‘AD-A09S 278

UNCLASSIFIED

EG AND @ INC SALEM MASS F/6 9/1

HIGH VOLTASE, LOW INDUCTANCE HYDROGEN THYRATRON STUDY PROGRAM.(U)

JAN 81 R F CARISTI¢ D V TURNQUIST DAA801-78-C'2977
DELET=TR=-78-2977~F




oo
o
e\
16
op)
S
<
A
<<

Research and Development Technical Report
DELET-TR-78-2977-F

HIGH VOLTAGE, LOW INDUCTANCE HYDROGEN THYRATRON
STUDY PROGRAM

it

Robert F. Caristi ’

David V. Turnquist DT‘C
EG&G. Inc. @r—‘ ECTE
35 Congress Street

Salem, Massachusetts 01970 FEB 2 01981

C

January 1981
Final Report for the Period 4 September 1978 to 3 March 1980

DISTRIBUTION STATEMENT: Approved for Public Release; Distribution Unlimited

Prepared for: 5
Electronics Technology & Devices Laboratory g

ERADCOM

U.S. ARMY ELECTRONICS R&D COMMAND, FORT MONMOUTH, NEW JERSEY 07703

§1 2 20U uv9

HISA-FM 19578




—— R AN 5y R S T — ——
——
/ .
-
NOTICES
Disclaimers

The citation of trade names and names of manufacturers in this report is not to
be construed as official Government endorsement or approval of commercial
products or services referenced herein.

Disposition

Destroy this report when it is no longer reeded. Do not return it to the orginator.

PPy




Unclassified
SECURITY mrnon OF THIS PAGF (When Data Entered)

\\ REAORT DOCUMENTATION PAGE e O COMBLETING EORM

RY 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER
19 DELE%R 78-2977-F l ‘/74U ,40575912 70

A ‘fﬁL Lot Subdey D COVERED
N . S — .Ina'l e ’ ”,
‘High Voltage, LOW Inductance H dY‘O en 4 Sep 78-%8 3 Mar
' g g ydrog ! 2ep 96:

Thyr‘atron Stui{.fkjj' (J/y‘] hd r 6. ;‘ERFORWNG ORG. REPORT NUMBER

7. AUTHOR(S)

L — s —4 8. CONTRACT QR GRANT NUM/BER(II)
e gy s 3 ST AT . } -
(! Robert F. fearisti @’/ DAABEﬁ 78--2977/ .
~,: David V./Turnquist { i -

9. 'PERFORMING ORGANIZATION NAME AND ADDRESS

EG&G, Inc.
35 Congress Street
Salem, MA 01970 | 4

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

1L1627 5AH‘ﬁ02 (r] \

- ——

EPORT DATE

Janu-y-i981

¥

ATTN: DELET-BG 13, NUMBER OF PAGRS.

11. CONTROLLING OFF|CE NAME AND ADDRESS ”
Electronics Technology and Devices Lab.(ERADCOiT’ 1
Fort Monmouth, NJ 07703 - 129

14. MONITORING AGENCY NAME & ADDRESS(i( ditferent from Controlling Office) 15, SECURITY CLASS. (of thia seport)

Unclassified

SCHED!

[ SN
¢ l < )
I { - dL D DECLAssngucnlon/oowucnwmc

6. DISTRIBUTION STATEMENT (of this Repetl) .

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side i{f necessary and idantify by block number)

Thyratrons, Switches, Pulse Generators, Blumleins, Pulse Modulators,
Nanosecond Pulsers, High Voltage Components

. APSTRAC oz reverse af Jreceesary and !dentify by block number)
?he second‘hﬁase of a mJTt1 -phase program of research and development to gain

the information necessary to fabricate a high voltage, low inductance hydrogen
thyratron switch has now been completed. The thyratron is to be capable of
switching tens of kiloamperes within tens of nanoseconds at voltage levels as
high as 250 kV. To achieve low inductance, the thyratron is operated within a
close-fitting coaxial current return. Both the tube and the return are made

physically short, and the tube is designed such that the discharge is constrained
to flow principally at the outer reaches of the device. A technique has (over T 7 o

F ORM
DD, an 7 473  €D1TiON OF 1 NOV 6815 OBSOLETE

Unclassified

3909 0¥

SECURITY CLASSIFICATION OF THIS PAGE (When Dete Enreuq l /




URITY CLASSIFICATION OF THIS PAGE(When Data Entered)
- been developed for modelling various types of box grids and then using
computer-generated field plots to aid in the specifics of grid design. This
model has been used to generate a comprehensive set of theoretical relations
that are useful to determine the anode dissipation to be expected.

kExperimenta1 results are described and discussed. Included are the ceramic
test results, holdoff vs. time on charge and gas pressure, stage voltage
addition, operation at high pulse repetition rates, current rise time as a
function of gas pressure, and the triggering characteristics of multi-stage,

box-grid tubes.

>Finally, the design of an intermediate experimental tube is discussed at
length. This tube is expected to have an inductance less than 50nH and to
operate at 150kV. Its design is based on both the theoretical and experi-
mental results obtained during this phase of the research Program.

_The overall conclusion is that a hydrogen thyratron capable of achieving the
Program‘s objectives is a feasible proposition. However, further work is
required to achieve the maximum holdoff at the jghest practical gas pressure,
and both theoretical and experimental studies wi be necessary to devise and
test multi-stage holdoff secions capable of operating at significant pulse
repetition rates.

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

. T LA AR A - LV T PR S e et s




LIST OF SYMBOLS AND ABBREVIATIONS

Symbol Definition
C1 Interstage Capacitance
b c2 Stage-to-Ground Capacitance
] OBV Dynamic Breakdown Voltage
di/dt Rate of Rise of Anode Current
E-E Electrode Spacing
Ef Cathode Heater Voltage
eqgy Peak Forward Grid Voltage
epy Peak Forward Anode Voltage
epx Peak Inverse Anode Voltage 4
Eres Reservoir Heater Voltage ‘
ib Peak Anode Current
{ Ib Average Anode Current
Ip RMS Anode Current j
Lt Tube Inductance :
’ P Gas Pressure in Tube ]
Pa Anode Dissipation
[ prr Puise Repetition Rate
SBY Static Breakdown Voltage
tad Anode Delay Time
b tj Time Jitter of Anode Current Pulse
tp Width of Anode Current Pulse
$ tr Rise Time of Anode Current Pulse
TUT Tube Under Test
o Isolation Coefficient (Defined in Text)
? Y Transfer Efficiency (Defined in Text) //;i;;w
b Anode Heating Factor '
T4 Time Constant of Anode Fall

p Recovery Factor (Defined in Text) SREE




ST T

Section

TABLE OF CONTENTS

LIST OF SYMBOLS AND ABBREVIATIONS. . . . . . . . . . . ..
PREFACE. . . . . . v o v i i v b e v e e e e e e e
INTRODUCTION AND SUMMARY . . . . . . . . . . . .« . . ...

a.
b.

Purpose and Concerns oi the Program. . . . . . . . . .
Report Organization and Summary. . . . . . . . . . . .

REVIEW OF PHASE I. . . . . . . v . v o v v v v v v v v v
OBJECTIVES OF PHASE II . . . . . . . . o o v o v o ..
DESIGN OF MULTI-STAGE, BOX-GRID TUBES. . . . . . . . . . .

a.

General Design Principles. . . . . . . . . . . . ..

(1) Box-Type Gradient Grids . . . . . . . . . . . ..
(2) Interstage and Stray Capacitance. . . . . . . . .
(3) Stage Voltage Addition. . . . . . . . . . . . ..

Extended Design Studies. . . . . . . . . . . o oL,

(1) Box~Grid Geometry . . . . . . . . . . . . . . ..
(2) Anode Dissipation . . . . . . . .« . . .. ..

TEST KITS FOR HIGH VOLTAGE, LOW INDUCTANCE TUBES . . . . .

a. 80 kV Pulse Charge System. . . . . . . . . . . . ..
b. 50 kV High di/dt System. . . . . . . . . ... ..
C. 250 kV Pulse Charge System . . . . . . . . . . . . ..
EXPERIMENTAL TUBES AND TEST RESULTS. . . . . . . . . . . .
a. Objects of the Experimental Work . . . . . . . . . ..
b. Experimental Tubes . . . . . . . . . . . . . ...
(1) HY-5505 . . « . v v i e e e e e e e e e e e
(2) HY=5506 . . . . . . . . ¢ v i e e e e e e
(3) HY-5507 . . . . . . & o i e e e e e e e e e e
(8) HY-5508 . . . . . . . . . e e e e e e e e
(5) HY-5509 . . . . . . « i i e e e e e e e e
(6) HY-5515 . . . . . . . . e e e e e e e e
(7} HY=5525 . . . . . . . i e e e e e e e e

-l




Section Page

, ¢. Test Results and Interpretation. . . . . . . . . . .. 66
' (1) Ceramic Stress Tests. . . . . « . « « « v v« .. 66
i (2) Holdoff vs Time on Charge . . . . . . . . . . .. 74
' (3) Holdoff vs Gas Pressure . . . . . . . . . . . .. 79
(4) Stage Voltage Addition. . . . . . . . . . . . .. 92 v
(5) Operation at High Pulse Repetition Rates. . . . . 97
(6) Current Rise Time vs Gas Pressure . . . . . . . . 103 ;
(7) Triggering Characteristics. . . . . . . . . . .. 106
8 INTERMEDIATE HIGH VOLTAGE, LOW INDUCTANCE HYDROGEN 1
THYRATRON — HY-5525. . . . . . . . . ¢ . v v v v v v v v s 113
9 CONCLUSIONS FROM PHASE I1 AND PLANS FOR PHASE III. . . . . 117
a. Conclusions from Phase II. . . . . . . . .. . .. .. 117
b. Plans for Phase IIl. . . . . . . . . .. o . . .. 119
10 REFERENCES » « v v v o o e e e e e e e e e e e e e e 123 J
DISTRIBUTION LIST. . . . . . « v v v v v v e e et e e e 125 1
)
BEVE P

- -
i i .
 —— il ‘ R . .




Figure

A AW N

~

10

11

12

13

14

15

16
17

18
19

20
21

LIST OF ILLUSTRATIONS

Typical aperture arrangements for box-type gradient grids .
Internally baffled box-type grid. . . . . . . . . .

Basic configuration for minimizing insulator stress .

Model used to calculate interelectrode capacitance. . . . .
A typical computer-generated field plot . . . . . . . . ..

An expanded view of the equipotentials within the box grid
of Figure 5 . . . . . . . . . . . . o0 s e e e e .

Effect of increasing slot-width by 20%. . . . . . . . . ..
Effect of reducing slot-width by 40%. . . . . . . . . . ..
A typical fielid pattern for a double-walled box grid.

Field pattern when a thin baffle is added to the grid of
Figure 9. . . . . . . . . . o e e e e e e e e e e e e

Field pattern when a thick baffle is added to the grid of
Figure 9. . . . . e e e e e e e e e e e e e e e e e e e

A baffled box-grid where the slots are offset within the
bOX « . L . e e e e e e e e e e e e e e e e e e e e e

Results of a typical box grid parametric study. . . .

Results of a parametric study performed to investigate the
sensitivity of the transfer efficiency to the dimensions
and location of the grid baffle . . . . . . . . . .. . ..

Relationship between isolation coefficient and transfer
efficiency. . . . . . . & o L . L o s o s e e e e e e e e

Waveform assumed for the anode fall . . . . . . . . . . ..

Circuits for a thyratron discharging a transmission line
into a resistive load . . . . . . . . . ... o000

Plot of the function f(Ka). . . . . . . . . . . . .. ..

Ratio of the anode energy with inductance in the circuit to
the anode energy with no inductance in the circuit.

Plot of the ratio f(Kp)/f(0.1). . . . . . . . . . . ..

Percentage of the stored energy that is lost to the
commutation process as a function of parameter K.

-vii-

27
27
28
28

29

29

30

30

31

33
35

37
42

43
43

46




Figure Page

22 Function f(Kp) vs ratio Ti/T . . . . .. e e e e e e 48
23 Schematic and waveforms — 80 kV test kit. . . . . . . . .. 55
24 Anode waveform used to investigate prr characteristics. . . 56
25 Schematic and waveforms — high di/dt test kit . . . . . . . 58 :
26 Construction of high di/dt kit. . . . . . .. .. .. ... 59
27 Schematic of 250 kV test kit. . . . . . .. e e e 61
28 Five-stage HY=5506. . . . . + v v v v v v e et .. 65 '
29 Typical ceramic sample with electrodes. . . . . . . . “ .. 68
30 Marx generator used for sample testing. . . . . . .. .. 68
31 Waveforms showing sample holdoff and sample breakdown . . . 73
32 Dynamic breakdown voltage as a function of pressure, with
time on charge as a parameter . . . . . . . e e e e e e 77
33 Dynamic and static breakdown — HY-5506. . . . . . . . . . . 78
34 Typical reservoir calibration curve . . . . . . . . . . .. 81
35 Minimum epy for the HY-5509 . . . . . . . . e e e e e e 81
36 Distribution of charging voltage — HY-5506. . . . . . . . . 83
37 Breakdown characteristics — HY-5506 . . . . . . . . . . .. 84
38 Breakdown characteristics — HY-5508 . . . . . . . . .. .. 85 {
39 Breakdown characteristics — HY-5509 . . . . . . . . .. .. 86
40 Dynamic breakdown characteristics — HY-5509 . . . . . . .. 87 ;
41 Comparison of DBV — HY-5506, HY-5508, and HY-5509 . . . . . 89 ?%
42 Anode DBV — HY-5509 with first stage shunted. . . . . . . . 91 E‘
43 DBV as a function of pressure, with gap spacing as a zg
parameter — various single stage tubes. . . . . . . . . .. 91 r
44 Breakdown characteristics at high prr — HY-5. . . . . . .. 99
45 Recovery factor at high pressures — HY-5, . . . . . . . .. 99
46 Breakdown characteristics at high prr — HY-5506 . . . . . . 100
47 Breakdown characteristics at high prr — HY-5508 . . . . . . 100 i
48 Breakdown characteristics at high prr — HY-5509 . . . . . . 101 ;
49 Comparison of recovery factors — multistage tubes and h
HY=5. . . & . o o e e e e e e e e e e e 102 j
50 A typical anode current pulse at high gas pressure. . . . . 103 ‘
51 Rise time as a function of gas pressure — multistage
tubes . . . . .. .. e e e e e e e

52 Intermediate experimental tube — HY-5525

-viii-




s

Table

10
11
12

13

LIST OF TABLES

Electrical characteristics of h1gh vo]tage, low inductance
hydrogen thyratron. v . e

Calculated interstage capac1tance for a typ1ca1 box- gr1d
assembly. e e e .. e ..

Summary of equations related to anode dissipation . .

Characteristics of Marx generator used for ceramic sample
evaluation. e e e e e e e e e e

Breakdown voltages of ceramic samples when immersed in
transformer oil .

Holdoff properties of ceramic samples when immersed in
distilled water . ... e

Breakdown voltages for the samples of Table 6 when the
samples were immersed in transformer oil.

Time related thyratron breakdown regimes. ..
Dynamic breakdown voltage as a function of time on charge,
DBV(T), normalized to dynamic breakdown voltage for 2 mS
on charge . . . . e e e e e e e e e e e e e e e

Calculated and measured anode breakdown voltages for
HY-5506 . . coe e Gl

Calculated and measured anode breakdown voltages for
HY-5508 . . e

Calculated and measured anode breakdown voltages for
HY-5509 . . .o e

Breakdown times of box-grid tubes . . . .

-iX-

g o A S0 VNG W Gt

Page

20
52

69
71
73
73
75
76
94
95

96
111




TSI T Ty Ty

Do it

S

1 PREFACE

This Final Technical Report documents the results of a program of re-
search and development that commenced 4 September 1978 and ended 3 March 1980,
and was generally known as Phase II of the High Voltage, Low Inductance
Hydrogen Thyratron Study Program. Funded under ERADCOM Contract DAABO7-78-
C-2977, this work was directed toward gaining the information necessary to
fabricate a thyratron switch capable of operating under the electrical condi-
tions stated in ERADCOM's Technical Guidelines dated 7 April 1978.

The work described was performed by the High Energy Switch Department
of EG&G's Electronic Components Division, 35 Congress Street, Salem, Massachu-
setts. Mr. David V. Turnquist was Program Manager and Mr. Robert F. Caristi
was Program Engineer. Mr. John E. Creedon of ERADCOM was Technical Monitor.

The authors of this report wish to recognize the significant contribu-
tions of Dr. Chathan M. Cooke, Director of Dielectric Research at the High
Voltage Research Laboratory of the Massachusetts Institute of Technology,
Cambridge, Massachusetts. Dr. Cooke is a consultant to EG&G.




2 INTRODUCTION AND SUMMARY

a. Purpose and Ccncerns of the Program

The purpose of the High Voltage, Low Inductance Hydrogen Thyratron Study

Program was to develop a hydrogen thyratron capable of holding off hundreds of

kilovolts before switching a fast-rising current pulse of ten- of kiloamperes.

The applicable Technical Guidelines (as issued by ERADCOM) are given in

Table 1.

Table 1. Electrical characteristics of high voltage, low inductance

hydrogen thyratron.

Characteristic Symbol Objective
Peak Forward Voltage epy 250 kv
Peak Anode Current ib 20 kA
Pulse Width (90%) tp 60 nS
Pulse Rise Time (10% to 90%) tr 5nS
Current Rate of Rise (10% to 90%) di/dt 3 x 1012 a5
Number of Pulses per Burst -- 100
Off Time to Burst Duration Ratio -- 100:1
Total Inductance
(Switch and Connectors) Lt 125 nH

During Phase I of the Program, fundamental design principles were es-

tablished for such tubes. Subject areas where experimentally generated

information was required were also determined. The primary areas in need of

experimental work were the maximum allowable insulator stress and the holdoff-

commutation characteristics of multi-stage tubes having box-type gradient

grids. Efforts during Phase II were principally directed toward generating

these data.




