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ABSTRACT

Ultrafast pulsed power systems have proved to be effective energy sources for
transducars to produce intense X rays, dense electron beams, and very high
temperature plasmes. The principal function of a single shot or low vrepetition
rate pulsed power system is to accept energy at low power levels and subsequently
to deliver such energy at extremely high power levels, with maximum efficiency,
to a suitable transducer. This objective can best be met by use of either dis-
tributad or lumped-constant pulse forming networks where optimum performance is
reaiized by maintalining the proper impedance match between the power source and
transducer throughiut the energy delivery process. Attainment of the proper
izpedance match can jmpose stringent and sometimes contra-indicating requirements
upon the dielectric storage msdila; the switching mechanism, and the transducer

charber.

The most promising approach to such power sources appears to be a pulse-charged
two-stage coaxial Blumlein system. Such a system can deliver 25 kiloamperes at
2 megavolts in a pulse width of 40 nanoseconds to a suitably matched flasi:

X-ray tube to produce relatively high dose rates with long tube life and minimal
maintenan.c  The performance of & Blumlein exploding wire system, with respect
to the rate of energr transfer, 1s primarily limited by the uncancelled trans-
ducer chamber inductance--a function of the insulation spacing needed for voltage
hold-off. High dielectric-constant liquids may ailow reductior of the trans-
ducer chamber impedance to the cxtent required to give di/dt values closc tu
1014 amp/sec for wires a few mils in diameter. Attainment of transducer

chamber voltage gradients of 300 kv/cm or better in vacuum will result in di/dt

values of 1 to 2 x 1013 amp/sec.

1ii
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SECTION I

INTRODUCTION

Ultra-fast, low-impedance, high-peak-power pulsed systems have
proved to be 2ffective energy sources for driving various types of transduc-
ers to produce interse X rays, high-density electron beams, extremely high
temperature plasmas, etc,

As an example, fifteen 320 kv, 70 ohm, 50 nas pulsers were success-
fully, sirnultaneously discharged in parallel into a common 'oad in a 20-
billion watt exploding wire system developed by Field Emission Corporation
(Ref. 1) for the Air Force Weapons Laboratory, Kirtland Air Force Ease,
This specially designed apparatus, complete with extensive instrurnentation,
is being used by AFWL for the sir ' :ion of nuclear veapons effec:s by the
generation of plasmas, shock waves, clectromzgnetic radiation, etc., by ex-
ploding wires of varicus types and geometries.

While the foregoing example represents a significant accomplishment
it appeared pcrssible to achieve significantly higher peak-power capabilities
in these areas. Thevrefore, the investigation described in this report was
initiated for the purpose of identifying prornising approaches to new and
better pulsers, to determine certain areas of difficulty, to evaluate perform-
ance capabilities and to weigh the relaiive mexits of the various pulser
systems with respect to their estimated compliexity and cost of developrnent,
and manufacture, This study furthermore calls attention to certain-2veas
where insufficient engineering information is presently available and further
studies necessary.

As background for this study, Section II of this report is concerned
with some general aspects of energy storage and delivery., Specific attention

is given to the principles of operation of field reversal generators, which are
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proposed as the most pro nising general design approach. This is followed
by discuseion of a numrer of general pulser designs and related circuitry.
Attention is then devoted to the specific areas of interest, namely a modest
energy and voltage ultra-fast exploding wire system, and a higher volzage
system design for radiation effects application., Section IIl presents certain
design support data which zre pertinent to the systems discussed. SectionlV
presents detailed design:ii proposed for achieving a number of specific outputs
Finally, Section V summz:rizes and evaluates the main results of the study

and reviews certain problem areas where further work is currently needed.
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SECTION 11

GENERAL DISCUSSICN

1, General Principles of Operation

The principal function of a single-shoi or low-repetition-rate
pulsed power system is to accept energy from a low voltage source, over a
relatively long period of time and at modest current level, and subsequently
to deliver such energy with maximum efficiency, at high voltage and current
levels and within an extremely short time. This energy is usually delivered
to some kind of transducer, such as an exploding wire or an electron tube,
which may in turn generate X rays or neutrons or extract the electrons into
an accessible region, The basic energy conversion efficiency in these
processes is usually quite low and it becomes important to maintain maxi-
mum efficiency in the transfer and conversion of stored energy from the
pulser to the transducer,

Maximum energy can be transferred to the transducer in mini-
mum time when an impedance maich is maintained between the power source
and the transducer throughout the energy delivery process. The sensitive
voltage dependence ¢f X ray and neutrc yields suggests the possibility of in-
creasing radiation output by intentional high-impedance mismatch of the
transducer - - however, as discussed later in this report, consideration of
all factors invnived may still show a net advantage for matched load opera-
tion.

For many applications it is desirable to supply the transducer
with a shcrt pulse delivered from a constant impedance source. These ob-
jectives can be met by use of either distributed or lumped-constant pulse-
forming networks, provided certain requirements can be satisfied: namely,

the dielectric storage media should exhibit low volume and surface leakage

3
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(:reep) during the time of charge, and should withstand very high fields before
the onset of the output discharge; high energy density storage may be impor-
tant (this in turn may dictate the use of high dielectric constant materials for
energy storage); the geometry of the pulse power package should be suitable
for efficient energy storage; there should be ready access to the storage
elements from the charging source; the design should permit eifective cou-
pling at the proper impedance level either directly to the transducer chamber
or to a transmiseion system capable of delivering the energy undistorted to a
transducer; there needs to be a reliable, convenient, efficient method of
switching the energy from the stressed dieleciric to the load.

It has long been recognized that switching probtliems are among

the most severe encountered in the design and development of a suitable low-
impedance fast-pulse power source. Switching energy from the pulser to the
transducer chamber should introduce a minimwmn oi resistive ioss, induct-
ance and distortion, Switches should exhibit long life, or at least have read-
ily changeable electrodes and/or dielectric.

Furthermore, the energy delivered by the.pulse generator must
be coupled to the transducer by means of a transducer chamber. As dis-
cussed later in this report, this frequently poses serious design proolems
because of couilicting requirements for impedance matching, voltage break-
down, instrumentatiol: requirements, otc., depending on the specific trans-
ducer employed.

2. Basic Characteristics of Pulse-Forming Lines

Energy storage pulse-forming lines are of a distributed or
lumped-constint nature. As pulse lengths become shorter, storage net-

works become preponderantly of the distributed type. A distributed line is

constituted of two electrodes separated by a dielectric having geometric and
dielectric characteristics such that a constant impedance is found at every

point of the line at any point along its length. Formulas relating line imped-
ance to certain line geometries are given in Figure 1,

To illustrate the interrelationships of various parameters, con-
sider the elementary strip-line-network pulser of Figure 2, where V_ is the

charging potential, RL the load resistance and W, h and ,2 the strip-line
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Co — Axial

Zo=60 —1In D7y ,where v= velocity
of an electro - magnetic wave in the
dielectric media and c is its speed in

vacuum.
! D
£0=60 in ¥/,
0 e, d
Strip Line

\ l
3 | h . LA
A h |
3 ilw =377 & E__;'—
Single Wire — Ground
——ldl—-
- — - v 4h
® $ 2o = 138 < 109y 3
h
= - 4h
Figure 1 Three Types of Transmission Lines and the

Corresponding Line Impedance Formulae.
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Figure 2 Typical Circuit Employing a Transmission

line as a Pulse Generator.
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width, spacing, and length respectively. The characteristic impedance of

this type of tronsmission line, neglecting edge effects, is

= h 1
Zo 720 '\ﬁ".\]f_r (1)

thren is the intrinsic impedance of free space
o .

7(0 -'W/Po/eo = 377 ohms (2)

€. the relative dielectric constaat, and € and p the permitivity and perme-
ability of frec space. The switch S isolates the energy stored in the line
pulser from the load RL’ which is assumed to be an impedance match to the

pulser for the present discussion:

RL = Zo (3)

Upon switch closure a voltage wave, which can be approximated by a step

functicn if the switch is nearly ideal, develops across the load at a voltage

Vo = VC/Z (4)

The pulse length of the voltage applied across the load is twice the electrical

delay length L!v of the transmission line of Fignre 2, or

2l 2 Ve
(o]

2T =~ =

(5)

where v is the velocity in the dielectric and c the velocity in free space. The
transient phenomena of this discharge process will be discussed in some
detail later in this section.

For the case of a matched-load impedance all the energy W
stored in the lire during charging will be delivered to the load in the time Z'T'o,

and will equal the VIt product:
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2 &

\4 v r
W=V Itz 2=z ——2 (6}
o Z o]

Noting that the electric field or stress E for the strip line is
E=V_ /b (7)

and by substitution of equations (1), (5) and (7) in equation (6) one obtains

the stored energy W in the line as

2 3
wo B e e E° hwd (8)
- 2h7z0 c - 2

since

\
i ——
= 1/\/; o (9)

Noting that the volume of dielectric in the strip line is hw.l and the electric
stress E is approximately uniform over this volume (if edge efiects are

neglected), one immediately obtains the energy density in the dielectric:

Av: 2 (10)

This well-known formula (Ref. 2), obtained for the strip line in this example,
gencrally applicable to dielectric energy storage an® will be used in subse-
quent sections (e.g., Section 1I-7 and Figure 15) for general design and com-~

parison purposes,
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A brief discussion of elementary considerations regarding
current and voltage conditions on a charged line, prior to and during termi-
nition in a load, may aid in predicting current and veltage wave shapes at
any point along a lixe,

Initialily, the energy in a charged unterminated lire can be con-
sidered to be divided agually vetween two traveiing waves of a voltage ampli-
tude VCIZ having the same polarity and proceeding in opposite directions,
each being constantly reflected from the open ends cf the line. The resuit-
ant voltage at all points along the line is tqual to the charging voltage, while
ithe currents are equal and opposite and their sum is everywhere zero.
(Refs. 3,4). When the termination at either end of the line is perturbed
(such as connecting the iine to a load) the reflection at that end of the line is
also alterad. Only the vpen, sncrted, or matched impaedance cases will be
considered here.

The subsequent distribution of voltage and current along the
line as a function of time and position can be forecast by treating the oppo-
sitely directed waves independently, considering the reflections that occur at
each end of the line and then reconstructing the wave by surnming up the com-
penent waves at any point in space or time., A voltage reflected at an open
circuit experiences no change in polarity, while reflection at a short circuit
results in a reversal of the reflected voltage. Applying these principies to

the simple case of a charged line shorted at one end at time ¢_ while remain-

o

ing open at the nther end, Figure 3 shows the resultant voltage (heavy trace)
ag a function of position along the line; this voiizage, which is the sum of

the two waves {cross-hatched and nlain) in the line, is given for several
specific times expressed in terms of single transit time units, T, following
shorting at one end at time t,: In Figure 3, the voltage is given at all
positions along the line for five different times, namely some time prior
to t, and at integral multiples of T4 up to 1-1/4 7 following switch closure.

t can be shown that the sequence repeats once every 47, foliowing shorting

at vuc end at time to: Figure 4 depicts the same information in another
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Figure 4  Voltage Along a Transmission Line as a Function of Time,
¥ollowing the Tiine at Which One End of the Line is Short-Circuited.

