application. Each of these coupled-cavity tubes is capable of peak

power of 100 kW. over an instantaneous WBd bandwidth from 9.5 to
Introduction 10.3 GHz, ror pulse durations up to 50 milliseconds and duty factors

The LRIR was installed at the NEROC Haystack Hill Radiotele- up to 50 percent, with a saturation RF drive power of nominally
scope facility early in 1977. taking maximum advantage of .its con- Iwat
siderable facilities. Foremost of these, shown in Figure 1. is the 120- The transmitter uses four of the VTX-15681 TWTs, as shown in

Afoot diameter, Cassegrain optics, parabolic reflector antenna. dimen- Figure 2. The tubes are combined in pairs and the combined signals
sionally accurate for operation beyond 35 Gus. At the 10OGHt center are re-split. cfuss-coupled and recombined, so as to produce equ-hae
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and equi-amplitude signals, irrespective of individual TWT phase delay The WR-102 output waveguide flanges of the two left-hand tubes are
and amplitude dissimilarities, at the inputs of the binary hybrid visible to the left of the tube centerlines. The WR-90 input waveguide
splitter tree which ultimately produces the eight inputs to the antenna connections to the TWTs are visible above the upper tubes and below
feed. the lower ones. The semirigid coaxial low-level input circuitry, includ-

ing the four manually-adjustable attenuators and the three remotely
~ ~L..a..ag.,controlled, motor-driven line-length adjustors can be seen above the

tubes. The line-length adjustors are used to maximize the combined
.. '~4 , -b ,,'- signal (minimize hybrid waster-load power) for pairs of tubes and for

- the cross-coupled recombination. Note that the waster loads for TWT
pair power combination is actually a hybrid-combined pair of water

Il loads. This higher power capability is required in situations where one
-2 4 --- ' , of a pair of tubes is inoperative for any reason, in which case half of_ .. the output power of the remaining tube must be dissipated in it.

., Figure 4 shows the same aspect as Figure 3 but with the wave-
S " ., -, guide components up to the ferrite circulator assembly attached.

~~4S1' ~a .. 2~ r, Also visible are two of the four wheels which permit the TWT and
modulator assembly (Figure 3) to be rolled out of the T/R box for
TWT replacement. To effect TWT removal and replacement, the
framework is rotated 90 degrees in a special handling jig so that the
tubes can be handled with their major axes vertical.

Figure 2, Simplified Schematic of RF Chain -

All of the output waveguide components are in nonstandard
water-cooled WR-102 waveguide, using stainless-steel flanges and soft
copper gaskets. The highest waveguide power levels, 200 kW peak and
100 kW average, are handled by integrated waveguide assemblies con-
sisting of cascaded short-slot. 3-dB. quadrature hybrids. All waveguide
components were tested to a least full operating power before system
installation in a resonant ring driven by a 10 kW X-band klystron.

• .5

Figure 4. TWT Assembly with Waveguide Attached

Antenna duplexing is accomplished by an assembly of eight
high-power ferrite circulators. Additional transmit signal attenuation
is provided for the receiver front-end by gas-filled receiver protectors.

At the front-end of the transmitter RF chain, preamplification
is provided by an FET amplifier which drives a packaged X-band
TWTA with 10-watt rated output.

Floating-Deck Modulator
Figure 3. TWT Assembly The VTX-5681 TWT operates at a beam voltae of 41 to 42 kV

with a peak pulse beam current of 10 amperes. Beam current is con- I
Figure 3 shows the TWT assembly, looking at the output end. trolled by a unity-mu modulating anode. As shown in Figure 5 the

The four TWTs are horizontally mounted in mirror image. The four modulating anodes of the four TWTs are driven in parallel from the
water-cooled, S kW focus solenoids am mounted within the support output of a floating-deck modulator, using EIMAC type 8960 tetrode
structure. The Tr collectors are seen protruding toward the viewer switch tubes.
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The minimum operational pulse duration in the LR(R wavefbrm Due to an unusual problem encountered with the VTX-56 I it
repertoire is the 250-microsecond wideband ramp. which is linearly became necessary to drive the off deck during the entire interpulse
frequency modulated from 9.5 to 10.5 GHz. This waveform can recur interval in order to provide a low impedance path to the interpulse

', W at PRF up to 2000/second. At the other extreme is the lon$ pulse. bias voltage. The problem manifested itself in high tas much as5 mA)
which can extend for 50 milliseconds at a rate of 10 per second, To leakage current between body and modulating anode with 40 kV
accommodate the range of waveform characteristics. the modulator between them. The passive pull-down resistors originally used could
was designed to produce a minimum pulse duration of approximately not be made low enough in resistance to ensure beam.-current cutoff
10 microseconds, with a rise time of approximately 5 microseconds during the interpulse interval without prohibitive power dissipation.

and a maximum pulse width of CW. due to the 50-percvnt duty factor of the modulator. Note that the
TWT cathode bus is connected to the screen supply voltage of the off

The modulator output voltage varies from a level approximately tube. With no more than S-mA interpulse current and Lero bias. the
500 volts negative with respect to the TWT cathode voltage during the plate drop of the off tube during the interpulse interval is less than
interpulse interval to a level which is adjustable between approxi- 200 volts. The modulating anodes of the TWTs. thereforc, are biased
mately 100 volts negative with respect to ground and IS kV negative some 500 volts negative with respect to their cathodes by a 700-volt
with respect to ground. The total output pulse, therefore, is adjust- screen supply voltage.
able in amplitude from approximately 26 to 42 kV. At the lower value
the individual TWT'beam current is 7 amperes. reaching its nominal
value of 10 amperes I or 2 kV below maximum. Figure 6 shows the modulator end of the TWT assembly (the

As can be seen from Figure S the amplitude control is accom- other end of Figure 3) with the doors closed. Figure 7 shows it with
plashed by means of a grid-catcher circuit applied to the "on" tube of the doors open and the lower access panel removed. The gun bushings
the modulator, A 0 to -15 kVdc bias voltage is injected into the grid of the four TWTs are seen protruding about halfway up the cabinet.
circuit by means ol in 8020 I IOOR) thermionic diode. A number of In the upper left-hand comer is the "on- deck. with its low-
different types of solid-state diode stacks were used in this applica- capacitance ac isolation transformer to its right. The 8020 diode is
tion. all of which performed satisfactorily during normal opcriting mounted, upside-down. behind the 89t,0 switch tube. In the center is
conditions. None of them. however, would continually survive the the common point of the mod-anode bus. with the individual isolating
transient conditions resulting from TWT internal arcs and crowbar dis- resistors fanning out from it. On either side, between upper and lower
charges, The 8020 has proven quite forgiving, tubes, are enclosures for the ferro-resonnt filament transformers.

each of which is rated at 7 Vac. 10 amperes. They provide regulated
filament voltage and. more importantly. limit cold-filament inrush
current to less than 15 amperes, less than twice the hot value of
current, 8 amperes. There are two transformers in each box. Note that
mod-anode, cathode and filament'cathode connections to the tubes
are made with jumbo banana plup and jacks, which has proven quite

. - - successful in accomplishing fast disconnection of an inoperable or
- ,, - troublesome rube. In the lower middle is the "'olt deck. below which

Is its power-isolation transformer which is of standard capacitance. In
front of the transformer is the pot-head cable connector termination

- '- -. for the TWT beam voltage.

2--
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Figure 5. Simplified Schematic of Floating-Deck Niodulator '' i

The pid-catcher circuit functions in the following way. An
on pulse i initiated by gating a 10 M.Hz signal, derived from an

integrated-circuit computer clock-pulsbe generator, into the primary
of A balun tmnusformer the secondary center-tap of which is refer-

enced to gound. The balanced 10-MHz signal is transmitted to the
floating deck by means of a balanced, capacitively-coupled trans-

mission line. each leg of which consists of 10 capacitors in series, each

rated it 100 p. 6 k. shunted by 1000 megohm voltage equalization " '..
resistors. The capacitance of each leg is 10 pF and the video currents
which flow in each. as a result of the rise and fall transitions of the
output pulse cancel in the secondaries of the transmitter and receiver ,-
balun transformers. The output of the receiver balun transformer.

after detection by the diode rectifier, is applied to a transistor ampli-
fier which causes saturation of the transistor in the cathode circut of
the 8960. resulting in zero.bn current flow in the 8960. producing a

5 microsecond transition to the intrapulse output voltage level. When
the rising output voltage becomes less negative than the intra-pulse

bias voltage the 8020 diode conducts, rapidly developing cutoff bias 3
across the 8960 grid-leak resistor, clamping the output voltage at
approximately the bin voltage. The 10 MHz burst is terminated
S microseconds prior to the desired end of the modulator "'On" pulse
to compensate for storage time in the saturated transistor amplifier
and preclude simultaneous conduction of both the on and off switch
tubes.

The negative-going transition to the intrapulse output voltage

jcondition is accomplished by a similar sequence of events applied to

the off switch tube. except for the gind-atcher feature. Figure 6. Floating-Deck Modulator Enclosure
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Figure 9. 10 MHz Up-Link of Modulator

High-Voltage Power Supply and Energy Storage System

The fundamental high-power, high-energy system. consisting of
the 2.06 MVA, 4160 Vac, 3-phase Inductrol input regulator; the dual
29.1 kV. 2U.j arperes (per secondary winding) rectifier transformers,
capable of being connected in either delta or wye. and the winding
sets connected either in parallel or series, the dual 3-phase, ful-wave
bridge rectifiers, having a total, series-connected PIV rating of 75.6 kV

• .a-nu at 8.3 amperes average per leg; the energy storage capacitor bank. con-
sisting of 372 capacitors, each rated at 1.68 mF, 40 kV. and each

Figure 7. Floating-Deck Modulator having two parallel 1000 ohm resistors in series; and the infinite-
voltage range. needle firingap, air-gap crowbar discharge switch were
in existence at Haystack Hill as part of the orignal Planetary Radar

Figure 8 shows the interior of one of the decks and Figure 9 is a System.
close-up of a balanced I0-MHz up-link. For the purposes of the LRIR, the rectifier transformers were

connected delta-delta, with each secondary feeding one of the full-
wave bridge rectifiers, which were series connected, as shown in
Figure 10. Figure I I shows the transformer terminals as they pene-
trate the vault wall (both the Inductrol and the rectifier transfonners

_____m are located outdoors) and two of the upper three of the rectifier legs.
The capacitor bank. which is in two rows, stacked three capacitors
high, was connected as shown in Figure 12. to yield an equivalent of

- 156 mF at 80 kV. Figure 13 is a view between the two rows of the
capacitor bank. Figure 14 shows the main crowbar, which was moved
from its original location to atop the crowbar trigger rack so that the
high-current crowbar discharge loop would not encircle newly
installed low-voltage circuitry. The main crowbar discharge current
reaches a peak value of slightly less than 2000 amperes.

Figare 8. "On" Dock of Modulator Figure 10. Simplitfed Schematic of High-Voltage Vault
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Figure 11. Rectifier Transformer Terminals and Two of Three Upper Figure 13. Capacitor Bank
Rect. Legs

Figure 12. Capacitor Bank Connections for 15 tiF. 80 kV

Electronic Voltage and Current Regulators

The requirement for pulse duration% up to 50 milliseconds at
PRFi up to l01second. places unusual demands upon the high-energy
system. With a total of 40.ampere TWT beam current during the pulse.
half of which can be expected to be supplied by the rectifiers at
50-percent duty. even a capacitor bank as prodigious as this one will
suffer a voltage decrement of 6.4 kV over a 50-millisecond pulse. With
the tolerable voltage variation between TWT cathode and ground, dur-
ing a pulse limited to something less thans 100 volts, a form of voltage
regulation is obviously called for. Figure 14. Main Crowbar

An electronic voltage regulator, as shown in Figure 10. was devel-
-oped. using an EIMAC 4CWZS0.000 pass tube and a solid-state error fier: which however, was fed from a ferro-resonant constant-voltage

amplifier. No-load screen voltage of approximately 1.3 kV was used, transformer which limited screen current and power to well below
obtained from a simple sile-phase, full-wave supply with capacitor rated dissipation limits during the time when the beam power supply
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voltage was below the point of regulation. Figures 15 and 16 show the An I 1.2-F buffer capacitor bank was connected to the output
electronic voltage regulator circuitry. The 4CW250.000 can be seen of the regulator, with its own smaller crowbar, of the same type as
with its water jacket pointed down and its filament transformer to the the large one. This equipment can be seen mounted on the wall behind
left (Figure 15). the large crowbar in Figure 17.

Figure 17. Buffer Capacitor Bank and Secondary Crowbar

The voltage regulator solved only half the problem. Without
something to limit rectifier current during the pulse the rectifiers
would tend to deliver all of the 40-ampere pulse current. Even though
the average current ratings of the rectifiers would not be exceeded, the
rms current rating of the transformers would be. Moreover, the
impulsive load, at a recurrence rate of 10/second. could be expected
to produce quite objectionable lighting flicker for those sharing the4160-volt feeder.

3429-78t

Figure 15. Electronic Voltage Regulator " "i

Wtt
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Figure 18. Profile of Voltages and Current Throughput
High-Enerly System

An electronic current regulator, also using a 4CW250,000 tetrode
pas tube, a solid-state error amplifier, and a constant-voltage screen
supply of only 800 volts, however, was developed, as shown in
Figure 10. The profile of voltages and currents throughout the regula-
tor chain is shown in Figure 18. The pulsed output current is shown at
the bottom. Above it is the most negative voltage, approximately
-42.6 kV. which exists during the interpuls interval. During a 40-
ampere pulse the voltage is less negative by the !.76-kV drop in the
44-ohm current-limiting resistance. The Th7 collector voltage, which
is the output of the voltage regulator, is off ground potential only by
the flow of total TWT body current through the I-ohm sampling reis-
tor (except during TWT internal sparks to body, where fault current
is limited to 1000 amperes and collector voltage to ground is limited
by protective diodes shunting sampling resistor). The minimum plate
drop of the voltage regulator pm tube for 40 amperes is 3 kV. AddedFigure 16. Electronic Voltage Regulator to this is the 6.4-kV peak capacitor bank droop. The sum is the
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voltage it the junction of current and voltage regulators. The mini- photoelectric arc detectors and the excess reverse power monitors ire
mum plate drop required for the current regulator to pass the maxi- located, to the control console via a tims-dlvision-rultiplexed erial
mum average current of 20 amperes is " kV. added to which is the digital data stream, in order to conserve conductor in the inter-
rectifier ripple voltage. The total average voltage, therefore, is connecting cable-wrap
59,56 kV. Control of the TWT operating voltage is accomplished at tile ieft-

Figure 19 shows the current regulator circuitry. hand sloping panel where the control voltage for the electronic voltage

The high-voltage connections are made from the high-voltage regulator can be adjusted and the raisc-lower control far the 100-
vault to the TIR box by means of a three-conductor coaxial cable. The percent buck and boost Inductrol line regulator is located. Digital
TWT cathode bus is carried by the center conductor, the TWT collec- meters on this panel display average body current, average beam
tor bus, which is isolated from ground, is carried by the inner outer current, TWT cathode voltage and average regulator drop. for either
conductor and the T/R box chassis connection, which is common to voltage or current regulator. A circuit monitors TWT cathode voltage
TWT body, is made via the outer outer conductor. and produces an output which inhibits on-gate pulses to the modula-

tor for voltages between -t0 and -40 kV. which encompasses the range
of voltage within which dangerous TWT self-osc illation is possible.

Located above voltage control panel are the TVWT collector-
current monitor scope, the test wavelorm generator. and the slow-
speed interlock status panel which includes such functions as water-
flow. door interlocks. etc.

. .,........

3= w.- I 'r

Figure 20. Transmitter Control Console

Conclusions

As of the time o1 presentation of this paper the LRIR transmitter
will have been in operation for almost a year and a half and has proven

S. remarkably reliable for such an ambitious undertaking.

Figure 19. Current Regulator Acknowledgements
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HIGH REPETITION RATE LC OSCILLATOR
Stuart L. Moran

Naval Surface Weapons Center
Oahlgren, Virginia 22448

Summary The switch handles currents of about 1,000 amps and
stands off several thousand volts. It should be noted

L-C oscillators have been built which can produce that there Is no distinct anode or cathode since the
multikilowatt RF pulses in the megahertz frequency current reverses direction during each RF cycle. For
range with repetition rates of tens of kilohertz. The high efficiency, the switch must be able to close
L and C for these oscillators can be determined from quickly compared to a quarter cycle of the RF and must
the frequency requirement and the high Q requirements. open quickly compared to the repetition rate. This
The high repetition rates are achieved using a high requires closing times of about one nanosecond and
pressure spark gap switch together with a DC to AC opening times of a few microseconds. To meet the ion-
inverter power supply. Closely spaced antenna ele- ization and de-ionization requirements, the type of
ments can be used to increase the Q of the radiated gas used in the spark gap is important. The narrow
waveform, gap spacing precludes the use of any gas which is

corrosive or forms deposits, such as air or oxygen.
Introduction Other gases, such as nitrogen, do not work well at

high repetition rates. Above one kilohertz it has
The inductance capacitance (L-C) oscillators been emperically determined that a mixture of 95%

described in this paper place an emphasis on high argon and 5% hydrogen gives satisfactory results.
frequency and high repetition rate. These oscilla- This is the gas mixture currently being used.
tors store millijoules of energy and can produce
multi-kilowatt radio frequency (RF) pules in the Maximizing the l
megahertz frequency range with repetition rates of
tens of kilohertz. For an oscillator with series and parallel losses

the damped sinusoid wave will consist of a continuous
The oscillator consists of an inductor (L) and a range of frequencies in the neighborhood of the un-

capacitor (C) in series with a spark gap switch as damped ringing frequency (2v ;"0)-l. In general it is
shown below, desirable to maximize the Q of the circuit to concen-

trate the energy in a narrow~feuency range. If the
characteristic impedance ( 4L/C ) of the oscillator is
too low, the series losses will severely dam the

R device. If the characteristic impedance is too high. - -
the parallel losses caused by the load will severely
damp the device. The characteristic impedance which
will maximize the Q can be obtained by solving the LC
circuit shown in figure 1. Exp isions for the

Rp currents i1 and i2 are given 
by ):

L ZR p + Rs  Z
Z R

i1(t) R sin Bt + cos awt

R. represents the series losses in the system and 
Rp Z)

represents the parallel losses or the load. The
oscillator prodices a damped sinusoid with a center
ringing frequency of (2r jT)"

t .  RS  Z

The energy storage in the capacitor is given by 12 (t) "Rp sin owt + cos
CV2 where C is the capacitance and V is the voltage

between the capacitor plates. It will be shown that I
C is relatively fixed for a given frequency so that
V is the only variable for control over the energy
storageSpark Gap Switch 

RsRp

A spark gap switch is used in these oscillators. 0 . -- exp

It consist of two Rogowski electrodes (1 cm in diame- Rs + R R)
ter) which are overvolted to close the switch. To

minimize the inductance and resistance, the gap
spacing is small (5-10 mils). To maintain a high and
standoff voltage with narrow gap spacings the gas

betwen the electrodes is pressurized. ~ R~ (
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di/dt Waveform Using a Magnetic Pickup Probe Inside Frequency Spectrum Using a Magnetic Pickup Probe.
the Device--S ns/div. Without Transmit Antenna 150 M4z Center Frequency. 10 dB/div. Log Scale

Vert.-- 20 FMzfdiv. Horiz. Without Transmit
Antenna

Receive Signal Tim Trace Using a Cross Dipole Receive Signal Frequency Spectrum Using a Cross
Receive Antenna -10 ns/div. Dipole Receive Antenna. Sam Scale as Above.

Figure 4. Signals produced by an LC oscillator.
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The exponential decay term can be used to find Power Supply
the time (t) for the peak amplitudes to drop to i/e of
their initial value. The period of the damped sine The power supply used to power the oscillator is a
wave will be T = 2f/la and therefore the Q of the DC to AC power inverter which converts 24 volts DC to
circuit will be tt/T which gives: 5,000 volt pulses at the desired repetition rate. The

major advantage of this type of power supply over
resistive charging is that voltage is not re-applied to

Q -J4 - (Z/Rp - RslZ)
2  

the capacitor immediately after discharge. The "dead
time" between charging allows for better de-ionization

2(Z/Rp + Rs/Z) of the spark gap. Figure 5 shows the charging waveform
produced by the power supply wnile running the oscilla-

where Z -• T tor. The discontinuities are points where the spark
Rp- parallel losses (antenna) gap fires. Note the zero voltage (dead time) following
Ri- series losses. each spark gap firing.

The oscillator will not ring unless the Q is real.
Maximizing the Q gives:

Z (for maximum ) R s

Therefore,

Q max Rp s

From this it can be seen that for a reasonably high
Q (5 or more) the condition Rs < Z < < Rp must hold.

The series and parallel losses can be estimated
by varying Z and observing the change in Q. Our ex-
periments indicate that for an unpressurized spark
gap firing at low repetition rates with RF frequencies
in the megahertz range, the effective series losses
are about I ohm and the effective parallel load using
a half wave dipole antenna is about 100 ohms. There-
fore, the optimum oscillator characteristic impedance
is about 10P. A graph of the Q versus oscillator
impedance is shown in figure 2.