The basic approach throughout the Program was to develop a theoretically

based explanation for experimentally observed phenomena whenever possible.
During Phase II, theoretical work on box grid design was continued and the
model for gas discharge switches was used to predict the anode dissipation
expected in actual practice.

An intermediately sized experimental tube has been designed and is
presently being built for delivery to ERADCOM where further experimental data

will be generated.

b. Report Organization and Summary

This report does not document every experimental and theoretical result
generated during Phase II, nor docs it contain descriptions of experimental
apparatus or techniques be' nd the extent necessary to provide a basic under-
standing of the work perfurmed. Monthly letter reports were provided during
the Program covering such details. This report summarizes principal findings,
and interprets their significance in light of the overall objectives of the

Program.

Section 3 briefly reviews the work done during Phase I. Its objects were
to establish design principles for high voltage, low inductance hydrogen
thyratrons, and to determine those areas where experimentally generated
information was required.

Parametric studies performed during Phase I showed that a reasonable
compromise could be achieved among inductance, stray capacitance, and tube-to-
return electric fields at the desired anode voltage. A model was developed
for gas discharge switches that considered their finite commutation times.
The results obtained with the model indicated that reasonably fast current
rise times could be achieved with a hydrogen thyratron having the anticipated
inductance, and operated at a sufficiently high gas pressure.

The tube designs that evolved during Phase I were based on the use of
multiple, short, box-type gradient grids. The assumption was that such tubes
could satisfy the goals set by the Technical Guidelines subject to the ability
of the inter-stage insulators to withstand very high voltage stress under
short-pulse conditions, and also subject to the holdoff/commutation character-
istics of multiple, box-grid structures. Experimental work was required to
resolve these two contingencies, and efforts during Phase II were principally

directed toward addressing these issues.
—4-
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Section 4 outlines the objectives of Phase II in further detail. Theo-

retical and experimental investigations were performed in several areas
pertinent to the design of high voltage, low inductance tubes. A1l of this
work was directed toward gaining the information necessary to design a thyra-
tron switch capable of meeting the requirements listed in Table 1.

Section 5 discusses various aspects of high voltage, low inductance tube
design, with emphasis placed on the results of extended theoretical studies
that addressed the subjects of box grid geometry and the development of a set
of relationships that are useful to predict the anode dissipation to be
expected under a variety of operating conditions. The grid design studies
showed that it was possible to model the box-grid geometry and then to use
computer-generated field plots to aid in the specifics of grid design. The
transfer efficiency concept was devised to serve as a measure of the ability
of a box-grid to provide sufficient isolation between stages so that the
individual stage voltages are algebraically additive.

In the anode dissipation study, the commutating gas discharge switch
model was used to generate relationships that predict thyratron anode dissipa-
tion to a degree of accuracy not previously attempted. This study provides a
theoretical basis for many phenomena that have been previously observed but
not quantified. The thrust of the analysis is to point to the significance of
operating high performance tubes at high gas pressures in order to minimize
the significant anode dissipation that results when the circuit rise time and
the anode fall time are comparable.

Section 6 describes the test kits that were used to generate the experi-
mental data reported herein. Of particular interest is the 50 kV high di/dt
kit that was designed to have an inductance of only 10 nH — significantly
less than that of the experimental tubes with which it was designed to oper-
ate. Experimental resuits showed that this kit had an inductance of the order
calculated, and its performance was instrumental in advancing knowledge of
several of the fundamental characteristics of low inductance, multi-gap

tubes.




Section 7 presents highlights of experimental results, starting with the
objects of the experimental work, and continuing with the various experimental
tubes built under the auspices of the Program. Since an important aspect of
the experimental effort was to determine the breakdown properties of the high
alumina ceramics universally used for the insulators of high performance
hydrogen thyratrons, a significant experimental effort was exerted in this
area. The conclusion was that the ceramics can withstand electric fields well
above those to be expected in a well designed tube capable of meeting the
objectives of this Program.

For the experimental tubes under test, dynamic holdoff as a function of
time on charge and as a function of gas pressure was determined, and both
stage voltage addition properties and performance at high pulse repetition
rates were investigated. Characterization was completed by determining their
anode current rise times and their triggering characteristics — both as a
function of operating gas pressure.

Section 8 provides a detailed description of the intermediately sized
experimental tube now being built and which will be delivered to ERADCOM for
subsequent testing and evaluation. This tube is a five-stage device designed
to operate at a peak forward anode voltage of 150 kV and to have an inductance
of less than 50 nH. This tube is expected to be capable of generating a 10
kA, 60 nS current pulse having a rise time of 10 to 15 nS. A pulse repetition m
rate of 1 kHz should be achievable in the burst mode.

Section 9 discusses the principal conclusions from work accomplished
during Phase Il and plans for Phase III. The work of Phase II showed that the
] breakdown properties of the ceramic insulators would not necessarily inhibit
the development of a tube that could meet the objectives of the Program. It
was further established that a multi-stage tube having a plurality of short,
box-type gradient grids could in fact hold off, commutate, and recover in
substantially the same manner as a conventional tube. Near-perfect stage

voltage addition can be accomplished, and very low tube inductances can be
achieved.

For the tubes under consideration here, the rise time of the anode
current is limited principally by the anode fall time. The time constant of
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the anode fall is solely a function of gas pressure, and the time constant
decreases as the gas pressure increases. Therefore, low inductance tubes must
be operated at high pressure, but such operation reduces tube holdoff capa-
bilities. Command pulse charging of the anode with a time on charge of a few
microseconds takes advantage of tube dynamic holdoff capabilities, but the
improvement in holdoff, although worthwhile, is not extraordinary, particular-
ly at high pressures. As a result, the single most important advance that
needs to be made in the development of high voltage, low inductance tubes is
to devise a scheme that improves gap holdoff at high tube gas pressure.

The rise time capabilities and triggering characteristics of multi-stage,
box-grid tubes are of the same general nature as those of conventional tubes.
Their recovery properties, although poor when compared to those of single-
stage tubes, are materially better than those of multi-stage, cavity types.

The overall conclusion is that a hydrogen thyratron capable of meeting
the objectives of the Program is a feasible proposition. No impediments to
success are known to exist. However, further work is required to achieve
maximum holdoff at the highest practical gas pressure, and multi-stage holdoff
sections that are capable of fast recovery have yet to be developed.

Work under Phase II will continue and be extended to include building and
testing a series of experimental tubes specifically designed to address those
considerations that prompt the greatest practical concern. Among these are
insulator integrity at voltages up to 250 kV, upper-stage arcing at high
working voltages, and stage voltage addition under high field conditions.

Long range plans include studying those factors that presently serve to
Timit the pulse rate capabilities of high voltage, low inductance tubes and to
extend those capabilities as far as possible. Our goal is to demonstrate high

voltage operation at 10 kHz by the end of 1981.
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3 REVIEW OF PHASE I

The objectives of Phase [ were {1) to establish design principles for
high voltage, low inductance tubes; and (2) to determine those areas where
theory alone was inadequate, and new, experimentally generated information was
required.* It was immediately apparent that physically short tubes fitted
with coaxial current returns were required to achieve low inductance, and that
command pulse charging was necessary to achieve high total holdoff from tubes
having a relatively small number of gaps in series. Pulse charging required
that the distribution of the applied voltage across the various gaps be
determined by the interelectrode and stray capacitances. Both the stray
capacitance and the tube/return inductance were functions of the tube and
return diameters, as was the voltage stress in the insulating medium between
the tube and the return.

It followed that a parametric study of the properties of a coaxial
geometry and a study of capacitance-controlled voltage division were required
to establish reasonable design boundaries. These studies showed that it would
be necessary to stress the interstage ceramic insulators to levels well beyond
standard practice. No experimental data were known to exist for the appro-
priate stresses and time scales, and existing data concerning the holdoff-
pressure characteristic of deuterium under pulse charge conditions were
inadequate; therefore, experimental work was necessary.

Finally, it remained to be experimentally demonstrated that a multi-stage
tube having the short, tightly baffled, box-type gradient grids necessary for
Tow inductance would exhibit stage voltage addition while simultaneously
having the capacity to trigger and commutate like a conventional tube.

Parametric studies showed that a reasonable compromise could be obtained
among inductance, stray capacitance, and tube-to-return electric fields, but
the effect of tube inherent turn-on time on the rise of the circuit current

*The results of the Phase I effort are documented in Technical Report No.
DELET-TR-77-2725-F dated March 1979.




remained to be determined. A model was developed for commutating gas dis-
charge switches that considered their finite commutation time. Thus tube
holdeff capability (a function of gas pressure and electrode spacing) could be
related to its current rise time capabi1lity (a function of gas pressure
and inductance). Comparisons of theory and experiment showed that the
model accurately predicted tube performance over a wide range of operating
conditions.

To perform the ceramic stress tests a 250 kV Marx generator was designed,
built, and characterized, and a suitable collection of ceramic test pieces was
processed. To demonstrate multi-gap, box-grid operation, a five-stage tube
having this type of construction was designed and built. Actual testing of
both the ceramics and the first experimental tube was performed during Phase
1I; the results are discussed later in this report.

The overall conclusion from the work of Phase I was that a 250 kV tube
capable of delivering tens of kiloamperes in tens of nanoseconds was fea-
sible, subject to the ability of the insulators to withstand the stress and
the general efficacy of the (then) untried multi-stage, box-grid design. The
work of Phase II was principally directed toward resolving the matter of
ceramic stress and investigating the holdoff/commutation properties of multi-
stage, box-grid tubes. The results of this work are described in detail in

the remainder of this report.

-10-
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4 OBJECTIVES OF PHASE II

The objectives of Phase Il were to verify by experimentation the conclu-
sions of Phase I, and to translate the general design concepts estabiished
during Phase I into detailed criteria that could be used to design practical
high voltage, low inductance tubes. It was first necessary to determine the
integrity of high alumina ceramics when they were subjected to high voltage
stress on the time scales appropriate for thyratron insulators. Next it was
required to demonstrate experimentally that a multi-gap tube comprised of
several box-type gradient grids could trigger, commutate, and recover holdoff
in substantially the same manner as a conventional tube.

Theoretical and experimental investigations were conducted concerning the
holdoff/commutation compromise, the design of box~type grids, stage voltage
addition, operation at high pulse repetition rates, anode dissipation under
high di/dt conditions, and various other aspects of high voltage, low induc-
tance tube design. Al1l of this work was directed toward gaining the theoreti-
cal and experimental information necessary to design a thyratron switch
capable of meeting the requirements listed in Table 1.

Finally, an intermediately sized experimental tube was designed and is
now being built for delivery to ERADCOM where further experimental data will

be generated.




i 5 DESIGN OF MULTI-STAGE, BOX-GRID TUBES

The design of high voltage, low inductance tubes was generally addressed
during Phase I. Multi-stage tubes and their coaxial current returns were
treated as smooth, coaxial cylinders of infinite length. On this assumption,
the effects of interstage and stray capacitance were studied at length, and

LR

3 were found to dominate the design of such tubes.

3 During Phase II, particulars of high voltage, low inductance tube design ‘?
were addressed. Some aspects of this work were direct; others required 1

F considerable investigation. In this sention the results of this work are

summarized. First, general design principles are considered. Then the
results obtained for those aspects of the project that required extended study
are discussed.

a. General Design Principles

(1) Box-Type Gradient Grids

Three straightforward approaches to the design of multi-stage tubes
are the nested cup approach, the cavity-type gradient grid, and the box-type
gradient grid. Nested cups become unwieldy when more than a few stages are

required. Concentricity problems are severe, and the discharge diameter

' decreases as additional stages are added. The cavity-type grid structure is
truly iterative, but by its nature, it results in a physically long (and hence |
high inductance) structure. The box grid is both iterative and physically
short, and for this reason, the box grid approach was chosen for the high
voltage, low inductance designs.

Box grids are not, however, free of design difficulties. Cavity
grids are usually operated with a small resistor (typically 1 K) connected
from each gradient grid to its corresponding gradient anode, i.e., across the
cavity. The voltage drop across this resistor during commutation materially
increases the field in the cavity during the commutation interval, promoting
the commutation process. In the box-type grid, the region within the box is
field-free except to the extent that the field in the interelectrode space
penetrates the box through its apertures. Compared with field enhancement
occurring during commutation within the cavity grid, that occurring within the

-13-
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box grid is low. It follows, therefore, that optimizing the aperture geometry
of box-type grids is critical for the realization of the best compromise
between tube holdoff and commutation characteristics. Therefore, box grid and
aperture geometery have been studied at length. The results of this investi-
gation are discussed elsewhere in this section.

(a) Apertures

Various basic geometries are used for the grid apertures of hydrogen
thyratrons. They range in complexity from a single circular hole to the
multiple annular slots chosen for the tubes under consideration. For any
given configuration, the apertures must be baffled such that there is no line
of sight between alternate electrodes.

Annular apertures are preferred for low inductance tubes. The
assumption is that since the discharge must pass through the apertures, it can
be constrained by the aperture positions to occur only at the outer reaches of
the tube. This is clearly the case under short pulse conditions since even a
magnetically driven plasma will move only about 1 cm in 100 nS. Constraining
the discharge to occur only in a large-diameter, thin sheet that is coaxial
with the external current return minimizes the inductance of the tube/return
combination, subject to the requirement that the current density be uniform
around the circumference of the sheet.

The total aperture area for any given electrode or electrode baffle
determines the maximum current that the element will pass before the discharge
cuts off or "quenches."* For hydrogen and deuterium over a wide range of
aperture shapes and sizes, the maximum current density before quenching has
been determined experimentally to be about 104 A/in.2 (1550 A/cmz) at typical
thyratron gas pressures and pulse widths (400 microns, 10 uS). The critical
current density increases approximately linearly with increasing gas pressure
and decreases with increasing pulse width to a minimum of about half its 10 uS
value when the pulse width exceeds 100 uS. For pulse widths below 10 S,

*For multiple annular apertures, it is common to increase the slot width in
that element having the smaller diameter slots to compensate for the area
loss that would otherwise result.
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the critical current density increases markedly. Quenching has not been
observed in the submicrosecond region, and it is not considered as being a
factor in the operation of the tubes under consideration.

For multiple box-grid tubes, the apertures can be conveniently offset in
either of two ways as shown in Figure 1. In Figure 1(a), the apertures within
any one box are in line with one another but offset with respect to those of
an adjacent box. The experimental tubes built during Phase II were all of
this design. In Figure 1(b), the apertures are offset within each box, and
all boxes are identical. This arrangement offers manufacturing economy and
should work in principle, although it has yet to be experimentally demon-
strated.

(b) Baffles

It is convenient to be able to alter the holdoff/commutation proper-
ties of a box grid without altering its external dimensions, wall thickness,
or aperture arrangement. One way to accomplish this is shown in Figure 2,
where an internal baffle of thickness "T" has been positioned perpendicular to
the axis of the slots. The baffle can be supported by a wall parallel to the
slot axis as shown, since field plots have proved that the wall does not alter
the field pattern in the box as long as it is at least a slot-width away from
the edge of the slot. Increasing the ratio of the baffle thickness to the
interior height of the box markedly reduces the penetration of the interelec-
trode field into the box.

The baffle has an additional advantage in that its proximity to the
discharge should enhance the pulse rate capabilities of the tube by reducing
the minimum diffusion path. This hypothesis was experimentally confirmed, as
discussed later in this report.

(c) Stress Equalization

For short, low inductance tubes where the interstage spacers must be
stressed to the limit of endurance, it is necessary that the stress be applied
as uniformly as possible over the length of the insulator. Fiqure 3 shows the
techniques used to accomplish this for simple cylindrical insulators and a
box-grid design. In the lower stages of the tube, mechanical considerations
regarding grid stiffness and mechanical stress relief tend to set the minimum
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Figure 1. Typical aperture arrangements for box-type gradient grids. Type
(a) is truly iterative and also economical since all boxes are
identical.
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Figure 2. Internally baffled box-type grid. As baffle thickness T is in-
creased, the isolation between adjacent gaps is increased.
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Figure 3. Basic configuration for minimizing insulator stress. The external
equalizers minimize maximum stress in the insulators, but increase
the stress in the medium external to the tube.
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box height and, hence, the minimum insulator length. In the upper stages, the

voltage stress in the insulator (both during dwell and commutation intervals)
sets the minimum insulator length. To maintain the desired interelectrode
spacing, the box height must be increased as the insulator length is in-
creased. (The guard rings equalize the stress at the external surface; the
required ring diameter increases as the insulator length increases.)

For the stage nearest the anode, the box height can be reduced and
stress equalization maintained by resorting to the mechanism shown in Figure
52. The internal equalizer also serves to shield the ceramic from the dis-
charge.

(2) Interstage and Stray Capacitance

The stage-to-stage distribution of the pulsed anode voltage will be
most uniform when the ratio of interstage capacitance Cl to stage-to-return
capacitance C2 is made large. Calculation of these capacitances is therefore
an important aspect of low inductance, multi-stage tube design. Figure 4
schematically shows a section through a diameter of a typical stage. The
insulator height, electrode spacing, E-E, and various diameters chosen for
this example are typical of those used for the experimental tubes built during
Phase II. Note from Figure 4 the use of stress-equalizing guard rings to
minimize maximum stress in the ceramic insulator. As the ensuing discussion
shows, the capacitance introduced by the rings is a significant component of
the total interstage capacitance, and the effect of the rings must not be
ignored.

There are four components to the total interstage capacitance that
may be calculated as follows:

Electrode Capacitance

The electrodes are four inches in diameter and separated by 0.125
inch. The insulating medium is deuterium with a relative permittivity, €., of
unity. The electrode capacitance for parallel plates is

Ce = egephe/d (1)

where Ae is the area of the electrodes, d is the E-E spacing and €g is
permittivity of free space. From Equation (1), Ce = 22.6 pF.
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Figure 4. Model used to calculate interelectrode capacitance. In general,
the capacitance introduced by the stress equalizers is a signifi-
cant fraction of the total interstage capacitance.