11




e

AFWL TR-65-21

manner and shows the voltage as a function of time at the shorted end and at

each 1/4 length of the line thereafter to the open end.

The open end voltage is of major interest here since most field
reversal pulsers short the line at an end opposite the load; the reversed
voltage arrives - . the open end 7 sczconds later, and then persists for 27~

seconds.

While the open circuit voltage pulse firom a single line ie equal
to the charging voltage, the voltage developed across an impedance matching

load is only one-half the charging voltage.

3. Marx-surge Circuits

For high-power-line type pulszrs having impedance networks,
the voltages on the networks tend to become high, and may reach values
of 50 kv or more. Such high voltages, particularly for direct current
charging, frequently lead to engineering difficulties, and some form of
impulse-voltage multiplicaticn is desirable. The Marx multiplier circuit
(Ref. 5) may easily be adap:ed to this use,

A typical four-stage circuit of this type is shown in Figure 5,
including effective internetwork capacitances and network capacitances-to-
ground. The charging resistance Rc and isolating chokes L serve to conduct
currents to the several pulse-iorming networks during direct current charg-
ing, while preventing the condensers fr ..n being short-circuited through the
gaps during the pulse. These chokes L must therefore have a sufficient in-
ductance to prevent an undue portion of the pulse current from being lost
through them. After being charged, the pulser is discharged by triggering
the initial gap S| either by means of a third electrode or by some form of
radiation such as ultraviolet or X-ray excitation. The subsequent gaps S2 5
S3 and S4 are then discharged by a combination of overvoltage and ultra-

violet irradiation, the latter requiring adequate optical coupling between S1

and subsequent gaps.

Figure 6 is indicative of the pressure-voltage relationship which

may be rneasured for the gap firing conditions with a Marx-surge pulser
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Charging Voltage ——-—ptm

Typicai Operating Curve

Figure 6

Nitrogen Pressure ———=

Pressure-Voltage Relationship as Affecting Switch

Gap Firing for a Typical Marx-Surge Pulser.

[

TN e

14

e e o WS




— x0T S Bk St e
> > g s Lo A

AFWL TR-65-21

where the spark gaps are enclosed in a controllable pressure citamber filled
with some gas cuch as nitrogen. If the dc charging voltage is too high with
respect to gap pressure, the pulser will discharge spontaneously, termed
self-fire. It the voltage is below a certain critical level, triggering of the
spark gap S1 will result in discharge of only that gap, with the energy stored
in the pulse-forming networks being discharged through S1 rather than RLR
The pulser is normally operated at an intermediate level as indicated in
Figure 6. These spark-gap-firing conditions may be understood qualita-
tively by a more detailed examination of the circuit of Figure 5, taking into
consideration the internetwork capacitances (Ca, Cb and Cc) and the network-

to-ground capacitances (C., C_ and C3). The method of explanation is an

1’ 72
expanded version of that presented by Vorobyev et al., in their book: High-

Voltage-Testing Equipment and Measurements, 1960 (Ref, 6}. This bock is

recommended as a general text covering higa-voltage equipment and tech-
niquies, both dc and pulsed, and providirg general background for more
recent high -voltage developments.

At a time just before triggering of spark gap Sl’ the pulse-
forming networks (PFN 1, etc.,) are completely charged by means of the
power-supply voltagg VC through Rc and the seve.ral charging inductors L.,
The circuit junctions 1, 3, 5 and 7 (Fig. 5) are then at a potential VC, with
junctions 2, 4 and 6 at ground potential.

When the first spa:rk-gal; switch S1 is triggered, the potential at
junction 2 will increase rapidly to the same potential as junction 1. The rise
time is dictated primarily by the inductance and resistance of S1 and associ-
ated wiring which impedes the flow of current, and by the effective capacity.—
to-ground at point Z(Cl’ Ca' etc), which must be charged. The inductances
I, and resistance Rc are selected large enough t. permit very little current
flow from junction 2 to ground during the switching rise time; hence the po-
tential (after switching) at juncticn 2 will be just below VC, provided the
energy storage of PFN 1 is suvbstantially greater than the energy required to

charge the capacity-to-ground at this junction.
Since PFN 2 was fully charged, junction 3 will then be elevatcd
in potential to just beiow 2V by discharge of S;. The potential at junction 4

15
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will then depend on the relative values of the various internetwork and net-

work-to-ground capacitances, Referring to Figuve 5, C  is effectively

b

shunted across SZ’ and will tend to raise the potential of juaction 4 with re-
spect to ground. However, junction 4 is coupled directly to ground through

CZ’ and indirectly through C,_and Cl’ Cc and C3, etc. The paotential ¢

b
junction 4 will jump by the same amount Vc as the change in potential at
junction 3 if Cb iz much larger than the capacitance-to-ground, or *o a value

of abcat V. If C2 .8 much larger than C, however, junction 4 wiil tend to

b,
rernain at approximately ground potential. In the first case, the voltage
difference across S2 will remain ot about Vc, and gap breakdown will not.

occur. For the latter case, the voltage difference is about ZVC and S2 will
break down, provided the gap pressure and spacing are proper.

The pressure-voltage relationship of Figure 6 is thus explzined:
the no-fire potential point for a given pressure wnl then be substantially
lower than the self-fire point, provided that the Marx-surge pulser has sub-
stantially higher capacity-to-ground than internetwork capacity. Conversely,
relatively low capacity-to-ground, compared to the internetwork capacity,
will result in the nc-fire point being very close to the self-fire point.

Even with substantial overvoltage of gap S2 breakdown will occur
quicker with less time jitter (Ref. 7) wken illumination of gap S2 is achieved
by ultraviolet coupling between gap S1 and SZ' Coupling of all of the gaps in
this manner results in "priming" or creation of charged particies in the gaps.
These particles initiate electron avalanches in the presence of sufficient gap
voltage. Exposure of a spark gap to sufficient ultra: olet radiation can lower
the self-fire poirt below the unirradiated self-fire potential by as much as 10
percent, although with considerable delay and jitter at this extreme value.

It is therefore possible to discharge gap S2 somewhat below the self-firz
curve of Figure 6 even with little or nc capacity-to-ground, provided uitra-
violet gap coupling is employed.

Spark gap switch S3 (and additional gaps of pulsers having more

sections than slhiown in Figure 5) is iLen discharged in a similar manner.

The final or "output" gap (S4 of Figure 5), which isolates the load RL from

16
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the charging potential, is overvolted and breaks down when the potential
jumps at junction 7 since the other electrode is kept at about ground potentiai
by coupling through RL'

Wit'h a circuit such as that indicated in Figure 7, it may be
possible to obtain successful opesration of a Marx-surge generator well below
the self-fire level, but without the necessity of network capacity-tu-ground.
It is thus perhaps practical to extend the techriques to strip line (as shown
in Fig. 7) or coaxial distributed-energy-sir~rage networks, which are char-
acterized by relatively high internetwork capacitance and little inherent
capacity-tc-ground.

Pulsed or dc charging is accemplished through the two sets of
inductors at the far end of the stcrage elements, with the inductors at the
*witch end being employed to maintain the trigger needlez at mid-gap po-
tential during charging. In the charged condition, much more energy is
stored in the dielectric material (1) than in (2), in part by providing a larger
spacing in (2) than in (1). Initiation of the discharge process occurs with
firing of the bottom gap, either by overvolting {i.e., pulse charge), or by
triggering with the needle electrode as indicated. This then raises the
rotential of the following gap with respect to its needle electrods, causing
this gap to break down, etc., until with breakdown of the top gap the output
voliage appears across the load.

The output impedance of a generator of this type is the sum of
the line impedances of the individual storage dielectric stages (1); however,
therise time is in general less than that calculated by adding the inauctances
of the several gaps, since the voltage is not applied to the load until the final

gap breaks down,
4. Blumlein Circuit

A Blumi:ein circuit is a simple but rather ingenious extension
from a single pulse-forming line to a line which contains two stages but re-
quires only one switch located at the line end opposite the load. Its output
voltage into a matching load is equal to the charging voltage (twice that of
the single-stage matched line), its pulse length is twice the one-way transit

time 7° of either one of the line sections (the same as that of a single line of
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equal length), and its impedance i3 the sum of the impedance of the two iines.
Figure 8 is 2 simple Bluinlein circuit. Both line sections are charged prior
to pulsing; however, no voltage appears across the load until after one line
section is shorted by the switch 5 at time t, = 0. The voltage reverzes at
the open end AA' one transit time7 later. At this time the voltage across
AB (the sum of the reversed voltage and the voltage across the unswitched
line) is equal to twice the charging voltage in the absence of a load, and equal
to the charging voltage in the case of a matching load, since the lines are in
essence connected in series. This voltage pulse persists for a period equal
to 2 7.

It is re-emphasized that, while the output voltages of the two
lines add directly, their impedances also add directly.

The two-stage Blumlein circuit can be considered as a building
block from which extensions to higher voliage can be inade by the addition of
similar building blocks in a stacked circuit as illustrated in Figure 9a. Simi-
lar to the two-stage Blumleir circuit, the multiple-stage or stacked circuit
in the charged condition (prior to switching) has alternating field iines that
cancel each other, resulting in zero voltage across th:» load. Thus a load
can be directly connected to the pulser without requiring switch isolation of
the pulser from the load. Several advantages appear in favor of the stacked
circuir over that of the Marx circuit (shown schematically in Fig. 9b). Since
erergy storé.ge.in all the dielectric volume becomes available to the load, one
achieve: greater efficiency of energy storage as well as a higher output volt-
age for a given stack height. The stacked circuit lends itself te simple
assembly and construction techniques. Perhaps the great?ét advantage is
that, in comparison to the Marx-surge, the siacked Blumll.ein circuit requires
only one-half as many switches per storage element. The avoidance of an
output switch in the case of the Blumlein circuit, although an advartage,
imposes a more stringent requirement on switch synchronization time if a
good output pulse waveform is to be achieved; a major problem area in the
stacked circuit is that of attaining the necessary synchronization of a multi-

plicity of switches., If it is found that pulse synchronization problems cause
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Strip Type Blumtein (Unfolded)

777770, ),

S
‘:‘ .
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Strip Type Blumlein (Folded )

Two contfigurations of the Sluinlein Lircuit. -
The same circuit can employ co--axial lines rather

than the strip lines shown.

