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(V) PREFACE

{U) This Rand note was prepared in the course of a continuing
study, sponsored by the D:fense Advanced Research Projects Agency, of
Soviet research and development of hipn-current high-encrgy charged-
particle beams and their scientilic and techaslogical applications.

L/ZH( Ihe note 1s the secorl in a serics lnvestigating, om the
basis of evidence 10 Soviet open-source Lechnical publications, tiwe
possible existence ol a Sgviet military program to dewvelop charged-
particle hean weapens and the probable history of such a propram.  The
uote examines Soviet pulsed-powar switch Lechnulopy as an indicator of
such a program. Other notes in the series examine Soviet work on the
propagation of high~current electron beamy in dir* and indications of
A new generation of charged-particle accelerators.**

(U} The note, prepared for the Director's NFfice, DARPA, may
also be of interest to pulsed-power specialiris engared in the devel-
opment of switch technology.

* - . " - 3 ap
(U) Siron Kassel, Mm¥ieations of 1 Soiel Pap! i Te=Pegm Seypon
fro_vam: . Hrh-turpent Rleelron-Beam Fropajation in Afp (U) The

Ha Y

Rend Corporation, M-1737-ARPA, Aupust 1981 (ST

* & . - - ] .
(1)  Simon Kassel, Madicaiiomg oF @ Jordct Papt ele-Feam

- -
Weapon Program:  ITT, The ™imivy of Paoloa: "' deee’ witor oo =
arment {U), The Rand Corporation, N-1799-ARPA, August 1981 (e .
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(B)  SIRURY

L/(){ The evidenve of Scviet opeo-source literature indicates a sig-
nificant pronability chat st some time between 19773 and 1975 the USSR
initiated an advanced phase of o charged=particle beam=wedpon propram,
This conclusion is Suzpested vy the Findings of a study examining three
aspects of Soviet pulsed-power development:  electrun-beam profapation
through the atmosphere: repetitive pulsed-power switch tectwolopy; and
indicazions of a third-gescration of pulied-power accclerators.

Lj ] In covtrast te a rapldly risiny volume of publicatisns con-
cerning Soviet pulsed power in goneral and Soviet switch developrents
not diecctly relaced te beamweapou requirements, opun-sSourve coverage
of the pulsc fregquency ond power characteristics of repetirive switches,
the category cunsldered wost pertinent to heam-weapon development, de-
clined. This publication pattern is arsomed to have resulted from more
stringant censorship of selected aspects of “ovier pulsed-power R&D
during the period in unestien.

(U) The findinps vl the prescent nobe are based on Lhe examina-
tion of 91 Soviet high-current, hign-voltage switches develuped curing

the past 15 vears.

Yoo 1855 1 el
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(U) 1. _INTROBUCTION

L/ DN, Soviet open-sourc~ literature, representing the basic input
to thls study, reflects che relatively early stages of the research-
development-test~evaluation cyecle anid prouides.ﬁractically no informa-
tion on weapon prototypes. Within this limftacion, hewever, the Liter~
aturc is larne and compreliensive. The attempt te infer weapon appli-
catlons from the published R&D roeports must rely on methods of corre-
lacing this targe quantity of available technical data.

L/jﬁf the reseerch area divcctly pertinent tv the development of
charge.-particle heam (LFB) weapons is that ov pulsed power. A previ-
cus study by this author suggested that the intense pulred-puwer ef fort
mounted by the Soviets has proceeded on a broad frost, including mili-
tary npplicationa.* Another study indicated thar {n the early J470s
Soviet high-current relativistic electron-beam research was cenfigured
particularly well ro Ci'B weapen devclapment.** While these studies
indic-red capabilities and tendencies of the Soviat R&D efforcs rele-

v nt to CPB weapens, they did noc confive the existence of specific
nrograms to develop the necessary technologies.

Y M_ ‘The area of pulsed power is ¢ aracterized by a broad range ol
technological cpplications and by an miternaive commenility of rescarch
issues and equiprent among these opplications. Individual rescarch
issues Chat are urique ty 3 particuiar applicaticon, such as the par-
ticle-beam weapon, are quite rare. In the development of indicators of
vxiseing w ipon mrograms, s1 issues must be seught and idencified, ~r
at least approximated as closr:1y as possible.

c/_ﬁ){ For the first noce of rhis scrivs,ﬁ** elccrrop=-veam propa-
pation in air was selected as the indicaror, since it is pertinent Lo

* . .
(U} Simon Kassel, Pulsed-fower Feooaveit and Levclopment ir tl.
4554, The Rand Corporation, R-2212-ARPA, May 1978, p. 118.
AR . .
(U} Simon Kassel and Charles D. lendricks, Mgh-Tworant Partiels
Boams, (1. The Sibertan USSP Reocareh: Grours (U}, The Rand Corpora-
tion, R-1BB5-ARPA, April 1976 tConriidewsind:
lr“H‘{UJ Simon Kassel, fmitertions of 1 Soviet Pavticle-Bean Weapon
oo gram: To dioi=Cuppen! Fleot voa-Bem Proparal enoin ST (U}, The
Rasul Curparition, N-1737-ARFA, Augusp 198] TR
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[ew applications other than particle-beam wzapens. For this report,
clasing switches become the indicaror. While high-currene, high-enerpy
clesing switches 1re a key element in many pulsed-power systems, spe-
cinl cperating parameters, and particularly the repeticion-rate speci-
fication, narrow rhe range of applications of the sw'irch go the poing
where it is possihle to draw some conclusiens about weapon applications
of che visible Sovier R&D efforts,

{U) The survey of Soviet high-current, high-encrgv closing

switchos presented in this report is based or throe key consildaerations:

o The type, or operating characteristics, of the swicch.

o The availability our absence of explicit indications of
a dedicated applicarion of the switeh.

o The time of appearance of the switch within the past

15 years.

(} P&l Th.se consideratiowns, taken together, provide a means of iden—
eifying a set of switch developrents wich the hipghest prebabiliry of a
weapon application. Arother consideration, playing a supporting role
in such an identificacizn process, concerns the institutions, teams, and
personalities responsible for the development of each switch type. or
the analysis of these f. ctors, the survey covers 91 switch types devel-
oped and used in the Soviet pulsed-power RED effort.

v O ™ - lirerawure on these switches treats both vepetitive and
sinule-sh witches. Since the weapon application of clesing switches
curns loveely on rheiv capabilicy for reperirive operation, the liter-
ature dealing with repetlrive switches contains mest of the marerial
used in projecrinm a possible Soviel particle~bean weapon program. The
matecis] on single~shot switches serves mainly as an inaicacur of the
level of Soviet switch technelogy, the svurce ol vepcetitive switch ver-
sions, The Soviel developnent of sinple-shot switches also serves as a
centrol in relation to the paradigm rperiting an the set of reperitive
switches: since the applicatiors of the reperitive and che single-chor
suts differ, che differences in the evnlution of and relationships be-

tween the two sets are signifieant 1o xa assessment ol a weapen pragram.

_RECRETT
Docims: O ed
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{U) Seceion 1I of this noce desceibes the methad developed for
manipulating the repetitive switch dats otrtained in the survey. Section
IlI presents the conclusions of the survey.

(U) The listing and technical description of the Sovier pulsed-
power switches that form the basis of this survey, as well as RSD orga-
nizaclons responsible for them, are given in appendixes ro this note.
Appendix A presents the rechnical detarls of repecitive swicches; Ap-
pendix B rabulates and describes sinple-shot switches; Appendix € lises
rhe {nstitutes, research teams, and organizatians regponsitle for Soviet
switch developrent; Appendix D lists the institutes in alphabetieal

order by zcronym.

UNCLASSIFIED
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(0) I1. SURVEY METHOD AND DATA ON RFPETITIVE SWITCHES

v 2’6’ In evaluating the possibilirty of an association, if any, be-
tveen the Soviet development of repetitive switches and a particle-beam
veipon program, the first ster 1s to identify ull Soviet repetitive
switch projeces associated with nonweapon applicaviens. Avallable ex-
plicit statements in Soviec reseavch reperts cutablished sach an associ-
dtion by seacing that a given switch was heing developed lor enoe, v
several, applications rarging rrom the pumplng of cleccroionization
tasecs and microwave gencrators to high-enerpy physics research involv-
ing spark chawbers and particle accelerators. In the absenve of such
scatements, thius studv examined each switch resear.h project in con-
text. L[t the research team responsible Tor the projecet was knnw o he
working on the above applications, the nonweapen association of the
given switch was considec-d established, Two categories of switches
were thus denitified: those dedicated to nonweapon apyiicdr wens and
those with unspeci:ied applications. It was assured that swicches as-
soziated in some way with a particle-beas weapon pragram weuld lall
inte the second catepory.

(U} ithe repetirive switehes were further clagsified hv pertod a
decermine the developsest of foviet switch technolepgy over Liwe. In
vicw of the upbcercainty of Losing the Eirst appearance ot each switch
type, the totat tImg span under consideration was divided inte twve
puriods enly: Dbefore 19746 and after 1973, the e¢nd ol 1973 was chasen
because it represents tpe median in the develaprent of repetitive
switches, as reflected in the open-scurce literature; that is, roughly

ne~half nf the total were “old" switches, reported before 1974, and
ene-half were "new"” switches, revorted after 1973,

{(U) The material cn repetitive switches is thus grouped inte four
catepoeries according to the four possible cewbinations of old and new
switches and unspecifiod and specified applicaticns. Table 1 Jdisplays
the four caterories af Soviet repetitive closing switches and their

basic technical specifications and institutional affiliations.

0
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Appendix A pravides a more detalled descriphion of cach repetitive

switch type, preceded by notes on Soviet research on the geoneral preb-

lems of repetitive switching.

repetitive closing swictches detalled in Takle 1.

repetitive from the single-shot closing switches reported before 1974

and aft-r 1973.

Table 1

Table 2 summarizes the breakdown of

Table 3 separates the

SOVIET REPETITIVE CLOSING SWITCKES BY PERIOD,

APPLICATION, INSTITUTE, AND TYPE

Year Frequency
No. Reported [nscitutca Swlteh typo {Hz) Power Raf,
0ld, Unspecified Applicatlions
1 1968 IYaFEA  Trigunered gas gap 50 ¢.5 oW (11
2 1970 IYaFEA  BaTi0Q; air gap 30 k 0.5 MW {2]
3 1971 FTI Vacuum gap 0.1 15 oW i3]
4 1973 I0A Triggered gas pap 50 .3 Gl [4]
3 1972 LEIS Mercury thyratron 250 0.4 MW isl
b 1972 1¥aF50 Mercury thyratron 0.5 [o]
7 1965 IYaFS0  Ignitron 5 30 MW [6]
8 _967 IYaFSQ  Hydrogen thyratron 25 BO MW 171
g 1970 LRI Cascade spark gap 50 2 CW [8]
10 1970 FT1 Triggered are 1 1 CW (9]
11 1973 KPI Trictron x100 4.5 MW [10]
12 1972 Kt Trioplasmatron 1500 3w [11]
13 1972 SKARA Untriggered pas eap 50 250 My 112]
14 1964 OtYal Tripgerced gas gap G.2 9 (W (13}
15 1967 Unident. Autron 1k 2 M {14
16 1972 LAE Vacitron 100 k b oMW [15]
0ld, Dedicated to Nonweapan Applic.itions
17 1972 FTI Laser-tripggered wator pap 20 30 kW [3]

UNCLASSIFIED
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Table 1 {cort'd)

Year Frequency
No. Heported Institute Switcl Tvpe {Hz} Pcwer Ref.

New, Unspecified Applications

L& 1976 IYaFsD  Tripgered pas pgap 25 2 cH [16}
19 1975 GIKF Trigatren 10 2 W [17]
20 1975 thyiclent . Mechanical 2 1161
21 1974 Unident. Trigpered vacuun gap 0.1 16 (W [19]
22 1977 Unident. Ignitron o 10 G+ 120}

New, Dedicated to Nenweapon Applications

23 1975 TOA Untrigeered pas gap 100 3ow (21}
24 1978 ISE Untrigger J gas uwap 50 6 GW [22
25 1976 KIR Triggered | gap 100 63 MW [23]
26 1974 OIYal Tripgered vacuur pap 20 0.6 My 125])
27 1977 GlYal Triggered pas pap «100 13 [253}
28 1975 IYaF¥CU  Trippered pas gap 3¢ {26}
29 1976 IYaF50  CLascade gap 1 25 W [27]
30 1976 10A Triggered arc G.1 100 MW [28]
J1 1977 TYN Rotating ecicctrodes 20 1 oW [29]
32 1978 TPI1 Thyristor 1k 30 M [ 0]

lnaritztes are listed in alphabetical order by acronym in Appendix P, p. 78.

Table 2

SOVIET REPETITIVE CLOSING SWITCHES--SUMMARY

Application
Period Afflliacion Nonweapon ‘nspecified
Before 1974 fnown 1 15
Uaknown Q 1
Afrer 1973 ¥nown 10 2
Unknown 0 3
toral 11 21

UNCLASSIFIED
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Table 3

REPETITIVE VS. SINCLE-SHOT CLOSINC SWITCLES

BEFORE 1974 AND AFTER 1973

Reported Reported

before afrer
1974 1973 Total
$ingle-shot 26 33 59
Reperitive 17 15 32
Toeal 43 48 91

UNCLASSIFIED
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() [LL. CONCLUSIONS

L’}‘f Among the several categorics ol closing switches conridered
here, repetitive switches with unspeciliied gpplications are singled out
as the least ambipuous indiciror of o Soviet bear-woiron program,  Re-
petitive switches are therefarc the wain subtert of this <ection.