Insulator Capacitance

The insulator is a ceramic annulus having an inner diameter of 4.100
inches and an outer diameter of 4.500 inches. It is 0.835 inch thick and has
a relative permittivity of 9. Using Equation (1), where the appropriate area
is that of the annulus and d = 0.835, insulator capacitance Ci is 6.54 pF.

Flange Capacitance

The flanges are an annulus having an inner diameter of 4.500 inches
and an outer diameter of 5.350 inches. The insulating medium is 0il (g, = 2.2)
and the flanges are separated by the insulator height, 0.835 inch. Again from
Equation (1) flange capacitance Cf is 3.90 pF.

Guard Ring Capacitance

The capacitance of the guard rings can be approximated by treating
them as being similar to a two-wire transmission line of length, L, where L is
the mean circumference of the rings.* The per unit capacitance of a two-wire
line is (1)

*When the capacitance is calculated on this basis, fringe fields are auto-
matically taken into account.




(2)

where C/L is the capacitance per unit length of the rings, d is the mean
spacing between the rings, and r is the radius of the rings. Since approxi-
mately half the ring capacitance has been taken into account by the flange
capacitance, the ring capacitance, Cr, can be estimated as C/2.

From Figure 4, d = 0.835 inch. Guard ring radius r is 0.1535 inch,
and mean circumference L is 5.657 inches. 031 is the insulating medium
between the rings, with €, = 2.2 Substituting these values into Equation
(2), C = 16.66 pF so Cr = 8.33 pF. Table 2 summarizes the results of the

calculations.
Table 2. Calculated interstage capacitance for a
typical box-grid assembly.
Component Capacitance (pF) % of Total
Electrodes, Ce 22.60 54,63
Insulator, Ci 6.54 15.81
Flanges, Cf 3.90 9.43
Guard Rings, Cr 8.33 20.13
Total, C1 41.37 100.00

Note from Table 2 that while the electrode capacitance dominates the

total, the contributions due to the guard rings and insulators are significant.

To calculate stage-to-return capacitance (2, use the relation(2)

C2/d = 2mepeyr (3)

In(b/a)
where d is the stage length (0.835 inch), €. = 2.2 for o0il, b is the
diameter of the current return, and a is the effective diameter of the tube.
A typical current return diameter is 14 inches, but the effective stage
diameter is not clearly identifiable. The effective diameter exceeds the

4.500-inch diameter of the insulator, but it is less than the 5.964-inch
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outer diameter of the rings. The geometric mean of these diameters is 5.18

inches. Using this value for the effective stage diameter and the appropriate
values for the remaining parameters, Equation (3) shows that C2 = 2.61 pF.

The value of the ratio C1/C2 for a typical stage can now be found.
For this example, it is C1/C2 = 41.37/2.61 = 15.9. This value for Cl1/C2 is
sufficient to provide a reasonably uniform voltage division among the stages
of a five-stage tube.

(3) Stage Voltage Addition

The work of Phase I showed that under pulse charge conditions, the
stage voltages of a multi-stage tube are a function of ratio C1/C2, and that
the upper stage bears a disproportionate share of the applied anode voltage.
[t follows that the dynamic breakdown voltage of the upper stage sets the
maximum achievable epy for the tube, and that a point of diminishing returns
exists as far as the number of stages is concerned. In general, the optimum
number of stages increases with increasing C1/C2. When C1/C2 is very large,
the stray capacitance loses significance. The voltage across each stage of an
N-stage tube then approaches epy/N, and the optimum N is the minimum consis-
tent with the desired epy and the DBV per stage.

It is implicit in the above discussion that the DBV for the indivi-
dual stages be the same, and further, that the individual DBVs add alge-
braically as additional stages are operated in series. In practice, these
constraints do not necessarily apply. Mechanical tolerances, imperfections in
electrodes and insulators, deposits of cathode by-products, and censity
gradients in the tube can (and frequently do) result in differences in DBV
among supposedly identical stages. Furthermore, the total DBV for a combina-
tion of stages in series is a strong function of the degree of baffling
existing among them. This point is discussed at length later in this section,
and also in connection with the experimental results. The implications of
nonadditive DBV are illustrated below.

An expression for the anode breakdown voltage of a multi-stage tube
can be derived in terms of the breakdown voltage of the weakest stage and the
degree of isolation between adjacent stages.




.

Consider first the case where the applied voltage is distributed

uniformly (or nearly so) among various stages of the tube. Let the breakdown
voltage of the weakest stage (alone) be Vg, and let the breakdown voltage of
the combination consisting of the weakest stage in series with an adjacent
stage be Vy,. In the series case, the voltage across each stage (at break-
down) will be vx/2‘

Now define an isolation coefficient, a, as being the ratio of the
voltage across the weakest stage at breakdown (series case) to the breakdown
voltage of the weakest stage alone, i.e.,

%= v (4)

The voltage across each series stage is Vy/2 = aVg, so for an N-stage de-
vice, the anode breakdown voltage will be

Vp = aNvVg (5)

Equations (4) and (5) can be combined such that the anode voltage may also be
expressed as

Vp = g— Vy (6)

For perfectly isolated stages,a = 1, so from Equation (5), Vap = NVg, i.e., the
anode breakdown voltage will be N times the breakdown voltage of the weakest
stage.

For a tube subjected to a nonuniform voltage distribution, the
voltage across the weakest stage must not exceed aoVg. In principle, the
physical location of the weakest stage is arbitrary.* The anode breakdown
voltage will be highest when the weakest stage is nearest the cathode, and
lowest when the weakest stage is nearest the anode.

*In practice, the stage nearest the cathode is usually the weakest, due
probably to contamination by cathode by-products or some low-level electron
density.
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Consider now two tubes that must operate at a given anode voltage,
i.e., (Va)1 = (Va)2. From Equation (5)

a1 (Vo) 1Ny = @2(Vg)oN2 (7)

f If all individual stages of both tubes are physically identical, then (to a
first approximation) the inductances of the tubes will be in proportion to
their number of stages, i.e.,

1
.= 8
E (Lr)z N2 (®)

Combining Equations (7) and (8),

(L1)1 _ «2(Vol2 (9)
Ltz (Vo)1

For tubes where the breakdown voltage of the weakest stage is substantially
the same, Equation (9) simplifies to

(L) _ a2 (10)

e a1

where the significance of achieving the highest isolation coefficient consis-
tent with reliable commutation is at once obvious.

b. Extended Design Studies

(1) Box-Grid Geometry

Design of the gradient grids of a multi-stage tube is one of the
most important aspects of tube design. The function of these grids is not
only to grade the applied voltage across the tube, but to provide sufficient
isolation between adjacent stages during the holdoff period, and yet not
impede propagation of the triggering plasma during the commutation interval.
In general these are inconsistent requirements, so compromises are necessary.
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Until recently, only precedent and experimentation were available to

aid in the design process. To design the multiple box grids required for high
voltage, low inductance tubes, a more powerful technique was required. There-
fore it was decided to model the box-grid structure and to use computer-
generated field plots to predict how various grid designs would function
relative to one another. By comparing the experimentally determined charac-
teristics of a few such designs, and normalizing the computer results to the
experimental data, the computer could then be used to generate such design
deviations as might be required.

A transfer efficiency figure of merit, Y, has been devised where
Y is defined as the ratio of the electric field at the center of the box to
the electric field in the interelectrode space.* The transfer efficiency is
readily calculable by computer in conjuction with a model for the grid. The
model can be adapted to various geometries such as multiple, coaxial slots,
offset and in-line slots within a given box, and boxes where internal baffles
are employed. The basic approach is to assume that the ability of a box grid
to hold off voltage (or conversely, to commutate through) depends on the
extent to which the electric field in the adjacent gaps penetrates into the
box through its apertures. When the field in the box is high (as would occur
with wide apertures in a thin grid surface), the box can be expected to have
poor holdoff characteristics but to commutate with relative ease. A box
having narrow apertures in thick surfaces would have relatively Tow internal
fields. Such a grid would be expected to provide good isolation between gaps
but to inhibit the propagation of the triggering plasma during the commutation
interval.

*It might be argued that the electric field just within the apertures might
be a better measure of a given grid's characteristics. However, defining the
transfer efficiency in terms of this field would complicate the calculation
without materially increasing the understanding of how box grids should be
designed. At present it is sufficient to be able to establish a unique
numerical value for Yy that depends only on the geometry of the grids.
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Figure 5 is a computer-generated field plot (equipotentials) for a

symmetrical box grid. (It is necessary to consider two gaps in order to
determine the field in the box.) Figure 6 shows (on an expanded scale) the
equipotentials within the box, and that the field at the center of the box is
about 0.01% of the field in the interelectrode region. Figure 7 is a similar
plot where the aperture width was increased to 0.150 inch, as opposed to the
0.125-inch width of Figure 6. From Figure 7 the 20% increase in aperture
width doubles the electric field at the center of the box. Figure 8 shows the
situation when the slot width is reduced to 0.075 inch. In this case field
penetration has been greatly reduced, suggesting that commutation through such
a grid would be relatively difficult.

Internal gradient grid baffles are useful mechanisms for establish-
ing grid transfer efficiency. Consider Figure 9 which shows the field pattern
in a box where a wall that is parallel to the electric field has been added.
The wall has been positioned one slot-width away from the inner edge of the
slot, and the outer edge of the slot is one slot-width away from the inner
surface of the outer grid wall. As a result of this geometry, the field
pattern is symmetrical with respect to the axis of the slots, and it can be
shown that the pattern is essentially the same as that which would result if
neither wall were present.

Consider Figure 10 which shows the effect of adding a symmetrically
positioned baffle that is perpendicular to the electric field. A comparison
of Figures 9 and 10 shows that the baffle has reduced the field at the grid
midpoint by about a factor of four. Figure 11 shows the field pattern when a
relatively thick baffle is employed. The thick baffle reduces the field by an
additional factor of ten.

To appreciate the power of the field plotting technique, consider
first Figure 12 which shows a baffled gradient grid design that is likely to
be of considerable value in the design and construction of practical tubes.
The apertures within a given box are offset such that when identical grids are
properly stacked, the apertures between adjacent grids are automatically
offset. Identical grids can thus be used as building blocks in an iterative
structure. The various dimensions shown and defined in Figure 12 are typical

of a practical tube and constitute a baseline design. Figure 13 shows the
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effects on the transfer efficiency of the grid structure of Figure 12 when
certain deviations are made from the baseline design. The slopes of the
curves show the sensitivity of the transfer efficiency to changes in the
parameters being varied.

Figure 14 depicts the calculated transfer efficiency for the struc-
ture of Figure 12 when selected dimensions are maintained constant at con-
venient values and others are changed from their baseline values. The objec-
tives of this exercise were to establish a baseline design having vy = 10-4 and
then to investigate its sensitivity to readily made changes in the structure
of the grid. (The significance of vy = 10-% is shown below.)

FLANGE
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\ GRID WALL THICKNESS, GW 0.075
GRID INTERIOR CAVITY, GIC 0.598
GRID SLOT WIDTH, GS 0.125
GRID SLOT INNER RADIUS 1.605
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Figure 5. A typical computer-generated field plot. Two gaps must be con-
sidered to establish the field pattern in the box.
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PLOT OF EGGBOXI BASE | INE BOX GRID CONFIGURATION

INCHES

HIGH VOLTAGE GAP SPACING, E-E o128
GRID WALL THICKNESS, WT 0 150
GRID SLOT WIDTH, SW 012%
- 200 APERTURE OFFSET, OS 0 250
BAFFLE WIDTH, BwW 0120
2 CAVITY EXTENSION, CE 0 128
f/ BAFFLE RATIO, BC/BH 03
,/; BAFFLE HEIGHT, BH 0.484
e CAVITY HEIGHT, CH 0625
//, CAVITY RECESS, CR:GRID SLOT WIDTH
AD\IJACENT SEGMENT LENGTH 1 000
o , ., GRID EQUIPOTENTIALS ARE DRAWN FOR
/’ 7 L /,,//’7/ , 90.,99,99 9, 39.99, 99 999,
/ _L 747 '7/,/( 100.001, 100 01,100 1,101, 110%
/ sw R=1.4T70 INCH
ADUACENT R 4 /
e;ug 707 ‘A / 4
% ' &
’/’//// T —.{ Bw j— ] / 7
/’;//; BAFFLE // TO AXIS
OF TUBE
Figure 12. A baffled box-grid where the slots are offset within the box. This
configuration may be of considerable value in the construction of
practical tubes.
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Figure 13. Results of a typical box-grid parametric study. Each curve inter-

sects the transfer efficiency corresponding to the baseline design
at that dimension corresponding to its value in the baseline

design.
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TRANSFER EFFICIENCY,Y
o
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Figure 14. Results of a parametric study performed to investigate the sensi-

tivity of the transfer efficiency to the dimensions and location
of the grid baffle. The baseline transfer efficiency is about

10~% — the near-optimum value.
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The value of the computer field plotting technique lies in its power
to investigate on paper the effects of design changes that would require
enormous time and money to investigate experimentally. However, experimenta-
tion is still required to establish that value for the transfer efficiency
that provides the best compromise between stage voltage addition and commuta-
tion characteristics. When this value for the efficiency is determined, field
plotting can then be used to aid in the design of a grid structure that
provides the necessary efficiency while simultaneously meeting the constraints
imposed by the need for structural integrity and manufacturing efficiency.

Figure 15 gives the results of an attempt to correlate the calcu-
lated transfer efficiencies and the measured isolation coefficients for three
experimental multi-stage tubes. The efficiencies were determined by exactly
modeling the grid structure of each of the tubes, and the isolation co-
efficients were determined from experimental data. From Figure 15 it is clear
that a transfer efficiency of 10-%4 is required to obtain good stage voltage
addition.*

However, what constitutes a condition of optimum transfer efficiency
has yet to be determined. To date, only field ratio Y has been considered.
It may be that a more meaningful parameter is the absolute field at either the
center of the box or just inside the apertures. Furthermore, it may be that
the transfer efficiency should be different for stages subjected to different
fields when the tube commutates. For the upper stage of an N-stage tube, the

ratio of the field during commutation to the field during charging and holdoff
approaches N:1,** while for the lower stage, this ratio is unity. This sug-
gests that it might be good to increase the transfer efficiency of the upper
stages to promote the spread of the triggering plasma in those stages most
likely to arc, although to do so would reduce the voltage addition properties
of those stages where voltage addition is most beneficial.

*Without experimental work, the Tower 1limit for the transfer efficiency
cannot be determined. At Y = Y(min), a tube would have good stage voltage
addition but it would not readily commutate. The only practical value in
knowing Y(min) is that it would then be possible to determine the best
possible stage voltage addition.

**The ratio is not exactly N:1 because of the capacitance-controlled voltage
distribution.
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near-perfect stage voltage addition.

It is thus clear that experimental work will be required to develop
a firm understanding of those factors that determine the best combination of
applied field and transfer efficiency.

(2) Anode Dissipation

Significant anode dissipation can occur during the commutation
interval of any hydrogen thyratron, and anode damage is likely to be severe
for tubes operated at high voltage, high di/dt, and high prr. During commuta-
tion, with the anode voltage fa]]fng but still high, the rising anode current
is comprised of a stream of high energy electrons that strike the anode
surface. The energy of these electrons is dissipated as heat, and the heating
is proportional to the time integral of the instantaneous anode voltage and
the instantaneous an<de current. Under conditions where the anode fall time
and the current rise time are comparable, i.e., high di/dt operation, the time
scale is such that thermal conduction can neither cause heat to diffuse into
the anode nor spread over its surface, so even liquid cooling of the anode
offers no relief from the effects of the localized heating. Therefore, the
anode surface at the point of impact (generally in line with the apertures of
the grid nearest the anode) is flashed to the vaporization point at the
beginning of each current pulse.* A buildup of vaporized anode material,

*Any filamentation or beam formation in the discharge (as may occur under
high voltage, high di/dt conditions) can serve only to increase the anode
damage.
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either within the grid-anode space or on the inner surface of the grid-anode
insulator, can serve ultimately to lower tube holdoff capability. Eventually
the high speed electrons can erode the anode sufficiently to drill it through,
such that the tube goes to air. Thus it occurs that although the fundamental
limit on the pulse repetition rate is set by the time required for the tube to
deionize and recover voltage holdoff, average anode heating and/or a reason-
able anode life may limit the maximum prr to some lower value.*

To calculate the anode dissipation to be expected during the commu-
tation interval, the switch model devised during Phase I was used.** This
model is based on the assumption that any gas discharge switch undergoing
commutation can be considered as a voltage source in series with the switch
inductance. The polarity of the source is such that it acts to inhibit the

e E——PR——

rise of the discharge current. The instantaneous source voltage is

e(t) = Vg (2-€t/Ti) (11)

where Vg is the voltage across the switch just prior to commutation, and
Tij 1is the time constant of the anode fall. It is assumed that tj depends
solely on the gas pressure within the switch. Observation of the anode fall

. time of several types of gas discharge switches reveals that over nine decades
of pressure, Tj can be approximated by the relation

t; = 23p-0.42  (nanoseconds) (12)

where P is the switch pressure in torr.*** Time constant Tj would be that
corresponding to the anode fall time if the switch inductance were zero, and
it is in fact that observed when di/dt is low.

*Under high RMS conditions, resistive losses in the cathode usually deter-
mine the maximum prr. Under long pulse conditions, the average heating in
the plasma column 1is usually the limiting factor. It seldom arises that
the maximum achievable prr approaches that determined by deionization and
recovery.

**The model is described in the Final Report for Phase I.

***cquation (12) can be inferred from Figure 2 of the Final Report for Phase I.
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Equation (11) is assumed to apply over the interval 0 < t < T; 1In
2. Note that at t = 0, e(t) = Vg. At t =15 In 2 (defined as t = T), e(t) =
0. Thus the "steady-state" tube drop is ignored and it is further defined
that e(t) = 0 for t > T; i.e., Equation (11) does not apply for the post-
commutation period. A plot of Equation (11) (normalized) is shown in Figure
16.

Hydrogen thyratrons operate over the approximate pressure range of
0.2 to 0.8 torr. Corresponding values for tj are 45 to 25 nS, and for T, 31
to 17 nS.