Figure 8 Two Configurations of the Blumlein Circuit. The Same
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v: (4) vt_Pv

{g) Stacked Blumlein Circuit

{Sirip Lines)

- 7//////////
_{_‘: ////////// %

ey ‘f////// 77
| ii RN,

Ve (+)
(b} Marx—Surge Circuit with Gap

Switching (Strip Lines)

Figure 9 The Stacked Blumilein {a), and the Marx-
Surge Generator with Strip Line Energy Storage (b}.
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degrzcdation of rise tine, an output switch can be inserted betvrecn the load
and the pulser in the Plumlein circuit as it is in the Marx-surge circuit or
the spiral circuit; bovrever, addition of an cutput switch will not correct fall

time degradation due to poor synchronization of the input switches,
The stacked Blumlein can be fabricated in either a strip-type

configuration or in a coexiai configuration. The latter is a more decirable
geometry from the stan-point of connecting to a transducer chamber and from
consideration of 2dge effacts at the termination of electrodes since edge
effects in one dimension are eliminated in the coaxial configuration;
however, they remain in the other dimension. The coaxial arrangement
prcvides excellent shielding, is a very low loss configuration and provides a
better match to the transducer chamber; however, it is difficult to switch.
The well shielded geometry reduces the capacitance-to-grovnd normally
experienced in the Marx-surge circuit., Therefore, the firing of one or two
gaps does not result in vvervolting of the other gaps in the line, and other
means of switching must be provided. Several possitle switck  signs are
considered later in this report; laser switching (Ref. 8) AF¥WL paper in

solid or liquid dielectrics appears promising.

55 Spiral Coaxial Generator Circuit

The spiral coaxial generator, schematically represented in
Figure 10, employs the field reversal principle in a two-stage Blumlein con-
figuration composed of two strip lines, Vo>ltage multiplication in the circuit

results from the ingenious spiral physical arrangement of tne lines. A

unique feature of the circuit is that the outpu: pulse energy is removed ortho-

gonally to the directicn of propagation of the reversal wave in the strip line.
Referring to Figure 10, the construction of the spiral coaxial

generator utilizes a sandwich consisting of two conductors separated by a

dielectric (1), with a second dielectric (2) attached to the outer face of the
inner conductor. When arr.nged in a spiral, as indicated, the conductor

and dielectrics form two separate transmission lines. Lines 1 and 2 becom=>
storage elements, i.e., both dielectrics become stressed when the conductors
A and A' carry charge. (During the charge tirne, no r~tential difference

exists between outer coatact O and inner contact O' since alternare dielectric
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£ = Spiral length

w = Spiral width
Ve(#)

Vc (-)

Figure 10 Spiral Coaxial Pulse Cenerator.
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layers are charged vppositely;}.

One of the lines is equipped with a shkorting switch S1 which,
when shorted, initiates on line 2 a voltage reversal (Fig. 3) which propagates
down iine 2 toward the center of the spiral. Each time the wave front passes
through an imaginary radial line, e.g., OO' the voltage between points O
and Q'increases by an amount Vc. As the wave front reaches the open end
of the line at O' it reflects back on itself according to Figuze 3 and, each
time the reflected wave front passes the line OO', the potential betwean O
and O' further increases by Vc until the potential at all points of line 2 are
reversed. Thus, for example, if there are 20 wraps of line 2 and 20 wraps
of iine 1, t! e maximum potential between O aind O' becomes 40 Vc. The
dielectric is still fuily stressed (with fields in lines 1 and 2 now adding) and
the potential difference between OO' is a maximum, as shown in Figure 11
which depicts the build-up vcrltage as a function of tirne.

Energy can now be extracted from the end of the wrapped line
(axial direction) when the output gap S2 is closed at time t, 80 as to make
connection to the output load. The output pulse, for the above example and
for a matched load, will yield a voltage of 20 Vc and will have a pulse length
equal to twice the one-way transit time of an E-M wave in the axial direction
of the pulser (w of the strip lines). The generator output impedance will be
approximately that of a coaxial line cf outer radius OO' and inner radius of

the diameter at O'. The input impedance at S, will be that given by the strip

1
line formula and will be low compared to RL'in the case cited.

Switch S1 should have very low dissipation loss because of the
very high current it must pass. The inductance c¢f this switch should permit
full current rise in a time substantially less than the voltage build-up time.
Switch S2 must be a high-voltage switch capable of very fast switching at the
desired voltage point during the charging voltage build-up.

As represented in Figure 10, the output energy is available
between points O and O'. This output energy can be carried to the load
either by a wire or a strip type transmission line, A more desirable con-

figuration from the stancpoint of impecance matching would be that of a
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Vo in Units of Vchg.
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2T, =Pulse length

Figure 11 Vcltage Rise, VA'B', as a Function of Time
(ramp-up) to 2n Vchg where Vchg = Line Charging Voltage
and n is the Number of Wraps of Either Line in the Spiral.

25




AFWL TR-65-21

coaxial line; however, it is not yet apparent how to accomplish this because
of the difference in potential that exists between points A and B during the
pulse time.

The practical open~circuit voltage is less than the theoretical

maximum ZnVC; Fitch and Howell (Ref. 9) discuss three loss factors:

a) The first depends on the inductance of Sl---the

switch time constant should be about one-tenth
that of the voltage build-up for a drop of 10
percent,

b) The second depends or resistive skin losses in

the conductors and hence on resistivity and certain
generator dimensions.

¢) The third loss factor is related to the interconnect-

ing of regions of different potential by the two con-

tinuous conductors, permitting some energy flow

during the charging build-up which reduces the

potential difference.
This loss increases as the ratio of the outside diameter of the generator to
the inside diameter increases, i.e., as the generctor output impedance in-
creases. A 30-ohrn generator would thus be expected to have a lower ratio
of measured-to-theoretical output voltage than a 10-ohin model.

At relatively low-impedance levels, the spiral coaxial pulser
appears desirable as a multiple-stage voltage-step-up pulser, since fewer
switches are required than for the stacked Blumlein or Marx-surge circuits
of Figure 9. Both the stacked Blumlein and the spiral generator have an ad-
vantage over the Marx-surge circuit because all of the dielectric material
is, in principle, used for ueliverable energy storage.

At impedance levels of the order of 20 ohms or greater, the
third loss factor mentioned above becomes sufficiently great that the
delivered energy is appreciably less than the stored energy, and consequent-
ly the stacked Blumlein may in principle be more desirable. A final choice

would require further development of both types of pulsers.
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6. Rise Time Considerations

Pulse rise vume in several of the above pulser designs is

affected by several parameters subject to varying degrees of control. Cer-
tain applications may stress rise time, while others may relegate it to a
lesser role. The following rise time discussions are confined to the switch
end of a Blumlein circuit; rise time considerations dealing with the output
end of the pulser will be discussed later, in connection with Transducer
Chamber design.

For switching a Blumlein pulser circuit, i.e., providing a short
circuit at the line end remote from the load, a desirable switch would be one
which kad the following characteristics: constant impedance irom the line
to the switch, little or no inductance in the switch itself, a distributed switchn
which shorted simuitaneously every point of the transmission line termiaa-
tion, minimum energy dissipation in the switch, and finally very long switch
life or at ieast a switch design permitting easy maintenance.

6.a Switch Inductance

Switch inductance will be distributed between the induct-
ance of the leads connecting the line to the switch and the switch gap itself.

Tae minimum gap distance in the switch is determined

by the dielectric strength of the switch material. This distance can be very
h

w

ort, partficularly for the case of solid or liquid dielectrics; however,
tollowing switch breakdown solid dielectrics have to be replaced.

The length of switch leads will be determined by design
considerations involving space requirements around the switch, i.e., charg-
ing access to the pulser, switch insulation, gap spacing, provision for plug-in
switches, arc-residue control, etc. The effect of switch inductance is to
degrade rise time, which is determined by the L/R time constant (where L is
the switch inductance and R is the resistance of the line and gap). Rise time
between the 10 and 90 percent points is equal to 2.2 times the L/R time
constant, Since the lines described herein are generally of very low im-
pedance, switch inductance must be correspondingly low and becomes a very
important parameter requiring minimization.

6. b Transit Time Effects

Solid, liquid or gaseous dielectrics may be utilized as

switch dielectrics. Such dielectrics can generallybe brokendown at discrete
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points but seldom continuously over a large area. The present availability
of laser-type switching may provide 2 new and very desirable flexibilitéz in
switching techniques. For fast-rise-time pulse generation, it becomesim-
portant that the switch provide a short circuit continvously along the entire
end of the line, if at all possible. Under these conditions a voltage reversal
propagates uniformly with radial symmetry from the switch at the shorted
end of the line. However, shorting at point A of Figure 12 results in a
perturbation which will not be felt at point B until a period of time following
switching equal to the singie transit time between point A and B through the
storage media. Thus, following switching, a reversal wave at A begins to
propagate toward C but will not begin to propagate from B toward D until a
later time. Thus an asymmetrical wave propagates down the line and arrives
at the load end resulting in the load experiencing a rise time which is not a
step function but is a ramp having a length related to the transit time from

A to B. It becomes important then to switch at as many points around the
periphery of the Blumlein as is possible. By using a technique such as beam
splitting, laser triggering appears well suited to the simuitaneous triggering
of many parallel gaps. A further advantage is gained by the absence of
electrical connections, with consequent simplification and probable improve-
ment in gap stability (Ref. 8).

A seemingly apparent alternative is to switch at a point every-
where equidistant from the end of the Blumlein. Thig point would necessar-
ily lie along the axis of the line. However, as can be =een in Figure 13 if
the section connecting the transrnission line to the switch has uniform
dielectric constant the impedance is found to increase from the line to the
switch; for example, the impedance at AA' is greater than the impedance at
a cut through BB' which is greater than the impedance at a cut through CC'.
Thus transit time variations can be avoided, but at the expensc »f introduc-
ing a nonuniform impedance between the end of line CC and the switches.
Cne means of circumventing this difficulty would be to provide a graded
dielectric material between the end of the line and the switch such that, to as

high a degree as pessible, a uniform impedance is found at any point through
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Figure 12 Blumlein Single Switch Which Generates
an Assymetrical Wave in the Line.
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Figure 13 Blumlein Single Switch Which Introduces
~ Non-Uniform Impedance in the Line.
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the cross section. Such a dielectric material is not known to be readiiy
available or easy to construct for applications where high dielectric hold-off
is required,

7. General Design Considerations

The output pulsed voltage durations of interest for the proposed
generators are of the order of tens cf nanoseconds and are probably produced
most efficiently by discharge of distributed-line pulsers, where the storage
elements are ccaxial or strip lines. When viewed with respect to the load,
the pulsed generator output circuit behaves as an individual line having

specific values of open circuit voltage Voc, characteristic impedance ZO and

pulse duration ZTO. The output voltage Voc when the generator is operated

with a matched load {(i.e., R_= Zn), which will be assumed in the following

L
discussion.

The pulser output power delivered to the load, in joules per
nanosecond, is 2

W/At = 1000 vo/zO joules/nanosecond (11}

if VO is in megavclts and ZO in ohkms. The factor of 1000 results from
conversion from standard (mks) units to those specified, For convenience
this relationship is shown in graphical form in Figure 14. For example,
consider the desired exploding-wire specifications of 1000 joules to be de-
livered in 10 nanoseconds (i.e., 100 joules/nanosecond) into a matched load
at an cutput voltage of 500 kv. Assuming no loss and zero rise and fall times,
a 2.5 ohm generator impedance is indicated.

