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The principal conclusion is that t h y r a t r o n  operation at 250 kV and 40 kA
with a current  r i set ime of a few tens of nanoseconds is a feasible proposition .
However , the development of a tube having such capabiliti es is subject to the
practIcal I imits that are imposed by the breakdown c h a r a c ter  1st ics of the ce —
ran! c insulators t ha t  arc u n i ver s a l l y used in t he const rue l i on  oh h i g h  power
tubes. Operation at appreciable  r e p e t i t i o n  rates is clear ly  subject  to ~he
ab i l i ty  of the tube to withstand the heat ing that  resu lts~~from operation at high
average current  and high d i / d t .

Dur ing  the f i r s t  phase of a m u l t i — p hase program , the emphasis of the work
was placed on those fac to rs  that  a f f e c t  the voltage—inductance compromise , since

‘1 it was de termined tha t the tube ’s induc tance (and no t its commutation time)
would dominate the maximum achievable di/dt. 4-..

It is considered as being clear that a multi—gap tube having an essentiall y
coaxial current return path , and operating with command pulse charging , is re—
quired .

The properties of a coaxial geometry , particularly as they apply to the
operation 0 a multi—gap thyratron switch , are discussed at some length. In
par ticular , it is found that the app lied voltage is capacitively distributed
across the various gaps of the tube , and this phenomenon has significant effects
as regards the minimum achievable inductance , and the maximum achievable holdoff
characteristics.

It is concluded that experimental work is required to determine the voltage
stress capabilities of the ceramic insulators. Ceramic samples have been pro—
cured , and a Marx generator has been built and characterized for service as a
pulsed , high voltage source for ceramic evaluation tests.

Computer—generated field p lots have been used as a des ign aid , and a math—
enatical model has been developed for the hydrogen thyra tron that accura te ly
predicts the performance of thyratron—switched pulse circuits.

A five—stage tube of a novel, low ind uctance design has been bu il t to serv e
as a vehicle for the experimental examination of low—inductance , multi—gap tube
operation . The experimental tube is expected to provide information concerning
the triggering and commutation characteristics of tightly—baffled , multi—gap
structures , as well as their holdoff and recovery properties.

An appendix is included that discusses the mathematical model , and th us—
tr~ tes the technique used to derive the circuit equations that result from the
model’ s use .
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1 .0 FOREWORD

This Fina l Techn ical Report doc ument s the results of a twel ve-month stud y

program that commenced 1 October 1977 and ended 30 September 19/8 , and has

general l y been known as the High Voltage , Low Inductance Hydrogen Thyratron

Study Program . Funded under ERADCQM Contract DAABO7-71-C-2725 , t hi s work was
h rec ted towa rd gain ing the information necessary to fabricate a thyratron

swit ch capable of operating under the electrical conditions stated in

ERA DCJ t l ’ s technical guidelines therefo r dated 12 July 1977. The work

descr ibed herein was perforned by EG&G , Inc ., Elec tron i c Componen ts D i v i s i on ,

35 Congress .treet , Salem , Massac husetts 01970.

The authors of this report wish to recognize specificall y the sign ificant

contributions made to this Program by Dr. Chath an H. Cooke , D i rec tor of
Dielectric Research at the High Voltag e Researc h Laboratory , Massac huse tts
Institute of Technology , and a consultant to EG&G . We wish also to recognize

Mr. Jerome J. Ham i lton , now with the Raytheon Company , who serve d as projec t
engineer dur ing the initial phase of the Program .
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2.0 INTRODUCTION AND SUMMAR Y

a. ?us~~~~ 
he Program

The object of the Hi gh Voltage , Low Inductance Hydrogen Thyratron Study

Program is to obtain the information required to fabricate a thyratron swi tch

capable of operating wi th the electrical characteristics given in Table 1.

T hi s document reports the resul ts of Phase 1 of the Program . As or igi nally
contemplated and funded , Phase 1 was to be a study only, with no deliverable

hardware. Phase II (now funded under Contract DAABO7-78-C-2977) is wider in

scope since the work to be performed consists of further theoretical stud i es

supported and guided by the construction and evaluation of experimenta l tubes

and such other laboratory wor k as may be deemed expedient.

Table 1. Electrical characteristics for high voltage , low i nduc tance
hydrogen thyratron.*

Characteristic Symbol Objective

Peak Forwar d Volta ge epy 250 kV
Peak Anode Current ib 20 kA**
Pulse W idth (90%) tp 60 nS

Pulse R ise Time (10% to 90%) tr 5 nS

Current Rate of Rise (10% to 90%) di/dt 3 x 1012 A/S
Number of Pulses per Burst — 100
Off T ime to Burst Durat i on Ratio — 100:1
Total Induc tance (Switch and Connectors) L1 125 nH

*Tab le 1 is taken directly from the technical guidelines issued by
ERADCOM on 12 July 1977 . It i s noted that the total i nductance and the
rate of current rise are not consistent with a peak forward anode
voltage of 250 kV . The maximum permissible inductance is calculated
elsewhere i n t hi s repor t.

**For tube operation with a Blumlein circuit , the peak forward anode
current is 40 kA .

f - 
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‘ the final electrical requirements for the switch may differ somewhat from

those shown i n Ta b le 1, but representative characteristics are i ndeed a peak

forward anode voltage of 250 kV , a peak anode current of 20 to 40 kA for 60

aS, a cur rent r i se t ime of 10 to 20 nS, and ultimately, operation at hi gh

pulse repetition rates. Figure 1(a) shows the reg i me of concern of lb . tr ,

and di/dt. The current-rise time points shown in Fi gure 1(a) indicate the

reg ion of specific interest. Figure 1(b) shows the total circuit inductance

corresponding to the curves of Fi gure 1(a). The required inductance is seen

to be of the order of 30 to 60 nFl .

IS _________________________ — 6

It&:: 
6

IO~ 2 4 6 8 10 io~ 2 4 6 8 p~~5

lb (AMPERES) lb (AMPERES)

(a)  (b)

Figure 1. Regime of peak current (ib), r ise  t ime ( t r ) ,  and di/dt under
investigation. A peak current of 40 kA w i t h a r i se  t ime of 20 nS
is considered feasible.
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No thyratron presently exists that can meet all of these requirements
simultaneously, and the performance of exist ing tube desi gns cannot  be extra-
polated to such operat i ng conditions. It is clear that a thyratron capable of

meeting the stated requirements can be built only after considerable applied
research has been conducted in sev eral areas basic to thyratron technology.

The most fundamental concern germane to this Program is that hi gh va ltage
and low inductance are , in  general , confl ict ing requirements. Fortunately,
the conf l ic t  spr ings from practical concerns such as the properties of insula-
t o r s , and does not a r i se  from any l im i ta t i ons  imposed by bas ic  phys i cs .
Therefore , it is subj ect to resolution by applied research and high voltage
eng ineering.

The ef fects on thyratron performanc e of operat ion at hi gh plate breakdown
f ac to r s  and h i gh rates of current rise are second in importance only to the
voltag e/inductance comprom ise . It is difficult to think of any aspect of tube

performance and rel iabi l i ty that is not adversely affected by hi gh di/dt at
high pulse repetition rates , and such l i m i t a t i o n s  as may be imposed by the

constraints of bas ic physics are apt to lie in this area.

This proqram has benefited material ly from work being done at EG&G under
our contract to Los Al am os Scient ific Laboratory (LA S L) . * LASL ’s requirements

for di/dt and tr are substantia lly the sam e as those of this Program, and the

results obtained under the auspices of either Program are in general useful to
the other . An early dec ision was made to address matters relating to high

vo l tage  pr inc ipa l ly under this Program , an d ma t ters re la t ing  to di/dt

principally under the LASL P rogram , at least for the f irst year ’ s effort.

b. R~~ort Or1anizat ion and Summary

The work of Phase 1 has been concentrated on defining the fundamental
design concepts that apply to the development of hi gh v o l t a g e , low i n d u c t a n c e

hydrogen thyratrons. the emphasis was p laced on the vo l tage- induc tance
compromise , wi th  mat ters  pertaining to d ischarg e phenomena and anode
d i s s i pation being principally addressed under our contrac t to LASL.

*Contract No. EN-77-C-O4-4047 .
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In Section 3 of this report , the bas i c aspec ts of low i nduc tanc e tube
des iqn are discus sed . the l imitations placed on the ach ievable d i/dt by the
cousnutat ion properti es of the tube and by the total c i rcu it i nductanct’ are

cons i (1cr-ed in depth. We conclude that the operating condi t ions pert i nent. to
th is  Program correspond to a point near the borderline of the two eff ects , but
that the c i rcu i t  inductance is s t i l l  the more significant concern. Igno ring

I - temporar ily the matter of voltage stress , we conclu de tha t a hydrogen thyra-

tron capable of operating at 40 kA with a rise time of 20 nS is in fact a
feas ible proposition .

The followi ng parts of Section 3 address the more obvious characteristics

of a high voltage , low inductance tube such as multi -gap construction , the

requirement for comma nd pulse charging, and the clear ly heav y stresses impose d

S on the tube ’ s i nsulating sections by the need for physical shortness. Con-

sideration is then g i v e n  to the  need for a coaxial geometry , for wh i ch i nduc t-
ance , s t r ay  ca pac it ance , and voltage stress are investigated . As one would

expec t , minimum inductance is achievable on ly at the expense of i ncrease d

stray capacitance and increased vo ltage stress.

to estab l ish an optimi zed design , the realities imposed by practical

methods of thyratron construction must be considered . This is done in Section
4. F irst , the max i mum perm issib le inductance consistent w i th  40 kA r i s i ng i n
20 nS is calculate d; this inductance was found to be somewhat less than 60 nFl.

Then , the p h y s i c a l  d i m e n s i o n s  and c o n s t r u c t i o n  of prac t i cal mult i -ga p tubes
are addressed and the importance of the stray capacitanc e between the tube ’s

various e lectrodes and the coa x i al curren t return is estab lished . The effect
of t h e  s t r a y s  i s  to  “ shor t -out ” the l ower gaps such that  an eves ’ larger

fraction of the applied charging voltage appears across the uppermost gaps.

This phenomenon establ ishes a point of diminishing return insofar as the
numbrr of gaps is concerned , and the optimum number of stages is thus calcu -
lable as a function of the r~tio of the inter-elec t rode capacitanc e to the
stage ’ s stray capacitance to ground . the conclusion is drawn that the optimum

number- of stages is typical ly  four to s ix  for ant ic ipated capacitance rat ios ,
which number is the minimum consistent with fast pulse charging at 250 kV.