The term "resistive fall time" has been coined to refer to the
pressure-dependent component of the anode fall.

The resistive anode fall time, T, will not in fact be measurable for
a tube being operated at high di/dt because the instantaneous anode voltage is
the sum of the voltage e(t) and the voltage drop Ly di/dt, where Ly is the
effective inductance of the tube and its current return. Under high di/dt
conditions, the inductive component is significant.

!

=

a(N=vy (2-€ Vr, )

08 |-

0.6 F

(1) /vo

04

T

Figure 16. Waveform assumed for the anode fall. At t = t; 1n2, the anode
potential is zero.
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To calculate anode dissipation, the model to calculate circuit
current i(t) during the commutation interval was used. Then the integral of
the volt-ampere product (using the resistive voltage only) was evaluated to
obtain the energy deposited at the anode. Thus

.
W= f e(t) i(t) dt (13)
0

from which the dissipation in watts is readily determined.

Worst-Case Commutation Loss

The maximum anode dissipation possible occurs when the total circuit
inductance is negligible, i.e., when the circuit time constant L/R < < T4,
Under this condition the rise time of the anode current is limited only by the
anode fall. Consider the circuit of Figure 17(a) where a thyratron is used to
discharge a transmission line into a resistive load. Assume that the two-way
travel time of the line is greater than total anode fall time T, and assume
further that the stray inductance is zero. The circuit of Figure 17(b)
applies during the commutation interval. The discharge current is

i(t) =z [Vo - e(t)] (0<t<T) (14)

From Equation (11)

i(t) = & [Vg - Vg (2 - et/Ti)]

Vo
= (et/Ti-1) (15)




Note that at t = 0, i(t) = O, whileat t = 73 In 2 =T, i(t) = Vo/R = ib.

From Equation (13)

Ti In 2

v .
W Vo (2 - 4Ty . R_O (et/Ti.1) gt (16)

o

Performing the integration of Equation (16) gives

vnl
! W= 0.1137 9 - T (17)
. Vo .
or, since p— = ib and Vg = epy
W = 0.1137 epy - ib - T; (18)

The dissipation in watts is simply

Py = 0.1137 epy - ib - T - prr (19)

Zo

2ZoC>T

e(t) +
)

(a) (b)

Figure 17. Circuits for a thyratron discharging a transmission line into a
resistive load. Voltage e(t) opposes the rise of the discharge bl
current. .




Assume that epy = 250 kV and ib = 20 kA. A typical value of T at
high pressure is 25 nS. Equation (19) gives the anode dissipation to be 125

watts per hertz. Even if the ionization time constant could be reduced by an
order of magnitude, the anode dissipation would still be 12.5 kW per kHz;
thus, some value of stray inductance is desirable to limit Pp.

Switching Efficiency

A straightforward expression for the switching efficiency and an
expression for the ratio of the commutation loss to the steady-state loss can
easily be derived.

Assume that the efficiency is not too bad, i.e., most of the energy
stored in the line eventually is delivered to the load, i.e., W jne ~ W gad-:
Assume also that the load is matched to the line, i.e., Ry = Zg = R/2. The
load voltage (after commutation and neglecting the steady-state tube drop) is
thus epy/2, and the load current is ib. The energy delivered to the load is
thus

Weoad = 1/2 epy - ib - tp (20)

where tp is the pulse width. By assumption of a reasonable efficiency, this
is also the energy stored in the line.

The energy lost in the conducting tube is
Wg = etd - ib - tp (21)

where etd is the steady-state tube drop.

The worst-case commutation loss is given by Equation (18) as Wg =
0.1137 epy - ib - T3, where the subscript has been added to distinguish
between the conduction loss and the commutation loss. The tube loss, Wy, is
the sum of the two losses, i.e.,
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WT = Wg + W

= 0.1137 epy - ib - T; + etd - ib - tp (22)
Combining Equations (20) and (22),

0.1137 epy + ib - T + etd - ib - tp
WT/WLoad = WT/WLine ~ 1/2 epy - ib - tp

T etd)
2(0.1137 ) + ey (23)

The switching efficiency, €, is simply 1 - Wi/W_ jpe, Or

e =1-2 (0.1137 T, eud (28)
tp €PY

As epy is increased, both the energy storage and the commutation
loss increase as epy2, while the conduction loss increases only propor-
tionally to epy. At high epy, Equation (24) may be simplified to

x Ti (25)
€=>1-0.227 T

For a typical case where tj = 25 nS and tp = 100 nS, Equation (25)
yields € = 94.3%. Assuming etd = 30 volts/cm and epy =~ 20 kV/cm (for low
inductance designs), and applying Equation (24) with T35 = 25 nS and tp = 100
nS, a switching efficiency of 94.0% is computed.

Commutation Loss — Transmission Line
with Stray Inductance

Assume that the circuit of Figure 17 is modified to include a finite
stray inductance, L, that includes the inductance of the tube. Using the tube
model, it can be shown that the circuit current during the commutation interval

is given by(3)
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i(t) ’%l Ka et/ T+ (1 - ka) eV L2 1] (26)
where R = Ry + Zg, T = L/R and Ka = Ti/(T§ +7T().

Combining Equations (11), (13), and (26), the anode energy deposit is written
as !

Tiln 2
We = % f (2 - et/Ti) [Kp YT 1 - KA)E't/TL—l]dt (27)

Performing the integration of Equation (27),

Ka ?
2 K 2(1 -Ka)2 | 71 -k
We = EBYT . 1y B R _l_____lil_ > 1 -Ka 4 |
R 2 Ka 1
1
1 - 2Ka
2 T Kz
& _ (1 - KA) 2 Ka -1 (28)
(T™="2Ka)

Equation (28) is the general expression for the anode energy during
commutation when a gas discharge switch discharges a long transmission line
into a resistive load.* It is convenient to replace the cumbersome expression
shown within braces in Equation (28) with the simple expression f(Kap)-

] Equation (28) then becomes
. epy?
We = =pF - Ti - f(Ka) (29)

*As T, approaches zero, Kp approaches unity. Taking the limit of Equation (28)
as Ky approaches unity yields We = 0.1137 L2:A Tyie This is consistent with

the worst-case anode energy as given by Equation (17).
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Equation (29) shows that Wc 1is proportional to the product
T; - f(Kp), and it is clear that parameter Ky is important. A plot of f(Kg)
is shown in Figure 18.

The function f(Ka) changes character at Kp = 0.5 (7§ = T ), and in-
creases rapidly with increasing Kp.* This is (more or less) the boundary be-
tween low di/dt (T_ > T3) and high di/dt (Tt < T4) operation.

Equation (17) may be rewritten as
We = 0.1137 epy? T (30)
R
Dividing Equation (29) by Equation (30) gives
B = 8.795 f(Kp) (31)

where 3 is the ratio of the anode energy with inductance in the circuit to the
anode energy with no inductance in the circuit. Equation (31) is shown in
Figure 19.

Consider a case where Ky = 0.1 (t = 9tj). By arbitrary definition,
this is a condition of low di/dt. If this condition is used as a base and it
corresponds to one unit of anode energy, Ka can then be increased and the
corresponding increases in the anode energy can be observed. Figure 20 shows
the results of such a calculation. Note from Figure 20 that increasing Kp
from 0.1 to 0.5 (1§ = T, arbitrary boundary) increases the anode energy
by a factor of 7.9, and enters the high di/dt regime. As the inductance is
decreased toward zero, T| approaches zero, and Kp approaches unity. At Kp =1,
it is calculated that there is over fifty times the anode energy corresponding
to the low di/dt case.

*At Kp

= 0.5, the last term of Ky is an indeterminate form. It can be shown
that at Ky =

0.5, f(Kp) = 0.017.
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Plot of the function f(Ka).
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The curve changes character at Kp =
so the anode energy increases rapidly with increasing Ka.
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f(0.1). At Kp = 1 (zero inductance),
the anode energy is over 50 times
that of the low di/dt case.
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Commutation Loss — Series RLC Circuit

With Negligible Damping

It frequently arises in high voltage pulse work that the energy
storage mechanism is a charged capacitor instead of a charged transmission
line. In this case the discharge circuit consists of capacitor C (charged to
voltage, Vg) in series with inductance L (usually stray), with this combina- J

tion In series with load resistor R.

Using the switch model, it can be shown that the circuit current

during the commutation interval is

VO ~ U ’Xt
- Y C 'Vt Y .
} t = —_— s € - [¢] t - - n ‘;t 32

t

where %= R/2L, B8 = [1/(LC) -a2]1/2 and Y=o + 1/7j.

It cc monly occurs that the damping factor, «, is negligibly small.*
In this case, Equation (32) simplifies to

VO 6 \St ) 6 .
i(t) = ) (¢ - cosyt - —siny t) (33)
T 2452 v

where 5= 1/7j and ¥ = 1//LC.

*A typical example is when the load is a gas discharge.




To determine the energy deposited at the anode over the commutation
interval, recall Equations (11) and (13). Remembering that T = T7; In2 and
that 5= 1/1j, combine Equations (11), (13) and (33) to write

1
W = L

$

(2 - e8t) (&t - cosyt - % sinyt )dt (34)

[=]

Integrating Equation (34) and remembering that y = 1/ LC, gives

1 62 ¥
i CVo2 . _——l}gi. 1-4 Ef 1l - cos (E In 2) (35)
1
+ "

x
It

where .% CVO2 is recognized as energy Wg, initially stored in the capaci-

tor. If parameter K = &8/¢ 1is defined, Equation (35) can be rewritten as

- 1+1K2{1 yrap -cos(%]nZ)]} (36)

le
o

where K = &/ ¥ = /LC/Tj.

Parameter K is a dimensionless ratio relating the half-cycle time
(divided by m) and the time constant of the ancde fall. Equation (36) repre-
sents the fraction of the stored energy that is deposited at the anode of the
switch during the commutation interval. For large K, only a modest fractional
energy loss at the anode is expected because the relatively slow circuit will
not allow buildup of high current during the comparatively short commutation
interval. For small K, the opposite would apply. These characteristics are
illustrated by Figure 21 which shows the percentage of the stored energy
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Figure 21. Percentage of the stored energy that is lost to the commutation
process as a function of parameter K. As K increases without
bound (low di/dt case), W/Wy approaches 1/kZ.

that is lost to the commutation process over several decades of K. At K = 10,
an arbitrary boundary has again been defined between high di/dt and low di/dt
operation. For small K (high di/dt), W/Wy approaches unity. As K increases
without bound, W/Wg approaches 1/KZ.

Power dissipated at the anode can be significant at high di/dt and
high prr. Consider, for example, a circuit where K = 3. From Equation (36),
W/Wg = 4.34 x 10-3. This means that the anode must dissipate 4.34 watts per
joule of stored energy per kilohertz. For a 10 joule energy storage and a
10 kHz repetition rate, the anode must dissipate 434 watts — a nontrivial
heat load.

Theoretical Basis for Anode
Heating Factor —1ib

For years thyratron ratings have included the plate breakdown
factor, Pb, defined by Equation (37).

Pb = epy - ib - prr (37)
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It had generally been recognized that Pb provided an inadequate measure of the
anode heating situation, and from the results of experimental investigations,
a new anode heating factor, Tb, has been devised and is defined by Equation
(38).

mb = epy - 41 - prr 38
by - S5 P (38)
Using the relationships established earlier in this section for the switching
of a charged transmission line, the validity of Ib can be established, and
useful approximations for the anode energy and the anode power dissipation can
be devised.

The general expression for the anode energy is given by Equation
(29) as

We = 22%3 Cti - f (Kp) (29)

where Kp = 1i/(tj + TL) and f(Ka) is a cumbersome expression.

It is convenient to avoid Ky and instead consider We as a function
of the ratioTj/T| . Figure 22 shows f(Kp) as a function of Tj/T over four
decades of Ti/T.

From Figure 22, for 10-2 < 1/t < 1 (low di/dt operation), f(Kp)
can be approximated by the relation

f(Kp) = 0.0185 vj/t (1072 < 7i/7 < 1) (39)

This expression is accurate to within t 10% over the indicated range.
Combining Equations (29) and (39) gives

2
2 .
e = 0.0185 2L . ;ﬁ_ (40)

Since T = L/R, Equation (40) may also be written

2
We = 0.0185 SR . 142 (41)
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Since 2BY - ib, Equation (40) can be written as

_ . 1§12
NC = 0.0185 epy - ib - T

(42)

Since we are considering the low di/dt case, the rise of ib is inductance-
controlled, and the usual relation for the rise time (10% - 90%) of an

inductance-controlled circuit can be used,
tr = 2.2 T
Combining Equations (42) and (43)

We = 0.0407 epy - ib + ——

But ib/tr ~ di/dt. Thus Equation (44) can be rewritten as

We = 0.0407 epy? - 132 - %%

The anode power is thus
Py = 0.0407 T;2 - epy - g—; . prr
Combining Equations (38) and (46)

Pa = 0.0407 T2 - b

(43)

(44)

(45)

(47)

Thus the anode dissipation is proportional to Ilb, and this was the point to be

demonstrated.




A similar approach can be used to validate the b dependency of Py
in the high di/dt case. Under high di/dt conditions(;;i > 1) , the effects

of 1y diminish until finally the rise of ib is determined solely by Tj.
The current during commutation is then as given by Equation (15)

i(t) - Yo (/T 1)

= ib (e T 1) (:_l >> 1) (15)

where the notation has been changed for consistency.

It can easily be shown that the rise time corresponding to Equation

(15) is
- T Ti
tr = 0.547 T; 7 1 (48)
Using Equation (48), di/dt can be approximated by the relation
di _ ali(t)] _0.9ib -0.1ib
dt At tr
_ 0.8 ib
0.547 75
or
di _ ib Ty
gt - 146 ( L > 1) (49)

Recalling Equation (19)

Pp = 0.1137 epy - ib - T - prr (19)




Combining Equations (19) and (49)

Pp = 0.0779 152 - epy - %% - prr
or
T
Pa = 0.0779 T2 - 1b el (50)

Equation (50) shows the dependence of Pp on IIb for the high di/dt case.
Again, this was the point to be demonstrated.

Various relationships developed or utilized in this subsection are
shown in Table 3. Pertinent parameters and applicable constraints have been
defined in the text. In general, Vg and epy have been used interchangeably.

Accuracy and Significance of
Dissipation Equations

The dissipation equations depend for their accuracy on the extent to
which the switch model predicts the performance of an actual device. The
model has successfully been used to predict pulse width, anode current rise
time, peak current, and the time of the peak current under low di/dt and high
di/dt conditions.

The keys to developing a successful model appear to be the observa-
tions that, over most of its fall, the anode potential decreases at an expo-
nentially increasing rate, and that the time constant of the exponential
depends only on the gas pressure in the tube.* Relying (as we did) on these
basic observations, Goldberg and Rothstein(4) assumed that the anode fall
could be approximated by the relation

e(t) = epy - At/ (51)

*It is actually the plasma density that determines the time constant, but
the simpler concept of gas pressure is sufficient for the purposes of this
discussion.
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Table 3. Summary of equations related to anode dissipation.

Description
Resistive Anode Fall
Uj - P Relationship

Worst-Case Commutation Loss,
Long Transmission Line

Worst-Case Commutatiom, Dissipation,
Long Transmission Line

Switching Efficiency,
Long Transmission Line

Exact Commutation Loss,
Long Transmission Line

Exact Commutation Dissipation,
Long Transmission Line

Fractional Energy Loss at Anode,
Underdamped RLC Circuit
Anode Heating Factor

Approximate Commutation Energy,
Long Line, Low di/dt

Approximate Anode Dissipation,
Long Line, Low di/dt

Approximate Anode Dissipation,
Long Line, High di/dt

Equation

elt) = vg (2 - /™)

1y = 23 p-0.42
We = 0.1137 Y02 o,
R
= 0.1137 epy « ib - T
Pp = 0.1137 epy - ib - 15 - prr
} i etd
t —1..2(0‘113764‘56?)

2
e
We = _E%_ © T - f (Ka)

=epy - ib - T - f (Kp)

Pp =epy « ib - 15 - f (Kg) prr

.1 1
W {1 - 42 [1 - cos (E 1n2)]}

Wa 1+ K2
where K =4/LC/ T4

ilb = epy - a%-- prr

o

2
We = 0.0185 ep{ .ot2

0.0407 - 132 . Tb

n

Pa

0.0779 - t;2 . Iib

"

Pa

*Not derived in the text, but apparent from first principles.

Equation No.

(11)

(12)

(17)

(18)

(19)

(24)

(29)

(36)

(38)

(41)

(87)

(50)




where A was an experimentally determined, constant voltage and T3 was a
pressure-dependent time constant equal to about 15% of our Tj. Using Equa-
tion (51), an equation was derived for the anode energy (transmission line
discharge) such that

2

We = 0.5 epy - ib - "3~ (52)
Ta *TL

Using Equation (52), and remembering that T3 = 0.157;, commutation energies
are calculated within a factor of two of those calculated by the methods of
this section, and this agreement applies over a reasonable range of operating
conditions.

There is in fact little justification to seek dissipation relations
that are accurate to better than a factor of two. Many factors that contrib-
ute to anode dissipation may do so in a noncalculable manner. Among these are
inverse dissipation, heat radiated to the anode from other regions of the
tube, and the establishment of density gradients in the tube such that the
time constant of the anode fall is itself a function of the temperature in the
grid-anode region. The value of the equations lies in their ability to
provide a reasonable lower bound for the dissipation, and also in their
illustration of pertinent functional dependencies. Since the analysis has
shown that very high dissipation will occur at high di/dt and high prr, it is
clear that considerable experimental work will eventually be required for
tubes operated under these conditions.
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6 TEST KITS FOR HIGH VOLTAGE, LOW INDUCTANCE TUBES*

a. 80 kV Pulse Charge System

The first test kit built for use on the program was an 80 kV pulse charge

system built to determine the holdoff characteristics of single and multi-
stage tubes at relatively low voltages under pulse charge conditions. The
design of the kit was straightforward as is shown by the circuit of Figure 23.
A charged capacitor was switched by a thyratron across the primary of a

step-up pulse transformer. The secondary of the transformer charged a high
voltage, lumped-element pulse forming network through a holdoff diode. The
anode voltage run-up time depended on the resonant frequency of the trans-
former inductances and the circuit equivalent capacitances, and the dwell (or
time on charge) depended on when the TUT was triggered after the run-up was
completed.

