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(U) This Hanu note wa :; jlrepar ed in the course ,.; a continuing 

study , sponsored by the O•!f ense Advanced Resenrch Proj el:ts ,\gency , of 

Soviet research and development of· hign-<.urrcnt high-en\!r)ty charged

part ide beam.-; ancl their scientific and tech:"lologiral app lic-ation$ . 

V~ The note Is the secot• I in a !lC rit•s inves t i~aling, o n the 

basis of evidence h Soviet open-:;our cc ll'<'hllical publications , t:h~ 

pussibll' ex isUwl:e t>l a Soviet Ptilita•y progr am to th!V•! lop ch.1 r get:

p,utide ht-ilm we;"JpC'ns and the probable his tory of such a pror.r;~m. The 

not c exilmin<!:; Soviet pu! sed-power s·,: itch l~chn0logy :IS an ind il:Jt l>r nf 

such a program. Othe r notes in till! St! rics ex1:r~ine Sc•viet work on thl 

pr-opagatiun of high-curr~nt elect ron hc.Jm,-j in .tir ,;nr! ira!icatil•nc; nf 

"'* a n<!w Aenerat ioh of charged- particle accelerators. 

(U) The note, prcpar eJ for th<! Directc.r's f\ ffi cc, !),\RP,\ , tn.-.y 

also be o f interest to pulsed-power speciali rts en;,.,~ed in th~ d.:vel

opmen t of !.W i l ch t cclmo logy. 

* {U) Si taon i«ts,;<!l , TnHcntimr:; o}' .:t So·•i('/ Parli. · 1 r.-?r~r-; :>r"lf •"'ll 

Pro~ !"'<~m: T. ili:;h- fii"Y'T'<''!t F:?rr'f-ton- IJcar/ FrY'!'tl.Ja•i'll in ,1ir (U) The 
R.>nd Co r poration, N-173"/ -t\Rl'i\ , t\uv.u<;t t 981 ()t!C.c~. 

** (U) Si ::l(m l«tsse1, ;lltH<·.l!:"vn:; ,•;' u .J·'!'"if ~ ll:lr>t · ·:L~-Y.-ar: 
M: rJ on i'l''J>•am: !TJ. 1'1•<' -r>i ... d•:J •' f !'aoln •a, · . • '.: ·1~· ·,. · ."':i:J1' .'lc,'( -

o; r;cll~ (U), The R;tnd Corporatio11 , X- 17'11)-IIRP.\, t\ugusl 1981 ~. 
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(U) ~!il-1MA_RY 

V<X Tlw cvidcnt:c of Scvict opL•n-soun:c litl•raturc indicate~ a sig

nific:-~nt prooal>ili.ty that ~lt sume timt- h- r tu•t·u !971 and l97S the US<;R 

i.nitiat;~1 .tn edvilnc•.!d phase C·f a char~ccl-pnrti..:lt! l><!am--wt~aptal pru~-:ram. 

Thi s conclusion is su:!ge!;t<.>d uy the findi O!!.~ of a studt e:xamininp three 

aspects t•C Soviet pulscd-pow<·r dcvclopmt.>nt: elect.run-be:lm pror .. tga!:ton 

through the :Jtmosphcre; r epditivc pulsed-power switc h tecltnoJ!.oAy; and 

inclications of a thircl-gcmcration of pulsed-power acceler ator-;. 

l) ~ In contrast to a raptdly risin1. volume of publicatbns cun

ccrlllinr, Soviet pulsed power in gcncr.:~1 :md Soviet switch Jcvelopmcnt<; 

not directly rl:'lated tc bea~•,.rcapon rcquirc.>mcnts, open-source coverage 

of the pulse frcqu<:ncy and po·~·t•r ch<Hactcristics of repetitive swltchc~ , 

the category considered n:o,.:;t pert incnt t o hcam-...,capon develuyoncnt , de

cli·ned. 1'his pu!dication pa t t ern is a!'sumed t o have resulted fr0m rnore 

stringent ccnsor.&hip of sel ected .1spe.:ts of :;oviet pulscJ-po•,.er R&D 

durin)! the pe ri od in question . 

(l!) Thl.! findin~~ o( the present note :1n• · b..t1;cd on the exJmina

tion of 91 Soviet high-i'urrent , hi~h-volt:1r;e s·,.ritch~s dev•.'l oped during 

the p~st lS years. 

- ·- ·------------------------------------------
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(U) 1. l~TRODUCTJ ON 

I}~ Soviet open- so urc·• I iter:l ture , repr~senting the basic inp'.lt 

t .1 th!s s tudy , reflects tl:e r ela tively e:1rly stages of the rcsearch

developmen t··tes~-ev::~ luat ion cycle and provides ~wact lcaJly no info;ma

tion on '""a ron proto t ypes. IHt:hin this lim.f.tiltion , hc.·.:ever , the 1 il:er

,,turc i!' larr.e a n d comprehensive. The attempt t o inf<.'r weapon appl i 

cations from the published H&D reports must •·e l y on methods of corre

la t ing this iarge quantity of available t echnic al data. 

J)'l(f The r~sci'rch arc<~ directly pertinent to the development of 

ch;uge, -part1clc bt':am ~(.f•B) wr:ar:·vns is that of pulsed ro~ICr. A previ

c.us s tudy by this author sugges ted that the intens e puJ ~ed-r:u\..lcr effor t 

mounted by the Soviets Ita~ proceeded on a broad fro••t, incluo in~: 1~i I!-

* l ary applications. ,\nothcr s tud/ indicntcd th.:lt in t h<: e.,r ly .•~70s 

Soviet high-cur rent r el ativistic electron-bea~ r esear ch was configure~ 
+tc 

par.tic ul.1rly well to CfB wcapcn development. While these studies 

indic.~ ~ ed ca pabilities and t endencie, of the Soviet R&L> efforts n~le

v 11t t o C.PB we.1pons , they did no1: confit'm the existence of >?ecif ic 

orogt'ams to duvelop t he necessa r y technologi~s. 

ll ~ The area of pulseJ power i;; c' aractr.rized by a ~ro.1d r;mg~ of 

tec hno l ogical rpp licat i.ons and by an nxt N•,..;ve conunon1lit) of research 

i ssues a nd cquipll'ent among these c-pplications. I ndivid udl res~nrch 

issues that arc unique t :> a p1rtic t • .i.ar applicdti(ln , s uch as the par

tic l e- beam weapon , are quite rare. In the development of indicatorF of 

\!Xis ti ng w tpvn !)rogra~: , s t ·, is~ucs n:ust be sought .11Hl identified, " t' 

at l eas t ;:tpproximated as <.: l or !li· as poss i bl e . 
icl'cl'< 

For the first no .:,' o f this series , e l<.'c tron-Jeam propa-

gat ion in ai r was selected as the indicator , since it i s pertinent to 

* ( U) Simon Kassel , Pu lsf..d- TOIJIJl' J:e:: •"ll'Ch atrd VcttJal0"{''71Ct?t ir U .-
IJSSU, The Rand Co~:porat ion , R-2212-ARPA, May 1978, I'· 118. 

·.<i< 
(U) Siron K.:l.ssel and Ch.1TJe::; D. llcn.fricks, lliglz- f':.wrmzt Papt{clc 

8cQJ7lJ , iT. The Siberi-an 1/SSP. R!'Dcarch Grourr. (U) , The R.1nd Corpora
lion , R ·1885-ARPA, Aprill976 (eonftdenti!tl) . 

*** (U) Simon Kassel, Tndic 1t~onc of n :Joviet l'a••t.;:cte- 13cam 1-lcaron 
l'I'I;Jra.•'l: r . U1:[.!:- rtwr cnf· F.7 C'r. t r-~>-1-BMJT/ l'r:~; ·!l)'lf · t.n ill ,: :I' (II) , The 
Rant! l'(>rpomtion , N-li37-t\RI',\, t\11gu;;c 19!!1 (:lee c: I!) • 

,...,........,.,_,.._.,. " . ,. .. - ···---·----------------------------------.....:...--



'(ew applic<ltions other than p.:aticle-heam w2apcn:;. For this report, 

L!•"'Sin~ !'witches bi'.C1lr.e thl' indicator. h'hile high-~urn.''lt , liigh-cnt~rgy 

c l '>sing ~:wi tchcs 1 re ;1 key E. l er.tent in Many pulse.:l-powl!r systems, spe

ciat o peratinr. parameters, and particularly the repetition- rate $peci

f.!cation, narro'W the range o£ application!; of the s~o·: rch to the polnr 

where i.t is poss!hle to draw some conclusions ahout wea~on applications 

of '~e v!sible Soviet R&D efforts . 

(U) The survP.y of Soviet high-current, high-energy closing 

switches pr!!s·ented in this rl!port i!l b.'lr:cd o~ thr ae k~y congi derat'ions: 

o The type, or operating characteristics, of the swi.t r.. h. 

o The availability or absence of explicit indications of 

a dedicated application of the swicc~. 

o Th~ ti1ne of appearance of the swltch wit!lin the past 

15 years. 

c) ,t:8:1 Th:se consideratio115, taken tor,ether , provide a mqtlS o f iden

tifying a set of switcl· developr.:ents with the highen probabilit}' of a 

w~apon ap?licatio~. Arother consider ation, playing a supporting role 

in such an identif ic:lti:>n pro.:ess, concerns the institutions ,_ teams, ar.d 

person:1lities responsible for the development of each switcll type. or 

the analysis of these f. ctors, the sur vey co,:ers 91 switch types devel

oped and used i n the Soviet pulsed-power R&D effort. 

Ll ~ ''" • 1 i.ter:lturc on these switches treats both repetitive and 

single-sh .'.Jitrhes. Since the weapon a!) j:lication of closing swi tches 

turns l;nr~ely on thPir capability f.Jr repetitive operation, the liter

ature dealing with repetitive s~o~itches contains most of the :naterial 

used in project.inp. a ro~;siolc Soviet p:article-bca'TI weapon progr am. Thr 

material on s ing le-shot S'.litches sc:rv~s mainly a.:; an inciicatur of the 

l!.cvel of SoviE-t switrh tc•chnolol!y, t'1e S<Hirr.c of repctit ivc switch ver

sions. ihe Soviet develop~ent of sin~le-shot switches also serves as a 

contr ol in relation to t.he paraciiJ,'lll "P~r·tt;!lp. on tht' set of rt:petiti•;c 

switches : sinc•e the applications of the repetitive and the s:.ngle-~hot 

Sl!ts di Cfe r, til t? diffcren.:l!s i.n the cvolut ion of and relationships h<>

tween the two ,;.ets .1r<' Rigniftc.mc to :w ;JSSCSSPIC!l t 0 :· <l weapon program. 
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(U) Section II of this nQte desr.ribes the method developed for 

manipulating the r epet itive switch data ottained i n the surv~y. Section 

Ill presents the conclusions o f the survey. 

(U) The listing and technical description of the Sovie t pulsed

powt!r swit ches tha t form the b;~sis of this survey, as well as RS.D orga

nizat i ons responsible fo r them, are given in appendixes to this note . 

Appendix A pr esents the tcchni~al cletatls of repetitive switches; Ap

iJCndix 8 tabulates and describes single:-sho t switches ; Appendix C lists 

the i nsti tutes , r esearch teams, and organizations rcs~onsi~le fo r Soviet 

switch uevelop~cnt ; Appendix D l i sts the inst~tutes in al~habctical 

order by ~cronym. 

1JNCLASSIF11ED 
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(U) II. SURVEY HETIIOD Mm O,\TA ON RF.PF.TITIVE SWITCHeS 

t/ fJ!'{ In evaluating the possibility of an associ:nion, if any , be

tween the Soviet development of repetitive c:witci'W!' .1nd ,, p:l rticle-beam 

weapon pro~ram, the fi r st step is to identify ~11 Soviet repetitive 

swi t ch prc- I ec t s nssoc iatl'd with nonweapon appl ica c ions. Avallable ex

plicit: staLcn:cncs in SoviE:t res ear ch r epC'rts e:;La l>lishcd such an as!'od

;rtion by stntin!( that a given swi tch was he1n~ dcvelopE'd for one. C'. r 

h~vc rdl, ~pplicacions racging tram the pumping of cloc~roionization 

bser:s ilnd microwave generators to high-eneq:~y physics research involv

ing spark chamber s and particle accelerator.;. In the nhscrta.:e of s uc h 

statcmenl~. thlti s tr~y exam1ned carh swi t ch reoear~~ project in con

text. U the n.•sean·h team respons ible f<>r :hr~ l'tojcct was knnW':l ~o be 

working on the abo•.•e appllco:tions , thE> oom~.!apon associati•'n of the 

given switch was cons idec··d established. 1\.lo cat er,\lries n f swi t .:hes 

were thus !.denl ified: those dedicated to nonweapon .1pi'1 ic.Jt ~< ·ns and 

thosa with un&pecil ied app l ications , It was as:>ull'.ed that swi cche:-. as· 

so.:ioted in soiJe way with a particl~-beam weapon prnsr..tm would (all 

i ntn the second category. 

(U) 1he repetitive $Yitches ver~ further cl.l9!:ifieu by pl:'l.'h.'d t•"~ 

determine tht- •Jcvt!ll\J:,r.<'!lt of ~·oviet s•..ri t ch te:chnolOIW •W<'.T t .LJ~t>. Tn 

view of the uncertainty ., j [ i:;ing the, first appearance of each switch 

type , the totnl L1~~ span under consideration was divided into two 

pHiods only: before 1')74 and ilf t ·..:r 1973. The ~· nd of 1973 14i.IS chosen 

becnuse it r cprcsrncs tne m~dian in the d~vclop~Pnt o( repetitive 

switch<'s , as reflec t ed in the opcn-sour;:c litcrat\lr£> ; that is, rous;hly 

:1e-half of the tOt;ll were "old" switches, reported before 1974, and 

one- half were "new" switches, reported after 197.3. 

(U) The mat~rial en r2petitive switches is thus grouped into four 

ca tcr,ories accordin~ to the four possible .:o •. t!>inadon,; of old ar.d new 

switches and unspecified and specified applications. Table 1 displays 

the four categories of Soviet repetitive closing ~w1tchcs rlllrl their 

basic technical specifications and institutional affiliations. 
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Appendix A provides ~more dc t ~ilcd d~~cription of each repetitive 

swi tch type , preceded by notes on Soviet r esearch 0n the gcneTal prrh

lems of repetitive switching. Tabl e 2 surnmari;a:es the brc.1kdown of 

repetitive dosing switches :!ctailf.:d in rablc l. Table 3 separates the 

repetitive from the single- shot closing switches reported befvre 1974 

and aft .. : 197). 

Year 

Table 1 

SOVIET REPF.'l'ITlVE CLOSING SwiTCHES BY PERIOD, 
APPLICATIO~ , INSTITUTE , AND TYPE 

N R t d Institute
R o. epor e . S1~ltch Type 

Frequency 
(Hz) Power Ref . 

1 

2 

) 

4 

5 

6 

7 

Fl 

9 

10 

11 

ll 

1'3 

14 

15 

16 

17 

1968 

1970 

1971 

1973 

1972 

1972 

1965 

.967 

1970 

1970 

1973 

1972 

19n 

1964 

1967 

1972 

Old , Unspecified Ap~licalion~ 
- ·- - -. - · - ---- ------ · 

IYaFEJ\ Trig~cred gas gap 

IYaFEA BaTi03 <~ir g.1 p 

FTl Vc1CUUn1 !:•1P 

lOA TrJggered gas gap 

LEIS Mercury thyra tron 

lYaFSO :iercury thyratron 

lYnFSO Ignitron 

lYaFSO Hydrogen thyratron 

LPI Casca<!e spark gap 

FTI Triggered arc 

KPI Trto tron 

Kl'l Tri.opl asmatron 

SKBRA Untriggercd gas gap 

Ol Ya! TrigAercd gas gap 

Unident. Autr on 

IAE ~acitron 

50 

)0 k 

0.1 

50 

250 

o.s 
s 

25 

so 
1 

xlOO 

1500 

so 
0 . 2 

1 k 

100 k 

01 d, Dedicat ed to Nonwe1pon Appli c :ttions 

0.5 cw 
0.5 HI.' 

15 GW 

0.5 GW 

0 . 4 MW 

30 MW 

so ~n.r 

2 CW 

1 GW 

4.5 MW 

J !·It" 

250 ~n~ 

9 GW 

1 M\" 

[ 1 I 

( 21 
[31 
( 4) 

( 5 I 

l ol 
[(,j 

[ i I 

{8) 

! 9) 

[10) 

[11 I 

[12) 

[13) 

I 14 1 

[ 15 I 

--------------------------------------------------------------
1972 F'ri Los~r-tricgered watar gap 20 30 kl~ [3] 

UNCLASSIFIED 

--------------------------------------------------------------------~-----·-
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Tablt.~ 1 (co1• t 1d) 

---- ----------- -- ------ - -----
Year Frequency 

No. Reported Institute Switch Type (liz) Pcwer !{E!f. 

Neu, Unspecified Applic~tions 
- ----·-------··· -- ·---- -

18 1976 fYaF~O Trig~(;red ~ns gop ~ 5 1 GW [16) 

19 1975 ~IKF Trigatron 10 2 (;\,' 117) 

20 l'l75 Unident . Mechanic:tl 2 f1S l 

21 1Y74 Unident. Trig~ered vacuun ~ap 0.1 10 CW 119] 

22 1977 Unident . Ir.nitron ... 10 G.,• 120] .. 

New, Dedicated to :'lonweapou Applic:ttions 
--------- - ·---· --·-·-- ·-----
23 1975 roA Unt ri g~t-red ~a!; gap 100 ) GW rz1 i 
24 1978 ISE Unt r i gge1 d ~as gap 50 6 GW [22] 

25 1976 1\IR Tri~~ere(: , gap 10!• 60 }II~ [23] 

26 1974 OIYai Trig~ered vacuur. gap 20 o. 6 Nlv :251 

27 1977 01 Yal Trig~ered gas gap x100 l 3 H\~ (Z)] 

28 1975 IYaF~:cu Trist~<!red g c1 S gap 3C [26} 

29 1976 IYaFSO Cascade gap 1 25 c;w [271 

30 1976 iOA Trisf:ered arc 0. 1 100 N\ol l28j 

Jl 197"7 TVN Rotating ~1ectrodes 20 1 GW [29] 

32 1978 TP l Thyristor 1 k 30 HW [ JOJ 

3 Jnstit~tes are listed in alphabetical o~der by acronym in Appendix 0 , p. 78 . 

'i"ab1e 2 

SOVIET REPEl £'fiVE CLOSING SIJITCIIES--·SU1·!1-1ARY 

Applicati..>n 
Period Affiliation Nonweapon 'Jnspecified 

Before 1974 Kno~m 1 15 

Unknown 0 1 

After 1973 Vnown 10 2 

Unknown () 3 

Tora1 11 2l 

UNCLASSIFIED 
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Table 3 

REPETITIVE VS. SINGLE-SHOT CLOSING SWITCm:s 
BEFORF. 1974 AND AFTER 1973 

Report ed Report ed 
before aft er 

1974 197) Tot a l 

Si ngle-shot 26 33 59 

Repet itive 17 lS 32 

Tot al 43 48 91 

UNCLASSIFIED 
~-...,....., ' ~ ~'I ' .• ,·-- .....:..::..:...- -
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1/ptd Amon~ the sevcr ill ca tegories of c losin~ ~~~i tches considered 

heie, r~petitive ~witches with unspecified appl icntinn~ ~rc singled oul 

as thl· least :!ll'h ir.uous i nd ic1 t.o r of ;:~ Soviet hl';tn;-w~:~rnn pr nt:rnm. Rc

(lEticivc switches a r e theref,,rc the r.~ain subjec-t of thir. <occtton. 

(U) SuviC't :-H~itch technology h;,c; hcrn Jcvcluping dur i ng llll' )'JSl 

decade in an environment of a sh<Hply ac~elt!rathlg j)ulseJ- puwer Lech

n->l ogy. Tllis is ill ustra~2d by the t.wt tho~ t the number of !:Pviet re

ports on pulsed pow~r submitt~d for puhljcatio~ ntte r 197) WJ~ double 

that submitted between t96R and 1974. 