_ _ _ _ _ _ _ _ _ _
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______________________________ _______________ - ~~~~~~



- ~~~~~~~~~~~~~~~~~ 

_ _  

_ _ _ _ _ _ _

In Sec t ion 4 , the compl ex interact ion of the var ious parameters pert inent
to the design is discussed , and some s implify i ng but justif ied assumptions a rt’

made to el imi nate sonic vari ables and t h u s  hound the prob l em . It is concluded

that oi l  is the preferred medium for insulating the tube with respec t to its

c o a x i a l cu r ren t  return , and also that it is desirable to design the return so
as to uti li ze the maxi m um available space. The trig gerabi lity—ho ldoff compro-
mi sc i s cons idered brief ly, but extensive practical experience te l l s  us that
holdoff will be the more pressing concern.

F i nall y i n Sect i on 4 , cons ideration is given to the need for experimental

work to determine the stress levels that high-purit y alumina will withstand

under pulsed cond itions. This information is not otherwi se available , and

such knowledge is vital to the design of a viable tube. The ceramic samples

that we intend to test are discussed briefly, and the 250 kV Marx generator

that we have Su il t and characterized to serve as a pul sed high voltage source

for sampl e testing is also described .

Section 5 presents  a discussion of some of the additional theoretical

work that we have performed during Phase I and that will be of cont i nued

a s s i s t a n c e  to us during Phase II. the use of computer-generated field plots

as a design aid is described and representative plots are included by way of
examp le. F ield plott ing w i l l  be of part icular va lue during Phase II as a tool
to aid us in performi ng an in-depth theoretical study of the triggerabi lity-
holdoff comprom ise.

Sect ion 5 als o di scuss es a ma themati cal model that we have developed for
the hydrogen thyratron. This model accuratel y pred ic ts tube and circuit
behavior under a vari ety of operating conditions , and enables us to perform on
paper valuabl e parametric studies that would he prohib itivel y expensive and

time consumi ng if performed in the laboratory . As an illustrative example .

experimental data are com pared wi th the tube ’s performance as predi cted by the
mode l for a thyratron operated under both high and low conditions of di/dt.

lhe results are highly consistent , and reveal the probab le phenomenon of a
t ime-vary ing tube inductanc e (or res istami ce ) during the early portion of the

anode current pul se . t h is  is a l i ke ly  occurr ence of as yet unknown impac t .
anti it I’; subj ec t to further theoret ic~m l .rid experimental study.

—1—
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I n  Sect ion 6 , the first experimental high voltage , low i nductance hydro-

gen thyratron to be designed under the Program is described . The need for a

fu l l-scale experimenta l device is addressed first , fol lowe d by a discussion of
the overall  philosophy that guided our design. Final ly, the various as pec ts
of the design are ex ami ned in detai l .

Section 1 presents the principal conclusions that we have reached as a
• result of our work during Phase I and desc ribes our plan for future work under

Phase II. By far , the  most important conclusion is that a hydrogen thyratron

capable of operation at 250 kV and 40 kA wi th a current rise time of a few
tens of nanoseconds is a feasible proposition. It is nonetheless clear that
the successful development of such a switc h requires considerable f inesse , and

is subject to the practical lim i ts imposed by the breakdown propert ies of
insu lators and (at any apprec iable pul se repetition rate) the abi l i ty of the
structure to wi thstand the heating resulting from high average current and
high di/dt.

The references c i t ed  in th is  report are l i s ted in Sect ion 8. A lso
included (as an Appendix) is a description of our mathema ti cal model for the
hydrogen thyratron , together with a discussion of the techni que that we used
to establ is h the equations pertinent to the operation of thyratron-swi tched
pulse circui ts.
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3.0 BASIC ASPICTS OF FIIGFI VOLTAG E , LOW INDUCTANCE TUBE DE SiG N

a. Comm utat ion and inductance Limitations on di/dt

F ig ure  2 shows the “ r e s i s t iv e ” f a l l  t ime ( t o t a l  c losure  t ime ) as a
funct ion of operating pressure for a var iety of high voltage gas discharge
sw itches.  The term “r e s i s t i v e” means that the anode fal l  times shown were
observed under conditions of relat ively slow dildt such that no s ignif icant
voltage drop occurred across the inductance inhe rent in the switch. The data

shown are empirical ly determined , but the trend in evidenc e in Figure 2 covers
an impressively wide range of fall time and pressure.

F rom F igure 2 one can calculate a mean (geometric) operating pressure and

• ( a mean fall time for each of the switches shown . The results of this calcu la-
tion appear In Table 2.

-4

Table 2. Mean pressure and mean fal l time for vari ous gas discharge switches.

total  Mean Mean
Pressure Range Fall Time Pressure Total Fal l

Swi tch (Torr) Range (Torr) Time , T

LMPV * 1O 6 - 2—5 uS 3.16 x 10—6 3.16 ~
Vacuum Gap i~

-
~ - B x 1O - -~ 250-500 nS 8.94 x i~-~ 354 nS

CFCS** 0.1 30-50 nS 0.1 38.1 nS

h ydrogen Thyratron 0.2-1 10-50 nS 0.441 22.4 aS

Krytron 10 2 aS 10 2 nS
Spark Gap 800 - 1000 0.5-2 nS 890 1 nS

*L iquid Metal Plasmna Valve

**Crossed Field Closin g Switch

- 

~~~~~~~

-- 
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I..
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•NOTE AT HIGH PRESSURE , D ISCHARGE CHANNEL
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INDUCTANCE , MAY INCREASE APPAR ENT
FALL TIME.

—I I I I10
10~ lO lO 0~ l0~~ lO~~ 10 ’ I 10 l o t I0~ It? ~‘
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F ig ure 2. “R e s i s t i v e ” f a l l  time (closure time) as a function of operatin g
pressure for v arious gas d ischarge swi tch es.  The m a p  was generated
from empi r ic a l  data and covers  an imp r ess i ve  range of pressure and
f a l l  time .
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it w i l l  be shown later in this report that the “ r e s i s t i v e” anode fa l l  of
a hy drogen thyratron can be characteri zed by an ionization time constant , 

~~~~
.

which depends only on gas pressure and is defined by the relation i 1  T/ln 2 ,

where T is the res is t i ve  fa l l  t ime of the tube. Extend i ng th is procedure to
the mean fa l l  t imes shown for each switch in Tab le 2 . one can establ ish the
curve of I igure 3 , which relates the ionizat ion time constant to the operating
pressure .

For a circuit operating wi th zero inductance , the current woul d rise in
the same manner as the anode fe l l.  We have developed a model for the hydrogen
t h y r a t r o n  wh i ch ~j ives the normali zed instantaneous anode potential during
commutat ion as e ( t ) / V 0 = 2 - ~~~~~ ~ . For a purely res is t ive circuit , the

noniialized current as a function of time would then be i (t)/1 0 
t / t  

- 1
where 10 is the peak current . Solving this equation for the 10% point , we
f i n d  = 0.095 .~~~~. Solving for the 90’X~ po i nt , we find t90 = 0.642 l~~ . Sub-
tract ing these times gives tr = 0.54 7 i~~ . The excursion of i (t) during this
time interval is 0.8 1~ (ampere s ). The slope of a line through these points
is di /dt 0.6 Io/0.547 1 1 (amperes/second ) or 1.46 / t ~ (amperes /sec /vo l t ) .

A s imi lar  e x e r c i s e  can be performe d for a n induc t ive  c i r cu i t  where
e (t)  0; i.e., for a perfec t switch , suc h that the rise time is then limited
only by the circuit inductance. This yields di/dt 0.363/L ( amperes/secf
vo l t ) .  Combining both the c ommutation and the inductive effects yields the
map of Figure 4.

The region of high di fdt and low pressure in Figure 4 is not accessible
because no switch is k nown to ex is t  that operates in this region. Similar ly,
the regime correspo nding to sub-nanohenry operation is the exclusive domain of
the high pressure spark gap. Note that the intersecti on of a given inductance
with a given switch does not necessari ly mean that the switch has suc h an
inductance. The intersection in fact means that the commutation time of the
switch would l imit tr to the same value as would the intersecting i nductance.

—11—
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Consider now that point in Figure 4 corresponding to the hydrogen thyra-
tron. The normalized di /dt is 4 .56 x 1O 7 am peres/sec /vol t .  At 250 kV , di/dt
is 4.56 x x 250 x iü~ = 1.14 x i0 13 amperes/sec for a circuit with zero
inductance.  Th is  is , of c o u r s e , not real istic. Consid er , howeve r , the

pert inent requirement for a pulse of current of 40 kA peak wi th tr (10%-90% ) =

20 nanoseconds. This means 32 kA in 20 nS , or di/dt = 1.6 x 1012 amperes /sec .
At 250 kV , the normal ized d i/d t  is (. 1.6 x 10 12 ) / ( 2 5 0  x 10 3 ) = 6.4 x iO~
amperes /sec / vo l t .  Entering Figure 4 at 6.4 x i06 , we find the maximum induct-
ance to be approximately 60 nanohenries. (We later calculate 57 nanohenries.)

I t is clear from this discussion that the total circuit inductance (and not

thyratron commutation) can be expected to dominate di/dt for the regi me of
interest.

This point is further illus trated by the curves of Figure 5 which show

the results of calculat ions to detenuine the circuit c urrent as a function of
time for vari ous hypothetical operating conditions .* Referr i ng to Fi gure 5 ,
observe the curves l abe l ed 1 through 3 which show the current that would ensue

as the thyratron commutated ( wi th vario us ionization time constants) if the
circui t  inductance were zero . Curve 1 corresponds to the fastest anode fall

• time generally observed . Curve 3 corresponds to the mean fall time as dis-
cussed in connection with F i gure 3. Curve 2 is representative of what we

• bel ieve can be consistently achieved in practice for “r e s i s t i v e” fal l  time .

Curves  4 through 6 show the current that would ensue with various circuit

inductances if the ionizat ion time we re zero. the inductance range chosen is
representative of our current best estimate of what can be achieved in prac-
t ice for a 250 kV tube. Curve s 7 through 9 show the combined effects of
inductance and commutation time using the i on i zat i on t ime constant that seem s
most reaso nable.

Note f rom Figure 5 that the rise times associated with Curves 7 thro’igh 9
do not dif fer great ly from those of Curves 4 through 6 in spite of the assumed
i o n i z a t i o n  t ime cons tan t  of 20 nS. The c ommutation t ime serves  more to
“delay ” the current pulse than to chang e its rise time for the relative

4The mathematical model used to generate most of these curves is discussed in
Appendix 1 to this report .
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values of TI and ‘i under conside rat ion . As the various curves show , h ow-
ever , the commutation time assumes a role of increas ing importance as the
c i r c u i t  induc t ance is lowered . Curve 8 is perhaps most represent ative of what
we presentl y cs ~nsider to be a f eas ib l e  rise t ime for ,~ ~~i) kV , 41) kA tube .
subjec t to the various considerat ion s that we describe throughout this report .
We thus expect to operate in the re la t ive ly  hi gh current , low r ise t ime reg i o n
of the curves of Figure 1.

The overal l  point of this discussion is that , for the valu es of induc t-
ance that appear to be fe asible , i t  is i ndeed the inductance and not the
cormiutation time that dominates the rise t ime of the current pulse. There-
fore , ‘it is more appropriate to invest i qate ways of achiev ing min imum induc-
tance as opposed to extensi vely investi gating conEiutation related phenomena.

h . Obvious Tube Characteristics

Several chara cteristics of a high voltage , low inductan ce hydrogen
thy ratron capable of operation at hi gh pulse repetition rates are readil y
apparent from first prin ciples. So are areas where difficulties are li kel y to
a r i se  and where compromises must be made.

~ keep the inductance low , the tube must be physic a lly short and must
operate w ith  a c o a x ia l  current return , to hold off a hig h epy , it must be of
multi - g ap constructi on . As such , it must contain a plurality of short (and
not nested l gradient grids. Furthermore , it snould be tri ggered by an
au -~iha r y gri d , with ~ negative bias applied to the control grid. Such
tr lqgt ’T- i ng promotes the developm ent of a dense and uniform plasm a in the
mIJ ~ i l1a r y grid-cathode space, whi ch p lasm a even tuall y penetrates into (and
thus tri ggers) the first gap . Final l y, all electrodes must be sufficiently
massive to withst and (and conduct) the heating which results from operation at
hhih prr and high d i/ d t .

High di/dt impli es operation at the hi ghest practical tube pressure, but
t h i s  ‘ is  inconsis tent  w i t h  high epy . Hence, command puls ed charging is man-
dated to take  advantage of the hi gher holdoff char acter ist ic  achievable for a
g iven electrode spac ing and pressure under dyn~~ic charging condi t ions.  This

-1 6-
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impl ies that epy will he distributed across the various gaps in i nverse

propor ion to the yap capacitances. But the effe ctive capacitance for

voltage div i sion purposes is a function of the capacitance to ground. Thus

the  ~;rid-to-yround capac itance is a factor of ii~’i portance .

The requir€ ~ ent for shortness imposes heavy vo l tage st ress on the in t e r_

grid spacers during the charging cycle. Thi s probl em is compounded durin g

the cascad i ng ~roce ss , as an ever-inc reasing fraction of epy appears across

the last gaps to break down until finally the ful l voltage epy appears across

the last  unfired gap. Heavy s t ress  is a lso  placed on the insulating medium

which fills the space between the tube and its grounded current return. Not

only must there be no breakdown between any of the tube ’ s elec trodes and
ground , there must also be no breakdown between adjacent grids during the

charging period .

c . Pr~~~rties of a Coaxial Geometry*

(1) I nductance

The compl ete solution for the low frequency ** i nductance , L , per
unit length , d , of a structure containing no magnetic material , and comprised
of infinitel y long , smoot h coax i al cyl i nders *** having finite cross—sectional

areas is (1)

Uo ÷
~~~~