Zo=IB N
C=13.3nF

t30 120 tzt,

DRIVER DRIVER

ADJUSTABLE
cLocx DELAY

__L .,_L

1=0

i Py -
|

|

|

RUN-UP__ i DWELL »
ays (ADWUSTABLE) J
res
) !

! T = —— (ADJUSTABLE) |
1:0 pre

Figure 23. Schematic and waveforms — 80 kV test kit. Both the time on
charge and the prr were adjustable.

*The test kits described in this section were funded by EG&G, Inc.
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Since the kit was intended to be used only for investigations of voltage
holdoff, the shape of the anode current pulse was of little consequence. A
two-section, half-microsecond pulse forming network was used, and the imped-
ance levels were chosen to provide a 2.4 kA current pulse at epy = 80 kV. The
anode voltage reversal was 9%.

The TUT was housed in an oil-filled, 15-inch diameter current return, and
its anode waveform was monitored by a capacitance voltage divider (20 pF
input capacitance). All other high voltages were monitored with frequency-
compensated high voltage probes (100 megohms shunted by 3 pF). The cathode
and reservoir heater voltages could be adjusted at will, and were measured
directly at the pins of the TUT. Each tube had been calibrated during fill
(P vs Eres), so the pressure in the TUT could be inferred from Eres in the
kit.

The kit was operable in either of two modes. For normal operation, the
circuit and waveforms of Figure 23 applied. The time, tl, was determined by
the adjustable delay, and was set equal to the sum of the run-up time and the
desired time on charge. The time, T, was the reciprocal of the prr as set by
the clock. The capability of the power supply limited the maximum prr to a
few tens of hertz, but this was adequate for the investigation.

To investigate tube operation at high prr, the clock of Figure 23 was
replaced by a burst generator to obtain the anode voltage waveform shown in
Figure 24. Both the number of puises in the burst and the time between pulses
could be adjusted, as could the burst rate itself. Operation in this mode was
limited by the power supply to burst rates of only a few hertz, but it allowed
examination of the TUT holdoff characteristics at high prr under a condition
where the average heating was low.

CONTROLLED NUMBER OF

PULSES IN BURS
_— — A

Figure 24. Anode waveform used to investigate prr characteristics.

number of pulses in the burst could be set at will.
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b. 50 kV High di/dt System

Early in the Program, it was decided to perform high di/dt investigations

at moderate voltages as opposed to attempting to build a 250 kV, high di/dt
test kit, thus avoiding a situation where the test kit itself became a major
project. A voltage of 50 kV was considered to be high enough to tax the tubes
at the high gas pressures required for high di/dt, and yet low enough so that
the test kit could be constructed with a minimum of difficulties.

Prior experience with Blumlein circuits and low inductance, liquid loads
had shown that they introduced complexity and operational problems without
enhancing the value of the experimental results. Therefore, a straightforward
transmission line pulser with a resistive load was designed. The kit circuit
and the appropriate waveforms are shown in Figure 25, and the mechanical
aspects of the design are shown (simplified) in Figure 26.

The transmission line and Toad consisted of seven coaxial cables, each
approximately 22 feet long, and seven coaxiail resistors, with the seven line
and load combinations in parallel as shown schematically in Figure 25. The
nominal line impedance was 35 ohms (per cable) and each resistor was 31.3

ohms. The calculated equivalent Tline-plus-load impedance was thus (35 +
31.3)/7 = 9.5 ohms, and the calculated voltage reversal was 5.6%. The calcu-
lated total line capacitance was 9.24 nF, and the calculated pulse width was
92 nS. The observed pulse width was 90 nS and the observed pulse shape was
indicative of near-perfect impedance matching, so the actual line impedance
‘ was less than its nominal value. The line was charged by the output of the
puise transformer used in the 80 kV pulse charge system. This arrangement
provided a run-up time of about 6.5 microseconds.

The 90 nS pulse width was chosen because it was greater than the sum of
the expected anode fall time and several L/R time constants where L was the
estimated total circuit inductance (including that of the TUT) and R = Z0 +
RL = 9.5 ohms. Under this condition, the whole of the current rise could be
studied without any consideration being given to the finite length of the

line. This condition was in fact achieved as discussed later in this report.

-57-




TE .

7 COAXIAL CABLES AND
7 COAXIAL LOAD RESISTORS

A

Zo3I/ZN
(EACH LINE)
Zo(EQUIV IR 5N

R 23130
l——— (EACH RESISTOR)
R (EQUIV)=4 60

PUL SED
H.V. IN ’
(WAVEFORM A)

ANODE CAPACITANCE e COAXIAL
SIGNAL DIVIDER CURRENT RETURN
ouTt
‘1 LN ’ iK = ib (WAVEFORM B)
(CURRENT SIGNAL OUT}

COAXIAL

CURRENT -

VIEWING =
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/77 (=0050)

/77

I
|
|
l
|

to t

WAVEFORM A WAVEFORM 8

Figure 25. Schematic and waveforms — high di/dt test kit. The load was

substantially matched to the line.
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Figure 26. Construction of high di/dt kit. The entire tank was filled with 5
insulating oil. F
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To duplicate the environment of a 250 kV tube, a 14-inch diameter current
return with oil insulation was used. This established the appropriate voltage
distribution across the tube, and also allowed room within the current return
to include oil-insulated coaxial resistors. The resistors added inductance to
the discharge loop, but allowed control of the inverse voltage on the TUT and
also limited its anode dissipation. In the low voltage region of the tube, a
smaller diameter return was used as shown in Figure 26. The mounting adapter
(Figure 26) was necessary to provide clearance for the heater pins and pinch-
off, but because of its large diameter (compared with that of the return in
this region), it added little inductance to the circuit. The TUT current was
measured with a coaxial current viewing resistor {(0.05 ohm, 2-5 nH) as shown.

The anode flange was extended to a diameter convenient for mating with
the load resistors, and a ground return transition plate was used to transfer
the return current from the tank to the coaxial return of the resistors. The
transition plate was fitted with a spring finger stock arrangement to accom-
modate tubes of different heights.

The load resistors required careful design. Fifty 2-watt carbon resis-
tors (10 in parallel, 5 in series) arranged around a teflon core for each of
the seven loads were used. Each core assembly was then fitted with its own
coaxial return such that the impedance of the structure thus formed was
35 ohms to match the individual cables. Holes in the current return allowed
the insulating/cooling 0il to enter the resistor structure.

Each resistor was designed to withstand the stress when the Tine was
charged (50 kV to ground), and its voltage drop during the current pulse
(25 kV). The kit performed well throughout the investigation.

It was estimated that each resistor had an inductance between 25 and 50
nH. Using the geometric mean (35 nH), the equivalent inductance of the load
was estimated to be 5 nH, and that of the kit (less the TUT) to be 10 nH.
The results of current rise rate measurements proved this estimate correct.
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c. 250 kV Pulse Charge System

The essence of the design of the 250 kV system is shown in Figure 27.
The philosophy of the design was substantially the same as that of the 80 kV
kit previously described. The pulse forming network was designed to generate f-
a half-microsecond current pulse of 1.7 kA at 250 kV with a 4% voltage rever-
sal. The run-up time is 5 microseconds, and the time on charge is adjustable
as with the 80 kV system.

§ The lower voltage components of the system are mounted in an air-
insulated rack adjacent to an oil-insulated high voltage tank. The high i
voltage components (including the TUT and its coaxial current return) are :

mounted in the tank. i

At the time of this writing, this kit has not been operated beyond epy =
120 kV. At that voltage, a breakdown occurred in the step-up transformer. A
new winding of an improved design was procured for the transformer and the kit
was repaired, but not in time to provide any data for this report beyond that

shown in Figure 40.

}
Zo=750

DRIVER DRIVER

A
CLOCK DJDUESJAAYB LE

Figure 27. Schematic of 250 kV test kit. Run-up time is about 5 microseconds.
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7 EXPERIMENTAL TUBES AND TEST RESULTS

a. Objects of the Experimental Work

The experimental work of Phase Il was directed toward determining the
characteristics of multi-stage hydrogen thyratrons having a plurality of
short, box-type gradient grids. At the beginning of Phase II, it remained to
be shown that such tubes could in fact be made to trigger and commutate
"through" in substantially the same manner as conventionally designed tubes.
It also remained to be shown that short ceramic insulators could withstand the
voltage stress attendant to tube operation under the desired conditions.
These two considerations had to be addressed experimentally before a very
high voltage, low inductance tube could be considered as being a feasible
proposition.

[t further remained to characterize multiple box-grid tubes with respect
to stage voltage addition, voltage holdoff as a function of pressure and
time on charge, anode current rise time, operation at high prr, and general
triggering properties. The experimental tubes designed, built, and tested
during Phase II served as the vehicles for determining these characteristics.

b. Experimental Tubes

A total of seven multi-stage tubes were designed under the auspices of
the Program. Data were obtained from five of the seven; two have yet to be
tested. Several single-stage low inductance tubes were also characterized.
The multi-stage tubes were as follows:

(1) HY-5505

This five-stage tube was designed during Phase I and operated during
Phase II. Its primary purpose was to demonstrate that a multi-stage device
could trigger and commutate through. The tube performed this function and was
in fact operated at 40 kV, 1.6 Adc in a standard production test kit. Due to
a mechanical design defect (insufficient stress relief in the grid struc-
tures), the envelope cracked and the tube went to air shortly after its first

operation.
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(2) HY-5506

Like the HY-5505, the 5506 was a five-stage device having unbaffled
gradient grids. The tube was filled with deuterium and was operable over a
pressure range of 300 to 600 microns. Each of the five gaps was 0.125 inch.
A photograph of this tube is shown in Figure 28.

(3) HY-5507

The HY-5507 was a five-stage tube having unbaffled gradient grids.
The tube was equipped with a "hollow" anode (deep slots cut into the anode,
with these slots being in Tine with the apertures of the uppermost gradient
grid) to reduce damage from electron bombardment. The 5507 also had varying
gap spacing (0.122-inch at the control grid to 0.091-inch at the anode). The
nonuniform spacing was chosen to alter the ratio C1/C2 along the length of the
tube so as to force a reasonably uniform distribution of the charging voltage
across the various stages of the tube.

During DC aging of this tube, it went into a high impedance glow
mode such that there was a significant tube drop in conjunction with a signi-
ficant anode current. The resultant power caused an internal hot spot, the
envelope cracked, and the tube went to air,

Prior to tube failure it was established that the voltage division
was in fact substantially uniform, although no detailed studies were per-
formed, nor did the tube operate at high di/dt. Therefore, the efficacy of
the hollow anode concept remains to be verified.*

(4) HY-5508

The HY-5508 was a three-stage device having relatively tight
gradient grid baffling. Like the 5506, the 5508 had 0.125-inch gaps and a
deuterium fill. The tube was operable over the pressure range of 300 to 600
microns.

(5) HY-5509

The HY-5509 was identical to the HY-5508 except that its gradient
grids were less tightly baffled.

*A single-stage tube is being built to investigate the utility of this
concept.
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Figure 28. Five-stage HY-5506. Seated height of the tube is less than 10
inches.
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(6) HY-5515

The HY-5515 is a three-stage device having 0.125-inch gaps and an
aperture width 25% larger than the other 55 series tubes. The 5515 was
left unassembled in the event that testing the other tubes showed that some
particular modification would be required. It is presently planned to incor-
porate special gradient and control grid baffles into this tube and to test
the device before the end of Phase III.

(7) HY-5525

The HY-5525 is a five-stage tube designed to operate at 150 kV and
to have an inductance of about 40 nH (with 12-inch-diameter current return).
The HY-5525 is the intermediate experimental tube to be delivered to ERADCOM
under the contractual requirements for Phase II. The design of this tube is
discussed at length elsewhere in this report.

From the above discussion, it is clear that three tubes were available
for extended experimental studies during Phase Il — the HY-5506, 5508, and
5509. These tubes proved to be ideal vehicles for the generation of desired
data. The experimental results are discussed below.

c. Test Results and Interpretation

(1) Ceramic Stress Tests

In conventional ceramic-metal hydrogen thyratron designs, the
interelectrode spacing is established as desired and the insulator length is
independently chosen by varying the length of a suitable electrode "cup." The
usual criterion for insulator length is the absence of breakdown between the
cup flanges in the medium (usually air) external to the tube. Because of the
short stage lengths required for lTow inductance tubes, operation in air is, in
general, precluded at any appreciable epy, and the proximity of the grounded
coaxial current return would require operation in oil or insulating gas even
if flange-to-flange breakdown were not a consideration. For very low induc-
tance, high voltage tubes, the breakdown properties of the ceramic insulators
strongly influence the lower 1limit for the stage length, and thus the minimum
inductance for a practical high-voltage tube.

-66-

: futaat




Breakdown data for high alumina ceramics were not known to exist for

the temporal and spatial stress conditions applicable to high voltage, low
inductance thyratron operation. Therefore breakdown data were compiled, but
were limited to ceramics that were processed and metallized in a manner sub-

stantially identical to that normally used for the insulators incorporated
into a tube. The samples were subjected to stress conditions having the
temporal characteristics expected in actual operation.

A typical sample is shown in Figure 29. A quarter-inch thickness was
chosen. This was thin enough so that breakdown was likely to occur (thus
providing definitive data), but thick enough so that the results could con-
fidently be scaled to typical interstage insulator lengths (of the order of
1 inch). Each sample was metallized over an area corresponding to the central
one-third of its diameter. Electrodes were then brazed to the metallized area
using substantially ihe same apparatus and techniques that would be used to
assemble an actual tube.

To stress the samples, the four-stage Marx generator shown in Figure 30
was built and characterized. The characteristics of the device were as shown
in Table 4. The decay time of the Marx was controlled by varying a pre-load,
and the rise time at the sample by varying a series resistor, thus taking
advantage of the sample capacitance and that of the capacitance voltage
divider that was used to monitor the voltage across the sample. For most of !
the testing, the samples were mounted within an oil-filled lucite vessel
having internal dimensions materially Targer than those of the sample under %
test. 3

: The approach to the breakdown testing was strongly influenced by the 3
characteristics of the Marx and by the stray inductance and capacitance of the
experimental apparatus as a whole. The equivalent series inductance of the
loop formed by the Marx, the sample, and the connections between the two were }

) about 1.5 uH, while the stray capacitance to ground (including that of the '

. sample) was a few tens of pF.

Unless damping resistors were used in series with the sample under test,

the series inductance and the stray capacitance would resonate such that the
voltage across the sample would reach nearly twice the output voltage of the
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Table 4. Eharacteristics of Marx generator used for ceramic sample evalua-
ion.

Number of stages 4

Capacitance per stage 0.04 F

Equivalent capacitance when erect 0.01 uF

Charging time 16 sec

Maximum input voltage 65 kV

Maximum output voltage 260 kV

Maximum working output voltage (Note 1) 240 kv

Energy stored at 60 kV input 288 joules

Total time to erect (Note 2) 800 nS

Output voltage rise time 100 nS

Short circuit current (Note 3) 14 kA

Equivalent shunt resistance 10 K ohms

Equivalent series inductance (Note 4) 1.5 wH

{

Notes:

T AR L et e N

1) For input voltages greater than 60 kV, the spark gaps occasionally flash
over externally. This limits the output voltage to 240 kV for trouble-
free operation. i

2) Total of gap delays and output voltage rise time at 240 kV (open circuit).

1
3) Measured when discharging the device into a 9-inch arc with 55 kV input. !

. 4) Calculated from measurements of the ringing frequency under the conditions
of Note 3.

L8

ooy




Marx. For some tests, this mode of operation was desirable since very high
voltages could be applied to the sample for tens of nanoseconds — conditions
that would apply for the upper-stage insulators of a tube that was undergoing
commutation.

In other cases, it was necessary to include a series resistor to preclude
the resonant charging effect. The resistance served to limit the voltage at
the sample and also reduced the voltage rise time, but such operation made it
possible to make an accurate determination of the stress-time conditions. By
properly adjusting the circuit constants, it was thus possible to approximate
the ceramic stress situation that would apply during the pulsed charging (on a
microsecond time scale) of an actual tube.

The breakdown properties of three types of ceramic were investigated:
Alberox 94% alumina, Wesgo 97% alumina, and Diamonite conductive alumina. The
Alberox and Wesgo ceramics were tested because these two firms supply many of
the ceramic insulators used in standard E4&G tubes. The Diamonite ceramics
were tested to determine if their relatively high conductivity might result in
better holdoff due to charge equilibraticn throughout their volumes — at least
on the microsecond time scales corresponding to pulsed charging. Of ten Wesgo
samples, five were metallized by Alberox using a Mo-Mn process, and five were
metallized by EG&G using a titanium hydride process. This was done because
both processes are used for metallizing the insulators used in EG&G tubes, and
because the properties of ceramics are in general a function of their process-
ing history. The Alberox ceramics were Mo-Mn metallized by Alberox, and the
Diamonite pieces were hydrided by EG&G. Electrodes were vacuum brazed to the
metallized surfaces of each sample by EG&G, with the time-temperature profile
being identical for all pieces.

For most of the breakdown testing, the samples were immersed in clean,

motionless transformer oil at room temperature and atmospheric pressure. A
few samples were also tested in distilled water as discussed further below.

The breakdown voltages of 32 samples when immersed in o0il are shown in
Table 5, where the data have been arranged according to ceramic type and
metallization process.*

*To generate the data of Table 5, resistors were located in series with the
Marx to preclude resonant charging effects. The rise time of the voltage at
the sample was typically 2 us.
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Table 5. Breakdown voltages of ceramic samples when immersed in transformer
oil.