FIGURE 5. Charging waveform produced by a DC to
Design and Performance of the Oscillator AC inverter while operating an LC

Using the two equations Z-10 and f-(2v rL
"

C oscillator.

both L and C can be obtained. A frequency of 150 Antennas
megahertz was chosen as a convenient size. This gives
L -lOnN and C - lOOpr. Several oscillators have been Emperical studies done with dipoles and yaggi
built with approximately these parameters. The design arrays indicate that the antenna pattern at a particu-
is shown in figure 3. Each capacitor plate Includes lar frequency produced by the L-C oscillator pulses is
a spark gap electrode and is machined from one piece not significantly different from the antenna pattern
of metal. Brass, copper and aluminum have been used produced by a CW signal at the same frequency. Attempts
with very little observed difference. The capacitance have been made to increase the Q of the transmitted
depends on the surface area, dielectric material, and waveform through antenna design. It has been found
dielectric thickness. The inductance is given by the that one particular type of antenna gives a substantial
geometry of the plates and is roughly proportional to increase in the radiated 0 as observed from a receive
the charge-flow path-length from one side of the antenna. It consists of an element about one half
capacitor to the other. The diameter of the capacitor wavelength long and place approximately 1/10 behind an
is roughly 10 cm. A pressure collar of plexiglass oscillator with a standard dipole attached. The close
seals the electrodes with 0-rings to allow the spark arrangement of the elements causes a large increase in
gap to be pressurized to several hundred psi. Signals the radiated Q and an alteration in the spectrum shape
obtained from these devices are shown in figure 4. A (see figure 6). A variation of the element spacing or
dl/dt probe consisting of a half centimeter loop of element length and the use of several elements can all
wire can be placed inside the inductive channel be used to vary the output waveform and spectrum.
surrounding the electrodes. Signals from such a probe Figure 7 shows some examples. Note the amplitude modu-
show that the first peak of the waveform is low lation in the waveforms and the creation of substantial
indicating that the spark is significantly resistive peaks and notches in the spectrum shape.
during the first half RF cycle. A half wave dipole
can be connected to the oscillator as shown in figure Reference
3. Figure 4 shows the receive signals obtained from
this configuration using a standard gain receive 1. Moran. Stuart L., "High Repetition Rate LC Oscil'a-
antenna in an anechoic chamber at a distance of 70 tor", Naval Surface Weapons Center Technical Report
feet. The receive spectrum is narrower than the di/dt Tn'3t 5 December 1977, Appendix C.
spectrum due to the frequency response of the transmit
and receive antennas. The oscillators perform as
expected. They will run many hours before there is
detrimental wear or erosion of the spark gap electrodes.
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STANDARD DIPOLE

36 INCH RO PLACED 3 INCHES BEHIND A STANDARD DIPOLE

Figure 6. Receive signals at a distance of 70 feet showing
the effects of placing a half wavelength element close to
the standard-dipole transmitting antenna of an LC oscillator.
Note the 1Odb increase in the spectrum peak at the center
frequency and the increase In the Q of the time waveform.
Spectrum photographs are 10db/division vertical and 20 Miz/
division horizontal with 150 Wz center frequency.
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40 inch reflector 3 inches behind dipole and 34
inch director g inches in front of dipole. Dipole
length is 38 inches tip to tip.

40 inch director 5 inches in front of dipole and
34 inch director 10 Inches in front of dipole.

40 inch director 10 inches in front of dipole and
34 inch director 5 inches in front of dipole.

Figure 7. Some examples of received waveforms and spectra from an LC oscillator

with closely spaced parasitic elements. Center frequency is 15"z.
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A 1Z00 MEGAWATT VAN-MOUNTED LINE-TYPE MODULATOR

P. A. Corbiere. R. E. Kolibas and 3. T. Moriarty

Raytheon Company, Missile Systems Division
Bedford. Massachusetts 01730

Summar Energy stored in the charging reactors at the time of
interruption is diverted to the PFNs through the free-

A Line-type modulator Is described which oper- wheeling diode at the cathode of the series triode bank.
ates from a 4160 V ac source and delivers repetitive
12 kJ pulses to a remote load. The module and its
controls are self-contained in a 45 foot long environ-
mentally controlled. trailerable van. The pulmer is
comprised of fourteen thyratron-switched modulators.
command-charged from a common source and coupled
to the load by means of a single output transformer
and cable.

Test equipment has been developed which pro.
vides system shutdown and fault identification in the
event of thyratron malfunction, load fault or charging
imbalance.

The module has been operated into a resistive
load at the foUowing levels:

Output Voltage 165 kV
Energy per Pulse 12 ki
Pulse Repetition Rate Single Shot to 25 pps
Burst Duration 15 ause Duration 10 s aFigure 2 - Van-Mounted Line PulserPulse Duration 10 0s and Z0 to

Desien Considerations The primary pules forming circuit is made up of
fourteen, parallel 10 1 PFNe, each charged to 45 kV

The simplified circuit diagram of the dc- and switched by means of an air-cooled CX1 175 thyra-Theon imtlifhred cir t diarm of tho e tron. A clipper diode and resistor are connectedresonantly-charged line modulator Is shown in Figure across the end of each pulse forming line. Each of the
1. Equipment layout is shown in the artist' s concep- seven charging reactors is connected to a pair of PFNs
tion in Figure 2. Prime power at 4160 V ac is brought in the 10 ga mode of operation. A simple mechanical
directly into the rear of the van through a commercial adjustment allows one to interconnect the PFNs in
air-breaker to an air- insulated transformer- asten als o e to ineron the inrecifir. uxiiar poer t 40 Vac nd 08 ac series pairs for 20 s pulse duration. Zn either con-rectifier. Auxiliary power at 480 V ac and 08 Vy ac ection, all fourteen thyratrons are triggered from a
for lighting, environmentael control, and cathode ncin l orentyarn r rgee rfor ighing.envronmnta conrol andcatodecommon pulse generator package which also supplies
heaters is brought through weather-tight connectors the negative grid bias voltage.
on the road side of the van to the power distribution
and control rack which also contains trigger, com- A 7. 5:1 step-up pulse transformer combines the
mand charge and fault monitoring functions as well as outputs of all the PFNs and is connected to the load
interlocks to maintain personnel and system safety. by means of a single 250-foot coaxial cable which is

A command-charge gate is generated, amplified fitted with a plug-in connector mated to an oil-insulated
and applied to the grids of a bank of ML8773 triode receptacle on the secondary of the transformer. A
switch tubes. The duration of the charging gate can cross section of this 40 C cable is shown in Figure 3.
be adjusted to vary the final pulse-forming network Active resetting of the pulse transformer core is
(PFN) voltage from the fixed-voltage dc source by
stopping the resonant charge prior to its co~mpletion. required only in the 20 Ke case and in provided by

means of an inductively isolated dc power supply whichdelivers approximately 50 A at 2 V dc.

The single-point grounding philosophy applied to
165 kV this system is shown in Figure 4. Care was taken to

+ isolate the ground plane carrying pulse currents from
the van frame except at the single point where all
pulse grounds, power line grounds and chassis grounds
are tied together. just forward of the wheels. The
ground plane is constructed of 3/8-in. aluminum with
all joints welded over their full length.

The secondary winding of the pulse transformer
has been electrically isolated from the trailer and

, . system ground plane to avoid ground loops between the
van and its load. A spark gap is provided in case the
fluctuations exceed the 5 kV hold -off rating of the
secondary-low bushings.

Figure I - Command-Charged
Line Modulator Circuit
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- - a 250-foot output cable. Two separate load solutions
were used to vary the impedance from 22. 7 &1 for the
10 gs pulse to 45.4 fQ for the 20 0 pulse.

In the 10 ps case the mismatched output cable
increased the effective leakage inductance by 6 percent,
thereby increasing the risetime. The observed rise-
times were 3. 5 ps and 1.6 0 for the 10 ps and 20 ps
modes, respectively, compared with calculated values
of 3. I ps and 1. 6 Is. The risetime calculations.
based on transformer and cable leakage inductance
and measured PFN. risetime, are summarized in
Table I.

TABLE I. RISETVIE CALCULATIONS

Figure 5 - Thyratron Monitor Block Diagram lop 20 ps

0a 0 LOAD IMPEDANCE RL  22.7 n 45.4 (1

3 "0Ma 0M 0 ..... CABLE IMPEDANCE 40 0 40 0

LEAKAGE INDUCTANCE AL

PULSE TRANSFORMER 51 ,H 51 jH

I .! l OUTPUT CABLE (250 8.7 ....
TRANSFORMER & CABLE
RISETIME

T TC 1 2.2 AL,2RL  2.9 ps 1.2 ps

j II . I PFN RISETIME TPFN 1.I, 1.1 ps

SYSTEM RISETIME

Figure 6 - Thyratron Monitor Display Panel T 4( TTC) 2 (
TPFN )2 3.1 pas 1.6 ps

Since a "misfire" failure displayed on the upper
front panel could refer to either a "no-fire" or "post-
fire", further fault encoding is performed and the in-
formation stored in a random access memory (RAM).
The lower front panel provides access and information
display to identify which thyratrons have faulted, their
fault mode and the number of the pulse within a single The addition of an RC despiker across the primary
burst on which the fault occurred, of the pulse transformer actually improved the rise-

time somewhat by providing a path around the load
Despite careful grounding and shielding it was not leakage inductance and allowing the thyratrons to turn

possible to find a logic series with both adequate noise on more rapidly. Current traces for the two conditions
immunity and the more complex large-scale-integra- are shown in Figures 7 and 8.
tion (LSI) capabilities. Therefore. a high noise
immunity (HIUILI bipolar logic series has been used The current pulse was measured by viewing the
as the protective interface logic in combination with a return current in the output cable shield with a Pearson
buffered complementary metal oxide semiconductor Model 1040 current transformer. Voltage was
(CMOS) series which performs the higher level logic observed at the primary of the pulse transformer by
and memory storage functions, means of a Tektronix Model P6015 probe. Secondary

The resulting noise immunity for the buffered voltage was derived from the measured transformer
CMOS logic is more than six times greater than that of turns ratio of 7.5:1.
the standard transistor-transistor logic (TZL). The The load impedance was varied about the nominal
HZNIL bipolar logic achieves a njise immunity of more values such that output voltages in the range of 140 kV
than nine times better than the T'L series by using
the basic TZL configuration modified with a sener to 180 kV were observed and secondary currents
diode to increase its input threshold level, were observed over the range of 3 kA to 7. 5 kA.

Energy delivered to the load, as calculated from the
Test Results current and voltage, was varied between 10 k3 and

12 kJ depending on load impedance and input voltage.
Te ting was performed at Raytheon' 9 500 kVA test

- - facility in Bedford, Massachusetts. The load consisted
of a copper-sulfate-enclosed termination at the end of
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resistive dividers m the thyratron gradient resistors.
C If the voltage on any pair does not rise at the same

rate as the others, or if one pair goes to a higher than
A specified value, the charging cycle will be interrupted

and subsequent charge and trigger signals will be
inhibited.

Current through the free-wheeling diode at the
series switch cathode is monitored by means of a cur-
rent transformer. Observation of excessive diode
current, indicative of a shorted diode. will cause the
charging cycle to be stopped and will inhibit further
charge and trigger signals.

-I A fault at the load will be detected by sensing
•3- excessive current through one of the end-of-line clip-

pers due to an abnormal reflection. Since it may be
-600- desirable to continue pulsing through an occasional

fault, an adjustable counter is provided to allow up to
nine successive load faults before system shutdown.

LiGENO

A - 4/0 AWG 7 STRAND COMPACT ALUMINUM Thyratron Monitor
I - SEMICONOUCTIVE YETHYLENE
C - INSULATING POLYETHYLENE 0.535 WALL The cathode current through each thyratron is
0 COPPER TAPE, 7 ".I LONGITUDINALLY APPLIED
E BLACK POLYETHYLENE JACKET monitored by means of a current transformer near the

base of each tube. This signal is then analyzed to
determine whether the thyratron has fired early, late,

Figure 3- Output Cable Cross-Section or not at all. In the event of a prefire or repeated

misfires the system will receive a shutdown signal
which can be used either to inhibit the charging and
triggering signals or to open the main circuit breaker.
A display panel will then identify the faulty thyratron
and will store a limited amount of information concern-

VA ing the number and type of faults encountered.

A block diagram of the thyratron monitor subsys-
tem is shown in Figure 5. The sensitive logic circuitry
of the monitor was protected from electromagnetic
interference, ground voltage transients and electro-

PULSE GROUND PLANE static coupling between cables by the use of shielded -

TRATRON twisted-pair signal cable (RGO 0) and balanced-line
MON isolation transformers.

I'RA The interconnection from the van to the monitor

REMOTE is also through shielded-twisted-pair cable in which
COTOthe isolated signal and signal return from the balanced

POWER line isolation transformer are referenced to the moni-
GROUND FAEND tor' s signal ground, and the shield is referenced to

JUNCTION OF SKIN GROUND the monitor' s power ground. The shield is isolated
REMOTE VAN AND PUL31ER from the van ground to avoid coupling of transientsINOUNO VNADPJI

GROUNDS into the monitor. In addition, the IZO V ac input power
to the monitor is transformer-isolated from the rest
of the system.

Figure 4 - Grounding Philosophy
The thyratron current signal received by the moni-

tor Is signal-conditioned and threshold-level detected
Fault Monitoring Apparatus to determine whether a thyratron fired. Data pro-

Although faults which draw excess prime power cessing proceeds through the timing and control logicAlthughfauls wich raw ces prme pwer which develop* the prefire zone. valid fire zone and
current will trip the main circuit breaker, several misfir de from the system start charge trigger,
cuter which will initiate a controred shutdown of the stop charge trigger and thyratron trigger. Valid fire

system in the event of zone resolution is 2 ls or less.

* Uneven PFN charge This zone timing information is then fed to the
* Free-wheeling diode short zone gating logic which compares the output of the

Load faul firing detector with these zones in real-time. When a
Thyratron misfire or prefire failure occurs, it is defined and isolated as to fault

type and then stored and displayed on the upper front
Monitoring of the first three fault types is pro- panel (See Figure 6). After each pulse the timing and

vidod in a single chassis which is an integral part of control logic also commands the multiplexer logic to
the van control rack. The thyratron monitoring func- check each of the fourteen separate detector channels
tion is provided by a separate chassis which can be for failures. The shutdown signal is generated during
located remotely and which is applicable to a variety this scan sequence once it is determined that a prefire
of systems containing multiple thyratron switches, has occurred, or that the same thyratron has misfired

more than once, or that more than one thyratron mis-
The PFN fault charge monitor compares the fired during the same pulse.

voltages on each of seven pairs of PFNs by means of
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I.SkA/OIV SODA

- V/DIV

WITHOUT DE-SPIKER WITHOUT DE-SPIKER

I.6 k A/DIV SOOA
DIV

51&SDOIV 5S/DIV
WITH DE- SPIKER WITH DE-SPIKER

Figure 7 - Current Pulses - 10 ps Case Figure 8 Current Pulses - 20 gs Case
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COMPACT MEGAWATT AVERAGE POVER PULSE GENgATOR*

By

J. E. Creedon, J. Mc Gowen. A. J. Butfs. and S. Schneider

Electronics Technology and Devices Laboratory
USA Electronics R&D Comand

Fort Monmouth, New Jersey 07703

Sumary

A compact. lightweight, burst mode pulse gener- PtN. Althouh the design was principally aimed
ator has been designed and evaluated at a megawatt of a generating a Os ulse the pulser is easily
average power. The modulator, occupies a volume of mod ified to produce a 0s pulse. Table 1 sums-
0.81 cubic meters (m3) and weighs 225 kilograms (kg). rizes the basic electrical characteristics while

The recently developed MAPS 40 thyratron
I and two Table 2 lists the overall mechanical characteris-

high energy density pulse forming networks
2 (PFN) are tics and auxiliary requirements.

used as the switch and energy store. A solid state
end of line clipper circuit is included and was Table 1
found to be essential at high average power loadings.
The modulator has been evaluated using a copper Basic Characteristics of Compact Megawatt

sulphate load at 40 kilovolts (kV) peak voltage. 40 Pulse Generator
kiloamperes (kA) peak current, 10 micro-second (Is)

pulse width, 40 kA per us rise time, and 50 amperes Cond. A Cond. P

(A) of average current at a repetition rate of 125
hertz (Ha). xpeated burst on times ot 5 seconds Peak Voltage (kV) 40 40

in a 35 second time period have been demonstrated. Energy (0t) 8 8 I
Introduction Peak Current (kA) 40 20
Introduction Peak Power (MW) 800 400

During the past few years, ERADCOM has been Average Current (A) 50 50

developing technology aimed at reducing the size and Pulse Width (us) 11 22

weight of line type modulators for high average power Rise Time (us) I < 1

burst mode applications. In a typical burst mode Pulse Repetition Rats (Hz) 12 125

system the on-time is relatively short, of the order ode Depley Time (us) < 0.2 < 0.2

of tens of seconds, while the off-time is from one to Anode Delay Time D(s) < 0.1 < 0.1

tM hours. Since the on-time is short, the internal Anode Delay 'time Drift (ti) < 0.1 < 0.1

heat capacity of a component can be used as a heat
sink and then normal conduction and convection cool-
ing can be used during the off-period to remove the Table 2

stored heat. Thus, an increased dissipation density
in a low esa device can be sustained allowing the Mechanical Characteristics and Auxiliary Requirements

device momentarily to operate at higher energy and
average power loadings than it would normally be Tocal Weight 225 k

rated for. This assumes that the device is other- v rve o 5 0

isa designed for the voltage stress and can provide Grid Driver z kV, 50 ohm, 0.5 jo es

the peak, average and root man square currents. Haer Per I kW at 1 vots ac

While a detailed discussion of the pros and cone of Reservoir Power 0.5 kW at 10-Lz volts ac

various power conditioning approaches is not consid- Blower 50 watts

ered appropriate for this paper, it can be readily
argued that the Mst feasible approach to high energy/ Figure 2 snows the layout of the PFM and
high average power conditioning with moderate repeti- switch. The switch the MAPSo thratron

tive rate capabilities is that of a line type module- iclocTe betee the toPS4 the

tcr circuit. Figure 1 shows the circuit. Although thyrstron cathode is electrically connected to te

mny factors influence this conclusion, the most aluinum round plate by four x 15 centmetter (cm)

Important are system efficiency, high repetition posts spaced 90p apart. The thin cylindrical mtel

race capability and state-of-the-art componenc housing surrounding the base or the switch is a

technology. Of these, the recent availability of plenm wherein there is an ambient air fli around

high power thyratros and high energy density pulse the base which is then directed onto the lower

forming networks now gives a high probability of ceramic. Although this sir flow is not essential

success with respect to achieving compact, light- for operation, tt reduces the rate of oxdation at
weight megawatt (MW[) Pulse generators. The purpwa of o prtoI eue*tert foiaina
thig paper is to pmonttrat s the availability of the heater and reservoir connections. In addition,
this new technoloryv on-time reliability is improved by keeping the

ambient temperature of the ceramic envelope below

MegM ct Pulse Generator Design 2004C.
Th W pulse venerator is designed to be con- A side view of the modulator, shown in Figure 3,

sistent with the pertorma s characteristics of the shows the end of line clipper circuit. This circuit
OSi 40 wthathrfomane charcteistis ok th consists of a solid state diode

3 
in seris with a

)IS-40 thyratron and the 4 kilojoule (kJ) matched load. The series combination is connected 2n
parallel with the end capacitors of the Pile. The

isslork partially supported by US Ary diode is made up of 40 each Westinghouse compensated
AisTle Lesearch and Devlopmnt Comend, Air Force diodes, type 114594. These diodes are rated for
Weapons Cantor, Drhsgri n Laboratory. 1000 V peak inverse voltage at 150 &. The

value of the resistor is 0.5 ohm , obtained by
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parallelling two one ohm resistor stacks, and it Performance Characteristics

matches the impedance of the parallelled networks.
Pour Carborundum washer resistors (0.25 ohms each), Full pover testing of the MW pulse generator was

type No. 916WSR25L, are stacked in series and then done using a 30 kV - 50 A dc pydor supply, operating
paralleled with an identical configuration to give with burst on times of up to 5 seconds. A 0.75 henry
the 0.5 ohms. indctor was used to resonantly charge the networks

to 40 kV while a liquid load
4 

was used to terminate

hot visible in the photograph are the filament the pulser. The liquid load was a copper sulphate-

and reservoir transformers which are mounted between sulphuric acid mixture contained in a low inductance

the PFNs. For convenience, 60 Hz heater power was assembly and it was adjusted to have an impedance of

used. We have used 400 Ha power on another system 0.45 ohms at room temperature.

which uses the MAPS-40 and in that case the combined
weight of the filament supplies was reduced by a Peak current/voltage waveforms under condition A

factor of two. External variacs are presently used are shown in Figure 4 (a) and (b), respectively which

to adjust heater power although ultimately it is were taken during a one MW average power run. Figure

expected that they will not be required. 4 (a) shows peak current at I and 2 us/cm. The peak
current waveform was obtained using a Pearson current

The grid drive for the MAPS-40 is obtained from transformer. The vertical sensitivity is 20 kA/cm.
a EG&G Th30 which dimensionally is 14 x 10 x 30 cm The pulse width at the 70 percent value is 11 us and

and weighs approximately 7 kS. It provides a 3 us the rise and fall times measured between the 10-90 per-

wide I kV pulse from a 50 ohm source and its designed cent values are 0.9 us and 2.9 us, respectively. The

to operate up to 250 Hz. It also provides a negative load voltage waveform shown in Figure 4 (b) was

bias of 125 volts to the control grid and a keep obtained using a resistance divider having a ratio

alive supply of 160 volts at 50 milliamperes (mA) of 10,600:1. PFN lifetimes in excess of 0.8 x 106

to the auxiliary grid. The negative bias is not pulses have been demonstrated. One 4W pulse generator

necessary for recovery at the 125 Hz rate, but the has operated for over 300,000 pulses without a com-

auxiliary keep alive discharge is necessary to ponent failure.

assure achieving the anode delay time and anode
delay time drift values listed in Table I. Acknowledxements

The sizes and weights of the various components The authors would like to acknowledge the con-

making up the megawatt pulse generator are listed in tributions of V. New ar and C. Paduano with respect

Table 3. The dimensions include mounting structures to the mechanical design and construction of the pulse

when used. generator.

Table 3 References

Size and Weight of Components 1. J. Creedon, S. Schneider, "Megawatt Average Power
Adiabatic Mode Thyratrons," Proceedings Inter-

Component Dimensions Volume Weight national Pulsed Power Conference, #76C01147-8
ca _

3  
kit REG 5, Nov 1976.

MAPS-40 23 Diam x 37 0.015 20 2. J. Creedon. ERADCOM, R. Fitch. Maxwell Labs,

P7ea (1) 53 x 16 x 88 0.075 57 "A Half Megawatt Pulse Forming Network (PFN),"

PrN (2) 53 x 16 x 88 0.075 57 Proceedings International Pulsed Pover Conference,

Clipper Diode 53 x 32 x 11 0.019 11.4 #76CH1147-8 RiG 5, Nov 1976.