1fl
~~~

+
~~~ [(c2~~~b2)2

1
4 1 ~~~)]~ 

(1)

*Througplout this analys is , we will assume that the tube and its coaxial
current return path can be treated mathematical ly as an infinitely lon g
coax ial structure. such errors as are introduced by this assumption are

• of a quanti fying nature onl y, and do not diminish the va lue of the basic
princip les that are establish ed .

**We temporarily avoid the complica tions introduc ed by rapidly time -varying
fields.

***We assume that the discharg e in the thyratron is basically cylindrical.

—1 7—
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where is the perme abil ity of free space and the radii a , b , and c are
as defined in Figure 6.

C

I ’

r Figure 6. A structure composed of coaxial cylinders of fini te dimens ions.
• The induct ance is decreased as the thickn ess of the outer conductor

and the annular region between the conductors is decreased , but zero
induct ance cannot be achi eved if the l ength of the structure is finite.
The m inimu m possible inductanc e is 1.27 nanohenries per inch.

Rewriting Equation 1 ,

b— - —
~~~~~÷ —~- l  -~~~~+ ---~~- 1 c4 1 b 3c2 _ b2

d 
- 

8~ 2~ 
n a 2~ L (c 2 

- b2)2 
n a 

- 

4(c 2 - b2) 
(2)

or

~~~~L1 + L 2 ÷ L 3 (3)
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Note that the term L1 is independent of the radii. As such , it establishes

an absolute minimum l ow—frequency i nductance for the structure wh~ch i s
s i m p l y

L - = ~~~~ ~ = 50 H/8w n m

or (4)

L1 
= 1.27 nH/inch

The term L 3 takes  i n t o  account  t he  magnet i c f i eld energy p resent i n the
volume per unit length of the outer conductor. This term becomes neglig ibly
small as c approaches b; i .e. , as the th i ckness  of the current return
approaches zero . A thin return is easily accomplished in practice and is

mandated at high frequencies by the “ s k i n  e f fec t ” phenonenon. * Even if the
skin effect did not apply, one m ight assume a current return thickness of

0.125 inch. The inductance associated with this thickness (assuming c = 7

i nches) i s L3 = 0.031 nIl/inch which is about two percent of L1 and small by
any standard . We therefore neglect the contr but i on of th i s term .

Cons ider now the term L2 which may be wri tten

L = ln  ~~
- = ~~~ x 10~~ ln ~~2 2w a 2w a

or (5)

L2 = 5.08 in -
~~~ nH/ inch

T h i s  term is  based on the magnetic fiel d energy in the annular region between

the conductors and is of course the term of prime concern to this Program .

*For a singl e pulse of 60 nS duration , the frequency of the fundamental i s
16.7 mHz. For a copper return (conductivity 5.8 x iü~ mhos /m) , the
1/c depth is only 0.64 m u .  The skin effect is probably not relevant to the
thyratron discharge itsel f, where the conductivity is relatively low . The
use of Equation 4 is thus in order.

-19-
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Combinin g Equations 3, 4, and 5 we write

1.2/ I 5.08 in - nil/ i nc h (~
)

A plot of Lquation 6 is shown in Figure 7. Note that the second term doini-

nates the total inductance until the ratio b/a approaches unity. The two

term s are equal at h/a = 1.284.

(2) Capac it ance

T he capac i tance . c , per unit l ength , d , for a coax i al struc ture*
is (2) 

-

( 7 )

where b and a are as defined in Figure 6 and is the perm ittivity of the
medium between the radii b and a.~~ For a medium of relativ e pe rmittivity r’
iquat ion / may be written

= 1.412 S
r/in 

-
~~~ pF/ inc h (8)

( 3 )  M a x i m u m _ Stress

The general relat i on for the maximum voltage stress in the regi on
between slnooth*** coaxial cyli nders is (3)

*W e temporar ily assume that the thyratron can be considered as a smooth-
wa iled cylinder. This avoids the comp lications due to gr id flanges and
guard rings.

~~lhe pe rmitti v~ty is usuall y expresse d as = 

~ 
1 r where 

~ 
is the pen u itti—

v ity of free space (8.85 x 10 12 fara ds/ineter) . For vucuu m and most
gases , r = 1 , for mos t o i ls , c r = 2 to 3; for water , r = 80. • 

-

***A deviation from smoothness will increase the maximum stress as discussed
furt her below .
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F igure 7. Inductance per unit l ength as a function of the radius ratio ,
b/a .  At b/a equal to unity , the inductance is 1.27 nanohenri es per

- inch.
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E m =  b (9)
a l n - ~-

where V0 is the appl i ed voltage and b/a is as defi ned before. An optimum

stress condition exists when the denominator of Equation 9 is at maximum .

This condition arises when the followi ng rel ation holds: 
- •

-~~ = c (10)

A departure in either direction from this optimum radius ratio for minimi zing

the maximum stress wi ll increase the gradient and l ower the permissible

P operat ing voltage , V 0.

The mean stress is clear ly

V
E ° 11)mean b - a

and t h e  r a t i o  of t h e  m a x i m um to  m e a n  s t r e s s e s, f , i s  ( f r o m  E q u a t i o n s  9
and 11 )

Ib \  1
~ b (12)

For the optimum condition of Equation 10, we find from Equation 12

• 
~opt imum 

= c—i = 1.72 (13)

i.e., even under the best of conditions , the maximum stress is nearly twice
that for plane-parallel electrodes.
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Dev iations from smoothness (as occur when flanges and guard ring s are
~‘ used on a thyratron) serve to increase the maximu m stress. Consider the

stress in the reg i on between two infinite plane-parallel plates spaced apart

by a dimension a. The maximum stress is clearly V0/a where V0 is the app lied

volta ge as before. Now consider the situation depicted in Figure 3 where a

semi-cylindrical “bump ” of radius r has been added to one of the plates. The
maximum stress is then(4 ) 2V 0/a even though a>>r .