( ll ) Fi~urc I comp.• res the i!TI>Yth M Sovio!t )lulsed pot.•et• as il '-'hole 

(based on t hl' cot."ll numb~r of pa ?ers publi !lhec! .:'In pulsed-11ower R~U) wi t h 

th.:J .: o' various C:.J tt:gorics nf Suvi,·t swi t ch,• (total :wmiH:r ~ I' swilch 

types) . 'Cht' )!r owth M c;in~l<'-shol switches , a~ sho;.'tl in Fi :- . I. pilrol 

l cls t hat or pubed- p.lW(H, although <tt ;1 lower rat·! . Rcpct. lvt• :;wh chc:. 

w! t h unsped fle d .app l icatioM-- l h.- ccltegiJn o f c losin~; :.;witrl~t · r.:cst 

I ikel\' r.o 1 £'i.1 t~ to hc:~m-~.·capnn :lc.velo;,m~n:--show th<> oppo; Ill' tr~nu , ul'-

c··eas:n~ snanJy from sixteen t )1>e:: ~.efore 1974 to five aft <'r 197). At 

t he s.lt:lf" t i me, rrp..:titivc ~nitch~s explicitly <JerliclteJ tn n.:~nHe.,pon ·"r
p!ica: ~·Jn r i ncreased inm one type beLHe 1974 to tE'n t vpes after 19i). 

(II) !her e <Jre n:. l enst three possible e:t)llnn:ttions [,>r the trends 

Jn S,:~vicl rept• t ilivt• switchc:; appa rcr.!. in Soviet open-soun.e literatur<': 

c- liH' c,d of 1973 rtarked iJ !oric:tl ~hift in :he devE!l op• 

mcnt o f reretit i.ve switches fron otn e."lrh· , f!enc r ic, 

~1ul t J.pcrpn~c .lppruacn to ..a lilll'r phase dedicat~d to 

n.~n .. •enpnn .J)lpl icat i ons. 

o ::tv il.!t r..:!.t~n rchcrs met l.i l t le suct.:css nnri :;urt 1 ilcd 

f• ·rtnPr dl·Vt-lopmcnt of tepetitive switches, except f(\r 

:1 few typ.'!s J~dica t~d t.J nonweJ pon ap)>lications . 

n After t973, i ncreased censorship barred most r epe t i t ive 

switches wllh unspccifi •·II appl icntirns £rem open- sour ce 

publ ic:.1t ions. 
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(U) TI1e first expl~nation is SuJges ted by the relatively lar~e 

nutnht•r (•f rcpctitive switches dedicated to tlon~o.,eapon appliciltions that 

were rc~orted after 197J. Those switches wou ld appear to be a dir~ct 

outcone >f early rc~earch en switches of unspec ified i.'ppl ic<~t ion. Hm~

ev.·r, 1l:1s explanation has tW11 s~rious flJ\.Is. Hrs l. 1~hile it pr oviaes 

a ratio1al~ fo r t hE' rise in non~o~eap"n ~wit che~ :~fn. r 1073 , it fai.ls to 

explain t i:e drop in repetitive switches of unsp•'cified application. 

Sec:ond , <· >hift fr.lm ~enl'ric to !ipl•ciali7.cd R&!J implies :1 continuity in 

the rese.1n h-development-tcst-cvaluation cyc le . Then• is n(.• such c.on

l i :ltlity app1rent in thP. Soviet wvrk in this art-a, Tht:- R&fl te<J ms enl!a~ctl 

in the deVl'lopmcnt of :-~pt<tltiv(• ;witches dedicated to nomlt:apon appli

cations an· ·n Jlmos!: all cases diffHent from those idP.ntified with the 

switch,·-> of u 1srec if i ed application . 

(U) Th.~ sP.cond explanation--that the work was stopped ht!cause of 

poor results-- · s .also unlikely. The Soviets rarely abandon programs in 

pulsed ;>ower. 1ost important, h·owever, t:1e accelerating momentuM evi

dcn~ in Soviet ~·Jlsed-power ~evelopment clearly requires rep~titive 

switch developmer.t fo r a ran~e of applications. Among nonweapon appli

cations , an outst~nding example of the future need for advanced repeti

tive ~;witches is inertial confinement fusion , which plays a major role 

in Soviet energy R~O. 

(l') The third explanation of the s witch !)ublications trends . based 

on the censors hip hypothe~is , provides the l~ast con tradic tory nccount 

of t h<' tela tionships among the several ca t egories of switches. Accord

ing t l.' th i:; explanation , the drop io publir.~tic;ms Qll rercti·· ive Slvi t CilC& 

o f w •<>:> C'C 1 fi l!cl :1ppll <:.1l ion i s a pp.1rcnr r :Jth,- r t h:J l~ :·c:tl <HHI J cw-: l\O.lt 

,·,·flc..:r Llt t ' ac.tual gro•Ah rat e ,,( the: I:.)Jl pr~•n· ::-.s . 

{ll) This kilild o f di s ront inuity in th~ cxpe<'tt•d r at\.! of pror,ress 

also appears i n the nnalysis .of the rer:ornmnce specifjcarions o f ::ht

r cpet it ivc :;witches . Th\.' dcvel o!Jmcnt of Soviet repetitive switches be

fore and af:er tin.: t!nd o( 197J indicates s ignifi r:ant technical pr o gress. 

Figurf' 2 shows these switC"hes distributed according to their repetition 

frequency and instantaneous po~o·~r charactl'ristics. The lin .... :-. in Llw 

figure represent the state of the art at a ~.:iven tim"' . Thus , ~ome of 

UNCLASSIFIED 



Hz 

100 • r 
2 

10 
k ~ 
I 
I 

N 1 k 1-
::t: 

I (,) 
.... 
til ,... 
~ 
0 ..... 

~ ... 101' ..., 

I Q) 
0. 
Ill ,... 

" <ll 
-4 
;, 
o. 1L 

I 

L ___ _l 

\ 
\ 

UNCLASSIFIED 

. - . l 
10 

u 

o Switches r epor ted bef ore 1974 
• Switches :-epurted a f ter 1973 
0 Ocd lc~ t ed to nonwt>:~pon 

.'lpp l ie~ t i ons 

NllTE: !':umhcrs in plot iden t ify 
swi tches ln Tnble I 

I 

100 ~i\4 

0 ETA 

14'-o 
I 

10 
_ .....J 

100 cw 

F!g . 2--Sov i et r epet it ivc closlnll switches 
f r equency vs power dl<it ribut ion 

UNCLASSIFIED 

.• , v .. . -



12 

the. older SCiviet switches fall on the l ine which .1 t nm· cxtr~mc in1lltalcs 

30 kH and 500 kW .1n<! at the other, 0.2 Hz and 9 c;w, Some of the newer 

!;Witches range from 1 kH1. and 30 H\\ to 1 liz and 2 j r.w. Still b1nter arc 

the !;witth\!S fQr 100 Bz and 3 r.~ and for 50 Hz and 6 caL llol.'l!ver, this 

prOArcss from the old to t!IC' new per i~>d is 3pp;ln·u t ,~nl y a~ the r '?la

tivcl y l ow frequencies of 1 to 100 liz. There an: nu Scwi~·t Slo!i tches in 

the C:W range <thove tOO liz. 

(U) As n: the ens~ of the publ1rat1ons Jrop, thL .1hscnce of such 

switch<'s is difflc11lt to ~·xp!ain in vi:\< ,,f the s~ste?tM ti c 51)vie t pulsc-:1-

pol.'er R.C.Il. In pert icul,u, ~>nc \.IOUld exp(:ct to f ind :'vJic::t s wl t ch\!s wlth 

·: 'lpo.Jbil i tlr:s appro<rch in ~ t.l•ose •'>f the CTA Sl4it<"h , whi.'h is already oper

ational in the ll . ::i. Cha ir-Herlt a~:e pro~ram . Althou~h Fi~. 2 indic·atel; 

obviuus pro AreS$ in switch tcchno.IOA)' , in t erncs o f freqclt:ncy vNsus pow

er, directed dlagon.1lly up1~:1rd to the ri!tht, it <~lsa shnwr; :1 c lc!a r break 

in such progress in ar eas si~nirh:ant to tlu: weap11n applic-.Jt:: on. 

(U) T~o pal:tcrns are no\1 evident in the Sovit!t open suurces : a 

sharp decrcnse in unsreci~ied-application repetitive switch typ~s after 

1973 anj a break in switch dcvelopme:nt above 100 l!z ~nu 1 .{;\.!. Ea.:h pat

tern, taken separately, may be considered inconclusive. Taken toRether, 

however, these pnt t:erns suggest the .follolling hypothe~is: 

t}j)J(. Before 1g74, the development of repP.titive switches tor beam

weapon purp~ses was relatively open and a part of the gene ric, mult ipur

post development of pulsed-power switches. At the same the, the demand 

fo r repetitive switches for nonwcapo~ applications wns relatively lo~. 

Sine~: 1973, thl' censorship of beam-weapon-oriented r~ seatch har. become 

;'lore st r!ngen t, somt' o f th.1t re~cclrch ha .. heen rra~c<dt-rred .:o dosed 

inst i tutc.'s, .1nd the clemnnd fCir rcpet 1 t i. vc ~vitc:hes in uonwcapo n a re.'ls 

h .!.>< int:reas~d. This hypotl!tsi:; . impl)·ing an :tnlnt errupteu r-rowth in 

r~pc.!tit:i ve swit ~h Jl!velopmcnt , is thl' only :1ne rh.::~t ls c t,nsonant 1~ith 

th.e incrt'ilsing p<lic( (\f Soviet p11lsed pc•wer . 

(~) One way of tcstin~ this hypothesis is bv examining more close

ly the category of five repetitive switche:; with unspecified applin

t:ions reportl'd nfter 1971. If, JS hypoth~sized, the censorship of 

switch research became m;,re stringent in 1973-1 974, the publication of 

the five swit(;hes is open to quc:;r:ion. 

.. .... -
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(U) n.ree of these switches wr!re n:t>orted by authors b r whom no 

i nst it· ~ ional aff 11 iat ion could be found. Th! !: rep<esents t ha highect 

concentration of unidentified facilities in all the s witc h catego~ics 

considered ln this report. Tht! absence of instltut!onal identification 

can be another f.l'ldication of stepped-up ccnr.orship, which may rangP. 

from withholdin~ affiliation datu to prohibiting public~:ion. 

(/~ The above hypothesis essentially specifit!S that a change b 

the nature of Soviet R&D relevant to a particle-bea~ weapon development 

occurred in l~ll-1974. This change Jnd its t1n•ing o'lrc cons i stent ~t~ith 

t he finding of the flrs t report of this series , Jealing w i til Soviet re

search on air propagation of cha:-gc~-particle beam~. Baserl on preroise:; 

unrelated to the. considerations presentad here , the earlier report pos

tul ated a phi\scd progressit~n of <~ hypotheti-:nl Soviet ~o~eapou program as 

follows: 

The fir :it stage , originatinK perhaps be fore the 1960s 'Jnd 
lasting until nearly :he end of that de~ade. consiste~ of 
ptcliminary theoretical work and the buildup of pulsed
power equipment ..•. The s~cond sta~e, extending from 
t he late 1960s to tile !llid-1970s, was ushered in by the 
advent of high-curren: diode accelerators .... 8oth 
stages generated a rel~tively dbundant literature on the 
research results. The third stage , wh~~h began ' n the 
mi d-1970s, w~s marked by a severely restricted public~tion 
policy.* The third stage ... may ~ave ushered in a new , 
higher level of more realistic experi~entation end new ac
celerator equipment ... warrant ing the imposition of 
sP.crccy .** 

tJ ~The ~hird stage of the air propaga t ion R&D coincides with4.n 

one or tvo years with the advanced 5tagc of pulserl-oower-switch R&D 

postul ated in the pr~sent report. ~~ilc each of the two rep~rts is 

based on indirect. and therefore speculative , evidence , their conclu

sions corroborate one another . 

* (ll) Simon Kassel, Jndic:.tioi'!s of a Sozr:et Pal•ticle- lJeClJ'l l:'eapo;! 
Pr::gmm: I . liig!z- Curr ent Elec-t1•o•;-i!~·..v, t'rOparJatioll in Air ( U) , 
K- 2496- ARPA (5ct re.) , forth~o~lng , pp. 8-9. 

** (U) Ibid. , p. vi. 

: . -·~·~ · 
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l/ ~ The topics of air propagation and switch tec~nnlogy were se

lected a$ the leost a~biguou~ indi cators of s~viet b~~m-wc~pon dcvcl

oplliCnt. These indicators at·e a part of the broad spectrulil of pul sed

po\oler research and dcvelop:nP.nt. I t is significant ;;hat both indicators 

were founc to display a time behavior that differed mar kedly from the 

trcr.d of Soviet pulsed-power R&D: a drop in publication in the face of 

acce l eratine overall publica tion rate. It is cl ear that Soviet author

ities pl act a high premium on pulsed power as a generic te?chno:os,y capa

ble of m3nY applic3tions. It i s likely that th~ Soviet pulsed-pouc~ de

velopment pr ogram includes active particle-~eam ~eapun development. Ar.

cordin8 to the finding vf this study , such development may have com

menced a ne\.1 phase, militar ily significant enough to warrant augmented 

publ1cati1l0 censorship, in t he m1d-1970s. TI1c pace and qu.lli ty of the 

Sovi~t effort, Js evidenced i n the switch t~chnology , make such a con

clusion pcobable. 
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Appendix A 

SOVIET REP~T!T!VE SWITCHES 

),_! _ _'':'HEORY AND EXPERU1ENT 

The requiremen t (o r a high repetition r ace inrposed oa high-powe r 

s witches e"t~ils .considerable p roblems o f s witc h des iRn. While the 

~ovie t s hav~ done extens ive work on ~cv~lop in~ repetitive swi tches , 

they have pubtished rel:nively little Oil the ~.::nera l problems ,.c repec

itive s witcl!l ng, c:oolinr, , gap pu rging, nnd c:lt.c trode erosion . t\ brief 

account o f Soviet r epor ts on these topics f ol l ows . 

The riX:st corn11rehens ive appr o.1cn to swi tch rlcvelopmnnt rr.ust hP. 

c r editc•l to ,, , A. Nesyats, who w::ts nssoci~ ted with the ins titute of 

,\ t n:\ispher ics ( I01\) until 197d ;JiOU then wirh t he [nst i tut t: of Hi gh

Curr ent Elec tronics (l SI:) . botll . in Tom!;:L l·!o!'"king on st•i.d: ing high 

currents ·.,ith :c;hort rise ti111cs, Hcsyats postulatetl two k1sic s witr.h i ng 

princ iplcs [ 31]: 

1. Ava lanc he s witcllin g, consis ting o f the ~encration o f many 

e l ectrons in the gJp by the applicJ tion of the electric field . !n a 

s'Uffici~ntl] hi gh field , e ·1.:h l"lect:ron genera t as :Jn electron avalar.che. 

'this cl imina tcs t hi\ spark d1.Jnnel and !; timulat t:.~ fas t processes that 

sh0rt~n c urre nt rise times to t ent hs of a ~ano~econd. Arcording to ~x

r• lt!rimeuts, curre n t rise rates under such conditions c.:~n reach 10 1" 11/s . 

Avalanche switch i~g is c:1pablc o f achieving pulsE r epetition rates of 

over 10~ Hz. il.l~£d 1.111 t in., !'t'ir1t"ip 1 ~ , :.tesyilt s rcport~d t he El ighe'lt 

!"<!petition rate publi~he·.l in th.e us:;Jt-- Jr. kllz--using a DaTi03 cerarric 

s witch (2] . 

2. lnjcc tLon ~f ~lectrons dirtctly into gas . Hr.sy~ts proposrd 

this ml"! tho<l in the co·Jrsc of developing the ~t:cory of av:1lant::hc swi t l.:ic· 

it~g. !f the Jnjected current is hi~h e noupil, shor~ .;wit ch ing time and 

high rtsc r<l t e c :Jn l>e achieved 'Without an ava 1 anct:e, by me.1ns of the 

no.,self-sus•:aini ng volume discharge . Hesyats called ~he switch oosed 

oct thi s pr 1nc1pl e the .inj -:c tlon chyrat ron, In stead of ~ener~tins; elec

t r ons by c:J thode heating , as in a conven tional tl~ratron, the injection 

thyrat r on receives electrons t h rough the ca thode fro£: an outside 

UNCLASSIFIED 
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source. This enables total control of the switching ac tion: the switch 

can be closed and opened rapidly. 

Both methods ~•ave a problem: as the effective fie l d in gas drops , 

the E>lectron driit rate decreases, resulting in a hi gh res idual resis

tanct· . The soluti.un of this probler.. requires a gas that has a high elec

tron drift rat~ at low fields . ~1~syats propos~od :ncthane, hecause of its 

d:lomalous dependence of the drift rate on E/p . Hethanc may also be use

ful in the injection thyratron operatin~ as an ~penin~ switch for an in

ductive storage system. In such a switch , methane may prevent instabili

ties due to the ra-pid r ise of the electric field in the volume discnarge 

pl as rna [ 31) . 

An impcrt~nt contribution to the theory of r epetitive switching was 

made by Ye. P. Bel'k0v of the Le11ingrad Polytechnic Jnstitut~ (LPI ). 

in his at~empt to formulale a theory of channel gas cooling , nel'kov re

ferr ed to the work of A. B. Pa:-l<" r and D. F. . Poole (Bri t . • J . Appl . Phys . 

v. 15, 1964 , p. 1011) who •. onsidered the cooling. pr ocess in rhe r:hannel 

from the viewpoint of heat conductivity theory , but failed to ~btain 

useful results , since the gas in the gap cooled much faster than pr~

dicted by the thP.oTy. Parker and Poole assumed an int ensive ~tion of 

gas in the inte~electrode space . As a result , the gas temperatur e was 

assumed homcgeneous throughout the VJlume , except for thin la}ers next 

to the cold electrode surface, which shoul d hav~ a high thermal gradient. 

To reconcile the e~perimentll r~sults with theory, Parker and Poole pos

tulated a transsonic velocity within th~ hot p s re~ion . To veti fy th~se 

assumptions, Bel 'kov used a Schlieren photo~raphy u:ethod .1nd LO- I:A cur

rent pulses (short pulses of 3 to 10 11s anti long of 1500 11s) i n a r,ap of 

2 to 10 mm . The experic~nto showed a si~nificant difference i n the cool

bg dynamics of the long and short puls~;•;. After th<:! end t•f each pulse , 

as the discha rp.e channel cooled, the gas rr.t;ved (rom d•e periph(!r y to the 

cent:er of the region bei:lg coo l ed . After long pulses , this rr.otion is 

lamina r; after short pdses, tht' centripetal mo•:ion is more intensive. 

Bel'kov explained that at the end of a nhort pulse , thP gas , li~ited to 

th~ discharge channfl, is hot and cools rapidly because of high heat con

ductivity. The process of cooling and rising gas density occurs so fast 

UNCLASSIFIED 
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as to make the gas motion turbulent . The cooling rate is sharply in

creased by mass t ransfer , whi ch, in turn , fu~thcr ~nhances the motion 

of gas [32). 

An unidentified facility r eported on experiments per formed to de

termine electrode erosion and service life of vacuum sp~rk gaps as 

functions or repetition rate. Pulse pctramer~rs were cons tant at 0.6 J, 

200 A, -l kV, 0.2 MW, 1-us pulse length, and 4-mrn gap len~th. The 

repetition rntf- varied fro1n SO co 100() liz. The measurements included 

weighing c.1thodes of Mg, Cu , Fe, Ti, and T;~ , taking anode temperatures , 

and spectroscopic analysis of the discn~rge . 

It was found that t he higher the repetition rate , the less the 

material transferred from the cathode to the anode per shot . The anode 

temperature increased with repetition rate. As the latter increased, 

tht: electrodes heated up , inhi biting the condensntion of the !11et:1l vapot> 

which remainl!d in the gap bet ween pulses and !':erved as the discharge 

~edium. This process decreased eler.trode e rosion. The following mech

anism ~as postulat~d: 

The increasi~g average electrode temperature Incr easer t he met:~l

vapor pressure in the gap. The elevated vapor pressure, together with 

the ionizing energy of electr ons, determined by voltage drop in the gap 

and the electron m~,n free path (exceeding the gap length), enhance the 

r3te of collisions, producing singly-chdrged and multichar~ed ions. It 

is assumed thnt at high repetition rates , the positive spnce chcrge is 

est ablished mainly by the multichargcd ions , rather than by continuing 

vaporization of the cathode material. 

In operation at 1 kHz, cathode erosion was negli~lble and there 

11as no disc~rnible deposition ~f cat hode metal on the anode and trigger, 

even w~en 11~ was nsed a.• the cnthode Lletal. l!ndec these conditions, the 

switch remained operational afcer S x 106 shots. Thus, for the same 

switcheu energy . incrt:~sing the repetition rate was found to decrease 

erosion [3J ). 