Clipper Load 27 x 29 x 13 0.010 9.1

Plenum 31 Diem x 15 0.011 3.9 3. S. Levy, J. E. Creedon. "Solid-State Clipper

Slower 9 Diem x 10 0.000 .1 Diodes for High-Power Modulators," 13th Pulse
Filament Poaer Modulator Symposium, June 1978.
Transformer 17 x 15 x 20 0.005 15 Buffalo, N.Y.

Reservoir

Transformer 12 x 24 x 14 0.004 6.5 4. W. Wright. Jr., "Low Inductance Low Impedance

Base 137 x 92 x 1 0.012 19 Megawatt Average Paver Load," 13th Pulse Power
- Modulator Symposium, June 1978, Buffalo, N.Y.

Totals 0.215 200*

C This weight does not include the lucite sides and

top, wiring, and mounting hardware.

The aluminum base and lucite sides and top comr-
prime the housing. It is planned to use external
shielding which would be attached to the housing to
reduce 1IK. Overall dimensions of the pulse generator
are 137 x 92 x 64 cm. Inside the housing, a conserv-
ative voltage stress of 4 kV/cm was used which permits
operation in normal air environment. The resulting
packing factor is 0.27 could be increased by 20-30 per-
cent by employing more plane to plane surfaces in the
high voltage areas or by the use of atmospheres such
as sulphur hexafluoride. Both approaches would permit
a higher voltage stress to be used thereby reducing

the overall volume of the housing.
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I-, I gal IFig. 3 View showing end of line clipper layout.

Fig. I Line type modulator, RL - 0.5 ohms,
R- 1.0 ohm, C,4 - 5 uf, each

individual capacitor equals 0.84 pf.

Lrn-u.-.-.

Fig. 4 (a) Peak current waveform at 5 and 1 us/
cm sweep speed.

Pig. 2 View shoving switch and PFN layout.

Fig. 4 (b) Peak current and load volta&e at sweep
speed of 5 us/cm.
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PLWER SYSTEM FOR A HIGH PLAER BURST MODE PULSED LOAD

*p T.H. Robinson

Marconi Research laboratories, Chelmsford, U.K.

Summarv Pulse power, 200 MW.
Pulse repetition frequency (PR"), 100 H:.

A novel power system, recently completed and Mean burst power into the loao, 330 kW.
commissioned, is described. Operating directly from Load pulse 'i

1
.tage, 16 kV to 72 kV.

an I kV, 50 Hz public supply, it provides the Load impedance, resistive part 7.5 A- to QO:..
electrical energy for a burst mode, pulsed load. In
each burst the minimum energy delivered by the power Choice of System
system is 100 kJ at a rate of 330 kW.

The load required power from positive polarity
The pulse modulator operates at a peak charge of pulses set to an accurately predetermined amplitude.

105 kV and is capable of switching .00 MW over a The pulsing pattern could be chosen to have a content
range of pulse lengths and repetition rates. The selected from:

high voltage, high current thyratrons used as the
charge, aischarge and PEN energy dump switches were - single pulse, followed by a rest interval;
specially developed, four-gap, double-ended CX 119OB - single pulses of approximately I H: repetition
thyratrons. frequency, and

- a burst of pulses. followed by a rest interval,
Supply voltage step-up transformers were designed containing a preset number and PRF, within the

to operate over bursts of variable pulse number, boundary conditions set by the modulator imped-
length and rate, with the rectified unfiltered trans- ance and pulse leneth, or the likely performance
former output directly feeding the modulator charging of the experimental load.
circuit at up to 65 kV. Polarising effects in the
transformer core caused by the use of repetition The variation of the pulse top amplitude over the
rates equal to, or harmonically related to, the supply effective pulse length was required to be less than
frequency were analysed and effectively eliminated. le and the amplitude variation between the largest and
Special winding techniques were developed to provide smallest pulses within the burst group, less than IY.
the strength and insulation for withstanding fault
transients. Alternative methods of achieving this general

specification were studied in considerable detail. A
While the power supply is capable of limiting brief summary of the factors involved in the choice of

fault currents occurring in the modulator and load, system are discussed in two parts: the power supply,
normal full system protection is provided by PFN i.e. the circuit from the power source or the incoming
energy dumping and, in the a.c. supply, by fast-actinc 11 kV supply to the rectifier output, and the pulse
vacuum contactors. Comprehensive control, monitor- modulator.
ing and mode-selection are based on micrologic
elements. Power Supply

By using direct, high voltage modulation consid- The essential feature in choosing the method of
erable flexibility is possible. The various alterna- supplying power is the source of the burst energy.
tive arrangements which derive from this design Motor-alternators and battery power supplies were con-
concept are explained. In addition, factors which sidered, in addition to extracting the burst power
determined the major features of the equipment are directly from the a.c. public supply. While the
reviewed. The construction, layout and performance former two options remove the risk of supply-trans-
are illustrated. mitted interference, alternators capable of maintaining

an amplitude change of less than 1& over the period
Introduction of the burst require to be of low reactance for such

good transient regulation, or use field boost, and in
This versa ie equipment is primarily designed the absence of a PRF smoothing filter the alternator

to supply bursts of high power pulses to the load, will be subject to the polarising effects described
without being restricted in its performance by any below. A battery installation needs regular
burst energy storage components. maintenance and bus-bar switching to cover the wide

load voltage range; in addition, a means of high ratio
By operating directly from a high capacity 11 kV, step-up from battery voltage is required, and stabili-

3 phase public supply and pulse modulating at high sation against as much as + 2%Y input voltage
voltage in series with the load, the power system can variation.
be used to provide the wide variety of modes, each
requiring different pulse energies, pulse lengths, The choice of a.c. supply was made because of the
number of pulses and repetition rates. flexibility it offered over other approaches for the

widely varying conditions of load operation. It is
The min output parameters are variable within the also more economic to charge the pulse forming networks

limits set by the following list of maxima: (PFPs) directly from an unfiltered supply if the

ripple output can be held to an acceptable level.
Burst energy rating for I second, 400 kJ Although this increases the harmonic distortion intro-
(under favourable load conditions). duced onto the supply, and can cause transformer core
Burst energy rating for 0.3 second, 100 kJ polarisation when the PRF is near, or har-monically
(under all load conditions, except malfunction), related to the supply frequency, these effects can be
Pulse energy, 6 kJ. contained, and are preferable to solve than the prob-
Pulse length (T), 00 6,S. lems that occur from burst power being drawn either via
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a PRF smoothing filter, or from an energy storage the need for obtaining low peak-to-peak ripple, the use
filter. of 12-pulse rectification, the more serious effect is

polarisation of the transformer core produced by the
Problems of Direct Extraction: In a PFN modulator, modulator operating near to the supply frequency or

the load current drawn by the power supply between its sub-harmonics. Under these conditions, the
each pulse will be the charging current into the PFNs. transformer can draw an excessive and asymetric mag-
The effect of drawing a train of charging current netising current.
pulses directly from the rectifier is compared for a
resistive and modulator load in FIGURE I (a). The It can be seen from the waveform in FIGURE I (a)
harmonic content clearly differs, being not only de- that the mean value of current is not zero: the syn-
pendent on the number of rectifiers, but also on the chronisation of the PR? with the supply frequency
charging current shape and PR?; the frequency compon- results in a d.c. component. A flux imbalance is
ents will be harmonically related to the PR?, and caused by the voltage dropped across the source im-
sub-harmonics of the supply frequency may be present pedance by the load current. Flux equilibrium is
under some operating conditions. While these produce reached only as the core flux climbs into the satura-
harmonic dJqtortion and necessitate, in addition to tion region, so that the magnetising current drawn

between load pulses is sufficient to produce an equal
voltage drop. FIGURE I (b) shows the addition of the
into-saturation magnetising current 'spike' resulting
from polarisation on two phase currents and the re-sultant line current. (The phase ditsplacement of the
currents results in a double-peak magnetising compon-

ent on the input line current). As the PR? departs

from the supply frequency, the polarising current will. I*O*IN so. . occur as the difference frequency of the supply fre-
.1 po,,p . 1M.o quency (50 Hz) and the PRF. At sub-harmonics, the

polarising current will be of constant amplitude but

/ , .-- reduced in value by the ratio of the harmonic number.
(a) The peak amplitude of the magnetising current will

depend on the B-H loop shape of the core material.

i.E • ii4I.I To solve the problem, a compromise is necessary

... between: using a heavily gapped core which will cause
high magnetising current; having poor utilisation of a

(b) larger core; obtaining a tolerable value of leakage
- , - " - - ,reactance. It is this last factor which is of partic-

_ . . - ular concern as it will act as a limiting impedance
under fault conditions. This use of the leakage

too ,reactance, and the compromises it causes, is discussed
in more detail below.

-, i""--- Problems of Input Filter: Reduction of core
. - - polarisation is also possible by using an input filter.

" .However, in order to be able to operate at low PRFs and
.- oachieve low variation of pulse amplitude over the

@iIi burst, large value filter components are needed. In
addition, the use of a large reservoir capacitor in-

creases the likelihood of thyratron and load damage in
the event of 'arc-through', and necessitates a

............. -'crowbars device with all its associated problems and
limitations.

Figure I. Primary currents - 12 pulse rectifier.

1EN?IMPIUT SWITCH IOUTPUT SWITCH /
FU E AUTO- TRANSFORMER FUSE VA U M ,TA T N

REGULATOR VAUM OTA[R

Figure 2. Power Supply

. ..... -- . .a6. .1--1-
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Pulse Modulator back-up protection and to isolate the equipment from
the supply.

Conventional modulators use step-up pulse trans-
formers to achieve the desired high voltage output The pri.mary fast acting protection is provided by.
because of the difficulties of pulse switching at high vacuum contactors using a novel method of operation.

voltage and of engineering high voltage circuits. The In the event of a fault, they are normally operated
requirements for this power system are in pritLiple after the modulator charging thyratron has been blocked.
within the range of conventional techniques, if the Provision is made to minimise the possibility of the
problems of using a number of circuits in parallel are contactors re-strikine by fitting damping circuits
solved. It was considered valuable, how'ever, to w'hich limit the rate of rise of voltage across the
obtain the versatility of dir'ect modulator coupling to contacts. In addition, the operation is delayed until

the load, particularly the advantage of being able to the current in either direction has just exceeded a
easily vary the pulse lengths over a wide range. kith threshold which is in excess of the minimum arc sus-
self-sw itching loads (for example, a gridded T T), tainine current. In this way, the contactors are al-
.h.rect coupling gives independence from the use of a ways actuated at the start of a current half-cycle, and
discharge switch which can limit the rating and per- the maximum electrode separation will then have been
formance of the pulse c)rcuit. It also offers the achieved before the end of the half-cycle, when
prospect of ulcimately achieving a more compact extinction at the minimum arc sustaining current would
equipment. be likely :o generate a voltage transient; so the

possibility of re-strikine is reduced. Under this
Energy Storage: TNo types of direct coupled modu- arrangement, the three contactors are not operated

Lator were considered: bulk capacitor energy storage simultaneously; the delay interval being selected
and PFN energy storage. sequentially for each phase.

Sulk capacitor storage in the direct coupled EHT Transformers
modulator requires either a self-commutating switch or
a self-triggerng load. The total energy stored in Three single phase ENT transformers are connected
the capacitor must be many times the energy of a single in a three phase confieuration. The primary windings
pulse if the droop is to be low enough: the capacitance are delta connected and fed from the vacuum contactors.
is therefore much larger than that of the equivalent The secondary windings are connected to provide _0

PFN. Fault currents and energy levels are also much phase displacement, which is achieved by using two
greater, even if the power supply is prevented from secondaries, one delta connected and one star. Each
feeding the fault. Effective 'crowbar' protection is secondary output feeds a full wave bridge rectifier.
particularly difficult at high voltage and low impe- The two bridges are connected in series to form a 12-
dance. The engineering advantages of lower peak pulse rectifier.
charge, lower load hold-off voltage and the aosence of
PEN coils, do not offset the cost of storing and safely As the operating PRF could equal, or be harmonically
controlling the rp-atly increased energy. related to the supply frequency, a gapped transformer

core is used to overcome the polarising effect and the
The PEN energy store has tt,

. 
disadvantage that the resultant excessi-v magnetising current 'spikes' drawn

loa4 must withstand a'r least twice working voltage and, from the supply. By using C cores, the gaps can be
providing the power supply can be prevented from feed- adjusted to suit the circuit conditions and three
x n .anlts in the modulator or load, the maximum load transformers made to a manageable size and weight.
current under short circuit is a pulse of twice normal
current. At th end of the PEN discharge pulse the The leakage reactance is used o limit the fault
load must be able to holo-off the mismatch voltage on current for 30 mS to SOA, ten times the mean d.c.
the PMN or protection =ust be provided, which at very current, in the event of an 'arc-through' of the charg-
high power levels is difficult. ing thyratron. The leakage reactance also limits the

transformer short circuit current, with a consequent
Reasons for Choice, PIN energy storage was pre- reduction in the mechanical forces acting on the wind-

ferred, firstly, because of the lack of a suitable ings. However, the reactance must not adversely
self-comitating switch capable of high voltage opera- affect the transformer regulation.
tion; secondly, because the load was likely to be un-
reliable and could have a high arc rate, and thi.-ly, Depending on where the rectifier commutation occurs
because thyratron switches were available offering during the charging cycle, the commutation overlap
reliable operation at 105 kV, 7.5 kA pulse and ;A angle will vary. As the PRF is not locked to the
average tburst). supply frequency, commutation regulation can cause

pulse-to-pulse jitter if the transformer reactance is
Description of System excessive. The use of a gapped core also increases

this problem since the available flux is halved. The
Power Supply number of turns cannot simply be doubled without in-

creasing the leakage reactance too far, so the core
The power supply, shown in block diagram form in volume must be increased. To provide sufficient

FIGRE 2, is capabie of providing nominally 65 kV d.c. limiting of the short circuit current, without having
at 3A, to the pulse modulator. excessive leakage reactance, involves using the

technique of magnetically coupled star and delta
The input power is controlled by a continuously secondaries.

variable tap-changing auto-transforer which enables
the 11 kV supply to be smoothly varied over the full The final configuration therefore, consists of a
range. triple winding on each core limb. The primary and two

secondaries are split into two equal parts and distrib-
Protection: Fuse s itches are placed either side uted in series on both core limbL. By transposing the

of the regulating auto-transformer as protection. The positions of the delta and star secondaries relative to
input fuse rating is selected to uithstand the antici- the primaries on each core limb, equal leakage reactance
pated inrush of current when initially connected to is preserved for both secondaries. In addition,
the 11 kV supply. The output fuse switch is used as coupling the secondaries increases the short-circuit
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reactance without increasing the regulation.

Short Circuit Effects: Under short-circuit, mechan-
ical forces will act radially between primary and
secondary, which will tend to drive the windings apart -
the primary subjected to compression, causing the
winding to collapse between the oil ducts unless the
wire is supported, and the secondary subjected to hoop
stress. The estimated total radial force between
primary and secondaries under short circuit is estima-
ted as 10 tones. Axial forces will also occur
between windings unless they are situated on the same Im

magnetic centre - wire size tolerances make syumetry
almost impossible. The construction must therefore
resist end thrust and prevent conductors from riding
over each other. A displacement of 1 cm over a
length of 65 cm produces an axial force on the winding
of 0.5 tonne.

Transient Voltages- The transf-,rmer leakage in-
ductance also represents a substantial proportion of a

the modulator charging inductance; a proportion of the
charging voltage is therefore distributed across the
windings.

When the modulator discharges, a high rate of
change of voltage appears in the transformer. It is
also anticipated that transient voltages might be
induced in the transformer windings if the vacuum Figure 3. Transformer primary with Electrostatic

contactors re-struck during fault operation. For Shield

these reasons it is necessary to design the transform-
er to withstand high transient voltages; layer wind-
ings are used rather than disc windings and each wind-
ing is fitted with an electrostatic shield - FIGURE 3
shows a complete transformer primary with electrostatic
shield slotted to reduce circulating eddy current

losses. Layer spacing in relation to the shields is
arranged so as to avoid circulating currents and to
provide uniform transient voltage distribution
throughout the winding. To be successful, each layer
needs separate termination and the end returned
through the inter-layer insu~lation to the strt of the

next layer. The layers are connected in series byexternal stress relieved links.

A view down onto the primary and two secondary
windings, in FIGURE 4, shows the electrostatic shield
and corona rings and the solid barrier insulation
between each winding.

Pulse Modulator

Load Conditions: The modulator circuit is designed
to operate over a very wide range of load impedances,
maintain operation through some load fault conditions
and provide rapid and safe protection for the load
and the power system.

The amplitude, pulse length and number of pulses in Figure 4. End view of transformer windings.
each burst can be adjusted to fit the expected load
impedance. However, the load impedance is only possibility of dma=ge to the load. The modulator is
predictable to within a factor of 2:1, either of capable of dissipating the full burst energy, if
higher or lower value than the projected impedance, necessary, and can absorb the effects of faults without
and the impedance tends to vary over the duration of over-volting the load. Throughout these conditions,
each pulse and also over the duration of the burst. succeeding pulses are maintained at the amplitude
The load is also liable to 'arc-through' or 'current- selected for normal load operation, so that faults
extinction', presenting the modulator with an instant- occurring on one pulse do not necessarily cause the
aneous short or open-circuit condition. This loss of the remaining pulses in the burst.
erratic behaviour can occur either during a pulse or
for the complete pulse length. Indeed, both short PFN Aragement. The pulse energy-storage is
and open circuit conditions can occur within the divided nto FN modules which can be selected or
duration of a single pulse. The modulator is required grouped for each pulse energy and pulse length required.
to operate throughout the selected burst duration By careful choice, it i3 possible to match the load C
while these load faults occur or, from monitoring and approximately for each major regime by using three 7
comparing the levels with pre-determined boundary section networks of Zo - 42A and T - 30 isS. These can
conditions, stop at any time in order to reduce the be easily coupled in series-parallel arrangements and
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provide the coarse setting of pulse length. Further t i
adjustment, to finer Limits, can be made by operating
the 'dump' thyratron, which produces controlled pulse U
shortening.

Cross-connection of the PFN s has been designed to
minimise disturbance of the pulse shape by using a 1o.
amount of mutual coupling between sections of the PFN

(T'), rather than the more normal 15", and arranging
for the end sections to be half-value coils. The join
is not made at a PFN capacitor but at the inductance
or half-section, using a compensating increase in he

self-inductance of the coils, but still with some
mutual coupling to the preceding sections. FrGLRE
shows the pulse waveform of two series connected PFNs,
without 'tail-biter' pulse shortenint.

Figure 6. Thvratron tank in main discharge position.

4odulator Layout: The modulator layout is shown in
the circuit, FIGURE 7. At the input, the power supply

rectifiers are protected from voltace transients by non-
linear resistor clipping and damping circuits. High
frequency damping is a CR filter which matches the
characteristic impedance of the EHT cable; this atten-

Figure . 60 .S pulse by joining two 30 .S PF~s. uates switching transients, produced by the charge con-
trol thyratron, passing into the power supply. Lower

Choice of Pulse Switches: In order to achieve frequency damping is achieved in a filter, effectively
reliable operation into the highly under or over the transformer leakage inductance and the total stray
matched load, particular emphasis was placed upon the capacitance Imsinly the EHT cable).
selection and testing of the thy-ratron switches.
Thyratron testing and the derivation of the operation- Chargin ircuijt: The charge control thyratron is
al limids are aiscussed in more detail in a companion part of a circuit with a large stray capacitance and
paper. there is therefore an extended turn-off time, by posi-

tioning the thyratron with its own stray capacitance at
While large single-nded multi-gap thyratrons are a point with significant additional strays, these

available for this type of operation, de-rating would effects do not influence the pulse shape, which could
have been essential since the tubes are likely to occur if the thyratron was positioned after the diode
quench on tne longer pulse lengths. Another disad- stack. If positioned after the charging choke, it
vantage is the longer de-ionisation time of the tube would increase the energy in the choke strays, which
centre-gaps, leading to slower recovery; only the form an oscillatory circuit. The position chosen also

lowest gap recovers quickly, with grid bias assistance, has the further advantage of minimising the voltage of
so the reverse, or re-applied forward voltage ampli- the thyratron assembly relative to ground.
tude is limited to a single gap hold-off for about
250 .S after conduction. three series-parallel, tapped, charging inductors

are included after the charge thyratron tank. They are
Long pulse performance can be greatly improved air-cored; because of this they remain effective under

by using the double-ended tube construction, where the short circuited modulator or load conditions. The

anode is replaced by a second cathode/grid structure, value of charging inductor is selected to match the PFN,
plus a second reservoir - this adds to the free gas depending on the particular operating regime, to fill
available at the anode end which improves the long the available charging time, reduce the peak current
pulse rating, reducing the prospect of quenching. The and the harmonic distortion introduced back into the
double-ended thyratron offers equally good operation supply. A .ypical burst of charging current cycles is
for conduction in both directions. Forward and reverse shown in FXRE ;.
recovery times are not improved, but the tube will

safely conduct in the reverse direction without the
risk of a damaging arc. The circuit operation of

double-ended thyratrons is described in an earlier
paper.

3

Switch Positions: The main thyratron discharge
switch is coupled directly in series with the load but,
because the load cathode is grounded, the thyratron has

to be incorporated into a high voltage 'floating deck'
arrangement. The same thyratron type is used as the
PFN charge control switch and the 'dump' switch (this

includes the functions of inverse switch, 'crowbar'
and 'tail-biter').