Alberox 94% Alumina Diamonite Conductive Alumina
(Mo-Mn Process) (Hydride Process)
Breakdown Breakdown
Voltage Voltage
Sample No. (kV) Sample No. (kV)
5 86 2 90 i
6 90 10 88
7 85 12 96
8 94 13 94
9 86 14 88
11 92 15 94
20 84 16 92
25 88 17 96
28 94 19 92
29 89 21 96
30 84 10 Samples 92 + 4 kv
31 82
12 Semples 88 + 6 kV
Wesgo 97% Alumina (AL-300) Wesgo 97% Alumina (AL-300)
(Mo~Mn Process) (Hydride Process)
Breakdown Breakdown
Voltage Voltage
Sample No. (kV) Sample No. (kv)
37 102 26 100
38 96 27 100
39 90 34 90
40 104 35 97
4 116 36 9

5 Samples 103 + 13 kv 5 Samples 95 + 5 kV
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The most striking characteristic of the data of Table 5 was that the
breakdown voltages of all samples were substantially the same. For the
32 samples shown, the breakdown voltage was 99 + 17 kV, with a typical
breakdown time of 3-5 1S after the start of the voltage rise. The uniformity
of the data suggested a point-to-plane type of breakdown as opposed to
parallel-plate breakdown where a deviation of +50% would be representative of
good data. Furthermore, all of the samples punctured just outboard of the
electrodes — in a region where a high local field might be expected to exist
in the o0il because of its relatively low dielectric constant (e, = 2.2)
compared to that of the ceramics (e, = 9). It is believed that this field
ionized the gases dissolved in the oil, the ionized region then acted as a
needle, and the enhanced field intensity that resulted caused ceramic break-
down to ensue. This analysis was also consistent with the fact that samples
that had previously been stressed in oil to 100 kV DC without incident would
break down at voltages less than 100 kV under pulsed conditions.

In the DC case, charges in the oil were able to migrate to the ionized
region of the oil where they could neutralize the ionization by space charge
shielding. Under pulsed conditions, there was insufficient time for charge
migration to occur. The overall conclusion was that uncontrollably high
fields were being generated in the ceramics, and that this condition would
mask any differences in breakdown strength that might exist due to different
ceramic types or metallizing processes.*

To verify that the samples were breaking down because of enhanced fields
created by ionization in the oil, three samples were tested when they were
immersed in distilled water (e, = 80) instead of o0il. The reasoning was
that the high dielectric constant of the water would force a uniform distribu-
tion of the applied field throughout the ceramic, and thus provide a better
indicator of the ceramic inherent breakdown strength. Three arbitrarily

*The data did suggest, however, that the Wesgo ceramics had a somewhat higher
breakdown strength than the Alberox ceramics. The Wesgo ceramics contained
more crystalline glass or "glass ceramic" than did the Alberox samples; they
were in general a denser material. Subsequent partial discharge tests were
performed on both types, and while the tests showed that both were good
insulators having high corona inception and extinction voltages, the Wesgo
samples were in fact quieter at any given stress level.
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chosen samples were also tested; the results are shown in Table 6 and Figure
31(a). Note that breakdown did not occur for any of the samples at voltages
of 165 to 170 kV — the highest voltages that could be generated in a con-
trolled fashion. The same three samples were then tested in 01l where they
promptly broke down as shown in Table 7 and Figure 31(b). These data verified
our hypothesis, and suggest that under ideal conditions, the breakdown
strength of the ceramic exceeds 600 kV/inch.
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Figure 31. Waveforms showing sample holdoff (a) and sample breakdown (b).
Breakdown occurred because of high local fields in the oil.

Table 6. Holdoff properties of ceramic samples when immersed in distilled
water. The samples were Alberox alumina with Mo-Mn metallizing.

Sample Holdoff Voltage
No. (kV) 4
29 170
30 168
31 165

Table 7. Breakdown voltages for the samples of Table 6 when the samples were
immersed in transformer oil.

: ‘ Sample Breakdown Voltage
i : No. (kv)
| 29 89

30 84

§ 31 82
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To gain additional breakdown information, two solid ceramic cylinders,
0.97-inch long, were each fitted with electrodes that were sized and shaped to
promote stress equalization along their lengths. Each assembly was immersed
in 0il and pulsed with essentially the full output of the Marx. Because of
the resonant charging effects previously described, the peak of the applied
voltage could not be accurately measured but it was estimated to be several
hundred kilovolts for tens of nanoseconds. Neither sample failed after
repeated exposure to such stresses, thus supporting the view that fields of at
least hundreds of kilovolts per inch can be sustained by high alumina ceramics
that are exposed on short time scales.

Although the data are encouraging, an actual tube insulator must always
operate in an environment where for at least one of its surfaces (that facing
the inside of the tube), the relative permittivity of the adjacent med um is
Tow pressure gas with €, = 1. This points to the need to shape both the
insulator and the electrodes such that field enhancement is kept to a minimum.
From the existing data, the absolute stress at which ceramic breakdown took
place cannot be inferred. However, no sample failed below 82 kV and all
samples were 0.250-inch thick. Thus all samples successfully sustained fields
of at least 328 kV/inch. Fields such as this are well above those required
for a tube that can meet the objectives of this Program, provided that
localized field enhancement can be avoided by proper shaping of both the
insulators and the electrodes.

(2) Holdoff vs Time on Charge

Gas discharge devices do not effectively operate as DC switches.
Under true DC conditions (many minutes on charge), random breakdowns will
usually limit their absolute holdoff to some value materially lower than that
achievable under pulsed conditions,

Most thyratron'ratings for peak forward voltage are based on the
holdoff capability of the device when it is resonantly charged on millisecond
time scales. In the regimes of pressure and gap spacing where thyratrons are
usually operated (200-500 microns, 2-4 millimeters), this leads to typical
ratings of 25-40 kV for a single gap device.
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Four time-related thyratron holdoff modes can be established (some-
what arbitrarily) as shown in Table 8. Only the dynamic holdoff mode is
relevant to this Program. This mode provides the highest achievable epy in
conjunction with kick-out-free operation, while simultaneously minimizing the
high voltage exposure time of the system as a whole.

Table 8. Time related thyratron breakdown regimes.

Holdoff Mode Time on Charge General Breakdown Characteristics

Long-Term DC Minutes or longer Random kick-outs; holdoff capabil-
ity depends on definition (allow-
able kick-outs over chosen time
interval)

Short-Term DC Few seconds Reasonably repeatable breakdown
voltage; occasional kick-outs

Normal Operation Tens of microseconds Well-defined breakdown voltage;
to several milli- essentially zero kick-outs
seconds

Dynamic Holdoff Tens of microseconds Significant holdoff enhancement
or less when compared with "normal"

operation; zero kick-outs

Table 9 shows the normalized dynamic breakdown voltage (at high
pressures) as a function of the time on charge (dwell) for a typical single-
stage tube — the EG&G Type HY-5.* To generate -Table 9, the dynamic breakdown
voltage at various pressures was determined for dwell times of 2 mS down to
2 uS, and the DBV at each dwell and pressure was then normalized to the DBV
for a 2 mS dwell at the corresponding pressure. The data of Table 9 represent
the enhancement in epy that is typically achieved when the dwell is reduced
from that corresponding to "normal” operation (Table 8) to that corresponding

*Unless it is specifically stated to the contrary, all DBV data discussed in
this report were obtained at Tow pulse repetition rates — a few tens of
hertz. Such operation is useful to determine the absolute characteristics of
the tubes under test, i.e., their characteristics under conditions where
residual ionization can play no role. It is to be understood that a subse-
quent and major effort will be required to extend the capabilities of multi-
stage tubes to high prr.
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Table 9. Dynamic breakdown voltage as a function of time on charge, DBV (T),
normalized to dynamic breakdown voltage for 2 mS on charge.*

Time on Charge

Gas Pressure, P

(T) (microns) DBV (T)/DBV (2 mS)
1mS 594 1
' 610 1
622 1
640 1
660 1
100 S 594 1
610 1
622 1
640 1
660 1
10 uS 594 1.05
610 1.06
622 1.05
640 1.04
660 1.06
2 uS 594 1.15
610 1.18
622 1.18
640 1.19
660 1.25
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*Data for EG&G Type HY-5; 0.140-inch gap; run-up time, 8 uS.
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to true dynamic conditions. As the data show, the DBV for dwells of 2 mS,
1 mS, and 100 uS are identical. Holdoff enhancement begins with a dwell time
of 10 uS and becomes significant at 2 uS.

Data of a similar nature (but only for short dwells and for a wider
pressure range) are shown graphically in Figure 32 for another single-stage
tube — the EG&G HY-5313. Note from Figure 32 that reducing the dwell becomes
increasingly beneficial as the pressure is increased — a trend also shown by
the 2 uS data of Table 9.
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Figure 32. Dynamic breakdown voltage (DBV) as a function of pressure, with
time on charge (dwell) as a parameter. Shorter dwells are most
effective at high pressures.

Figure 33 shows the short-term (static) holdoff characteristic (5 seconds
on charge) and the dynamic holdoff characteristic (2 uS on charge) for both
the lower stage and all five stages of the HY-5506. Note from the one-stage
data that pulse charging serves to avoid the apparent vacuum-breakdown-1imited
holdoff condition that occurs at pressures below 300 microns. Note also that
pulsed charging is again most beneficial at the higher pressures.
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Reducing the run-up time (as well as the dwell) might lead to additional
improvements in ho'doff. However, reducing the run-up time places increas-
ingly severe requirements on the charging circuit, and the existing data
suggest that any resultant improvements in holdoff would be minimal.

Trends discussed in this subsection were widely observed for various
tubes tested during Phase IlI. The overall conclusion is that pulsed charging
with a few microseconds on charge does allow tube operation at increased peak
forward anode voltages. The enhancement of epy is significant. It is equaliy
important that pulsed charging precludes kick-outs and simultaneously reduces
the high voltage exposure time for the system as a whole.

(3) Holdoff vs Gas Pressure

The holdoff-pressure characteristic is central to the design of all
types of gas discharge switches. Hydrogen thyratrons operate to the left of
the Paschen minimum so that reducing the product of pressure and electrode
spacing increases the achievable holdoff until vacuum breakdown occurs. (In
the vacuum breakdown regime, the breakdown voltage becomes irdependent of the
pressure-spacing product.) The Paschen curve for deuterium is somewhat
higher than that of hydrogen, so most high voltage "hydrogen" thyratrons are
deuterium filled.

Operation to the left of the Paschen minimum has other ramifica-
tions. As the pressure is reduced to increase holdoff, the deionization time
of the gas decreases. This promotes tube operation at high repetition rates,
but it inhibits the generation of the triggering plasma that initiates the
commutation process. Similarly, it materially lengthens the time constant of
the anode fall; the tube takes longer to "turn on." In low inductance cir-
cuits, a long turn-on allows a condition of simultaneous anode voltage and
anode current, promoting high anode dissipation and, frequently, a short tube
life,

At high pressure the reverse conditions apply. The recovery time is
long, thus limiting the prr. The tube triggers easily and with a short delay




and low jitter, and the turn-on time is materially decreased. The shortened

ionization time constant allows operation at high rates of anode current rise,
and anode heating is reduced.*

In most thyratron designs, a compromise is obtained between holdoff and
triggering characteristics; for a given electrode spacing, the nominal gas
pressure is chosen such that the holdoff is adequate and the triggering
characteristics are acceptable.

In high voltage, low inductance tubes where a certain current rise time
is specified, no pressure compromise is possible. The gas pressure must be
high enough to ensure a sufficiently fast anode fall. The holdoff per stage
and the isolation between stages must be maximized so that a minimum number of
stages will provide the required total holdoff. If that minimum number of
stages entails so much inductance that the required anode current rise time
cannot be achieved, the design fails.

Because it is absolutely required that a low inductance thyratron operate
at high pressure, investigation of holdoff was limited to the high pressure
regime. As a practical matter, investigations would have been limited to high
pressure in any event since, except for a brief period, available test equip-
ment was limited to epy = 80 kV. The three experimental multistage tubes that
served as vehicles for most of our investigations were clearly capable of
operation with epy far in excess of 80 kV at gas pressures where each would
have easily triggered and commutated through.

Test Procedure

Each of the experimental tubes was processed in a standard manner except
that, before pinch-off, the reservoir was ranged to generate a deuterium
pressure/reservoir voltage calibration curve. (One such curve is shown in
Figure 34.) For all of the experimental work, the tube pressure was inferred
from such curves.

*It is assumed that the total circuit inductance is not zero. In a zero-
inductance case, the anode heating is severe.
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After pinch-off, each tube was operated in a standard test kit to condi-
tion its cathode and to provide at least some degree of pre-aging. Although
the tubes were of multi-gap construction, their minimum epy was reasonably low
even at low gas pressures (see data for HY-5509 — Figure 35), so operation in
a standard kit was readily accomplished. After a few hours' operation at
epy = 30-40 kV and Ib = 1 A, the tubes were installed in the 80 kV test kit
where the aging process began in earnest.
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Figure 34. Typical reservoir calibra- Figure 35. Minimum epy for the HY-5509.

tion curve. The breakdown data Although the tubes were of multi-gap
obtained through the use of this construction, minimum epy was
curve were highly repeatable. reasonably low.
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It required typically 40 hours or more to pulse-age each tube. In
general this was done stage-by-stage, starting with only the lower stage in
operation and all other stages short-circuited to the anode. (In this case,
the first gradient grid served as the actual anode.)

It was also possible to age the upper stages individually by resistively
lToading the lower stages such that the voltage across them was low by compari-
son with that across the stage being aged, and yet high 2nough so that
commutation could occur.

It was also possible to generate some experimental data even when the
tubes were not fully aged. This saved time and also provided insight into the
tube operating characteristics that was useful to accelerate the aging process
itself. One example of this was an investigation to verify that the applied
anode-voltage was capacitively distributed across the various gaps, and that
the distribution could in fact be predicted from the geometries of the tube
and its coaxial current return without taking their finite lengths into
account. Data showing the stage-to-ground voltages of the 5-stage HY-5506
appear in Figure 36. (The dwell had been set to zero to minimize the stress
on the probe used to measure the grid voltages.) The difference between the
calculated and observed voltages was approximately 10%, and even this small
discrepancy could be resolved when the capacitive loading introduced by the
probe was taken into account.

Breakdown Characteristics — Data

After the tubes had been fully aged, their high-pressure break-
down characteristics were established with the results shown in Figures 37
(HY-5506), 38 (HY-5508), and 39 (HY-5509).* These tests were limited to 80 kV
by the characteristics of the test kit, and not by those of the tubes them-
selves. For a brief period, the 250 kV kit was accessible, but at that time
it was operable up to only 120 kV. The HY-5509 was operated in the high
voltage kit with epy up to 118 kV as shown in Figure 40. Note from Figure 40

*The DBV data were generated with a dwell of 2 uS in accordance with the
results discussed in Section 7c¢(2). No SBV data were generated for the
HY-5508.
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Figure 38. Breakdown characteristics — HY-5508. Near-perfect stage voltage
addition was achieved.
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that the data can be extrapolated to epy = 200 kV at 315 microns — a pressure
where the tube commutated readily and had an anode fall time of 40 nS.* The
subsequent failure of the test kit precluded any further testing of the
experimental tubes at high epy.**

Breakdown Characteristics — Discussion

Considerable experimental work was required, first to generate, and then
to understand the various curves of Figures 37 through 39. Section 7c¢(2) of
this report discusses the effects of the dwell time on the dynamic holdoff
voltage. Section 5a(3) presents the principles of stage voltage addition,
and Section 7c(4) gives the experimental results that support the voltage
addition analysis.

Even a cursory examination of Figure 37 (HY-5506) shows why such a heavy
emphasis has been placed on grid transfer efficiency and on stage voltage
addition in general. It is clear that the various stages of the HY-5506 were
insufficiently isolated from one another — so much so that under dynamic
charging conditions, four stages were required to equal or exceed the holdoff
of the first stage alone. In contrast, the tightly baffled HY-5508 operated
with near-perfect stage voltage addition as an examination of Figure 38
reveals.

Figure 41 shows (on a single plot) the DBV for the first stage and the
DBV for all stages of each of the three tubes. Figure 41 shows that despite
the near-perfect stage voltage addition properties of the HY-5508, the inter-
mediately baffled HY-5509 provided the best total holdoff. This situation is
attributed to the relatively poor performance of the 5508 first stage, as
shown by the appropriate curves of Figure 41. This is not to say that the
first stage always dominates tube performance; it is the weakest stage that
does so. In general, however, the first stage is wusually the weakest and
therefore the dominant stage.

The various DBV curves corresponding to "all stages" as discussed so far
in this subsection do not necessarily represent the maximum possible epy for
the particular tube in question. In general, it was possible to operate each

*See Figure 51.
**See Section 6¢C.
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tube under conditions where higher epy could be achieved. Figure 42 shows an
example of such operation with the HY-5509, To avoid the limitation imposed
on epy by the relatively weak first stage, this stage was resistively shunted
with a 40 K resistor. This forced the applied voltage to be substantially
distributed across the relatively strong upper stages, while also providing a
first-stage voltage just high enough to promote commutation. The result was a
higher total breakdown voltage as Figure 42 shows.

The most important single advance that could be made during this Program
would be to devise a means for increasing the DBV per stage at high gas
pressures. Figure 43 shows the results of an investigation of the high-
pressure dynamic breakdown characteristics of four well-aged, single-gap
tubes as a function of their gap spacings. As expected, and in accordance
with the Paschen curve, the dynamic breakdown voltage at any given gas pres-
sure is an inverse function of the gap spacing, except for the 75 mil gap. It
was not clear why the small gap yielded anomalous data, so the tube was
repumped and the data retaken. The second data agreed with the first, sug-
gesting that (barring mechanical irregularities in the holdoff region) some
form of field enhancement may exist in these tubes, and that its effects
dominate holdoff at small gap spacings. Field irregularities introduced by
the walls or by the grid apertures could lower the DBV, and there is other
support for speculating that subtle breakdown mechanisms might be possikle.