2. OLD smTCHES, UNSP~C!FIED t-WPLICATIONS 

The 1'o111Sk complex led by G. 1\. Hesyat<; has been developing high

current multielectrode triggere!d 1~as ~aps for repetitive operation since 
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the early or mid-1960!:.. In 1967, the Tomsk Poly t echni c Inst:itute (TPl), 

the parent organization of several of Ton~k r esear ch insti tutes, sub

mitted a r P.port on an atmospheric-pressur e air gap suitable for par3llel 

operation in lar ge capacitor b~nks. Fo r single shots, the air gap was 

rated for 8 to 50 kV and 100 kA. At 8 kV , ' =delay time was 60 ns with 

a jitter of 5 ns. At 50 kV, the corr esponding· figur es were 15 ns and 

1 ns, with a li feti111e of o\'er 1000 ~;hots ( 34]. A year l a ter, the t nst i

tute of Nuclear Physics, Electronics, and Automation (1 YaFEA) in Tomsk 

submitted the r esults of adapting this gap for sb-Hz repetition rate in 

the range from J to 30 kV and 15 kA [1]. 

in L970, Mesyats was r eady to publish a re})vt't on the developmen t 

of subnanosecond triggered air switches , based on the aval anche dis

ch3r ge principle and made of BaTi03 ceramic . Under the IY3FEA byline, 

he described a 1-kV repetitive switch with a 0.6-ns pulse length. The 

repetition rate of the switch was 30 kHz fo r a curre~t of 0 . 5 ~~. and 

* l kKz for 1 kA [2). In a 1978 article, Nesyats udded t hat the service 

hfe of this switch exceeded 500 hours. The results of tests i n which 

the switch was driven by two thyratrons indicated t hat it •,o~as possible 

to for m pulse pairs with a 3eparation of up to 1 ~s [35 }. In 1973, 

IO,\ announced 3 35-kV, 14-kA multielectrode gas gap, delivering 80- ns 

puls.es and having a rise t ime of 2 ns and a repetition rate of 50 Hz. . 

The switch, filled with nitr oeen a t 10 to 12.atm. had a service life of 

2 x 106 shoes at 50 Hz [4). 

The same teac of re!i~an.:laP-t'.:~ .. •11rklug uud~r H~syats Jt I'iaFEA and 

IOz\ produced the gap switches descr ibed above . 'l'he team included 1.1 . M. 

Koval ' chuk, D. I. Proskurovskiy , Ye. B. Yankelevich, Ye . A. Li.tvinov , 

S. P, Bugayev, and G. P. Bazhenov. The team has been active since the 

mid-l960s in a systematic theoretical ~nd experimental investigation of 

explosive emission from cathode whiskers , electric discharg~ in vacuum 

and :r.as, and the de: sign of field- emission diodes. The team alsn dcsi~ns 

nnJ builds pul sed-powe r components to support its r esearch. The subject 

fr: 
Jloth the 1967 and 1970 IYaFEA switches were described in Simon 

Kassel ancl Chades n. Hendricks, Soviet Rcrearch and Dcvelorment of 
liigh- POIJC'I' Gap S•JitcJrec , The Rand Corporat ion , R-1333-ARI'A, January 
197'· · pp. 2'· · 28 . 
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of this _r~scarch has a potential application in every significant area 

of high-current particle- beam technology. 

The Ins titute of Nuclear Physics (IYaFSO) in Novosibirsk, which 

has also been working in this a r ea, did not publis h its own repetitive 

switch designs, if any, but r.terely reported on modifications cf av:lil

able Soviet indus trial thyratrons and i~nitrons. Since J96S, lYaFSU 

ha:> shown interest in triggered 100-kA switches in the ms rangl!, with 

s.o:ne repetitive capability. The stimulus for thi~ interest was the need 

fo r power supply sylltems to drive :~ir~core :lc·celerators . According to 

lYaFSO , as late <IS 1972 Soviet industry was not producing kA switches 

for ros pul:>I:!S. The available hydrogen thyrat rcns were limited to the 

ns range, while mercury thyratrons had low r epetition ra tes . Thyratrons 

and ignitrons are limited hy pr~breakdown oscillations caltsins over

voltages in inductivt" loads [5,(lj . The following exa~ples of industrial 

s"fitches ".lnrr. :wailnb1n in 1969-1972: 

TR- l-85/15 mercu(y thyratron 

Curr~!ilt 1 imit in prolonged operation 

Current limit for single pulses with a 
repetition race of 0 .5 Hz (subject to 
thermal br('nkdown above 0.5 llz) 

TGI- 1-700/25 mercury thyr;~tron 

Current 

Voltage 

Pulse l enRth (continuously variabl~) 

Repetition rate (continuously vnriable) 

IVS-200/1 5 ignitron 

Standoff voltage 

Current r <1nge 

Repetition rate 

IVS-200/SM ignitron 

Current limit in prolonged operatiom 
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2 kA 

4.5 kll [61 

2() A 

20 kV 

5() to 250 \IS 

o to 250 liz [5) 

25 kV 

3.5 to 4.5 kA 

5 Hz (61 

5 to 6 kA (6) 
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The above performance parameters are comparable to those of U.~. 

* ignitrons a\·ailable in the cady 1960~ : vol tage--20 kV; current--7 kA; 

repetition rate--100Hz (36). 

lYaFSO t~sted uaterucooled ignitrons fo r opPrational suitability 

at repetition rates of 5 to 10 Hz. The IVS-200/15 ignitron m~t most of 

the requirements for .JSe as the tn.1in switch of a 30-MW oodulator in a 

power supply of a hard-tube current generator that drove a HV electron 

acc@lerator. The modulator, buil t by IYaFSO in 1965. wa~ de~igned for 

30 kV, 1 kA, 1 . 2-ms pu1s~ length , and 5-Hz repetition ~ate . The per

formance of the J~nitron revc:tled a veaknc~s in the' if,uiter, a semicon

ductor rod par tly submerged in the mercury ca<:hode; in prolonged opera

tion the rod tended to pulverize and contaminate the mercury. In 1972, 

IYaFSO installed 3 igniters in each uni:, good for 107 shots and a 

service lif~ of 9 to J2 months (61 . 

In 1967, lYaFSO submitted a current suitch fer tesl4 transformers, 

based on hydrogen tryratrons, capable Q{ enhancing the efi i 'cncy of 

the ELl'r-1 1-MV elect ron industrial accelerator. 1'\.ro ·;ct-1-2500/35 

tl·yratrons connected in antiparallel constituted the switch , which 

operated at 33 kV , 2.5 kA, and pulse repetition frequency of 25 Hz [7]. 

The abov~ work was performed by a small team dedicated to the d~

sign and constr.Jction of switc:hC's and pulsed- pc:., r ~:ornponents. The te<~m 

probably provideu hardware suppor t for a wicle .ange of development t•ork 

at IYaFSO. Til~ key mell'bers of the team were l\. l\ , Yegorov, il. I. 

Grish<~nov , and Ye. N. Kharitonov. 

The same IVS-200 ignitron that was tested by IYafSO in 1965 fl,r the 

relatively low rep~tition-rat~ capability of 5 to 10 Hz was used in 1976 

by the Joint Institute o( Nucle~r Research (OIYai) in Dubna at an opeTat

ing f requenc:y of l kHz. It seems unli ke1y that the IVS-:!CO had been up

graded for that application , because s1~nificant modifications would 

force a char,ge in the designation of the ignitron . In the OIYai swit.:h 

system for a current genera to r of high magnetic fieldu , three IVS-200 

ign:i.trons were connected in series, operating togethe:· uith 26 B-SVv 

* T. R. Burkes, .1 Critical Analyciu and Accessr.7er.t of HitJII Powcz• 
:Jr.titcl.au , llaval Surf ace Weapons Center , Dah1~ren , V:1 ., pp. 49ff . 
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silicon diode ~ectifiers. The current gen~rator spec i fications required 

a 30-lu\ peak curr ent , 160-IJH load inductance , 500-ps pulse lengt h, 

160-l•F caracitive storage, and a half-sine pulse shape. To meet these 

requi~:c~~nts , the switch paraw.eters ~ere as follows: 

Voltage 

Cunent 

Energy 

Operating frequency 

30 kV 

30 kA 

72 kJ 

1 kHz I 371 

During the same period, Ye. P. Bt!l'kov engaged in significant de

velopment work on repetitive &witching at LPI. Bel'kov ' s reports , pub

lished between 1970 and 1972, dealt with the feasibility of switching 

us , 20- to 100-lu\ current pulses at the repetition r~te of 50 Hz. He 

found the restoration rat~ of the electric strength of the spark gap--an 

important factor in repetitive opera t ion-- to ~e independent of the repe

tition rate if the en~c~y deposit~d In the cap Jid not increASe the 

t empo!rature of the electrodes and of the gas to a significant extent . 

He also found, however , thnt hot spots could form on the electrode sur

faces , because at high reFetition rates there is a high probability that 

the spark channels of a series of pulses will al l terminate at a single 

poin~: . In the eY.pedments reported in 1970, high-power current pulses 

wer e switched a t 50 Hz by a ring-type cnscadP sp~rk gap •~1th a: surface 

area of 51) err.~ . tn repetitive operation the channel could o;ove over the 

electrode area, ensuring a uniform wear . The following were the specifi

cations of th~ swi t ching system: 

Variant 1 Vadant 2 

Capacitor bank 0.12 uF 0.5 uF 

Vol tag€: 50 kV 50 kV 

Repetition ra te 50 Hz 25 Hz 

Pulse length 25 \IS 25 liS 

Peak current 44 kA 65 kA 

Average current 7.4 A 8 A 
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No hot spots were observed at the electrodes and spontaneous dis

charges did not exceed 0.03 percent [B). 

'rhe period of Bel 'kov's publications coincides ~oa th that of other 

LPI authors on r.~.-1.gnetic f lux compression and clectri•: dlsC'harges across 

long gaps. The research on magnetic flux comprcs~ion was uistintuishcd 

t>y a nonexplosive approach , in which t he liner c:orr.pression \~as effertPd 

by electromagnetic forces . The LPI Laboratory of High Voltage Te ... n

nology, together with the laboratury of Gas Discharge and Li gt--:ning Pro-
. 

tection of the Moscow Power Ins titute, work~d on electric discharges 

across long gaps. The results of these effort~ w~re subn•ittcd fo r pub

lication betw~en l968 ~nd 1973 . Following this period, LPI submitted a 

series ~f reports on the effect of a highl y ionized laser channel in 

air ora electric discharge in a lung gap, and on sliding discharges. 

A repetitive tripgered arc switch operating in atmospheric air was 

developed by the Physico- Technical Institute (FTI) in Khar'kov and sub

mitteJ for publication in 1970. The swit ch consisted of tw. 1ir gaps , 

a pulse transforn:er , and a voltage divider. The air &aps were designed 

to allow fo r mutual L~ illumination coupling. Because of the opposed 

transformer windin&s, the transformer inductance did not depend on the 

switched current. The elect rode design allowed for a continuous shift

ing of the arc and prevented arc ejection from the gaps . The switch 

had the following specifications: 

Voltage range 0 to 25 kV 

Peak current 50 kA 

Tt"iggl!r enct"gy 1.3J 

Inductance 0 . ) ~H 

Delay tiroe 0.6 I.IS 

Pulse repetition frequency 1 liz 

Service 1 i fe 3 X 101t shots (9) 

The work c. the FTI team responsible for this ~evelop~ent was limited 

to ..: l osine and 01-ening switches , with the ex..:eption of one author, A. 1\. 

Aksenov, who published in 1979 a paper on ion beams (38]. 
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In 1971, FTI reported on a small, durable, low-inductance spark 

g~p capable of switching currents of 10~ kA. The clect~odes were ar

r anged concentrically to decrease ~lecttode erosion ano to increase 

service life and peak current. M~tal screens were used to reduce metal 

sputtering. The followi ng specifications were obtained: 

Ca'i pressure 

Capacitor energy 

Capacitor voltage 

PeAk current 

OisLharr.e perio~ 

Pulse repetition frequency 

Swi tch i nductance 

Delay time 

'Crigger voltage 

~bin insulate r height 

Main insulator i nternal diameter 

10-~ to lo-s Torr 

1.5 kJ 

50 kV 

300 kA 

1. 3 liS 

0.1 Hz 

26 nH 

2 to 7 >JS 

5 to 15 kV 

8.4 Cl'l 

16 tm 

The a utt:or of this rep(\rt w-rote only on closin~-switch dcl'ign. 

[31 

In 1Cl73, the Kiev P<Jl ytechn.ic rnstillltc! (:<rl) dumo n:.trnte:.l the! 

ic-asihili t y o f on-o(f conrrol of triotrcm .:nd t rh,plt~sme~cron crossed-

field r.1~ ltchcs. These! sHiLc:h~s were t urnecl un by 1 vositlve pul3E' at 

the tri~Rer ci..cctr•1dt a.ud tuntccl c.ff bv n :ducir1;> the n~1~c:netlc field 

to · :~ro or to 1 lot• val ue . 

The criotron was Rt~ble at 15 kY with ~ luad ~ urrent nf JOO A and 

provided <:<'nti nuo~r~< ly :tdju!';tal>l <: puls~J lenr.th from 10 t o 150 us . The 

pulse repc>t i tion fret~uency rant?,~d from a fe1-1 Lo hundreds of 11;-.. The 

jil::er did r.ot: excC'ed 10m;, and Jcl~y tirr.e ran!<ccl from O.n to 0.9 us . 

Tltc 1,ul sE' gencre1tor employing this switch was rude to operate in the 

pu lse burst made by hav i ng the repetition racC' of the trig~er puls;e!i 

much higher than that of the magnetic field aul by usinK a pulse-fo r ming 

line . Under these cunditions , for 15 kV , 200 A, and 7-us pulse length , 

the burst repetition rate \J.lS 100 Hz and pulse repetition rat<! in a 

burst wag 800 Hz (10). 
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The trioplasmatron ~as stable in the long- ond ~hort-pulse nodes . 

In the long-p,Jlse mode , the s~itch operated at 10 to 15 kV , 300 to 500 A, 

1-us pulse length, and pulse repetition frequ~ncy of 250 Hz. Jitter was 

n ns , and c~lay time was 0.65 ~s. In the short-pulse mode , the pulse 

length ~as 100 ns, with 10 kV, 300 A, and pulse repctitt~n rate of 

1500 Hz [11). The KPI team worked exClusively on c rossed-field clocing 

s~itches and ,as not published ~ince 1973. 

The Special Design Bureau for X-ray Equipment (SKBRA) in Leningrad 

submitted a r eport in 1972 on the development of small-size spark gaps 
sui table for parnmei:er ranges of 103 to 10f· t\, 105 to 106 V, and 10-9 

co 10-10 sec. The ~aps ~ere designed for a broad range uf applications 

with a high breakdo•..m voltage stability. The voltage was stnbili?.ed by 

increasing the number of free electrons in the gap at the time of break

down, using for this purpose shaped electrode surfaces ,,ith projections 

amounting to 15 percent o( the gap length. SKBRA developed a two

electrode gas spark gap for operatic~ at high pressure and rulse volt

ages of 100, 150, and 250 kV . When tested with t11o successive pulses: 

(sepat·1tcd by 50 to iO:. u~), the electric strength (\f the spark gaps 

was rescored in 6 ma in N2 and in 2 ms in H2. The follo~ing are some 

of the operating parameters of the switches: 

Gas pressure 

Switched energy 

Switching time 

RNS scnttcr of breakdown voltage 

Pulse repetition frequency 

s~n·icc life 

30 to 40 atm 

0.5 J 

1 ns 

l. 5 % 

50 Hz 

10~' shots [12) 

The: team perfo rminl( the above work has bee~ ent:nged alSo in the 

development of flash X-ray accelerators. 

In 1964, OIYai developed 3 triggered air spark gap rated at ~0 to 

150 kV and 1 to 60 kA. The main purpuse of the (;Wit ch was the achieve

ment of the lowest po~sible jitt~r. low trigger voltage, simplicit y of 

construction, and rel iability of operation. Its operating pdrameters 

were as follows: 
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Jitter 

Delay time 

Trigger voltage 

25 

Pulse repPtition frequency 

Standoff voltage 

5 ns 

135 ns at 100 kV 

5 kV 

0.2 Hz 

102 kV [13] 

The OIYal team responsible aor the above switch is not associated with 

any known project. 

In 1967, a teailt of unknown affiliation reported a ne\1 type of a 

metal-ceramic, low-pressure hydrogen gap, call£d the autron. The switch 

hkd a plasma cathode, consi.iered superior to heated or cold cathodes in 

operation requiring high currents and a wide range of switched voltages. 

The prototype autron switch was rn~ed at 4 kA and 0.2 to 20 kV. A 

pulse repetition rate of 1 kHz was achieved with a current of a few 

hundred A. The power consumption of the plasma cathode did not ~xc~ed 

40 W for a switched current of 1.) kA and average current of 1 A. The 

delay time was SO ns and jitter 25 ns [14]. 

The development of the autron switch had been initiated by A. M. 

Andrianov, who later (197D-1971) headed a res~arch effort on the gen

eration of pulsed MG 11\Clgnetic fields [39,40]. Andriano-.r's institutional 

affiliation is also unknown. 

The Kurchatov Institute of Atomic Energy (IAE) in Moscow reported 

in 1972 on the modification of thyratron-type switches for repetitive 

operation. According to Soviet res~archers, hydrogen thyratrons in the 

GW power range have n delay time of 80 to 300 ns and jitter of 1 to 10 ns . 

Their repetition rate is limit~rl to 20 kHz. Some types of thyratron can 

be boosted above 50 kHz by decreasinq the op~rating voltage. Burkes 

(p. 31) reports better del~y times for U.S . thyratrons (20 to 30 ns) 

although he gi ves only a few hundred Hz as typical for high-power tubes 

[36]. 

ThP. Kurchatov researchers uorked with the tacitron (E. 0, Johnson, 

J . Olmsted, and W. M. Malter, Proc. J.R.E., 1954, Sept., p. 1350. 

A. Hux, Czechoslovak patent, class 21, d. 12/01, No . 909~8, 15-7, 1959), 

a hydrogen switch with a hot cathode, control grid , and anode. A heated 

titanium generator serves as the hydrogen source, as iu the thyratron. 
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The tacitron grid controls not onl7 the iRnition, but also the quench

ing of the discharge at rated anode voltage, because the hydrogen pres

sure is lower than that of the thyratron (0. 05 to 0. 3 Torr) and the 

grid is deoeer. The geometry of the grid is such that for a negativ~ 

grid voltage of a few tens of V, the grid aperture is no larger than 

the thickness of the ion cloud formed at l:he grid surface . 'l'he grid is 

also a good heat sink. To increase the rate of plasma dissipation in 

tt.e tacStron, the negative grid voltage must be restored quickly at the 

diF'.:harge quenching point. Therefore, the grid impc-.:ance does not ex

ceed 100 ohms. Because of these features, current can be turned off lw 

a negative gri~ volto of 150 to 200 V, The anode current does not cut 

off directly atthe end of the grid pulse . Tho discharge qtlcn~hing pro

cess depends on various circuit parameters and ot~er factors. Increased 

current or hydrogen pressure shift the switch into the thyratron mode of 

operation. However, the electric strength of the tacitron ls restored 

iaster than that of the thyratron, because of the mre intense charge 

dissipation due to the grid, The grid control capability of the taci

tron makes it not only useful as a ~dulator with partial discharge of 

capacitive storage having a controlled pulse length , but also makes it 

possible to increase significantly the repetition rate over that of 

thyr.1t rons in full storage discharge systems, because tacitr.,us, as well 

as thyratrons, have a relatively low anode voltage in the conducting 

state. 

Tile Kurchatov. team t ested the .'loviec- produced TGU-l-5/12 tacitron. 

A production model of the tacitr~n was rat~d at 12 ~V, with an average 

power of 12 k'W from a water-cooled anode . The tean• also tested 2Q-kV 

laboratory tacitrons . Of particular interest wa:; the use of tacitrons 

to form ns pulses . The team found that th~ 12-kV production tacitron 

could be used 1n high-power ns pulst-forming lJnes, where they deliver ~d 

curr~nts above 100 A, with pulse rise time not ei:ce~ding 30 ns, delay 

time from 25 tQ 70 ns, and repetition rate not leE.CJ than 100 kHz. The 

experimental 2Q-lrV tacitrons yielded 50G-A curr11nts at 50 kHz and 300·A 

at 100 kH·. , with other parameters equal to those of the production 

tacitrons. 
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The analysis included the operation of tacitrons in the burst mode, 

with a burst repeti,ion frequency of 50 Hz . A burst consisted of 20 

pulses emitted at a repetition frequency of 10 t o 150 kHz . The current 

was 300 A for 12 kV and 500 A for 20 kV. There was evidence that taci

trons in the burst mode could deliver higher current and repetition 

rate . 