The problem of size is also of interest in generator design,
since cxcessive volume not only may be bulky and costly, but also may give
rise to excessive inductance and/or capacitance, depending on the particular
design employed. A brief discussion of some factors affecting size is there-

fore appropriate.

A general formula for the energy storage density was given as
equation {10) ir. Section 1I-2; this can be expressed in more convenient units

S 2 . . .3
a W/AV =195 erE joales/foot (12)

where ¢ is the relative dielectric constart and E the electiic field in Mv/inch
T
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This relationship is presented graphically in Figure 15, A word of caution
1s in order concerning certain ceramic materials ~-- the dielectric constant
may decrease substantially at higher voltage gradients, and hence a detailed
study of dielectric constant versus electric field is required for an estimate
of energy storage density.

Also of interest is the pulse length Z’ro obtained from a distrib-
uted line with relative dielectric constant € Expressing equation (5) above

in more convenient units one obtains the pulse length per unit line length as:

27'0/,5: 2.03 € nanoseconds/foot (13)

A 1-foot line would thus give a pulse length of 2.03 nanoseconds for vacuum
dielectric, about 3,0 nanoseconds for polyethylene or certain transformer
cils (er =2.2), about 18 nanoseconds for water (er=78) and about 100 nano-
seconds for ceramic dieiectric (1f sr=‘_430). It is immediately apparent that
the length of energy storage lines is quite short for high-dielectric-constant
materials, particularly for the short pulse durations of interest. This short
length requires increased width and/or height to attain a given stcred energy,
compared to energy storage at the same energy density with a lower dielec-
tric constant. Also end effects problems are exaggerated, particularly since
the maximum electric fields are considerably lower than those permissible
with the other dielectrics. Referring to equation (1) and Figure 1above, the
problem of impedance matching is also more difficult. The successful use of
relatively-high-dielectric-constant material in a low impedance system
{i.e., 4.7 ohm &t 320 kv) has, howevzr, been noted. (Ref. 1l).

Two of the more popular dielectrics, polvethylene and water are
considered as examples for the higher voltages and short pulse lengths of
interect in this study. Based on design support data mentioned later in the
repcrt, maximum electric field values (pulse charged) of 1.0 .4v/inch for
polyethylene and 6.5 Mv/inch for water are assumed for the following design
discussion,

At first examination; use of a strip line pulser geometry appears

quite attractive, since all the space is used for dielectric storage, in contrast
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with the volurme wasted within the inner conductor of a coaxial pulser. Tte
latter coaxial design, however, has several advantages over the strip line
design:

a} The high voliages (and electrornagnetic radiation)

can be contained witk a rminimum of design problems,
b) connection to a ceaxial (and perhaps hollow-beam)
tube or aother load appears to be practical with
minimum inductance and difficulty, and
c) field enhancement edge problems are enccuntered
at only two ends, compared with both the sides and
ends of the strip line,
The coaxizal design is therefore the only type considered for the relatively
low impedance systems of interest in this study.

Overall dimensior.s are important, since excessive size may
prove undesirable with respect to construction, service and required
facilities. Figures 16 and 17 are provided to indicate the miwumum sizes
that can be expected for the dielectrics and maximum field strengths speci-
fied, covering voltages and impedances of interest in this study. Actual
diameters will be larger - after allowances for edge field enhancements (for
the simple Biumlein design)} for intermediate conductors (for multiple-stage
Blumlein designs or for conductors and insulation (for Marx-surge designs).

Comparison of Figures 16 and ! 7 would indicate that water
dielectric generators are more compact below an impedance level of 10 ohms,
for the same output voltage and impedance. The increase in diameter at
higher impedance values arises from sizeable field enhancement at the rela-
tively smali inner conductor required to give a high impedance.

The use of water dielectric appears impractical for an 80 ohm
generator impedance, as specified for the X-ray generator design; because
of the extremely small inner-to-outer diameter ratio (about 10-5) required
to give this impedance in a coaxial geometry. Referring to Figure 17, a
minimum outer diameter of 2,5 feet at 2 Mv or 5 feet at 4 Mv would be re-

quired with polyethylene at an 80 ohm imp:dance level. A length of 6.6 feet
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Coaxial Generaior Design Curves
Polyethyiene Dielectric € *2.26

Inches

Outside Diameter in

a K*s Voitage Gradient: 1.0 Mv/Inch
C %

100

(0] og

LO o1l Loa il p a1l
0.i | 10 100

Generator Impedence, Zs, in Ohms
Figure 16 Coaxial Generator Design Curves for Polyethylene

Dielectric and 2 Maximum Electric Stress of 1.0 Mv/inch. The
Outer Diameter is Shown to Depend on Characteristic Impedance
and Open Circuit Voltage.
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Figure 17 Coaxial Generator Design Curves for Water Dielectric and
a Maximum Electric Stress of 0.5 Mv/inch. The Outer Diameter is
Shown to Depend on Characteristic Impedance and Open Circuit Voltage.
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fox 20 nanoseconds or 16 4 feet for 50 nanoseconds would be required, us:ng
equation (13) and a dielectric constant of &. 26,

An impedance level of 1 or 2 ohms, with corresponding rmatched-
load voltages of 300 or 500 kv, is specified for the exploding wire pulser
design, with a puise length of 10 nanosaconds. A minimum outer diameter
of 1,5 feet and length of 0.56 feet would be required with water dielectric,
or about a 4 foot cuter diameter and 3. 3 foot length with polyethylene, based
on Figures 16 and 17 and equation (13}. The choice of dielectric in thic case
would depend on consideration of all problems, since both types are possible

geometrically.
8. Pulse Charging Considerations

Asg indicated in the design support data section of this repcrt,

advantages may frequently be obtained by pulse charging the energy storage
dielectric in the case of certzir desigms such as Blumlein Pulsers. With
such pulse charging it is frequently possibie to operate at substantial voltage
gradients with liquid dielectrics at high gradients. Surface "creep" break-
down is also frequently minimized for such pulse charging.

Initial calculations and certain experimental studies referred

to later were performed to determine the energy and voltage transfer

efficiencies when a capacitor Cl' charged to VC , is discharged through an

inductor intc a second capacitor CZ' The voltage across C, is a damped

2
sinusoidal function of time, which during the first half cycle goes thrcugh

it8 maximum value Vo R corresponding to a2 maximum energy transfer

w =1/2 C & The first order expressicns derived for the
o mex

2 o max
circuit of Figure 18 are given below:
Pv max= VQ max = Cl 1 + exp - T R (14)
\A Cl + G, 2 \7L7C
L c,c, | 2
n _ _omax _ 1 "2 Ll + exp{-J_ R \ (15)
max WC (Cl + Cz)u \ - ’V N; C l

where,eis the voltage transfer ratio,']z the energy transfey ratio, ané G

is the equivalent series capacitance (i.c., 1/C =1/C y 1/C.%
[
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Figura 18 is a plot of these ratios as a function of the ratio of
output to input capacity, assumning the equivalent series resistance for the
system is relatively small, as defined at the top of Figure 18, i.e., assum-
ing the exponential factors above ic be essentially unity.

Of special interest is the fact that the energy transfer efficiency
can b= made to be 100 percent for matched values of capacity in the primary
and secondary storage, irrespective of the inductance value. Therefore,
when charging a Blumlein generator from a Marx~surge capacitor primary
pulser, the effective series output capacity of the Marx-gurge pulser shouald
equal the input capacity of the Blumlein circuit as seen during charging, it
one seeks the most efficient possible use of the energy stored in the Marx-
surge stage. As will be noted Jater, tke distributed inductance in the charg-
ing circuit does not adversely affect the energy transfer efficiency. Or the
other hand, the foregoing equations and Figure 18 indicate the existence of a
trade-off, and show that it 1s possible to achieve a significant voltage step-up

f\’; max at the cost of some loss in energy tranafer efficiency (e.g.,

/av i 1.4 atﬂ . 849%),

e Impedance Transformers

Tapered tranamission lines have been used in certain circum-
stances to provide impedance tranefcrmation where it is necessary to match
a load resistance of one value to a generator or transmissicn line having a
different characteristic impedance. ¥or constant power, a given voltage

transformation by some factor x requires an impedance transformation xx .
For example, if operation of a load resistance of 20 ochms at 6 raegavolts is

required from a 3-megavolt /matched-load) generator, this generator would

have to have an internal impedance of 5 ohmeg for optimwm power transfer.

Referring back to Figure 16 and interpolating, the requiied é-megavolt

open-circui: 5-ohm generator would have an outer diameter of about 8.3 feet,

somewhat larger than the corresponding l12-megavolt open-circuit 20-ohm
generator diameter of about 7 feet. This increase in physical size, however,
might be offset by advantages of operating at a lower storage voltage and

having more uniform gradients.
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A practical limitation of uniformly tapered transmission lines
is the electrical length required for minimurn pulse distortion and energy re-
flection. As a rule of thumb, the line should be approximately 3 wave lengths
long at the frequency corresponding to the fundamental of the Fourier pulse

analysis. For a 30-nanosecond pulse, this would correspond to an electrical

length of about 180 nanoseconds; a physical length of 120 feet would then be

required with polyethylene, or about 20 feet with water. It might be possible
to reduce these figures substantially by employing a spiraled inner conductor,
but this woculd in turn introduce uroblems of voltage gradients and termination
connections,

Shatz and Williamns (Refs. 10 and 11) have indicated the p.acti-
cality of maintaining low pulse distortiow with exponentially-tapered lines
for certain conditions (e. g., pulse leag*hs of 5 to 20 nanoseconds and voltage

step-up ratios of 2 to 4}). The shape required in the tapered conductor is

given by the expression fcr the ratio of radii (in terms of sending end -atio

of radii RZ/Rl) as

rZ/r1=(R2/R1) exn (¥ x)

where rZ and r1 are the inner and outer radii at the output end, R2

the inrer and outer radii at the input,Y the flare coefficient and x the line

and 11’.1

length. Design curves given by these authors permit ready computations of
the conductor taper, pulse distortion, efficiency and voltage step-up ratio.
For example, consider sucn a transformer for a 10 nanosecond pulse, with
water dielectric, 5 ohm input (generator) impedance and 20 ohm output im-
pedance. The input and output radii ratios are 2.11 and 20 respectively and
a line length oi 22 inches would give a maximum pulse distortion of 5 percent
and a voltage step-up ratio of 1.8, or 90 percent of theoretical. A skatch of

such a transformer is shown in Figure 19.