Consider, for example, the DBV curve for the 125-mil gap (HY-5313) of
Figure 43, and that for the first stage of any of the multi-gap tubes (Figure
41). To generate the first-stage data, the multi-gap tubes were operated with
their first gradient grids serving as anodes; they were in effect single-gap
tubes with E-E spacings ot 125 mils. Yet the DBV characteristic of the
HY-5313 is far superior to that of any of the multi-stage tubes. This sug-
gests that the apertures of the first gradient grid (anode for single-stage
operation) serve to lower the DBV, either by field enhancement, or by creating
a long discharge path between the bottom of the gradient grid baffle and the
top of the control grid. Furthermore, a large volume of gas is contained
within a box grid that is being operated as an anode. Even a very low level
of residual ionization in this gas may be sufficient to reduce the DBV of the
stage below. Certainly such an effect is to be expected at high pulse repeti-
tion rates (see Section 7¢(5)).
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sure, with gap spacing as a param-
eter — various single stage tubes.
The data for the 75-mi11 gap did not
follow the trend set by the larger

gaps.
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Wall-relaled field effects and the discharge debris that collects on and
near the walls could also be involved in establishing the breakdown character-
istics of hydrogen thyratrons. After even a relatively short aging period, a
thin film of previously vaporized anode material (generally molybdenum)
collects on the inner surface of the holdoff section insulator. After pro-
longed operation, the thickness of this film becomes significant. While such
deposits are not known to degrade holdoff, it 1is also not known what the
holdoff might be if such deposits were not present. Much the same can be said
of ablated wall material that collects on the surfaces of the electrodes.

Two insulator/electrode designs have been developed that (in princ.ple)
avoid both field enhancement and the buildup of debris near the discharge
space. It is planned to test both designs during the coming year, and to use
the computer field plotting technique to evaluate the effects of various known
mechanisms that might provide significant field enhancement in the inter-
electrode space.

(4) Stage Voltage Addition

It is implicit in the concept of multi-stage tubes that the holdoff
voltages of the individual stages be additive to yield a high anode holdoff
voltage. However, algebraic addition does not necessarily occur, as the
breakdown characteristics of the HY-5506 (Figure 37) clearly show.

In Section 5a(3) simple expressions were derived for the anode
breakdown voltage of a multi-stage tube in terms of the breakdown voltage of
its weakest stage and the degree of isolation between its adjacent stages. )
The analysis yielded the relations

Qq = !’S_. ]
2Vg, (4)
| VA = aNVg (5)
and
vp = Ny (6)
A= 7 Vx

where N is the number of stages, Vg is the breakdown voltage of the weakest
stage (alone), Vy is the breakdown voltage of the combination consisting of
the weakest stage in series with an adjacent stage, and Vy is the anode
breakdown voltage.
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Equation (4) defines the tube isolation coefficient, a. When o =1, V, =
2Vp and Vp = NVg; perfect voltage addition occurs.

The data shown in Tables 10 through 12 illustrate the voltage addition
properties of multi-stage tubes having different gradient grid baffling, and
therefore different isolation coefficients. Consider first Table 10, which
shows data for the HY-5506.* Note that V,, DBV for two adjacent stages
(including the weakest), is less than Vp, the breakdown voltage of the
weakest stage alone. As a result, the isolation coefficient, a, is materially
less than unity. Various columns of Table 10 show the calculated and observed
DBVs for three, four, and five stages. Note that the observed DBVs exceed the
calculated DBVs in every case. This is consistent with capacitance-controlled
voltage division and our observation that the upper stages of a multi-stage
tube tend to have a higher DBV than do the lower stages. As a result, the
percentage of error increases as more stages are added. Data of the same
general nature are shown in Tables 11 and 12 for the HY-5508 and the HY-5509,
respectively. The isolation coefficient of the moderately baffled 5509 is
about 0.8, while that of the highly baffled 5508 approaches unity.

The complete breakdown characteristics of the HY-5508 were shown 1in
Figure 38. In general, the two-stage DBV was twice the single-stage DBV, and
the three-stage DBV exceeded the two-stage DBV by 50%. Near-perfect stage
voltage addition was thus achieved with this tube.

When the isolation coefficient, «, of a given grid structure is known
from experimental data, the grid voltage addition properties can be related to
its calculated transfer efficiency, y, as discussed in Section 5b(1). Using
the data of this subsection, the curve of o vs y shown in Figure 15 was
generated, and from this curve an optimum Y = 10-4 was inferred. Once
the o vs Y characteristic is known, the computer can aid in the design of
specific grid structures having good stage voltage addition properties, since
any grid having Yy = 104 should yield near-perfect stage voltage addition.

*The blanks in the tables correspond to conditions where the characteristics
of the test kit precluded the generation of data.
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Table 11. Calculated and measured anode breakdown voltages for HY-5508.

Pressure Vg (kV)  Vy (kV) Va (kV) (Note 3)
(Microns) (Note 1) (Note 2) o Calculated Observed

454 35 64 0.91 95.6 --
467 30 57 0.95 85.5 --
480 27 52 0.96 77.8 80
492 23.5 46 0.98 69.1 70
520 -- 37 -- 55.5 56 %
550 -- 30 -- 45 45
582 - 23 -- 34.5 36

Note 1. Weakest stage is Stage 1. A1l data for 2 .S dwell times.
Note 2. Stage 1 and Stage 2 in series.

oy

Note 3. Vp indicates holdoff for three stages. Voltages were ?
calculated from relations Vp = oNVg or Vp = g Vy as ﬂ
appropriate. Tube was not fully aged at time data were 4

taken.
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Table 12.

Calculated and measured anode breakdown voltages for HY-5509.

Pressure Vg (kV) Vi (kV) Va (kV) (Note 3)
(Microns) (Note 1)  (Note 2) a Calculated Observed
447 48 70 0.73 105 --
470 35 55 0.79 83 --
494 27 44 0.82 66.4 68
522 21.5 34 0.79 51 57
Note 1. Weakest stage is Stage 1. A1l data for 2 uS dwell times.
Note 2. Stage 1 and Stage 2 in series.
Note 3. Vp indicates holdoff for three stages. Voltages were

calculated from relation Va = oNVg.
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There is a significant advantage in being able to predict the multi-stage
tube overall breakdown characteristics on the basis of the characteristics of
just a few of its stages. From admittedly sparse data, the isolation coeffi-
cient appears to be somewhat pressure-sensitive, with the trend being such
that better voltage addition occurs at higher pressures. (See, for example,
Table 11 and the DBV curves of Figures 37 and 38.) Alternatively, it might be
that the higher fields attendant to operation at low pressures cause the
voltage addition properties to degrade. In either case, costly and time-
consuming errors can be avoided in the implementation of very high voltage
tubes by first building and characterizing a three-stage device. When
the exact voltage addition properties of the three-stage tube have been
determined, the properties of the full-scale device can be predicted with
confidence.

(5) Operation at High Pulse Repetition Rates

The fundamental 1imit on thyratrch repetition rate capability is set
by the time required for the gas in the tube to deionize such that high
voltage holdoff is recovered. Although only a fraction of the gas in the tube
is ionized during conduction, this ionization must decay to near-zero before
recovery can occur. Deionization and recovery are strongly affected by bath
the tube geometry and the nature of the external circuit.

Deionization results from ambipolar diffusion to the electrode
surfaces such that wall-assisted recombination can occur. The time constant
of the plasma decay varies with the gas pressure and with the square of the
physical dimensions that define the volume of the gas discharge.

Tubes having physically large discharge dimensions will thus operate with
relatively long recovery times. Multi-gap, cavity-type tubes are an example.
In general, their recovery characteristics are an order of magnitude slower
than those of single-stage tubes capable of operating at the same power level.
Although the discharge dimensions of multi-stage, box-gridded tubes are in
general much smaller than those of cavity types having equivalent voltage
ratings, they are materially larger than those of single-stage tubes. It is
therefore reasonable to assume that the recovery characteristics of box-
gridded tubes will fall naturally into position between those of the slower
cavity types and those of the faster single-stage tubes.




puda O el

To investigate the recovery characteristics of the multi-stage tubes
built during Phase II, the tubes in the 80 kV test kit were operated under
burst-mode conditions (refer to Figure 24). Operation in the burst mode
permitted examination of the effects of residual ionization on tube dynamic
breakdown characteristics without encountering such complications as might
arise under conditions where the average heating was significant.

To establish a control case, a standard EG&G Type HY-5 was tested first,
and the results are shown in Figure 44. To generate the data of Figure 44, a
burst of two pulses (at a low burst rate) was applied to the tube, with the
period between pulses (tl) being more than long enough so that DBV = DBVj at
a given gas pressure, P. The interpulse time was then decreased until any
further reductions caused DBV, to be less than DBV;. The value of tl so
determined was thus the minimum period required for the tube to recover
holdoff to DBV]. Further reductions of tl caused DBV to decrease in the
manner shown by Figure 44.

The data of Figure 44 are difficult to analyze in a phenomenological
sense. To aid in the analysis, a figure of merit, recovery factor, p, was
devised, where p is defined by the relation

P{DBV)

P = i 53
i1 (53)
where P is the tube pressure in microns, DBV is the low-prr dynamic breakdown
voltage at the pressure P, and tl is the minimum interpulse time such that
DBV = DBVy = DBV.

Tubes having a large recovery factor will operate at high pressure (for
high di/dt and low anode dissipation), have a high dynamic breakdown voltage
(for high epy), and yet have a short recovery time (for high prr).

When the recovery factor as defined above is comnuted from the data of
Figure 44, the curve of Figure 45 results. Figure 45 shows the extent to
which the steepness of the DBV characteristic and the pressure dependence of
diffusion-controlled recovery combine to limit tube capabilities at high gas

pressures.
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jonization only. recovery time.

Data similar to that shown in Figure 44 were generated for the HY-5506,
5508, and 5509, and the results are shown in Figures 46 through 48, respec-
tively. Figure 49 shows the recovery factor for each of the multi-gap tubes
and also that of the HY-5 for purposes of comparison. As expected, all of the
multi-gap tubes operated with recovery factors materially poorer than that
of the single-stage HY-5. It is, however, 1important to note the trend of
improvement from the 5506 to the 5509 to the 5508. The five-stage, unbaffled
5506 had the poorest DBV characteristic (Figure 41) and the largest physical
dimensions. It is therefore not surprising that the 5506 had the poorest
recovery factor. Both the 5508 and the 5509 (three-stage tubes) had the same
physical dimensions except for the thicker gradient grid baffles used in the
5508. Of the latter two tubes, the 5508 had the best recovery factor (as
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shown by Figure 49) despite the fact that the 5509 had a slightly better DBV
characteristic as shown by Figure 41. It is suspected that the 5508 higher
recovery factor was due to the shorter diffusion distances that resulted from
the thicker gradient grid baffles.
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Figure 46. Breakdown characteristics Figure 47. Breakdown characteristics
at high prr — HY-5506. at high prr — HY-5508.

The recovery investigations reported here are not exhaustive, nor were
they intended to be. The purpose of this work was to establish the frame-
work within which future investigations must 1lie. From Figure 49, it was
concluded that the recovery characteristics of multi-stage box-grid tubes are
less than a factor of 10 poorer than those of single-stage devices — not an
enormous differential. It is nonetheless clear that considerable future work
will be required to develop high voltage, low inductance tubes that are
capable of operating at significant pulse repetition rates.
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HY-5508 had the best recovery characteristics of the multistage
tubes. This was probably due to the shorter diffusion distences
that resulted from the relatively thick gradient grid baffles of
the tube.
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(6) Current Rise Time vs Gas Pressure

The three experimental tubes were ooerated in the high di/dt test
kit to determine their anode current rise times as a function of gas pressure.
A typical oscillogram showing the shape of the current pulse (at high pres-
sure) is given as Figure 50. The peak anode current was maintained constant
at 3 kA and the tubes were control-grid triggered with the auxiliary grid
grounded through 100 ohms.
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Figure 50. A typical anode current pulse at high gas pressure. The 3 kA
pulse shown was generated by the HY-5506 in the high di/dt test
kit. The rise time of the pulse is 10 nS. The current rise time
was dominated by the anode fall time.

Figure 51 shows tr (10-90%) as a function of P for the three tubes.
The rise time characteristics are substantially the same; those of the higher-
inductance HY-5506 and the highly baffled HY-5508 are identical,* and the 50
micron shift observed for the HY-5509 could easily be the result of some

*It was assumed that the HY-5506 had a higher inductance because of its two
additional stages. However, the three-stage, baffled tubes could have had a
somewhat higher inductance than that calculated on the basis of their geom-
etries because of the tortuous discharge path introduced by the gradient
grid baffles.
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pressure calibration error. The data are inconclusive regarding any correla-
tion between rise time and inductance or degree of baffling. This is probably
because over most of the pressure range investigated, tr was in fact dominated
by the resistive anode fall time; that is, by the turn-on time of the tubes,
and not by the total circuit inductance. There is ample support for this
contention as discussed further below.

As the gas pressure was increased, the rise time continued to decrease in
a predictable fashion. No inductance-limited mode was observed. The rise
time characteristics for the HY-5506 and HY-5508 (Figure 51) can be approxi-
mated by the relation

tr = 1.52 x 106 p-1.87 (54)

where P is the pressure in microns and tr is the rise time in nanoseconds.
Equation (54) is accurate to 3% over the range of 300 to 600 microns. The
rising portion of the anode current pulse was in general dominated by the
exponential nature of the anode fall; it did not have the familiar inductance-
controlled shape.

An experiment was performed to determine an upper bound for the induc-
tance of the HY-5508. It yielded an upper 1imit of 58 nH for the tube, and a
total circuit inductance that could be defined only as being slightly higher
than the tube inductance. This measurement was consistent with a geometri-
cally calculated tube inductance of 50 nH and an inductance of less than 10 nH
for the balance of the circuit.

The HY-5508 was operated at high pressure in the relatively high induc-

tance 80 kV pulse charge test kit, where its anode fall time was about 10 nS.
When operated at the same pressure in the high di/dt test kit with di/dt =~ 2 x
1011 A/S, the anode fall time was again observed to be about 10 nS. Thus
the drop, Ly di/dt, was tow even at high di/dt. This indicates that the
actual L1 was materially less than that value determined to be its upper
bound.




The overall conclusions are that the inductance of the experimental tubes
was low and that the rise of the anode current was thus dominated by the
inherent anode fall time. The low tube inductance suggests that the discharge
was substantially uniform even for a 3 kA current pulse rising in 10 nS. Even
the five-stage HY-5506 had an inductance that was conservatively estimated to
be less than 50 nH. Unless the constraints imposed by capacitive-controlled
voltage division ultimately dictate to the contrary, the inherently low
inductance of these designs means that additional stages could be added to
increase their total forward holdoff without materially affecting their anode
current rise times.

During the investigation described here, 3 kA current pulses such as that
shown in Figure 50 were routinely generated by each of the experimental
multi-stage tubes when operated with epy = 30 kV. This corresponds to a di/dt
per volt of 8 x 106 A/S/volt. From ERADCOM's applicable Technical Guidelines
{(Table 1), a di/dt per volt of 1.28 x 107 can be inferred, and this is a
switching capability not far removed from that already demonstrated in the
laboratory. The conclusion is that the inherent switching capabilities of
hydrogen thyratrons are consistent with the needs of this Program.

(7) Triggering Characteristics

The important triggering characteristics are the sequence in which
the gaps break down, the associated time jitter, and, to a lesser extent, the
anode delay time. The amount of grid drive required to achieve acceptable
triggering would not 1limit the utility of these tubes for most applications
unless it were to become a significant fraction of the power being switched by
the tube.

Breakdown Sequence

A hydrogen thyratron is a plasma-triggered device. In a multi-stage
tube, that gap having the optimum combination of electric field and plasma
density will break down first, and it is essential that the breakdown sequence
be proper. Each stage must serve as a virtual cathode for the stage directly
above it if upper stage arcing is to be avoided. Furthermore, as commutation
proceeds toward the anode, the voltage across the upper stages increases until
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the full anode voltage appears across the uppermost stage. The resultant
insulator stress can be accommodated by grading the lengths of the insulators,
but only when the firing sequence is reliable.

By viewing the voltage waveforms at the anode and the various gradient
grids, the breakdown sequences for the HY-5506, 5508, and 5509 were deter-
mined. When the auxiliary grids were triggered, the breakdown sequences were
in some cases erratic, but it is strongiy suspected that the erratic behavior
was linked to an improperly designed control grid baffle as discussed further
below in connection with measurements of time jitter. When the control grids
were triggered, the breakdown sequences were in all cases correct, i.e., the
gaps broke down from the control grid to the anode. For types 5506 and 5509,
control-grid triggering did result in an improper sequence if the time on
charge approached the DBV time (the time beyond which the TUT could not hold
off the applied voltage). For the HY-5508, the breakdown seguence was correct
regardless of the time on charge.

The results are summarized as follows: 1) a design defect in the control
grid baffle made the results of the auxiliary grid triggering tests inconclu-
sive; 2) for control grid triggering of the relatively loosely baffled tubes
(5506 and 5509), the breakdown sequence was proper, provided that the time on
charge did not approach the DBV time; and 3) for the highly baffled 5508, the
stages were so well isolated that a high triggering plasma density was always
reached in the Tower stages before the next gap could break down. Thus the
firing sequence was always proper for the 5508.

The overall conclusion is that multi-stage, box-grid tubes can be made to
commutate reliably in the proper sequence, although it remains to be shown
that the proper sequence can be maintained at hundreds of kilovolts as opposed
to a few tens of kilovolts — the level for which the present data apply.

Time Jitter

To measure the time jitter, the TUT was installed in the high di/dt test
kit and the output of the coaxial current viewing resistor was monitored in
the cathode circuit. The trigger current puise observed at the instant of
trigger breakdown thus served as a time reference. Conveniently, as




each stage commutated, its stray capacitance also discharged through the
CVR. Finally, upon commutation of the last gap, the full anode current was
observed. It was thus possible to use a single waveform (the CVR voltage
output) to determine time jitter, the propagation time through each stage, and
the total anode delay time.