(V) Soviet switch technolopy has been develaping during Lhe past
decade {n an environment of 3 shacply accelerating pulsed-power tech-
nology. This is illustracad by the tact that the number of Soviet re-
poerts on pulsed pow.r submitiad for puilication after 197) wi. double
that submitted hetween 1968 and 1974,

{1) Fipure | compores the proavth of Saviet pulsed power as 2 vhole
{based on the toral nurber of papers published on pualsed-power RSD) with
tha: o' various categorics of 3uviet switche  (total sumber »F switeh
types). The prowth of single-shot switches, as <howm in Fipo 1, paral-
lels that of pulsed-power, althouph ot o Lower rat:. Repet. ive swiucches
with unspecificd applications——the categnry of clasing switrh most
likelv to vvidte to heameweapen davelopmoni--show the oppuoate trend, de-
cveysingy anarn)y from sixtecen type” helore 1974 to five aflter 1973, At
tug same time, repetitive ssipches explicitly Jdedicated Lo monwespon ap-
plicaiion increased (rom one tvpe helare 1974 o ten tvypes after 1973,

{I"Y  _.here are a. least rhree possible explanatiaons for the tromis

In Saviet repetitive switches apparer® in Soviet open-source literature:

¢ e o of 1973 marked a lopical shift in the develop-
men: of reyetitive switches fron an exrly, wencric,
mulCpurpose approacn ta a4 aater fhise dediceted ko
nonweapun applications,

o “Lvier rescarchers met bittle sucewss and curtailed
fvrtner developmenr of repetitive switches, oxcept for
a few types Jedicated ta penweapon applications.

n  Afcer 1973, increased censcrship barred most repetitive
switches with vpspecifiod applicatlons frem open-source

publirations,

an%s.'gfiff m
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No. NITIY 3
iteh P
topes Sinple-shot 1
35 switehes rotal pul.ed-
— POACT TS
b : r 1o
25k 1. ‘ 4 1my
Resvtitive switelnes
2 r T vaspecified ' _‘
) ! ot Jon . ‘o
e Tanwray il
(I 1 appl gl ton |
) = 500
it
Ll 1 a0

D R-poried b fore i974

Reported after 1974

Fig . i-=lt-velopuent of vari v, cateporics of Soviel
cloving switches conpared with caca ather
amd with gwrawth of pulsed power as in-
dicated hy the nomber of culsd-
power papers publ fuhed

UNCLASSIFIED




UNCLASSIFIED

10

{1} The fivsc explanatfon is suggested by the relatively larpe
nutther of repetitive switches dedicated to vonweapon applications Lhat
were rejorced afrer 1971, These switches would appear te be a direct
outcone ¥ early research on switches of unspecified application. How-
ever, \his explanation has two serious {laws. First., while it provides
a ratiotale for the rise in nonweapon switches alter 1973, it fails te
explain tie drop in repetitive switches of unspecified application.
serond, ¢ shift from generic teo specialized RSY implies a contlinuicy in
the researih-development-tusc-evalvacion cyele. There is oo such con-
tinuicy appirent in the Soviet work in this area, The R&0D teams enpaped
in the development of reperitive switches dedicaced to nonweapon appli-
cations are ‘n almost all cases different from those identified wicth the
switche. of uspecified applicaring.

(U) The second explanation--thac the work was stopped hecause af
poor results--'s also unlikely. The Soviers rarely abandon programs in
pulsed power. dost important, however, the accelerating momentum evi-
dent in Soviet pilsed-power development clearly requirss repetitive
switch developmert for a range of appllcations. Among nonweapon appli-
cations, an autstanding exampie of the future need for advanced repeti-
tive switches is inertial conflnement fusion, which plays a major roile
in Soviet energy R&D.

{U} The third explanation of the switch sublications trends. based
on the censorship hypothesis, provides the least contradictory acceunt
of the celationships among the several catepories of switches. Accord-
ing to chis explanagion, the drop in publirations gn refecivive switches
of unasectfied apphivation is apparenr racha v thae real nd dowes pnat
roflect che aetnal growlh rate of the Ball process.

{(U) This kind of discontinuity in the expected rate of propress
also appears in the analysis of the perlormance specifications of the
ruepeticive switches. The develonnent of Soviet repetitive switches he-
fore and afzer the end of 1973 indicates significant technical prasress.
Fignre 2 shows these switches discributed according to their repetition
frequency and instantaneous power characteristics., The iines in the

Figure tepresent the state of the art at a given time. Thus, some of

UNCLASSIFIED
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2 Switches reported berore 1974

®  Switches reperted after 1971

D Nedicated to nonweapon
appllcations

HUTE: Nombers in plot ldentifv
switches in Table |

Lf

(2%

Q 1A

. 1 | I e e ead
1 10 100 tW ) 10 100 oW

instantaneour power

Fip, 2--Soviet repetitive closing swilches
frequency vs power distribution
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the older Soviet switches fall on the line which av one eoxrreme indlcates
10 kH and 500 kW and at the other, 0.2 Hz and 9 GW. Some of the newer
switches range from 1 kHz and 30 MW to I ilz and .5 €W, Still better are
the switchas for 100 He and 3 GW and Yor 30 Hz and 6 W, Mawever, this
propress from the old to the new perivd is apparcnt only ar the rela-
tively low frequencies of 1 te 100 Hz., There are no Sovier switches in
the GW range above 100 Nz,

() As 1 the case of the publicarions Jdrop, the ahzence of such
switches is dififfenle to vxplain in vi.w of the sivstematic Soviet pulsel-
power RAD. 1n particular, one would expect to find soviec swicehas with
capabilicles approdiching these of the ETA switch, which is already apec-
ational in the U.¥. Chalr-Hertitape program., Although Fig. 2 irdicates
obvious progress in switch tcchmology, in terms of frequency vorsus pow-
er, dirveted diaponally upwird to the right, it dlsv shews a cleac break
in such progress in areas significant to tle weapon applicac:on.

{U) Two paiterns are now cvideat in the Savier open sources: a
sharp decrease In unspecified-application repetitive switch tvpes after
1973 and a break in swltch developuent above 100 Hz and 1 LW, FEach pac-
tern, taken separately, may be considered incenclusive. Taken topether,
however, these patverns suggest the following hypothesis:

Lz&!d Before 1574, the developoment of repatitive switches lor beam-
weapon purposes was relatively open and a part of the generic, multipur-
pose development of pulsed-power switches, At the same tiwe, the demand
for repetitive switches for nonweapon applications was relatively low.
Since 1973, the censorship of beam-weapon-oriented r.uearch has become
morve stringeng, some of that rescarch hae been transferred co closed
fnstitutes, and the demand for repetitive suirches in jjonwecapen areas
e increased.  This hypoetlhesis, implving an unanterrupred prowth in
repetitive switeh Jdevelopment, is thw nnly one that ls consonant with
the increasing pace of Soviet pulsed power,

() One way of tescing this hyporhesis is by examining more c¢lose-
ly the category of five repetitive switches with unspecified applicn-
tions reported afcer 1973, 16, as hypothesized, the censorship af
suwitch research became more stringent in 1973-1974, the publication of

the five switches is apen to quesrion.

Pelhss. ?i@‘i___

-— - - —.— . — o e - _— o e Ceastulbe



Neclms: Lred BEBRET

13

{U) Three of these switches were reported hy authors far vhom no
instit- " fonal affiliation could be found. ThZs repcesents the highest
concentration of unidentiffed facilities in all the switeh categories
considered in this report. Thn absence of institutional {dentification
can be ancther {ndication of scepped-up cenisorship, which may range
from withheolding affiliarion data to prohibicing publication,

L/;’ﬂ The above hypethesis essentially specifies that a change -
the nature of Seviet R&D relevant to a particle-beam weapon development
occurred in 1573-1974. This change and its timing are cansistent with
the finding of the flrst reporr of this serfes, Jealing witih Sovier re-
search an air propagation of charged-particle heams, Based on prenises
unrelated to the considerations presented here, the earlier report pos-
tulated a phased progression of a hypothetizal Sovier weapon program as

follows:

The firac stage, oviginating perhaps before the 19608 aund
lasting until nearly :the end of that decade, consisted of
preliminary theoretical work and the bulldup of pulsed-
power equipment. . . . The second stage, extending from
the late 1960s to the mid-1970s, was ushered in by the
advent of high-current dicde accelerators. . . . Both
stages generated 3 relatively abundant literature on the
rescarch results., The third stage, which hegan ‘n the
mid-1970s, was marked by s severely restricted publicetion
policy.* The third stage . . . may have ushered ia a new,
higher level of more realistic eaperimentation 2nd new ac-
celerator equipment . . . warranting the fmposition of

secrecy.

‘/ W\The third stage of the air propagation R&D coincides within
one or two vears with the advanced stage of pulsed-power-switeh R&D
postulated in the present report. While each of the two reports is

based on indirect, and rherefore spoculative, evidence, Lheir conclu-

sions corrobordte one another.

*(U] Simon Kassel, Ind:resticee of a Sgviet Particle-Beam Feapon
Program: 1. Kigh-turpent Flexipros-lvon prepagation in AMr (U),
K- 2596-ARPA (fTTYes), forthcoming, pp. 8-9.

hh .
(1) 1bid., p. vi.
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v 3’4{ The topices of alr propagation and switch technnlogy were se-
lected as the ivast ambiguour indicators of Snoviet beam-weapon devel-
opment, These Iindicators are a part of the broad spectruw of pulsed-
power research and development. It s significant ihat both indicators
were [ound to display a time bchavior that differed markedly from che
trerd of Soviet pulsed-power R&D: a drop in publication in the face of
aecelerating overall publication rate. It 1s clear that Soviet author-
ities place a hipgh premium on pulsed power as a Beneric technology capa-
ble of many applications. It Is likely that the Seviet pulsed-powey de-
velopment progrtam includes agetive particle-useam weapon development. Ac-
cording to the finding of this scudy, such development may have com
penced a new phase, militarily significanc enough to warrant augmented
publication censorship, in che mid-1970s. The pace and quality of the
Soviet effort, 45 evidenced in the switeh technology, wmake such a con-

clugsion probable.
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Appendix A
SOVIET REPETITIVE SWITCHES

1. THEQRY AND EXPERIMENT

The requirement (or s high repotition rate impnsed oa high-power

switches ertalls considerable problems of switch design. While the
Toviets have done extensive work an loveloping repetitive swirches,
they have published relatively Llttle oa the jpeneral problems ~° repe¢-
itive swivching, vooling, pap purging, anid clecttode erosion. A brief
account of Soviel reports on these topics follows.

The mast comprehensive approach to switch rdevelopment must be
credited to «. A. Mesyats, who was associated with the lostitute of
Arnospherics (I0A) until 1978 and then with the [nsticute of Hlgh-
current Electronics (Iul). both in lomsk. YWariiing on swi.ching high
currents with shore rise times, Mesyaes postuliated two Dasic switrhing
principles [31]:

1. Avalanche switching, consisting of the generation of many
electrons in the gup by the application of the electrlc field. In a
sufficiently high field, each elecrron generates an electron avalacche.
this climirates the spark channel and stlmularces fast processes that
shorten current rise times to tenchs of 4 nanorecond. According to ex-
perimencs. current rise rates uvnder suel conditlons can reach 10 ats.
Avalanche switchiag is capable of achieving pulse tepetition rates of
over 10" Hz. dased on this neinriple, Mesyars veported the highest
repetition rate publishe:d in the US5k-- M kHz--usiag o BaTiC3 cervanic
switeh [2],

2. Injectlon nf electrons diccetly into sas. Mesyats proposed
this methed in the course of developing the rl:ioty ol avatanche switch-
ing. Ef the Injected current is high enough, shorl switching time and
high rise rate can be achieved witlhout an avalanche, by means of the
nonself-susraininpg volune discharge. Mesyats called rhe swiech vosed
ori this principle the injectlen chyratron. Instead of gensvating elec—
tyons by cathode heating, as in a conventlonal thyratron, the injection

thyratron receives electrons through the cathode fros an outside
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source. This enables roral contrvol of the switching action: cthe swicch
can be closed and opened rapidly.

8noth methods have a problem: as the effective fivld in gas drops,
the etectron driit vate decreases, resulting in a high residual resis-
tance. The solutioun of this problew requires a gas that has a high elec-
tron drifc rate at low fields. Mesyats proposed mechane, because of Its
anomalous dependence of the dreift rate on E/p. Methane may also be use-
ful in the injection thyratrop operating as an opening switch for an in-
ductive storage system, In Such a switch, methane may prevent instabili-
ties due to the rapid rise of the electric field in the volume discharge
plasma [31].

An impcrtant contribution o the theory of repetitive switching was
made by Ye. P. Bel'kov of the Leningrad Polytechniec Jostitute (LPI},
In his attempt to formulate a theory of charnel gas cooling, Nel'kov re-
ferred to the work of A. B, Park~r and D. E. Poole (Brit. J. Appl. Fhys.
v. 15, 1964, p. 1011l) who .onsidered the cooling prongcess in rhe channel
from the viewpolnr of heat conductivity theory, but failed to obtain
uscful results, slnce the gas in the gap cooled much faster than pre-
dicred by the theory. Parker and Poole assumed an intensive motion of
gas in the interelectrode space. As a result, the gas temperature was
assumed homcgeneous throughout the volume, except for thin layers next
to the cold electrade surface, which shoyld have a high thermal gradienc.
To reconcile the experimentil results with theory, Parker and Poole pos-
tulated a transsenic velocity within the hot g & region, To werifv these
assumptions, Bel'kov used a Schlivren photography methot and z0-Y¥A cur~
rent pulses {short pulses of 3 to 10 us and long of !500 us) in a pap of
2 te 10 mm. The experiments showed a significant difference in the cool-
ing dyuvaaics of the long aund shore pulses. After the end of each pulse,
as the discharpe channcl cooled, the gas mcved from the peviphery to the
center of the rcegion being cooled. Afrer long pulues, this motion is
laminar; after shore pulses, the centripecal motion is mare intensive,
Bel'kav explained that at the end of a short pulse, the pas, linited to
the discharge chanmnel, is hot and toois rapldly because of high hear con-

ductivity. The process of cooling and rising pas density occurs so fast
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as to make the pgas motiom turbulent. The cooling rate is sharply in-
creased by mass transfer, which, in tuxn, further enhances the motion
of gas [32].

An unidentified facility reported on experiments performed to de-
termine clectrode erosion and service life of vacuum spark gaps as
functions of repetition rate. Pulse paramercrs were constant at (0.6 J,
200 A, ~1 RV, 0.2 MW, 3-us pulse leagth, and 4-mm gap length. The
repetition rate varled from 50 to 1000 Hz. The measurements included
weighing cathodes of Mg, Cu, Fe, Ti, and Ta, taking anode temperatures,
and spectroscople damalysis of the discharge.

It was found thar the highar the repetiticn rate, the less the
material transferred from the cathode to the anode per shot. The anode
termperature Increased with repetition rate., As the latter increased,
the electrodes heated up, Inhibiting the condensatica of the wmeral vapor
which remained in the gap between pulses and served as the discharge
medium. This process decreased electrode crosion. The Eollowling mech-
anism was postulated:

The i{ncreasing average electrode temperature Jacrenser the metal-
vapor pressure in the gap. The elevated vapor pressure, together with
the jonizing energy of electrons, determined by voltage drop in the gap
and the electron mean free path (exceeding the gap lemgth), enhance the
rate of collisions, producing singly-charged and multicharged ions. It
is assumed that at high repetition rates, the positive space charge is
established mainly by the multicharged ions, rather than by centinuing
vaporization of the cathode material.