/ /
-

~~~~~~~~

I? c

/ /
F igure 8. A geometry chosen to illustrate the fiel d effects of small pertur-

bations in electrode geometry . The small , semicy lindrical “ bump ”
• doubles the maximum stress in the region between the plates.

I I
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(4 ) Sumary

From Equations 6, 8, and 9, one can develop a family of curves for
L/d , C/d , and Em as a function of the radius ratio , b/a. Lid depends only on
b/a since only nonnagnetic materials need be considered . C/d depends both on

b/a and the rel ative permi ttivity , C r. Em depends on b/a , the value chosen

for b (or a), and the app lied voltage , V 0. Such curves are shown in
F i gure 9 , where C/d has been calculated for Cr 1 , 2, and 3 , and Em has been
calculate d for Vo = 250 kV , and b = 7 , 6, and 5 inches. The range chosen

for C r is appropriate for most i nsulat i ng oils and gases. The range chosen
for b includes the maximum dimension consistent with the need s of this
Program (14-inch diameter) and , at the low end , about the minimum dimension
consistent with a thyratron cathode capable of delivering 40 kA.

R e f e r r i n g  to F i g u r e  9 , one observes several points worthy of note .
Reduc ing the inductance bel ow the level correspond ing to the minimum Em

- i  (6.45 nHiinch) causes significant increases in both stress and stray capaci-
tance. Furthermore , these inc reases accelerate as the inductance is reduced .
At a g i ven rat i o, b/a , Em is of course lower for a l arger b. Exactly where

one operates on the map of Figure 9 is obviously determi ned by the best
overall compromise among the parameters b , C r, and d; i.e. , t ha t  solu t i o n  to

the overa l l  problem that satisf ies all of the boundary conditions . We

address these boundaries i n  the next section of this report .
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F igure 9. Inductance , capaci tance, and maximum stress for coaxial cylinders

as a f u n c t i o n  of the rad i us rat i o, b/a. The capacitance is directly
proportiona l to the permi t t i v i t y  of the medium between the cylinders.
The max i mum stress varies inversely wi th  the dimensions of the struc-
ture , and is at a ml nimnum when b/a 2.72.
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4.0 DESIGN OF A PRACTICAL TUB E

a. Maximum P e r mi s s i b l e  Induc t ance

In  Section 3 we argued that  t ube i nductance (and not anode fall time )

wou ld dominate the current rise t ime. Our experimental wo rk supports this

conclusion as do the results we obtain using a mathematica l model we have

developed for the tube. We therefore begin our discussion of tube design by

ca lcu la t ing the maximum permi ss i b le  tube inductance , LT (max) ,  on the

assumpt ion  tha t  L T dominates the total circuit inductance.

We a s sume  epy = 25 0 kV , i b  = 40 k A , and tr (10% to 90% ) = 20 nS.

Clearly, for an inductance—control led circuit ,

i(t) = Ib(i - c t/T) (14)

where i(t) is the i nstantaneous tube current and lb is the peak current .

Setting 1(t) = 0.1 lb and solving Equation 14 for t,

t(0.1 Ib) = 0.105T (15)

Similarl y,

t(O.9 Ib) = 2.303 T (16)

Then

tr = (2.303 - 0.105)T (17)

Setting tr = 20 nS and solving Equation 17 for -r,

= 9.099 x 1O~~ sec (18)
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Since

L~ (mdx ) L1- (max)
~1 =

R epy/ Ib

then

L T (flax) = T = 
250 X x 9.099 x 10~~40 x 10

from which

L1 (max) 
= 56.81 nH (19)

b. Dimension s of a Practical Tube
I

In the discussion of Section 3, it was tacitly assumed that a single
dimension “a” was appropriate for calculations of Lid , CR1 , and Em. In
practice , this is not so. For inductance calculation s , the dimension usu ally
used for “a” is the outer radius of the outer grid slots. This assumes that
the discharge has substantially filled the tube by the time the anode current
has risen to not mo re than about ten percent of its peak va lue. Rough
calculations and experimental data support this assumption.

For stress calculations , a different value is appropriate for “a ,”
namely that corresponding to the radius of the grid flanges (and including

S 
the guard rings that are necessary to equaliz e the stress at the externa l
surface of the grid -to—grid spacers). It thus follows that a design
optimized for minimum stress between the tube and the current return will of
necessity operate with a higher inductance per unit l ength than that m di-
cated in Figure 9. This augurs for a large diameter tube with prop agation of
the discharge setting a l imit on the diameter.

I

~i
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s till another (and intermediate) valu e for “a” would seem appropriate
for capacitance calculat ions. This is so because the guard rings do riot

extend over’ the full ax ial length of the tube , and the  grid slots are clearly

inboard of the equ ivalent radi us for capac i tanc e purpos es. It therefore

tollo w s that a tube designed for minimum stress will operate with a lower C/d
than that indicated by F i g u r e 9.

c. Lffects of Stray Capacitance

i rom L quat ion j g , we have established the Iilaxiinum pemm ss ihl e tube

i~ist s:td flC e~’ as be i rnj  about 57 nFl . T h i s  de f i nes  L T ( max)  but riot L i d .
I ing Equation h

1.~ 1 ~ 5.08 ln ~ (b)d a

Th us

0 = 1.~ 7 0 ~ 5.O~ 0 ln (20)

where I) is the e f f e c t iv e  length of the tube. A curve showin g the relation

~-t w~’en I) and h a t or va H ous values of L 1 and i nd ud 1 ng L T 51 nIl is shown
in F 1 ‘lure l~

)

h~- et t t ’ ( t 1 y e  1 t ’ rm it h , I), 1 s a func t ion of the number of gaps requ i red t o
II ~t t e is y • an~1 a 1 so a func t i on of the requ i red i nte rst age I nsul ator 1 engt h

ht’ ra t  1 ~i t’~ 
- a i s a t unc t i o n of the ua x i  mui~i a 11 owa b I e st m-e s s betw een

- v i in l t ’rs arid m1 so a t unct ion ot the effect ive st ag e—t o— g rou nd capa c I t  a nte .
i t  he ‘Iu’II~t’r of ia PS ~ ud t he stray c apa c i t anc e are a I so re I a ted i n t hat the

~t ~a-~ 
- . et t cc t i vt’ l y ‘ shor t— o ut ’ the  lower s t a g es  lur i rig the c h a - i  i ng c y c  Ic

thu-. t arc 1 n i  the upper ‘iaps to withstand an eve n ’— 1 art ier t n - a c t i on of ep~ . it

is c l e a r  t hat a pa i nt ot Ii ~m i n 1 sh 1 rig returns e x I s t S  as rega rds t he  number at
gaps . to deten- i i nit ’ (hi ~. ~oi nt • ~~! must rL l k t ’ 501 k’ i ssmi i ~pt 1 OI lS regard , n~ an

t i ’ ~~i e l  Fe i gn . We mus t  , 1 n e f ec t , “get i nto the b a ll park

— —
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Figure 10. Maximum permissible tube l ength to be consistent with various
total inductances as a function of the radius ratio bia. The value
L 1 = 57 nH is consistent with a 40 kA current pul se hav i ng a ri se t ime
of 20 nS.
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We know that a cathode area of at least 500 cm2 wi l l  be required for a
40 kA , 60 nS pulse. This i m p l i e s  at least a 4.5—inch 0.0. tube , which , af ter
the addition of flan ges and guard rings , w i l l  have  an effective diameter for

stress purposes of about 6 i n c h e s  (a  = 3).

We know that we must not operate too far removed from optimum stress

cond i t i ons , and that s t ress  w i l l  be m in im ized  at maximum b. Se t t i n g
b/a = c with b = bnax = 7 , we f i nd a = 2.6.

We are now in a pos ition to determine the required number of gaps on the
basis of b = 7 and a grid structure that is consistent with a 500 cm2

cathode. To do this , we first determine the stage-to-stage capacitance ,

C1, for a typical 4.5-inch tube. Then we establish the stage-to-ground

ca pac it ance , C2. Finally we investigate the voltage division across the

gaps as a function of the numbe r of gaps at the appropriate ratio of C1 to
.4 C2. For typical gap spacings of 0.125 inch (E-E) and center-to—center

spacings of somewhat less than an inch , the stage-to—sta ge capacitance is

both calculated and measured to be of the order of 35 to 40 pF. From Equa-

tion 8, assumi ng a = 2 inches for a 4.5—inch tube and with b = 7 , we calcu-
la te C2 to be 0.94 to 2.8 pF depending on er. Thus the range for the

ratio C1/C2 is 12.5 to 42.6, or roughly 10 to 40.

Figure 11 shows the result of a calculation to determi ne the voltage

across the top segment as a funct ion of the total number of segments , N , for
various values of the ra ti o C1/C2. In an ideal case (C2 = 0, Cl /C2 infinite) ,

the voltage across the top segment would vary as 1/N. As Figure 11 clearly
shows , the effect of low C1/C 2 is to cause the top se gment vo l tage to
become independent of N and also to be established at a high l evel .

Consider a case wi th N = 10. Ideally, the vol tage ac ross the top segment
woul d be one-tent h of the applied voltage . From Figure 11 , at N = 10 with

= 20 (the geometric mean over the range of i nterest), the vol tage
across the top segment is over 20% of the app lied vol tage , i.e., the stress
has been enhanced by over 100 percent. Figure 12 show s the effec t j ust
described for the ful l range of N. In the idea l case , the enhancement would
be zero for all values of Fl.
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TOTAL NUM8ER OF SEGMENTS IN STRUCTURE , N

F igure 11 . Voltage across top segment of a multiseg ment structure expressed
as a percentage of the total voltage applied to the structure and shown
as a func tion of the total number of segment s compri sing the structure .
Capacitive transient distribution is assumed , and curves are shown for
var ious values of the ratio C1/C2. In the ideal case (C2 = 0), the
volta ge would be distributed unif ormly across the segments , with
each segment bearing 1/N of the applied voltage .
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Figure 12. Maximum stress enhancement over the zero value that correspond s to
the ideal uniform voltage distribution. The c u r v e  c o r r e s p o n d s  to

= 20. For higher Ci/C2, the curve tends to zero , and for lower
Cl/C2 , the curve steepens.

-33-

- — - -—- ~~~~~~~~~~~ —---- --- - - 
—_____ A



r iT LT ~~~~~~~ TT TT 7
~~~ ~~~~~

Figure 13 shows the percent of the appl i ed voltage across each segment
for vari ous total numbers of segments. Note that for a given number of
segments, N, the sum of the voltages across all segments must equal 100
percent. More importantly, the ratio of the voltage across the top segment
(i = N) to that across the bottom segment (i = 1) serves as a measure of the
gross stress distribution across the structure . This ratio is shown as a
funct

~
on of N in Figure 14. In the i deal case, this ratio would be unity for

all val ues of N.

It is clear that a high value for the ratio C1/C2 is a highly desir-
abl e situation . It is therefore worthwhile to investigate the parametric
dependence of C1/C 2 at some length.

The capacitance C1 is the interel ectrode capacitance of each gap. As
such , its components are the capacitance between the active areas of the
electrodes , the capacitance present by virtue of the diel ectri c constant of
the interstage spacer and the appropriate effective area , and such further

A capacitance as arises due to the external fl anges and guard rings. We will
simpl i fy the analysis by considering only the capacitance due to the active
area of the electrodes , realizing that the other components are nontrivial but
work to our advantage by increasing C1. Thus we assume

c1 = lT€
c~ 

a2/ci farads per stage (21)

where “a” is the i nternal radius of the electrodes and “d” is the i nterel ec—
trode spacing (E—E). If we assume for simplici ty that the dimension “a” may
also be used for a rough calculation of the stage—to—ground capacitance ,

- . then

2,rc c
C2 = 

ln ~ 
faradz, per stage per unit stage l ength (22)
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Figure 13. Capacitively distributed voltage across each segl~ient of a mult i -
.

~~ segment structure for structures comprised of var ou s numbers of se g-
men ts. The curves assume a capacitance ratio , C 1 /C2, equal to 20.
The voltage is always higher across the top segments.
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Figure 14. F~a t~ o of the max imum to minimum s t r esses across the var io us
segments of mult isegment structures. A value of C1/C2 = 20 is assumed .
The lower the stress ratio , the more u n i f o r m  the  gross d i s t r i b ut i o n
across the structure .
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- In  -~ - per unit stage length (~ 3)

Equation 23 is maximized wi th regard to “a ” and ‘b” when the function a2ln~ is

maximized . It is easily found that this condition occurs when

~ =~ !T ( 2 4 )

Substitut ing Equation 24 into Equation 23 we find

C 2
(max ) = per unit stage length (25)

2 ~~
L r

which is the desired functional dependence for maxi mizing C1/C 2.

F rom Equation 25 we observe a dependence of C1/C2 (max) on b2. Th is is
yet another argument for designing for maximum b. It is of course a lso clear
that reduc ing the elect rode spac ing and the total stage length w i l l  increase

C 1/C 2.

The relative perlnittivity offers little hope for relief. Gas is not a

good med i um for cooling the tube , although it (night be feasible for burst-mode

operat ion . W ith r ~~ water is ruled out. This leaves oil , and most

insulating oils have a dielectr ic constant of two to three.

Figure 15 shows a plot of the funct ion a2 l~~ for  b = 6 and 1 inches.

It is important to note that C1/C2 decreases Inarkedly for b/a less than

.

y the optimum value of~ (T .

11
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Figure 15. Plot of the functi on a2 ln(b/a ) as a function of the ratio b/a.
The function peaks at b/a =~ E = 1 .65 , and is proportional to b2 . The
conclusions are that the ratio C 1/C 2 is optimized at b/a , and also that
large b is desirable.

It is c lear that the optimum number of stages . N0, i s  a f u n c t i o n  of

C1/C 2. If we define N0 as being that number of stages such that the addition
of another stage wi l l  reduce the stress on the upper stage by only 10%, we can
then establish N0 as a f u n c t i o n  of C 1/C 2.
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The results of such a calculat i on for the ranqo of C 1/C ’ of  i nteres t

are ShOwn 10 Figure 16. F ron Figur e It ’ , one can read i ly dot en- l ine v a lues  $ or

N(1 of 4 , 5 , and t~ for C1/C~’ 10 , ?O , and 40 , respect ive ly .

0.6 I I 1 7 1 I 1 1

0.5 - ‘

UI
(3

IE H

z 0 c 1 /C 2 : I0  0 
o

O C , /C,:20 I

0 C , /C , :40

IL

I I I I I I I~~
_I_

I 2 3 4 5 6 7 8 9 (0
NUMBER OF STAGES , N

Figure 16. Fraction of epy appearing across the upper stage of m ulti stage
structures for var i ous val ues of the ra ti o C1/C~’. I ron the curves , one
can determ i ne a point of diminishing return as regards the opt im u m
number of sections.

d. Stress Equalization in the Grid Insulators

The scheme of Figure 17 is useful to equa lize the stress at the externa l
surface of the ceramic grid spacers. Al though effectiv e as equalizers , the
guard rin ’Js increase the stray capacitance C~ and also increase the stress

in the insulating medium external to the tube.
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-

~ 

- The m axi m um stress between equal parallel cylind ers (a fair approximatio,ifor the rings ) is given by (4)

0.45 V0[iii = 

(~‘o)r in

where r i s  the cylinder radius and D is the center-to_cen~~,. cylind er spac i ng .(Typical values for D for a low inductanc e grid structure are 0.1~ to 1inch.)
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F i gure 18. Curves showing the norma lized stress produced by guard rings of
the type shown in Figure 17 . There is an optimum guard ring radius for
a given ring spacing .