The initial measurements of time jitter were discouraging. With control
grid triggering, jitters of tens of nanoseconds were observed. As expected,
the more highly baffled tubes were more prone to jitter, but even the 5506 (no
gradient grid baffles) was not jitter-free. Auxiliary grid keep-alive and
auxiliary grid triggering led to even more discouraging results in that tj
worsened or remained the same, and tad actually increased. Increasing the
grid drive by a factor of two did in fact reduce tj, but not to an acceptable
level. The conclusion was that a fundamental design change would be required

to reduce tj.

The key seemed to be that increased tad accompanied the use of keep-
alive, this being indicative of truly aberrant tube behavior. The conclusion
was that the keep-alive was establishing a plasma in some region of the
auxiliary grid-cathode space that was far removed from the apertures of the
control grid baffle, and this line of reasoning led to a review of the design

of the control and auxiliary grids.

To keep the tube inductance low, the apertures in the various grids had
in general been located at the outer reaches of the tube, thereby constraining
the discharge current to flow as closely as possible to the current in the
external return. Because of the relatively small-diameter cathode, however,
the apertures in the auxiliary grid were considerably farther from the tube
sidewalls than were all other apertures. This resulted in a relatively large
offset between the apertures in the auxiliary grid and those in the control
grid baffle. It is highly likely that this offset was responsible for the
jitter characteristics observed for these tubes.

To test the theory described above (and also to force a reasonable tj), a
high power trigger generator (egy up to 8 kV at 100 A) was built to flood the

control grid-cathode space with triggering plasma. The reasoning was that an
optimum plasma density might be generated to compensate for the excessive
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offset without accelerating the electrons so much that they bombarded the
Tower surface of the control grid baffle instead of propagating to (and
through) the baffle apertures.

This experiment worked, and with a drive of typically 75 amperes at 6 kV
applied to the control grid, tj was reduced to less than 2 nS for each of the
experimental tubes. The jitter question was not totally resolved, however, as
described further below.

After 15 minutes to about 1 hour of running time from a cold start
(depending on tube type), tj would gradually increase from Some unmeasurable
or insignificant value to values of the order of 10 nS, with tubes having
tighter gradient grid baffling being most prone to operate with jitter. An
investigation later showed that tj was not dependent on time or prr but
rather on the total number of shots accumulated after a long rest period.
Shot-dependent phenomena are indicative of a cathode-related process, and the
cathode might be involved in the observed behavior.

To investigate the dependence of tj on the properties of the cathode,
each tube was operated until significant jitter appeared, and then the cathode
heater voltage was increased 10% above its nominal value. In each case, tj
was reduced to near-zero at the higher heater voltage. For the highly haffled
tubes, tj eventually began to increase at even the higher cathode temperature;
for the 5506, tj remained unmeasurable after several hours. A similar set of
experiments was then performed except that the heater voltage was reduced to
90% of its nominal vaiue. In the low heater case, tj again decreased to
near-zero at first, and then gradually increased to 10 nS or more. Since
changing the cathode temperature caused new regions of the cathode to become
activated (only to become depleted after some number of shots), the cathode
heater experiments demonstrated that the observed jitter was in fact the
result of a cathode depletion process. Furthermore, it is reasonable that
this effect would be most pronounced (as it was) in those tubes having highly
baffled gradient grids, since any perturbations in the triggering plasma can
only be emphasized by grid structures having a low transfer efficiency.
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The results of the jitter investigation are summarized as follows: the

aperture offset between the auxiliary grid and the control grid baffle was
excessive. This condition made auxiliary grid triggering unreliable, and the
use of keep-alive ineffective. It also resulted in a time jitter of tens of
nanoseconds when the tubes were control-grid triggered with a usually adequate
drive of 30 amperes at 1200 volts.

To force a reasonable tj, the control grid was pulsed with 75 amperes at
6 kV. The time jitter was then 2 nS or less for the three tubes under test.
A shot-dependent jitter characteristic was discovered that was traced to the
cathode and is believed to be the result of a cathode depletion process that
occurs under high di/dt conditions.

It is a trivial matter to correct the aperture situation for future
tubes, and this has been done for the intermediate tube for ERADCOM (Section
8.0). The cathode situation is less straightforward but nonetheless feasible
to correct. It has long been recognized that a short, highly utilized cathode
would be required for this application and others that involve operation at
high di/dt. The first in a series of such cathodes have been designed and are
in the process of being built into a single-stage tube for initial testing.
At present, the development of a suitable cathode will not hinder progiess on
this Program.

Anode Delay Time

As previously discussed, the output of the CVR was a convenient mechanism
to use to determine tad. This diagnostic was used to generate the data of
Table 13, which shows (as a function of pressure) the time to breakdown for
each gap and also the anode delay time, tad, for the HY-5506, 5508, and 5509.
For the data of Table 13, the tubes were control-grid triggered (1200 volts at
60 amperes, maximum),* t = 0 corresponds to the time where control grid
current was first observed, and tad corresponds to the time where anode
takeover had clearly occurred. For each datum point in Table 13, ib = 3 kA
and epy = 30 kV; therefore, the voltage across each stage was the same for

*Because of the baffle aperture configuration previously described, similar
data with an auxiiiary grid keep-alive would be of no value.




Table 13. Breakdown times (per gap) of box-grid tubes.*

Gap
Total
HY-5506 Pressure No. 1 No. 2 No. 3 No. 4 No. 5 (tad)
g (e = 0.4) 320 60 36 48 41 29 214 ;
F 352 52 33 36 36 24 181 |
: 390 48 28 28 34 24 162 i
430 30 26 28 30 20 134 i
| 475 27 23 24 24 18 116
‘ 525 27 21 23 22 15 106
588 27 21 21 20 15 104
Gap
Total
HY-5508 Pressure No.1 No. 2 No. 3 (tad)
(oo = 0.95) 316 160 80 48 288
358 158 80 40 278
393 156 72 38 266
454 156 44 3F 236
504 154 40 32 226
565 154 32 24 210
600 148 26 20 194
Gap
Total
HY-5509 Pressure No. 1 No. 2 No. 3 (tad)
(@ = 0.75) 308 140 72 58 270
342 132 58 54 244
360 128 58 40 226
424 124 52 39 215
470 120 46 36 202
520 112 39 32 183
580 104 40 28 172
645 100 32 20 152

*Pressures in microns; times in nanoseconds; gaps numbered from cathode
to anode.
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each tube type reqardless of gas pressure. Note first from Table 13 that, as

expected, all gaps break down faster as the pressure is increased. This
characteristic applied even to the last gap — an indicator that upper-

stage arcing did not occur.

For each tube, the first gap required the longest period to break down.
It is probable that the large offset between the auxiliary grid and the
control grid baffle exaggerated this characteristic, so no significant con-
clusion can be drawn from such behavior. It is, however, interesting that the
propagation time through the upper stages invariably decreased toward the
anode, apparently due to an acceleration of the triggering plasma under the
influence of the increased field as commutation progressed along the length cof
the tube.

The more highly baffled the tube, the longer the time required for
commutation to occur. This is consistent with the concept that commutation is
fostered by the physical progression of the triggering plasma through the
various grids, with the low-field region of a highly baffled box tending to
slow the motion of the plasma toward the last gap.




8 INTERMEDIATE HIGH VOLTAGE, LOW INDUCTANCE

HYDROGEN THYRATRON — HY-5525

For the intermediately sized experimental tube to be delivered to
ERADCOM, a conservative design based on the experimental results of Phase II
was chosen. The goal is to demonstrate a peak forward holdoff capability
arbitrarily chosen to be 150 kV with a tube that operates at high pressure
(for a short "resistive" fall time) and has an inductance of less than 50 nH.
At lower pressures (but still high by thyratron standards), an epy well in
excess of 150 kV is expected. The intermediate tube has been designated as
HY-5525. A section drawing showing its salient features is given as
Figure 52.

The tube envelope is 4.5 inches in diameter and the tube stands 6.3
inches high from the bottom of the cathode flange to the top of the anode
flange. It has five gaps, since 30 kV per stage (on average, and at high
pressure) is reasonable in 1light of the experiments, and yet the combined
length of the high voltage sections is short enough to provide a Tow total
inductance. The tube 1is designed for use with a 12-inch diameter rurrent
return. The inductance of the tube/return combination will be about 40 nH.
The tube should be capable of generating a 10 kA, 60 nS current pulse having a
rise time of 10 to 15 nS. A pulse repetition rate of 1 kHz should be achiev-
able in the burst mode.

The design approach is basically conservative in that only concepts that
have been experimentally verified have been used. For example, liquid cooling
of the anode was provided for, but use of a hollow anode was avoided since our
experience with such anodes is limited. The gap spacing was varied from 0.121
inch at the control grid to 0.115 inch at the anode to improve the voltage
distribution across the tube (C1/C2 is about 12 for a 12-inch return and about
13 for a l4-inch return), but even the 0.115-inch gap is well above the
spacing (0.090) where our experimental results show that field emission may
become a concern.

The upper-stage insulator is 1.515 inches long. This is more than
adequate according to the results of the ceramic tests. The stress during
commutation is only one-third greater than that corresponding to the 118 kV
data for the HY-5509 as discussed earlier in this report.
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10-15 nS.
at high pressure.

CATHODE CONNECT tON
AND MOUNTING FLANGE

CATHODE
ENCLOSURE

CATHODE AND
RESERVOIR ASSY.

Intermediate experimental tube — HY-5525.
capable of generating a 10 kA current pulse having a rise time of
A peak forward holdoff capability of 150 kV is expected

The calculated inductance of the tube and a

12-inch current return is 40 nanohenries.
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A ratio of baffle thickness to internal grid height about 1.5 times that
of the HY-5509 but only one-half that of the HY-5508 is used for the gradient
grid baffles. Therefore reasonably good stage isolation (a =0.9) without
triggering problems is expected.

Finally, it was decided to offset the apertures from grid-to-grid but not
within each grid despite grid studies, as discussed earlier in this report,
because all of our experimental data apply for such a grid arrangement, while
the theory has yet to be experimentally verified.

Some concessions were made in the design of the HY-5525 for expediency.
For example, high di/dt experiments with standard HY-5313s at ib = 10 kA have
shown that a short, vertically vaned cathode will ultimately be required for
high voltage, low inductance tubes. Specially shaped insulators (a project
now in process) will allow higher holdoff per stage and promote longer tube
life. Also, a thick, hollow anode will probably be required to provide
reasonable life at high ib. Finally, improved gradient grid baffling tech-
niques will be required to achieve operation at pulse repetition rates beyond
about 1 kHz.

Despite these considerations, building and testing a high voltage tube
that extends previous work and demonstrates high voltage holdoff and low
inductance is an important step toward achieving the objectives of the
Program.
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9 CONCLUSIONS FROM PHASE II AND PLANS FOR PHASE III

a. Conclusions from Phase 1]

A low-inductance hydrogen thyratron capable of reliable operation at
250 kV 1s feasible. No impediments to success are known to exist,

The ceramic breakdown tests showed that the inherent dielectric strength
of high alumina ceramics exceeds that required for the insulators of a tube
that can meet the objectives of this Program. However, the tests also showed
that no local regions of uncontrolled stress can be allowed to exist either
inside or outside of the tube. Furthermore, the tests were conducted only at
room temperature and at low repetition rates. Although the insulator issue
will not be resolved until life data are accumulated for actual tubes oper-
ating at significant pulse repetition rates, the existing data justify tube
designs having a calculated inductance well within the limit set by the
requirements of this Program.

It is now established that a multi-stage tube having a plurality of
short, box-type gradient grids can in fact hold off, commutate, and recover in
the same manner as a conventionally designed tube. Internal baffles are an
effect ive mechanism for determining the holdoff/commutation properties of such
grids, and the baffles simultaneously promote tube operation at high pulse
repetition rates. With properly designed grids, near-perfect stage voltage
addition can be achieved with a holdoff structure that commutates easily and
reliably.

Box-type grids can be modeled, computer-generated field plots can be used
to aid in the specifics of their design, and their predicted characteristics
are consistent with their measured voltage addition properties. Although
further work is required to determine whether tube performance is dominated by
the relative or absolute fields present in the grid structures, the work of
Phase II has (for the first time) provided an analytical technique for the
design of thyratron grids. The use of this technique has already allowed the
design of effective grid structures without the need to resort to costly and
time consuming experimentat ion.
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A comprehensive theoretical analysis of anode dissipation has yielded

relations that predict the anode heat loads that will be encountered under a
variety of operating conditions. The analysis predicts a total tube loss well
under 10%. Thermal analyses and testing of practical grid and anode struc-
tures must now be performed.

Command pulsed charging with a few microseconds for the voltage run-up
and a few microseconds at full charge allows tube operation at significantly
increased peak forward anode voltages. Furthermore, pulsed charging precludes
kick-outs while simultaneously reducing the high voltage exposure time of the
system as a whole.

Even under pulsed charge conditions, the anode breakdown voltage is a
strong inverse function of the gas pressure in the tube. The multi-stage
tubes built during Phase Il were capatle of holding off very high voltages at
pressures where their triggering characteristics were acceptable and their
anode fall times reasonably fast, but for very high di/dt applications,
operation at even higher gas pressures is reguired. It is thus clear that the
most significant single advance that can be made during the next phase of this
Program will be to devise a means for increasing the dynamic breakdown voltage
(per stage) at still higher gas pressures. Mechanisms for doing this are
under investigation.

The recovery characteristics of the existing multi-stage, box-gridded
tubes were in general about a factor of 10 poorer than those of a single-stage
tube having the same diameter. A recovery capability consistent with opera-
tion at 1 kilohertz was, however, achieved. Further work on grid baffle
design (now underway) is expected to result in an order of magnitude improve-
ment in the recovery time.

The rise time capabilities and triggering characteristics of box-grid
tubes are of the same general nature as those of conventionally designed
thyratrons. The experimental multi-stage tubes had actual inductances that
were consistent with those calculated on the basis of their geometries. As
expected, when these tubes were operated in a very low inductance circuit, the
rise time of the circuit current was limited not by inductance, but rather by




the "resistive" anode fall times of the tubes. The time constant of the anode
fall depends solely on the gas pressure in the tube, so tubes used in high
di/dt service must be operated at high gas pressures.

During Phase II, 3 kA current pulses having a rise time of 10 nS were
routinely generated by various multi-stage experimental tubes. This corre-
sponds to a di/dt per volt of 8 x 106 A/S/volt. From the applicable Techni-
cal Guidelines (Table 1), a di/dt per volt of 1.28 x 107 can be inferred,
i.e., a switching capability not far removed from that already demonstrated in
the laboratory. The conclusion is that the inherent switching capabilities of
hydrogen thyratrons are consistent with the needs of the Program.

In general, the experimental tubes commutated easily and reliably, and
with a modest grid drive. This was true even of that tube having the highest
degree of gradient grid baffling (and thus the best stage voltage addition).
As expected, higher baffling increased the anode delay time, but anode delays
less than 200 nS were always achievable at high gas pressures. No indication
of upper-stage arcing was observed under any reasonable operating conditions.

The experimental tubes exhibited excessive time jitter. The jitter was
iraced to an apparent cathode depletion process and an excessive control grid
baffle offset, so excessive jitter does not appear to be an inherent charac-
teristic of multi-stage, box-grid tubes. Even those tubes having the exces-
sive bafflie offset could be made to commutate with a jitter of about 2 nS when
sufficiently driven. Improved baffle designs have since been generated, and a
Tow inductance, generally high-performance cathode must now be developed for
use in tubes that operate under conditions of high di/dt.

b. Plans for Priase 111

It is required that the experimental work of Phase II be extended to
include tube operation at much higher voltages — up to and including 250 kV.
Such operation is necessary to prove that the upper-stage insulators are in
fact adequate, that stage voltage addition can be maintained in the presence
of high electric fields, and that upper-stage arcing will not in fact occur.
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Towara this end, the 250 kV test kit has been repaired, and this system
is expected to be in operation shortly. Some data can be generated by using
this kit to test the existing experimental tubes (at reduced gas pressures),
but it is more beneficial to take advantage of the results of the Phase II
efforts, and to build a series of experimental tubes that is specifically
designed to address those considerations that prompt the greatest practical
concern. Therefore a theoretical and experimental effort will be conducted
to determine the relative significance of the transfer field ratio (v) versus
the absolute field intensity (particularly in connection with upper-stage arc
prevention). Experimental work shouid be done to improve the high pressure
holdoff of individual gaps — mainly by developing new insulator and elec-
trode geometries. '

Under the terms of our existing contract with ERADCOM, Phase III requires
the delivery of a prototype high voltage, low inductance tube. However, a
proposal to conduct additional experimental work on a time scale that will
encompass the whole of Phase III and beyond has been submitted to the Naval
Surface Weapons Center (NSWC).

In the work for NSWC, it is planned to use the same theoretical/experi-
mental approach used during Phase II of this Program, use computer-generated
field plots to aid in the specifics of gradient grid design, and build and
test experimental tubes to verify the results of the theoretical work. In
addition to the principal concerns mentioned above, certain practical con-
siderations also need to be addressed. These include the use of offset
apertures within each gradient grid to reduce inductance, complexity, and
cost, "hollow" anodes to reduce damage by electron bombardment, and gradient
grid baffling arrangements that are specifically designed to promote rapid
recovery and thus promote tube operation at high pulse repetition rates. A
new, low inductance, high performance cathode must also be developed that is
specifically suited to the rigors of high current, high di/dt operation, and
the triggering characteristics of multi-stage tubes so equipped must be
determined under high di/dt conditions.
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Early during the effort described above, it will be necessary to commit
to a design for the prototype tube of Phase 1Il so that the device can be
delivered to ERADCOM on schedule. At present, it is planned to build simul-
taneously at least one additional tube of a generally similar nature (perhaps
with interesting variations), and to test this tube during the balance of the
NSWC effort.

Finally, it is hoped that NSWC will extend the overall Program to include
a "Phase IV." The emphasis of the Phase IV effort will be to study those
factors that presently serve to limit the pulse rate capabilities of high
voltage, low inductance tubes, and to extend those capabilities as far as
possible. Our goal is to demonstrate high voltage operation at (at least)
10 kHz by the end of 1981.
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