The cathode of the tacitron was strongly heated by i on collis ions 

at rated current and high repetition trequency (tens of kHz). Simple 

methods of s tabilizing cathode heater and gr id voltage brought down the 

jitter to 1 ns (15). 

None of t he authors of the Kurchatov Institute team reportJng on 

tacitron development has been found to have published anything else in 

t he pulsed-power area . 

J. OI.D SWITCHES, DEDICATED APPLICATIONS 

Among the repetitive s~itches developed before 1974, only one ap

pears to fit the dedicated category, since i t was produced in the con

text of work on laser pumpiug and microwave generation by means of high

current electron beams. The report on t his switch was submitted in 1972 

by the Physico-Technical Inst i tute in Khar'kov. An air spark gap was 
0 

trigger('-! by a nitrogen gas l aser operatin~ at 3371 A. ':'he power outp•.Jt 

of the l aser reached 30 kW with a pulse !E:ugth of 10 ns . The breakdown 

Wt'S initia te.d hv diRtorting Lhe space-cha-rge f!C!ld with photoelectrons 

gent!rated by quantum energy near che photoioniza t ion threshold . Coher

ent r adiation perm•.ts the use of fewer electrons hccause of the high 

denRity of photons. The report offered no data on gap voltage and cur

rent . Elect rode metals such as Cu, Zn, and Mo were test ed in gap widths 

of 1. 3 to 4.8 mm . The gap switch t.:as int ended for use in Blumlein lines 

that produce short rise-ti•ue pulse~ and require accurate synchronization 

of several high-voltage gaps often spaced long di~;tances from one another. 

Synr.hronization tests of two gap switches 2 m apart sho:o~ed a 1113Xim~.tm 

jitter of 1 ns. The gap <:witches were trigger ed with a rep(!tition fre

quency of 15 to 20 Hz. I11 this connection, gas las~ru were considered 

surerior to solid-state lasers in achieving high switching rates. The 

UV lasers were considered p:orticalarly promising for switches illllnersed 

in water because of the weak absorption of thei r out:put frequer .y {41]. 
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The FTI team performing this work, led by Yu. V. Tkach , was en

gaged during that. pE'riod in experimental research on collective effect s 

of rlasma-beam interactions as a basis of gas lasers and microwave gen

erators (42,43]. It is possibl e that the Bl~mlein line wit.h the repe:

itivt! laser-triggered switch was developed by r.he team in support of 

its work on these applications. 

~. NEW SWITCHES, UNSPECIFIED APPLICATIONS 

After 1973, published materials were found on five closing switch 

types, the application of which was not specified and the dcvelupmP.nt 

of which proceeded without a c l ear context of dedicated rese~rch. Three 

of these were reported by aut' t s whose orgenizational affiliation was 

r.ot known. 

Of the two switches reported by known research i nstltutcs, one was 

de\ loped by IYaFSO, which in 1976 submitted a report on a 300-kV pulse 

generator with a continuously variable voltage and pulse length ~o be 

used as an injector in a hig~-current linear .tccelerator. The repeti

tion rate •1aried from single shots to 25 Hz. The pulse length limit 

was 50 ns, with a 3- ns rise time. The dday ti~ Wets ~ to : n.s . The 

switch, filled with nitrogen at 20 atm, had an automatic powered gap ad

justment and a service life of 10" shots (16). '11te IYaf'SG • :am responsi

ble for this switch has been working exclusively on pul sE'd- po\Jer 

components. 

The second ·repo!'t on a switr.h by a kr:owu r t!search institute was 

submitted for publication in 1975 by the Hining Institute of tht: Kola 

Affiliate of the Academy of Sciences, USSI< (GIKF). The Nining Institute 

has been developing the concept of parallel or sequendal del i.very of 

multiple pul ses to a load. The pul ses may be deljvered frc~ a single 

generator to several l oads or a sequence of ~ulses may be delivered from 

a s ingle gener'ltor to a single load. The problem here is that the 

trigatron in the on-state affects the t r igatron in the off- state, and 

the trigatrons affec t one anot~er through the trigger circuit . Tb~ se

quential dis~harge of two capacitors with opposit e polarity across the 

same l oad ca uses t he vol tage at the off-stacc switch to approach 3 
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double working voltage. Under this condition, the spontaneous firing 

of a trigatron can be prevented by using a switch whose working vol.t<t~~'? 

is l ow in relation to its static breakdoun voltage and t.y providing an 

isolation circuit to eliminate the mutual switch eifects. 

The low- threshold trigatron developed for pulse-burst operation 

by the Mining l11stitute works in air and Js designed for 0. 3 of its 

stAtic brenkdown voltage. The principal feature of the design i6 the 

comHnation of growl<!ed main and Auxiliuy electrodes. Producing se

quential bipolar pulses, the switch showed a capability ~o switch cu~

rent up to 30 kA, 10 ~s l ong, from 10 to 70 kV wi th single or repeti

tive pulses with repP.tition frequencv up to 10 Hz . The mai n gsp was 

65 mm long. TI1e delay t i me varied fru~ 25 t o 100 IJS. 1!1e service life 

of the ~~itch wa& ~omputed to be 500 to 1000 hours at 10Hz [17]. The 

team of the Mining Institute has published no othar materidl on pulsed

power comnonents. 

The following t hree ~witches were reported without identification 

of the producing organization. A report submitted for publication i n 

1975 deFcribed a solid-dielect~ic spark gap designed for repeti~ive 

operation up to 2 Hz . The 9witch included a dielectric tape-transport 

mechanism and a trigg~r system in the form of a needle puncturing the 

tape. The electrode dimensions were 200 x 100 x 5 rrw; the tape was up 

to 2 mm thick; g<ap length, ) , 'i mm; electrode inductance, less th1.n 5 nH. 

~~e switch was tested at ?.0 kV , with a tape speed of 90 mm/s and punc

ture separation of 45 l!DD. At a pulse r ,epetition rate of 2 liz, a 100-m 

tape provided a series of 2200 shots. The maximum switchE. energy was 

400 J [18]. 

A triggerei vacuum spark gap was reporte1 in 1975 with the follow

ing sp€cifications: 

Voltabe range 1 to 20 kV 

Cur~~nt 500 kA 

Pu]RP. l ength (first half per iod) 5 t0 100 IJS 

Pulse repeti tion rate 

Service 11 fe 

0.1 Hz 

5000 shots 

UNCLASSIFIED 
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In 1978, the following specifications were published for the IRT-4 

ignitron: 

Voltage range 0.1 to 50 kV 

Switcherl current 200 kA 

Pulse length -:.>o P'i 

Delay time 1 ps 

Jitter 0 . 3 ).IS 

Pulse repetition frequency 2 Hz 

Service life 105 .;hots 

Switch diarueter 190 mm 

Height 480 mm 

Weight 10 kg [20) 

5. NEW SWITCHES , DEDICATED APPLICATIONS 

Of the eight repetitive switches considered here that were reported 

after 1973 and developed in the context of explicit applied-research 

goals, three are u~ed in pulsed-power components for lauer pumping, 

three are part of the equipment for high-energy particle physics re

search, one serves in an ondulator machine, and one in an ele\tron beam

material inter3ction devic~. All eight were reported ty known research 

institutes. 

'fhe laser-pt;~~~p accelerator switches offer a r are example of suc

ces~ive switch development . In 1975, lOA of the !o~sk complex reporte~ 

a high-pressure repetitive gas gap switch for an electron accelerator 

wi<;;h a beam cross-section of 1000 x 100 mm2. 

The gas gap. filled with nitrogen at 3 to 8 atm, operated at 400 kV, 

8 kA, 25-ns pulse l ength, delivering an average power of 5,S kW, The 

pulse repetition rate ·,.,as 100 Hz witil forced blowing at 1.5 1/s. The 

gap switched a pulse-forming line (PFL) to the diode . To facilitate 

the operation of the gap, the PFL was a single co~xial line • . reducing 

th~ current through the gap to half that of a Blumlein line. The gap 

~perated during the first half of the charging voltage wave [21) . 

The further development of t.hi~ switch was continued by lOA ' s suc

cessor in the puls ~-power area, the Institute of High-rurre!\t Elec

tronics (IS E). In 1978, l SE submitted the results of attempt~ to 
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improve the current stability of the switch by increasing thL gas flow 

rate. The pressut:e range of t he experiments was compressed to three 

points of 3, 5, and 7 atm of nitrogen, Closed-cycle blowing was ac

companied by drying with KOH and cooling. The 3 em gap, which had steel 

hf'mispherical electrodes 8 em in radius, was installed in a 40-cohm PFL 

charged to 300 to 500 kV in 25 ps by a tesla transformer. For a pulse 

repetition rate of 50 Hz, the stability threshold of the gas fl~w rate 

was 2.: m/s at all three gas pressures . ISE found that for a given 

pulse repetition rate, an optimum gas flow rate can be obtained to keep 

the parameter instability of the gap s~itch within 1 percent [22]. 

The parameters of the electron beam of this accelerator suggest 

the application to laser pumping. One of the authors of the ~hove team, 

F. Ya. Zagulov, participated at the time in the devel~pment of a high

power N2 + Ar laser [44] . 

A low-pressute triggered hydrogen gap switch was reported in 1976 

by the Khar'kov Institute ,of Radioelectronics (XhiR) . The metal-ceramic 

switch, operating at 0.2 to 0.3 Torr, was designed for a voltage range 

of 400 V to 30 kV. It was rated up to 30 ~~ for single shots and up to 

2 kA for 100 Hz. The pulse length was 5 ~s; delay time, 0.4 Ps; and 

jitter, 10 ns. The switch was intended for an electron accelerator used 

as a laser pum~ [23). The seal for the switch housing was made of a 

high-melting glass enamel patented by one of the authors in 1973 [45). 

No other pulsed-power materials have been publis~ed by this institute. 

RepetitivP. switches in support of hig~-energy particle physics re

search were developed ~y several institutes heavily engaged in such 

work. In 1974, OIYal reported 3 three-gap vacuum gap for spark chambers 

operating at a pulse repetition rate of 20 Hz. The main specifications 

of the switch were as follows: 

Operating voltage 8 kV 

Peak current 80 A 

Pulse rise ti;;:c 10 ns 

Delay time 30 ":o 60 ns 

J i tter 7 to 15 ns 

Service life 2.5 X 106 shots 

Repetition rate 20 Hz 

UNCLASSIFIED 
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The switch was described as reliable and easy to manufacture [24]. 

In 1971, OIYai developed a fast-actin.g, three-gap air switch for 

spark chamber power supply . Designed to ope~ttc at a pulse r~petition 

rate C1f a few hundred Hz and MW pulsed pouer, the switch avoided the 

trigger gap problems of standard three-electrode gas gaps, but retai&ed 

their advantages of being simple in design and maintenance and reliable 

in operation. The switch consists of the m&in , trigger, and ch~nt gapR . 

The principal departure from the standard three-electrode design is 

that the trigger gap contains a high-permittivity ceramic bushing which 

tightly surrounds the electrode r od and fills the triggP.r ~ap. The 

trigger electrode design fol l ows the spark plug principle. A trigger 

pulse of negative polarity travels across an RC circult ~o the tr~~~~~ 

electrode, where it sets up a strong electric field gradit:nt across ~ i .... 

end surface of the ceramic bushing. The :JWitch to~ithsi:ood 106 shots ~!: 

9 kV and 1.5 kA. The delay time was 60 ns; jittE:r, 5 ns; a;;:! !)ulsP ri~P. 

time, 10 ns (25]. 

In 1975, the Nuclear Phys!c~ Instttute of M~sc~w State Uoivercity 

(IYaFHGU) submitted a report on a Marx generat'.'r switch '!""lt~·l :!1 17 kV 

and 30 Hz without the need for forced g~s blowing or spnk !"•! :•.•.-Lment . 

The Marx generator was part of a power supply to a spark chamber [26j. 

I · 1976, IYaFMGU reported a three-electrode cascade switch for 

currents above 100 kA, featuring high electric strength, minimal i~duc

t ance , and long service life. Designed for 50 kV and 500 kA, the switch 

cperated with N2 at 10 atm with aut omatic blow-throueh. A system of one 

cylindrical and two disc-type electrodes yielded an inductance of 15 nH 

and allowed for a prebreakdo~1 ovcrvoltage of both gaps, significantly 

decreasing the jitter. The switch had withstood 1200 shots at a 0.05 Hz 

repetitior. rate. With forced cooling, the repetition rate was brought 

up to J t;z. The switch WCIB part of a high 1;13gnetic field generator for 

a high-energy particle accelerator [27} • 

. JOA submitted a trigger~d arc switch design for public3tion in 

1976. The distinguishing character istic of the design was the forced 

motion of the ar.c by a magnetic field to pr otect the electrodes and 

thus to increase the maximum switched energy. The -Nitr.h, designed as 
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part oZ power supply to a magnet intended for ion sources and ondu

lators, had the following specifications: 

Voltage range 0 .4 to 3 kV 

Peak current 36 kA 

Switched t1nergy 70 kJ 

Inductance 50 nH 

Delay time 14 IJS 

Jitter <1 IJS 

Pulse repetiti0n frequency 0.1 Hz (28] 

In 1977, the Institute of High VoltaKCS (IVN) in l'omsk submitted! 

a repoTt on a pulsed- power system for shaping nonconducting materials, 

such as concrete. The system, which used forced air blowing and UV 

sp.lrk trigg~ring, cousisted of a resonance transformer and a pulse cur

rent generator. The switches in the tranRfo~r primary were multiple 

spark gaps with rotating cylindrical electrodes cooled with running 

water and operating in atmospheric air. The switches were rated for 

50 kV, 20 kA pulses with a repetition frequency of up to 20 Hz (29]. 

The same $Witch, which had been devehped by V. V. Khmyrov in the 

1960s and reported in a book published ln l970, was used in the primary 

of a resonance transformer powered electron accelerator rated at 300 ~v. 

15 kA, 34-ns pu.l&e length, with a repetition rate of 150Hz . J.n this 

application, the rotati ng-electrode switch operated at 30 kV, 15 kA, 

150 Hz for over 10~ shots . The forced-air waH hlown a t the rate of 

15 m/s. The accelerator was designed for flash X-ray and laser pumping 

( 47). 

In 1°/8, rrt developed a ne~ method of increasing the power of mag

netic pul se modulators up to 30 MW. Thc .method, based on a parallel 

connection of coils wound on standard cores, facilitate::. col'e rooling 

and allows for a reasonable number of coil turns while maint~ -•llng a 

sufficiently low inductance. TChi-100 pulse thyristors arc u~ed as re

petitive uwitches . The resulting magnetic modulator delivers pulses of 

50 kV, 30 MW. 1.5-~s length, 0.4-IJ!l rise time, and repetition frequency 

of 1kHz. The modulator was dev~loped for laser pumping [30). 
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Appendix B 

SOVIET SINGLE- SHOT SWITCHES 

Data on singl e- shot switches are summarized i n Table B. l. The 

switches are then described by type in the same order as they are listed 

in Table B.l . The appendix closes with a short account of Sovi et re

search on the problems ~f switch electrode erosion. 

1. TRIGGERED GAS GAP SWITCHES 

The r epeat ed switching of higr. currents requires the parallel op

eration of multiple swi tch channels , since a sin~le-channel operation 

entails severe penal ties of electrode erosion and the destructive action 

of mechanical and t hermal shock. Parall el operation, i n turn , calls for 

high reliability and low jitter of the indivi dual swi tch elements. In 

addition, many application~ of the tri gger ed gas gap switches, such as 

high- powered Marx generators, r equir e a high voltage rise rate and short 

switchi ng delay time . 

a. Trigatrons 

In developing the trigatr on, the most widely used trigger ed gas gap 

switch , the Soviets have sought to optimize the abov~ per formance char

acteristics and to overcome t he trigatron 1 s l imitations. The nX>I'It im

por tant of thes'e are t he narrow range of operatinr. voltag~s available 

without changing the gap length and gas pressur e , the effect of trigger 

polarity and overvoltage on per formance, and the n~ed for isolation cir

cuitry (48,58]. By the mid-1970s , Soviet res~"archers had accumulated a 

sizabl~ body of design data for the trigatron, particularly relating to 

high-voltage {>1 HV) and high-cur rent (from 0. 1 to 1 MA) switches . 

The Institute of Atmospheric Optics (lOA) in Tomsk focused on the 

use of a large number of parallel discharge channels to optimize the 

~peration uf these switches . The stable operation of such channels re

qui r es t hat a : tf , where ~ is the jitter of t he delay time and tf is 

the transit t i me of an el ectr omagnetic wave between nei ghbor ing channels. 
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Table B.l 
u 
~ 
t; TRI GATRONS 

~ 
Delay --- Gas 

Voltage Current Time Jitter Composi- Pressure 

d Year Developer (kV) (kA) (ns) (ns) tion (atm) Remarks Ref. c:l 
~ . Old Switches • 0 n 
t-' 1973 lOA 1200 30 5.1 o.s SF6 :N2 6 Two trigat r ons t-t 
;r. i n paralle l [47] ;r. 
rll 1973 IVN 1000 22 air 16 Distorted- field w rll 

trigger, 5000 ~·hots [48] V1 

fll CD .... .... 
~ 

Ne!W Switches IS!J .... 1974 IOA 380 130 5 0 . 5 SF6 :N2 4-11 8 channel s [49] .... 
ttJ ttJ 
t=' 

1975 Pavlovskiy 500 250 8 1.2 SF6 10 6 channels t=' 1000 shots [SO] 

1975 Pavlovskiy 100 22 50 10 SF6 3-15 1500 shots [51] 

1976 IYaFEA · 15 10 10'! 500 air 1 Plaoma trigger 
1000 shots [52] 

1977 IW 75-100 SGO 10 air 1 7 t rigatrons [53] 

1977 ISE 400 3.5 0.5 SF6 :Ar:N2 10 8 channels [54 1 



Table B.l (c.ont 1d) 

MULTIELECTRODE CAS CAPS 

Delay -- Gas 
Voltage Current Time Jitter Compos!- Pressure 

Year Developer (kV) (kA) (ns) (ns) tion (atm) Remarks Ref. 
-----· 

Old Switches 

1967 TPI 50 200 1 Air 1 [34} 

1969 TPI 30 40 . Air 110 Torr B.aT103 [5Sj 

ct 1969 TPI 4 4 Air 1 i55 l d 

• 1973 IAE 1~0 100 8 4 Air Blow- ~ 
n through [56] n 
t-t t'4 
;.. New Switches ~ 
aD 1975 IYctFEA 1500 24 2.3 s,ooo shots f57j ~ Ul o3' 

til arJ 1975 IVN !00 15 1.5 N2 2-7 [5d} ..... ..... 
I!J 1975 Pavl ovskiy 15-75 3 N~ [ 5oJJ ~ 
..... 1976 IYaFSO 50 1000 N 10-15 Frangible t-4 

ttJ 
?. ~ electrodes {60) 

tt tJ 
LASF.R-TRIGCERED GAS GAPS 

Laser 
-- Gas Pulse Rise Pulse Wave-

Voltage Compos!- Press.~.:re Length Time J itter Power Length le1Jgth 
Yea..- Developer (kV) tion (atm) (ns) (ns) (ns) (klol) (ns) (A) F.ef. 

i : 
1972 lOA 300 Nz 10-15 100 4 150 20 10 3371 [61) 

.. 

. i 

h . 



Table B.l (cont 1 d) 

WATER SPARK GAPS 

PFL Data -- --Switch-
I Char ging Delay 
I Voltage Current Impedance Time Time Jitter 

r 
Year Developer (kV) (leA) (ohms) (ns) (ns) (ns) Remarks Ref. 