10, Transducers

The functicn of a transducer chamber is to couple energy from

the pulse~forming line (e.g., the Blumlein circuit discussed above) to the
transducer {(e.g., an exploding wire or a flash X-ray tube). It must iz many

cases accommodate internal as well as external diagnostics, such as optical
41
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viewing of the event from outside the chamber {e.g., exploding wire phenom-
ena, EWP} or electrical measurements performed inside ox close to the
chamber. The chamber should also be capable ~f withstanding signiticant
overvoltage in the event of an impedance mismatch between the load and
generator. Furthermore, the energy must be delivered to the transducer in
the desired pulse shape, which normaily requires that the chamber and trans-
ducer present to the pulse> a matched impedance load with minimuim induct-
ance,

The impedance matching problem may be a serious one since
transmission lines of some type will be employed, and the only zdjustable
parameters controlling impedance are line dimensions (spacing) and the
dielectric constant of the insulating media. If the transducer is inevitably
much s:maller than the dimensions of the coaxial generator, as in the case of
an exploding wire load, obtaining a good impedance match may be difficult or
even impossible. This can be better understood with the aid of Figure 20,
showing a cross section of a disc-transmission line which can he considered
to be a simplified approximation to a hemispherical chamber having small
spacing at the apex. The impedance of this disc-type line, considering the
pie-shaped section of Figure 20 and applyirg the impedar.ce formulae for
strip lines (Figure 1) indicates that the spacing must decrease steadily as
the transducer size (diameter in this case) decreases. Thus, gocd impedance
match to a small transducer such as a wire may imply a chamber spacing too
small for satisfactory voltage hold-off and therefore prove unfeasible.

Two obvious alternatives exist. One is to maintain sufficient
spacing to provide adequate voltage hold-off resulting in an impedance
mismatch wnich will appear as added circuit inductance. The other alterna-
tive is to grade the dielectric constant of the line as it approaches the trans-
ducer in order to maintain constant impedance while varying line spacing.
This i.nplies a flexibility not fully available at present in selection or con-
struction of dielectric materials and certainly impossible with gases. Al-
though at the cost of some mismatch, transition from low to high dielectric

constant material may be made in one abrupt step (e.g., from a storage line

43




h/w = h'/w'

~

Figure 20 Schematic Representation of Disc Type Transmission Ling,
For Constant Impedance the Ratio S/W Must Remain Constant for any
Radius a, thus Adapting to a Small Transducer (smalil a) May Imply a
Chamber Spacing too Small for Satisfactory Voltage Hold-Off.
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sclid dielectric of low dielectric constant to a liquid of high dielectric
material in the viciniiy of the load permits the use of greater spacing usually
resulting in greater voltage hold-off). Specific application will dictate where
liquid and/or solid dielectric materials can oe employed in the vicinity of the
transducer.

As indicated in the foregoing discussion, the primary function of
the transducer chamber is to convey as efficiently as possible e.lergy from
the pulse generator to the device being excited. A case of immediate interest
to this study is the design of an exploding wire chamber. A secondary but
important function in the design is incorporation of features for diagnostics,
including voltage, current and di/dt monitoring as well as use of aperturing
and suitable dielectric media {(e.g., vacuum gas) for optical viewing.

Helative to time scales considered here, the use of modest
zperiures does not appear to greatlv affect the energy delivered or its rate
of transfer, nor does the inclusion of various zlectric diagnostic sensors.
Thus the problem centers on maintaining a constant impedance in the trans-

mission system. However, since this cannot be readily accomplished in

!
i
§
!
:

most chambers, the problem becomes one ui minimizing the effective series
inductance by maintaining as small a spacing between electrodcs as possible,
while avoiding breakdown which would shunt energy from the exploding wire.
Consideration of various possible geometries leads to selection
of spherical geometry, as illustrated in Figure 21 which gives a schematic ;
view of a pulse-charged Blumlein generator, wire chamber and load. This
spherical geometry gives a minimwn inductance coupling between the

generator and exploding wire, consistent with uniform voltage gradient

throughout the chamber region and adaptation to viewing parts for optical

diagnostics.

As an example, some inductance calculations have been
performed for an outer chamber radius of 12 inches. The formulae
employed, given in the Appendix give a value higher than the actual
inductance since the capacitance between the inner and outer chamber

domes ( Figure 21 ) acts to cancel a portion of the inductance.

45

FAME MR SRS




AFWL TR-65-21

(AP DI AU, P A PRIV

‘1aquueys) Iaonpsued ] jo Arjawoan yedtiavdstwasy Jutied1pul
‘walsdg axty Burpordxyg yo wreaBeyy orjewraydg [z ®andrq

10}ONPpU| UO1}D|OS|

214403|31Q PInbIT
iaquoy) AWM

\m>o

S

314931210 PINDIN VRN S NNCOM AN

uoijojnsu| JojAW 10 Kjod ~ T
914192j31Q PInb1 e8] Ry 10§2NpU| UCHD|OS|

induj aboyloA Suibioyd mm:_n_\.\




\
{

[ A
B/

Hal

rr ~r

AL DR

L 2 BRI RILE A TS oW 2 'y Y Avr B AL e Rttt e

AFWL TR-65-21

Chamber spacings of 0.15 and 0, 6 inch were selected for computation
witk wire diamecers ranging from 2 mils (0.002 inch) and up, and inductance
arising from magnetic bul J-up within the wire was ignored, skin depth con-

siderations would appear ‘o justify this assumption:

YA
6 - VL

where P is the resistivity of the conductor in ohm-centimeters, u is the
permeability of the conductor, \ is the free-space wave length, a 6 the skin
depth in centimeters., {Ref. 12). The inductance obtained in this manner was
reduced to allow for the distributed chamber capacitance and the results are
listed in Table I. with the rate of current rise, di/dt, being computed as the
aquotient of open circuit voltage (600 kv assumed to be across the wire in-

ductance initially) and wire inductance.

TABLE 1

Exploding Wire Chamber Parameters
Chamber Radius = 12 inches

Chamber Spacing Wire Diameter, Estimated Inductance, di/dt, initial

inches mils nanohenries amp/sec
0.6 2 29.7 2x 101313
0.6 20 22,7 2.6 x 1013
0.6 200 15,7 3.8.1‘:1013
0.6 787 11.5 5.2x1013
0.15 2 6.¢€2 9.1x10 14
0.15 20 4,87 1.23 x 1014
0.15 200 3.12 1.‘)2):1?4
0.15 787 2,08 2.9x10

The importance of minimizing charmber spacing is at once
eviderit from examination of Table I, since the inductance increases even
faster than linearly with chamber spacing, For a given spacing, specific
energy deposition in a wire would be expected to increase with decreasing
wire diameter d, since the mass decreases and the resistance increases as
l/dz, while the inductance increases only as a log 1/d.

Preliminary data, given in Section III of this report, indicate

that dielectric strengths of 2 to 4 megavolts/inch may be practical with solid
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or liquid dielectric media. 7This, together with relative dielectric constants
which would further minimize 1nductance, would permit inductance values

perhaps even lower than those in Table I correspondirg to the 0.15 inch

spacing. Pressurized gases appear capable of withstanding gradient's some-
what in excess of one megavolt per inch, with inductance values correspond-
ing to the larger spacing in Table 1. It thus appears that such insulation
techniques would be suitable for obtaining quite high energy deposition rates,
where compatible with required diagnostics.

Vacuum insulation is, however, often preferred or even neces-
sary for certain types of diagnostics such as spectroscopic examination of

the exploding wire. Examination of Figure 22 shows data variatic -5 of over

an order of magnitude in spacing at a given voltage, with a lower limit of
perhaps one centimeter being obtainable with relatively large area elec-
trodes at 600 kv. Preliminary data obtained witk the EWP system built
(Ref. 1) for the AFWL indicate initial breakdown at gradients as much as an

order of magnitude lower, occurring in this instance with electrode surfaces

SR o AT MR R R PR

ard vacuum conditions not yet optimized.

Sz

There is also the problem with vacuum insulation with respect to

'
o dee

the gas sheath which surrounds a wire soon after eaergy is introduced, .

thereby shunting the current flow from the wire itself (Ref. 13). Both the 3
i
electrode surface and vacuum conditions require considerably more investi- ;i
gation with the pulse-width and rise-time of exploding wire systems present- ¢
5

ly aveilable ar:. proposed in this report.

One important mechanism leading to vacuum breakdown is
thought to be field emission of electrons from microprojections on the nega-
tive electrode, followed by bombardment of the anode and release of gas, the

process then being regenerative until the energy is dumped. The dependence

5

of breakdown upon electrode area is presumab.v a result of higher energy
storage (capacicy between electrodes) being availcble for dumping in the arc
in a short time, of greater difficulty ot avoiding son e sharp prcjections on
a large area electrode, and of greater effect of gas 1elease at the anode on

the gas pressure in the gap. These mechanisms and some possible

48
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techniques for improvement ir breakdown strength are discussed in Section V
below,

If a short rise time is to be preserved in a flash X-ray system,
it is madatory that the inductance of the transducer chamber and vacuum
tube be held to a minimum. One effective way of accomplishing this is to
design the transducer chamber and tube in a coaxial geometry, the tube
serving as the inner conductor and the transducer chamber ac the return
outside conductor. For example, assuming vacuum dielectric, the ratio of
inner to outer diameters for a 20-ohm system would be 1.4. This approach
would apply rigorously only if a hollow electron beam is employed (so that
no magnetic field is generated inside the electron beair by the tube current),
and if the outer chamber is tapered down in the vicinity of the target to com-
nensate the drop in the voitage between the inner and outer "conductors".

A schematic cross section of a flash X-ray system with such a
transducer chamber and tube geometry is shown in Figure 23, indicating
the method of connecting a hollow-beam tube to the Biumlein high-voltage
generator. In ihis design it is important that the spacing between the tube
and transducer chamber (or magnetic focus coil) be adequate to avoid elec-
tric breakdown of the insulating medium surrounding the tube; such a break-
down would probably not only affect tube output, but also damage the tube
envelope. The use of hollowbeam tube geometry not only decreases the
effective load inductance but v/ill also be shown to be Jdesirable with respect
to target loading and radiation uniformity.

11. X-Ray Generation

11. a I‘_l_1_be Design

The design of a tube was not a specified objective of

this contract. An applicabie detailed discussion of X-ray tubes iz given in
Reference 14. The following limited discussion is however presented to
clarify the relationships between the generator and a tube which is employed
as a load.

The maximum target temperature reached during an

X-ray pulse is of prime importance where multiple-pulse target life is
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desired. Comnsider for an ex'umple a 6-Mv, 20-chm, 30-ns system; the
electron beam energy to be dissipated in the target is 5.4 x 104 joules/pulse.
Assuming for the moment a solid beam of 8 inches diameter, the target area
is seen to be about 324 cmz. For the relatively large electron penetration,
very high peak powers and very short pulse length of present interest, che .
target heating ie adiabatic and governed by the volumsa of tungsten or other

target material in which the elzctron beam energy is expended (i.e., thermal

conduction and radiation remove during the pulse only a negligible fraction of

the ele.ctron beam energy). The electron range is therefore an important tube

design parameter. Examining Yigure 24 it is seen that the maximum electron

range at 6 Mv is about 1 mm. Based on the range data of }Figure 24 and on

the profile of beam energy loss versus depth in the target, one can derive

(e.g., the nomograph of Figure 25} as a function of voltage, the maximum

2
bearn energy density Wm (joules/cm ) which can be deposited in an arbi-

ax/ A
trarily short pulse in a tungsten target initially at room temperature and not

allowed to exceed a given temperature (e.g., Tmax= 230000) low enough to

keep target evaporation at a minimum. Thus, assuming Vo= 6 Mv and a

solid electron beam 8 inches in diameter and with uniform current density,

an energy per pulse of over 1.1 x 105 joules could be absorbed instantaneously
by the target without resulting in significant target erosion, Since this is
twice the energy per pulse of this assumed system, such a tube would

probably be relatively free from excessive target erosion provided fairly

IR, BRRSHOOO TSV N LR Gt oI 11 4 T

uniform current density can be obtained at the target. The same target load-
ing can be also obtained with hollow-beam tube geometry, for the same voltage
conditions, if the inner and outer beam diameters at the target are 6 and 10 3
inches respectively.