It is readily determined t hat Em is minimized when

‘27’0 2m

Substituting Equation (27) into Equation (26) yields

Em (optimum ) 0.9 (28)

Figure 18 shows the normal ized stress , Em / V 0. as a f u n c t i o n  of the  r a t i o  r/ D

for 0 0. 15 and 1 inch. The dependence on 0 and the minimum at r/D =

arc observed .
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e. Inter action of Parameters

The desi gn of a prac t i c a l  high volta ge , low inductance tube is not a

s t ra i g ht forward task . The var ious des ign para meters interact in a c o. ;iplex

fash ion , anti an optimum des ign is not read i ly  apparent . i t  i s , therefo re ,
helpful to tabulate the various interactions so that an overv i ew can be

established . To do th is , we f i rs t def i ne our term s as i n Ta ble 3 and then we
consider the concepts of Table 4.

Tab le 3. Def in it ion of terms used in the design of a high vol tage .
low inductance tube.

Term Def in iti on 
---- ----- —- ------ —-_ ---- --- -------- ---- .--- -- --- 

‘1
epy Iloldoff capabi l i ty  of tube

tr Rise time of tube current

Ionizat ion time constant of tube

P Gas pressure in tube

N Number of stages

L-E Electrode spacing

e,. Permitt ivity of insulating medium about tube

2h I n n e r  d i a m e t e r  of coaxial current return

2a Effective diameter of tube

Interelectrode capacitance

• L2 Stage-to-ground capacitance

Ec Max imum stress in ceramic (stage-to—stage)

Li Ilaximum stress in insulating nic’dium

I~ Tube inductance

• DGB V Dynamic gas breakdown voltage ( per stage )

L I  -
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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it is clear from Table 4 that tnere are too many dependencies acting at
cross purposes to allow a straightfo n4ard deterin i nation of the optimum desi gn.

It is thus desirable to bound the probleln by m aking some simpl i fy i ng (but
justifiable) assumption s. It is also requ i red to perfonn experimental work in
some areas to determine the extent to which practical considerations limit
design freedom .

f. Si~p 1i f~y~~~~~ sumn tions

(1) Re lative Perm ittiv ity , er

We shall assume that the insulating medium between the tube and it s
environs wi l l  be oil (as opposed to gas) in spite of the significantly hi gher
re la t ive  permitt iv i ty of oil. We choose oil because it is highly e f fec t ive  as
a coolant f o r  t h e  t u b e , and more impor tan t l y ,  has a r e l a t i v e l y  s l u g g i s h
breakdown characteristic. Since all of the voltage stresses resulting during
the operation of a high voltage , low inductance tube are of a transient
nature , the slow breakdown of oil can be used to advantage by designing the

4 system to operate at higher stress levels than those that are permi ssibl e with
gas. (Because of its diel ectric constant of 80, water canno t  be used as t h e
insulating medium.) We presently feel that gas should be considered as the
i nsula ti ng medi um only i f the ul ti ma te requ i rement for C 1/C 2 is such that the
required values for epy and LT cannot otherw i se be ach i eve d .

(2) Diameter of Current Return , 2b

We elec t to design for the maximum availabl e space , i.e., a return
diameter of 14 to 20 inches. We do so for various reasons. Fir st , fr~n
Equation (25) ,  operation at maximum b will optimize Cl /C2 (hence N and thus
epy ) for any value of er and E—E spacing . Second , operation at maximum b
w i ll reduce the stress , Ei , for any given b/a. Finall y, operation at maximum
b for a given val ue of b/a will provide the maximum space for a short,
substantially pl anar cathode.
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I I  l r i era bi l itl vs Holdot t

;-J o assume that hol dot  t and recovery (as opposed to t r iq~erahi Ii ty)  w i l l

ul t Iri at ely dorm m nate t ube pertoma nce. Th i s  assu mnpt ion is based largel y on our
e-~p e r i  ence w i t h  hy dro lon thy rat rons , and is not otherw i se m’ea d i ly appa rent .
Theore t ica l  work is pre~ ont ly underway to definitiz e the t radeof fs  that ex i s t
as rt”IarIS tr ig qer ab il i ty versus holdoft as a func t ion of aperture width ,

aperture ot t se~ , and E— i spacing.

The depth of our con f idenc e that triy g erab il ity can be assumed is t a c i t l y

inpl 1 eu by our design fo r an experimental tube as desc ribed later in this

~loc ui’me nt

h. ecessar~ Lxper ime nta i  Data

The deqree to wh ich the ceramic insulators can be stressed is not known ,
nor can i t be established without experi m ental wo rk . A typical manufacturer ’ s

data  ~ - ioot ind ica tes  a s t ress capab i l i t y  ~f 225 v o l t s - m i l for a quar te r— inch

‘-+aIm p lc at room tempe rat ure . Obviously this does not miean that a one— i nch

piece wou ld withstand ~25 kV , part i cular l y at elevated temperatures , and

particularl y under repetitive , fast pulse cond iti ons. It is necessary for us

to have desi gn information of this nature if we are to bui ld a successful  high
v o l t a I~e , low inductance tube. This need caused us to enter into the ceramic

ev aluat ion stud y de scribed below .

(1) (‘eramni c Lval u a t ~on

(a) sarip ies

The ceramic insulators between the various elec trodes of the tube

must he p h y s i c a l l y  short to e s t a b l i s h  the tube ’ s inductance. L T. at its

required va lue . As a result , they are subjected to severe volta ge stress

durinll both the charg ing  and coninutat ion peri ods. During the charg inj  cyc le
( fo r  perhaps 10 microseconds), the voltage , epy , divides across the various

hIP’ . as desc ribed in Section 4c. Pop~ ri l i  ng on th e rat i o C j / ~~ (which of fec-

t i v el ~ 1 i ” ii ts ~
) . the  v o ltage across the upper s t a g e s  can  be m a t e r i a l ly
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greate r than 1/N. Furthermore • as the tube cascades (som e tens of riano-

seconds), an ever-lar ger’ fraction of epy appears across the unfired gaps unti l

f i n a l l y the full voltage , epy, appears across the last unfi red gap and its

correspond i ng insu lator. For the voltages and i nsulator lengths applicable to

this Program , the resul tant  insulator  stress is wel l  abov e that encountered in
standard pract ice.

To detemi~iine the stress capabilities (under pulsed conditions) of

su i tab le  ce ram ic insulators , we procured samples of various cera mics and built

a i~SO kV -~‘fam ’\ generator to serve as a pul semi high vo l tage source for test i rig

the sampl es. -\ typi cal sampl e (fitted with suitable electrodes) is shown in

Figur e 1k) . T he elec trodes were des i gned to provide a unifo rm stress pattern

in the samp le , and also to provide a convenient means for lead attachment.

Each sample was me tal i~ ed over’ the area correspond i ng to the center third of —

its diarrieter , and the el ectrode subassembly was then brazed to the mneta l ized

area .

A ll samp les are three inches in diameter and 0.25-inch thick. The

thickness was chosen to be thin enough so that a rupture at high vo l tage  is
li kely. This ensures the occurrence of a definitive event under measurab le

conditions . On the other hand , the p ieces are thick enough so that t h e

results can be scale d to appropriate th icknesses .

The breakdown characteristics of ceramics depend on their therma l

h is to ry . It was thus necessary to monitor the time-temperature cycle neces-

sary to achieve a high-quality and essentiall y simultaneous brazing of the two

e lec t rodes to the meta li zed ceramic.

About one-hal f  of the sampl es were metalized by the vendor , with the

rema inder be ing ‘ ie ta l izod by EG~.G usi ng the hydride p rocess t hat we emp loy  for ’
much or our tube fabrication. ~l l assembl i es were brazed in a vacuum furnace .
and have thus been cycled exactly as they would be if they were being used in

the construction of an actual tube.

Table 5 Sh OW S the v a r ious  combinat ions of circ umstances that corre-
spond to the ent ire lot  o~ sa mples - The total number of pieces is f i f t y — f i v e .
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la h ie 5. Ceramic samples for’ evaluation study .

Vendor arid t1i ter i al Samp i~ S I r- t t ’t au ia t I on

Al be rox— — A —950 21) Al  ht ’r ’ox

Al bt ’ rox—- Pm—9 50 10 I G&G
Wesgo--AL—30 0 11) Al b~ m ’ox

Wesgo- -AL—30 0 (&(~
Di anion i te——Chro rre Oxide Doped* 10 I I

* ~ bes t ’ pieces were rendered slightly conduct. lye by the a+td i  t ion ( i n  bin k ) of a
conductive material . Conduct ive ceramics might he mise tul to prov ide r,’sis-
t I ye grading along the lengths of the insulators . All ceram ics have sm mI : i t ’

1 ea k+ rq e , and the l eakage current at the given vol taqe i nc mease S  w i t h  t em per a—
ture . I here fore • even the u ndoped ceramiCS Wi 11 provide a mm nor dog i - em’ of
re’, 1st 1 ye grading

b) Marx 1~enerat.or

A photograph of the 250 kV Marx generator is shown as I I qure 20.

The dc’v ice was characterized and the results of this effort are show n i ni
Tabl e 6. Note from Table 6 that the equl valent  c i rcu i t  for the erected Marx
is 0.01 ~F in paral lel  w i t h  10 K ohms, wi th  that comb inat ion be ing in s e r i e s
w i t h  .5 ~iU. This equivalent c i rcui t  is import ant in two respects.  ii rct
the 100 inS decay charact eristic of the device is comi c i st emit with the t line—

st ress profile the ceramics must endure dun rig the 10 ~n S  cha rt j i  rig c cli’.
(1 he decay t i me can he reduced by prel oad i rig the genera t or - ) Second • t lie
1 .5 ‘iii I nduct+~nce ( resul t I ng pr i nc i pall y from the outpu t 1 cad qe~ mietry cons i s—

tent w i t h  250 kV of i nsul at ion in a i r )  I s c u f f  i c i ent ly high to cause reso na nt
char ging nt the sample ’ s capacitance (10 p1) with a period of su i t  Ic ient
I erigt . h to perturb the resul t s of t he test I ng . We have i nves t  i q+i ted t his
et P o t t  by us I rig the F1i rx qt’nerat or’ to det e nn I no the uty n ianm m c breakdown Vt ) it age
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Figure 20. Marx generat or for testin g the cem’ am i c samples. The devic eproduces 250 k V .  When erect , i t s  e q u i v a l e n t  c i r c u i t  is 0 .01 ~F i n- parallel with 10 K ohms , with that cor-mih i nati on in series with 1.5 ~P-l.
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of a vacuu nmr spark yap, and resonant charg i ng effects were i ndeed observed. lo

prec l ude resonant charging (which doubles the voltage app lied to the sam mm pl i ’

under tes t ) ,  i t  is necessary to acid resistance in series with the generator.

This limits the rise time of the voltage waveform at the load , but permits the

establishment of a controlled time-stress profile.