Three identical and interchangeable tanks contain
each complete thyratron assembly and its auxilaries.
FIGURE 6 shows one tank in the main discharge position, Figure S. Burst of charging current cycles at

together with the power system load. 65 kV dc, PRF tO H.
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Inverse Protection: The inverse load is connected Mdulator D Load: This is provided for test
at the rear end of the PIs to prevent the PIN voltage purposes, butit icorporates a CR filter so that the
overturning. To give a more accurate match for an front edge of the output pulse can be modified to suit
the P arrangements, the load can be adjusted in the particular load transient response. The circuit
small steps. This arrangement for close matching en- can also be connected to damp the rate-of-rise of
sures rapid discharge of the PIN energy under fault voltage under fault conditions when the load open-
conditions. A semiconductor diode stack is included circuits; this gives time for the fault sensing
to provide permanent inverse protection. The Modula- circuits to respond and 'crowbar' the PFN, so reducing
tor is then able to operate without the 'dump' the peak fault voltage appearing across the load.
thyratron tank connected under more normal load con-
ditions (the interchangeability of the thyratron Control and Interlocks: A safe working environ-
tanks enables the 'dump, thyratron tank, for example, eent for the equipment and for the operators is
to be used as a spare in either of the other two provided by the careful layout; planing of the
ositions). grounding routes and connections; screening, and fil-

tering cable inlets and outlets.
w The 'dump' thyratron is connected

direty aroiss the inverse diode. It may be The low-level control circuits were comissioned
triggered at any time to discharge the PFN energyr and used with a winjimi of trouble; particularly so

considering their close proximity to the high power
- if the load pulse is overmatched, to remove the circuits and the difficulties of monitoring burst

mismatch energy and establish normal conditions operation when faults are' present in the system.
prior to the next charge cycle so that the
amplitudes of the subsequent pulses are correct; A compressed air-controlled network, of grounding

- 'crowbar, the PFN during the pulse in order to arms to discharge high voltage components and inter-
remove the energy under fault conditions; locks for the doors and enclosures, functioned as a

- adjust the duration of the pulse to any de ired 'fail-safe' method of isolating dangerous areas.
length less than the nominal PFN pulse length, and

- improve the shape of the output pulse rear edge, The complex electronic control and protection
by triggering the thyratron at a time for it to circuits are based on the wide use of micrologic
be effective as a 'tail-biter' (typical devices. In addition to a slow acting control loop,
improvement is a 7 "S tail reduced to 3 iS). a fast acting series of interlocks checkout the
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system and operate, or inhibit, trigger pulses to the AVEAGe@UwS e PNB330OkW

thyratron switches in the modulacor and the vacuum
contactors in the power supply, depending on the sel- , .

ected mode or fault conditions. P*3aiai, - P AlRAL 116Ul 4 S l"I iiS
2. .a a. i. ii .za

Conclusions

The power system has operated successfully for PULSE.. s, oso 2 1 6 1 ski
nearly a year without any major problems occurring. 2O1.. Maa s a .a 7 5 us a111

aos .P iA AX,.I 9o Is SO 90 90t
It demonstrates some significant steps forward in

particular high power pulse techniques: ' a s..tm , 2, U , i .J

- direct modulation at high voltage and power, P.UsE Po0.eR-.., a' n 200 a s,."
without the constraints of pulse voltage trans- pp 200 a a,.. - ft.
formation. (therefore the possibility of later
use with a self-switching load) or bulk capaci- .'"w W "" 'es..

tor storage, with the associated problem of m"w PULSE Awta.,O , am IS , . 0 41

reliably diverting large currents from a freq- P.. ,I.A s., ao a Ng aI SE NO
uently faulting load; LOAO SU V*TG 6k¥-?INV

- operation into a greatly under or over matched " MASa 1-7

load impedance; .a osc.aie ocular a..i, .
- effective protection of the load under both .VE. PeW14 SUM.a CUM€, ,.

short and open circuit conditions; W, PPE # s..-It LO A Cboa.0 0"3 SECS. 100kJ
- obtaining the burst energy directly from the .w .. tcalcaf a-o 10 SECS. (400kJJ
public supply without energy storage;

- charging the modulator directly, at the final 'AOLao &,P Mg PULSE. oLAWNac aARAMIaEts
high voltage, from the power transformer and
limiting the fault current level by incorpora-
ting large leakage inductance, and

- the utilisation of the particular advantages of Acknowledcements
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PULSE POWER REQUIREMENTS FOR LASER ISOTOPE SEPARATION

by

Phillip N. Mace, Walter L. Willis
Los Alamos Scientific Laboratory. University of California

Los Alamos. New Mexico 87545

Abstract cavity inductance); therefore the power supply must be
able to drive as much current as possible through the

Laser systems being developed for laser isotope cavity before the zero voltage point is reached, which
separation applications have pulse power requirements just states again that a low impedance source is essen-
which will demand the ultistate capability of pulse tial. In 1 Hz lasers built at Los Alamos, we have used
power technology. Although the energy per pulse is low impedance coaxial cable as the energy storage sys-
small by many pulse power standards, the requirement tem. By connecting cables in parallel, the source im-
for currents in excess of 100 kA, voltage of about pedance can be reduced until the density of cables is
100 kV, and pulse repetition rates of I kHz constitute so great that low inductance connections to the laser
a set of requirements not previously imposed on pulse cavity are no longer possible. Table II gives charac-
power systems. In this paper measurements made at low teristics of two cables used at LASL.
repetition rates on excimer laser discharges are pre-
sented, and the implications for pulse power components TABLE 1I
are discussed. Currently available '.itches and energy
storage systems are discussed, and req4uirements for SPECIFICATIONS OF CABLES USED AT LASL
future development are given.

Essex Type 40/100
Introduction Z 30.4

The Los Alamos Scientific Laboratory is developing C/m = 204 pF
a molecular laser isotope separation which promises to L/m 188 ,H
have a significant impact on uranium enrichment tech-
nology in the years ahead. Key components include TCH 6.2 ns/m
pulsed infrared and ultraviolet lasers, which must
operate reliably for long periods of time. These Average insulation thickness - 3.6 m
laser systems have pulsed power requirementS which Diameter of center conductor - 7.7 -m
involve significant advances in the state-of-the-art
for successful operation of the lasers. This paper

discusses these requirements and steps which are being 17/14 HV Graded
taken to develop systems capable of meeting all spec- Z = 23

ifications. Although the infrared laser requirements o

are by no means trivial, only the excimer laser system C/m - 247.6 pF
requirements are discussed here, since they are far L/m * 131 nl
more severe and will require much more effort 

to

generate satisfactory solutions. T - 5.7 m/m
Table I summarizes the characteristics of the CH

pulse power system for a typical excimer laser re- Average insulation thickness - 3.6 m

quired by late FY 1960. Diameter of center conductor - Ii m

Overall diameter a 27 mrAMSI I

R A PO SYSTr REUUMCM. 1960 ICDGR LAM We have not had any failures of the cables used to feed
the laser cavity, but have observed failures in cables

sw tseSISk 3 sused for power supply output, apparently from reflected
opemtala Vltae: s0-100 kv Oper tina valtage: so-t kv high voltage pulses. GTE Sylvania has used 40/100
Pulse rweeitlem rate: I kaz Pulse repetie rate: i kz cables in a 1 kHz laser with no serious problems, but
Total eaur stored Per pulsei o-zoo J Pek curret: -SO M in their case the voltage was limited to less than
For cumt reeral: 0 /dt: S X 10 1 A/S 30 kV. Operatior at high pulse rates does produce one

o* wid"L: tO-30 as phenomena which must be dealt with: the carbon par-
ticles which are imbedded in the PVC Jacket used to

Jtt : ( 10 'U grade the cable are not securely bound, and when

ctive tweme: 0.1 - 2 em MP: 1u h ots operated at high repetition rates they are shaken loose
X.. to 7 -u by the electrostatic forces and sift down the main

polyethylene insulation. This leads to corona and
cable failure, so it is necessary to contain the carbon

Energy Storage by installing shrink tubing over the PVC layer near the

cable end. Coaxial cables have some serious problems
Neglecting repetition rate and reliability, the when considering their use for large kHz laser systems;

most important characteristics of energy storage sys- the energy storage density is low, the impedance per
tems for excimer lasers are operating voltage and is- cable is fairly high, and as a result a large number of
pedance. The gas discharge created in an excimer cables is needed per system. Any time the component
laser cavity presents an unstable, collapsing im- count in a system goes up, the reliability goes down.
pedance to the power supply, with effective resistance An alternate system is therefore needed which does not
falling to 1, SO mohm within 20-30 ns. In order to have this drawback. The most obvious is some form of
effectively deposit energy in this gas a very low im- liquid capacitor, and we are investigating use of water
pedance power supply is required. The operating vol- or other liquid dielectric units. Advantagas possessed
tage mast be high enough to effectively couple energy by water include the self-healing nature of the di-
into the excimer gas mix, which requires voltages of electric, high specific energy storage, and ease of
SO-100 kV for typical systems. The discharge current designing low impedance systems. There are, however,
typically peaks at the time the voltage passes through
zero (the balance of the energy is stored in the laser
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questions which must be ddressed on purity, chemistry,
and cooling in designing a successful system. If water gyvacuum gaps have received careful attention as

is used, fairly stringent requirements are placed on
the charging power supply, to provide charging t s potential switches for excimer lasers; however. the),

r g times on have inherently high jitter, and life is limited be-the order of 1 us. If operation at high pressure can cause of the high electrode erosion rates. Thisbe obtained, this charge time can be increased some- erosion results from the fact that the current carry-
what.

Low impedance, solid dielectric pulse forming ing medium is a metal plasma generated from the elec-
lines are still a possibility, but the well-known pro- Hard tubes have been suggested many times as po-
blems of reliability of solid dielectric capacitors tential switches for excimer lasers; hard tubes are
makes this approach less attractive for long life sys-used as switches in the Stanford Linear Accelerator
t ems.usdasithsithStnodinaAceetr
Switches with excellent reliability. However, the peak currentSand dIl/dt capability of the best hard tubes are orders

One major problem which any switch design must of magnitude less than the requirements given in
address is the loss during closure time. Due to the Table I, and power transfer efficiency is low.
very short pulse durations in excimer lasers, the loss The (lamitron. or crossed field closing switch,
mechanisms of a closing switch not only produce signif- has also been discussed in an earlier paper. It came
icant heating effects, but may also impact the total to our attention because of its rugged construction
power transfer efficiency and thus the overall process and high current handling ability. In common with
economics. To obtain optimum performance from elec- several devices already discussed, it has the problem
trical discharge pumped excimer lasers, it is nec- of slow closure time.
essary to apply the exciting electric field to the Ignitrons have been used for over forty years to
cavity in as short a time as possible. The switch may switch high currents; unfortunately, their operating
be used either as a series switch or as a closing voltage is limited, and too much time is required to
switch to initiate an L-C ring up. The specifications fully establish tube conduction.
for a suitable switch, which have been given in Table The last two devices listed in Table It. Micro-
I, have all been met, but unfortunately not in the wave Coupled Spark Gaps and Saturable Inductor Switch-
same device. Table III lists the types of switches we es. may have unique characteristics which will make
have investigated for this application, with their them extremely interesting for future use in fast
main advantages and disadvantages, pulsed power supplies. However, at this time. there

is not enough data available to make an intelligent
engineering decision as to their ultimate utility, and

741. lit funding limitations preclude development programs at
%Wes this time.

nSWWW Fese Ftsisys ' The two switch types which are receiving both in-
3"" c. , *l1f. ,: . ,.,,c,-R - house effort and contractual support are spark gaps

"_M , u ma - and thyratrons. These two have been chosen since the
Th ,, , 1.1 to Illy. Lat. I spark gap offers a near-term solution in a device

o.uq.* cm.,,,.. which can meet all of the system requirements (after
L.I..P. 4. ,d, !Ta5*5tv4 . appropriate development) with the probable exception

P.0.6',.,Qd of life. and thlratrons have promise of longer life.

hut must be improved to meet the specifications of
v,.s. voltage, peak current, and d/dt. (The possibility of

.. Uwn . .t.. Post using several devices in parallel has not been over-
'd(t looked, and specifications can be modified according-

'u. t ."Two spark gap switches have been investigated in

som. ,.. I-,.l.,. s. It . f. , this program, and work will continue to develop a pro-
ft= ,totype system switch. One approach, proposed and

p". , , " "'"*' 'developed by the Garrett Corporation. is to use many
4.tem.a. mds. e.o acls w.a,3- , w pairs of electrodes in parallel, with a saturable in-
so 4" V'.q. . I mi ... Im.s. ductance in series with each gap to provide an initial

sta . t~ Kk aimpedance during the resistive phase of the plasma
*.k. tI. "w- en . .. s formation which is absent at later times of the cur-
1" ut. rent pulse. The waveforms predicted for this gap are

shown in Fig. I.
We will discuss first the types of switches I .'

deemed unsuitable (at least at present) for further /
development for our application. LASS (Light Acti-
vated Silicon Switches) have been discussed in
another paper at this conference; the reliability of
a solid state device is always an attractive feature,
and the demonstrated capability of working at high IV
dl/dt is important. However. the present devices re-
quire kHz lasers of dubious reliability to provide the
triggering light pulse, so the total system reli- o
ability is poor. Also a considerable effort would be
required to engineer these devices into packages which
could work at the total voltages and currents re-
quired. We are not able to actively support develop-
ments in this area, but will continue to follow TIS m 14 4 a n
progress. IKF,

RSR's and SCR's have also been discussed in other
papers; in addition to the packaging problems just
mentioned for LASS devices, they are inherently too
slow for our application and cannot handle the dl/dt Figure 1.( required. Power transistors fall into this same
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The voltage which initially appears across the gap 16 hours/day is only 17 days. A device with much im-
supports formation of the gap current, but collapses proved reliability is therefore required, and we are
as the gap moves out of the resistive phase. The im- supporting thyratron development with this in mind.
pedance of the saturable inductor then collapses, and The thyratron program which is being carried out by
the load current begins to flow. Spark gap losses are EGSG Inc., has the following major goals:
thus minimized, and the small amount of charge trans-
fer during the resistive phase can serve to provide 1. Increase the peak current capability
initial charge for stray or peaking capacitors asso-
ciated with the laser cavity. Calculations show that 2. Increase the dI/dt capability
this should be small enough to have negligible impact
on the laser dV/dt. By using many gaps in parallel 3. Demonstrate subnanosecond jitter
the total switch inductance can be reduced, and life
extended to about 10 shots. 4. Investigate tube heating during the leading

Some geometries preferred for excimer laser sys- edge of the current
teas are not amenable to use of a single large switch
system such as. the one just described, and require use S. Investigate tube recovery, both the time re-
of a more compact switch. The Veradyne Corporation quired, and the need for reverse voltage protection.
has developed a toroidal spark gap described in another
paper at this conference for use in an accelerator The approach being used involves both obtaining a
program at the Lawrence Livermore Laboratory. We are better fundamental understanding of how thyratrons
now working with Veradyne to produce a scaled-down work, and making modifications to tube design to meet
version of this switch which will operate at 100 kY the design specifications. This work has been des-
(vs 2S0 kV in the original version), have inductance cribed in more detail in the paper by Friedman, et
of < IS nil, and life of about 106 shots. New elec- al., given earlier at this conference.
trode materials, a simplified air flow system and The pulse power requirements for laser isotope
better triggering circuits will be incorporated. By separation are placing new demands on devices and
using these switches in an appropriate circuit design, systems. The devices discussed in this paper may turn
it should be possible to obtain reliable operation out to be interim solutions; new systems as yet un-
while still keeping the switch loss to less than 10% defined, are likely to be the ones having the ul-
of the total energy transferred. timate performance required. Developments in pulse

The spark gap switches just discussed are in- power systems may turn out to be pacing items in
tended to proiido an interim solution to the switch achieving the goals of the laser isotope separation
problem; however, systems operating at 1 kHz with an program, and will have significant impact on other
MTBF of 106 shots can be expected to fail after only high power system development.
277 hours of operation, which, in a plant operating
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ANALYSIS uF AN INLUCiIVt ENERGY HIGH PERVEANCE ELECTRON BEAM GENERATOR

Maurice Weiner

klectronins Technology and uevices Laboratory

USA Electronics R&D Command
Fort Monmouth, New Jersey O170j

Summary

Recently Slivkov and Dolgachev proposed an mode of operation, and to higner voltage operation,
interesting type of electron beam generator, consist- are discussed.
ing of a high voltage triode in series with a stor-

age inductor. During the storage time the triode Basic Circuit Description
operates with a depressed collector voltage. A hign

energy current pulse is obtained when the triode is The basic circuit with no allowances for oscil-

switched from a high perveance state to a low lations is shown in Figure 1. initially a large
perveance one. voltage is placed on the grid. When the contact at

B is closed, current will start to Outid up. result-

tn this paper, the circuit model for the beam ing in energy storage in the inductors L, and L,.

generator was expanded co take into account grid During the storage interval the grid voltage will

capacitance and oes loss. Computer results based exceed the anode voltage. When the current has built
on the new circuit model predict a train at sinus- un to a point close to its maximum value, signitying

oiaal like pulses in the triode output when the grid the end or the storage interval, the spark gap at P

is suddenly connected to a portion of the storage is f red. ahe grin potential is then suddenly

inductor. An electron beam generator, capable of reduced to the potential at the point of the tapped
producing a train of megavolt pulses at high cur- inductance. As a result cf the reduced grid voltage,

rents, appears to be feasible, a large rate of change in the current will occur.
accompanied by a build-up of voltage across the induc-

Introduction tors, L1 and L2. This voltage will appear across the
triode, producing t he high voltage electron beam.

In recent years much attention has been given

to beam generators which utilize inductive energy In the circuit of blivkov and Dolgachev the volt-
storage. Compared to capacitive energy storage, age reduction is instantaneous since no allowances

inductive storage has an inherently large ratio of are made for grid capacitance. "Lhe circuit model
stored energy to weight. For applications which also does not include the effect of beam losses. In

have a low weight requirement, therefore, inductive this paper both grid capacitance and beam lose are
energy storage is an approach worth exploring, incorporated into the circuit modei.

In most beam generator designs considered pre- Modified Circuit Model

viously. the operation was limited to either single

shot or involved coercive pulsing. i.e.. an external The more detailed circuit model is shown in
switching voltage was supplied for each output Figure Z. where the grid cathode capacitance C . and

pulse. Less consideration has ben given to the a resistance, R . shunt the inductor. Rg reprisents

burst mode of operation, i.e.. to the generation of grid losses ass~ciated with beam interception and

a train of pulses. Unlike coercive pulsing, a beam loading. Initially the grid cathode capacitance
switching voltage is required only to start and tar- is charged to the voltage Vg. When the spark gap is

tinate the pulse train. The burst mode therefore fired current from V. begins to flow in L1. After a
places less stringent requirements on the switch, time roughly equal to Ll/kc. where Rc is the charging

particularly when rapid pulsing at high power resistance, the voltage across Lt . Rg. and Cg will
levels is sought. significantly decrease and tne grid cathode capaci-

1 tance will start to discharge. This will be followed
Recently Slivkov and Dolgachev proposed an by oscillations in the grid voltage, associated with

interesting type of electron beam generator, consist- the L1 Ug circuit. The oscillations in V will intro-

ing of a high voltage triode in series with a stor- duce corresponding variations in the trioe impedance,

age inductor. The triode operates with a depressed which in turn will give rise to large variations in
collector voltage. A foil window is provided at the the inductive voltage. [he inductive voltage oscil-

anode end to extract the electron beam. lations then will appear across the triode. The
oscillations will be affected by the iosses given by

An attractive feature of this design has to do Rg. Rc, as well as by the variation in voltage across

with the fact that the switch and beam accelerator L induced by the changes in the primery current
functions are performed In the same structure. In flowing in L1 .

previous designs utilizing inductive energy storage.

the switch and actslerazor functions were performed Simple conditions under which oscillations will
in separate components. Thus the new design is occur may be obtained as follows. In order for oscil-
simpler and the system is made more compact. lations to occur, the tall time of the voltage across

L1 should be less than the period of oscillation.

The analytic treatment previously Considered Thus L1/Rc<< Zn (LCgt. orRc>(1/2-)kLl/C A .
wee geared toward single shot and coercive pulsing. Similarly the grid resistance should satisy the

In this paper the circuit model for the generator condition in >)-L121r)(LI/C ' . in addition the oscil-
has been modified so as to allow for the existence lation perild should be less than the fall time at

of oscillations, i.e.. the burst mode of operation. the primary current. The fall time wili be discussed
Computer results based on the now model clearly in- later.

dicate that strong oscillations are present under a
'0 variety of conditions. Modifications in the gener-

ator design which are more suitable to the burst
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An alternative grid circuit for exciting oscil- Circuit Response After Firing of Spark Gap At P
lations is shown in Figure 3. Instead of using a
bias voltage, the grid-cathode is pulsed during the Computer results have been obtained for both P N

storage interval. The pulse voltage is then the biased and pulsed grid cases. In particular,
removed at the same time that the spark gap is the variation in V and I as a function of time, 1 A
fired. If the fall time of the pulse is small subsequent to the tiring of the spark gap, have bean
compared to the period of oscillation %W(LlCg)%,  obtained. In obtaining the results for the acceler-
the grid-cathode capacitance will be "shock" stlon interval the triode nature of the device is
excited and grid oscillations will occur, which in fully taken into account. Equations which govern
turn will Sive rise to high voltage oscillations the circuit, as well as the computer program used
across the accelerator:' The requirements that for their solution, are discussed briefly in the
RSv 1/.r4)(Ll/Cg)h, and that the oscillation period Appendix.
be less than the fall time of the primary currant,
also prevail. Typical megavolt (W) oscillations in V, for

the biased grid case, are shown in the upper curve of
In general, grid pulsing with a steep fall time Figure 4. The corresponding decline in the induction

will result in somewhat larger amplitude oscilla- current, from which the energy for the oscillations
tione, compared to the bias mode where one has a is derived, is shown in the lower curve of Figure 4.
finite R

c in the circuit. The two modes are equiva- Damping of the oscillations occurs when Rc, the
lent when R ' 1. Choosing a very large value Rc charging resistance, is decreased. A similar damping
is prohibitive since this implies extremely large occurs when the shunt resistance, RE, is decreased.
values of Vc at the soon grid current levels. Eventually the current decays to a value determined
Another potential adventage of grid pulsing is that, by Equation (1) with Vg . 0 and Va . Vb.
after a pulse train has died out, little or no
current flows through the spark gap and it is Computer results were ootained for various values
relatively *asy to open up the grid circuit in prep- of the tapped inductance, L1. As expected, the pulse-
aration for generating another pulse train. The width is narrowed by decreasing Ll. The narrower
potential advantages of grid pulsing, however, must pulses usually are accompanied by an increase in
be balanced against the added circuit complexity amplitude, indicative of the wider swing in grid volt-
needed to supply the grid pulse with a steep fall age permitted when L1 is decreased.
Vte ClFigure 

5 shows that similar oscillations are
Voltage Current Relatinship in Triad* present when the grid is pulsed. 'rhe parameters of

Figure 5 are identical to those at Figure 4, exceptLi order to obtain nue rical results, the for the omission of Vc and Rc. An infinitely steeprelationship mong the grd voltage V , the anode- fall time is assumed. As mentioned previously, some-cathode potential, Va. and the currnf, I, mo~t be

assumed. For this purpose the following is a what higher amplitude oscillations are expected for
osdopted 2  

the pulsed grid case, because of the presence of kc
and the assumption of an infinitely steep fall time

Ii V J in the grid pulse.