In aoperation at 1 kiz, cathode erosion was uegliplble and there
was no diserrnible deposition afl cathode metal on che anode and trigger,
even when Mg was wused a. the cathode meral. LUnder these conditions, the
swltch remained operational afrer 5 x 10% shots. Thus, for the same
switcheu energy, lncreasing the repetition rate was found to decrease

eroalon [31].

2. OLD SWITCHES, UNSPECTFIED AFPLICATTONS

The Tomsk complex led by G. A, Mesyacs has been developing high-

current multielectrode tripggered pas paps for repetitive operation since
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the esrly or mid-1960s. In 1967, the Tomsk Polytechnic Iastitute (TPI},
the parent vrganization of several of Tomsk research institutes, sub«
mitted a report on an atmospheric-pressure air pap suitable for parallel
operation in large capacitor banks. For single shots, the air gap was
rated for 8 to 50 kV and 100 kA. At 8 kV, ’ = delay time was BO ns with
a yitcer of § ms. Ar 50 iV, the corresponding €ipures were 15 ns and

1 as, with a lifetime of over 1000 shots [34]. A year later, the Insti-
tute of Nuclear Physics, Electronics, and Automation (1YaFEA) in Tomsk
submitted che results of adapting this gap for Sbth repeticion rate in
the range from 3 to 30 kV and 15 k4 [1].

In 1970, Mesyats was ready to publish a repurt on the development
of subnanosecond triggered air switches, based vn the avalanche dis-
charge principle and made of BaTif)y ceramic. Under the IYaFEA byline,
he described a 1-kV repetltive switch with a 0.6—-ns pulse length. The
repetition rate of the switeh was 30 kHz For a curvent of 0.5 kA, and
1 kMz for 1 kA [2].* In a 1978 article, Mesyats added thar the service
Iife of this switch exceeded 500 hours. The results of tests in which
the switch was driven hy two thyratrona indicated that it was possible
to form pulse pairs with a separation of uwp to 1 us [35). Im 1973,

I0A announced a 35~kV, l4-kA multielectrode gas gap, delivering 80-as
pulses and having a4 rise time of 2 ns and a repecition rate of 50 Hz.
The swicch, Filied with nicropen ar 1O to 12 atm, had a service life of
2 x 10% shots at SO Hz [4]).

The same tean of reseurchers working uader Hesyats it IVaFEA and
I0A produced the gap switches described above. The team included 8. M.
Koval'chuk, D, I. Proskurovskiy, Ye. B, Yamkelevich, Ye. A. Litwvinov,

S. P, Bugayev, and G. P. Bazhenov. The team has been active since the
mid—1960s in a systemaric theoretical and experimental investipacion of
explosive emission from cachode whiskers, electric discharge in vacuum
and gas, and the design of field-emission dicdes. The team also designs

and builds pulsed-puwer components Lo support Lts research. The subject

*nuLh the 1967 and 1970 IYaFEA switches werc described in Simon
Kassel and Chavles D, Hendricks, Soviet Rercarch and Development of
High=Porser Gap Switchce, The Rand Corporation, R-1333-ARVA, .lanuary
1974, pp. 24, 28.
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of this research has a porential application in every significant area
of high-currenc particle-beam technology.

The Institute of Nuclear Physics (IYaFSO) in Novosibirsk, which
has also been warking in this area, did not publish irts own repecircive
switel designs, If any, but merely reported on modifications cf avail-
able Soviet induscrial thyracrons and dpnitrens. Since 1965, IYaFsu
has shown interest in tripgered 100-XA switches in rhe ms range, with
some repetitive capability. The srimulus for this interest was the need
for power supply systems tn drive air-core necelerators., According to
IYa¥FS50, as lare as 1972 Sovier industry was not producing kA switches
for ms pulses. The availakle hydrogen thyratrons were limited to the
ns tange, while mercury thyracrons had low repetition rates, Thyratrons
and ignitrons are limited by prebreakdown oscillations causing over-
volrages in Induccive lnads [9,0). The following examples of industrial

switches were available in 1969-1972:

TR~1-85/13 mercury thyratten
Currenc limit in prolonged operation ........ 2 kA

Current limit for single pulses with a
repetition race of 0.5 Hz (subject to
thermal breakdown above 0.3 Hz) .. ... ....... 4.5 kA [6]

TCI=1~700/25 mercury thyratron

CUTTEIE o vinirnorvnnernnanennsnnaranrsranasss 204

VDIEBEE L ievvniien taensatannsaaaarnnennannas .20 kV

Pulse leagth (continuously variable} ........ 50 to 230 us
Repetition race {continunusly varfable) ..... U to 250 liz (5]

1V§-200/15 ignicron

StandofE voltage ... . vviiiieiiisianennnas. 23 kY
CUrrent T3ULE +hrvemuncrnen hrrarrrarasarerss 3.3 EO 4,5 KA
Repeticion £aPe ...civviiiinecsusananers.aaan 3 Hz [6]

1VS-200/S4 ignicron

Current limit in prolenged operatdien ........ 5 toc 6 kA [6]
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The above performance parameters are comparable to these of U.b,
ignirrons avaliable In the early 19603:* voltage--20 kV; current--7 ki;
repetition rate--100 Hz [36].

1YaF50 tesred vater-cooled lgnitrons for operational sultabiliry
at repetition rates of 5 tv 10 Hz. The 1VS-200/13 ignitron mer most of
the requirements for use as the main swicch of a 30-MW modulator in a
power supply of a hard-tube current penerator that drvove a MY electron
acceleraror. The modulator, bull: hy IYaFSQ in 1963, was designed for
30 kv, 1 kA, 1.2-m8 pulse length, and 5-Hz reperition -ate, The per-
formance of the lgnitron revealed a weakness in the ipniter, a semicon-
ductor rod partly submerged in the mercury cathode; 1n prolonged opera-
tion the rod tended to puiverfze and contaminate the mercury. 1In 1972,
IYaFSO installed 3 igniters in each uniz, good for 107 shots and a
service life of 9 to 12 months [6].

En 1967, IYaFSU wubmitred a current switch fcr reslz rransformers,
based on hydropen thyratgons, capable of enhancing the ef{i ‘ency of
the EL1%-1 L-MV electron industrial accelerator. Two TGI-1=:300/35
ttyratrons connected in antiparallel consiitured the switch, which
operated at 33 kV, 2.5 kA, and pulse reperition frequency of 25 Hz [7].

The abave work was performed by a small team dedicared £o the de-
sign and constraction of switches and pulsed-pcaur components. The team
probably provided hardware support for a wide anpe of development work
at IYaFsy. The key mewhers of the ream were A. A. Yegorov, 3. I.
Grishanov, and Ye. N. Kharitonov.

The same IV5-200 ignitron that was rested by IYaFS0 in 1965 fur the
relacively low reperition-rate capability of 5 to 10 Hrz was used in 1976
by the Joint [ostitute of Neclear Research (OIYal) in Dubna at an operat-
ing frequency of L kHz. It seems unlikely that the IVS-2C0 had been up~
graded for that application, becouse significant modifications would
force a change in the designarion at the ignirron. In che OIYal switzh
system for a current generator of high magnetic fieldu, three 1VS-200

ignirreons were connected in series, operating together with 26 B-5(y

*
T. R, Burkes, % Critical Analycisc and Acocssrent of High Fower
Switcheu, Waval Surface Weapons Center, Dahlgren, Va., pp. -19ff.
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silicon diode :ectifiers. The curvent gensrator specifications required
a 30-%A peak current, 160-pH load induetance, 500-ps pulse length,
160-y¥ capacitive storage, and a half-sine pulse shape. To meet these

requiverents, the switch parameters were as follows:

Voltage 30 kY
Current 30 kA
Energy 72 kJ
Operating frequency 1 kHz [37]

During the same period, Ye. P. Bel'kov engaged in significant de-
velopment work on repetitive switching at LPI. Bel'kov's reports, pub-
lished between 1970 and 1972, dealt with the Feasibllity of switching
us, 20- to 100-kA current pulses at the repecition rate of 50 Hz. He
found che restoration race of the electric strength of the spark gap--an
important factor in repetitive operation--to Ye independent of the repe-
tition rate 1f the enerpy deposited In the gap did not increase the
temparature of the electrodes and of the gas to a significant extent,

He also found, however, that hot spots could form on the electrode sur-
faces, because at high repetition rates there L{s a high probability that
the spark channels of a series of pulses will all rerminate at a single
poelnu. In the expeciments reported in 1970, high-power current puises
were swicched at 50 Hz by a ring-type cascade spark gap with a surface
area of 5) cn . la repetitive operacion the channel could move over the
clectrode arca, ensuring a uniform wear. The following were the specifi-

cationys of the switching system:

Variant 1 Variant 2
Capacitor bank 0.12 vF 0.5 wF
Voltage 50 kv 30 kv
Repetition rate 50 Hz 25 Hz
Pulse length 25 us 25 us
Peak curreat 46 kA b5 ka
Average cucrent 7.4 A 8 A
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No hot spots were observed at the electrodes and spontanecus dis-
charges did not exceed 0.03 percent [&].

The period of Bel'kov's publications colncides wath that of other
LPI authors on magnetic flux compression and electris discharges across
long gaps. The research on magnetle flux compression was distinpuished
by 2 nonexplosive approach, in which the liner compression was effecred
by electromagnetic forces., The LPI Laboratevy of High Veltage Te.n-
nology, together with the Laboratury of Gas DMischarge and Lightning Pro-
tectlon of the Moscow Power Institute, worked on electric discharges
across long gaps., The results of these efforts were submitted for pub-
licacion betwsren 1968 and 1973. TFollewing this peried, LPI submitted a
series of reports on the effect of a highly lonized lagser channel in
air on electric discharge in a long gap, and on sliding discharges.

A repetitive tricgered are switch operating in atmospheric air was
developed by the Physico-Technical Insticuce (FTI) in Khar'‘kov and sub-
mitted for publication in 1970, The switch consisted of tw. 1ir gaps,
a pulse transforster, and a voltage divider. The air gaps were designed
to allow for mutual UV illumination coupling. Berause of the opposed
transformer windings, rthe transformer inductance did not depend on the
switched current. The electrode design allowed for a continuous shife-
ing of the arc and prevented 3rc ejection from the gaps. The switch

had the following specifications:

Voltage range 0 to 25 kV

Peak current 50 kA

Trigger energy 1.3 1

Inductance G.3 uH

Delay time 0.6 ps

Pulse reperition frequency 1 Hz

Service life 3 x 10" shots (91

The work c. the FT1 team responsible for chis Adevelopment wvas limited
to <losing and opening switehes, with the exception of onc author, A. A,

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
gap capable of switching currents of 10° kA. The clectvodes were ar-
ranged concentrically to decrease vlectiode erosion ana to increase
service life and peak current. Metal screens were used to veduce mecal

sputtering. The following specifications were obtained:

Gas pressure 107" to 107° Torr
Capacitor energy 1.5 kJ

Capacltor voltage 50 kv

Peak current 300 kA

Disiharge period 1.3 us

Pulse repetirion fruguency 0.1 Hz

Switeh inductance 26 nH

Delay time 2 to 7 ug

Trigger voltage 5 o 15 kv

Maln insulator helpght 8.4 en

Main insulator internal diameter 16 <m {3}

The autkor of this report wrote only oan closinp-switeh design.

In 1973, the Riev Pulvteehnic fnstituace (XM} devopstraced the
fcagibility of vn-all confrol of triotron ¢nd rrioplasmatron crossed-
Lield switches. These switches were turned on bv 1 pesitlve pulie at
the tripger ciectrade and turncd off by veduciny the mignetle field
ta wers or to @ low value.

The triotrou was stable at 15 kV with a load turrent of 300 A and
provided conrimousxly adjustable pulse length from 10 e 150 us.  The
pulse repetition frequency ranged (rom a few tu hundreds of fiz. The
jitzer did rot exceed 10 ns, and delay time rangxd from 1.6 to 0.9 us.
The pulse generator emploving this switch was made €2 operate in the
pulse burst made hy hasing the reperition race of the tripeer puises
much higher than that of the magnetic field arnd by using a pulse-forming
line. Under these conditinns, for 15 kV, 200 A, and 7-us pulse length,
the burst repetitfon rate was 100 Hz and pulse reperition rate in a

burst was {00 Hz [10].
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The trioplasmatron was stable in the long~ and short-pulse rodes.
In cthe long-pulse mode, the switch operated ac 10 ro 15 kV, 300 cto 500 A,
l-us pulse length, and pulse repecition frequency of 250 Hz. Jitter was
& n3, and celay time was 0.65 us. In the short~pulse mode, the pulse
length was 100 ns, with 10 kv, 300 A, and pulse repetition rate of
1500 Hz [11]. The XPI team worked exdlusively on crossed-field closing
switches and Yas not published since 1973,

The Special Design Bureau for X-ray Equipment {SKBRA) in Leningrad
gubmitted a veport in 1972 on the development of small-size spark gaps
suitable for paramecer ranges of 163 to 10¢ A, 103 to 10% v, and 1079
to 107" sec. The paps were designed for a broad range uf applications
with a high breakdown voltage stability. The voltage was stabilized by
increasing the number of free electrons in the gap at the time of break-
down, using for this purpese shaped electrode surfaces wieh projections
amounting to 15 percenl of the gap length. SKBRA developed a two-
electrode gas spark gap for operation at high pressure and pulse volt~
ages of 100, 130, and 250 kV. Wwher tested with two successive pulses
{separated by 50 to 10" us), the electric strength of the spark gaps
was restored in &6 ms in N; and In 2 ms {n Hy;. The folloewing are some

of the operating parameters of the switches:

Cas pressure 30 te 40 atm
Switched energy 0.5 1
Switching time 1l ns

RMS seatter of breakdown voltage 1.5 %

Pulse repetition frequency . 50 Hz
Service Life 10 shots [12]

The tear performiny the above work has beex enpaged also in the
development of flash X-ray accelerators.

In 1964, 0IYal developed a trigpered air spark pap rated at 0 to
150 kV and 1 to 60 kA, ‘The main purpuse of the switch was the achieve-
pent of the lowest possible jitter, low tripger voltage, simplicity of
construction, and reliability of operation. Its operating pdarameters

vere as follows!:
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Jitter 5 ng
Delay time 135 ns at 100 kv
Teigger voltage 3 kv
Pulse repetition frequency 0.2 Hz
Stendoff voltage 102 kv {13)

The OIYal team responsible ior the above switch is not associated with
any known project.

In 1907, a teaw of unknown affiliation reported a new type of a
metal-ceramic, low-pressure hydrogen gap, called the autron., The switch
had a plasma cathode, consiiered superior to heated or cold cathodes in
operation requiring high currents and a wide range of switched voltages.
The prototype autron switch was rated 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 exceed
40 W for a switched current of 1.5 kA and average current of 1 A. The
delay time was 50 ns and jitter 25 ns [14].