Old Switches 

1964 IYc:.FSO 200 200 1 Triggered 

I , 3.- e l ectrode [62] 
d . d 1970 IYaFSO 3000 120 0 . 7 Untriggered [63] • 1973 naFSO 1000 110 2.3 600 Untriggered (64} • ·0 ~ 

It-' 1973 I.\E 250 50 1.3 30 3 Laser trigger t-' SCO MW, 20 ns :r- Laser beam [65 ] ;a. 
112 w I'll 

New Switches 
.... 

ell fD .... - .... 
tJd 1975 IAE 270 1.1 0.05 10 Untr iggered [66] ~ .... 1976 IVN 250 9 . 3 0.76 45 Untriggered {67] ... 
bLJ 19/6 IVN 100(i 4.6 0.75 200 15 Triggered l!IJ 

= 3-el ectrode [68) t=' 
1976 IVN 200 4.6 0 . 80 128 6 Trigat:ron 

1 channel [68] 

1977 IVN 860 4.6 0.75 170 8 Trigatron 
3 channels [69] 

1977 IVN 1000 200 1~ Triggered 
3 channels [ 69] 



c=t 
~ 
n 
t-t 
> 
rll 
rll .... 
~ .... 
t.!!J 
~ 

Year 

. 1970 

1974 

1974 

1975 

1977 

Table B.1 (cont'd) 

OIL- FILL.ED SWITCHES 

Delay 
Voltage Current Time 

Year Develope;: (kV) (kA) (ns) 

New Switches 

1978 IVN 350-450 <60 

1978 !VN 130 65 

1978 IVN 20 

TRIGGERED VACUUM GAPS 

Voltage Current. Inductcmce 
Developer (kV) (kA) (nH) 

Old Switch 

Unident . 20 200 

New Switches 

LPI 5·0 10-1200 6 

LPI 10 

Ll'I 1-100 1500 15 

KhPI 250 

Jitter 
(ns) 

<10 

4 

6 

Delay 
Time 
(~s) 

0.2 

0.2 

0 . 2 

Type Ref. 
---

Tr igatron [70] 

Triggered 
3- electrode [ 70] 

Untriggered [70] 

Jitter 
(ns) Remarks 

100 

20 5000 shots 

20 

Ref. 

[401 

[71] 

[72] 
{73] 

[H ] 

~ 
00 

d 
~ 
~ 
t-t 
~ 
CIJ 
112 .... 
~ .... 
1.1.1 
~ 



Table B.l (cont~d) 

SURFACE-FLASHOVER SPARK GAPS 

Rail Delay 
Voltage Curre.n : Inductance Resistance Length Time Jitter 

Year Developer (kV) (MA) (nH) (Mohm) (em) (ns) (ns) Ref. 

1976 LPI 40 2 5 7 45 40 10 [75) 

1979 LPI 50 5 0 . 5 2 100 60 10 [76) 
--

d UN'I!RICCERED GAS GAPS c:2 

• -- ~ 
0 -- G.as Pulse Rise 0 
~ Voltage Curren:: Composi:- Pressure Length Time t-t 
;.. Year Develope r (kV) (kA) tion (a tm} (ns) (ns) Remarks Ref. ~ ' 

~ CD Old Swi.tch w m 
I \D 

I 
CD C'IJ .... 1971 IYaFSO 300 3 N2 16 100 8 RIUS-1 ... 
ltd accclera~;or (77] I'd 

I 
.... ... 
l!!J New Switches tiJ 
'=' '=' 1974 Unid.mt. 350 26 SF6 15 35 4 [78) 

I 1974 ITEF 45>0 3 SF6 9-16.5 1 [79] 
1975 OIYai 4SO 18 SF6 (SO ] 

l 1975 IYaFEA 100 20 N~ 2. 7 Tonus-II 
200 shot s f81] 

1976 FlAN 700 100 SF6 1.5-4 30-40 ITTTpu"L 1SJ (82) ,, 
j 
\ 



r 
l 

~ • ~ 
t-1 
~ em m .... 
~ .... 
tiJ 
~ 

Year 

1969 

1970 

1971 

l9i3 

1973 -
1975 

Table B.l (cont'd) 

THYRISTOR SWITCHES 

Switch 
Voltage Current Pulse Area 

Year .Developer (kV) (kA) Length (cm2 ) Remarks 

Old Switches 

1972 narso 150 1!10 DIS 227 22') units in 
series-parall el 

1973 FTII 1 Laser activator 

New Switch 

1977 FTII 2 1 50 ns 
switching 

time 

ELECTRON-BEAM-TRIGGERED GAS GAPS 

Developer 

TPI 
IYaFSO 

lOA 

IOA 

IOA 

lOA 

------ Electron Beam -----

Voltage 
(kV) 

400 

400 

350 

H30 

130 

150 

Current 
(k.:\) 

----
0.100 

O.OJO 
2 

0.100 

0.130 

PI Lf;~ 
Ltfngch 

(ns) 

20 

.5 

5 

30 
---

--Switch-
Voltage Current 

(kV) (kA) 

Old Switches 

!.2 

300 

iOIJ L.O 

1500 

New Switch 

175 40 
·------ .. 

---- Gas 
Composi- PressurP. 

tior. (atm) 

N;~ 3-15 

Nz 8 

Nz I 

N2:SF6 4·-11 

Delay 
Till'e 
(ns) 

20 

1 

15 

·-- r_ "' _ _ _ __________ _ 

Ref. 

[83) 

[84 ] 

[85] 

Jitter 
(ns) Ref. 

[55 } 
1 [86} 

[81} 

[88} 

0. 8 [891 

[90] 

~ 

0 

d 
~ 
~ 
t-t 
> 
C'll 
C'll 
~ 

I!!J 
~ 

~ 
~ 



\ 
· ~ 

d • n 
till 
:.. 
riJ 
fll 
~ 

~ 
~ 
l,I!J 
t:J 

Year Developer 

t959 IYaFSO 

1970 Yefremov 

1970 Uni.dent . 

1972 lED 

1972 "i'efremov 

197:l KPI: 

1977 KGU 

Voltage 
Type (kV) 

-
Artatron 10 

Mechanical 14 

Plasma jet 6-25 

Plasma jet 150 

Mechanical 80 

1 r ioplasmatron 0.4-30 

lgnitron 0.1-20 
·-·------

Table J.l (cont ' d) 

SPECIAL SWITCHES 

-
Uelay 

Current Tim<! Jitter 
el (kA) (ns) (ns) Remarks Ref. 

Ol d Switches ~ n 
10 ms pulses [91] t-t 

36 3 . 5 Laser- punctured dielectric {92] :.. 
{93] 

s::- flj 
50-16(; 350 ..... 

fll 
200 <100(\ (94] .... 
150 500 100 [95] ~ .... 

25 1000 50,000 sh. t s [96 ] tiJ 
NC\7 Swi tch '=' 

100 200 IR'!-3 (97) 
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IOA found au optimuc:. voltage of th~ trigger pulse which produces a m.ini

mum delay ti~~. The institute also found that (1) increasing •he numbe~ 

of channels from one to two cut the voltage fall time (switchin~ time) 

in half, even when the cur-~nt is not equally distributed hetw~en the 

two -:::laMels , and (2) for 1o-kA currents, the risE: in channd conduc

tivity is possible without channel expansion, i.e., the initial cross

section of the channel is sufficient to cDtry 10-~~ curr tts [47). 

Noting that D. Harkins in the United States had obtained ~ delay 

time of ?.5 ns and a jitter of 2 ns (IEEE Trans., 1~71 , NS-18 , No . 4), 

the Soviet resean.ners claim to have developed trigatron:; with a sig

nificantly shorter delay ti.me, allowing for the parallel operation o~ 

two trigatrons with a 0 .27- ns trans~t time between the t...,o, The triga

trons ~ere filled with 0.08 SF6:0.92 N2 at 6 atm. The Soviets quote a 

delay time of 14 ± 0.8 r.s for a trigger voltage of 290 kV and trigger 

circuit res istance of 10 kuhm, For 1 kohm5 the delay time is quoted as 

6.9 ± 0.13 ns, A minimum delay time of 5. 1 ns with. a jitter of 0.48 ns 

was obta.~ned for 140 kV ;:rigger voltage. The switching volt age was 

1.18 MV. These trigatron charactenstics were found to b'l r ractically 

the sa~e with ~r without a protruding insulator [47). 

IOA researchers compared swit"h ot~eration in pure N2 and in a mix

ture of 0.9 N2 and 0 .1 SF6• They developed a 40a..kV trigatron with 

eight parall~l channels in a single gap switching a current of 130 kA . 

For 3 ;0 kV, the delay ti~ inN? was 12 ns and jittet was 1 ns; in the 

mixture the delay time was 5 ns and jitter 0.5 ns . For 280 kV, the de

lay ":ime in th£. mixture was 10 ns and j1.tter 1 ns . Accordin~ to the 

rLport, over one-half of the stored energy is lost l n a single-channel 

switching ~f 130 kA, while the loss observed when all eight channPls 

operate doe~ not exceed 10 percent of the stored energy [49) . 

The Institute! of High Voltages (I\'N) in Tomsk developed an air 

trigatron that opera ted on the distorted-field principle at atr:10sphcric 

pressure. The fie ld was distorted by an auxiliary trigger ~park ~cross 

an insulator bushing protruding into the gap. The spark was produced 

by a 50-kV, 0.5-~s pulse from a trigger generator. Field distortion 

was measured by the quantity h/s, where h is the distance the bushing 
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protrud~s into the gap and s is the gap width. The minim~ operatin~ 

voltage of the switch is a linear function of h/s up to h/s • 0.6. 

Abovl! this value, the switch operate9 practically at any voltage up to 

self-breakdown. The sw!.tch also operated in a sharpening mode at 

16 atm for 1-MV pulses with SO vs rise time and jitter of 22 ns. The 

&witch withstood 5000 shots without replacement of parts and without 

changes in its charactet istics [48] . 

The more recently developed plasma trigatron, operating in atmo

~phccic air , can switch 10 kA currents within a wide range of voltages . 

In this type of switch, tht: discharge is triggered by an ionized F .. -; 

jet formed at high pressure.. An insignificant wear of parts distin

guishes the plasma trigatron. Only the insulation in the firing chamber 

is degcadP.d iuring th~ triKb-ring p~ase. The Institute of Nucleat 

Physics, Electronics, and Automation (IYaFFA) in Tomsk repo~ted that 

the delay time vAries wlth the operaling voltage and can reach 30 ~s 

for a breakdown voltage of 10 to 35 kV. The switch operates in the 

range of 0 to t 15 kV and 10 to 104 A with a delay time of 10 vs and 

trigger pulse energy of 0. 5 J. The jitter does not exceed t 5 ~ercent 

of the delay time. The current rise time is in all cases less than 2 

percent of the delay time. No changes in the performance were observed 

in 1000 shots [52]. 

Trigatrons have also been developed for parallel operation without 

the isolation circuitry. The IVN designed a system of ;even trigatrons 

th~t switch a total current of 500 kA at 100 kV with a 10-ns jitter. 

No gap adjustment was necessary wlthin a voltage range of 75 t~ 100 kV, 

while the electric strength of the main gap was 120 kV [S1]. 

A recent rP.port emphasiz~J the importarce of the multiple parallel 

spark di sc:1arge at high pressure as a mea!ls of in .... :easing the rise rate 

of poto·er ,i . • he lo.-d, enhancing the efficiency of the switch, and ex

tending its servic~ life. The Institute of High-Current Ele~tronics 

{lSE) in TQ~sk ha3 been investigating an eigh~-channel trigatroo for a 

coaxial , 400-kV PFL wl~h a charging time of 1 vs . The switch ~ith a 

ring geometry has a 1.-n® gap and elght trigatron pins. Each pin re-

ceivecl a 2Q-kV pulse witl 7··ns rise time and a 120-ns tail . For a 
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gas mixture of 0. 8 N2:0.l Ar:O. l SF6, yielding a maximum voltage rise 

" '•!, the delay time was 3 .5 ns with a jitter of 0.5 ns [54]. 

Multiple--channel trigatrons were also developed by the research 

-> \&P headed by A. I. Pavlovskiy. In 1975 the group reported a dx

channel trigatron for a 2-ohm water pulse-forming line (PFL) charged 

to 500 kV in 1 vs. The switch, filled with SF6 at 10 atm, delivered 

0. 1.5-~~ current pulses of 20 ns, with a •1s~ time of 5 ns, delay time 

of 8 ns, and jitter of 1. 2 ns . The service life of the switch was 

1000 shots [50] . At the same time, the group submitt~d a report on a 
lOo-kV trigatron switch filled wit~ SF6 with pressure variable from 

3 to 15 atm. The switch del:vered c~rrent pulses of 22 kA and 1 .25 kJ, 

with a delay time of 50 ns I jitter of 10 ns. The service life was 

1500 shots (51}. 

b. Multielectrode Spark Gap Switches 

The advantages of multielectrode spark gaps are high st~bility , 

or low jitter, and the capabil.~y for a broad range of operating volt

ages witho'-· adjustment of the electric ~:J trength of the gap. The d1s

advantage is complex design for compressed- gas operation, particularly 

in systems with distributed ~arameters [48]. 

In the •tid-1970s, I VN developed three-electrode ga.s spark gaps for 

pulsed-power generators . lhe spark gaps, rated at 10 to 100 kV and 

triggered by the change of potential of the auxiliary el~ctrode, useq 

N2 in a pressure range from 2 to 7 atm. Delay t ime was 15 ns, acd 

jitter 1.5 ns . A voltage generator has been designed with the fol low

ing characteristics: 

Inductance 

Pulse front at 10 kohm load 

2.5 x 10-6 H 

10 ns 

Peak output voltage at 1 kohm load 450 kV 

Short- circuit current 55 kA 

Delay time 

Jitter 

'-10 ns 

10 ns 
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The ~urchatov Institute of Atomic Energy (IAE) in Moscow had at 

that time been putsuing the development of low-inductance spark gaps 

wit~ a long service life, with provisions for gas flow and an external 

surge t.ank. Anothe-c feature to ensure durability of the switch was a 

·removable plastic bushing inside the main insulator used to shockproof 

the structure. The continuous compressed air flow reduced the proba

bility of thennal breakdown and removed the products of electrode ero

sion. The spark gaps operated at 4 to 5 atm, 150 kV, 100 kA and sus

tained 1000 shots without deterioration. Polishing the internal walls 

of the gap permitted sustained operation at 100 kV, 100 kA for 10~ ~h~ts. 

Using the distorted field tri&~er, the delay time was 8 ns with a 4-ns 

jitter [56]. 

In 1975 A. I . Pavlovskiy's research group submitted the results 

of tests of a sharpening switch in N2 3nd in SFs. The switch operated 

at 15 to 75 kV with a 15-ns pulse length anci 3-ns jitter. In N2 the 

pulse rise time varied from 1.5 to 13 ns; i n SF6, from 2 to 16 ns [59]. 

Studying the problem of voltage stabilization with high-power spark 

gaps, lYaFEA found that with a three-electrode switch in SFs, the volt

age instabil!ty was less than 1 percent. H~wever, the three- electrode 

switch can be used Jor voltage stabilization only with pulses having a 

flat plateau [98]. The institute also reported on the operation of 

these switches in the 1.5 MV-Tonus accelerator over a 3-year period. 

After 5000 shots without gas replacemert and overhaul, the delay time 

we. 24 ns and jit:ter 2.26 ns. An analysis of the fi~ld distribution 

across the insulator showed that the switch lengtu could be reduced 

from 38 to 27 em without degrading the electric s trength; the shorter 

length signifi::antly lowered the inductance [57]. 

The Institute of Nuclear Physics in Novosibirsk (lYaFSO) recently 

reported on an MA switch with frangible electrodes . The low-inductance 

(<8 nH) switch operates at 50 kV in 10 to 15 atm of N2 • One or both 

main electrodes are plates that disintegrate upon the passage of the 

current pulse, ensuring the eff~ctive removal of electrode erosion prod

ucts from the gap and reducing the shock sustained by the switch 

structur~ [60]. 
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A multielectrode air spark for l OQ-kA currents, ooerating at 8 to 

50 kV without isolat!on circuitry was reported in 1967 by Tomsk Poly

technic Institute (TPI). At 50 kV and 200 kA, the switching tim~ was 

15 ns with a jitter of l ns. The service life of the sw•tch was well 

over 1000 shots [34). 
In 1969, TPI investigated avalanche discharges for switching ns 

and sub-ns current pulses . In one switch design, the 3D-kV, 40-kA 

switch produced a pulse length of 5 ns at 110 Torr of air, using a 

BaTi03 ceramic. In another design, a 4-kV, 4-kA switch produced a pulse 

length of 0.15 ns at atmospheric pressure [55). 

c. Laser-Triggered Gas Gaps 

In 1972 IOA submitted a report on a gap switch for a 10-ohm glyc-
0 

erin PFL triggered by a 2Q-ki-T, ID-ns pulsed laser operating at 3371 A. 

The switch wa~ filled with N2 at 10 to 15 Ptm. Designed for 80 to 300 

kV and 100-ns pulse length, the laser trigger produced a pulse rise 

time of 4 ns and jitter of 150 ns [61). 

2. WATER SPARK GAPS 

Spark gaps for use directly in deionized water in conjunction with 

water PFLS were developed in the early 1960s at IYaFSO and in the 1970s 

at IVN in Tomsk and IAE in Moscow. In 1978, IYaFSO published n compre

hensive historical account of the development of the water- insulated 

accelerator technology [bl]. While the account goes beyond the immedi-
• 

ate switching issues, it provides a useful context for water-switch de-

velopment and is outlined below, The IYaFSO account i s followed by an 

analysis of the basic types of water switches developed at IAE and IVN. 

The development of water dielectric systems was sti~·1~ted by the 

need for magnetic field generators with a fast rise rate (>105 V, 

>105 A, <10-7- s rise time) to produce collisionless shock waves that 

would heat pla~ma to fusion temperatures. According to the IYaFSO ac

count, work proceeded in t~o stages. 

In the first s tage, at G. I. Budker's suggestion, in 1963 the 

l aboratory directed by Yu. Ye. Nesterikhin at IYaFSO began research on 
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the use of water as dielectric in low-impedance current generators. 

The method of purifyiog water with ion-exchange resins was borrowed 

from the I - ~· t. ' lork with atomic reactors. Experimental data on the 

use of ~dter in high-voltage storage systems were obtained from a paper 

by V. Sherrer of the U. S. Naval Research Laboratory (NRL). 

In 1963-1964, IYaFSO, using a gap at 300 kV and pulse length of 

1 to 3 ~s, found the electric strength of water to be of the order of 

300 kV/cm. Bubble formation was eliminate~ by outgassing and applying 

a 25- atm pressure. It was noted later that a fast flow of water 

through the system would also prevent bubble formation. 

In 1964- 1965, IYaFSO built a pulsed-current generator with a 

water line an:t a triggered water spark gap, called the Vodyanoy . 

Nesterikhin and others patented the system in 1966 (the patent was pur

lished in 1970). The generator operated with water under 25 atm of 

pressure. Gas- filled shock absorbers were used to o;.·eaken the hydraulic 

shock from the gap discharge. The triggered gap consisted of three 

electrodes at the end of the water lir.e charged to 200 kV in 1 ~s . The 

KaP switched 200 kA in 30 ns . The current rise rate was 5 x 1012 A/s . 

These results, announced at the All- Union Conference on Nsec Pulsed

Power Technology in 1965, wtre received with skepticism, Rince the high

est currents used at that time were 1 kA. 

In 1967-1968, IYaFSO built a magnetic field generator with a rise 

time of 10-7 ns and a fall time of 3 to 4 ~s , using water lines and 

switches. It was then found that the electric strength of a liquid 

di elactr!c decreases as electrode surface and charging time increase. 

The first resul tR of the system' s use to generate shock w~•es were an

nounced in 1968 [62]. 

In 1970. IYaFSO described an untriggered water spark gap for the 

PFL of a flash X-ray machine . The PFL was charged to 3 MV in 0.7 us. 

The spark gap current was 70 to 120 vA with a pulse length of 60 ns [63]. 

In 1973, IYaFSO submitted a r~port on the Vodyanoy accelerator, 

which featured an untriggered water switch operating at 110 kA , 1 MV, 

and pulse length of 45 ns. The swit.:h had a gap length adjustable from 

3 to 4 em and a maximum inductance of 60 nH. Because of it~ large 

j 1 tter of 600 ns , . Jt-to-shot voltage varied from 800 to 1100 kV 

[ 64 J. 
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The oecond stage in the development of high-voltage wa ter technol

ogy was represented by the high- current electron accel erators developed 

during the 1970s . The IYaFSO experience i n the first stage served as a 

foundation for the expansion of this technology t o the megavolt ran~e 

at IYaFSO and other institutes. In 1970, IYaFSO began hea~ir.g plasma 

with i ntense rel ativistic electron b~s ( IREB) , which excited col

lect ive oscil lations in plasma. 

GeneratoAs with water insulation require fast primary s torage , 

prefnably with a charging time of 1 JIS. However, MJ stores need a 

longer charging time . Budker suggested tha t 10-~s charging time could 

be tolerable in a water s torage, if the electric strength of water 

were boosted by high pr essure. IYaFSO found in 1969-1970 t hat 130 atm 

increased the electric strength of a 0.3- cm gap to 600 kV/cm for a 

lQ-ps pulse length. Maxwell Laboratories performed analogous work 

in the United Sl ates a few years later (1974 publication) . IYaFSO con

firmed the dependence of t he electric s trength of wat er on pr~~sure . 