( Since the output voltage amplitude is = uVg, the
required grid voltage may be decreased by increasingwhere K is the triode perveance and U Is the smpli- the amplification factor, U. Figure 6 shows the MY

fication factor. During the storage interval V8 is oscillations which are present whet V - 100 kV andnormally larger than Va . If V >>Vate qeln oclatn hc t rsn h z -lOk n
(1)mally redu e thn da iodeeq>atfon , then Equation U- 10, compared to the values V9 - 190 kV and(1) reduce to the diode squtfon U - 2.5 in Figures 4 and 5.

- KVjf (2) Fall Time8

The fall time of the primary current may be
approximated if we asume the current flowing throughWhen the Switch is closed, however, it will no longer L1 is equal to I, i.e., we ignore the currents in thebe true that V5 >>Va aInce V. may decline rapidly, secondary loops (Figure 2). Under these circum-

In order to demonstrate how the large voltage stances the differential equation goering the
oscillations develop, it is instructive to solve current is
Equation (1) for Va ,

aj) Vb - (L1 + L2) '. + U[ -V (4)

Shortly before the spark gap is fired U (I/K9a l  
The form of Equation (4) is identical to that of the

and U V represents two large quantitie whoe differ- diode if we regard the power supply voltage as
nce il equal to the power supply voltage. when the
spark sap is fired V will undergo rapid oacina-
tIoVA while U (/Y)" ' will change slowly because at
the energy storage in the inductive elements.
Assuming V8 drops to about V8  0 , the magnitude of Vb Vb + UV
the voltage swing in Va will be approximately UV

whre V is tne initial voltage on the grid.

If we Allow V to become negative, voltage peaks of
2U Vso =T be attained.



and the diane perveanct a Ks - lbOxO b perveanca. From Figure 1, at I 1 O00A.

the storage time is I 23MAs, at which point 38 per-

p. () cent of the maximum storage current and 2 percent of

K g the maximum anode-cathode voltage is achieved. The
storage efficiency is approximately 5a percent at

this point in time.

The fail tie constant, tf. for the diode case isI A goerai expression for toe storage tint con-

stat tr.analogouIs to L/R. is given by (L1 + L2)leVb
4
.

The time constant for the aforementioned example Is

(L1 4 L2)K" l408 us, indicating we have chosen to fire the spark

tf -Vb gap before cr . Cnooeing to fire the spark gap at a

time much larger than the time constant is wasteful

( (0). te fall time of energy, since the efficiency is low and little

Making use of Equations (5) end (gain in energy storage is achieved. On the other

for the triode is hand, choosing a firing time much lose than the time

constant, although highly efficient. may not provide

t .sufficient storage energy.

( uL) Periodic Focusing

The use of a single control electrode is prob-

For the paramelters 1lsted in Figure 4, or example, ably not the optimum type of structure to achieve
tf 6.as. Notes tat te fall time caiculated from V pulses at high beam currents. In order to avoid
quation (8) is in approxite accord with the exact breakdown a fairly large anode-cathoda space is

computer results shown iathe curves of Figure 4. a needed. Given such a large space the trensaiaion of
cmntioned previously the OSCillation period musr bA the beam current with only a single grid is dlfficulc

to achieve witnouc heavy beam losses, caused by apace
lees than tf in order to achieve large amplitude charge effects. One possible means for overcoming

oscillations. this problem is to use a quasi-periodic electrostatic

Inductive Storage interval focusing . as shown in Figure S. The gridsalternate
in potential during the storage interval. One set is

During the storage interval it is important to connected to a high grid potential. The ocher set is

know how quantities such as the current 1, and anode- connected to various points on the inductor. When

cathode potential, Va . and the efficiency, no, vary the spark gaps are activated, the grid potentials are

with time. c. These quantities have been calculated suddenly reduced, giving rise to a large rate of cur-

previouslyl for the case of the vacuum diode, and rent change. which in turn produces a high voltage
burst of beam current. If all the acceleration grid

are shown in Figure 7. voltages are switched simultaneously then the total

A similar calculation for the triode is coUpli- change in grid voltage willbe aV where V is the

cated by the fact that, during the storage interval, voltage applied to each grid. witf respectto its

Equation (3) does not apply. During the bulk of the adjacent electrode. n is tne tota number of %rins.

storage interval. Equation (3) states that Vs ' 0. The amplitude of the output voltage will then be

which is contrary to fact if v assume the grid does nu&%. Tne circuit equivalent may be considered that

not supply any appreciable energy to the beam. The shown in Figure 9.

reason for the discrepancy lies in the fact that

Eqution (3) does not account for the bean deacceler- Trajectory calculations for a planar beam in the

ation in the grid-anode region. In order to accu- presence of such a periodic potential indicates fair

rately relate V& to I and V during the storage transmission, approximately 80 percent.
3  no craje-

interval, a beam analysis sould be unaertaken. tory results have been obtained for the case of a
cylindrical beam, however. In addition, no trajec-

A rough approximetion of the storage behavior tory results were obtained which apply to the acceler-

say be obtained, however, from the diode results. ation interval. This is a particularly important area

We adopt the view that V has the effect of increas- of investigation since there exists the possibility

ing the effective pervesnce of the nerator. For that the beam will blow up during the acceleration

the am current, 1, , d: anode-cathode voltage drop, time, thereby reducing the beam transmission.

aHoting ot the Anode Foil

,i/lHeating of the fail will present *ever* problemsI K. Vn K (V, + (9) Suppose a design corresponds to the parameters of

Figure 4, and Chat a I ml thick gol foil with a

20 cm,
2 
area Is chosen for the anode. At one all thic .-

dol** the I X1 electrons will peas through the toil
largely unactenuated while the storage state electrons