- I Table 6. Characteristics of Marx generator for ceramic sample evaluation .

Nui miber of stages 4

Capacitance per stage 0.04 itF

Equ i valen t ca pac it ance when e rec t 0.01 pF

Charging time 11) st-c

Maxi m um i nput voltage 65 kV

ilaximum output vol tage 2 6 0  kV
Maximum working output vo l tage (Note 1) 240 kV

‘I’
Energy stored at 60 kV input 288 Joules

Total tinie to erect (Note 2) 800 nS
I Output voltage rise time 100 nS

Short circuit current (Note 3) 14 kA

Equivalent shunt resistance 10 K Ohms

E quivalent series inductance (Mote 4) 1.5 u I-I

Notes:

1. I- or input voltages greater than 60 kV . the spark gaps occasionall y f l ash
over externally. This li m iiits the output voltage to 240 kV for- trouble-
free operation .

2. Total of gap de lays and outp ut voltage rise t line at 2-l i) kV (open
circuit).

3. Measured when discharging the devic e i n to  a nine —inch arc w i t h  55 kV
input.

4 .  Ca lcul  ated from - measure m ents of the ni ngi 
~N f requency under’ the conul i —

tions of Mote 3.
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(c) Other Test~~~

At the time of this writing , the quantity of ceramic—electrod e

+rsseimih l I es thus far produced does not warrant the I nit I at ion of the ceraimi i C

evalu ation tests. If the ceram ics perform well , an imnp ortant degree of design

freedom wil l  be estab lished. If they do not , we will at least have the

required inforimiation concerning the l imi ts  of their stress capabilities. I ven

if the cer a mmiics perfor m well at high stress , the effects of two important

variables — temiiperature and pulse repetit ion rate — will rem mma in to be investi—

gate(l . We thus pl an to subject sam ples to high voltage pulses at high pulse

repetit ion rates using various t e ~~ kits at our facility. The ultimate test

is , of course , the operation of an actual experim ental tube.

ii
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5.0 FIELD PLOTS AND MATHEMAT ICAL MODEL FOR THE TUBE

It is clearly desirable to perform parametric studies on paper whenever

poss i ble , thus reserving expensive laboratory experimentation for those areas

where paper studies are i neffective (e.g., ceramic evaluation), or to veri fy

some theoretically predicted result. Two areas where theoretical work has

been particularly helpful to this program are fiel d pl otting and mathematical

modeling of the tube ’ s anode fall characteri stics. Both of these are

discussed briefl y below .

a. Field Plots

Computer-generated fiel d pl ots are of great value in the design of

insulator and electrode shapes that minimize voltage stress. A typica l

exampl e is given by Figures 21 and 22 which show the field patterns that

resul t from differing designs for the i nterstage insulators. The i nfo rmat i on

gained from the par t icular pl ot s shown is  that  t he f i eld is concentrated i n

the vicinity of the ceram i c-to-metal seal s, and that the recessed type of
insulator (Figure 22) provides the better overall stress s i tuat ion .

The differences in stress patterns to be expected for a 5-segment tube

structure under uniform and capacitively determi ned voltage distributions is

illustrated by the pl ots shown in Fi gures 23 and 24 , respectively. The plots

correspond to a 5-inch tube operated with a 12-inch current return . The

relative permittivity of the insul ati ng medium is assumed to be unity . For

the capac itance—controlled case under consideration , 25.4 percent of the

applied voltage appears across the upper gap. The plots show the extent to

which the fields are i ntensified in the upper ceramic i nsulators and in the

external insul ation nearby .

b. Mathematica l Model

We have developed a mathematical model for the hydrogen thyratron that

predicts w i th  reasonab le accuracy the overa ll shape of the anode c i r c u i t

• current pul se (inclu ding i ts early exponent ial r ise), the  peak current  and the

time of the peak current , the pu l se  wid th , and the appare nt increase i n  anode

fa ll time that is observed in practice for tubes operated at high di/dt . The
impetus for developing such a mode l was to perform on pape r parametric s tudies

that would be cost and time prohibitive if performed in the laboratory .
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Fig ure 21. Repre sen tat i ve computer-generated fiel d plot . This plot shows the

stress pattern in an intere l ectrode spacer having projections beyond the
electrode flanges , and should be compared with the plot of Figure 22.
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Figure 22. Fiel d plot showi ng the stress pattern in an interelectrode spacer
that Is recessed with respect to the electrode flanges . The plot should
be compared with  that of Figure  21. The conclusion is that the fiel d is
equally concentrated at the seals for both spacer designs.
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Figure 23. Field plot corresponding to a five-section tube under unifor m-m i
voltage distribu tion. This plot sh ould be compared w ith that of
F igure 24.
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Figure 24. Field pl ot for a five-section tube under capaci tively controlled
voltage distribu tion. This pl ot should be compared w ith that of
Figure 23 to revea l the enhanced upper -sect ion stresses that appl y in the
capacitance -controlled case.
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The Appendix to this report describes the assumptions and technique used

to establish the m ode l and also the circuit equations that result frorim its

use . The value of the model lies in its ab i l ity to p r e d i c t  t r e n d s  iii circuit

hehav n o r  that would be gui to di f t  i cul t  to t ’stab l i sh w it hout e~t emi- 1 Vt ’ oxpor  m —
mental investigation. The curves of F i g u r e  5 of t h i s  report are a t y p i c a l
t’xar~mp l e , arid another is discussed below .

The oscilloyr am of Figure 25a shows the anode current , 1( t ) .  and t he

anode voltage , eb , of a hydrogen thyratron operating in a low inductance

c m n ’cuit where the thyratr’on ’ s inductance and the inductance of the rema i nder

of the circuit are cormiparab le suc h that di /dt is high. Obse rve f i r s t  the

early exponential rise of the current as the tube ionizes. Observe also the

relativel y l ong anode fall time (65 nS full -fall) and also that the anode

voltage does not reach zero until the peak of the current pulse (where di/dt

is zero) .  Mote f inal l y t h a t  t h e  anode  swings negative in a ~iore or less

sinusoidal fashion .

Refer now to the osci l logra~ of Figure 25b ~4hich shows the performance of

the same tube when operated at the same hydrogen pressu n’e but with a circuit

inductance that is roughl y 25 times that correspond i ng to I ii ~ure 25a. We tenim

this a condition of low cli/dt. Note that the sweep speed in Figure 2513 is

20 nS /mninor d iv is ion as opposed to 10 nS/minor d i v i s i on  so that the peak ot
the relatively slow current pulse can be observed . The current sensitivit y

has also been increased in Figure 25b to permit a full scale defl ection at the
- 

- l ower- cur rents corresponding to the higher inductance.

In Figure 25b , the obvious effects of increased circuit inductance are to

widen the current pulse and decrease its amplitude. The more subtle (and imuo re

interest ing) effec t is to decrease the anode fall time (full-fall) to som e-

thing of the order of 10 nS. Observe also that the anode voltage no l onger

swings negative . Instead , i t slo pes of f gentl y to the value correspond i ng to
the steady-state tube drop.

The overall conclus ion from Figure 25 is that the voltage drop across the
tube ’s inductanc e (LT du/dt ) is dominating the apparent anode fall time in
F igure 25a. This theory fits all observations exactly. Note , for exam p le , i n
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Figure 25. Usc i 1 1 o ’um -a mm i s showin g t he anode fall and c ui- rent rise of a hydrogen
thyratron under co nid it i om m - . of (a’) hi gh di cit and (h) low di /dt . Note
that the tube ’s induct o n c e  c a us es  the  anod e tall to l engthen in the high
di :dt case due o the  vo l  taqe drop a c r o s s  the tube ’ s inductance. Note
also the early exponential increase in the cur ,’erit (high di /dt case ) as
the tube c ommut ate s .
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I igure 25a that eb is zero when di/dt is zero . Observe also that eb is about

at its negative maximum when the current crosses the zero-axis , i.e. , wh en

di /dt is at its negative maximum . Observe also from Figure 25b that when
di !dt is low , i n d u c t i v e  drops i n  the tube are low . Thus eb falls quickly to

near—zer o, an d thereaf ter , eb slowl y decreases to the steady-state tube drop

as du /dt slowl y decreases to zero at the peak of the current pulse.

Refer now to Figure 26 , w h i c h  shows the waveforms calculated for 1 (t) and

eb using the model for both the high and low conditions of di/dt (Figures 26a

and 16b , respect ively ). Conditions approximating those of Figure 25 were
assumed . The waveform s shown in F ig ure 26 were normalize d to the i r res pec ti ve
peaks so that the curves would have the same aspect ratio as the osci llogram ns

of Figure 25.

I t  i s  not necessary to describe every detail of Figure 26 sinc e a compar-
i son of Figures 26 and 25 clearly reveals that the model accurately predicts

the tube ’ s behavior. Two differences , however , are wor thy  of note. The first

is tha t the model makes no provision for the steady-state tube drop. There-

fore , in Figure 26b , eb reaches ground at the peak of the current pulse. This

is of no particular consequence.

A mimore important difference is shown by the dashed portion of the wave-

form for eb in the high di/dt case of Figure 26a. The model predicts the

sol id cu r ve , and anode waveforms having suc h discont i nuities have in fact been

observed in pract ice for tubes operating at hi gh di/dt i n some appli cat i ons.
The dashed l ine is an a pproximation to what is actually observed in the

osc i llo gram of Figure 25a. The conclusion is that for early times the actual

tu be inductance is a time- or current-dependent variabl e, with LT (and henc e

L~ di/dt) being initially somewhat larger than its steady—state value. This

notion is consistent with the concept of a finite time being required for’ the

d i scha rge  to propagate r ad ia l l y  within the tube , an d t h e  mo del ma kes no
provision for suc h an effect. The significance of a tim iie-varying tube i nduct-

-ince (and also resistance) is not yet clear , and the matter is subject to
further theoretical and experimental study .
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(b)

F iqun -e 2t~. Curn’ent and anode fall as predicted by the i:mode l f o r  con d i ti uris 0?
(a) high di/dt and (b) low di/dt . The mode l accurately predicts tube arid
c i rcu i t  behavior , as a comparison of Figures 2i’ and 25 revea l s .  The
dashed line in the high di/dt case correspond s roughly to the actual data
of I igure 25a , while the solid curve shows the wavefon’m predicted hy the
model. The difference is attributed to a time -varying thyratron 1 ’mpOd -
ance d u r i n g  the  c om m u t a t i o n  i n t e r v a l, and the model makes no provision
for suc h an effect.
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6.0 LXPE k [MENTAL HIGH VOLTAG L , LOW I NDUCTANCE fOOL

a .  Jhe Need for a F u ~~~~~ 1e Exp~~imental Ty e

Even when addressed separatel y, the various thyratron operatin g condi -

tions pertinent to this Program are severe , it is clear that considerable

research is required to achieve the ulti m ate objective (actual tubes that meet

the operating conditions), but tim e and money are not without limits. It is

thus necessary to develop a plan of attack that avoids the pitfalls comon i n

design studies. The worst  suc h p i t fa l l  is to study the wrong problem . This

prompted us to design and bu i ld the first experimental high voltage , low
inductance tube. ~Ie have designated this device as the IIY-5505. Its purpose

is to serve as a vehicle to determine where the problems really lie when one

attempts to operate a iu l tigap tube at high voltage and high di/dt. No amount

of paper studies or scaled-down experiments can provide this information as

quickly and as cost effectively as can a full-scale experimental device.

b . Design Phi lo~~p~~

The FIY—5505 is shown i n  cross—sect ion  in Figure 27 .  Its basic design is
representative of our current thinking on how a high voltage , low i nduc tance
hydrogen thyratron should be bui l t .  Nev e r t h e less , we have not departed so far
from established design pr inc ip les that the design could be considered radi —
cal . We expect the tube basically to wo rk , i .e., be triggerabl e, h a ve reason-
ably good holdoff and recovery capabilities , and operate with reasonabl e tj,

tad , and di/dt . If such is not the case , we w ill have learned early where our

research efforts had best he concentrated . It may , for  exam p le , be necessa ry

to do considerable experimental work with various grid aperture configurations

to establish an optimum compromise between holdoff and trig gerabi lity. It may

be that the upper insulator design has no hope of wo rk i ng at the stress l evels

we expect to impose , in which case a d ramatically different design will have

to be developed and investigate d experimentally.