Thus, one is led to the important conclusion that at the
relatively large beam diameters which are suggested by impedance matching

and voltage bold-off considerations, the specific energy loading can be made

AR

sufficiently low that multiple-pulse operation would not be precluded by
target erosion. Hence, serious consideration should be given to multiple-

shot operation in view of its inherent advantages in terms of operating rate

52
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These data are for gold foils unless
otherwise specified.
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Figure 24 Electron Range in X~-Ray Tube
Target as a Function of Beam Voltage.
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and cost per shot.

Remaining tube design factors irclude the tube envelope,
cathode configuration and cathode-to-target spacing. Reasonably good first
approximations may be obtained by extravolation from present tube designs,
and subsequently refined through analysis of direct experimental system
tests. Tube insulating envelope problems requiring special study include
sealing and expansion matching (in view of the large tube diameter) and the
dusirability of ceatouring and potential grading.

It is proposea that a strong magnetic field be employed
fur tube focusing, similar to the approach used successfully in a 2-Mv
system reccntly delivered to the AXC. The magnetic field not only confines
the primary elzctrons, but also reduces tube deterioration due to back-
scattered electrons and ions which ar: produced at a high rate during the
pulse,. '

11.b  X-Ray Output Characteristics and Source Geometry

A limite:i amount of data has been published with respect
to the X-ray performance characteristics of megavolt machines such as
Van deGraaff and Linear accelerators. Figure 26 shows the X-ray dose
yield for tungsten cor gold targets as a function of voltage in the forward
direction, or that of maximum intensity. The X-ray yield is normally speci-
fied ir terms of roentgens per minute per milliampere at a distance of one
meter from the target; however, for convenience in high power pulsed
applicaticns such as the present this has been renormalized to give roentgens
per j-ule at a distance of one meter from the target. This figure may be
appl.ed to a point source cathode by multiplying by the tube pulse energy in
joules to obtain the dose per pulse at one meter, then dividing by the pulse
width to obtain the dose rate at this distance. The difference between the
upper and lower sets of curves in Figure 26 appears to be primarily a
result of dose reduction in the latter case due to uge over a .range of voltages
of targets having a fixed thickness thus resulting, at lecwer voltages, in
unnecessarily high target absorption of the emitted X rays. Data taken at

Field Emission Corporation under Sandia Corporation (Ref. 15) support in
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Specific Dose Yield, Roentgen/Jcule at | ¢ er

M_.H.MacGregor, Nucleonics
15 178(Nov. 1957) "Optimum
thickness high Z target"
(.125" Au) 7

e avese W.W . Buechner. et al, Phys.
Rev. 74, 1348(1948) Target
slightTy thicker than electron
range,

= wse= A A, Petrauskas, et al, Phys.
Rev. 63, 389(1942) Target
thick enough for mech,
strength, stop elect., Au

«=e==r=C H. Goldie, et 21.A.S5.T.M.
Bull #201, p49 (Oct. '54)
1/4" Au Target

10-3

Figure 26

Accelerating Potential, Mv

Target as a Function of Voltage.
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general fall between the two sets of curves, approaching the upper limit with

- optimurn-thickness targets and gas-free tube operation.

- The X-ray spatial distritution at very high voltages is
shown by the upner and lower curves of Figure 27 corresponding to thick

. and thin X~-ray targets respectively. It is seen that in general the 22 million
volt data, taken with a platinum target, follow this distribution. Data in the
vicinity of 2 million volts, obtained with Van deGraaff accelerators, have

been plotted employing the same normalized product of voltage and angle

which is believed to be universal at higher voltages. The spatial distribution
is affected by the nature and thickness of the target and by the amount of
subsequent filtration of the emitted X rays. The dotted line drawﬁ in

Figure 27 has been employ:d for the following calculations, asswming that

it is also valid at 6 million volts and with the type of magnetic focusing
employed.

An estimate of the X-ray dose rate distribution for
the 6 million volt 20-ohm system discussed above has been calculated, using
a (pessimastic) specific dose yield value of 2.4 x 10'-2 roentgen per joule at
one meter, from Figure 26, and the dashed line for X-ray spatial distribution
in Figure 27, as well as the familiar inverse square distance law of geo-
metrical attenuation of the X-ray beam intensity., Two cases were assumed:
a) an ideal point source target, and b) an ideal cylindrical line source target
bhaving a diameter of 8 inches, Calculations were performed tc give the
distribution in "subject planes" normal to the tube axis and at specified
distances from the target, with the results being shown for the two cases
in Figure 28.

It is seen that for a given distance between target and
object plane the highest peak dose rates are obtained with a point source,
being about 1012 roentgens per second in the forward direction and 8 inches
away from the target, but the radiation is sharply peaked and is uniform to
within 20 percent over a diameter of only 1.6 inches. A comparison of the
two X-ray source geometries (point and ring) under equal dose rate condi-

tions is obtained by observing the point source cathode at 16-inch spacing
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compared with the ring source cathode at 8-inch spacing; the point source
cathode is uniform tc within 20 percent for a diameter of about 3.2 inches
while the ring source target gives the same dose rate and uniformity over a
diameter of aboutl{ inches. The dose rate in both cases is zbout2.5 x 10“
roentgens per second and the dose per pulse, 7500 roentgens. The physical
reason for the apparent increase in coverage is the utilization of most of the
X-ray yield from the "tail" from one side of the ring targx:, while this is not
possible with a point source target. At distances of the order of ten times
the ring radius (i.e., 40 inches) it is seen that the improvement in uni-
formity is still substantial although not as striking as at the higher dose rate
levels.

The ring source curves in Figure 28 can be used to
estimate the dose rate where larger areas a:e to be illuminated with a
source having a larger ring diameter. For example, doubling the diameter
of coverage would give four times the area and consequently one-fourth the
dose rate, but with the same distribution profile. It would appear practical
to construct several tubes with different beam diameters but capable of
being installed in the same pulser, thus giving a fair degree of versatility
for different studies.

The main conclusion which can be drawn from the com-
parison of "point" and "ring" X- ray source presented in Figure 28 is that,
at high voltage where the X-ray beam produced by each target point is
sharply collimated in the forward direction, the ring source is far superior
to the point source (in terms of rate per watt of electrical power) when a
high and uniform dose rate is required over a specified area. Assuming for
instance a requirement that the dose be uniform within ! 10 percent over a
circular area 9 inches in diameter, Figure 25 shows that the distance d
between X-ray source and object plane can be reduced to 8 inches, resulting
in a dose rate of 2.5 x 1011 roentgens per second for the case of an 8-inch
diameter ring source’, the same requirement for a point source forces a
distance d greater than 40 inches and reduces the dose rate approximately an

order of magnitude (for a given electron energy). Departures in practice
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from the idealized model of Figure 28 (e.g., the need for enough X-ray
source to handle beam power dissipation or the existence of a spread in the
directions of the electrone striking the target) would reduce somewhat the
difference between " solid" and "ring-shaped" X-ray scurces but would not
alter the general conclusion that hoilow electren beams and ring-shaped
X-ray sources have very significani overall advantages for the applications
of present interest.

l1l1.c Optimum Load Impedance

Assurring a pulse generator of given characteristics
{open circuit voltage VO_, characteristic impedance Zo and pulse length 27'),
c o
one can to ¥ome extent control the actual output into a load by varying the

load impedance R in view of the steep increase of X-ray yield with voltage,

L’
it would at first glance seem advantageous to increase the load impedance
above Zo' The purpose of this subsaction is to give the necessary back-

ground relations and to evaluate the desirability of mismatching the load.

General Ex; ressions:

Let Vm, Ir;'x and Pm be the output voltage, current and
power for a matchedload, i.e., a = RL/ Zo = 1. In the case of a mismatch,
the output consists of a series of steps of duration 27‘('), and the subscript
j is used to denote output during the jth step corresponding to(j-1)21;<t£j ZT(').
Attention is focused here on the case of high impedance mismatch (a>1)
which is the only one of interest from the standpoint of maximized radiation
output. It is further assumed that the X-ray dose rate x is proportional to
tube cnrrent and to the nth power of the tube voltage, i.e., ;cocIVn (the
specific value of n depending or:. the type of radiation produced, the direction
rezlative to the elec‘ron beam and the electron energy; e.g., n=3 for X rays
in the forward direction). The following expres=ions are readily derived for
the ideal case of a loss-less generator and tube-independent load impedance

(P P is the power reflected to the pulser during the first step):
r
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Lz
Vm a+l {16)
e I
Im a+l (17
Sl 42
P (a+1)? as)
P 2
rf = a-1 (1)
P a+l
m
V. I P, j
j =_j = _J = ( a-l‘] (zo)
\'4 I P atl
1 1 1
. ntl n
2
X, - a (21)
x (a+1) n+l
X, -11j(n+1
:-L= ( i )J(n ) k2)
x1 a+l

Some of these expressions are shown graphically in Figure 29, For a given

goes through a maximum x when a = n. The value of this maxi-
1 1 max

mum, relative to the dose rate for a matched load, is given by:

.
n, x

] n+l n
max = 2 n
(23)

m (n+1) Bt
Application to forward X ray with n = 3:
In the case of X rays taken in the forward direction (i.e.,

in the direction of incidence of the electrons in a parallel, high voltage beamn),
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the dose rate x i approximately proportional tc the cabe of the voltage,

according to the following expression:
. 1v ( .
x T 650 ———s—o 2)

dZ

where X is in r/sec, I in amperes, V in million volts, and d is the distance

in meters between the X-ray source and the point where X is measured (with

optimum target thickness and high vacuum, values as high as 1000 have been

obtained for the numerical coefficient; hence, the expression just given for

;c, while functionally correct, is rather conservative in terms of the maxi-

mum X-ray dose rate which can be achieved at given I, V, and d values).
The relative dose rates :.:liim and :‘cz/;cl are plotted in

Figure 29 for the case of n = 3. Thus, from the standpoint of maximizing

the X-ray dose rate in the forward direction, one should use a load im-

pedance three times the matched load, thereby achieving a 70 percent in-

crease in X over the matched case. Under these conditions the electrical .