It also determined that smooth, aged electrodes increased the el ectric 

strength of water. 

In 197Q-1971, IYaFSO built a megavolt storage with water at 100 atm. 

At 1 .1 MV, the field intensity in the stor age sys t em reached 190 kV/cm. 

In 1971, D. D. Ry~tov proposed experiments t~ measure the el ec tric 

strength of ~Jater under conditions that excluded electrode effects , by 

creating electrolyte l 2yer s at the electrodes . This m~thod increased 

t he electric s trengt h of water to 1.3 MV/cm for a 5- us pulse. 

In 1972, the MV storage ~•e used t o build the Vodyanoy acceler

ator, which W3S used i n experiments with electr on beam transport and 

beam-plasma interaction in the fusion GOL-1 device. For further plasma 

interaction research, the VodzJann., accel erator was rece •• tly improved by 

the installation of a triggered gas rap and a remotely contro1led sup

ply of anode foil. 

The large difference i n the dielectric constant of water ar. ..,; 

solid dielectr ics usE!d in the accelarators necessitated research on t he 

problems of field concentration~ and remedial measures . In 1971-1972, 

IYaFSO studied the efff!cts of monolithic and film diel er.trics in water 
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accelerators. Since 1973, it has been investigating MV-acce1erator 

courponents, inc-luding switches, with water dielectric and de.s1.gn1ng new 

types of accelerators. 

The Voda 1-10 accelerator has a primary storage of 80 kJ. Two 

pulse transformers deliver 15 kJ to the intermediate storage. The 

water Blumlein, which is charged to 1 M\' in 1.2 ~s . has a field in

tensity of 135 kV/\~m. The triggered water spark gap has a service life 

of 100 pulses. The anode has automatic transport of anode foil . The 

ehctron beam parameters are ~- MeV , 200 kA, 60 ns, and 10 kJ. 

The Malyutka accel erator was designed to perfect a multichannel 

triggered gas gap. The deRien wnR published in 1976. The FFL was 

charged to 800 kV in 0.8 ~s . The four-channel spark gap was filled 

with SFs at 3.8 atm. The jitter was 0.4 ns for 650 to 800 kV. The 

electron beam parameters are 400 kV, 150 kA, 30 ns, and 1 kJ, 

The results of those tests were used to design the spark gap for 

the Akvagen accelerator (reported in 1976) , claimed to be the most 

powerf~l accelerator of the serieR. The PFL is charged to 2.5 MV in 

1.3 ~s and stores 30 kJ. The primary storage consists of two identi

cal capacitor banks for 100 kJ connected to two pulse transformers. 

The PFL switch consists of six parallel trigatron gas spark gaps with a 

20-ns jitter. The main insulator of the machine is water of 5 atm. 

The Akuagen electron beam is rated as follows: 1. 2 MeV, 400 kA, 60 ns , 

15 kJ. In 1978, the beam energy was~ kJ and work was ~der way to 

bring it up to the rated value of 15 kJ, 

The development of the Voda 1-10 and Akuagen utilize~ the experi

ence of vadou~ Soviet laboratories, in particular, that of the Kurcha

tov Institute, which has been operating ~~ater accelerators since 1972 . 

IYaFSO also used data on the :;amble I~ J<Imbte II~ Hydroa , and other U.S. 

accelerators. 

All of the IYaFSO high-current pu1 se accelerators use tran$formers 

instead of Marx generators because of the transformers' advantages at 

the 10-kJ energy level . Energy transfer efficiency (20 to 30 percent) 

is traded for simplicity by dispensing with the iron core. The trans

former system is compact; the lOG-kJ capacitor bank takes up an area of 
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3.5 m2• The capacitors were developed jointly by IYaFSO and the 

Serp:akhov capacitor induYtry institute (NIPK'£1). 

The computer ct!nter of the Siberian Department, Academy of Sci

ences, USSR, provided computer support for a study of the distribution 

of electric field in water and solid dielectric insulatoTs. The KSI 

BESM computer program was limited to axially asymmetric systems. IYaFSO 

researchers concluded that the technology of water insulation in high

voltage pulse lines makes it possible to design compact IREB generators 

for 100 to 300 ~~. These beams are used to heat dense plasma in mirror 

~~chines ; they are also used in pellet fusion. The Voaa 1- 10 and 

Akuagen are intended for experiments in heating dense plasrr~ to a tem

pera':ure of the order of 1 KeVin mirror machines [62]. 

Data on the water ~park gap developed at IAE and IVN began to ap

pear in 1973. The IVN stands out in its systematic approach to the prob

lem of developing a workable tht!ory aml Investigating the major v<lri:mts 

of spark gaps suitable for water operation. 

A basic disadvantage of water switches is firing instability, or 

high jitter. IVN has been ~orking to solve this problem in both un

triggered and triggered water spark gaps. According to IVN reports, un

triggered gaps are suitable in fast-charging systems (lesR than 200-ns 

charging time) and triggered gaps in systems with a charging time over 

1 lJS, However, IVN used untriggered spark gaps in water PFLs with a 

longer charging time [68) . The follow! ng is an account of the theoret~

cal considerations and experimental r esults obtained at IVN and the 

Ku:-chatov Institute. 

a. Untriggered Spark Gaps 

Untri ggered spark gaps have been used in PFLs with charging time 

up to 0.15 ~s . Experi~ents show that the switching tine of water spark 

gaps depend~ ~o~kly on field intensity in the gap and that field uni

i~rmity betw~~n the electrodes is not always desirable. The switching 

tilllt: can be shortened by increasing the rate of energy delivery to t ne 

channe~ formE:i in the discharge and by producing !I shorter channel with 

reduced inductance and resistance. Fe-r the same switching time, jitter 
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can be decreased hy using electrodes with a spiked surface to make the 

field nonuniform (67]. 

IVN developed an untriggered spark gap for a water PFL with vari

able impedance from 3.7 to 9.3 ohms , charged up to 1 HV in 0.6 to 0. 75 

vs. In the opti1111.\l case, the jitter wc:.s fotl:ld to be 45 ns at 200 kV 

[67]. The Kurchatov Institute developed a multichannel water spar k gap 

for a PFL designed for electron- beam-driven fusion experiments, where 

the power was expected to exceed 1015 w. Sine~ the diameter of the PFL 

under these conditions cannot be l ess than 10 m, the main problem is the 

design of a multichannel switch capable of ensuring low jitter and short 

switching time. Farly PFLs designed for 101 2-w, 100-ns pulses were 

equipped with untr!ggered , single-channel w~ter switches , The switching 

time of such gaps, depending on PFL impedance, could drop below 10 ns 

for 5 to 15 ohms. However, as impedance decreases, switching time in

creases, and can be as long as 50 to 60 ns . Increasing the number of 

channels shortens the switching time of low-impedance PFLs . U.S, re

c;earchers studying multichannel switching in water (L . S. J.evine and 

I. H. Vitkovitsky, IEEE Trans. NH- 18, 1971, No. 4, p. 255) observed 

untriggered operation of three channel s with a delay time of 200 ns for 

* a breakdown voltage of 185 to 250 kV and effective charging time of 

200 to 850 ns. In 1975, the Kurchatov Institute obtained a switching 

time of 15 ns with an untriggered six- channel peripheral switch system 

of a fast- charged (50 ns effective), 1. 3-ohm, 270-kV PFL. The eJ.~::l..trode 

gaps of the switch system were 3. 5 mm long. The breakdown of all six 

channels wa~ obser ved with a j itter of less than 10 ns [66]. 

b. Triggered Gaps 

Single-channel gaps. For trigatron switches, the jitter was found 

to depend on the following factors, given a constant PFL ch:argin~ time: 

trigger voltage; trigger gap length; arrival time of the trigger pulse 

(measured from the start of PFL charging) ; trigger pulse rise time; and 

* EffP.ctive charging time is defined as the time during which the 
voltage across t he switch electrod~s exceeds 0.63 of breakdown voltage . 
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the protrusion of the trigger electrode into the gap. In attempting to 

reduce jitter, however, IVN researchers found that only the f · .. ~;t three 

of these fctctors could be adjusted, because (1) any further shorter • .i..-~ 

of the currently available lQ-ns rise time of the trigger pul s. was 

hardly effective with 100-ns delay times and (2) electrode prot:usion 

tended to distort the field at the anode, leading to ~ significant drop 

in breakdown voltage. IVN thus concluded that for optimal jilter the 

trigger gap length should be 0.1 to r.2 of the main gap length; trigger 

voltage should be 0.1 to 0.3 of the gap breakdown voltage; the trigger 

pulse should be timed to arrive 100 to 150 ns before the end of the 

charging period (of the order of 1 ~s) [68). 

In their expetimental work, IVN researchers used a 4.6 ohm coaxial 

PFL charged to 1 MV in 0.75 or 0.8 ~s. According to results submitted 

for publication in 1976, they obtained a jitter of 6 ns with a delay 

time of 128 ns, using a trigger voltage of 200 kV and a trigger gap of 

6 mm [68], For a 5-cm main gap and 85Q-kV breakdown voltage, these re

sults were well within the optimum range specified by the theory. 

Multir.hs.nnel gaps. IVN specified that t he output pulse rise time 

depends on the number of ch~nnels; the length of the main gap; and the 

electric field intensi ty in the gap for a constant P~L charging time, 

the length of the gap and t he value of the field will also be constant. 

Therefore. the only way t o shorten pulse rise time !s to increase the 

number of effective channels across ;:he gap. IVN experiments show that 

four to six channels in a multichannel tri~atron shorten the output 

pulse rise time by 15 to 20 perc ...... and increase p~k current by 10 to 

15 percent in comparis~n to si-~le-channcl operation [68]. They con

cluded that proper design of water trigntr~ns could ensure ns jilter, 

in tucn, making 1t possi">le to acl11.cve multich<".nnel operation capable 

of shortening the switching time, d~cr~asing electrode t rosion, and in

creasing efficiency of the syst em [69). 

IVN experimental work on multichannel triggered water switches 

(published in 1977 and 1978) focused on t he three-electrode gap and the 

trigatron. The same water PFL was used as in the single- channel switch 

experiments. I n the three-electrode gap switch, IVN achieved a jitter 
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of about 15 ns in a delay time of L00 ns for a working voltage of 1 MV. 

It also found that a 15 percent drop in voltage doubled the jitter. 

Several types of trigatrons were tested. In a three-channel triga

tron, IVN found that the delay time depended strongly on the gap length. 

For a 5-cm gap, the delay time, which was 170 ns at 860 kV, increased 

30 percent when the gap length increased 1 em. !he jitter was 8 ns in 

the 5-cm gap and lG-ns in the 6-cm gap. Three-channel switching was ob

served with a probability of only 92 percent within 80 percent of the 

breakdown voltage. The current pulse rise time was then 16 ns al a peak 

current of 160 kA. 

IVN also tested the so-called ring triga .. ron, whi~h was designed 

to provide a near homogeneous gap field. The ring trigatron with a 5-~m 

gap showed a weaker dependeuce of delay time on voltage than the three

channel type. The delay time of the ring trigatron was slightly below 

220 ns [69]. 

A six-channel trigatron had been tested so~ewhat earl ier to deter

mine the output pulse rise time. It was found to be 15.5 ns for six 

channels, which was 15 to 20 percent shorter than the rise time in single

channel operation. The average current rise rate was 1013 A/s [68]. 

Laser-activ~~2-&!2!· The Kurchatov Ins titute reported in 1974 on 

the use of a laser spark to initiate a high-voltage breakdown of dis

tilled water. This work was inspired by Guenther's earlier experiments 

in the United States with laser-spark initiation in oil (A. H. Guenther 

and J. R. Bettis, Proc . IEEE, v. 59, No. 4, 1971, p. 689) . The main ad

vantage of the method was the possibility of reducing switch jitter. A 

500-MW, 20-ns neodymium laser wa~ used with a gap 7-mm long at 250 kV. 