It is not prohibitivel y expensive for us to build scal ed-down tubes to

investigate such aspects of the overall situati on as may be required , and

undoubtedly we will need to do so. It is non ethe less pos sible that the
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Figure 27. Cross —sect ional  drawing showi ng the essential features of the
first experiment al high voltage , low inductanc e hydrogen thyratron. The
dev i ce has  b ee n des igna ted  HY-5505 . The tube has a calculated inductance
well below 100 nFl , and i ts operation is expected to prov ide cons iderable
information concerning the commutation and holdoff characteristic s of low
i nductance , multigap thyratrons.
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0~~ i S t i nI~ design w ill work sufficiently well so that we can address the impor—

t a ’ i t  ‘ m a t t e r  of ano le d i ssipation. The existing design obviously does not

address this consider ation , and we e\pect to operate the tube only at low

Pr-n..

c. Details of the Des i~ n

$
A standard EGY~G Type IIY—5 cathode is used . This cathode has an area of

t 500 cm 2 and is normally rated at 5 kA. Such cathodes have delivered 9 to 10 kA

for pulse widths of 10 to ~O m~S at an -~verage current of 30 A. The smaller

1802-type cathode (100 ci~i2) nori~ia ll y rated at 1.5 kA has operated at 14 kA

for’ pulse wi dths of 50 nS at low pulse repetition rates. For a given cathode ,

the ma x imu m allowable current density at the tips of the cathode vanes

inc r -eases as the square root of the curr-ent , w hile the current density for

cathode arcing increases inversely with the cube root of the pulse wid th.

From -i the experimental data and the known scaling relations for cathode per—
f~~:ri nc e , it is likel y that the HY — 5 cathode can de l iver -  a few tens of k i l o —
J :lperes for the pulse widths applicable to this Program (less than 100 nS).

We the r -e for -e concluded that the IIY-5 cathode was a good choice for this
exper l-len ta l tube , particularly si nce the tube ’ s holdoff and co mm utation

charact ~ r st ics are our primary concerns.

Reservoi R’

The tube has a high-capacity reservoir  of tOe type used in EG&G ’ s HY- 53 .
The t ube w i ll be filled with deuterium ii to a pressure of 400 mnicrons at the

stand ar -d reservoir volta ge setting , and a pressure—voltage calibration curve

will be established before pinch -off. During operation , the input power- to

the reservoir will be adjustable and regul ated. An operating pressure range

of 200 to 600 microns is anticipated .

A u x i l i ary Grid

The tube is equipped with an auxiliary grid (also serves as a cathode

baffle), the normal function of which is to reduce jitter- and anode delay

t i T l e .  We have found with tetrode tubes that when negative contro l gm -id bias
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is used , and the aux i l ia ry  grid is used to trigger the tube , s ign i f icant

increases in the tube ’ s di /dt capabi l i ty  result thereby .
Control and Gradient Grids

These grids are the most critical of the tube ’s elements. l hey provide

capacitance—controlle d distribution of the anode vu~tage over the l ength of

the tube , with no bias ing circuit being used . The control grid i s  baf f led  i n

the usual fash ion , and the various apertu res of the grad ient grids are o f f se t

therefrom and throughout the tube ’ s st r u c t u r e  such that no line of sight

exists among the var ious grids. This arrangement is expected to provide

maximum holdoff at the expense of tri ggerabi lity at low epy , a reasona b l e
concession for this tube. A representative gradient grid (with its ceramic

spacers) is shown in Figure 28.

The grid apertures , of course, present the mn inimumm i cross—sect ional  area
to the discharge . For the gn’ids having the smaller set of annular’ radi i (and
hence the miniinuiii area ),  the total aperture area is 1.14 inch2 . At norimma l

thyratron operating pressure (300 microns) and pul se widths (b to 10 uS), this

area would give rise to grid-quench ing (self-interruption) of the discharge at 
I 

-

about ib = 10 ,000 A. Due , however , to the inert ia of the pert inent gas
dy na mi c proc esses , the ca pab i l i t y  o f a cons t r i c t ed a rea t o pass high current

dischar ges increases markedly as the pulse width decreases. Quenching has not
been observed for pulse widths l ess than about I ~S, ~nd is not expected to he

a factor in the operation of this tube , even for the rela t ively th i ck gr id

structures employed .

lhe aperture o f f s e t — t o — w i d t h  ra t io  was chosen to he cons is ten t  w i th  that

of existing and proven tube designs. The effects on tube operation of this j
parameter (as a function of [—F spacing) are not clear , and theoretical

investi gations are now being performed in this area .

On the reasonable assumpt ion that the gap comprised by the anode and the

last  grad ient grid wi l l  he the last to fire during the cascad ing process , the

last insulator’ has been m ade materiall y longe r than all other’ insu lato ~s

exposed to high v o lt a g es .  A~; a resul t , the  u pper grad ient grid i s  equi pped

with a shield to equa lize the voltage grad i ent along the insulator ’s length.

- —--- - --~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



•-
- 0

- -• -
- - 

- ‘-‘*‘- - - - L V”- . -

~~~ 
‘ .~~~- 

- -
‘~~‘— 4,

- -

‘- 1 _
~ ,

~

L ( 1 i i  II,

- I ‘,~ 0)

I 
‘

- k ‘

o ~-
0 . Q)

I— -.-- ~-

c~J L o
0,—

L

_ 6
5_

- - 

- - 
~~~~~~~~~~~~~ ~~~~~~~ 

~ ~~~ - ~~~~~~~~~~~~~~~~~~~~~~~



—‘-- - - w -, f 
_ -~~

_ - -- vrrTr~~ -- - -—-‘fl - -.E—
~~~~~~

- -

Ano de

The ac tua l  anode is  a molyb denum d isc , 0 .060 inch thick , Supported by theanode cup. tb provis ion has been made for ac t ive cooling of the anode in thisdesi gn since anode heating is a matter requiring exten sive investi g a t i o n , andis therefore beyond the scope of the immediate i nvestigation.
The anode cup has been fitted with a stud merely for experimental con-ven ience. For minim um inductance , one woul d make connections to the anode atthe outer reaches of the anode cup flange. The anode cup and grad i ent gridflange s will be fitt ed wi th appro priat e guard r ing s (not shown inF igure 27).
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1.0 PRIN CiPAL CONCLUSIONS AND PLAN IOR FUTURE WORK

a. t’ rinc~ pai Conc 1 q!

Several conc lusions rel a ti ve to the des ig n of high vo l ta ge , low i nduc t-

ance hydrogen thyratrons can be drawn from the work of Phase I. First, it is

highly prohable that tube ind uctance (and not commutation t ime) w i ll l i m i t the

maximum rate of rise of anode current. It thus follows that the emphasis of

our con ti nui ng work shoul d be p lace d on t he control of those fac tors that

influence tube inductance as opposed to the study of phenomena related to the

propa gation of the hydrogen discharge .

Th e i nductanc e of any device is intrins i call y related to its physical

d i m e n s i o n s , and the inductance is decreased as those dimensions are decreased .

On the other hand , the smal l e r  the di mens i ons , the worse the problem s associ-

ated with high voltage insulation. Hence the conflict between high voltage

and low i nduc tance.

For the regime of inductance and voltage app l icable to this Program , we

st a n d a t  t h e  v e r y  l i m n i t  of a possib le compromise between inductance and

voltage . On the basis of the i nherent characteri stics of hydrogen thyratrons .

we conclude that a satisfacto ry compromise can be struck , but this conclusio n

is subject to the pract ical  l imi tat ions imposed by the breakdown characteris-

tics of the ceramic insu lators that are universal ly used in the construction

of high power tubes .

I-or a pulse of anode current GO nS wide , we conside r a peak current of

the order of 40 kA with a rise time of the order of 20 nS to be a real 1st  I C

goal . At shorter rise timue s , thyratron operation is dom ni n a te l by the ~ omT~nuta_

tion tim e , and it is not clear that any efforts to reduce the commutation t une

would mneet with success. For the range of tube inductance that we teel is

ult imately achievable for a 250 kV thyratron (40-80 nO ), 40 kA is a reaso nabl e

leak current such that the inductive drop across the tube is not excess ively

high. lo r ty  k i loamnperes for 60 nS is  a lso cons is ten t  w ith a short, low

in ductance cathode . 
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These performance estima tes are f i rst  cont ingent on two principal and , as
yet , unproven assumptions. The f irst of thes e is that a multigap tube of the
general design discussed in Section 6 is capable of holding off (and recover -
ing to) 250 kV , and can also be m ade to conriutate as an ordinary thyr’atron.
We ex pect commutat i on , but we are less sure (although not pessimistic) about
hol doff and recovery .

The second assump tion is t hat ceramic insulators typicall y of the lengths
shown in Section 6 can in fact with stand the stresses imposed upon them during
charg ing and commuta tion. This can be established only by experimen tal
invest igat ion as discu ssed in Section 4h. If the insulators fa i l , it appears
that a sacrifice in tube inductance will be necessary to gain insul ato r -
l e n g th , or som e new an d as yet unconsidered geometry will need to be
developed .

There are second -order effects that could affect the performance of a
mn ult igap tube operated at high di/dt. These include discharge propagation
effects in the upper sections (with beam formation a possibility ), cathode
arc ing , arbitrary gap breakdown , and gr id quenching at l ower than usua l limits
for tubes operated at very high plate breakdown factors . Such phenomena are
in genera l too complicated to analyze theoretically, and experimental work is
again required .

b . Plan for Future Wo rk

Before developing a detailed work pl an for Phase II , it is first neces -
sary for us to determine if the tube of Section 6 operates as we expect , and
also to determine the stress l evels that the insulators can in fact withstand .
Our f i rst  pr ior i t ies are thus to test both the tube and the ceramic samuples.

We plan to do further theoretical work in at least two areas. The first
of these is to inve st igate the feasibi l i ty of altering the intere lectrode
capacitances of the vari ous stages in such a way as to force a more favorabl e
transient distribution of epy acros s the tube. This would allow us to better
ut i l i ze  the ava i l ab le  space wi th in the coax ial current return and thus l ower
the inductance of the tube , subject onl y to the breakdown strength of the
insulatin g oil .
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We also plan to investigate the holdoff -tr iggerabil i ty compromise by
H- - u s i n g  f i e l d  plotting techniques to investigate the effects of aperture width

and o f f se t  as a f u n c t i o n  of E-E spacing . We feel that this is necessary to
hedge against the hol doff problems that we expect to encounter at high epy .

Two important considerations relatin g to holdoff and commutation remain

to be experimenta l ly investigated . The first is the actual increase in gas
breakdown voltage that can be achieved in practice under conditions of fast
pulse chargi ng as opposed to static or low frequency conditions (DGBV vs SBV ).
Clearly, the higher the ratio of the dynami : to stat ic breakdown voltages , the

fewer the number of sections required ti- hold off 250 kV , and the l ower the
- 

~
- tube inductance. During the course of our work under contract to LASL , we

- - 
have successfully operated tubes nominally rated at 25 kV at voltages as high
as 50 kV (and this at high tube pressure) under pulse charge conditions , and

the HY—5505 as discussed in Section 6 must operate at over 50 kV per sec t ion

if epy = 250 kV is to be achieved . It is clea r that an accurate determination
of DGBV /SBV (as a function of time) is essential to the developmen t of high

v o l t a g e , low inductance tubes.

The secon d area of concern is the time that the upper space can hold off

essent ially the ful l voltage epy as opposed to the time required for the upper
stage to c ommutate. It is essent ial that comutation win the race , or an
upper-stage arc is l ikely. Mul t istage tubes such as the HY-54 1/ MAPS 250 have
successfully operated in this regard , but the matter of upper stage holdoff
time versus commutation time remains a matter of key concern in the operation
of multigap tubes .

Regardless of how the fi rst experimental tube and the ceramic samples
perform , valua ble experimentally generated i nformation will be gained from

their evaluation. A second generation tube , designed to operate at hi gh pulse

r e p e t i t i o n  rates , is now in the offi ng , wi th the compl etion of its design
awa iting the information to w h i c h  we have just alluded . The purpose of the

second tube (after design modifications to correct for such defi ciencies as

-69-