The development of the autron switch had been initiated by A. M.
Andrianov, who later {1970-1971) headed a research effort on the gen-
eration of pulsed MG magnetic fields [39,40]. Andrianov's institutiomal
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
cperaticn. According to Soviet researchers, hydrogen thyratrons in the
GW power range have a delay time of 80 to 300 nz and jitter of 1 to 10 ns.
Their repetition rate is limit<d to 20 kHz. Some types of thyratron can
be boosted above 50 kHz by decreasing the operating voltage. Burkes
(p. 31) reports better delwy times for U.S. thyratrons (20 to 30 ns)
although he gives only a few hundred Hz as typical for high-power tubes
[36].

The Kurchatov researchers worked with the tacitren (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, Wo. 90968, 15-7, 1959},
a hydrogen switch with a hot cathode, contrel grid, and anode. A heated

titanium generator serves as the hydrogen source, as iu the thyratronm.
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The tacitron grid controls not only the ignition, but also the quench-
ing of the discharge at rated anode voltage, bacause the hydrogen pres-
sure is lower than that of the thyratron (0.05 to 0.3 Torr) and the
8rid is denser. The geomecty of the grid is such that lor a negative
grid voltage of & few tens of V, the grid aperture is no larger than
the thickness of the ion cloud formed at the grid surface. 7The grid is
also a good heat sink. To increase the rate of plasma dissipation in
the tacitron, the negative grid voltage must be restored quickly at the
dirzharge quenching point. Therefore, the grid impc .unce does not ex-
ceed 100 ohms. Because of these features, current can be turned off by
a negative grid volt. of 150 to 200 V. The anode current does not cut
off directly atthe end of the grid pulse. The discharge quenshing pro-
cess depends on various circuit parameters and otber factors. Increased
current or hydrogen pressure shift the switch into the thyratron mode of
operation. However, the electric strength of the tacitron is restored
faster than that of the thyratron, because of the rore intense charge
dissiparion due to the grid. The grid control capubility of the taci-
tron makes it not only useful as a mndulator wich partial discharge nf
capacitive storage having a controlled pulse length, but alsoc makes it
possible te increase significantly the repetition rate over that of
thyratrons in full storage discharge systems, because tacitrons, as well
as thyratrons, have a relatively low anode voltage In the conducting
state.

The Kurchatov team tested the Joviet—produced TGU-1-5/12 tacitron.
A production model of the tacitron was rated at 12 ¥V, with an average
power of 12 kW {rom a water-cooled anode., The team also teated 20-kV
laboratory tacitrons, Of particular interest was the use of tacitrons
to form ns pulses. The team found that the 12-kV production tacitron
could be used in high-powver ns pulse~forming lines, where they deliverad
currents above 100 A, with pulse rise time not excecding 30 ns, delay
time from 25 to 70 ns, and repetition rate not less than 100 kHz. The
experimental 20-kV tacitrons yielded 500-A curronts ar 50 kHz and 300-A
at 100 kii~, with other parameters equal to those of the production

tacitrons.
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The analysis included the operstion of tacitrons in the burst mode,
with a burst repeticion frequency of 50 Hz. A burst consisted of 20
pulses emitted at a repetition frequency of 10 to 150 kHz. The current
was 300 A for 12 kY 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 ion cocllisions

at rated current and high repetition trequency {(tens of kHz). Simple
methods of stabilizing cathode heater and grid voltage brought down the

jiteer to 1 ns [15].
None of the authors of the Kurchatov Institute team reporting on

tacitron development has been found to have published anything else in

the pulsed-power area.

J. OLI SWITCHES, DEDICATED APPLICATIONS
Among the repetitive switches developed before 1974, only one ap-

pears to fit the dedicated category, since it was produced in the con-

text of work on lager pumping and microwave generation by means of high-
current electron beamg. The report on this switch was submitted in 1972
by the Physico-Technical Institute in Khar'kov. An air spark gap was
triggered by a nitrogen gas lager operating at 3371 R. The power cutput
of the laser reached 30 k¥ with a pulse length of 10 ns., The breakdown
wrg Iinitiated by distorting Lhe space~charge field with photoelectrons
geneérated by quantum energy near che photoionization thresuold., Ccher-
ent radiation perméts the use of fewer electrons hecause of the high
density of photons. The report offered mo data on gap voltage and cur-
rent. Electrode metals such as Cv, Zn, and Mo were tested ip gap widths
of 1.3 to 4.8 wn. The gap switch wvas intended For use in Blumlein lines
that produce short rise-time pulses and require accurate synchronization
of several high-voltage gaps often spaced long distances from one another.
Synchronization testy of two gap switches 2 m apart shoved a maximum
jicter of 1 ns, The gap <witches were triggered with 2 repetition fre-
quency of 15 to 20 Hz, I this connection, gas lasery were considered
superior to solid-state lasers in achieving high switching rates. The
UV laseres were congldered particularly promising for switches immersed

in water because of the weak absorptlon of their output frequer.y [41].
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The FT1 team performing this work, led by Yu. V. Tkach, was en-
gaged during that pericd in experimental regearch on tollective effects
of plasma-beam interactions as a basis of gas lasers and microwave gen-
erators [42,43). 1t is possible that the Blumlein line wirh the repe:-
itive luser-triggered switeh was developed by the team in support of

its work on these applications.

9. NEW SWITCHES, UNSPECIFIED APPLICATIONS

After 1973, published materials were found on five closing switch
types, the application of which was not specified and the develupment
of which proceeded without a clear context uf dedicated reseurch. Three
of these were reported by aut’ s whose organizational affillation was
rot known.

Of the two switches reported by known research institutes, one was
dev loped by IYaFSQ, 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 high-current linear scceleratnr. The repeti-
tion rato varied from single shots to 25 Hz. The pulse length limit
was 50 ns, with & 3-ns rise time. The delay tize was Z to . ns. The
aswitch, filled with nitrogen at 20 atm, had an automatic powersd gap ad-
justment and a service life of 10% shots [16). ‘ihe IYaFSL -« am responsi-
ble for this switch has been working exclusively on pulsed-power
components.

The second report on a switeh by a8 krown research instltute was
submitted for publication in 1975 by the Mining Institute of the Kola
Affiliate of the Academy of Sciences, USSR (GIKF). The Mining Institute
has been developing the concvept of parallel or sequenicial delivery of
multiple pulses to a load. The pulses may be delivered from a single
generator to several loads or a sequence of pulses may be delivered from
a single generator to 2 single load. The problem here is that the
trigatron in the on-state affects the trigatron in the off-state, and
the ctyigatrons affect one another through the trigger circuit. The se-
quencial discharge of two capacitors with opposite polarity across the

same load causea the voltage at the off-stare switch to approach a
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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 voltap»
is low in relation to its statie breakdoun voltage and ty providing an
isolation circult to eliminate the mutual switch eifects.

The low-threshold trigatron developed for pulse-burst operation
by the Mining lustitute works in air and is designed for 0.3 of its
static breakdown veltage. The principal feature of the design is the
combination of grounded main and Aauxiliary electrodes., Producing sec-
quential bipolar pulses, the switch showed a capability %o switeh cuv-
rent up to 30 kA, 10 us long, from 10 to 70 kV with single or repeti-
tive pulses with repetition frequencv up te 10 Hz. The main gsp was
65 wm long. The delay time varied from 25 to 100 us. 1he service life
of the switch was -omputed to be 500 to 1000 hours at 10 Hz [17]. The
team of the Mining Institute has published no othar material on pulsed-
power comnonents.

The following three vwitches were reported without fdentification
of the producing organization. A report submitted for publication in
1975 dercribed a solid-dielectric spark gap designed for repetilive
operation up to 2 Hz. The switch included a dielectric tape-transport
mechanise and a trigpger system in the form of a needle puncturing the
tape. The electrode dimensions were 200 x 100 x 5 ww; the tape was up
to 2 mm thick; gap length, .5 mm; electrode inductance, less thin 5 nH.
the switch was tested at 20 kV, with a tape speed of 90 mm/s and punc-
ture separation of 45 mm. At a pulse repetition rate of 2 Hz, a 1N0-m
tape provided a series of 2200 sliots. The waximum switche enerpy was
400 J [18].

A triggered vacuum spark gap was reported in 1975 with the follow-
ing specifications:

Volta,e range 1 to 20 KV

Curient 500 kA

Pulre length (first half perfod) 5 to 100 us

Pulse repetition rate 0.1 Hz

Service life 5000 shots [19]
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In 1978, the following specificati{ons were published for the IRT-4

ignitron:
Voltage range 0.1 to 50 kv
Switched current 200 ka
Pulse length ~20 us
Delay time 1lyus
Jitter 0.3 ps
Pulse repetition frequency 2 hHz
Service life 10° :hots
Switch diawmeter 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 used in pulsed-power components for laser pumping,
three are part of the equipment for high-energy particle physics re~
search, one serves in an ondulator machine, snd one in an electron beam-
material interaction device. All eight vere reported by known research
institutes.

The laser-pump accelerator switches offer a rare example of suc-
cessive awitch development. In 1975, I0OA of the Tomsk complex reported
a high-pressure repetitive gas gap switch for an electron accelerator
with a beam cross-gsection of 1000 x 100 am*.

The gas gap, filled with nitrogen at 3 to 8 atm, operated at 400 kV,
8 kA, 25-ns pulse length, delivering an average power of 5,5 kW. The
pulse repetition rate was 100 Hz with forced blowing at 1.5 1/s. The
gap switched a pulse-forming line (PFL) to the diode. To facilitate
the nperation of the gap, the PFL was a single coaxial line, reducing
the current through the gap to half that of a Blumlein line. The gap
operated during the first half of the charging voltage wave {21].

The further development of this switch was continued by IOA's suc-
cegsor in the puls xd-power area, the Institute of High-rurreat Elec-
tronics (ISE). 1In 1978, 1SE submitted the results of attempts to
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improve the current stability of the switch by dncreasing the gas flow
rate. The pressure range of the experiments was compressed to three
points of 3, 35, and 7 atm of nitrogen., Closed-cycle blowing was ac~
companied by drying with KOH and cooling. The 3 em gap, which had steel
hemigpherical electrodes B cm in radius, was Inatalled in a 40-ohm PFL
charged to 300 to 500 k¥ in 25 us by a tesla transformer. For a pulse
repetition rate of 50 Hz, the stablliry threshold of the gas flew rate
was 2.0 w/s at all three gas pressures. ISE found that for a given
pulse repetition rate, an optimum gas flow rate can be obtalned to keep
the parametey instability of the pap switch 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 above team,
F. Ya. Zagulov, participated at the time in the develnpmwent of a high-
power N + Ar laser [44].

A low-pressure triggered hydrogen gap switch was reported in 1976
by the Khar'kov Institute of Radicelectronies ({hIR). The metal-ceranic
gswitch, 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 kA for single shots and up to
2 kA for 10G Hz, The pulse length was 5 us; delay time, 0.4 us; and
jitter, 10 ns, The switch was intended for an electrom accelerator used
as a laser pump [23). The seal for the switch housing was made of a
high-melting glaas.enamel patented by one of the authors in 1973 [45].
No other pulsed-power materilals have been published by this institute.

Repetitive switches in support of high-energy particle physics re-
search were developed by several institutes heavily engaged in such
work. 1In 1974, OIY¥al reported a thres-gap vacuum gap for spark chambers
opérating at a pulse repetition rate of 20 Hz. The wain specifications

of the switch were as follows:

Operating voltage 8 W

Paak current 80 A

Pulse rise time 10 ne

Delay time 30 %o 60 ns
Jitter 7 to 15 ns
Service life 2.5 x 10% shots
Repetition rate 20 Hz
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The switch was described as reliable and easy to manufacture [24].

In 1971, OlYal developed a fast-acting, three-gap air switch for
spark chamber power supply. Desipned to operste at a pulse repetition
rate of a few hundred Hz and MW pulsed power, the switch avoided the
trigger gap problems of standard three-electrode gas gaps, but retained
their advantages of being simple in design and maintenance and reliable
in operatiecn., The swiich consists of the muin, trigger, and shunt paps.
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 rod and £il1ls the trigger pap. The
trigger electrode design feollows the spark plug principle. A trigger
pulse of negative polarity travels across an RC circuli to the trapusr
electrode, where it sets up a strong electric fileld gradient across fiw
end surface of the ceramic bushing. The switch withstood 108 shots at
9 kV and 1.5 kA. The delay time was 60 ns; jitter, 5 ns; and pulse rise
time, 10 ns [25].

In 1975, the Nuclear Physico Institute of Moscow State Univerzity
(1YaFMGU) submitted a report on a Marx generator switcih Tated at 17 kV
and 30 Hz without the need for forced pas blowing or spirk wmlivsiment.
The Marx generator was part of a power supply te a spark chamber [26].

1- 1976, IYaFMGU reported a three-electrode cascade switch for
currentd above L00 kA, featuring high electric strength, minimal induc-
tance, and long service life. Designed for 50 kV and 500 kA, the switch
cperated with N; at 10 atm with automatic blow-through. A system of ane
cylindrical and two disc-type electrodes yielded an inductance of 15 aH
and allowed for a prebreakdown overvoltage of both gaps, signiiicantuy
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 ) Lz, The switch was part of a high magnetic field generator for
a high-energy particle accelerator [27].

~ T0A submitted a triggered arc switch design for publicatiom in
1976, The distinguishing characteristic of the design was the forced
motion of the arc by a magnetic field to protect the electrodes and

thus to increase the maximum switched energy. The ~witch, designed as
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part ol power supply to a magnet intended for lon sources and endu-

lators, had the following specifications:

Voltage range 0.4 to 3 kV

Peak current 36 kA

Switched onergy 70 kJ

Inductance 50 nH

Delay time 14 ps

Jitter <1 us

Pulse repetitinon frequency 0.1 Hz [28]

In 1977, the Institute of High Voltages (IVN) in Tomsk submitted
a report on a pulged-power system for shaping nonconducting materials,
such as concrete. The system, which used forced air blowing and UV
spark triggering, cousisted of a resonance transformer and a pulse cur-
rent gemerator, The switches in the transforwer primary were multiple
spark gaps with rotating cylindrical electrodes cocled 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 switch, which had been develiped by V. V. Khmyrov in the
1960s and reported in a book published In 1970, was used in the primary
of a resonance transformer powered electron accelerator rated at 300 kV,
15 kA, 3-ns pulse length, with a vepetition rate of 150 Hz. ¥n this
application, the rotating-electrode switch operated at 30 kv, 15 kA,
150 Hz for over 10% shots. The forced-air was hlown at the rate of
15 m/s. The accelerator was designed for [lash X-ray and laser pumping
{47].