Will be absorbed. A beam area of AO cm
2 

is chosen

~~~I1 since, for a current of 10.00 a te he cathodes now
K. I + (10) aveilable yield current density of I Acm

2
.

By the end of one storage interval the beam will
have delivered energy to the foil in the eaunt

wae t i the equivalent perreanca of the diode and 2
V is evaluated at the end of the storage interval. l (LI+L2 ) I (i%)ln•

As an example, Ke My be evaated for the parmeger For the previous example no f 0.58, Lk + L. - 10
"
2,

listed in Figure 4. "@king us& of Equation (10),
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and 1 - lU
3 
apa, so that the energy dissipation 5) Consideration must be given to the technique

in the foil is 3600 joules, assuming all the beam which will be used to open up the grid circuit ater
energy is absorbed. Assuming that no heat is con- each burst of oscillations. As mentioned previously
ducted or radiated away during the storage interval, the problem is lessened in the grid pulsing case.

233Us, the foil will attain a flash temperature of One possible approach is the placement of a repeti-
about 28,000 'C. Although the actual temperature tive series interrupter kRSL) in the grid circuit.
will be much lower because of heat losses, the
example is indicative of the severe heating problem 6) In order to obtain reasonably smell diameter
one may expect. One possible approach is a trade- beams, fairly large current densities are required.
off which reduces the storage energy. For example, A cathode study must be undertaken to determine
using 10 -3H instead of lO-2I, will reduce the cal- whether sucn cathodes are feasible. Large conver-
culated temperature by an order of magnitude, gence ratio cathodes may be one approach for obtain-
although the droop in the oscillation will be ing the high current density levels.

increased.
Appendix

A more desirable technique for reducing foil
dissipation involves defocusing of the beau during The loop equations for the circuit of Figure 2 are:
the storage state, so that the beam does not strike
the foil but is instead collected by adjacent elec-
trodes able to withstand the dissipation (Figure 10).
During the acceleration state the beam is focused Vb. Va + L1 d (1-12-13-14)
into the foil. The tocusing may be accomplished, 3 L2 dI (Al)
possibly, by proper design of the electrostatic dt dt
control grids, so that during acceleration the high
voltage automatically refocuses the beam onto the
foil. The focusing may be aided perhaps by a pulsed
longitudinal magnetic field which is introduced
shortly before the start of the acceleration cycle. Ljd (1-12-13-14) I2Rg (A2)

dt
Conclusions And Recoumendations

A circuit analysis was performed on a beam
generator design utilizing inductive energy storage.
The design resembles that of a triode with a depress- 12Rg - Vg (A3)
ed collector anode. The results of the analysis
indicated that KV pulse trains at high current
levels will occur. The analysis also strongly
suggests that such oscillations will occur in a
multi-gridded structure having a periodic potential.
The multi-gridded structure will allow the extension
to higher acceleration voltages. 

1
2Re Vc +

-V 14 It (A4)

Suggested areas for further design study
include the following:

1) A beam trajectory study for the periodic
potential should be undertaken to determine the 2

quality of transmission. High levels of beau LI d_(_-12-13__4) -dI2 )
transmission are required in order for the dt

2  
d

oscillations not to damp out. Such a study also
will dictate the choice of circuit parame ters and
the dimensions of the structure.

2) rhe concept of defocusing the beam at the d12  dI4 (A6)
anode during the storage interval should be in- - R " d- itc
corporated into V} beam trajectory analysis. An dt dt
mentioned previously, defocusing the beam will
ease the thermal dissipation problems associated
with the window.

3) Design consideration should be given to

minmizing the voltage drop across the accelerator d.2 13
during the storage interval, while maintaining high dt Z72

current levels. This means resorting to a struc-
ture with a large effective parvesnce. A lower volt-
age drop will make the concept compatible with volt-
age generating machines, which are capable of Va is given by
supplying high currents at a few kV.

4) The use of supercooled inductors should be V - + (A
considered in the design. At low impedance levels 1 'K) gJ
the resistive losses in the storage inductors
should be as low as possible in order to take
advantage of the concept of inductive-energy
storage.
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where V. is replaced by _V 9 because of the sign
convention of the circuit. The initial condition$
are: 

'C
I-10 -A9)

0 (AIU) 3ECTO

14-1 - V1/ (Kc + Rg) (All) a, P P, I, BEAM IkNtATO*

Equations (Al) - (A8) were solved by an itera- L
tive procedure using a Burroughs 5500 computer. L
The computer program employed a Runge-Kutt&-Nyatromf
starting procedure followed by the Heaming method,
Details of the programs are found elsewhere.
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IND0UCTIVE STORAGE PULSE-TRAIN GENERATOR

R. 0. Ford and I. M. Vitkovitsky

Naval Research Laboratory
Washington, 0. C. 20375

Introduction

Utilization of inductive storage in production of you?
intense charged particle beaus, laser beam and hotdens. plasms of Inerest in thermonuclear fusion stud- L s, .

ies and in other research areas is very attractive be- acause of its Inherent compactness associated with ener-gy storage in the form of magnetic fields. A major
problem in utilizing inductive energy sources with suf-
ficient output power for such beans and plasmas is the (a)
development of an opening switch. In some instances
repetitive pulse output is required, so that switches
must open repeatedly at a frequency determined by the •Lo
needs of the experiment. If only a small number of
pulses is needed, then use of one switch per pulse In
the train becomes a practical method for generating
pulse trains with peak power determined by the perfor- s 1 L
mance of individual switches. Formation of pule
trfns with peak pulse power in the range of 10 to
10 atts was studied. This study included the Inves-
tigatlon of single switch elements to determine methods sn
for extending the operating power to higher levels.

EarlIer experimental study1 ' 2 of high current,_10 (b)

high voltage, fast opening switches has shown that 10
Watt pulses can be generated by interrupting a current
in the inductor. These switches employ an explosively
actuated interruption of current, typically occurring s - cosua swTcr
in 20 usec, with subsequent commtation to an auxiliary
fuse. This allows rapid voltage recovery in the first Fig. I - Circuit diagram of inductive storage power
stage (exploding switch) to take place. The exploding supply for generation of pulse train output.
switch provides high current capability, while the rap-
idly increasing nonlinear resistance of the fuse in a nificantly greater than that of the opening switch, so
period of about 2 usec produces high inductive voltage, that current flow in the inductor and in the first open-
At present, such a configuration has been tested to 300 ing switch, E , are almost identical. Analogously, the
kV. The high current and high voltage properties of current in thi second circuit, shown in Fig. 1, is ini-
the exploding switch and fuse combination, as well as tially flowing in all opening switch modules, E1the low energy consumption of the exploding switch, through En. Opening the first switch in either circuit
make it suitable for use in pulse train forming net- transfers some of the current to the load until the
works with high pulse repetition rates. first switch, S, is closed. The amount of current

c sharing between the opening switch E1 and the load.
Inductive circuit configurations hve been studied depends on the relative values of R and opening switch

and tested to demonstrate the fesibility of using ex- resistance during the process of cu"'rent transfer.
plosively actuated opening switches with comutating With S resistance low, relative to the load resistance,
fuses to generate pulse trains with pulse-to-pulse sep- the iniuctor current is transferred back to opening
aration time of less than 10 psec, i.e., with repeti- switch, E, via S Subsequent opening and closing of
tton rates up to 100 kHz. The power supply used for the remailing swtches produces the same results, ore-
generation of such pulse trains consists of a 90 ki in- vided that the source continues to deliver current.
ductive store (using 80 ,4 Inductance). The current Thus a train of pulses whose repetition rate is limitedrises in the inductor to 35 kA In approximately I ml- only by the time required for operation of the opening
lisecond. The energy and pulse time are sufficient to switch-fuse module can be generated. Figure 2 depicts
test genepation of as maiy as 6 pulses with peak power schematically Such a train of pulses.
of 2 'x 10 Watts and with output voltage level of 75
kV, while operating near peak current with essentially A dashed line superimposed on the top waveform in
constant power in each of the pulses. Tests were con- Fig. 2 shows the maximum inductor current, I , that
ducted with both open circuit output and with power would flow through the exploding switches without open-
delivered to a 2.5 Ohm resistive load. ing the switches. Before the switch opening, current

in the inductor and in the exploding switch is the same.
Pulse Train Getrat*r As the exploding switch initiates the curreni interrup-

tion (without significant energy dissipation ), the
Figure 1 shows two methods for connecting a series current is transferred to the first fuse. In addition

of opening switches to an Inductive store, L, to pro- to generating inductive voltage myoh higher than that
vide a pulse train output. The first method uses Paral- produced by the opening of the exploding switch, be-
l1 opening switch modules (denoted by letter E, with a cause of the much more rapid change In the non-liner
witch roaer in the subscript) separated from each resistance of the fuse, it also dissipates the stored
other by closing switches (denoted by letter S, with ener% until the time when the second exploding witch
switch number in the subscript). At the start of the and fuse module Is actuated. To detemine the Change
pulse train formation all the closing switches, S, are in the inductor current as a result of this dilsSpa-
in an open state, and the load resistance, R., is sig- tion, as well as that due to absorption in the load,
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- current. By limiting the pulses to those with constant
*current, the amplitude of the output voltage and peak

pulse power will remain constant.

UCTI IM ------- The measured inductor current as well as output
STORE voltage, V, and current, 1, associated with the circuit

CURRENT derived from that of Fig. I is shown In Fig. 3. The
output voltage wavefom depends an detaiIs of current

10AL otransfer from the explosively Actuated sitch to the
fuse. Reference I describes the behavior of the volt-

VOLTAM age waveform during the transfer. Typically, in those
experiments as well as in those reported here, the

LOAD In Jratio of peak voltage generated by the fuse to that
CURRENT ._generated by the exploding switcn during the transfer

i s about SO to 100.

EXPLOSIVE The circuit of Fig. 3 has been operated success-
SW/FUSE fully with pulsing rates up to 15 kHz. As the pulsing

CURRENT rate is increased to 20 UlM, occasional pulse dropout
occurs. However. at 20 kHz and higher (pulse-to-pulse
spacing of less than 50 sac), energy dissipated in ex-
ploding foil fuses decreases to a level more acceptable
for an efficient pulser. A voltage stress of 3-4

Fig. 2 - Current and voltage wavefoms associated with kv/cm can be generated by the fuse. so that a compact
the circuits of Fig. 1. switching arrangement illustrated by the circuit In

Fig. 4 becomes practical for very high frequency pul-
consider the energy balance in the circuit. The energy sing. Because high energy inductive storage systems
in the inductor, L. at time t when 1/2 of exploding require Inductor charging to be relatively long, effi-
switch-fuse pairs were actuated. is: cdent system operation requires that on explosively ac-

tuated switch be used as the first switch. Subsequent
It 2L l ((ti)o 2  

(IA switches can then be simple exploding foil fuses inter-
connected by closing switches as shown in Fig. 4. The

with first fuse must be such that the exploding switch trans-
fer of the inductor current does not open the fuse for

t - time of opening of the first exploding switch a time sufficient to allow high voltage recovery across
the opening switch. Suosequent exploding foils are oe-

- time of transfer of current to the first fuse signed to generate pulses after time delay. at which
determines output pulse-to-pulse separation. 1;limit-

- time of opening of the second exploding switch ing this type of pulser to applications where short
time between pulses is required, each fuse carries cur-
rent only for short times, so that efficient pulse
train formation is achieved. Figure 4 shows a typical
pulse train obtained using the circuit shown. Current
is 3S kA and pulse forming fuse F1 Indicated in Fig. 4

The energy removed from the inductor in time ti - t. 2, consists of an aluminum foil with the following dimen-
Is: sions: 0.0OZS cm x 2.5 cm a 40 cm long. Succeeding

aii
(
) (I))Switches F through F use foils of 1.2 cIA width. Volt-

A ( (I) . (WM+ W .i)" (2) age genera;ed is apprAxlmately 75 KV per fuse. The
F L S pulses are separated at approximately 20 stc intervals

where the superscript refers to the i-th pair. The sub- (50 kHz rep. rate). No attempt was made to time pre-
scripts denote components of circuit energyy: cisely each pulse in this demonstration of feasibility.

(Data dealing with the interaction of sequential open-
WF - energy dissipated in the fuse ing switch stages obtainqd in studies of to stage

switching configurations indicate that repetition
WL - energy delivered to the load rates as high as I MHz should be possible using the

method shown In Fig. 4.]
S - energy delivered to the Inductor from the

incompletely discharged current source (such Capacitive. inductive and Mistive loads can be
as capacitor or flywheel) driven with repetitive pulses formed by circuits shown

in Figs. 3 and 4. ioad Impedance dictates the Choice
The energy and current in the inductor after the i-th of either of the circuits shown In Fig. 1. For example.
pulse are in resistive loads, efficient transfer of energy may be

impaired as the Increasing number of switch modules is
W(tI) (t am. (AW-fa (#)) (3) engaged in a parallel opening switch circuit. Such im-pairment would occur at the time when the generator has
1(t 1 ) - (2 o - aN)/L]

1 / 2  
(4) switched n modules of the array and the load resistance.

0 . *Ast compete with the switch resistance. R /n,
By initiating the pulse train before the current peak, were R is the resistance of one switch modue at late
the current in each pulse of the train can be kept con- time reatiive to Its firing.- To avoid the degradation
stant over a large frecio of the period of the source

7hme internam resistance of the circuits in Fig. I has a complex fgm associated with the time dependence of the
resistance of switch in the opened state. For exale. T. H. Lee shows that uncomtat4 Art resistance in-
crases over two orders of megnitude over milisecnd periods.
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INDUCTOR 
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135CA
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LOAD 
SUC

CURRENT 1

Fig. 3 - Typical inductor charging and output (voltage and Current) pulse train
characteristics associated with power supply shown schematically.

of performance, a generator with series switch modules full pulse train application could not be tested be-
can be used. The resistance competing for the output cause of the current source limitation. The mechanical
current at the time of engagement of n modules would and electrical performance of two types of explosively i
then be "R0  actuated switches in inductive storage systems and

0 their limitations and potential improvements have been
Switch Modules for Pulse Train Generation described in ref. Ell. Both are shown in Fig. 5. The

first type, a switch design with cylindrical conductor
Part of the development of the pulse train genera- (with diameter of 6.35 cm) using steel riirgs to control

tor included studies of single switch elements when the cutting of the conductor by explosively driven

TM~
,p~uCT.OR 35kA- EmPULSE
CURRENT ...

L 1
EXPLDIN 35*- 35kA
SWITCW RWAD

CURRENT 
3 2.Sf

tSUPPL p-/I .j p
VOLTAGE ?SkW-IL6 W

RL 9 FS

CURRENT
W4 RL 35kA-.

Fig. 4 - Typical 20 to 100 k~z repetitive output (voltage and current)
associated with the power supply s~w schemtically.
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CURRENT CUTTING
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cupgiru
T

-fto0 LA tc

(Vs)3
FMP
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SFIRIN n E LOCATEO
IN AXIAL GROOVE

Fig. 5 - Cylindrical and flat opening switch assemblies KTWEEN CONDUCTOR

before and after current interruption. ANO CUTTING
DETONATOR

mance, when used with a parallel exploding foil fuse,

is described in ref. 3. The second switch design, us- GROUNO
ing flat conductors, was also tried, and shows poten-
tial for high voltage applications. both of these de- Fig. 6 - Opening switch modules assembled for high
signs along with various fuse assemblies were studied voltage operation. Method for simultaneous
further to extend their performance and to provide mod- initiation of explosive actuation of large
ifications needed in pulse train forming applications, number of modules is shown.

Cylindrical jwitch when conductor rupture is initiated). Table I lists
the results of tests performed to determine voltage re-

One of the obvious techniques for improving switch covery ability of the switch.
high voltage capability is to increase effective length m
of the switch by either adding more sections or by op- TABLE 1: HIGH VOLTAGE PERFORMANCE OF 70 cm
*rating switches in series. However, as switch length CYLIMORICAL EXPLOS!VELY-ACTUATED SWITCN
increases beyond one meter, the explosive detonation
propagation tile given by the shock velocity of approx- Voltge Across Type of Breakdown
imately 7 x 10 cm/s becomes significant relative to M V o S0tcs, V
the desired switching time. Additionally, when switch (_s__) _)

modules are connectqd in series, detonator triggering
of ungrounded modules becomes a problem. A simple so- 40 200 along inner wax
lution to both of these problem is shown in Fig. 6. surfaces
Oetonators are installed at the center of the explosive
in each switch module (S and S ) allowing explosive 45 230 along Inner wax
detonation to propagate in two iiections. The detona- surfaces
tor for each module is connected in series by passing
the firing circuit wire between the steel rings and the 70 300 none
cylindrical conductor via one of the many axial grooves
in the conductor. Upon initiation. there is a delay of Flat Switch
at lest 40 microseconds before high voltage appears
across switch module as described In Ref. 1. During A second switch design which shows promise for
this delay, the conducting cylinder of the switch and higher voltage stress uses a flat rather than cylindri-
the detonator firing wires are sheared at each cutting cal conductor as shown in Fig. S. Preliminary studies
ring and folded back to form an insulating gap between of this switch have been performed in configurations
each steel ring pair. At the time high vol age is do- using up to si.x gaps, in both air and in water delec-
veoped by the exploding foil fuse, the electrical con- tric. The switch develops approximately 2 kV arc volt-
nection that the detonator wires provided between the age per gap as compared to 0.8 kV per gap for the cylin-
high voltage and ground terminals of the switch is cam- drical switch, and has held off approximately 46 kV/cm
pletely removed , at 40 microseconds after explosive initiation, wn

used with current commtation into an exploding foil
he value of the field that can be maintained with- fuse. Although these values are very promising, fur-

out restrike in the switch dands upon the time of cur- ther development and more extensive testing is required
rent transfer to the fuse. tro and more importantly on to deal effectively with the effects of high pressure
the time , at which hig voltage is developed as on the surroundings, before this switch is available
the fuse e4f odes (both being referenced to the instant for practical applications.
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Fuse Assemy References

Foil fuse assemblies used during switch develop- 1. R.O. Ford, I.N. Vitkovitsky, Eplosivel Actuated
ment were functional but unwieldy. In order to deamon- 100 kA Ownina SwItft f~r Mtgl pSAlt g a-"
4trate that such fuses could be produced simply, and tions, NRL 4morandum Report 301tiv177.
made easily replaceable, trne assembly shown in Fig. 7
was constructed and tested. In this assembly, cemented 2. Glukhikh, V.A., Gusev, O.A., Kostenko, A.I.,
lucite components contain multiple foil fuses In water Larinov, B.A., Monoszon, N.A., Stolov, M.A.,

dum., with each fuse separated by lucite partitions. Trokhachev, G.V., Pulsed Sources of nerv Bsed
A spark gap closing switch electrode becomes an tnte- on Induclive iprf D.V. Efrov, Research In-
gral part of the foil clamp assmbly. A six section stitute, Report 8-099, Leningrad. USSR, 1976.
assembly, of 3.S cm (1.5 inch) in width, was tested
and shown to be both reliable and convenient to use. 3. 0. Conte, R.D. Ford. W.H. Lupton, 1.14. Vitkovitsky,

Two Stage Opening Switching Techniques for Genera-
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5 "lW GA Pub. No. 77CH1267-4-NPS, Knoxville, Tenn., 1066-
L TC" INSULATOR 1070, October, 1977.

4. Lee, T.H., Physics and Engineering of High Power
Oevices, MIT Press, Cambridge, Mess. t197b).

S. 0. Cante, H. Friedn, 14. Ury, A Method for En-
hancina Explading Aluminum Foil FuSes For Induc-
ti S&r hinq, Proeedings of First IEEE
International Pulsed Power Conference, IEEE Cat.
No. 7611147-8 REG-S. Lubbock, Texas, Nov., 1976.

A _

Fig. 7 - Compact assembly for an array of fuses used in
generation of high frequency pulse trains.

Conclusion

A method for generating high frequency pulse
trains at power levels previously not available has
been developed. Pulse trains, with pulse-to-pulse
separation equivalent to 100 ktiz frequency can be gen-
erated. Single switch module performance suggests that
peak pOwr level of the pulses within the train of more
than 10 W can be obtained in practical laboratory
devices.
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I"
HIGH DENSITY Z-PINCH PULSE POWEN SUPPLY

V. C. Nunnally, C. A. Ekdahl, J. t. Hammel, K. W. Hanks. and L. A. Jones
Los Alamos Scientific Lahoratoryv

Los Alamos, New Mexico 8"545

The pulse-power supply for the High Density
Z-Pinch (HDZP) experiment at LASLe described in this
paper, is required to produce a peak voltse on the 0.9
order of I MV and a peak current of I MA in a small. 0
high-pressure gas load. The experimental load is a
sall diameter (100 um) current filament between two O .
electrodes spaced 10 cm apart with a 20-m diameter
coaxial return conductor. The current filament is to
be initiated with an 18-J, 18-nas, C-switched Md:ulass.
laser. The DZF system consists of a 75-nH. 600-kV, 1.1t

72-kJ mars bank that resonantly charges a water-
insulated intermediate storage line. A orototyToe of
1/12 or the system is also described. The prototype
has been tested at its design values. The large
system is to become operational in November 198.0

O0 0.2 0.4 0.6 0.8 1.0
+TmtP~eti~nTIME (#a)

The High Density Z-Pinch experiment at Los Alamos
Scientific Laboratory is being constructed to

investigate the plasma parameters of a laser-initlated 
Fig. 2.

current channel in a high-pressure neutral eas. A HDZP current wavefo m.

1 GW neodymium glass laser will be used to initiate a
conducting channel with a radius on the order 100 .m

and a length on the order of 10 cm between two
electrodes as shown schematically in Fit. 1. Ideally, The as load with condctin channel has an

the pulse-power supply foi the HDZP must Produce a obtaincte di roxim ately chnnel initition f

pressure-dependent current waveform with a specific

rate of rise and amplitude to maintain a cogtant approximately 0.5-I.0xI
1 3 

A/a, the initial volt me

plasma ch. el radius and ohmicplly heat the 20Oc a- across the load must. be approximately 0.5-1.0XiO V.
plsVma to several kilovolts. The maximum current reouired from the power suoolv is

also shown in Fig. 2. Another iOortant consideration

The theoretical current waveforms required for is the voltage risetime across the as load electrodes

three filling pressures that maintain a constant before laser initiation. In order to increase the

channel radius are shown in Fig. 2. The initial current risetime, the load inductance must be reduced,

experiment will investigate the first several hundred however, reducine the inductance of the load reduces

nanoseconds of the channel initiation and conduc'ton the open circuit or oreinitiation voltaie hold-off of

The effect of initial laser energy, the current the load electrode structure. "hus, a fast-rising,

risetime, and maximum current amplitude on the plasma open-circuit voltace is desired to permit reducina the

channel will be studied to evaluate the theoretical load inductance by increasin. the maximum oeon circuit

predictions and to confirm numerical calculations, breakdown voltave for a riven structure.

P,,lu Pe.. 5,,pelv 0pa
4

.n Several circuit confimurations were evaluated and
simulated sina a circuit analysis code. 4 system
consisting of a water-insulated, intermediate storve
line resonantlv chareed by a low-inductance marx

circuit was chosen as the most versatile system. The
*Worc performed under the auspices of U.S. Department basic circuit for the HDZP pulse-power suoalv is shown

of Energy. in Fit. 3. The system can be operated with a wide
rance of current risetimes and current amolitude by
laser initiatine the current channel at various times
during the resonant chape of the water line. The

-,. ,'c S........-
--or

Fig. 1. Fig. 3.
HDZP schematic. lasic HDZP ualse power suoply circuit.

2S9

CH13714/78100004289S00.75 01978 IEEE



line impedance is designed to be varied between 0.25 S1
and 1 Ql with a transit time of 90 na. The marx bank
is designed to operate at a nominal 500 kY. The
maximum transient voltage across the load is I
determined by the ratio of the line capacitance to the
marx capacitance.

The inductance of the marx bank, L1. is of prime

importance in that i; determines the voltage risetine
across the load electrodes for a given line impedance
Zkaor L/ZL. In Addition, the inductance determines
t energy transfer efficiency to the load and the
isolation of the marx frm the transmission line. The
marx inductance was designed to be less than the load
inductance of 100 nil. The minimum energy storae of
the marx is determined by the maximum desired
inductive load energy of 50 lJ. The maximum marl
fault current was designed to be 1 MA at 500 Wc.

In order to accofodate the maximum marx current
and reduce the marx inductance, 12, 6-stage marx
modules, each of which stores 4.3 WJ at 500 lV and
provides a maximum fault current of 83.3 kA, were
paralleled. The individual marx module circuit
diagram is shown in Fig. 4 and pictured in Fix 5.
Each marx module stage Oonsists of two parallel
0.1 wF, 100 kY Maxwell Series S capacitors and one Fir. 5.
Physics International T670 triggered spark cap. Each Picture of HDZP marx module.
capacitor has a maximum rated current of 50 kA, and
the spark gap has a maximum rated current of 100 A.
The capacitors were specified with 50% voltage
reversal to accoamodate a marx output fault and
resulting 75% voltage reversal 500 kY outut
voltage.

The marx trigger system was designed to erect all
the marx modules in a small fraction of the minimm MARx TIGER S STEM
voltage rise on the water transmission line or within C~ 4 . IT
approximately 20 no. The trigger circuit chosen is MT W"T

shown in fig. 6. This trigger marx arrangement is a
variation of trigger circuits suggested by Fitch1 

and
was selected because the trigger pulse of the marx 'waR MMT
modale gaps can be controlled in amplitude, risetime, /
and arrival time very precisely. In addition, each TOW
arx module spark gap can be triggered with a similar - AOL

trigger pulse without loading the marx system. The
simultaneous trigger pulses are generated by shorting I
12 coaxial cables charged to a maximau of 100 kV with 'NTW

a spark gap that also serves as the trigger marx stage T

- -_ 'Fix. 6.
q DZP parallel marx triwer circuit.

- gap. The trier marx stage capacitors serve to bias
the shorted cable trigger fenerators at a potential
Similar to that of the main mari and Isolate the main

¢ VMTM marx stage voltage from around. A two-stage trigger
marx that triggers only the first two stages of the 12
mar modules will be used because initial test show
additional stages are unnecessary. The oaxial
trigger cable charge voltage Is Isolated from the
main gap trigger electrodes by an 0inlde-out"
trisatran peaking gap. The peaking ap shown in
Fig. 7 also reduces the trimer pulse risetime seem by
the main gap trieser electrode to less than 7 = with
a Jitter spread of less than 2 as. The two-stem
trigger marx Is initiated by an S-steam cerami if

Fig. 4o capacitor slcromarx generating a 200-kY oule with