-

~~~

—-

~ 

-
~~

—- ii:.:iiii I -
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~~~~~

may be revealed by the operation of the first tube at high epy ) is to provide
essentially trouble- free operation at high epy , high di/dt , and high pulse
repetition rates. This will enable us to gain in sight into the performance of
mnu ltigap tubes at high di/dt and high pulse repeti t ion rates. Again , t he
emphasis is on letting the tube tel l us where the prob l ems are .

The exact course of the theoretical and experimental work during Phase II
wi l l  of necess i ty be gu ided  by experim entally obtained results.
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APPENDIX 1

MATHEMAT ICAL MODEL FOR HYDROGEN THYRATRON
AND DERIVATION OF CIRCUIT EQUATIONS

Assume that during commutation , the anode potentia l, e(t ), of a hydrogen

thyratron attempts to decrease at an exponentially increasin g rate w it h a time
constant , TI, depen ding only on the hydrogen pressure such that e(t) = V0
(2_ ct1T i) where V0 is the initial anode potential . For purposes of circuit

analysis , e(t) may be considered as a voltage source acting in opposition to

that in series with the transmi ssion line or energy storage capacitor bein g
switched by the thyratron. Note that e(t) = V0 at t = 0, and at t = T 1  ln 2
(defined as t = T), e(t) = 0. The steady-state tube drop is ignored .

Two energy storage mechani sms may be considered for the circuit external
to the thyratron. The first (Case 1) is a long , charged transmission line of

characteristic impedance , Z0, and total capac i tance , C , such that the two-way

travel time i s 210C. The second (Case 2) is a charged energy storage capaci-
tor , C.

Assume that both circuits operate with an equivalent seri es i nductance ,
L , which includes that of the thyratron , LT (but not that of the line for

Case 1), and an equivalent series resi stance , R (which for Case 1 i ncl udes
Z0). The waveform of e(t) and the two circuits under consideration in both
the time and frequency domains are shown in Figure A—i . The task is to deri ve
anal ytical solutions for the circuit current , 1(t), its derivative , di/dt , and
the actual  t hyrat ron anode vo ltage , e(b),  where e( b) = e( t ) + L1 di/dt for

the circuits of Figure A-i (b) and A - i (c ) .  Solutions are required both during
commutation [e(t) ~ 0] and subs equent there to  [e ( t )  = 0 ] .

A-i



- 
~~~‘?~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- S

________________ 
L L r  R-Z

.: ‘
‘

5 0 2 Et1T ) 
:b

:T1 1n2
(a) Wavef orm of the voltage sourc e , e ( t ) .  C ( s )  Is (b) Time domain circuit for Case I (Long

def ined as zero for t >T. Steady —state tube Transmiss ion Line ). 1 ‘drop is ignored .

r

C

F 

~~~~~~~~~~~~~~

I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_____I I(s ): E(s)/Z (s) :V
o(~~~~

_ 
~~~~ /(L~+~)

(c ) Ti m domain circuit for Case 2 (Energ y Storage (d ) Frequency domain circuit and basic Laplace
Capacitor ). eq~otion fo r cu rrent during co m m uto tio n—C ase 1.

The voltage E(s ) is the Lapl ace Transformation
of the net voltage causin g i(t) to fl ow .

Ls-N-
~~~~E(s) 

Is)

I ( s ) : E ( s) / Z ( s ) : V 0 I ‘ L\ / (Ls -f R+
l~~

_ _!_ S j cs
\ r m  J

C.) Frequency domain circuit and basic Laplace
equat ion for current during commutation—Case 2.

Figure A—i . Assumed thyratron behavior with circuit models and equat i ons use d
to derive analy tical solution s for thyratron and circuit operation under
conditions where commutatio n of thyratron cannot be ignored .
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C~ s c i . Lon a r r an s ssiQr !_ Lin~

Here we assume that the line is sufficiently l ong so that it l ooks like a

vo lt age source in series with L~ until the circuit current is asymptoticall y

reaching it s mn ax imum value. T hi s requ i res t hat 2Z0C � T + SL/R T + 5T L •

The basic Lapl ace equation for the circui t  current is given in Figure A-i(d)

and it is a straightforward matter to so lve for the current i ( t )  during the

con~uutation i nterval. The differentiation of i(t) yields di/dt directly, and

the thyratron anode voltage , eb , is then readily obtained . The results of

these operations y ield the fol lowi ng expressio ns which are va l id  during the

commutati on i nterval (0 ~ t ~ T):

V I t / r -  -t i e  1

i (t)  = ~~ LK A~ 
i 

+ (l_K
A )~

: L

di V t/~~ t/t~~]
a 

= 
t~~~ L ’~ A~ 

- )j

I t J T -  t / t
eb = V0 L2_ (

~~~~
-K

8
)c ‘ - K~c 

L

where

K A = T , / ( t .  +

K 8 = K C ( i_ K A ) and K C = L1/L

and

T L 
= L/R

as before .
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f or r~ - po- t —~~~- r m- iuta t  -m on perm od (1 ~ ( 
~Z~C) , the vo l tdge e( t i s

zero . The express ion for the c ir ~~m 1 t curr en t may t hen he determ mi ’ci ed ~~~

uo t r n i the above express i ~n tor i ( t ) at t = (thus t i nd m flI~ t hi~ energy

~t I~ r ( ’ 1  1 fl the ci i~~ l it  induc t a ! m c t ~ ) , ~ nd l r r  m v i n j  1 new - ~r~-- ;si ~ rm t or i

based on the ~‘ne r-qy storages then prescit in the -;v~~t err . hr  expressions tir -

~t m/ l ~ m d  eb i o n  then be derived as before . The ‘r-~u l t s  ‘re :

V F -(t-T)/ :
~~ 

~~~~ 
L

V -(t-T) -

di o L
dt — 

L 
— - F) -

I -(t
~

T ) / T Lleb = K - V  
j

-

~-Kir-4here 
~ 

= 

~‘A 
- (1-K A)(1-c L)  and rS[ = C i i/ T L) in 2 and 

~-A 
an d 

~L a re as
defined before .

Case 2. Energy Storage Capacitor

The procedure here is essentially the same as that for Case 1 , except
that it is necessary to determine the energies stored in both the ci rcuit
inductanc e and the storage capacitor at t = T before proceed i ng with the
post—com mutation solution. We have addressed Case 2 only for the situation
where 4/LC > (R/L)2 , i. e. , for condi tions where the circuit response is
oscillatory . This is , of course , the case of greatest i nterest.

j  
For 0 ~ t ~ T,

i(t) 0 (
~~~

- 
~~) ~~t (~~t 

- cos~t - 
~~ sin~t)

(~2 +~~~)
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= t (~~t 
- cos~t ~ ~sin~t)cit L 

~ 
-f ~~y

eb = V 12-s (y-a) t + LT J~ - )2 
~~~ (~~t 

- cos~t + ~sin~t)° 
L (~~~ 

+‘
~~)

where

a = R/(2L)

= 
~LiRLC~J -- a2 1/2

-~~~~~~ +&~
~

To determine the energy storages at t = T, one f i rst  eva luate s  the above
expression for i (t) at t = T. This yield s

= 
0 ~ - ~~ -at I 

- cos~T ~1 sin~T) .
(~~~

+
~~~)

By ev aluating di dt at t = T , the voltag e drop L di/dt is found . The drop
across the resistor is 1 0R. The voltag e e(t) is zero , and the volta ge thenpresent on the storage capacitor is readil y determined by Kirchh off 1 s la w to
be

E0 
= V0 

~~2 
~~~~i 

~~~ - cos~T + ‘~sin~T)

where
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It then follows that for t > T

i(t) = ~0 - a (t-I) s i n[~(t-T)] + ~~~~-a (t-T) cos[~(t-T) + cos~~u]

di 
= ~

-a(t-T) 
~~~~~ ~~cos[~(t-T)] - asinB[t-T]~ - 

~~~~~ ~~s i n[~ ( t-T)

÷ cos 1O]+ acos[8(t-T) + cos 1~]~~ —

eb = ~~ E~ 
a(tT) 

~cos[8(t-T)] - ~~ s i n[~(t-T)]}

- LI t
~
2 c~~~

t T )  
~ sin[~ ( t-T)  + cos 1o] + 

~~ 
cos[~(t-T) + cos b o]~

where 0 = B(~
2 +

I n  gene ral , the peak current occurs after commutation. The time of the
peak current can be determi ned by setting the post-commutation expression
for di /dt equal to zero and solving for t = tpeak . T he ma g n i t ude  of the
peak can then be determin ed by evaluating the post-commutation expression
for 1 (t) at t = tpeak .

Figure A-2 shows a compari son of the actual anode current of a hyd rogen
thyratron operated at high di/dt and the anode current as calculated using the
equations developed for Case 2. The model predicts with reasonable accuracy
the overall  shape of the current pul se, including the early exponential rise ,
the peak and the time of the peak , and the pulse width.

The model accurately predicts the increase in anode fall time for tubes
operated at high di/dt , and also the extent to which the thyratron inductance
con trol s discharge cir cuit performa nce.
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0 ~ 20 30 40 50 60 70 BO~~ 90 -

TIM E (NANOSECONDS )

COMPARISON OF THEORY AND EXPERIMENT

TOTAL CIRCUIT INDUCTANCE 43.5 NH -

TUBE INDUCTANCE 3O NH
STORAGE CAPACITANCE 13 .5 NF -

TU BE IO N I Z A T O N  TI ME CONS T ANT 20 NS -
R L rO.O S OHMS (CVR ) ;  ANODE VOLTAGE 10KV -

F iqmz re A -2.  Comparison of theory and experim irent showing that the theoretical
model predicts the anode current pul se.
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