In 1°/8, TPl developed a new method of increasing the power of mag-
netic pulse modulators up to 30 MW. The .method, based on a parallel
connection of coils wound on standard cores, facilitates core cooling
and allows for a reasonable number of coil turns while maint: .aing a
sufficiently low inductance, TChI-100 pulse thyristers arc used as re-
petitive nwitches. The resulting magnetic modulator delivers pulses of
50 kv, 30 MW, 1.5-pus length, 0.4-ps rise time, and repetition frequency
of 1 kHz. The modulator was developed for laser pumping [30].
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Appendix B
SOVIET SINGLE-SHOT SWITCHES

Data on singlee=shot switches are gummarized in Table B,1. The
switches are then described by type in the same order as they are listed
in Table B.1. The appendix closes with a short account of Saviet re-

search on the proublems of switch electrode erosion.

1., TRIGGERED GAS GAP SWITCHES
The repeated switching of high currents requires the parallel op-

eration of multiple switch channels, since a simgle~channel ocperation
entalls severe penalties of electrode erosion and the destructive action
of mechanical and thermal shock. Parallel operatien, in turn, calls for
high reliability and low jitter of the individual switch elements. In
addition, many applicarioni of the triggered gas gap switches, such as
high-powered Marx generators, require & high volrage rise rate and short

switching delay time.

a, Trigatrons
In developing the trigatron, the most widely used triggered gas gap

switch, the Soviets have sought to optimize the above performance char-

acteristics and to overcome the trigatron's limitarions. The wost im-
portant of these are the narrow range of operating voltages avallable
without changing the gap length and gas pressure, the effect of trigger
polarity and overvoltage on performance, and the need for iselation ecir-
cuitry {48,58]. By the mid-19708, Soviet resrarchers had accumulated a
sizable body of design data for the trigatron, particularly relating to
high=-voltage (>1 MV) and high-current (from 0.1 to 1 MA)} switches,

The Institute of Atmospheric Optics (104) in Tomsk focused on the
use of a large number of parallel discharge channels to optimize the
operation uf these switches. The stable operatien of such channels re-
quires that o - :f, where 7 15 the jlcter of the delay time and tf is

the transit time of an electromagnztic wave between neighboring channels,
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Table B.1l

TRIGATRONS
Delay Gas
Voltage  Current Time Jitter Composi- Pressure
Year Developer {(kV) (ka) {ns) (ns) tion (atm) Remarks Ref.
0ld Switches
1973 I0A 1200 30 5.1 0.5 §Fg Ny 6 Twe trigatrons
in parallel [47]
1973 VN 1000 22 air 16 Distorted-field
trigger, 5000 cvhots [48]
New Switches
1974 I0A 380 130 3 ' 0.5 5Fg:N» 4-11 & channels [49]
1975 Pavlowvskiy 500 250 8 1.2 SFg 10 6 channels
1000 shots {50]
1975 Pavliovskiy 140 22 50 10 SFg 3-15 1500 shots [51])
1976 IYaFEA 15 10 104 500 alr i Placma trigger
1000 shots [52}
1977 IwW 75-100 500 10 air 1 7 trigatrons [53]

1577 ISE 400 3.5 0.5 SFg:Ar:iNg 10 8 channels (54]

gt
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Table B.1 {(cont'd)

MULTIELECTRCDE GAS GAPS

Delay Gas
Voltage Current Time Ytter Cowposi- Pressure
Year  Developer kVv) (kA) (ns) (ns) tion {arm) Remarks Ref.
01d Switches

1967 TP1 50 200 1 Alx 1 [34])

1969 TP1 30 40 Alr 110 Torr BaTi0j3 [55]
e 1969 TPX 4 4 Adx 1 i551
z 1973 1AE 150 100 8 4 Adr Blow-
@ through (561
g New Switches
o 1975  IYaFEA 1500 24 2.3 5000 shots 157}
2 1975  IVN 100 15 1.5 Ny 2~7 {38}
q 1975 Pavlovskiy 15-75 3 Ny 591
1976 1YaFso 50 1000 N; 10-15 Frangible
H electrodes [60]

LASFR-TRIGGERED GAS GAPS
—-  Laser
Gag ———— Pulsge Rise Pulse Wave—
Voltage Composi- Pressuvre Length Time Jitter Power Length Ilepgth
Year Developer (kW) tion (atm) (ns) (ns) {us) (kW) [$31-3] Fef.
1972 I0A 300 N2 10-15 100 4 150 20 10 [61]

o9t
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Table E.1 {cont'd)

WATER SPARK GAPS

——— PFL Data ——— —— Switch —
Charging Delay
Voltage Current Impedance Time Time Jitter
Year Developer (xV) (kA) {ohms) {ns) {ns) fns) Remarks Ref.
01d Switches

1964  IY=FSO 200 200 1 Triggered

3-electrode [621
1970 1YaFSs0 3000 120 0.7 Untriggered [e3]
1973  TYaFso 1000 110 2.3 600 Untriggered {64])
1973 IAE 250 30 1.3 30 3 Laser trigger

500 MW, 20 ns

Laser beam [65)

New Switches

1975 IAE 270 1.1 0.03 1o Untriggered [66]
1976 IVN 250 9.3 0.76 45 Untriggered {671
1976 IVN 100G 4.6 0.75 200 15 Triggered

3-electrode [&8]
1976 IVN 200 4.6 0.80 128 6 Trigatron

1 chagnel [68]
1977 IVN 860 4.6 0.75 170 8 Trigatron

3 channels [69]
1977 IVHN 1000 200 1F Triggered

3 channels

{69]

Le
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Table B.1 {cont"d)

OIL-FILLED SWITCHES

Delay
Voltage Current Time Jitter
Year Developer {kV) (kA) {ns) (ns)} Type Reif.

New Switches

1978 IVN 350-450 <60 <10 Trigatron [70]

1978 IVN 130 65 4 Triggered

3-electrode [70]

1978  IVN 20 6  Untriggered [70]

TRIGGERED VACUUM GAPS

Delay

Voltage  Current Inductance Time Jitter
Year Developer {kV) {ka) {nH) (us) {ng) Remarks Ref.

01d Switch
1970 Unident. 20 200 100 f4c]
New Switches

1974 LPI 50 10-1200 6 G.2 20 5000 shots [71]
1974 LPI 10 0.2 [721
1975 LPL 1-100 1500 15 0.2 20 [731

1977 KhPl 250

74]

13
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Table B.1 (cont®d)

SURFACE-FLASHOVER SPARK GAPS

Rail Delay
Voltage Curren: Inductance Resistance Length Time Jitcer
Year Developer (kv) (Ma) (nR) {Mohm) (cm) (ns) (ns) Ref.
1976 LPIL 40 5 7 45 40 10 {75}
1579 LP1L 50 5 0.5 2 100 60 10 i76]
UNTRICGERED GAS GAPS
Gas Pulse Rise
Voltage Current Composi- Pressure Length Time
Year Developer xv) (A} tion {atm} {ns) (ns) TRemarks Ref.
01d Switch
1971 IYaFsoO 300 3 N» 16 100 RIUS-1
. acceleracor 1771
New Switches
1974 Unident. 350 26 SFg 15 35 i78]
1974 ITEF 450 3 SFg 9-16.5 [79]
1975 0IYal 450 18 SFg [30]
1975 IYaFEA 1C0 20 N- 2.7 Tonus-II
200 shots [81]
1976  FIAN 700 100 SF 1.5-4 30-40 Impul 's [82]

6¢
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Table B.l (cont'd)

THYRISTGR SWITCHES

175 40

Switch
Voltage Curremt  Pulse Atea
Year Beveloper (kv (kA) Length {cm?) Remarks Ref.
0ld Switches
1972  IYaFs0 150 150 ms 227 229 units in
series-parallel [83]
1973  FTII 1 Laser activator [B4]
New Switch
1977 FTII 2 1 50 ns
switching
time [85]
ELECTRON-BEAM~TRIGGERED GAS GAPS
Electron Beam
Py g —=— Switch ——— Gas Delay
Voltage Current Length WVoltagze Current Composi- Pressure Time  Jitter
Year Developer (kv) {kA) (ns) (kV) (KA) tion (atm) (ns) (ns) Ref.
0ld Switches
1968  TPI 400 . 100 20 12 N, 3-15 {55}
1970 1YaFSso 400 0.010 5 300 N, 8 20 1 (861
1971 T0A 350 2 700 L0 Ny 7 {87]
1973 I0A 180 0.100 5 X ias]
1973 104 130 0.1130 30 1500 Ny :8Fg 4411 15 0.8 [89)
New Switch
1975 T0A 150

[90]

u%
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Table 3.1 {cont'd)

SPECTAL SWITCHES

Veiay
Voltage Current Time Jitter
Year Developer Type {(kV) (kA) (ns) {ns) Remarks Ref.
0ld Switches
1959 IYaFs0 Artatron 10 10 ms pulses (911
1370 Yefremov Mechanical 14 36 3.5 Laser-punctured dielectric [92]
1970 Unident. Plasma jet 6-25 50-160 350 [93])
1972 IED Plasma jet 150 200 <1000 [94]
1972 Yefremov Mechanical 80 150 500 100 fos}
1975 KPIL 1rioplasmatron 0.4-30 25 1000 50,000 =h.rs [96]
New Switch
1977  KGu Ignitron 0.1-20 100 200 IRT-3 {971

1%
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IOA found aw optimuc voltage of the trigger pulse which produces a wmiai-
mum delay time, The Institute also found that (1) increasing *he number
of channels from onc to two cut the voltage fall time (awitching time)
in half, even when the cur-ent is not equally distributcd hetween the
two chamels, and (2) for 10-kd currents, the rise in channel conduc-
tivity is possible without channel expansion, i.e., the initial cross-
section of the channel is sufficient to cerry 10-k4 curr ts [47].

Noting that D. Markins i{n the United States had obtained & delay
time of 25 ns and a jicter of 2 na (IEEE Trams., 1771, NS-18, No. 4),
the Soviet researctners claim to have developed trigatrons with a sig-
nificantly shorter delay time, allowing for the parallel operation of
two trigatrons with a 0.27-ns trans't time between the two., The triga-
trons were filled with 0.08 S¥g:0.92 N, at 6 atm. The Soviets quote a
delay time of 14 * 0.8 ns for a trigger voltage of 290 kV and trigger
circult resistance of 10 kohm. For 1 kohm, 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
wag obtained for 140 kV :rigger voltage. The switching voltage was
1.18 MV. These trigatron characteristics wvere found to ba rractically
the same with nr without a protruding insuiator [47].

10A researchers comparald swit~h operation in pure N; and in a mix-
ture of 0.9 Ny and 0.1 SFg. They developed a 400-«xV trigatron with
eight parallel chamnels in a single gap switching a currvent of 130 kA.
For 30 kV, the delay tire in N, was 12 ns and jitter was 1l us; in the
mixture the delay time was 5 ns and jitter 0.5 ns. For 280 IV, the de-
lay “ime in the mixture was 10 ns and jitter 1 ns. According to the
roport, over one~half of the stored energy is lost In a single-channel
switching 4£f 130 kA, while the loss observed when all eight channels
operate doer not exceed 10 percent of the stored energy {491].

The Instituta of High Voltages (IVN) in Tomsk developed an air
trigatron that operated on the distorted~field principle at atmcspheric
pressure. The field was disturted by an auxiliary trigger spark across
an insulator bushing protruding into the gap. The spark was produced
by a 50-kV, 0.5-us pulse from a trigger generator. VField distortion
was measured by the quantity h/s, where h is the distance the bushing
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protrudes into the gap and s is the gap width. The minimux operating
voltage of the switch is a linear function of h/s up to h/s = 0.6.
Above this value, the switch operates practically at any voltage up to
self-breakdown. The switch also operated in a sharpening mode at

16 atm for 1-MV pulses with 50 vs rise time and jitter of 22 ns. The
ewitch withstood 5000 shots without replacement of parts and without
changes in its characteiristics [4B].

The more recently developed plasma trigatron, cperating in atmo-
spheric air, can switch 10 kA currents within a wide range of voltages.
In this type of swicch, the discharge is triggered by an lonized g-~
jet formed at high pressure., An insignificant wear of parts discin-
gulshes the plasma tripatron. Only the insulattion in the firing chamber
is degraded juring the trig,.ring phase. The Institute of Nuclea:
Physics, Electronice, and Autowation (IYaFFA) in Tomsk repovted that
the delay time varies with the operaLing voltage and can reach 30 us
for a breakdown voltage of 10 to 35 kV. The switch operates in the
range of 0 to + 15 kV and 10 to 10% A with a delay time of 10 us and
trigger pulse energy of 0.5 J, The jitter does not exceed * 5 percent
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].

Trigatrona have also been developed for parallel operation withuut
the isolation circuitry. The IVN designed a system of seven trigatrons
that switch a total current of 500 kA at 100G kV with a 10-ns jitter.

No gap adjustment was necessary within a voltage range of 75 te 100 kV,
while the electric strengih of the main gap was 120 kV [351].

A vecent report emphasizes the importance of the multiple parallel
spark discharge at high pressure as a means of in.reasing the rise rate
of pover i _he load, ephancing the efficiency of rhe switch, and ex-
tending fts service life. The Institute of High~Current Electronics
{ISE) in Tomek has been investigating an eigh-chamnel trigetron for a
coaxial, 400-kV PFL wi+*h a charging time of 1 ps. The switch with a
ring geometry has a l.-mm gap and elght trigatron pins. Each pin re-
ceived a 20-kV pulse wit! 7-ns rise time and 4 120~-ns tail. For a
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gas mixture of 0.8 Ny:i0.1 Ar:0.1 SFg, ylelding a maximum voltage rise
v '¢, the delay time was 3.5 ns with a jitter of 0.5 ns [54].
Multiple-channel trigatrons were also developed by the research
» up headed by A. I. Pavlovskiy, 1In 1975 the group reported a six-
channel trigatron for a 2-ohm water pulse-forming line (FFL) charged
to 500 kV in 1 us. The switch, filled with $F; at 10 atm, delivered
0.75~MA current pulses of 20 ns, with a ~Jise time of 5 nm, delay time
of B ns, and jitter of 1.2 ns. The service life of the switeh was
1000 shots {50]. At the same time, the group submitted a report on a
100-kV trigatron switch filled with SF; with pressure variable from
3 to 15 atm. The switch delivered current pulses of 22 kA and 1.25 kJ,
with a delay time of 50 ns 1 jitter of 10 ns. The service life was
1500 shots [51].

b. Multielectrode Spark Gap Switches
The advantages of multielectrode spark gaps are high stabllity,
or low jitter, and the capabll.:y for a broad range of operating volt-

ages witho'.. adjustment of the electric streagth of the gap, The dis-
advantage is cowplex design for compressed-gas operation, particularly
in systems with distributed parameters (48],

In the 'dd-19708, IVN developed three-electrode gas spark gaps for
pulsed-power generators. The spark gaps, rated at 10 to 100 kV and
triggered by the change of potential of the suxiliary electrode, used
N; In a pressure range from 2 to 7 atm. Delay time was 15 ns, ard
jitter 1.5 ns. A voltage generator has been designed with the follow-

ing characteristics:

Inductance 2.5 x 107% W

Pulse front at 10 kohm load 10 ns

Peak output voltage at 1 kohm load 450 kV

Short-circult current 55 kA

Delay time 210 ns

Jitter 10 ns [58]
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The Rurchatov Institute of Atomic Energy (IAE) in Moscow had at
that time been pursuing the development of low~inductance spark gaps
with a long service life, with provisions for pas flow and an external
snrge rank, Another feature to ensure durability of the awitch was a
remgvable plastic bushing inside the main Insulator uged to shockproof
the structure. The continucus compressed ailr flow reduced the proba-
bility of thermal breakdown and removed the products of electrode ero-
sion., The spark gapa operated at & 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* sheta.
Using the distorted field trizper, the delay time was 8 ms with a 4-ns
Jitrer [56].