In an untriggcred mode without the laser , the del ay time with respect to 

the start of PFL charging was 1550 ns with a jitter of 100 ns. The 

laser shortened the delay time to 30 ns with a jitter of a few ns [65]. 

~~~-FILLED SWITCHES 

The category of oil-filled spark-gap switches is represented by a 

single report published in i978 by IV!c. The report t eviews IV~ work on 

trigatrons, three-electrode spark gaps, and untriggered swtcches designP.d 

for a 22-ohm oil Blumlein pulse-forming lime charged by a Marx generator 
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1.n a range of 200 to 600 kV and 200 t o 920 ns. The experimrnts showed 

that when PFL charging tilDe is short~r thaa 200 ns, the untriggered 

spark gaps with inhomogeneous field can havens jitter. The following 

are the results of experiments: 

Trigatrons 

PFL charging time 

Breakdown voltage 

Delay time 

Jitter 

Three- Electrode Spark Gaps 

Voltage 

Delay time 

Jitter 

Untrigg£red Gaps 

Needle electrode current 

Breakdown field intensity 

J itter 

4. TRIGGERED VACUUM GAP SWITCHES 

300 ns 

350 to 450 kV 

<60 ns 

<10 ns 

130 kV 

65 ns 

4 n!l 

20 kA 

270 kV/cm 

6 ns [70] 

A systematic theoratical and experimental investigation of tri~

gered megampere v~cuum switches has been pursued at the Len ingrad Pol y

technic Institute (J.PI) at l east since the mid-1960s . The early results, 

submitted for publication in 1970, invol ved (l) ~terial analysis uf t he 

ma!n spark ga p components (cathode, anode, t r igger syRtem, and insulator) 

and (2) the discharge mechanism and propagation of the plasma jet in 

the t rigger region. The discharge was found to affect the materials of 

all electrodes and insulators. The investi gation also forused on 

switches with relatively l ong gaps (40 mm) and kA pulses of 0.15 to 1.5 

~s . These pulses were said to correspond to the ir.itial stages of the 

disch~rge of high-powered MJ\ vacuum swJ.tches [99). The test results 

published ~ few yea r s l ater included the following switch specifications: 
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Voltage 

Current 

Pulse length 

Ca~~citor bank energy 

Delay time 

Jitter 

Swit ch inductance 

55 

Electric str~ngth of internal 
insulation after prolonged 
operation 

Service life 

50 kV 

10 kA to 1.2 HA 

1 rrs to 10 11s 

50 kJ 

0.2 us 
20 ns 

b nH 

65 kV 

>5000 shots [71 J 

LPI' s work on the development of triggered vacuum switches pro

duced steady ill!provements. A r.witch t ype developed in 1975 had double · 

the voltage rangP and a better timing performance. Th disadvantage 

of l ow electric strength typical of vacuum spark gaps WdS overcome in 

this de~ign, which had two tritgered chambers in series, each with a 

wide r3nge of operating voltages. TI1e specifications of the switch 

were as follows: 

Voltage 

Current 

Jnductance 

Delay time 

Jitter 

Electric strength of internal 
inaulation afte~ prolonged 
operation 

1 to 100 kV 

1.5HA 

15 nH 

1 to 0.2 liS 

20 ns 

125 to 145 kV [73) 

In another design, reported in 1974, switch inductauce had been 

~ecreased t o 10 nH and delay time to 0.2 to 0.15 ns (72]. 

Recent LPI work, submitted fo~ publication in 1977 , involved thP 

time-dependent impedapce of the dis~har~e channel in a ~riggered vacuum 

spark gap, focusing on the trigger system. The optimal system had the 

trigger electrodes on the periphery, ensuring shorter delay times, more 

unifor111 current distribution, and louer !nitial inductance. The switch 

is said to be in product ion (100]. 
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During the 1970s, the Khar 1kov l"olytechnic Institute (Khn) ana

lyLed and designed spark gaps for Marx ~enerators. In 1973, KhPI re

ported on Lhe role o{ UV illutnination in triggering the ST-'itches and 

on the measurement ~f swit~hing time in lar~e Marx systems. The theo

retical approach of this work emphasized jitter as the main criterion 

of synchronous operation of spark gdpR, which may number more than JO 

to 40 units. According to the institute, the literatur~ stresses the 

need to ei\sure triggering illumination among the gaps, although it fails 

to s upply quantitative data on the effect of illumination on the opera

~ion of the generator. The KhPI report said also thAt some Western 

authors (Heil~ro:med concluc!ed from their experirr .. •nt~ thlt LV illumi

nation has no l)erceivable effect on generator spark &lit:", Flnally, th~ 

report presented quantita~ive data on the eff~ct of mutual illumination 

on switching time, bas~d on tests of a seven-stage Marx generato r [101]. 

The static discharge voltage of the gaps was 110 kV• the charging 

voltaste per stage was 90 kV . An intermediate generatot of trigger 

puls~9 was used to ensure the breakdown Ftability of the ftrst con

trol.~.ed gap. Ir was concluded that iV•nnlnation is s:f.gni ficant only 

fo~ the second and t,ird stages, where overvoltages are comparatively 

low. ThP total switching time of the seven-stage generator, excluding 

the breakdown time of the fir~t controlled gap, did not exceed 400 to 

500 ns, with about one-half of this time representing the switching 

time of the sec-ond gap. The breakdown of e·ach gap of the fourth to 

1the sevElnth stages took only 20 to 30 ns; the breakdown titre was de-. 

termined mainly by the t r anPit time of th£> e1ectro~:~agnetic ~ave (101). 

In 1977, the Khar'kov Polytechnic Institute reported on the design 

of a fast-acting mult1ple-gai> system using a cha•.n of elongated spark 

gap electrodes. The voltage increment ~V • (V - Vb)/Ve (whP.re V is 
c c 

the charging ~oltage and Vb is the minimum breakdown voltage) was 0.8 

~t 250 kV for 12 gaps. The switchint. time of less than 100 ns was 2 

to 3 times shorter than the switching tim~ of spherical spark gaps [74]. 

A 1970 paper, sub~itted by an unidentified institute~ described a 

SB-kJ capacitor bank d~livering output pulsed power of 1.4 x 101 ·. Wand 

short-circuit current of 3.5 MA. The bank was designed to approximate 
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the perforn.ance of explosive flu·.< c..o . .JPressorR. but to eliminate their 

hazardous operation and poor rept~Jucibility of results. The princi

pal feature of the system was the low capacitor and spark-gap induc

tance, which allowed for an overall system inductance of 5 nR. The 

three-electrode vacuum switches h~d the followtng characteristics: 

Voltage 

Curren:: 

Pressure 

Service life 

Jitter 

5. SURFACE-FL.~SROVER SPARK GAPS 

20 kV 

200 kA 

J x 10- 3 Torr 

20,000 shots 

0 .1 liS [ 401 

The Leningrad Polytechnic Institute has been working on surface

tlashover high-~urrent spark gapq for capacitive storage systems since 

* at least the ~ ly 1960s. Between 1976 and 1979, the institute pub-

li~hed a fairly comrrehensive series of reports on theoretical and ex

perimental results . 

The surface-flashover rrrinciple is said by LPI to find an ever 

increasing use in Soviet electcophysical equipment, such as high-cur

rent switches, intense-light sources, ar.d high-energy las~rs. In these 

applications, a sliding dischar~e develops along the interface between 

a gas a1.d a thin (typically 2 mm) solid dielectric, the reverse si ... e 

of whic~ is coated with metal. In evark· JaD switches of this type, the 

electrode!~ ue metal rails up to 1 Ill long, with Q sap of less than 2 em 

and a centn:l trigger electrode. oil. The discharge formation is :iue 

to a fast-changing voltage across the e]ecttodes. 

According to LPI , surfz~e-flashover spark gaps can be used in 

capacitive stores of medium and high enerty, in which current ~eAches 

108 A. These stores require switches with minimal inductance and in

ternal gap resist anca, a broad range of operatin~ voltages, short 

* Earlier studies of dielectric surface discht•Tges for trig&ering 
fast spark gap~. perfcrmed al the Institute of Atmospheric Optics, 
were report~d in Simn Xas.;el and Cha.les D. Hendricks, 1/lgh-Curren+ 
Parti c le Beams . II. '!l•e Siberian USSR Rcsearr.r Grourc (U). The Rand 
Cor("Jration, R-1885-ARPA, 1976, pp. 22ff. (eouftcfwtial). 
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switching time, and a s~able delay time (low jitter). The multichannel 

discharge in air over a dielectric surface i s said t o be capable of 

meeting these requirements , which call for a large number of parallel 

spark gaps. 'The objective is to develov surface-flashover switche:~ 

with a lOO·ns delay time and 10-ns jitter. 

The purpose of recent LPI research has been to fill the gap in 

knowledge about the delay tim~ of these switches and the mechanism of 

the discharge itself. The overall conclusion of this research is that 

surfar.e-!lashovar switches demonstrate sufficiently low jitter within 

'l wide range of voltages. The satisfactory control of these switches 

at relatively low voltages makes them suitable for work in the parallel 

as well ns in the crowbar modes [76,102,103]. 

The delay time for specific gas or solid di~lectric materials de

pends mainly or. rae voltage rise r ate at the trigger electrodP The 

voltage rise rat~ ~y he increased to reduce the delay time. The switch

ing time is a function uf heating and gas-dynamic expco:tsiou . :· the chan

nels formed by Lhe sliding discharge [76). 

Below the br~akdown voltage, there is a so-called incomplete dis-· 

charge stagl' when the c!lannel does not span the entire gap . The circuit 

is closed through the capacitance formed by tlae channel and the st>cond 

electrode . When LPT st11died surfar.e-flashover ln 19b!, it postulated 

the possible t\Xi~tcncc of 11 thermal equilibrium in the sliclin~t-dic;char~e 

plal'mln within 1 to 10 IJS. As.o;uming thnt the postulate was co~nrt and 

thnt the electric field in the channet dur~\g the incomplete stage 

(1 atm) -..ras fairly high (lSO to 300 V/c;n), one could cxpe<!t hi~h gas 

temperatures. However. nc system.-t t ic m~:wuremcnts of gas temper.1ture 

in the surface-flashover channel were mndc at that time. The recent, 

soectroscopic measurements showed th1t gas tempernture in an inco10plete 

sliding diRCh3rgc in air and in SFr did not exceed 20G0 K. The c~ncr.~

tral ion of electrons in air at 260 Torr was 2 x 11)1 'i em-~. The plasma 

of the incomplete sliding discharge was not i n equ:librium, and t he 1962 

~~sumption was considered incorrect [102). 

The axial field gradient in the incomplete dischar1e channel 

amounts to 0.1 ~o 1 kV/cm. while the field intensity at the front of 

the chnnnel has a constant high value beca·use of the thin dielectric . 
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Fnr pulsed voltages of 50 to 100 kV and the generally used 2-mm dielec

tric, the normal and tangential cumponents of field intensity at the 

front of the channel can reach 106 V/cm. At the point :ompletion 

of the dis~harge, the ay~al field gradient in the channel rises sharply 

to 10 kV/cm because all the power supply voltage appears at the spark 

and the subseqt·.mt drop is determined by heating and gas- kinetic expan

sion of the channel. The -prese.1t studies cof the discharge by X-ray 

spectroscopy provide the first experimental indication of high-energy 

electrons generated at the discharge front due to the high field in

tensity. In the experiment, a 2Q-rm gap in atmospheric air was uBed 

together with an organic glass (£ • 7) plate 2 mm thick. The voltage 

pulse had 15Q-kV, 3-ns front , 35Q-ns pulse length, and 70- ns tail (103]. 

LPI has in r~cent vears published two designs of low- inductance 

MA surface-flashover sp; 't gaps. The first, reported in 1976, had main 

electrodes 45 em long, the tri~ger electrode 40 em long, and ~epeate.Uy 

switched 0.5 HA currents. It was clllimed to b(> capable of switching 

currents up to 2 HA in parallel and crowbar-~de operation . Its speci

fications were as follows: 

Inductance 

Internal resistance 

Interelectrode gap 

Operating voltage range 

Trigger pulse rise rate 

Delay time 

Jitter 

5 nH 

7 toohm 

160 tDID 

0 to 40 kV 

1012 V/s 

40 na 

lCI ns {75] 

The second spark gap, reported in 1979, had main electt:des 1m 

long generating up to 40 channels in t he discharge. The current han

dl iJg capabi]ity of this design was up to 5 MA per singl e gap. The 

follr :ng t-Tere the optimum characteristics of the spark gap: 
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Inductance 0.5 nH 

Internal resistance 2 mohm 

Interelectrode gap 150 mm 

Operating voltage range 20 to 50 kV 

Tr!gger pulse voltage 80 to 100 kV 
Delay time 60 ns 

Switchi t'.g time 140 ns 

Jitter 10 ns (76] 

6, UNTRIGGERED GAS GAPS 

A number of institutes have reported on PFL untriggered gas gaps 

with a broad range of parameters. In 1971, IYaFSO in Novosibirsk de

vel,oped an early high-pressure nitrogen gap for the RIUS,..l electron 

accelerator intended for pellet. fusion research. The PFL switch oper

ated at 16 atm and delivered 100-ns pulsEs with 8-ns rise time at 300 

kV an · J kA [77). 

A seri~s of SF6 gaps were described in publications submitted in 

1974-1976 by several institutes. The Theoretical and Experimental 

Physics Institute (ITEF) in Moscow described a switch for 9 to 16.5 atm, 

yielding a voltage rise time of 2 ns in an oil Blumlein and 1 ns in an 

SF6 Blumlein. At 450 kV, the jitter was 3 to 6 ns [79]. An unid~nti

fied facility reported on a glycerin PFL switch filled with SF& at 

15 atm. The standoff voltage of the switch was 350 kV. current was 26 

kh, pulse length was 35 ns, and rise time was 4 ns [78). 

The Joint Institute of Nuclear Research (OIYa!) in Dubna developed 

an sr6 gap for a 25-ohm streamer-chamber PFL. The switch operated at 

450 kV, had a 44Q-ns delay time and 12.3-ns jitter, and was good for 

105 shots (80]. 

·~e Lebedev Physics Institute (FIAN) in Moscow developed a new 

spark gap for the Impu~'s electron accelerator, a first-generation IRED 

accelerator . The Imput's was built by the Laboratory of Problems of 

New Accelerators at PIAN in 196~-1971. In 1973, a new module was added 

to the main accelerator to make the first Soviet machine with two inde

pendent electron beams . The BlumlEin insulator was glycerin. The gas 

gap for the Blumlein was filled with SF6 at 1.5 to 4 atm. The switch 
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operated at 700 kV, 100 kA, 30 to 4D-ns pulse length. The switching 

time was 10 ns for two or three channels, 3nd the jitter was 10 ns [82). 

In 1975, the Institute of Nuclear Physics, Electronics, and Auto

mation in Tomsk published a simple design uf a lOo-kv, 2Q-kA switch for 

the Tonus-!! accelerator . The switch orerated at a pressure of 2.7 atrn 

of nitrogen. After 200 shots at 30-second intervals, the voltage 

dropped 5 percent. Gas- blowing restored the initial voltage. The in

duct ance of the switch was 5 rlli [81]. 

7. THYR.!_S.TOR SWI'I'CHES 

Tr:...ggered semir.c·1ductor switches , or thyristors, have recently been 

gaining acceptance in Soviet industrial and laboratory practice. Re

searchers at IYaFSO in Novosibirsk claim the following advantages for 

thyristors: absence of heated cathodes; small size; and capability to 

handle hundreds of amperes at repetition frequencies of hundreds of 

herz, and thousands of amperes in single shots . IYaFSO' s work with 

thyristors involved large, high-energy generators of long-current pulses 

operating at relatively l ow repetition frequencies . 

In 1972, IYaFSO developed and put into operation a thyristor switch 

system for a synchrotron magnet. The sy&tem could handle 150- kA, 1 .5- ms 

pulses with peak energy of 100 kJ. The switch system consisted of 220 

typ~ TL-15Q-8.0 thyristors connected in a series-parallel network. The 

thyristors were rated at 40-W power loss for a~ average curr ent of 40 A 

without forced air cooli ng. The total power loss of the switch syst em 

was 1760 W, representing 2 percent of the generator ~ower loss . The 

total area of the switches was 5 m2 • In three years of reliable opera

tion, the system did not lose a single thyristor [83) . 

The Ioffe Physico-Technical Institute (FTII) in Leningrad engaged 

in the systematic development of thyristor s~itches during the 1970s, 

after first studying the1r turn-on characteristics, for purposes of 

high-power, fast-rise applications, ln the lat e 1960s. The early stage 

of this research was devoted to t he measurement of on-state propagation 

ita the p-n- p-n e~ructure, using a contact probe with 2 pneumatic damper 

to ensure high spatial and temporal resolution [104) . By 1971, & simple 

one-dimension~! diffusion model of .on-state pro~agatlon was proposed and 
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che claim made that no satisfactory two- dimensional modd •was available . 

·fhe current density considered i n thi s study was of the order of 

10 kA/cm2, whlte the velocity of rropagation varied from 1. 6 x 104 .to 

3.4 x 104 cm/s for 3 kA/cm2 {105]. 

In 1973, a neodymium laser was used to ;u·tivate the thyristor 

switch. For o 1-cmZ thyri.stor, the laser energy was lo-7 to 10-4 J 

and potter was 1 c-1 to 103 W. The investigator s four.d experimentally 

that the laser-activated t hyristor turned on its entire volume when the 

laser-pulse energy exceeded the subcritical level by a factor of four 

[84]. The l aser-activated, high- powered semiconductor switch was in

vestigated during the years that followed, with emphasis on the be

havior of the initial switching area and the effect or ~rcn ~ize on the 

transient pr ocess [106]. Attempts have been made since 1975 to short~n 

·e current rise time by increasing the incident laser pow~r . An ioni

zation shock wave passing from the collector to the em.ittrr, nlso 

studied as an alternative to laser initiation, was found !'lt: , ·,tble only 

fur very l ow voltages [107]. 

In 1977, the FTIT investigators observed peak currents of the 

order of 1000 A at '1 kV with switching time of 50 ns. The experiments 

were similar to thos~ of U. S. researchers (Zucker et al., -~rr:? . Pl:ys. 

Lett. , v. 29, no . 4 , 1976, p. 261) publishe~ in 197b, except that Zucker 

observed peak c"rrents of an order of magnitude higher. t!nlike the U.S. 

exper iments , the Soviet study includ<'d a reverse-biased diode as well 

as a thj•ristor [H5 1. In 1978, the investigators concluded that for 

practical switching applications , the diode was less desirable t han the 

thyristor . 

Snviet research experience in studying power and modulator silicon 

thyristors showed that the maximum current density for n kV senliconduc

tor switch should not exceed 2 x 104 A/cm2 • Thus, for a working area 

of a few cm2, the switch should handle up to 105 A. Research results 

~lso showed that if the total l aser flux density per pulse has a limit 

of 0.1 .T/cru2, a silicon plate 40 mm in diameter can have r esistance as 

low as 10-4 ohm. If the switch impedance is to be 1 percent of load 

i mpedance, the current can reach 106 A at 10 kV . According to Soviet 
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researchers, these switches are limited primarilJ by the allowable peak 

current density (108]. 

The same research team worked exclusively on thyristor switches 

throughout the development period. Other teams of the Joffe Physico

Technical Institute in th~ pulsed- power field studied field-emission 

cathode whisker formation , plasmn heating by electron beams as part of 

fusion research, and electric discharge through a laser spark in air. 

The team developing switches appear~d to have no connection with the 

others . 

8. ELECTRON-BEAM TRIC.GERED SWITCHES 

Electron beams as triggers for gas gap switches have been studied 

since the late l960s at TFI and lOA in Tomsk and IYaFSO in Novosibirsk. 

Th~ first reports on the results were published in 1970. lOA investi

gated ways to achieve minimum pulse front length (shortest rise tim~) 

of the accelerating voltage and of the corresponding rise time of the 

electron curren·t pulse. The spark gaps used to shape the pulse ~ront 

have a high inductance and spark resistance, preventing pulse rise 

times as low as 1 to ~0 ns. The initiation of a large number of paral

lel spark channels, however, by lowering the inductance and resistance 

of the switch, shortens the rise time. This operati0n requires ns 

stability of the spark initiation delay time necessary to satisfy the 

condition for parallel-spark switch: o < t, where a is the jitter 

(rms of delay time dispersion) and t is the transit time of the el ectro

magnetic wave between two neighboring spark channels . Short delay 

time and switching time are also necessary. A short delay time requires 

a high concentration of charged particles in the gap; this concentration 

can be obtained by electron-beam ionization of the- gas. Short switch

ing time depends on a discharge without channels, or a large number of 

parallel spark channels, altho~gh the currents in the individual chan

nels may vary 187,89] . 

In 1969, TPI noted an avalanche-discharge switch triggered by an 

electrcn beam. The beam parameters were 400 kV , 100 A, 4 A/cml, and 

2D-ns pULse length. The 0.8 em gap was filled with N: at 3 to 15 atm. 

The switched current was 12 I<J\ (55 I. 
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In 1970, IYaFSO submitted a report on the preliminary studies Jf a 

150 to 400 kV. tO A, 5-ns electron beam injected into a 4-cm gap at 

360 kV fill~d with N2 or SF6 at 8 atm. In nitrogen, the delay ti~ was 

20 ns and jitcer 1 ns. With SF6, the gap voltage could be increased to 

1 MV with the ~&me delay time and jitter [86). 

In 1971, lOA reported on experimental work with electron-beam 

triggering of spark gap~ in N2• A 100 to 35Q-kV beam was used wit.h N2 

at up to 16 atm. A discharge without channels was obtained with switch 

voltages above 100 kV and currents of tens of kA. It. was f , und that 

!iuch a discharge is characterized by the absorption of 107 to 109 W/cm2 

in the gas 1n about 10 ns . In one of the experiments, a 350-kV, 2-kA 

electron beam produced a discharge without channels with peak current 

of 40 kA at 700 kV in a 7 atm nitrogen [87] . 

In another series of e>r,eriments reported on in 1973, lOA inv~sti

gated an N2:SF6 switch in the MV range, comparing the switch stability 