Smouecrit risetmla of loam than 20 ns. The iorcoau-x is sho

UD? marx module circuit, in Fi. 8.
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chantine the number and size of the parallel Plates.
Slarn water tank Was desitned to hold the trans-

Ai1n line leaVinffa lanre amount of room for li~ne

oulse energy verycls nhysicaliv to the center line
of the Pinch channel to reduce the transtt ion
inductance. A disk transmission line with radial mar%

- current reed would be the ootS.,um conficurat ion bjt
U U building space limitations prevented Asinc this

The desired characteristics of load ceometry at
* the eind or the water transmission line are % mini-im
~4L ~--Inductance configuration, % inirorm electric field

distribution in the Pinch retion, end visibili.ty 4nd
maximum access for diagnostics. An initial load
camber design is shown in Fix. 10 that Povides

in Iform electric field an iiu.inductance hi4t
diacnostic vlisibility i restricted. The mainls

Fix. desien 13 being m~odiried with d~agnostic visibility In
HDZP trieger pulse sharpening cap.wid

prottpe Reluits

A Prototype or the final system has been
constructed of one marx module, a 60-na, 6-. coaxial,
water-insulated, transmission line and a hich-oressire
gas pinch chamber. The orototyce system Is shown in
Fie. 11.

The 6-stage marx meN10l has been tested to it,
maximum charge voltare (100 WV oar stage) jr 600 kV
and a maximum current of 100 kA. The narx module
inductance Is 900 nI', which ortracolsites to in
inductance or 15 nH for 12 Parallel -odulei. A single
module is trigenred with o two-stae trigger mary,I shown in Pit. 12, that erects with a jitter of less
than 0I n3. The meaa'ired Jitter Is the cugapilativo
System jitter determined by trigering a scope with
one time-dela, channel and triggering the mars with,
another tire delay-channel. The ears module erection

Fig. 8. rollows the triager men% with a total jitter or 15 ns.
Trigmer micromarx. The parallel erection of 12 marx modules should have

an extrapolated jitter spread of less than 20 no.

TnqIsainn Linn Dalesg The 6-fl Prototype water insulated transmission
line has been tested to 900 kV. The interal current

The water insulated transmission line system Is and volt&*e probes have been tested and calibrated.
shown in Fit. 9. A parallel plate transmission line The prototype system uses fiber-optic technology for
Was chosen over a coaxial transmission line for two control and timingf as well as monittorti spark to
reasons. First, the impedance can be easily varied by

OUDW4 a'ArA -L ~ATES a&,G**.**W .

ft a4t a

Fig. 9. Fig. 10.
RDZP water Insulated transmission line. Initial HDZP gas lctad desivn.
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The HDZP system is now being constructed. The
initial checkout of the parallel marx system is

scheduled for the latter part of 1978. Plasma channel
experiments should begin before 1979. The final NDZP

system is illustrated in Fit. 13. -*AW

Fir. 13.

Illustration of HDZP system.

1 R. A. Fitch, "Marx and Marx-Like Nich-Voltas
Fig. 11. Generators," Maxwell Labs, Inc., IMEt Trans. on

Picture of HDZP prototype system. Nucleon Science NS18 A, (1971).

Fig. 12.
Prototype two-stage trigger marx.

control and timing as well as monitoring spark gap
switahing and laser pulse monitoring. The final IDZP
system control will use air lines or riber-optic links

for all systems.
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4, MCG ENERGY STORAGE AND SWITCHED PULSE POWER SUPPLY
IGKarl I Selin

~The JET Project, Abingdon, Oxen , UK.

Abstract

For the JET (Joint European Torus) device 
there 6

are four main pulse power supplies for the following 6V
loads: 

kloads:FG C OUTPUT

(a) the poloidal field circuit
(b) the toroidal field magnets s 01 , -
(c) the plasma positioning kA IL.U
(d) the plasma additional heating. 1 2 20'

The (a) supply will be described in this paper.
It is presently in the design stage at GEC Machines
Limited, U.K. and is scheduled for operation in 1982. b)
A motor-generator with integrated rotor and flywheel 10
will be used in a pulsed mode. The time between load Wb
pulses (9 minutes) is used for acceleration of the JET FLUX
flywheel-generator. The generator output AC is
rectified in a diode convertor. The nominal energy
extrmcted from the flywheel-generator-convertor (FGC)
is 2i00 .J at a maximum rate of 400 4W. A magnetic S1_
energy storage is included in order to reach a still
larger load power.

Introduction

The purpose of the ohmic heating coil of the 4C)

poloidal field circuit in a Tokamak plasma fusion MA
device is to ignite the gas and to initiate and main- MA
tain a current in the hydrogen plasma in the Torus
vessel. The coil is the primary winding of a trans-
former in which the plasma is the short-circuited
secondary. JET PLASMA CURRENT

The rectified output current and voltage from the
generator is shown in Fig. I for a typical experiment
run with 3.9 MA in a D-shaped plasm. Also shown is
the flux change required for the build-up of the plasma 2 ZOsoc
current.

Extensive system studies and generator design Fig. Ia) The rectified output voltage and current from
evaluations have been made to ascertain that the speed the generator
of response of the generator through excitation control Fig. lb) The flux of the central column
is satisfactory and SCR control of the generator output Fig. Ic) The toroidal current in the plasma
is not necessary.

An experimental run will last a few, up to 20 s. poles and is rated 8.8 4W continuous, which may be com-
During the pulse the generator and its magnetic circuit pared with the peak power of 300 MW in Fig. La.
shall facilitate a change of 400 MW and 6 kV in 0.4 s
and shall be able to supply a power integral of The energy is stored kinetically in the slow rota-
2600 Vt (722 kWh). tion of a vertical shaft body. The power output is

regulated by the generator exciter. The hydroelectric
t G Kinetic Energy Storage type of generator with a vertical shaft transmits torque

easier to the surroundings as compared with a horizontal
, Considering the puleLng of the JIT device every shaft machine. Normally there are no critical speeds

10 ainutes it is feasible co store the energy in the to pass through and the speed excursion is therefore
generator prior to the pulse and to extract the energy not mechanically limited as can be the case with a
through a speed drop during the pulse. A speed drop horizontal shaft arrangement having a number of reson-
of 30Z from 225 rpm to 112.5 rpm releases the rated ance frequencies. With 48 poles the speed range cor-
energy of the system, 2600 KJ. The moment of inertia responds to an induced electric frequency of 90-45 Hs.
is 13100 tomnes m2 and the weight of the rotor is 795 The generator and convertor will be erected in a deep
tomes. For starting the st and for the accelera- pit of 20 m diameter.
tion between pulses the following drive schemes could
be used: induction motor with wound rotor connected The large air gap diameter (about 10 m) and the
to a liquid rheostat - induction motor with slipring heavy rotor rim facilitates a large inertia. The tm-
energy recovery - static variable frequency supply imated rotor rim is made of steel sheet metal, it
feeding into generator armature vnding. extends below and above the poles and it is assembled

in situ. The pole-rim fixing and pole and places and
In the present design there is a slipring induc- the Tee heads whereby the poles are attached to the rim

tion motor mounted above the top bearing. It has 26 are problems of a safe mechanical fatigue stress design.

C
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The centrifugal force on each pole weighing 886 kg ,101

(160 kg of field winding copper) is 2472000 N at the 100
maximia speed of 121 m/s in air gap.

The vertical shaft is suported on a thrust bear- 1ing below the rim and by guide bearings above and below 04

the rim.

In view of the pulse duty (6 pulses per hour) the
stator core will be built on site in a complete circle *

without joints. Then the stator winding also will be sc'
completed on site. The stator will be lowered on the \,
rotor built in the generator pit. There are two 3- cO'O

phase stator windings each one supplying a 6-pulse
Graetz bridge rectifier. The induced voltages are 30 ,APTuI, t
in phase and the rectified voltage has a 6-pulse
character. 2o1

The electrical voltage/current/power output is \
limited by the generator exciter and ultimately by the - ,20 30 ,, W W 70 00 go "0 12 130
magnetic saturation curve shown in Fig. 3. A static OCCURRENT tA
exciter system will be used rated 1.2 kV and 2.8 kA/
22 a and 5.6 kA/5 a. Fig. 3: Generator-Convertor output at two values of

field current and at magnetic saturation
The overall maximum output power is about 400 MW

which is not enough for the JET experiment for which
the poloidal field peak power is 40 kV x 80 kA - 3.2 GW.

A power amplification is made through an inductive Event:- Plasma Current
energy storage. The pulse sequence is shown in Fig.4
where positive power is defined directed to the JET Premag. Fast Slow Maintained
Device. netizati" Rise Rise

Power modulation

The power modulation is done by a rather complica-
ted circuit in which are combined both the ohmic heat-
ing and the equilibrium coils; a simplified equivalent
circuit is shown in Fig. 5. The switching network and Energy:- K-P
the static exciter of the generator co-operate in K-M M-P K -P K-M
shaping the power pulse at the terminals of the JET GW
device whose equivalent resistance and inductance
change drastically during the pulse; following gas 3
breakdown the coils and plasma is equivalent to about Fig. 4: Energy Conversion at Load Terminals
60 mH and 10 mfl for this experimental scenario. K - Kinetic, M - Magnetic, P - Plasma

20000 A/F PIT

_ 0O0

, +_

..

.' ' .*., ... a,'*.*1 .o i.'.''"' t -*.*.t

Fig. 2: Plywheel-Generetor with vertical shaft mounted in pit together with output convertors
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(N- Kinetic I Poer _ ___storoo + Processing Load

Energy compression,

Fig. 7: Current and voltage in the circuit breaker
during test. The current drops from 70 kA
to zero in 200,us through capacitor discharge.

Lower curve shows recovery voltage of 23 kV.
Scale per square: 20 kA, 9.5 kV, I ms.

the time of tripping with a jitter less than :40 tis.
The contact opening speed is 12 m/s.

Economics of a &otating vs a Static Pulse Power Supply

A generator power supply of this size with auxil-
Fig.5: The FCC supplying the switching network and iaries, generator house, etc.. costs about 15 £(kW or

the poloidal field coils 2.1 E/kJ. If a power line (400 kV or above) is avail-

able near the test site it may be possible to supply
The switched resistive network between the gener- the load directly by a number of mixed rectifier and

ator-convertor and the JET device performs in three SCR bridges. As compared with a power supply from the

ways: (1) It akes a direct connection from the pwer mains the power available from a 4G set is speed depend-

supply to the device for magnetization. (2) It ent; if the generator is magnetically fully utilized at
switches resistors into the high current circuit, top speed the peak power (or voltage) available is pro-
thereby creating a high voltage demagnetizing effect portional to the shaft speed; with a 50% speed drop

and a turn voltage in the vessel high enough for gas the available generator voltage and power drops corres-
breakdown and plasma heating. (3) In the third phase pondingly.
it changes the polarity of the convertor connections

relative to the JET terminals in order to magnetize Assuming a "minimum" installation in which a 400kV
the core in the opposite direction, circuit breaker, a step-down transformer and the diode-

thyriator transformers and convertors are included, the
The main switch of the 2nd phase is shown in installation cost would be about Ill/kW.

Fig. 6 and in Fig.7 are performance oscillogr•ms of
voltage and current during a switch opening test. The differential or marginal capital cost for

stored energy for a vertical shaft energy machine is

,o , about 20 of the average. For a supply from the mains
it is even less since it only influences the thermal

rating of the transformers. For very large energy
demands the installation cost of & mains supply will
ultimately prove to be cheaper (assuming a reactive

*power compensation can be avoided).

The electricity bill for the FGC reported could
be (10,000 pulses of full energy) 0.28 ME/year. The

static system would have a higher efficiency. There-
fore the cost of energy may be only 0.15 M[. On the

0 Iother hand, the cost of peak power (400 MW) when the

0load is directly supplied from the meins would be
;I 0.33 ME/year.

ATechnical Limitations of a Static Pulse Power Supply

Decisive for the choice between a rotating and a

static power supply, apart from closeness to a power

Fig. 6: Circuit Breaker AP 4970 revised for OH service line, is the ability of the network to supply large
power, large power derivatives and reactive power wings.

The AEG circuit breaker AP 4970 was developed in The network available at the JET site does not allow the

Germany by AEG as a back-up breaker for high current type of pulse power needed for the poloidal field load

test laboratories. It has a peak current carrying to be supplied from the mains. The reactive load

capability asymetric AC of 400 kA. It can switch poer demand my be diinished through over-siting the

(break) 120 kA DC when aided by capacitor current system components. Otherwise a local installation of

commtation. The air pressure in the chamber is 80 variable reactive power generation is needed. Switched

bar. The coniacts begin to open within 7 ms from capacitors are suitable for this purpose but their
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capital cost (about lO£/kVAR) is such that it can A peak load power of 3200 MW is attained through a
decisively influence the choice of the pulse power switchi- network in which an inductive energy storage
source. Another method used for reactive power corn- is inco ,t rated and a power magnification of eight
pensation, is capacitors connected in series with the times is reached. The main switching is made by an
pulse load. As the load most often is transformer air blast circuit breaker. Alternative circuits are

connected the ferro-resonance state of the third sub- being considered and evaluated from the standpoint of
harmonic is easily excited. Consequently the voltage the number of witches. current drain, energy losses
monitoring becomes important and attenuating resistors and severity of fault conditions for the protection of
must eventually be switched in parallel to the series the power supply.
capacitor.

The JET Project is sited near one of the CECB 400kV
SUMM!Z lines and its high pulse loading capacity will be used

for other pulse loads of the JET device.
A generator and circuit is described for ignition

of about 200 m2. of magnetically confined hydrogen
plasma and for induction of about 4 MA of plasma REFERENCES
current in a Tokamsk plasma vessel. The magnetic
field coil inducing the plasm current will be supplied
from a generator of 400 MW peak power presently in the I The JET Design Team "The JET Project - Design
design stage at GEC Machines Limited, U.K. The genera- Proposal for the Joint European Torus"
tor output voltage can be varied up to 20-40 kV/s at EUR-5516e 1976
currents from 0-80 kA through generator excitation
control. The kinetically stored energy will be 3500 NJ 2 K Kriechbaum "A half cycle air blast generator
of which 2600 MJ can be exhausted through a speed drop breaker for high power testing fields"
from 225 rpm to half speed. The integrated rotor- IEEE Transactions Vol. PAS-91, No.3 pp.747-753.
flywheel will be mechanically designed for 100,000
pulses; its rim will be constructed from sheath metal
and will bf erected at the site of the experiment. The
stator and winding will also be assembled in situ.

C,
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HIGH-VOLTAGE PULSER DEVELOP.KENT

by

Harold Watson
AiResearcm hanufacturing Company of Calitornia

Torrance, California

Abstract 0.ste I

This paper highlights the development of a pulse __ _ _ __ _ _ _ __ _ _ _

generator that utilizes a single, midplane, triggered
spark gap (TSG) to discharge a pulse-forming network /

(PiN) into a CS 2 laser cavity load. -'... I e. 3 :
The PFN is a four-section line pulser. When/ ,, ,f h,. r ,.0

charged to 116 ky, it can discharge 300 joules in
700 nser, full width nalf maximum (FWl4). The system j 2100 .2t0 I- 542,.,

operates at 0 to pps. I Pulse laenh ttr ae
In designing the PFN inductors, the pulse rise I

time was kept long enough to avoid excessive ringing Lao ' tee 'Do "Io o )vreebt)

in the output cables. Such ringing can cause arcing Fall tL. .2*1(14
in the cavity or damage to the cables themselves.
The PFN capacitors were potted into a coaxial con-
figuration to minimize inductance. Ao-04of 2 .etr. '0 io 30 c

As the pulse repetition rate increases or the paor.- e.. ls iLt Do re n t
charge duration decreases, special corsideration must
be given to design oi the midpLane TSG voltage grading
network to ensure the trigger electrode always stays P.1- 'e*'t:tLOR '.to " 17 ;Do

at some set fraction of the PFN voltage during charge. hE-rs7 Do, .I. 300 o;.*
This paper describes a circuit that makes operation "6
of the grading network independent of frequency
and charge duration, within certain limits. LoO .ezra 40

Tests were run in synthetic air and in nitrogen

to evaluate operating voltage and the amount of jitter
and misfire as a function of pressure. I P*"""" eo

The work was partially supported by the U.S. o.osv o.. p.nN '00 jor..
Energy Research and Development Administration under ork
contract number EY-77-C-04-3745. 3

Introduction

The objective was to design and build a device . Me M c.ohot at sete4ne over the roll p.oor level be of the
to furnish pulse power to the cavity of a pulsed .o- ew ot to orv. Th. alSa o level Ametoft
electron-bea electric discharge CS 2 laser. The to o 00 o eair0e .400 o.It. reo . 0ra ro r..Lte.

specifications are shown in Table 1. 2. T. .oesof. are a5ss. so.
The circuit was kept simple by using a single

TSG and PFN that can operate up to a relatively high
voltage, 116 kv. To keep the structure and lead induc- In addition, when operating the midplane TSG

tance from being too large, the assembly was designed with a PFN thnat is being charged up in a relatively
to operate in pressurized nitrogen. A pressure vessel short time, (in this case s0 resonant charging is
was designed for up to 80 psig to accommodate the used to charge It in 7.5 mac) it my be difficult
assembly. to keep the aidplane voltage at a set percentage of

The system was required to produce pulses with the PFN voltage during the charge. To make it work
energy from 100 to 300 joules at 0 to 50 pps. The under this condition, the usual low-rate circuitry
PFN voltage was varied to change the energy in the had to be modified.
pulse. The PFM employed was a four-section line pul-
ser, discharged with a nonsealed, midplane-triggered,

spark gap.
Normally. TSG's do not perform well over a large

voltage range, e.g., 80 percent of the static break- Pulse-Forming edetwork
down may be considered the best operating voltage
(Vo). If Vo is higher, the TSG may self-fire and if The PFM is a four-section line pulser. Although
it is lower, the jitter may be too high. If it is it is fairly standard, several interesting design
too low, the TSG may not turn on at all. tradeotfs were required to produce a reasonably good

To get the nonsealed TSC to operate over the 700-nsec, 300-joule pulse from a 116-kv PFN at a load
voltage range needed to produce the 3-to-l energy 5 ft trom the pulser.
range, the pressure was changed in the tank. In Because the inductance per section is so low,
this way, the optimum operating voltage on the TSG less than 700 nanonenries (nh), any inductance in the

could be externally adjusted to match the voltage output cables, plugs and jacks, and load becomes a
needed to produce the desired energy. significant part of the PFN circuit. The total induc-

The requirements for the PFN are not unusual. tance and capacitance needed to produce the 300-joule

however, there are some interesting tradeoffs when pulse is as follows:

the PFN voltage is very high and when the load imped-
nce heomes low enough that the load inductance and Ltota L - (cp/2)

2 
V

2
/2 - 2.74 uh

the internal inductance of the capacitors and the
output cables becoe a significant part of the PFN. Ctotal -t/V

2 
* 0.0.6 uf
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where Capacitors

t - 300 joules of energy in pulse The capacitors in a partial coaxial configura-

tion (Figure 2) had a calculated inductance of
V - 116-kv PYF voltage approximately 61.3 nh.

tp = 700 nsec pulse duration
(00 OF CAMCITOR ELEMENTS)

In addition, with a large mismatch between the ...44.25 --
cables and the load, high-frequency ringing in the 2.75
cables could be high enough to either damage the __.
cables or cause arcing is the load if the relative
inductance between the output capacitor and the out-
put cables is too low or Lf the mutual inductance
between PFti coils is too high.

For this application, two parallel 5-ft cables
with a total impedance'of 26 ohms were used to connect
the pulser with a 7.8-ohm load. This was mainly to
lover the cable inductance, but it also lowered the
inductance in the cavity by allowing the power to be
fed into two places in the cavity. 18.625

Inductance from the two cables plus load and
plugs and jacks was calculated to be approximately
350 na-250 nh for the cable and 100 nh for plugs,
jacks, and cavity load. (The plugs were designed for
low inductance.) The total cable capacitance is
350 pf.

Partly because of tha potential problem of ring-
ing in the cables, the PFN was designed with just 5.5 -- 0.75
enough mutual inductance between coils to cancel out
the internal inductance of the capacitors. This has DIMENSIONS IN INCHES
the effect of creating a PFd without any mutual induc-
tance between coils. As the mutual inductance is
lowered, the rise and fall times will increase. This Fig. 2. Side view of PFN capacitors
in turn reduces ringing in the cable. Past experience
indicates a PFN without mutual inductance would pro-
duce a pulse shape acceptable for this application.

Figure I shows the ideal equivalent circuit of a These capacitors are rated at 150 kv and 0.0112
four-section line pulser defined by Perkins (ref 1). Uf; they are made in multiple series sections by
If all capacitors in this figure are equal, the Condenser Products Inc. of Florida. Each section
best (most rectangular) pulse occurs when there looks like a large hockey puck with a small hole in
is significant magnetic coupling between neighboring the center. They are connected by pressure in such
coils, but insignificant coupling between any other a way that all sections stacked together make up an
coils. This mutual inductance shows up in the almost solid cylindrical element. When current
equivalent circuit as a negative inductance in series flows uniformly through all the elements, its
with capacitors 2, 3, and 4 and their respective internal inductance becomes a significant value.
internal inductance, Lc. When the capacitor induc- Capacitor inductance can be calculated from the
tance is significant, it must be considered as part following equation, partly derived from the work
of the circuit. Therefore, the sum of the mutual of ft. Zaret (ref. 2).
and capacitive inductances should be negative; it also r
should equal 5 to 15 percent of the self-inductance L a L I. L a Ln 2w a
of the two coils that cause the mutual inductance. et mt r 12A 1( r/Um1 s

(1)

30.84 nh + 30.46 nh a 61.3 nh

2  3  4where

Lext - inductance due to flux from the out-
side of the cylinder to the boundary

--L 2.3 -L 3.4Lint - inductance due to flux in the cylinder

minus the small hole

RL uv e permeability of a vacuum, 4 X 10 7

C LC  LC  LC  henry/meter

A1  * cross sectional area of small hole,
I o J2 JT/4

A2  - cross sectional area of cylinder vithout
hole 4.252:/4

NOTE: CI go C2 a C 3 a C 4 0.0112 MICROFARAO
O LAM - length of element, 18 and 4 in.

Fig. 1. Equivalent circuit of line pulser Le inches in one meter 39.4 in.
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. I T.

2  radius or distance to boundaries, 5.5 The output inductor was designed to equal
7 2 J50 an; tnerefore, the external inductance was

and 2 in. (The inductance had to be included as part of the PFN. The actual output

'4 calculated for two sections of the is Shown in iigure 3. Except for cable-ringing,
capacitor, see Figure 2.) it compares favorably to the wsveshape taken on

a teast iei. The cest PFN comprised tour 10-ji

rl  radius of the sections capacitors and tour 624-nn toroidal inductors.
(because tne flux is contained there is no mutual

A full coaxial configuration would have given inductance.) ,,ote that such a PFA has approxi-

56 no; nowever, the outer tube would have had to mately 44 percent more peak power than on* that
extend to the top, and this may have compromised puts out the more rectangular pulse, or
the high-voltage integrity of the assembly. Capa-

eitors witn 40 on were available, but the 4-month 2 Z)

delivery time was prohibitive. In addition, they L L x 100 " 4 percent (3)
cost 43 percent more and some potting may still Ott
have oeen necessary.

Inductors where
L2 , the peak current of the nonoptimum PFh

A long nelix-type inductor was designed with [1 - the peak current of the optimum PFh

the correct inductance of 2.7 .h for the 700-nsec

pulse. Eacn section, (LI, L2 , etc.) had an even
numoer of turns. In addition, it nad a mutual
inductance at each capacitor, which was approximately II; LEGEND: - i2vEc
equal to the capacitor inductance.

To make the mutual inductance approximately 1.2
equal to the capacitor inductance, it had to be Made
lower than usual. This was done by keeping the TE ST PFR

number of turns low so the distance between loops was 1.0 T'T I

Largo enough to achieve low mutual inductance. To

make up for the loss in inductance, the diameter 0.8
of the conductor was kept small; theretore, the 2Z

self-inductance of each loop was relatively high. o.6 -
In designing the nelix and mutual inductance, the
equations and tables of Grover were used (ref. 3). iiII

Although the design selected had slightly less 0.4. our
than 61 nh of mutual inductance, it had enough to 1I PULSER

cancel out most of the capacitor inductance. There-
fore, the sum of the mutual and capacitor inductances 0.2 II/
was low enough to maxe the PFV act as if there were
no inductance. The design used type RG-lb/u cable 0

without the shield for the conductor; properties of 0 0.25 0.5 0.75

this nelix coil are defined as follows: t/

echanical Parameters Electrical Parameters

Fig. 3. Current from pulser vs current in
Conductor diameter - 1/8 in. Lc - 62 nh four-section test PFN

Number of turns -

Coil diameter 1 4.5 in. La - 39 nh (note: As a matter of interest, several helix coils were
Lc-L, - #23 nh) designed to see if it were possible to realize the

needed 5 percent minimum equivalent netative induc-

Coil length - 20 in. L, - 631.5 nn (LS a tance. The conclusion was that even with the best

L- LZ - L 3 ) available capacitors of 40 nh inductance, it would
have been difficult.

Pitch 
= 
2.5 in. L - 2.694 .h (for

full helix)ManDshreSic

Lonductor-to-conductor A single L Jplane, or distortion gap. type of

distance - 2.38 in. triggered spark gap is used to discharge the PF.
The TSC, made by the Ion Physics Corporation. is shov

Note: Lc L., but the percent of difference in Figure 4. Elkonite electrodes were used to

is low. For example, increase the life; to date, there have been approx-

imately 10,000 shots on the TSC with very little

L - L noticeable electrode ablation. (The switch is

c 0 x 100 - 1.8 percent (2) designed for 106 shots, for a total of 5173 coulombs

L2 + L3 of charge tra.afer at the 300-joule pulse level.
This sintered Elkonite mix romprised 75 percent

tungsten and 25 percent copper by weight, and 58
In the actual PFt, the helix was simulated by four percent tungstet and 42 percent copper by volume.

separate coils. Since the insulation on the cable A spark gap made of a similar mix has been able
was stiff, no structure was needed to hold tne to accommodate up to 28,000 coulombs in a recent
coils in place; however, this feature also made research spark gap program (ref 3). Although oper-
it difficult to form the coils. Consequently, the ating conditions are different, there is a strong
final assembLy deviated somewhat from the helix possibility such a design will accmmodate the

design, required 5173 coulombs.
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Ion Physics Corporation had to slightly modify If the voltage drops below 1/2 V1 by a large
the TSG for operation at this voltage. This amounted enough amount, it viii overstress gSaps I and 2 and
to changing the radius slightly on the electrodes. cause prefire during tchg. Figure 6 illustrates
The final product is outlined in Figure 4. what happens if the time constants are not right.

The top wave represents a typical resonant charge
of the PFN. The next wave is half of the PrN
voltage all during tchg. This is the desired con-

diton.Thebotom aveshows what can happen if
T is too long.

ACCEPTABLE CONDITION FOR MIOPLANE CHARGING VOLTAGE:

v2 - (o.955)(- Vi), if - - 0.1 tch

PFN VOLTAG

V 2

7--257 3. +-- 2. 47" e  20 8 r O

L 237 ,.375-7 ttchg5
IMT>' tch.g

DIMES IONS IN INCHES

Fig. 4. main discharge switch chg
FIRE
POI NTe

TSG Grading Netvork TIME, SEC