In 1975 A. I. Pavlovskiy's research group submitted the results
of tests of a sharpening awitch in N3 and in SF;. The aswitch cperated
at 15 to 75 kV with a 15~ns pulse length and 3-ng jitter. In N; the
pulse rige time varied from 1,5 to 13 ns; in SFg, from 2 to 16 ns {59],

Studying the problem of voltage stabillization with high-~pawer spark
gaps, IYaFEA found that with a three-electrode switch in SFg, the volt-
age instabiiity was less than 1 percent. However, the three-electrode
switch can be used‘for'voltage gtabllization only with pulses having a
flat plateau [98]. The institute alsc 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
wi. 24 ns and jicter 2.26 ns. An analysis of the field distribution
acrogss the Iinsulator showed that the switch lengta could be reduced
from 38 to 27 cm without degrading the electric strength; the shorter
length signifizantly lowered the inductance [57].

The Ingtitute of Nuclear Physics in Novosibirsk (IYaRS0) recently
reported on an MA switch with franglble eiectrodes. The low-inductance
(<8 nH) switch operates at 50 kV in 10 to 15 atm of N;. One or both
main electrodes are plates that disintegrate upon the passage of the
current pulse, ensuring the effaoctive removal of electrnde erosion prod-—

ucts from the gap and reducing the shock sustained by the eswitch

structure [(60].
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A wultielectrode air spark for 100-kA currents, overating at 8 to
50 kV without i{solation circuitry was reported in 15967 by Tomsk Poly-
technic Institute (TPI). At 50 kV and 200 kA, the switching time was
15 ns with a jitter of 1 ns. The gervice life of the swftch was well
over 1000 shota [34].

In 1969, TPI investigated avalanche discharges for switching ns
and gub-ns current pulsea. In one switch design, the 30-kV, &0-kA
switch produced a pulse length of 5 ns at 110 Torr of air, using a
BaTi0, ceramic, In another design, a 4=kV, 4-kiA switch produced a pulse
length of 0.15 ns at atmospheric pressure [55).

c. Lagser-Trigpered Gas Gaps

In 1972 10A submitted a report on 8 gap switch for a 10-ohm glyc-
erin PFL triggered by a 20-kV, 10-ns pulsed laser operating at 3371 A.
The switch was filled with Np at 10 to 15 »ta. Designed for 80 tc 300
kV and 100-ns pulse lemgth, 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 defonized water in conjunction with

water PFLs were developed in the early 19608 at IYaFSO and in the 1970s
at IVN in Tomsk and IAE in Moscow, In 1978, TIYaFSQ published a compre-

hensive historical account of the development of the water-insulated
accelerator technology {62]. While the account goes beyond thg.immedi—
ate switching issues, 1t provides a useful context for water-switch de-
velopment and is outlined below, The IYaFS0 account 1s followed by an
analysis of the basic types of water switches developed at IAE and IVN.
The development of water dielectric aystems was stimulated by the
need for magnetic field generators with a fast rise rate (>10% v,
5105 A, <10~7-s rise time) to produce collisionless shock waves that
would heat plasma to fusion temperatures. According to the IYaFSG ac-
count, work proceeded in two stages.
In the first stage, at G. I, Budker's suggestion, in 1963 the
laboratory directed by Yu, Ye, Negterikhin at IYaFS0 began research on
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the use of water as dielectric in low-impedance current generators.
The method of purifying water with fon-exchange resins was borrowed
from the 1.2's ork with atomic reactors. Experimental data on the

use of wdater in high-voltage storage systems were obtained from a paper
by V. Sherrer of the U.S. Maval Research Laboratory (NRL).

In 1963-1964, IYaFS0, using a gap at 300 kV and pulse length of
1 to 3 us, 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 pregsure. It was noted later that a fast flow of water
through the system would alse prevent bubble formation.

In 1964-1965, IYaFSO built a pulsed-current generator with a
water line ani a triggered water spark gap, called the Vodyanoy.
Nesterikhin and others patented the system in 1966 (the patent was pub-
lished in 1970). The generator operated with water under 25 atm of
pressure, Gas-filled shock absorbers were used to weaken the hydraulic
shock from the gap discharge. The triggered gap ronsisted of three
electrodes at the end of the water line charged to 200 kV in 1 ps. The
gap switched 200 kA in 30 ns. The current rise rate was 5 x 10'2 A/s.
These results, amnounced at the All-Union Conference on Nsec Pylsed-
Power Technology in 1963, were received with skepticism, since the high-
est currents used at that time were 1 kA,

In 1967-1968, IYaFSC built a magneric field generator with a rise
time of 10°7 na and a fall time of 3 to 4 us, using water lines and
gwitches. It was then found that the electric strength of a liquid
dielactric decreases as electrode surface and charging tiwe increase.
The firat results of the System's use to generate shock waies Were an-
nounced in 1968 [62].

In 1970, IYaFS0 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 12G YA with a pulse length of 60 ns [63].

In 1973, IYaFSO submitted a report on the Vodyanoy accelerator,
which featured an untriggered water switch operating at 110 ki, 1 MV,
and pulse length of 45 ns. The switch had 2 gap length adjustable from
3 to 4 cm and & maximum inductance of 60 nH. Because of its large

jitter of 600 as, . st-to-shot voltage varied from 800 to 1100 kV
[64]).
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The second stage in the development of high-voltage water technol-
ogy was represented by the high-current electron accelerators developed
during the 1970s. The 1YaFS0 experience in the first stage served as a
foundation for the expansion of this technology to the megavolt range
at IYaFS50 and other institutes. In 1970, IYaFSO began heatirpg plasma
with intense relativigtic electron beams (IREB}, which excited col-
lective oscillations in plasma.

Generators with water iInsulation require fast primary storage,
preferably with a charging time of 1 us. However, MJ stores need a
longer charging time. Budker suggested that 10-us charging time could
be tolerable in a water storage, If the electric strength of water
were booated by high pressure., IYaFSO found in 1969-1970 that 130 atm
increased the electric strength of a 0.3-cm gap to 600 kV/cm for a
10-us pulse length. Maxwell Laboratories performed analogous work
in the United SLates a few years later (1974 publicartion}. IYaF50 con-
firmed the dependence ol the electric strength of water on pregsure.

It also determined that smooth, aged electrodes increased the electrie
gsirength of water,

In 1970-1971, IYaFS0 built a megavolt storage with water at 100 atm.
At 1.} MY, the field intensity in the storage system reached 190 kV/cm,

In 1971, D. D. Ryutov propesed experiments tr measure the electric
strength of water under conditions that excluded electrode effects, by
creating electrolyte layers at the electrodes., This mathod increased
the clectric strength of water to 1.3 MV/cm for a S-us pulse.

In 1972, the MV storage w.c used to build the Vodyanoy acceler-
ator, which was used in experiments with electron beam transport and
beam-plasma interaction in the fusion GOL-1 device. For further plasma
interaction research, the Vodyan~, accelerator was receuatly improved by
the installation of a triggered gas pap and a remotely controlled sup-
ply of anode foil.

The large difference in the dielectric constant of water ar oJf
solid dielectrics used in the acecelarators necessitated research on the
problems of field concentrations and remedial measures. In 1971-1972,
1YaPSO studied the effects of monolithic and film dielentrics in water
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accelerators. Since 1973, {t has been investigating MV-accelerator
components, including switches, with water dielectric and designing new
types of accelerators.

The Vodz 1-1¢ accelerator has a primary storage of 80 kJ. Two
pulee transformers deliver 15 kJ to the intermediate storage. The
water Blumlein, which is charged to 1 MV in 1.2 ps, has a field in-
tensity of 135 kV/um. The triggered water cpark gap has a service life
of 100 pulses. The anode has automatic transport of anode foil. The
elzctron beam parvaveters are 1 MeV, 200 kA, 60 ns, and 10 kJ,

The Malyutka accelerator was designed to perfect a multichannel
triggered gas gap, The design was published in 1976. The FFL was
charged to 800 kV in 0.8 us. The four-channel spark gap was filled
with SF; at 3.8 atm. The jitter was 0.4 ns for 650 to 800 kV. The
electron beam parameters are 400 k¥, 150 kA, 30 ns, and 1 kJ.

The results of those tests were uaed to design the spark gap for
the Akvagen accelerator (reported in 1976), claimed to be the most
powerfyl accelerator of the series, The PFL is charged to 2.5 MV in
1.3 us and stores 30 kJ. The primary storage consists of two identi-
cal capacitor banks for 100 kJ connected to two pulse transformers.

The PF¥L switch consists of six parallel trigatron gas spark gaps with a
20-ns8 jitter. The main insulator of the machine is water of 5 atm.

The Akvagen electron beam {s rated as follows: 1.2 MeV, 400 kA, 60 ns,
15 kJ. 1In 1978, the beam energy was 5 kJ and work was under way to
bring it up to the rated value of 15 kl.

The development of the Voda I-I0 and Akvagen utilized the experi-
ence of various Soviet laboratories, in particular, that of the Kurcha-
tov Institute, which has been operating water accelerators since 1972,
IYaFSO also used data on the ramble I, samble II, Hydra, and other U.S.
acceleratora.

All of the IYaFSO hlgh-current pu’se accelerators use transformers
instead of Marx generators because of the transformers' advantages at
the 10-kJ energy level. Erergy tranafer efficiency {20 to 30 percent)
is traded for simplicity by dispensing with the iron core. The trans-
former system is compact; the 100-kJ capacitor bank takes yp an area of
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3.5 m?, The capacitors were developed jointly by IYaFS$Q and the
Serpukhov capucitor fnduutry institute (NIPKTI}.

Tie computer center 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 imsulators. The KSI
BESM computer program was limited to axially asymmetric systems. IYaFS0
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 kA, These beams are used to heat dense plasma in mirrer
machines; they are also used in pellet fusion. The Voda 1-10 and
Akvagen are intended for experiments in heating dense plasma to a tem-
perature of the order of 1 KeV in mirror machines [62}.

Data oo the water spark 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 theory and Investigating the major variants
of spark gaps sultable for water operation.

A basic disadvantage of water switches {s firing instability, or
high jitter. IVN has been working to solve this problem in both un-
triggered and triggered water spark gaps. According te IVN reports, un—
triggerad gaps are sultable in fast-charging systems (less than 200-ns
charging time) and triggered gaps in aystems with a charging time over
1 pya, However, IVN used untriggered spark gaps in water PFlLs with a
longer charging time [68]. The following 18 an account of the theoreti~
cal considerations and experimental results obtained at IVN and the

Kurchatov Inatitute.

2. Untrippered Spark Gaps
Untriggered spark gaps have been used in PFLs with charging time
up to 0.75 v8. Experiments show that the switching time of water spark

gaps depend: weakly on field intensity in the gap and that field uni-
formity between the electrodes is not always desirable. The awitching
time can be shortened by increasing the rate of energy delivery to tne
channe! forwed in the discharge and by producing a shorter channel with

reduced inductance and resistance. Frr 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].

1VK developed an untriggered spark gap for a water PFL with vari-
able {mpedance from 3.7 to 9.3 ohma, charged up to 1 MV in 0.6 to 0.75
us. In the optimal case, the jitter wes found to be 45 ns at 200 kV
{67]. The Kurchatov Institute developed a multichannel water spark gap
for a PFL designed for electron-beam—driven fusion experiments, where
the power was expected to exceed 1015 %, Since the diameter of the PFL
under these conditions cannot be less 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 1012-W, 100-ns pulses were
equipped with untriggered, single-channel water 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 asg long as 50 to 60 ns, Increasing the number of
channela shortens the switching time of low-impedance PFLa. U.S, re-
searchers studying multichannel switching in water (L. S. levine and
1. H. Vitkovitsky, IEEE Trans. NH-18, 1971, No. 4, p. 255) observed
untriggered operation of three channels 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. 1Im 1975, the Kurchatov Institute obtained a switching
time of 15 ne with an untriggered six-channel peripheral switch system
of a fast-charged (50 ns effective), 1.3-ochm, 270-kV PFL. The eleilrode
gaps of the swirtch system were 3,5 mm long, The breakdown of all six
channels was observed with a jitter of less than 10 na [66].

b. _Triggered %aps

Single-channel gaps. For trigatron swirches, the }itter was found

to depend on the following factors, given a censtant PFL charging time:
trigger voltage; trigger gap length; arrival time of the trigger pulse

(measured from the start of PFL charging); trigger pulse rise time; and

X
Effective charging time is defined as the time during which the
voltage across the switch electrodes 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'-st three
of these fdctors could be adjusted, because (1} any further shorteni-s
of the currently available 10-ns rise time of the trigger puls. was
hardly effective with 100-ns delay times and {2) electrode protrusion
tended to distort the field at the anode, leading to a significant drop
in breakdown voltage. IVN thus coocluded that for optimal jitter the
trigger gap length should be 0.1 to 0.2 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 us) [68].

In their experimental work, IVN researchers used a 4.6 ohm coaxial
PFL charged to 1 MV in 0.75 or 0.8 us. According to results submitted
for publication in 1976, they ohtained 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 B50~kV breakdown voltage, these re-
sults wete well within the optimum range specified by the theory.