characteristics for the first step are: Vl = 1.5Vm 11

P1 =0.75 Pm; hence, the voltage is increased by 50 percent over the

matched load voltage and 75 percent of the generator energy is transferred ‘

=0.51 and
m

to the load during the first step. The x(t) profile then consists (idealiy) of a
series of steps of durationZ’T;, the intensity during each step being only 6
percent of that in the previous step (and even less if there is significant fil-
tration of the output). It is open to question whether a 70 percent increase in
dose rate is sufficient compensation for thc difficulties resulting from having
to increase the tube voltage by 50 percent since, assuming a matched load
and fixed generator impedance, the same 70 percent increase in dose rate
could be achieved by means of a voltage increase of only 14 percent and
without undesirable power reflection and stair-stepping of the output. : -
Effective Voltage Dependence of the X-Ray Dose Rate:
_ A strong additional argument against high im- .
pedance mismatch results from examination of the effective voltage depend-

ence of the X-ray dose rate, v ..en the radiation output requirements are
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stated in terms of maximizing dose rate over a specified area (of diameter D)
and within a specified maximum relative variationr of dose Z over tha{ area

where Z is equal to
) =2 M T m (25)
x

+x
max m

As the tube vcltage is increased, the forward dose rate does increase pro-
portionally to V3 but the bearm becomes more and more sharply collimated
in the forward disection so that the maximum angular size 28 max - D/d of
the irradiated area, viewed from the X-ray source, must be reduced to
maintain dose uniformity. Hence, for given D and Z , the target to object
distance d must be increased as V is increased, resulting in an increase

of x with V which is much slower than V3. The actual dependence of x on V,
at fixed D and Z , i8 very complex in the practical case of a dietributed
X-ray source and of a nonparallel electron beam with nonuniform current
density. However, the effect of beam collimation can be illustrated by
considering the simple idealized case of a point source of X rays and a
parallel beam. At voltages above 2 Mv, theory and experiment indicate that
the normalized spatial distribution I(G)/I is a function of V@ only. Thus for
a given permissible dose variation Z , t%e product VO must he held constant
(at least at the voltages of present interest where beam collimation strongly
predominates over the distance factor, equal to cos2 6 for a plane target,
in creating dose variation across the area of interest). It follows readily
that ema.x is inversely proporti or;al ;o V and, at given D and z , the dose
rate x which is proportional to V' /d increases only linearly with voltage.
The approximate formula given below is convenient for the purpose of esti-
mating the power required to generate a given dose rate x over given area of
diameter D and with a given maximum relative variation Z of the dose rate
over the area. The formula is obtained by noting that, for I{(0) > 0.7 Io,

the data I(6) of Figure 27 are reasonably well represented by
2 2
HO) T I_(1-0.4V"8% (26)

where V is in Mv and 8 in radians. Assuming :‘:(e)/«fco ?1(9)/10, which is true

65

RPN A O FOFROBIIGID WIS, SRR SSAEDR o Nl vt QLo g il . LT e i




[

G

LB 1 iy ML T & LAl AR R S AN ok £ g

AFWL TR-65-21

above 4 Mv for a plane area, and making appropriate suhstitutions, finally
yields:
(27)

where x is the dose rate in r/sec, P = IV is the beam power in watts, D is
the irradiated area diameter in meters, Z is the permissible relative dose
variaticn across the irradiated area, and d is a numerical factor equal

to 6 for the case considered (parallel electron beam, point X-ray source).
In a more complex practical case, the relation just given would in first
approximation still hold but with a different numerical value of d. It is also
found that bo... the use of a distributed X-ray source (particulariy the ring
source discussed earlier) and a nonparallel electron beam (within limits)
increase the value of d and are therefore desirable.

An important aspect of the foregoing formula is that it
shows the dose rate(at given D and Z ) to pe directly proportional to the
electron beam power P. Hence, use of a mismatched load, which can only
decrease the power delivered to the load during the first step of duration 1;,
is definitely undesirable.

*
12. Neutron Generation

In the range of voltages of primary interest (i.e., below 10 Mv
where the uranium y, n reaction becomes more prolific), it appears that
neutrons can be generated most efficiently by the photo disintegration r<ac-
tion in bery!lium, ie,e.:

1
)/ +4Be9._.. 4Be8 + o8 -Q (28)

#An applicable and somewhat more detailed discussion of pulse neutron
generation is also given in AFWL TR 65-~63 (Ref. 14).
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While we h~ve not yet made direct studies of neutron generation by this
technique, the reaction is well known and the following data surmmarize
published results, derived primarily from the Handbuch der Physik XXX1I-2,
pp 141-145, and from the survey article "Using Accelerator Neutrons",
Nucleonics Vol 18, pp 64-68, Decem. 2r 1960, by Burtill (HVE Co.) and
McGregor (Ref. 16).

1) The threshold of the reaction (Q value) has been accurately
measured ard is:

Q = 1.664 7 0.003 Mev (29

2) The angular distribution of the emitted photoneutrons is rot

tuo far from isotropic, and is approximately given oy:
s
a0 1+0.6sin26 (30)/
0o

3) The photoneutrons emitted are fast neutrons exhibiting 2
.broad continuous energy spectrum, peaked ir. the 1 to 2 Mev region. The
spectrum is not a sensitive function of electroﬂ energy"’;" except for a slight
increase in the high energy tail ¢f the spectrum (> 4 Mev) in t'e case of very
high electron energies.

4) Whereas the yield of the réaction is a complex function of the
y ray energy, with several additional reactions coming irto play at high
energies (hV/=>17 Mev), the total neutron output for the co.tinuous y ray
spectrum produced by Bremsstrahlung smooths these «ffects and shows a
regular and very rapid increase of neutron yield with geaerator output vol-
tage. Figure 30 shows typical overall neutron yields, expressed in
neutrons/sec per ampere of electrc. beam current, according to Burrill
and McGregor (Ref. 16).

5) In view of Figure 30, the voltage dependence of the neutron

_yield in the 4 - 10 Mv range is fa.rly closcly apprcximated by a V3 law,

Hence, as in the case of the forward X-ray dose rate, neutron cutput is
maximized if the load impedance is three times the pulser che -acteristic

impedance. While the collimation argument does rot apply since neutron
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spatial distribution is apparently fairly isotropic and insensitive tc voltage,
the other arguments a2gainst mismatching remain applicable.
At 6 Mv the peak neutron flux near the target is related to the

electron beam current density by

N = 2.4x 1014
neutrons/cm sec amp/cm (1)

Hence, with an electron beam current of 300, 000 amperes and a beam cross
section of the order of 350 cmz, peak fast neutron fluxes well in excess

of 1017 meui:rons/cm2 sec appear feasible. Even one meter away from the
target, the average neutron flax during the pulse is approximately 2 x 1015
neutrons/ cm2 sec, and the cotal neutron output within 2 20 nsec pulse

1
exceeds 10 2.
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SECTION 110

EXP¥RIMENTAL STUDIES

1. Pulse-Charged Blumlein Generator

The general design and operating features o: a Blurnlein pulse
generator were discussed previously, especially in Section 1I-4. Figure 23
shows schematically one possible configura*on for an X~ray generator
employing such a pulser.

As presently envisaged, the primary pulser would employ a
Marx-surge pulser with an open circuit output veltage approximately equal
to the system output voltage. This primary pulser would be coupled to a
two-stage cvaxial Blumlein storage unit through a suitable isolation charging
inducctor., A sherting switch across one of the Blumlein sections would be
discharged immediately after the energy transfer from the charging pulser
had reached its maximum value. Then the Blumlein circuit would deliver a
short-duration high-voltage pulse to the load, such as a flash X-ray tube.
Considerable attention has been devoted to the design parameters involved
in the construction of such a pulser. This was followed by certain experi-
mental studies as reported below.

Initial calculatinns performed to determine the energy and
voltage transfer efficiencies with pulse charging and inductor coupling were
indicated in Figure 18 above., Low-voltage model experiments were then
condu~ted to compare with the theory of Section II-8, giving the experi-
mental results shown in Figure 31. (The test circuit and comy,oncnt values
are showa in the schematic Figure 31). The agreement with the theoretical
curves of Figure 18 is quite good when the ratio of output to input capacity is
not greatly different from unity; discrepancies are noted at extreme values,

but are probably caused by instrumentation loading.
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Study of anequivalent circuit for the proposed Marx-surge prima-
ry pulser .ndicates that the very high feasible efficiency (fo C3/C; close to 1)
should not be atfected by distributed inductance in the primary pulser arising
from self-inductance of the capacitors, gap inductance, etc. To verify this
assumption, a low-voltage model was constructed, according to the circuit
of Figure 32A, and tested with the result that full efficiency of transfer to

capacitor C, was indeed obtained despite sizeable distributed inductance.

2
These prcmising results suggested devising a model study
systemn using an available 2-Mv. Marx-surge pulser as the primary charging
pulser, together with an isolation inductor and Blumlein storage unit.

(Fig. 32B).

The 2-Myv pulser had a relatively 1nw effective output capaci-
‘tance of about 80 picofarads. Hence, it was important to minimize tke
tetal capacity of the Blumlein to be charged; this total capacity being the
sum of the capacities of the two Blumlein sections (which are charged in
parallel although discharged in series). )

A value of 50 chms was selected as the highest practical output ’
impedance, with two 25-ohm concentric coaxial line sections constructed in
a concentric configuration as shown in Figure 33, The physical length of
the Biumlein was selected to give an output pulse lergth of 5 nanoseconds,
this value representing the minimum pulse length for which {because of end
effects) the output voltage wave form could be expected to apprecach a
rectangular shape. With thic design, the Blumlein sections are 1.63 in
length, with a total charging capacity oif about 192 picofarads and a stored
energy of about 96 joules at 1-Mv charging voltage.

Consideration of various dielectric materials (Section III-3)
resulted in selection of transformer oil because of its relatively high break-
down strength, good healing ability, ease of handling, and low cost. Poly-
ethylene was employed for the mechanical spacers because of its superior

electric strength and the similarity of its dielectric constant to that of the

transformer oil.
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Figure 32 Circuit Used to Evaluate Experimeatally the Effect
of Distributed Parameters in the Primary Storage Unit.
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A 50-obm aqueous-solution load resistor (¥*water load resistor™),
in series with current viewing resistor, formed the output load for the
Blumlein. Switching was accomplished by over-voiting a ball gap located
across the outer coaxial line at the charging input end of the Blurnlein,

Figure 34 is a photograph of the assembled Blumlein, and Figure 35 shows
the disassembled unit.

The 2-Mv Marx-surge pulser used as the Blumlein primary
pulser employed 120 stages with each stage utilizing an artificial line made
up of 5 ceramic capacitors having an individual capacity of about 2000 pico-
farads. The estimated pulser output capacity for this series-parallel con-

figuration is 2000 x 5
120

= 82 picofarads.

Adjustment of the charging voltage over the range from 10 to 30
kv would give an open circuit voltage varying from 1.2 to 3.6 Mv, reduced
somewhat by stray capacity storages. From the known capacity ratio of 2. 3,
a voltage transfer ratio of about 0.6 and an ¢ ergy transfer of about 38 per-
cent were estimated frem Figure 31. Any resistive loading of the pulser
would of course reduce these values.