when triggered by an electron beam and by trigatrons. Tr.e spark gap 

was 5.5 em long, filled with the gas mixture at 4 to 11 atm. The elec

tron beam trigger was 330 kV, 130 A, and 30 ns. For 1.5-M\' switch volt

age , the delay· time was 15 ± 0. 8 ns when triggered by the electron beam 

and 5.1 ± 0.5 ns with trigatron initiation. It was concluded that both 

methods can yield a subnanosecond jitter above l MV [89]. 

lOA continued to experiment with N2 at 1 to 16 atm. A 180- kV, 

100-A electron beam with 5- ns pulse length was use~ to control a switch 

for a 4Q-ohm P·FL with a charging time of 0.5 vs . The delay time was 

1 na (88]. The concept of a volume discharge sustained by an electron 

beam evolve" into a switching system, which IOA callecl the injection 

thyratron. The injecti.:m thyratron featured control of both the open

ing and clo~ing actions of the switch, which corsisted of two regions, 

gas and vacuUT.I, separated by a thin metal foil. The cathode in the 

vacuum region emitted electrons which, accelerated by voltage , passed 

through the {oil into .the gas region. The fast electrons ionized the 

gas and thus caused current to flow in the switched circuit . The cur

rent was turned off by stopping the elcctro·n beom. Unifo•rm ionization 

of the gas region r equired that the electron energy be sufficient to 

cross the foil and the entire interelectrode gap. For example, for a 
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10-cm gap, atmospheric pre.ssure, and aeral foil density of 5 x 10- ~ 

to 10-2 g/cm2, th~ necessary electron energy is 100 to 150 keV. The 

advantage of the injection thyratron, according ~o its developers , is 

its ability to interrupt output cur rent independently of the anode 

voltage. 

The s-itch is s~itable for high repetition rates, since the mini

mum distance between pulses (deionizatio~ time) equals the current fall 

time. The disadvantage of the switch i~ a fairly high pololer dis ipa

tion rt.,liring gas blow-through at high r epetition rates . The i~itched 

current i s determined mainly by the electrode ~rea. A d ischarg~ scross 

a large area is not considered to be a probl em. For example , according 

t o experiment al results for a peak voltage of 175 kV, in ~witching ~s 

pulses a t current density of 0.4 A/cm2 and electrode area of 1000 cm2 , 

the tctnl discharge current was 40 ~~ rso} . 

9. SPECIAL SWITCHES 

The Yefremov Institute of El ectrophysical Equi pment (IEFA) in 

Leningrad has been developing spark gaps with a solid dielectric in 

which the triggering effect d·epends essentially on me-=hanical action. 

In 1971 , IEFA r eported on a s~ark gap t r ip,gered by a focused beam of a 

Q-switched ruby l aser . The lase: beam pun~tured a hole in a polymer 

film serving as the dielectric and caused an electr ical breakdown of 

the gap. This method of initiation is cl aimed to yield short ~elay and 

switching times and, in conj unction with t he low inductance of solid

dielectric gaps , to be suitable for the production of high-voltage 

nanosecond pl.ses. The experi mental spark gap was used to switch a 

50-ohm PFL. The 20-MW, 20-ns ruby laGer output , when focused on 

polyethylene, l avsan, or teflon film 40 to 200 ~m thick, made hol es in 

film up to 100 IJm thick. For an operating voltage of 14 kV, a 56-llm 

lavsan film yielded a delay time of 36 ns w.:.th a jitter of 3.5 ns [92]. 

In 1975 , IEFA published a report (submitted for publication in 

1972) on a solid-dielectric ~park gap in which the pol yethylene film was 

ruptured at two points by expl oding aluminum foil. The gap consisted 

of two 500 x 500 x 25 1111!1 br ass plates formin.g the electrodes, one of 
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whi ch waR hinged to facilitate the replacement of the ruptured film . 

A delay time of about 0.5 IJS was obtained abt've 150 kA at 80 kV. The 

jitter did no t exceed 100 n~ [95] . 

The Kiev Polytechnic Tnst..:.tute (:{PI) has been \'"'rking on crossed

field switches , called triotrons and triopla~matrons . The main o~jec

tive of thi s w~rk w~s the development of switchin~ dcvic~r, that meet 

the requiremc.nt s of high curren t , short dt>l.1y t ime, lnw jitter , li~ht 

weight , and small size. The triotron iR ·1 l'r l~tgered ttas switch with 

a cold cathode and a constant ma~etlc fh!l d . Tn 1971, KPt reported 

~>n a triotron capable of extanded operation in t he range of 0 . 4 to 30 

kV and 10 to 20 kA. The swi tch . with a diometP.r of 59 mm and height 

of 200 mm, was designed for 250 MW pulsed p'wcr and ~oms filled with 

hydrogen at 10_, Torr 1109) . Two r eports published in 1973 demonstrated 

the feasib1lity of on and off control and repetitive operat ion of this 

type of switch. A trioplasmatron fi~led with mercury switC'hed 25-kA, 

1-~s current pulses within the ran~e of 0 .4 to 30 kV and a -~ · ty time 

of less than 1 IJS . The service life was 5 x 10" shots [96 1. 
The lost itute of Electrodynar'lics of the Ukrainian Academy r•f Sci

ences reported in 1973 on a high-currer.t switC'h for plasms spectroscopy 

studies. The switch , des i gned for 1~.0 kV and ::oo kA , used a pla~;ma jet 

:~s the trigger . The jitter was o fraction of ~ts . The plasma jet was 

generated in a capil lary discharge [94). 

The plasma jet principle in clos ing switches wa~ described in o 

1970 paper of an unidentified inatitute. The switch was closed by a 

plasma jet formed in air by the switched current i~:st!lf. The switching 

time was 1 .5 to 20 )JS , with a jit t er of 0.35 1 s . The voltage ranged 

from 6 to 25 kV and current from 50 to 160 kA [93). 

Between l9~5 ?~d 19~7 !YaFSO worked on switching 10-kA, milli $ecopd 

current pulses with r everse vol tages of a few kV. The IYaFSO swi tches 

were desi gned to initiate the discharge by n speri~l trigger and to 

quench it by passing the current through th(! null value. The gas in 

the switch, in contrast t o t hat in thyr,,tror; .. , mattered only during the 

initial phase of the discharl'e, with the rema inder of the process oc

curring ma i nly in the vapo · of the electrode metal . lYa fSO selected 
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cold, solid cathodes operat:f.~1g in the arc discnarge mode with il prilcti

cally uniform field and the saml! trigger potential for either polarity. 

Begiru1ing in 1967, IYaFSO worked on the development of a r eliable 

spark- type trigger for the arc discharg~ switch. A special cathode and 

tri gger structure protected the trigger from the arc discharge, Toe 

resulting model wi~hstood 107 shots. A theory developed in 1969 per

mitted IYaFSO to determine the stru~ture of the switch for each specific 

application, given data on the velocity of the discharge, pulse length, 

and current. The performance of triggered switches with cold, solid 

cathodes is being i mproved mainly by designing large deioni?.ing surfaces 

that all ow for decreasing the arc discharge plas~~ density and increas

ing the pressure drop rate, for example, by means of an artatrou- type 

magnetic trigger field. ~.istems with flat electrodes and a short arc 

for ms pulses proved ~apable ~f switching 40 t o 50 kA with 4 to 5 kV 

reverse voltage, or 15 kA with 10 kV forward voltage [92]. 

The Kiev State University submit t ed a report in 1977 describing 

the use of i ndus trial IRT- 3 ignitcons in a pulse-current generator . 

These ignitr ons (reported on in 1974) had the following specificati ons : 

Inductance 40 nH 

Switched current 100 kA 

Voltage range 0.1 to 20 kV 

Pulse l ength 4 ).IS 

Jitter 0,2 ).IS 

Service l ife 105 shots [98] 

10. SWITCH E~ECTRODE EROSION 

An early study of electrode erosion in spark gap switches was con- · 

ducted by the Physico-Technical Institute (FTI) in Khar'kov [110] . In 

d report submitted for publication in 1970, FTI described tests of 

electrodes at 100 kA, within a pulse length range of up to 3 ms , at 

atmospheric pressure, and in vacuum, The method of protect ing the 

electrodes was based on electrode configuration. Concentric rings on 

t he electrode surface produced electrodynamic interal·tion of the dis

cha rge currents in the rings, causing the el ectric charge on th~ 
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electrodes to move radially and azimuthally. The resulting e•os ion was 

fou~d to be comparatively slight and the trigger structure on the elec

trodes free of sputtered metal. The service life of the switch elec

trodes was 104 to 105 shots. 

A systematic experimental investigation nf the surface finish and 

erosion of ~park gap el~ctrodes and their effect on switch performance 

was conducted at the Moscow Pow·er Institute (MEl). l:arly results of 

the cxperimentd were submitted for publication in 1972. Electrodes 

with coarse fini8h were studied in air at 1 to 5 atm using 0.5- cm gaps 

llt 27Q-kA currents and 10- l!s pulse lengths. The study focused on the 

dependence of the electric strength of the gap and statistical distribu

tion of breakdown voltage on the microstructure of the electrode surface 

[111]. A ?srallel study developed an approximate analytic method for 

calculating P.lectrode erosion in spark gap switches. Acc.-ord ing to HEI , 

Western experimental literature of the 1960s did not contain adequate 

data for the selection of optimal erosion- proof conditions ~uitable for 

most practical applications of these switches. The Soviet work was an 

attempt to obtain such data experimentally (112,113]. A more recent 

paper, submitted for publication in 1976, analyzed switch electrode 

erosion fr om the viewpoint of the medium (gas or liquid) surrounding 

the electrodes and its effect on the erosion process. Since in the 

case of liS pulses erosion is similar to that observed with i nJustrial

frequency currents, both types of current were investigated. According 

to' experimenta l data, high-current pulses at gas pressure of 10 Pa pro

duced a minimum erosion rate of 0.5 mg/C for copper ~lectrodes . In 

'lacuum (lo-3Pa), copper erosion rate is lower, approaching micrograms 

per coul omb. This is in agreement with U.S. findings of a minimum of 

* 10 l!g/C. It w1s concluded that (1) the average current density on the 

el ectrode surface increases with the density of the medium; (2) increas

ing the density of the medium increaGes the ejection of molten electrode 

metal~ and (3) for any discharge conditions, there is a regime for which 

*Advanced PoiJer Stjstems Technology Survey and Stjstem Concept Appli
cations, prepared for Ball istic Missile Defense Advanced Technology 
Center (BMDATC), U.S . Army Corps of Engineers, Huntsvil l e Division , 
HNDTR-77- 32-ED- SR, 31 December 1977, p. 3-68. 
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specific electrode wear 01pproa.:hes a limiting "l:llue. Specifically, the 

limiting value of electrode wear is approached in dense ~edia a~ a ln~

er integrated electric charge passing through the swi t<:h than in rar

efied medi01 [114). 

The IVaf'SO recently reported on the de·Jelopmcnt of frangible elec

trodes forMA spark g01~s (report submit~ed for publication in 19?6). 

The qwit<'h w01s designed to operate 01t 5'1 !cV in 10 to 15 alm of nitro-

gen . The switcP induct01ncc was below 

tha switch w~re plate~ that disintegr~ 

One or both electroaes of 

tr• lhc pass01ge of the cur-

rant pulse , ensuring an effective r emoval of electrode eroRion products 

from the gap 0111d a redur.ed shock to the structural p:trts of the switch. 

With 01 single d~sinte~ratlng el~ctrode , the switch on~rated in stronA 

magnetic fieldc; with 1.5 MA, capacitor l><1nk of 30 kJ, 01nd disch01rge 

circuit frequency of 200 to 300 kHz [60). 
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Appeudix C 

SOVIET RESEARCH TEAMS 

tfumbers of the Soviet. teams whose r~search and devel opment of 

switches is ditcussed in Appendixes A and B are listed below b~ insti

tutional affiliation, type of switch worked on, and year(s) in which 

the report(s) on that switch or related work was published. (Th~se 

dates differ from those citl!d in App~ndix:es A and B, •·1hich represent 

the year the report was submitt~d for pub1Jcation. ) 

LEBEDEV PHYSICS INSTITUTE (FIAN) , MOSCOW 

~~d Gas Gap --- 1971 

L. N. ~zanskiy A. A. Ko1omenski y G. 0. heskhi 
B. N. YaLlokov 

PHYSICO- TECHNICAL INSTITUTE ~FTI), KHAR'KOV 

Laser-Activate~ Gap, Microwave Generation - - 1972-1973 

v. U. Abrarovich Ya. Ya. Besr.arab L. I. BoJ.otin 
Ya . B. f.'aynberg l~. P. Gadc.t.skiy Yu. V. Tkach 
'ie. A. Lemberg I . I. Hag(i3 I. N. Mondrus 
v. D. Shapiro v. I. Shevchtmko A. v. Sidel'nikova 

A. I. Zykov 

!~n Bearus - - 1979 

A. I. Aksenov V. M. Khoroshikh '1. G. Pada1kA 

Xrigger ed Arc , TTiggered Vacu~ G~witch Elec trode Erosion 

197o-!973 

I. J. Aksenov 
Yu. S. Pavlov 

N. G. Baranov 
V. I. !>latin 

Yu. A. Hishutin 
S. A. Smir nov 

IOFFE PHYSICO- TECHNICAL INSTITUTE (FTII), LENINGRAD 

Thyristor -- 197Q-1979 

M. ~~. Akhmedova T G. Chashnikov I. v. Gcekhov -· 
A. F. Kardo-Sysoyev H. Ye. Le,.!.ashteyn v. G. Serg<:!ycv 
v. B. Shuman A. 1. Uvarov v. M. \'olle 

r. N. l'a&siyevich 
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MINING INSTITUTE OF THE KOLA AFFILIATE, ACADEMY OF SCIENCES, USSR (GIKt) 

Trigatron -- 1976 

A. N. Danilin A. Kh. Yer ukhimov I. M. Zarkhi 

KURCHATOV ATOMIC ENERGY INSTITUTE ,IAE), MOSCOW 

Untriggered Spark Gap, Iner tial .Confinement Fusion, 
Magnetic Flux Compres~ion - - 1975 

s. 1. 'nt!vskjy 
Yu . L. Sltlorov 

V. I . Liksonov 
V. P. Smirnov 

S. L. Nedoseyev 

Multiel~ctrode Spark Gap, Magnetic Confinement Fusion, 
Laser Pumping -- 1974 

M. V. Bal.lykin S. S. Sobolev '1!. V, Starykh 
A. I. Zhuzhunashvili 

Inertial and Magnetic Confinem(>nt Fusion, 
Elect rou-Bea:n-Driven Ci1emical R~action -- 1974 

B. A. Vemidov 

V. D. Dvor •. i.kov 
L. M. Tikhomirov 

S. D. Fanchenko 
V. A. PE\'i.rov 

.'!!.!:!;ron - 1972 

V. A. Krestov 
L. I. Yu-:iin 

M. V. Ivid.n 

S. T. Latushkin 

INSTITUTE OF ELECTRODYNAMICS (lED), KIEV 

P1asca Jet Switch -- 1973 

N. I. Fa1'kovskiy 

YEFR&~OV INSTITUTE OF ELECTROPHYSICAL EQUIP~~JIT (IEFA), LENINQL\D 

A. B. Audrezen 

A. I. RabaHn 

~chrnical Switch -:.....!.211 
v. A. Burlsev 

Hechanical Switch - - 1971 

V. A. Rodichkin 
A. M. Titror.in 
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INSTITIJTE OF ATMOSPHERIC OPTICS (IOA), TOMSK 

Triggered Gaa Gap -- 1973 

D. I. Proskur~vskiy 
Ye. B. Yankelevich 

triggered Arc Switch -- 1977 
S. P. Bugayev V. I. Koshelev 

M. M. Nikitin 

Laser Triggered Switch -- 1973 

Yu. I. Bychkov 
Yu . A. Kurbatov 

P. Khuzeyev 
''. M. Orlovskiy 

Electron-Beam Triggered-Switch, 
Untriggered Gas Gap, Trigatron 

V. Ya. Borisov 
V. A. Lavrinovich 
G. A. MeRyats 
A. S. Yel' chaninov 

1971-1976 

B. M. Koval'chuk 
v. V. Loj)atin 
Yu. F. Pot atitsyn 
V. G. Ye~el'yanov 

Yu. I. By~..hkov 
V. F. Losev 

High-Power Laser -- 1976 

N. V. Karlov 
G. A. Mesyats 

V. F. Tarascnko F. Ya. Zagulov 

A. F. Medvedev 

Yu. D. Korolev 
V. F. 'rarasenko 

V. V, Kremnev 
A. A. Makushev 
G. Ya . Vlasov 
F. Ya. Zagulov 

N. F . Kovsharov 
A. M. Prokhorov 

INSTITUTE OF HIGH- CURRENT ELECTRONICS (lSE), TOMSK 

Injection Thyratron 

1978-1979 

G. A. Mesyats 
V. G. Shpak 

Untriggered Gas Gap 1 Trigatron -- 1979 

s. D. Korovin I:L t-1. Koval 'chuk v. A. Lavrinovicl. 
G. ,\, Mesyats Yu. F. Potalitsyn v. v. Toptygin 
A. s. Yel'chaninov F. Ya. Zagulov 

INSTITUTE OF THEORlTICAL AND EXPERIMENTAL PHYSICS (lTEF), MO~ 

Untriggere~ Gas Gap -- 1975 

V. A. Art1:n11
' '"V 

V. P. Nikolayev 
V. M. Knyazev 
I. I. Pershin 

N. N. Luzhetskiy 
I. V. Rechitskiy 
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HIGH-VOLTAGE INSTITUTE (IVN), TOMSK 

Trigatron, Mu1tie1ectrode Gas Gap 

197/t- 1979 

V. N. Chur ilov 
G. S. Korshunov 
V, V. Sedov 

I . I. Ka1yatskiy 
Yu. A. Krasnyatov 
V. V. Ustyuzhin 

V. V. Khmyrov 
M. T. Pichugina 
V. F. Vazhov 

Untriggered Spark Gap , Water Spark G~, 
Mul tielectrode r;as Gap, Oil-Filled Switch 

V. V, Ba1a1ayev 
V. M. Muratov 

1977-1978 

N. K. KapishnikJV 
V. Ya. Ushakov 

M. G. Korotkov 

Mu1tie1ectrode Spark Gap, Trigatron -~_1976 

V. P. Chernenko 
V. V. J.opatin 

~ . R. Kukhta 
G. Ye. Remnev 

· , •. I. Logachev 
V. I. Tsvetkov 

.tNSTITL'TE OF NUCLeAR PHYSICS, ELECTRONICS , ANlJ AUTOMJ. : .JN (IYaFEA), TOHSK 

Multie1ectrode Spark Gap 1 Untrig~red Gas Gap 

1975-1976 

A. T. l'fatyushin v. T. Mal yushin v. 3. Pak 
G. Ye. Reooev N. s. Rudenko A. A. Shatanov 
v. I. Smetanin v. I. Tsvetkov Yu. P. Usov 

_S?lid Dielectric Swit~h1 Multielectrode Gas Gap 

1969-1970 

V. V. Khmyrov 
---

B. M. Kova1 ' chuk 
v. P. Osipov 

Trigatron -- 1977 

v. v . Baraboshkin 

C. A. Mesyats 

INSTITIJTE OF NUCLEAR PHYSICS, MOSCOW STATE UNIVERSITY (IYaFMGU) 

Multie1ectrode Gas Gap - - 1976 

I. Ya. Antipov 
Ye. \' . J..azutin 

V. A. Khrushchev 
I. M. Piskarev 

UNCLASSIFIED 

Yu. V. K~ netsov 
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KIEV POLYTECHNIC INS!ITOTE (KPI) 

Triotron, Trioplasmatron 

1971- 1973 

Yu. D. Khromov 
L. P. Pav1enko 
A. I. Soldatenko 

v. I. Krizhanovskiy 
A. I. Shendakov 
A. I. Vishnevskiy 

A. I. Kuz'michev 
L. N. Shmyreva 
S. Sh . ZaydCJan 

LENINGRAD ELECTRICAL ENGINEERING COMMUNICATIONS IN~TITUTE (LEiS) 

Mercury Thyratron -- 1972 

c. 
P. 
c. 
T. 
v. 

L. Z. Gogo1itsyn 

LENINGRAD POLYTECHNIC INSTITUTE (LPI) 

Triggered Vacuum Gap, Surface-Flashov~r Spatk G~, 
Discharge in Air 

1971- 1979 

I. Belyayev M. t ... Chepka1enko M • A. Chernov 
N. Dashuk A. V. Grigor'yev v. B. Ikonnikov 
s. Kichayeva S. L. Kulakov s. N. Harkov 
G. Merkulova Ye. A. Sergeyenkova P. I. Sltkuropat 
L. Shutov M. D. Yarysheva A. K. .t.inchenko 

Multie1•ectrode Spark Gap, Magnetic Flux Compressi~ 

1971-1972 

Ye. P. Bel'kov 

MOSCO\>/ POWER INSTITUTE (ME!) 

Switch Electrude Erosion 

1973-1978 

V. A. Avrutskiy 
V. Ya. Kiselev 

G. S. Belkin 
Ye. N. Prokhorov 

r:. ~!. Goncharenko 

MOSCOW ENGINEERING PHYSICS INSTITUTE (MIFJ) 

Triggered Gas Gap, Trigatrcn 

B. A. Afanas'yev 
A. P. Klement'yev 
A. I. Pavlovskly 

. 19 7 S.::lll§. 

A. S. Fedotkin 
G. D. Kuleshov 
s. Ya. S1)'usarenko 
V. P. Tsiberov 
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JOINT INSTITUTE OF NUCLEAR RESEARCH (OiYai) , DUBNA 

Mu1tie1ectrode Spark Gap -- 1978 

L. K. Ljtkin A. F. Pisarev 
G. S. Revenko 

Untriggered Gas Gap -- 1977 

V. F. Pisarev 

(with High Ener,gy Physics Institute of GDR) 

Ya. V. Grishkevich G. Peter D. Poze 
Kh. Ryuger A. Shrind K. Tryuchler 

V. A. Bu1anov 

Ignitron -- 1977 

G. A. Ivanov 

Triggered Vacuum Gap - - 1975 

G. D. A1ekseyev 
D. M. Khazins 

Untriggered ~as Gap - - 1965 

I. B. Issinskiy 
K. P. Myznikov 

L. V. Svetov 

SPECIAL DESIGN BUREAU FOR X- RAY EQUIPMENT (SKBRA), LENINGRAD 

Untriggered Gas Gap, Laser Pumping -- 1973 

E. A. Avil~v N. V. Belkin A. V. Dudin 
M. A. Kanunov A. A. Razin A. P. Zykov 

TOMSK POLYTECHNIC INSTITUTE (TPI) 

Mu1tielectrode Gas Gap , Tdgg,ered Gas Gap 

1968- 1970 

B. M. Kova1'chuk 

N. P. Polyakov 

V. V. Krenmev 
Yu. f . Potalitsyn 

Thyr istor -- 1978 

P. P. Rumyantsev 
Yu. P. Yarushkin 

UNCLASSIFIED 
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UNIDENTIFIED AFFILIATIONS 

Triggered Gas ~ap -- 1968 

L. G. Iv1eva 
L . N. Vagin 

Triggered Vacuum Gap -- 1975 

0. G. Bespa1ov A. S. Knyazyatov A. I . Nastyukha 
P. A. Sndrnov A. N. Udovenko 

V. A. Alekseyev 

v. r. Andronova 
A. M. Serbinov 

B. V. Ka1achev 
1. V. Smirnov 

Ignitron -- 1978 

R. G. Antokhin 
V. I. Sysun 

Plasma Jet Switch -- 1970 

V. S. Kome1 'kov 
V. I. ModzolP.vskiy 

R. 1(. Bevov 

Untriggered Gas Gap -- 1975 

V. S. Mczhevov 

A. M. Andria nov 
A. Yu. Soko1ov 

A. P. Stre1 1tsov 

Trittgered Vacuum Gap 

1970-1971 

V. F. "emichev 
A. K. Terent'yev 

G. I . Kromskiy 

Yu. D. Khromoy 

Yu. B. Smakovskiy 

P. A. Levit 
G. A. Yeliseyev 

Rcpetition~Rated Switch Erosior. -- 1979 

L. S. Eyg L. N. Kosmarskiy L . C. 5be1 1 nikova 
I. A. Voronezhskaya 
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Appendix D 

LIST OF SOVIET RESEARCH INSTITUTES 

Soviet research instit•1tes referred to in this report 
are li.stl!d below in alphabetical order by acronym. 

FIAN Physics Institute imeni P. N. Lebedev, Academy of Sci~nces, 
USSR; Moscow 

FTI Physico-Technical Institute, Ac~demy of Sciences, Ukrainian 
SSR; Khar'kov 

FTII Physico-Technical Institute imeni A. F. Ioffe, Academy of 
Sciences , USSR; Leningrad 

GIKF Mining Instit\lte, Kola Affiliate of the Academy of Sciences, 
USSR; Apatity 

IAE Insti.tute of Atomic Energy i meni I. V. Kurchatov; Moscow 

IED Institute of Electrodynamic&, Aca':iemy of Sciences, Ukrainian 
SSR; Kiev 

IFPA Scientific Research Institute of Electrophysical Equipment 
imeni D. B. Yefremov, State Committee for the Use of 
Atomic Energy; Leningrad 

IFANU Insdtute of Fhysics , Academy of Sciences, Ukrainian SSR; 
Kiev 

IOA Institute of Acmospheric Optics, Siberian Br anch, Academy of 
Sciences, USSR; Tomsk 

ISE Institute of Hig~-Current Electronics, Siberi~n Branch, 
Academy of Sciences, USSR; Tomsk 

ITEF Institute of Theoretical and Experimental Physics, State Com
mittee for the Use of Atomi~ Energy; Moscow 

IVN Scientific Research Institute of High Volt ages , Tomsk 
Polyt~chnic Institute imeni S. M. Kirov; romsk 

IYaFEA Scientiiic Research Institute of Nuclear Physics, Electronics, 
and Automation, Tomsk Polytechnic Instlt:ute imeni s. M. Kirov; 
Tomsk 

IYaFMGU Scientific Research Institute of Nuclear Physics, Moscow State 
University imeni M. V. Lomonosov; Moscow 

UNCLASSIFIED 
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KhiR 

KhPI 

KPI 

LEIS 

LPI 

MEl 

MIFI 

OIYal 

SKBRA 
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Institute of Nuclear Physics, Siberian Branch, Academy of 
Sciences, USSR; Novosibir sk 

Ki.ev State University imenl r. G. Shevci1enko; Kiev 

Khar'kov Institute of Radioelectronics; Khar'kov 

Khar'kov Pol ytec.hnic ln!"titute; Khar' kov 

Kiev Pol ytechnic Institute; Ki·ev 

Leningrad Electrical Engineering Communications Institute 
imeni M. A· Boneh~Bruyev1eh; Leningrad 

Leningrad Polytechnic Institute imeni M. I . Kal inin; 
Leningrad 

Moscow Pow~r Institute; Moscow 

Moscow Engi nee:dng Physics Institute; 1-!oscow 

Joint Institute of Nuclear Resear ch; Dubnn 

Sper.ial Design Bureau for X-Ray Equipment ; Leningrad 

!omsk Polytechnic Institute imeni S. M. Kirov; Tomsk 
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