Multichannel gaps. IWN specified that the output pulse rise time
depends on the number of channels; the length of the main gap; and the
electric field intensity in the gap For a constant PFL charging time,
the length of the gap and the value of the field will also be constant.
Therefore, the only way to shorten pulse rxise time is to increase the
nunber of effective channels across the gap., IWVN experiments show that
four to aix channels in a multichannel trigatron shorten the output
pulse rise time by 15 to 20 perce.. and increase paak current by 10 to
15 percent fn comparison to s#--le-channel operation {68], They con-
cluded that proper design of water trigatrens could ensure ns jiicer,
in turn, making it possivle to achieve multichannel operation capable
of shortening the switching time, decreasing electrode erosion, and in-
creasing efficiency of the system [69]}.

IVN experimental work on multichannel triggeraed water switches
(publlshed in 1977 and 1978) focused on the three-electrode gap and the
trigatron. The same water PFL was used as in the single-channel switch
experiments. In the three-electrode gap switeh, IVN achieved a jitter
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of about 15 ns in a delay tinme of 200 ns for a working voltage of 1 MV,
It also found that a 15 percent drop in voltage doubled the }itter.

Several types of trigatrons were tested. In a three-chamnel 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 cm. The jitter was 8 ns in
the 5-ca gap and 10-ns in the 6~um 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 at a peak
current of 160 kA.

IVN also tested the so-called ring triga*ron, which was designed
to provide a near homogeneous gap field. The ring trigatron with a 3-<m
gap showed a weaker dependence of delay time on voltage than the three-
channel type. The delay time of the ring trigatron was slightly below
220 ns [69].

A gix-channel trigatron had been tested somewhat earlier to deter-
mine the output pulse rise time, It was found te 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-activated gaps. The Kurchatov Institute reported in 1974 on

the use of a lager 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. &, 1971, p. 689). The main ad-
vantage of the method was the possibility of reducing switch jitter. A
500-MW, 20-ns neodymium lager was uged with a gap 7-um long at 250 kv,
In an untriggered mode without the laser, the delay time with respect to
the start of PFL charging was 1550 ns with a jitter of 100 ns. The
lager shortened the delay time to 30 ns with a jitter of a few ns [65].

3. OIL-FILLED SWITCHES

The category of oil-filled spark-gap switches is represented by a
single report published in 1978 by IVi. The report reviews IVN work on
trigatrons, three-electrode spark gaps, and untriggered swicches designed
for a 22-ohm oil Blumiein pulse-forming line charged by a Marx generator
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in a range of 200 to 600 kV and 200 to 920 ne. The experiments showed
that when PFL charging time is shorter thaa 200 ns, the untriggered
spark gaps with inhomogenecus field can have ns jitter. The followlng

are the results of experiments:

Trigatrons
PFL charging time 300 ns
Breakdown voltage 350 to 450 kV
Delay time <60 ns
Jitter <10 ns
Three-Electrode Spark Gaps
Voltage 130 kv
Delay time 65 ns
Jicter 4 ns

Untriggered Gaps
Needle electrode current 20 kA
Breakﬁown field intensity 270 kV/cem
Jitter 6 ns (70}

4, TRIGGERED VACUUM GAP SWITCHES
A systematic thesratical and experimental investigation of trig-

gered megampere vacuum switches has been pursued at the Leningrad Poly-
technic Institute (LPI) at least since the mid-1960s. The early results,
gubmitted for publication in 1970, involved (1) paterial analysis uf the
pa‘n spark gap components (cathode, anode, trigger system, and insulator)
and (2) the discharge machanism and propagation of the plasma jet in

the trigger region. The discharge was found to affect the materials of
all electrodes and insulators. The investigation also forused on
switches with relatively long gaps (40 mm) and KA pulses of 0.15 to 1.5
us. These pulses were said to correspond to the initial stages of the
discharge of high-powerad MA vacuum switches [99]. The test results
published a few years later included the following switch specifications:
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Voltage S0 k¥
Current 10 kA to 1.2 MA
Pulse length 1 m8 to 10 us
Caracitor bank energy 50 kJ
Delay time 0.2 us
Jitter 20 ns
Switch inductance 6 nH

Electric strength of internal
Insulation after prolonged
operation 65 kV

Service life >»5000 shots [71]

LP1's work on the development of triggered vucuum switches pro-
duced steady improvements. A switch type developed in 1975 had double -
the voltage range and a better timing performance. Th disadvantage
of low electric strength typical of vacuum spark gaps was overcome in
thls derign, which had two triggered chambers in series, each with a
wide range of operating voltages. The specifications of the switch

were as follows:

Voltage 1l to 100 kv
Current 1.5 MA
Inductance 15 nH
Delay time 1 to 0.2 us
Jitter 20 ns

Electric strength of internal
insulation after prolonged
operation 125 to 145 kV (731

In ancother design, reported in 1974, switch inductance had been
Jecreased to 10 nH and delay time to 0.2 to 0,15 ns [72].

Recent LPI work, submitted for publication in 1977, involved the
time-dependent impedance of the discharye channel in a rriggered vacuum
spark gap, focusing on the trigger system, The optinal system had the
trigger electrodes on the periphery, ensuring ahorter delay times, more

uniform current distribution, and lower initial inductance. The switch

is said to be in production [100].
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During the 1970s, the Xhar'kov Yolytechnic Institute (KhPI) ana-
lyzed and designed spark gaps for Marx generators, In 1973, KhPI re-
ported on the role of UV f1lwumination in triggering tbe s»itches and
on the measurement of switching time in large Marx systems. The theo~
retical approach of this work emphasized jitter as the main criterion
of synchronous operation of spark gapr, which may number more than J0
to 40 units. According to the institute, the literature stresses the
need to ensure triggering illumination ameng the gaps, although it fails
to supply quantitative data on the effect of (llumination on the opera-
tion of the generator. The KhPI report saild also that some Western
authors (Heilbronner) conclucded from their experin.nts that UV illumi-
nation has no perceivable effect on generator gpark gay<. Flnally, the
report presented quantitative data on the effact of mutual illuminatien
on switching time, based on tests of a seven-stage Marx geperator [lO0l].

The static discharge volrage of the gaps was 110 kV:; the charging
voltage per stage was 90 kV. An intermediate generator of trigger
puls~9 was used to ensure the breakdown srability of the first con-
trol.ed gap. It was concluded that il'umipation is signiflcant only
fo: the second and thivd stages, wherc overvoltages are compararively
low, The total switching time of the seven-stage generator, excluding
the breakdown time of the first controlled gap, did not exceed 400 to
500 ns, with about one~half of this time representing the switching
time of the serond gap. The breakdown of each gap of the fourth to
the seventh stages took only 20 to 30 ns; the breakdown tire was de-
termined mainly by the transit time of the electropagnetic wave [101].

In 1977, the Khar'kov Polytechnic Institute reported on the design
of a fast-acting multiple-gap system using a chaln of elengated spark
2ap electrodes. The voltage increment AV = (Vc - vb)/Ve (where Vc is
the charging voltage and vb is the minimum breakdown voltage) was 0.B
at 250 kV for 12 gaps. The switching time of less than 100 ns was 2
to 3 times shorter than the switching time of sphericsl spark gaps [74].

A 1970 paper, subzitted by an unidentified institute, degcribed a
58=kJ capacitor bank delivering output pulsed power of 1.4 x 10!% W and

short-circuit current of 3.5 MA., The bank was designed tc approximate
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the performance of explosive flus ¢odpressors, but to eliminata their
hazardous operation and poor repiru.ducibility 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 nH. The

three-electrode vacuum switches had the following characteristics:

Voltrage 20 kv

Current 200 wA

Pressure 3 x 1073 Torr

Service life 20,000 shots

Jitter 0.1 us [40}

5. _SURFACE-FLASHGVER SPARK GAPS
The Leningrad Polytecinic Institute has been working on surface-

1lashover high-current spark gaps for capacitive storage systems since
at least the es ly 19603.* Between 1976 and 1979, the inscitute pub-
lished & falrly comprehensive series of reports on theoretical and ex-
perimental results.,

The surface=~flashover principle is said by LPI to find an ever
increasing use in Soviet electrophysical equipment, such as high-cur~
rent switches, intense-light sources, acd high-energy lasers. In these
applications, a sliding discharge develops along the interface between
a gas and a thin (typically 2 mm} solid dielectric, the reverse si.e
of whict is coated with metal, In apark- 3ap switches of this type, the
electrodes are metal rails up to 1 m long, with a gap of legs than 2 cm
and a centrsl trigger electrode riil. The discharge formation is due
to a fast-changing voltage across the electcodes,

According to LPI, surfzce-flashover spark gaps can be usaed in
capacitive stores of medium and high energy, in which current reaches
108 A. These stores require switches with winimal inductance and in-
ternal gap resistanca, a broad range of operating voltages, short

*Earlier studies of dlelectric surface discherges for triggering
fast spark gaps, perfcrmed at the Institute of Atmospheric Optics,
were reportad in Simop Kassel and Cha.les D. Hendricks, High-Current
Particle Deame. II. Tha Siberian USSR Regearci Grours (U), The Rand
Corporation, R-1885-ARPA, 1976, pp. 22ff. CEemfidenttaid.
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gwitching time, and a s.able delay time (low jitter). The multichannel
discharge in air over a dielectric surface is said to be capable of
meeting these requirements, which call for a large number of parallel
spark gaps. The objective is to develoy surface-flashover switches
with a 100-ns delay time and 10-ns jitter.

The purpose of recent LPI research has been to fill the gap in
knowledge about the delay time of these switches and the mechanism of
the discharge itself. The overall conclusion of this research is that
surface-flashover switches demonstrate sufficiently low jitter within
1 wide range of voltages. The satlsfactory contrel of these switches
at relatively low voltages makes them suitable for work in the parallel
as well as in the crowbar modes [76,102,103].

The delay time for specific gas or solid dielectric materials de-
pends mainly or rue voltage rise rate at the trigger electrode The
voltage Tise rate may he increased to reduce the delay time, The switch-
ing time is a function of heating and gas-dynamlc expausioan . | the chan-
nels formed by the sliding discharge [76].

Below the breakdown voltage, there is a so-called incomplete dis-
charge stage when the channel does not span the entire gap. The cirecuit
is closed through the capacitance formed by the channel and the second
electrnde. When LPT studied surfare-flashover In 196!, it postulated
the possible existence of n thermal equilibrium in the sliding-discharge
plasma within 1 to 10 us. Assuming that the postulate was correct and
that the electric field in the channel during the incomplete stage
{1 atm) was fairly high (150 to 300 V/cm), ane could expect high gas
temperatures. However, nc systematle measurements of pas temperature
in the surface~flashover channel were made at that time. The recent,
spectroscopic measurements showed that gas temperature in an incomplete
sliding discharge in air and in S5F; did not exceed 2065 K. ‘The concep-
tration of electrons in air at 260 Torr was 2 x 1015 em*?, The plasmo
of the incomplete sliding discharge was not in equllibriun, and the 1962
assumption was considered incorrect [102].

The axial field gradient in the incomplete discharge channel
amounts to 0.7 to 1 kV/cm, while the field intensity at che front of

the channel has a constant high value because of the thin dielectric.
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Far 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 10° V/cm. At the point zompletion
of the discharge, the axial field gradient in the channel rises sharply
to 10 kV/cm because all the power supply voltage appears at the spark
and the subsequrent drop is determined by beating and gas-kinetic expan-
sion of the channel). The preseat studies of 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 20-cm gap in atmospheric air was used
together with sn organic glass (e = 7} plate 2 mm thick. The voltage
pulse had 150-kV, 3-ns front, 350-ns pulse length, snd 70-ns tail (103].
LPI has in recent vears published two designs of low-inductance
MA surface-flashover sp: < gaps. The first, reported in 1976, had main
electrodes 45 cm long, the trigger electrode 40 cm long, and vepeatedly
switched 0.5 MA currents. It was claimed to be capable of switching
currents up to 2 MA in parallel and crowbar-mode operation. Its speci-

fications were as follows:

Inductance 5 nH

Interngl resistance 1 mohm

Interelectrode gap 160 mm

Operating volrage range 0 to 40 kv

Trigger pulse rise rate 1012 y/s

Delay time 40 ns

Jitter 10 n= £75]

The second spark gap, reported in 1979, had main electr:des 1l m
long generating up tv 40 channels in the discharge. The current han—
dling capability of this design was up to 5 MA per single gap. The
follr ‘ng vere the optimum characteristics of the spark gap:
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Inductance 0.5 nH
Internal resistance 2 mohm
Interelectrode gap 150 om
Operating voltage range 20 to 50 kV
Ir'gger pulse voltage 80 to 100 kv
Delay time 60 ns
Switching time 140 ns
Jitter 10 ns {76]

6, UNTRIGGERED GAS GAPS

A number of {nstitutes have reported on PFL untriggered gas gaps
with a broad range of parameters. In 1971, 1YaFSO in Novosibirsk de-
veloped an early high-pressure nitrogen gap for the RIUS-1 electron
aceelerator 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’ o kA [77].

A series of SFg gaps were described in publications submitted in
1974~1976 by several institutes. The Theoretical and Experimental
Physics Institute (ITEF) in Moscow described a switch fer 9 to 16.5 atm,
yielding a voltage rise time of 2 ns in an oil Blumlejn and 1 us in an
SFg Blumlein. At 450 kV, the jitter was 3 to 6 ns (79]. An unidenti-
fied facility reported on a glycerin PFL switch filled with SFg; at
15 atm. The standoff voltage of the switch was 350 kV. current was 26

ki, pulse length was 35 ns, and rise time was 4 ns {78].

The Joint Institute of Nuclear Research (0IYaT) in Dubna developed
an SFg gap for a 25-ohm streamer-chamber PFL. The switch operated at
450 kV, had a 440-ns delay time and 12.3-ns jitter, and was guod for
10% shots [80].

“he Lebedev Physics Institute (FIAN} in Moscow developed a new
spark gap for the Jmpul's electron accelerator, a first-generatjon IREL
accelerator. The Impul's was built by the Laboratory of Problems of
New Accelerators at FIAN in 196©-1971. 1In 1973, a new module was added
to the main accelerator to make the first Soviet machine with twe inde-
pendent electron beams. The Blumlein insulator was glycerin. The gas
gap for the Blumlein was filled with SFg at 1.5 to 4 atm. The switch
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operated at 700 kV, 100 kA, 30 to 40-ns pulse length. The switching
time was 10 18 for twe or three channels, and the jitter was 10 ns (82].

In 1975, the Institute of Nuclear Physics, Electronics, and Auto-
mation in Tomsk published a simple design of a 100-kV, 20-kA switch for
the Tonus-II accelerator. The switch operated at a pressure of 2.7 atm
of nitrogen. After 200 shots at 30-second intervals, the voltage
dropped 5 percent. Gas~blowing restored the initial voltage. The in-
ductance of the switch was 5 vH [81].