The use of artificial lines for energy storage in the Marx-surge
primary pulser results in a voltage output having an apprcximately rectangu-
lar pulse shape of about 0.15 microsecond duration.

The value for the Blumlein charging inductor is ordinarly chosen
to give a charging time sufficiently longer than the Blumlein output pulse
time to avoid energy loss to the charging circuit after secondary switching.
A discharge period of the order of 50 nsec, ‘computed as the resonant period
for the charging inductance and discharge capacitance (output capacitance
cf the primary pulser in series with the capacitance of one of the Blumlein
lines --- the Blumlein gap shorts the other line), would thus o) diaarily be
employed. The primary pulser employed for this system, however, em-
ployed artificial line storage, with a pulse length of 120 nsec. A charging
inductance of 500 microhenries was therefore selected to give a discharge

period of about 1 microsecond long compared with the artificial line

75

U




TR-65-21

AFWL

‘pie2tug ruoaony o3 den jnduy ayj Surmoyg ursjuumig po[qUUISssy

¥¢ 2an3ig

76




AFWL TR-65-21

‘syusuodwiony [[e Sulmoyg parquisssesyg urejumig

T s

G¢ 2an3ryg

71




hd Ta VOPLLY T Tk g S

AFWL TR-65-21

discharge period.
An inductance value of 500 microhenries was emploved, using

the following approximate design formula for a single layer solenoid:

2 2
L=N T _

9r + 104 (32)

where N is the number of turns, ,Z the coil length and r the co1l radius in
inches. For the selected coil diameter of 12 inches and length of 24
inches, 64 turns are required.

Assuming the maximum applied voltage across the inductor o
be twice the output of the primary pulser, the voltage between turns will
be 31.2 kv (at 1-Mv charging voltage and assuming a linear gradient where
N = 64).

Observing the:ze design considerations, one-quarter inch dia-
meter copper tubing was wound on a grooved lucive form with 2. 65 turns
per inch. The completed unit is shown in Figure 36.

Initial tests with the completed system resulted in certain
modifications:

a) tke current viewing resistor and water load mount

were modified to reduce shunt capacity, with a sub-

stantial improvement in output rise time;

b) the polyethylene line spacers werz redesigned with
a lorxger voltage éreep path to prevent voltage
breakdown;

c) stricter grounding techniques, using low-inductance
copper sheet between the primary pulser and the
Blumlein, were employed to reduce "ringing" of
the displayed oscilloscope traces; and

d) a 0,0127-ohm curreﬂt"viewing resistor which
appeared to give poor signal-to-noise ratio was

replaced with a 0.05-ohm current viewing resistor.
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Figurc 24 Blumlein Charging Inductor. The Inductor is
24 Incucs Long, 12 Inches in Diameter and has 64 Turns.
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TLese changes resulted in an output pulse which showed good
agreement with calculations based on system desigr and measured pulse
charging voltages. Figure 37 shows the Blumlein output pulse at voltage
levels of 300 kv and 750 kv respectively. This output voltage was about 15
percent less than would be expected on the basis of rneasured voltage from
the primary pulser and the capacity ratio, this discrepancy being atiributed
to early firing of the Blumlein switch ball gap (which was o0i' immersed and
switched by over-volting). Data taken with breakdown of a solid (poly-
ethylene) diclectric gap showed no significant change in cutput pulse shape.

Figure 38 shows the Biumlein output pulse wave forms when a
dc source was employed to charge the line: a) with a 2.5-mil polyetkylene
switch gap and b) with a 5-mil polyethylene switch gap. The measured out-
put pulse voltage shown in Figure 38 is in excellent agreement with the
measured charging vecltage of 22 kv, The improvement in pulse shape with
respect to the high-voltage data of Figure 37 is attributed to two effects:

a) a lower spark gap impedance because of smaller gap spacing and b) absence
vi electrical noise from the pulse charging circuitry.

Measurements were also made to study the effect of varving the
charging inductor. For these tests a portion of the inductor was shorted
out with a low-inductance copper strap, showing no resulting deterioration
in pulse <hape or amglitude.

The encouraging results of these model studies led to the design
of a higher power system for use in tube design studies on another AFWL
contract (Ref, 14). This later pulse design was used successfully in the
test of several hollow beam, magnetically focused flash X-ray tubes.

The obvious advantages of this technical approach include high
efficiency, simplicity and anticipated freedom from maintenance problems
because of the self-healing switches used throughout the system.

2. Exponential Line Impedance Transformation

The possible advantages of using a tapered transmission line to
achieve voltage step-up in the connection between a coaxial generator and

load were r-ted in Section II-9, Figure 19 showing a sketch of such a device.
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Figure 37 Blumlein Measured Output Pulse Using Primary Pulse Charging:
Top 200 kv/cm; Bottom 500 kv/cm. Sweep Speed is 10 nsec/cm.
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Figure 38 Blumlein Measured Output Pulse Using DC Charging. Output
Amplitudes are 22 kv and Oscilloscope Sweep Speed is 10 nsec/cm. Top:
2-1/2 mils Polyethylene in Gap. Bottom: 5 mils Poly?thylene in Gap.
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An exponential line pulse transformer with a 5:20-ohm imped-
ance step~up ratio was designed and fabricated to evaluate possikle puise
wave shape transformation. This transformer employed water dielectric
and had a physical length of 22 inches, correspornding to an electrical delay
length of about 16.5 nanoseconds.

Rise time, voltage step-up and attenuation were measured with
the following test arrangement. a Tektronix Model 110 pulse generator was
coupled to the 5-ohm input, using a 50:5- ohm minimum loss impedance
adaptor with low reflection G. R. type fittings, The 20-vhm transformer
output was then connected to a Tektronix Model 519 oscilloscope with
a 20:50-ohm low reflection adaptor and a Tektronix T50/Ni25 adaptor to
match the 125-ohm oscilloscope input impedance.

With an input puise rise timg of iess than 0.25 narosecoend and
a pulse width of 10 nanoseconds, the output pulse rise time was 3.9 nang-
seconds and no droop was observed. With a 20-nancsecond pulse, the rise
time at the output was still about 3 nanoseconds and a droop of about 10
percent was ooserved. At 40 nanoseconds, the rise time was still the same
with the droop increased to about 20 percent. Subsequent measurement of
the input pad indicated that this degraded the rise time to 0.6 nanosecond
while the output pad prodﬁced an increase of 2,0 nanoseconds; therefore,
rise time degradation due to the line was probably less than 1.0 nanosacond.

The measured voltage step-up ratic was only 1, 3:1, instead of
the value of 2:1 expected on the basis of the impedance transformation ratio
of 4:1, The discrepancy, which is much greater than could be accounted for
by dielectric losses in water at the pertinent freqmencies, is tentatively
attributed to poor impedance matching and reflections at the two enus of the
tapered line,

3. Dielectric Strength Studies

A knowledge of dielectric strength for solids, liquids and gases
is inr portant in the design of high-voltage pulse generators. The following
tests were therefore performed with both dc and pulsed high voltages, some

of the data reported here being obtained nnder the AFWL tube design program
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(Ref. 14).

3.a Pulsed Voltagg Tests

Tables II, III, and IV contain a tabulation of
breakdown data on a variety of liquids and solids tested to date. In general,
the entries represent single tests conducted to give engineering data on the
dielectric properties of these materials under conditions sirailar to those
which would e encountered in use. Therefore, the data do not reilect the

intrinsic dielectric strength of these materials.

The pulsed voltage tests were performed with
Marx-surge generators at pulse lengths ranging from 50 ns to 150 ns and at
voltages from 150 kv to 2 Mv. One-inch diameter, stainlese steel balls were

used as electrodes in all cases.

The maximum field strength was found by apply-
ing the following approximate expression for the maximum field between
spherical electrodes (Ref. 17), which holds at spacings not too small com-

pared to the radius of the spheres:

Emax = 0.9U r +d/2 (33)
d r

where U is the gap voltage at breakdown, d is the electrode spacing and r is

the radius of the electrod=s.

3.b Dc Voltage Tests

Table IV is a tabulation of surface breakdown data
on a variety of materials in several media; some of these data were obtained

from pressurized gap tests described below.

These tests were performed with a 0-250 kv dc
power suprly, and the eiectrodes were l-inch stainless steel or brass balls
except as noted. The breakdown voltage was taken as the voltage at which
arcing was continuous. In several cases intermittent arcing occurred at
low voltages, probably a result of surface contamination. On the basis of
these presently available data, poiyethylene appears to be the solid dielec-

tric most suitable for high-voltage storage purposes, particularly under dc
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TABLE Ii

BREAKDOWN DATA TABULAT:iON

IHMPULSE BREAZDOMN DC BREAXDOWE D,
Spacing Foltage ;. O I
- ta b Maximm Pield Styength Pulse ing poltage {Maximmm Field
IERTAG: in XV/iach Puirer ;Length fn in Strength in K¥/1ia. | | Valy
Inches /imech _
in nz Inches XV
Polyethylene 0.50@ 1650 4,500 2 MWy 120 .060 @ 250 4200 2.23
0.2¢ 15501 4,200 2 M 120 .020 e 115 5800
050 @ 100-165] 2000 - 3200
07503 225 @ 3000
025 @f 50 ® 2000
Mylar 010 2] 1o 11000 %
.02092®| 210 11000
.03 @ 250 @ 3300
.060 250 ©| 4200
8
] Polypropolene 0 2] s 4800 2.
i Polycarbonate 004 63 14,000 236 150 2. |
Cellulose Acetate 020 @ 150 6300 3.2,
E- Cellulose Acetate 020 @ 140 7000 3.2
Bytyrete 5 o
¥ylon .020 130 6500 3.4 -
Epoxy S5 |s17 O w1000 4
b Teflon 007 8 11,000 236 150 031 105 3400 2.1
; 015 | 52.5 3,200 236 150
2020 80.5 2,500 236 150
Acrylic 0.50 ®| 100 3,000 2 My 120 B.2 -
POOTMOTES: 1. Sde text for Jefin equition 12, Machine Desigp Plastics Nook 3H
2, Bdtween 5'[dia, fla§ Al. plate with edges rddius to 1/8" in o Sept} 20, 196¢
3. ored of . TS
4, tween 1" {dia. balls in oil
%= I 230° XV :
6. er slow|charge agd 1 hr at 250 Xv
by B o Y
8. P tests
9. R S
10, ing rdte; 10 steps each 15 minutes
11, not down L
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TABLE II

N
e BREAXKDOWN DATA TABULATION
pIELE
| (v cousw?r 10SS PACTOR DIELZCTR 'C STRENGTH
DIFLECTRI €5
DC BREAKDOWN “(Publirhed)
Value
2ulse Spscing poltage |Maxiwmum Field
‘ * Length in in Strength in KV/in, | | Value Prequency Value Frequency v/=il Method
2,25-2, inmns Inches XV in cps in cps
| It 3
120 060 2 250 4200 2.25-2.3p 100 .0003 10 450-700 thort tire, 1/8"
fen—
120 020 @ s 5800
050 Dl100-1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>