Special consideration had to be given to the Fig. 6. Charge voltage on PIN and V2 in
midplane biasing and triggering network because the figs. 5 and 7
PFN was being resonantly charged in approximately
7.5 sc. For the circuit in Figure 5, the voltage can

Figure 5 shows the midplane TSG with trigger be expressed as follows if the PFN is resonantly
circuit. Resistors RI and 12 are used to hold the charged:
trigger electrode at 1/2 V . This fraction of V
should remain constant during and after charge; VPN -V(t ) - Vo (- coswt)/2 (4)
however, if the circuit time constant (T) ia greater (e)
than 0.1 times the charge time constant (tchg), a
misfire can occur. In this case, the voltage on the midplane V2 can be

found any time during the charge in the following
manner:

CIRCUIT TIME CONSTANT-

(RI R) R4 R5 C2 -V V RCo wRC(l - -t/RC),
2
(t) 4[(WaRC) 2 

* "1"1

f1  V f,, 1 (1 - cos wt) - sim is

TO a V V 1(, fC)2(l - a -t/RC), 21/ (6)

2 where

V2 (t) a voltage on nidplane during chargeC
TRGE INPUT 

V2 a peak voltage on midplane

VOLTAGE OV-- / Vo  * peak voltage on the PIN

t16 0 ~R - R1l1 12 +R4 R

C " C2

(0 -2 w /
2 
t p - / t p

Fig. 5. Midplane TSG with trigger circuit t - time, sac
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It may be impractical to decrease C2 or R to lower T to anole ringing. The laser cavity snould produce
i in circuits Where tche is too short. If CZ is too less EI. In addition, improved 92l shielding of the

low, there may be insufficient charge to turn on the scope should result in more reprosentative results.

TSG; if R is too low, the power losses, especially
at high voltage, may be too high. An improved cir-
cuit is shown in Figure 7.

The voltage grading system was modified to make

it less sensitive to frequency. This is basically a

capacitive divider; when C 2 " C3, the charge voltage
tends co divide up in such a way as to keep V2 at

1/2 V1 all during t chg"

VZ I VpFK CL/L + CZ ) (7) -

(t) (t ) .

where V2 - the voltage on the trigger electrode of
the iSG. [

L --- J 2 R
2

* U t

F. S. Pulser generator circuit

r "E Figures 9 and 10 show how the pulser operates

YOLTArE oy in industrial-grade synthetic air and in nitrogen.

The jitter is slightly worse in air than in nitrogen.
7 Also, increased jitter was probably experienced

because the trigstron was operated in an inferior
mode, i.e., the trigger was driven negative while

the anode was positive. This was an easy way to
Fig. 7. ldplane TSG with mdified trigger the midplane; however, it undoubtedly added

grading network to the jitter and prefire problem. The 10 percent

prefire does not preclude use of the pulser to power

Because IL4, R5 , end R6 are relatively small, they the CS 2 cavity. If prefire occurs before the E-beam

drop little voltage while CZ is being charged. Thus, turns on, the output voltage will be high enough to

they can be neglected as far as the tchg period is turn on the overvoltage gap. The energy will be

concerned. The function of the inductor, L, is to absorbed in g9 and the PR4 will be ready to be

keep C3 from Putting a capacitive load on the trigger charged up for the next pulse.

circuit. However, it's reactance must be low during

the charge period to keep from introducing a signifi-
cant reactive voltage drop. J

Inductor L is effectively in series with C3.
It therefore must be designed with a low interwinding

capacitance to prevent overloading the trigger circuit. 0
1 -p.oICT 'n JINE

Pulser System Circuit X x
0 0tVCtNI POLrPRE

As shown in the pulser system circuit, Figure 8, iz.z ItC a"I J 1
the trigger circuit consists of an SCR pulse gener- so
ator driving a hydrogen thyretron. The thyratron in

turn drives a triatron-type TSC that turns on the
midplane TSG. In addition, an overvoltage gap (OVG)
is used in case the TSG's prefire or if the load is C11'GI4, 60
missing due to a malfunction in the laser system. If s

this happens, the PFN will discharge through the OVG

into R9 and be ready for the next pulse.
The charging circuit always allows at least

3 moc of off time for the TSG's to recover before
the PFN starts to recharge. In addition, to augment
recovery, a small fan was placed next to each TSG
to blow a small amount of gas across the gaps. 2C

Results

All tests were done onea dummy resistive load 6-
of 7.8 onm. Monitoring waveforms proved to be a 0 ... . 0 o 5 4 so
difficult task because high-level radiation from the PISMO AIN

pulser and the load generated interference on the psl

scope. For this reason, no definite percentage of
the high frequency hash in Figure 3 can be attributed Fig. 9. C92 pulsar performance in air
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,10 In this laser, the operating voltage on the
cavity is significantly below the static breakover
point. Therefore, the cable-ringing on the pulse 49l

TO KAMIT PFiE will probably be acceptable. If this ringing does
' ±.05 .SEC 1IS nt present a problem, more inductance between the outputI of the PPM and the input of the cables would lover

the ringing and probably would not appreciably
increase the output pulse rise and fall tim.

__T____ - Recent work done to extend the useful life of
2 /SEC RNS I TT R TSG's makes them an inexpensive alternative to the

thyratron, especially for applications that require
very high voltages and short pulses (ref 4).

CARC ING 60 In this application, as the PPl voltage increases.
VOLTAGE,KV the jitter decreases; however, the percentage of

cycles with prefire increases. This high incidence
of prefire is probably because the Crilatron is not

• being operated in the best mode.
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of wave than in the better PPM, e.g., it is at least 2. Zaret, H., Electro-Magnetic Theory, Regents
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probably not the best-configured capacitor for low
inductance because there is no way to lower the inter- 4. Clark, W., High Power Spqrk Gap Development,
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OPERATION OF A 300 kV, 100 LHz, 30 KW AVERAGE POWER PULSER*

M. T. Buctram and G. J. Rohwein

A Sandia Laboratories, Albuquerque, New Mexico 97185

Introduction

Applications for efficient and reliable pulse Dual resonance transformer charging was chosen for

power systems with long lifetimes (>108 shots) are this repetitive pulser application because of the high-

foreseen for electron beam generators, ion beam energy transfer efficiency attainable with this method.
accelerators and lasers leading eventually to iner- In the present system, 94 percent of the energy stored

tially confined fusion reactors. These systems will in the 1.5 _F capacitor is transferred to tht PFL. The
have to be capable of continuous operation for sus- 6 percent energy loss is dissipated in the 1.5 _F

tained periods without requiring malor maintenance or capacitor, the switch, and the transformer.
repair. High operating efficiency will be required
not only to minimize power consumption but also to The complete pulser system has undergone tests

avoid heat build up and consequent damage to compo- lasting a few minutes at rates up co 100 pps and 30 kW

nents. The system described in this paper represents average power. The longest continous run was one

an initial effort to develop an efficient energy million shots at 40 pps and 7 kilowatts average power.

handling high voltage pulser to study the problems of A total of approximately 2 x 107 shots have been fired

long life components. since the machine became operational. Throughout all
the tests runs there have been no major component

failures or damaging heat build up problems.
General Description

The 350 kV, 35 kA, 30 ns, 100 pps accelerator, Low Voltage Section (Modulator)

shown in Fig. 1. consists of a low voltage modulator
section, a voltage step-up transformer, a pulse A modulator was built into the low voltage section

forming line (PFL), a high-voltage switch and a load of the pulser to facilitate control of the pulse race
resistor or diode. To date only the resistive load and operating voltage as well as to control the grace
has been used. Figure 2 is an electrical schematic (no voltage) period on switch Si between the 1.5 _F

of the system. The modulator converts dc power at capacitor and transformer.
11.5 kV to primary pulsed power at 21 kV by resonant

charging a 1.5 uF capacitor from a 14.5 uF capacitor. The modulator consists of a 14.5 ..F first stage
The 1.5 . capacitor is subsequently discharged capacitor (C1 ) whi-h resonantly charges the 1.5 _F

through the primary of the voltage step-up transformer second stage capacitor (CI) through a diode stack, a
to charge the PFL to 700 kV. Near the peak of the 170 mkl inductor and the first stage spark gap switch
charge cycle, the output switch self fires and ener- (Sl). With C1 maintained at 11.5 kV, C2 is charged to
gisee the load. At full voltage and 100 pps, the 21 kV for a 1.83 voltage ringing gain. The series
average power output of the system is 30 kW. diode stack, D1 , prevents reverse current flow between

C 2 and C1 before S2 is fired. This allows S1 to self

- ,,, extinguish when the charging current goes to zero and
to be cleaned by continous flowing air for approximately2 ma before Si is fired. The charging voltage waveform

-° - " at C2 is shown in Fig. 3.

S , m , 'Sweep I ms/div

-Voltage 7.5 kV/div

K90 in, 100 No FIGURE 3.
ELCrNh UEAM ACCELERTOR

TICE 1. During the dual resonance dischargi cycle, a
54 percent voltage reversal occurs across C2. The out-

SIa sput electrode of S] is clamped to ground with a diode
, a 11 stack, 02. during this reversal. Without the shunt

''*diodes, S1 would be required to stand off nearly twice
aw tothe normal voltage or approximately 18 kV.

TAW I toa to The switches S, and S2 ore shown in Figs. 4 and 5.
Switch S, is a trigatron spark gap which operates at
a maxim of 30 A. It has a tubular recessed trigger

T1. 1.1 RL electrode insulated from the main electrode with a
high strength alumina ceramc tube. By recessing the
trigger electrode approxisately 2 me, it was found that
erosion of the trigger electrode was virtually

so~c OF as mmma is work was supported by the U.S. Department of
FIGURE 2. Energy, under Contract AT(29-1)-789.

303

CHI$371.417810000-0303SO0.75 01978 MEE

-I-----a



TRIGGER ELECTROOE The gap is normally operated with a spacing of

EXHAUST COMIwC INSULATOR 4.8 -e on the high voltage side and 3 -i on the output
side It has a wide triggering range as illustrated

MR in Fig. 6 which results in highly reliable performance
when operated in the range of SO to 60 percent of self
break. The gap is triggered with a 50 Q coaxial di:

HOUSING charge cable coupled to the trigger electrode through
a 2 nF capacitor and a peaking gap. With this arrange-

MI ELeCTRODE mant the measured risetime of the trigger pulse is3 flu and the switcih typically fire. with an average of

two to three current channels.

EXHAUST

FIRST STAGE SMTCH
Vi

FIGURE 4.

mee Inu AN IN

we It 30s '&nIs filM
IN R" upl 6

FIGURE 5. PNUU (PR)
FIGURE 6.

eliminated. With copper main electrodes the tip of
the ceramic tube will remain intact for greater than Transformer aNd Pulse Formins Lino
106 shots before it is necesseary to renew the end by
light sanding to remove resolidified metallic elec- The PYn charging transformer (Pig. 7) is an air
trade debris. core spiral strip design with a 60 ca diameter single

The switch housing is purged at a rate of approZ- turn primary surrounding a 44 turn copper-mylar ec-
imately 10 SCYN with a continuous air strm w i ondary winding. The width of both windings is 10 cm.
introduced at the periphery of the acrylic housing The electric field on either side of the windings is
cavity and forms a vortex flow pattern through the constrained to a coaxial distribution by concentric
switch. Residual ionized gas and electrode debris are field shaping rings on the core and case. This scheme
expelled from the switch through the center of both minimizes the field enhancement at the edges of the
electrodes, spiral strip and prevents breakdowns which would other-

wise occur from the edges of the secondary winding.
Switch S2 is a 15 ca long rail gap with a 6 aM At full voltage the winding stress is 12 kV/cm which

wide trigger bar backi- by a perforated air distribu- should provide a life of greater then 10 shots. The
tion tube. At msaiom power it operates et 21 kV and external case, flanges and core are fiberglass rein-
32 kA. It has a polycarbonate housing and a brass forced epoxy composition with an epoxy filling between
cover through which the hot gas and debris are the field shaping ringe. The windings and the open
expelled. Cooling air is delivered to both the main volume inside the transformer are Impregnated with an
electrodes and to the trigger electrode. The gap is oxidation inhibited mineral oil (Exxon 2930 x-ray oil).
continuously swept by air flow as indicated in Fig. S. In separate tests this oil In combination with mylar-
The jetting action from the perforations in the tube copper windings had a breakdown strength of 580 kW/cm.
below the trigger bar draws air from below the main The ends of the transformer case are covered with
electrode uniformly up through both sides of the Sap. 2. ca thick acrylic plates to confine the ore and
This flow pattern not only effectively cools the support the ends of the core.
electrodes but also prevents debris from being depos- The transformer has a I UR primary inductance,
ited anywhere on the insulating surfaces of the
housing. a 1280 UR secondary inductance, and a 30 UB mutual
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SECONDARY The PFL is a 10 a oil-insulated, coaxial trans-
EN0 PRIARY / mission line with inner and outer diameters of 46 and
HI CA. 61 cm, respectively. its electrical length is 15 ns.

NSUCTOR It is connected to the transformer through the 488 te ituning inductor, a helix of 12 gauge insulated wire
rapped on a 30 cm acrylic tube.

Hish Voltage Switch

The output high voltage switch is the untriggered
gas spark gap shown in cross section in Fig. 9. Air

was the dielectric for most of the work done to date
although some data with SF6 are now available. The

maximum operating parameters for this switch ate break-
down at 700 kV followed by a 35 kA current pulse

lasting 30 ns (into a matched load). Minimu. recovery
time is 10 ms. With the exception of the current which

PQINARY ,,MF SWITCH is typically held in the range of 12 to 20 kA with an
FEEDTHIMH CAPACITOR overmatched load these parameters have been achieved in

short runs. Typical operating parameters have been

FIGURE 7. 500 kV, 13 kA, 40 pps for the longer runs (in excess of
10

5 
shots).

inductance which -sults in a coupling coefficient
of 0.84. To adapt the transformer to dual resonance

charging, external inductances of 0.420 AH and 488 AH

were added to the primary and secondary sections of

the circuit, respectively, to match the frequencies
and reduce the effective coupling coefficient to 0.6.

(Dual resonance charging results when the primary and

secondary frequencies are equal ie, LiC1 - L2C2,
and the effective coupling coefficient of the trans-

former is 0.6. Under these conditions the maximume
charge transfer occurs at the peak of the second or

reverse voltage excursion of the secondary capacitor

C2 . In a lossless system. 100 percent of the energy

is transferred from C1 to C 2 )
1 5  

Figure 8 is a plot

of the charging volta$ on the PFL for this system.
The measured transfer efficiency is 94 percent. A

21 kV charge on C2 is required to reach 700 kV on

the PF.

OUTPUT NV SWITCH SREAKOOWN

FIGURE 9.

The switch operates at pressures up to 10 atm with

a gap length of 1.3 to 3.8 ca. Its cylindrical acrylic
housing (2) has a 20 cm diameter and is 19 cm long.

Compressed air or SF6 is injected tangentially through

two 1 cm ports in the acrylic wall (not shown in

figure) and/or (4) through 8 ports in the large elet-
trade (5) to form a rotary flow pattern which sweeps

Vand cleans the housing. By this procedure housing

Sdamage in 2 x 107 shots has been reduced to a yellowing
1 ! | 1 of the acrylic. There is no reason to believe that

housing damage will limit the lifetime of this switch.
- EIM('es) Exhaust gea exits through the center of the large

electrode passing through a copper cooling coil (8)
--5 located within the high -oltage structure before enter-

ing nylon lines through the high field region. Because

of allight field enhancement, breakdown occurs over a
60 c band at the flat portion of the large electrode

-s (1) during normal operation. tn a stable operating
regime the sperk strikes randomly over this area from

shot to shot. Grossly unstable operation (correspond-
. s ing to a large spread in breakdown voltage including

95--breakdown on the positive half cycle of the dual reo-

nance wavefora) is generally accompanied by a "settling

in" of the spark at one spot on the electrodes. Pre-

FIG 8. sumably this spot becomes overheated weakening the
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dielectric strength of the gas in its vicinity and ' 1 11
switch performance degrades rapidly. 40

To achieve optimal power flow efficiency the M $CF#

spread in switch closure times must be minimized and o -aIts am
the switch should close as close as possible to the
peak of the charging voltage waveform. Because of the
spread in breakdown times, closure too near to peak
leads to ringovers, i.e., pulses in which the switch 4

does not close. Ringovers aust be minimized to avoid k 41 SUN

energy dissipation in sensitive elements of the pulser, 2-
particularly the transformer and second stage capaci-
tor. The magnitude of the statistical spread in
breakdown voltage determines the mauimum fraction of
peak PYL voltage at which the output switch may be -

operated. Us

Stability of the breakdown of the output switch 0 ON SON

is monitored as shown in figs. 10 and 11. Voltage on 0 a" m

the PFL (denoted by Vc2 in the figures) is sampled by
a capacitive probe. (Resistive probes are also used
but have a tendency to overheat.) A start signal is I
generated by discriminator Dl when the probe voltage
crosses a preset threshold V1 at time t1 . This three- M00

hold is set to be above the switching noise at t - 0. 0 I0 SCFN
This signal starts a time-to-digital converter (TDC) 10J ouaw
which digitizes the elapsed time to a stop signal r
generated by differentiating the voltage waveform
and triggering a descriainator on the rapid rise of
the dv/dt waveform at time t 2 . The digitized time 0
interval (with a 5 us least count) is fed through a
CAMAC compatible interface to a PDP-ll computer. ION SCP

3.5 41 4.1 -

-,- - Iewf (Mm)

FIGURE 12.

TIME rte isincreased, the early time tail and prefires
vanish leaving an approximately Gaussian distribution.
Figure 13 illustrates this approach to stability by
plotting the standard deviation of the breakdown time
distribution versus flow rate. Stable switch operation
requires a gas flow rate corresponding to the flat por-
tion of the curve. In this regime there are no break-
downs outside the normal tails of the Gaussian distri-
bution.

Figure 14 displays the time distribution for a
run of 106 consecutive shots overlaid with a Gaussian

tF matched to the data. The standard deviation for these
FI GURE 10.

glstograma of the type shown in Fig. 12 are pro-
duced online. This sequence is taken at a constant
maximum M voltage of 530 kY snd constant repetition , I

frequency of 40 pps with a varying flow rate. for the 0 m as
lowest flow rate the distribution of breakdown times
hbe a pronomoed tail toward early time. This is FLOW RATE (=cN)
accompnled by breakdown on the positive portion of
the cargints waveform (prefires). As the gas flow FIGURE 13.
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resonance waveform gave a 12.5 ns standard deviation

HIGH VOLTAGE SWITCH which is 0.7 percent of the total waveform duration.

4. 1000001 BREAKOOWN TIME STA8ILITY Cv preionization was essential to stabilize the switch

for I pps operation. The standard deviation of the
breakdown voltage distribution was below 1 percent with

good preionization (the jitter was essentially unmeasur-

able from oscilloscope traces). Without UV it was in

, , -2o the range of 3 to 5 percent of the mean breakdown
voltage. While detailed measurements of switch stabi-

8000 lity with preionizacion have nor been made at higher

I repetition rates, the time jitter data given above
indicate that with sufficient gas flow the stability

at higher repetition rates without preionization is
Z similar to the stability at lower rates with preioniza-

9 tion. This would imply a conditioning of the gas by

60001 previous shots decaying with characteristic time which

might be in the range of 0.1 sec.

Similar results have been obtained using SF6 .

(For economic reasons air was preferred to SF6 before a

a recirculating system became available.) Preliminary

Idata with SF6 show a Gaussian breakdown distirbution
400001 for 700 kV, 50 pps operation at 450 SCFH with a gap

spacing of 1.3 cm. The standard deviation was 30 no as
should have been expected for air. The required flow

rate for air would have been about 25 SCFM under these
conditions in a 3.8 cm gap. Thus the SF6 flow rate is

4 eroughly down from the air flow rate In proportion to

the gap ratio.

Switch Lifetime

A primary goal of this work is to establish and

enhance the lifetime of spark gaps which is assumed to
be limited by electrode erosion. All spark gap terc-

-z0 zoo trodes were weighed before and after the previously

TIME FROM PEAK mentioned 106 shot run. *.aveforms were monitored to
establish the charge transfer and action integral per

FIGURE 14. shot. The following tables summarize the results:

data is 44 ns. In this case the standard deviation Table 1. Rail Gap Switch

is artificially broadened by drifts in the switch
pressure during the run which lasted over seven hours. Mass loss, main electrode 9l (brass). & 2

For shorter runs. during which the pressure was more Hass loss, main electrode #2 (brass), g 1.9

nearly constant, the typical standard deviation was
30 no. Figure 8 displays the PFL voltage waveform Mass loss. trigger electrode (60/40 5.4

together with two standard deviation wide bands in Elkonice), 8m

time and voltage. ote that 44 ns Jitter in time Charge transfer per shot, (SIdt), coulombs 36 x I0
-

corresponds to 1.8 percent spread in the breakdown 3

voltage at the operating point for the 106 shot run. Charge transfer total. coulobs 36 10Action per shot, (ftIdt), amp 2-sec 592
Asuming the breakdown time distribution is truly Action, total, amp

2

Gaussian. it is possible to estimate the ringover rate. see 592 x 106

Defining a ringover very conservatively as any break- Erosion. g/coulomb

down occurring after voltage peak, the criterion for Main electrode -6 5.6 t 106
a fraction f of ringovers is that the tail of the

Gaussian beyond peak voltage have an area f (where the Man electrode #2 -6,8 i 10
-

total area under the Gaussian is normalized to L). T
6

for one ringover in 106 shots, the mean breakdown time Trigger (half 2of 2-e total) 0 x 106

should be 4.8 a before peak or 144 no for the typical Erosion, g/amp -sec

observed 30 ns width. At that time the voltage is
97 percent of peak. Allowing for other instabilities Main electrode #1 3.38 x 10

"9

such as are observed in the gas system the typical Main electrode #2 3.21 x l0
operating point has been reduced to 90-95 percent of -9
peak. Aasuming that the same stability could be Trigger (half of 2-arc total) 4.56 x 10

achieved in a triggered switch, there should be no
prefires for operationat any reasonable point. e.g. The average power dissipation in the rail gap was
Les than 90 percent of the selfbreak voltage. monitored during the million shot run by measuring the

A 30 ne standard deviation is 0.5 percent of the temperature rise (75") in the air flowing (2.23 lb/min)

total duration of the dual resonance vaveform. Pro- through the switch. Based on these measurements the

t u date taken with this ame switch (and IW pro- average power dissipation was 704 watts or 17.6 J/pulse,

ionization) at I pps using a 1.7 's quasi-dual a full 10 percent of the total system power. This
energy is dissipated during the PF. charge cycle and
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during a lower amplitude ringdown period after the corresponding to a total volume loss of 12 cm . At the
high voltage switch fires if residual energy is left observed erosion rate of 2 x 10-8 cm3 /pulse, the esti-
in the system. mated switch lifetime is 6 x 108 pulses.

Data show that 6 percent f the energy stored in 14

the 1.5 uF capacitor is lost during the dual resonance
charge cycle. From measured values of equivalent Table III. High Voltage Switch
series resistance in the capacitor and transformer it
is estimated that each accounts for approximately Mass loss, large electrode (Elkonite), g 0.352
17 percent of the energy loss leaving 66 percent
assumed dissipated in the rail gap switch, the only ao
other significant loss element in the primary circuit. Charge transfer per shot, coulombs 6.5 x 10-

With the output switch operating at 95 percent of peak,
10 percent of the originally stored energy remains in Charge transfer total, coulombs 650the primary side of the circuit when the PFL is dis- Action per shot, amp2-sec 5

charged. Calculations have shown that very little of 2_ 6
this energy couples through the transformer and is Action total, amp sec Sxl1

dissipated in the PFL load during the ensuing ring- Erosion, g/coulomb
down. For the conditions of the million shot run, -4
-therefore, an estimated 1.7 J/pulse was dissipated in Large electrode 5.4 x 10

both the transformer and capacitor and 6.5 J/shot in Small electrode 2.9 x 10-4

the rail gap switch during the PFL charge cycle and 2
17 J/pulse remained in the primary side after the out- Erosion, g/amp -sec
put switch fired. Assuming that the proportionate Large electrode 7 x 10-

energy loss remained constant during the late time -8
ringdown, an additional 2.9 joules were deposited in Small electrode 4 x 10

the transformer and capacitor and 11.2 joules in the
switch making a total of 4.6 J/pulse in the trans- Conclusion
former and capacitor and 17.7 J/pulse in the switch.

The 100 Hz, 350 kV, 30 K. time averaged power
Although the absolute accuracy of the close pulser has operated successfully for over 107 shotscorrelation to the measured 17.6 i/pulse may be viewed with runs ranging from full power for a few minutes to

with considerable reservation, it does illustrate the

significant heat deposition that can occur in system a continuous run of 106 shots (7 hours) at reduced

components when comparatively small fractions of power. Throughout the testing, the transformer and
energy are lft in the s . capacitors have shown no signs of deterio ation indi-

cating expected lifetimes in excess of 10" shots.

The three spark gap switches used in the circuitT'able 11. rnterstage Gap have also performed satisfactorily. The low current

4ass loss, main electrodes (copper), g negligible trigatron interstage switch which controls the charging
of the second stage capacitor and the rail gap in the

Charge transfer per shot, couomLs 24 x 10-  primary circuit of the transformer require service

Charge transfer total, coulomba 24 x 103 intervals in excess of 106 shots without using heavy
2 metal electrodes. With tungsten alloy electrodes these

Action per shot (fIdt), sap 2 sec .58 service intervals should at least approach 107 shots.

Action total amp -_sec 580 x 10~ 3The untriggered 700 kV output switch has been

shown to have a stable operating regime for each volt-
Table 11 presents erosion data for the interstage age and repetition rate at which the system may begap- The weirht loss from the main electrodes was operated. Estimates based on the data indicate that

unmeasurable with the instrument used. Assuming, how- the switch ought to operate stably at i maan breakdown
ever, that the erosion rate of the copper electrodes voltage of 95 percent of peak and no more than one ring-
could be scaled with the action integral and the data over per 106 shots with lifetime near 109 shots.

for the brass electrodes in the rail gap switch the
expected erosion of the interstae gea electrodes Acknowledgements
would have been approximately 2 x 10- g which could
not have been measured. This would have made the -6 The authors wish to thank K. R. Prestwich for his
erosion rate in terms of charge transfer .083 x 10 valuable coments and suggestion& in support of this
g/coulomb which is much lower than that for the rail work. The assistance of J. P. Corley and M.W. O'Malley
gap. Since the total charge transfer through the is also acknowledged.
interstAge gap was comparable to the rail gap and the
erosion was not, this result strongly suggests that
electrode erosion can not be accurately estimated with References
charge transfer considerations where widely different
current densities are involved. 1. G. J. Rohein, IEEE Trans. Nucl. Set. NS-22 (1975).

Table II presents erosion data for the high 2. r. 8. Martin, SC-RR-71 0341 (1971).
voltag switch. Based on these data for the large
electrode 2f the high voltage swtch, the erosion rate 3. E. A. Abrowysn, IEEE Trans. Nucl. Sct. !S-18 (1971).
is 2 10- /hot ( , - IS gc) The d .ma
pattern on this electrode has an area of 60 cm'. 4. D. Finkelstein, P. Goldberg, and J. Shucetusits,
Assuinng that an erosion induced increase in the gap Rev. Sci. Instr., 37, No. 2 (1966).
of 10 percent can be tolerated, the switch could sur-
vive removal of 0.2 cm from the face of this electrode 5. C. R. J. Roffman, Rev. Sci. Instr., 46, go. 1 (1975).
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