7. THYR1ISTOR SWIICHES
Triggered gemircnductor switches, or thyristors, have recently been

gaining acceptance in Soviet Industrial and laboracory practica., Re-
searchers at 1YaF50 in Novosibirsk claiw the following advantages for
thyristors: absence of heated cathodes; smsll size; and capability to
handle hundreds of asperes at repetition frequencies of hundreds of
herz, and thousands of awmperes in single shots, IYaF50's work with
thyristors involved large, high-energy generators of long-current pulses
operating at relatively low repetition frequencies.

In 1972, IYaFS0 developed and put into operation a thyristor switch
system for a synchrotron magnec. The system could handle 150-kA, 1.5~ms
pulses with peak energy of 100 kJ. The switch system consisted of 220
type TL~150-8.0 thyristors connected in a series-parallel network. The
thyristors were rated at 40-W power loss for an average current of 40 A
without forced air cooling. The total power loss of the switch system
was 1760 W, representing 2 percent of the gemerator power loss. The
total area of the switches was 5 m%, In three years of reliable opera-
tion, the svstem did not lose a single thyristor ([83).

The Loffe Physico-Technical Imstitute (FTII) in Leningrad engaged
in the systematic development of thyristor switches during the 1970s,
after first studying thefr turn-on characteristics, for purposes of
high-power, fast-cise applications, In the late 1960s. The early stage
of this research was devoted to the measurement of on-state propagation
in the p-n-p-n Firucture, using a contact probe with 2 pneumatic damper
to ensure high spatial and temporal resolution (104]. By 1971, =z simple
one-dimensionsl diffusion model of on-state propagation was proposed and
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¢he claim made that no satisfactory two-dimensional mod2l was available.
The current density considered in this study was of the order of

10 kAfcmz, while the velocity of propagation varied from 1,6 x 10% to
3.4 x 10* em/s for 3 kafem? [105].

In 1973, a necdymium laser was used to activate the thyristor
switch. For ¢ 1-cm? thyristor, the laser energy was 10~7 to 107% J
and pover was 1277 to 103 W, The investigators found experimentally
that the laser-activated thyristor turned on its entire volume when the
laser~pulse energy exceeded the subcritical level by a facter of four
(84]. The laser-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 of area size on the
transient process [106]. Attempts have been made since 1975 to shorten

e current rise time by increasing the incident laser powcr. An ioni~
zation shock wave passing from tle collector to the emittrr, also
studled as an alternative ro laser initiation, was found s1..- tble only
fur very low voltages [107],

In 1977, the FTIT investigators observed peak currents of the
order of 1000 A at 7 kV with switching time of 50 ns. The experiments
vere similar to those of U.S. researchers (Zucker et al., Ar~”. Plys.
Lett., v. 29, no. 4, 1976, p. 261) published in 1976, except that Zucker
observed peak corrents of an order of magnitude higher. [Unlike the U.S.
experiments, the Soviet study included a reverse-blased diode as well
as a thyriscor [85]. 1In 1978, the investigators concluded that for
practical switching applications, the diode was leas desirable than the
thyristor.

Snviet research experlence in studying power and modulator silicom
thyristors showed that the maximum current density for a kV semiconduc-
tor switch should not exceed 2 x 10 Afem?. Thus, for a working area
of a few cmz, the switch sheuid handle up ro 10° A. Research results
also showed that 1f the total laser flux density per pulse has a limit
of 0.1 .I/em®, a silicon plate 40 mm in diameter can have resistance as
low as 107* ohm. If the switch impedance is to be 1 percent of load

impedance, the current can reach 105 A at 10 kv. According to Soviet
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researchers, these switches are limited primarily by the allowable peak

current density [108},
The same research team worked exclusfvely on thyristor switches

throughout the development period. Other teams of the Ioffe Physico-
Technical Inastitute in the pulsed-power field studied field-emission
cathode whisker formation, plasma heating by electron beams as part of
fusion research, and electric discharge through a laser spark in air.
The team developing switches appeared to have no connection with the

others,

8. ELECTRON-BEAM TRIGGERED SWITCHES

Electron beams as triggers for gas gap switches have been studied
since the late 1960s at TPI and IOA in Tomsk and IYaF50 in Novosibirsk.
The first reports on the results were published in 1970. 10A investi-
gated ways to achleve minimum pulse front length (shortest rise time)
of the accelerating voltage and of the corresponding rise time of the
electron current pulse. The spark gaps used to shape the pulse front
have a high Inductance and spark resistance, preventing pulse rise
times as low as 1 to 10 ns. The initlation of a large number of paral-
lel spark channels, however, by Jowering the inductance and resistance
of the switch, shortens the rise time. This operatiun requires uns
stability of the spark initiation delay time necessary to satisfy the
condition for parallel-spark switch: 0 < t, where ¢ is the jitter
{rms of delay time dispersion) and t is the transit time of the electro-
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 Lhe gap; this concentration
can be obtained by electron~-beam ionization of the. gas, Short switch-
ing time depends on a discharge without chamnels, or a large number of
parallel spark channels, although the currents in the individual chan-
nels may vary [87,89].

In 1969, TFI noted an avalanche-discharge switch triggered by an
electrun beam., The beam parameters were 400 kV, 100 A, 4 A/cmé, and
20-ns pwise length., The 0.8 cm gap was filled with N- at 3 to 15 atm.
The switched current was 12 xA [35].
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In 1970, IYaFSO submitted a report on the preliminary atudies 5f a
150 to 400 kv, 10 A, 5-ns electron beam iInjected into a 4-cm gap at
360 kV fillad wich Ny or SFg at 8 atm. In nitrogen, the delay timr was
20 ns and jitver 1 ns. With 5Fg, the gap voltage could be Increused to
1 MV with the same delay time and jitter [86].

In 1971, 10A reported on experimental work with electron-beam
triggering of spark gaps in W, A 100 to 350-kV beam was used with N,
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 [. und that
such a discharge 1s characterized by the absorption of 107 to 10% W/em?
in the gas in about 10 ns, In one of the experiments, a 350-kV, 2-kA
electron beam produced a dischavge without channels with peak current
of 40 kA at 700 kV in a 7 atwm nitrogen [87).

In another series of experiments reported on in 1973, I0A investi~
gated an N;:SFg switch in the MV range, comparing the switch stability
when triggered by an electron beam and by trigatrons. The spark gap
was 5.5 cm long, filled with the gas mixture at & to 11l atm. The elec-
tron beam trigger was 330 kv, 130 A, and 30 na. For 1.5-MV switch volt-
age, the delay time was 15 ¢ 0.8 ns when tviggered by the electron beam
and 5.1 t 0.5 ns with trigatron initiation. It was concluded that both
methods can yield a subnanosecond jitter above 1 MV [89].

I0A continued to experiment with N, at 1 to 16 aim. A 1BO-kV,
100-A electron beam with 5-ns pulse length was used to control a switch
for a 40-ohm PFL with a charging time of 0.5 ys. The delay time was
1 na [B8]. The concept of a volume discharge sustained by an electron
beam evolved into a switching system, which I0A called the injection
thyratron. The injection thyratron featured control of both the open-
ing and closing actions of the switch, which congisted of two regions,
gas and vacuum, separated by a thin metal foil. The cathode in the
vacuum region emitted electrona which, accelerated by voltage, passed
through the foll 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 elcctron besam. Uniform ionization
of the gas vegion required 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 pressure, and aeral foil density of 5 x 10~-
to 102 glem?, the necessary electron energy is 100 to 150 keV, The
advantage of the injection thyratron, according .o its developers, is
its ability to interrupt output current independently of the anode
voltage,

The switch is suitable for high repetition rates, since the mini-
mum distance between pulses {deionization time) equals the current fall
time. The disadvantage of the switch ir a fairly high power dis ipa-
tion re. 1iring gas blow-through at high repetition rates. The raitched
current is determined mainly by the electrode area. A discharge across
a large area is not considered to be a problem. For example, according
to experimental results for a peak voltage of 175 kV, in swicching us
pulses at current density of 0.4 A!cm2 and electrode area of 1000 cmz,

the total discharge current was 40 kA [SO].

9. SPECIAL SWITCHES

The Yefremov Institute of Electrophysical Equipment (IEFA) in
Leningrad has been developing spark gaps with a solid dielectric in
which the triggering effect depends essentially on mechanical action.

In 1971, IEFA reported on a spark gap tripgered by a focused beam of a
Q-switched ruby laser. The laser beam punitured a hole in a polymer
film serving as the dielectric and caused an electrical breakdown of
the gap. This method of initiation is claimed to yleld short Jelav and
switching times and, in conjunction with the low inductance of solid-
dielectric gaps, to be suitable for the production of high-voltage
nanosecond pi.ses. The experimental spark gap was used to switch a
50-chm PFL. The 20-MW, 20-ns ruby laser cutput, wheo focused on
polyethylene, lavsan, or teflon film 40 to 200 pm thick, made holes in
film up te 100 pum thick. For an operating voltage of 14 kV, a 56-um
lavsan film vielded a delay time of 36 ns with a jitter of 3.5 ns [92].
Tn 1975, IEFA published a report (submitted for publicatioen in
1972) on a solid~dielectric spark gap In which the polyethylene film was
tuptured at two points by exploding aluminum feil. The gap consisted
of two 500 x 500 x 25 wm brass plates forming the electrodes, one of
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which was hinged to facilitate the replacement of the ruptured film.
A delay time of about 0.5 us was obtained abeve 150 kA at 80 kV. The
jitter did not exceed 100 ns [95].

The Kiev Polytechnic Tnstituce (XPI) has been vnrking on crossed-
fleld switches, called triotrons and trioplasmatrons. The main ol iec-
tive of rthis w-rk was the development of switching devices that meet
the requirements of high curremt, short delay time, low jitter, light
weight, and small size. The triotron is n trigyered pas switch with
a cold cathode and a constant mapnetle ficld, Tn 1971, KPI reported
on a triotron capable of extended operation in the ranpe of 0.4 to 30
kV and 10 to 20 kA. The switch. with a diameter of 59 mm and height
of 200 mm, was designed for 250 MW pulsed power and was filled with
hydrogen at 107¢ Torr [109). Two reports published in 1973 demonstrated
the feasibility of on and off control and repetitive operation of this
type of switch., A trioplasmatron filled with mercury switched 25-kaA,
t-ts current pulses within the range of 0.4 to 30 kV and a - 1y time
of less than 1 ps. The service life was 5 x 10% shots [96].

The Institute of Electrodynamics of the Ukrainian Academy of Sci-
ences reported in 1973 on a high-current switch for plasms spectroscepy
studies. The switch, designed for 150 kV and 100 kA, used a plarma jet
aa the trigger. The jitter was a fraction of us. The plasma jel was
generated in a capillary discharge [Y%4].

The plasma jet principle in closing switches vwas described in a
1970 paper of an unidentified institute. The switch was cloged by a
plasma Jet formed in air by the switched current ivself. The switching
time was 1.5 to 20 ps, with a jitter of 0.35 ;5. The voltage ranged
from 6 to 25 kV and current from 50 to 160 kA [93].

Between 1965 end 1967 IYa¥FS0 worked on switching 10-kA, millisecond
current pulses with reverse voltages of a few kV. The IYaFS0 switches
were designed to initlate the discharge by a specizi trigger and teo
quench it by passing the current through the null value. The gas in
the switch, in contrast to that in thyratron., mattered only during the
initial phase of the discharre, with the remainder of the process oc-

curring mainly in the vape: of the electrode metal. 1YaFS0 selected
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cold, solid cathodes operating in the arc discharge mode with a practi-
call} uniform field and the same trigger potential for either polarity.

Begimiing in 1967, IYaFSO worked on the development of a reliable
spark-type trigger for the arc discharge switch. A special cathode and
trigger structure protected the trigger from the arc discharge. The
resulting mode)] wilhstood 107 shots. A theory developed In 1969 per-
mitted I¥YaFSO0 to determine the structure of the switch for each specifie
application, given data on the velocity of the discharge, pulse length,
and current, The performance of triggered switches with celd, solid
cathodes is belng improved mainly by designinpg large deionizing surfaces
that allow for decreasing the arc discharge plasma density and increas-
ing the pressure drop rate, for example, by means of an artatroun-type
magnetic trigger field. &, stems with flat electrodes and a short arc
for ms pulses proved capable of switching 40 to 50 kA with 4 to 5 kV
reverse voltage, or 15 kA with 10 kV forward voltage [92].

The Kiev State University submitted a report im 1977 describing
the use of industrial IRT-3 ignitrons in a pulse-current generator.
These ignitrons {(reported on in 1974) had the following specifications:

Inductance 40 nH

Switched current ’ 100 kA

Voltage range 0.1 to 20 kV

Pulse length 4 us

Jitter 0.2 us

Service life 10° shots (98]

10. SWITCH ELECTRODE ERCOSION

An early study of electrode erosion in spark gap switches was con—
ducted by the Physico-Technical Institute (FTI) in Khar'kov [110]. Im
a 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 vacoum. The method of protecting the
electrodes was based on electrode configuration. Coacentrie rings on
the electrode surface produced electredynamic interaction of the dis-

charge currents in the rings, causing the electrie charge on the
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electrodes to move radially and azimuthally. The resulting evosion was
found to he comparatively slight and the trigper structure on the elec-
trodes free of sputtered metal. The service 1life of the switch elec-
trodes was 10" to 10° shots,

A systematic cxperimental investigation of the surface finish and
erosion of spark gap electrodes and their effect on switch performance
was conducted at the Moscow Power Institute (MEI). FKarly results of
the experiments were submitted for publication in 1972, Electrodes
with coarse finigh were studled in air at 1 to 5 atm using 0.5-cm gaps
at 270-kA currents and 20~us pulse lengths. The study focused on the
dependence of the electric strength of the gup and statistical discribu-
tion of breakdown voltage on the microstructure of the electrode surface
[111]). A parallel study developed an approximate analytic method for
calculating electrode erosion in spark gap switches. Accovding to MEI,
Western experimental literature of the 1960s did not contaln adequate
data for the selection of optimal erosion-proof conditions suitable for
most practical applications of these switches., The Soviet work was an
attempt to obtain such data experimentally {112,113]. A more cecent
paper, submitted for publication in 1976, analyzed switch electrode
erosion from the viewpoint of the medium (gas or ligquid) surrounding
the electrodes and its effect on the erosion process. Since in the
cagse of pa pulses erosion is similar to that ohserved with industrial-
frequency currents, both types of current were investigated. According
to experimental data, high-current pulses at gas pressure of 10 Pa pro-
duced a2 minisum erosion rate of 0.5 mg/C for copper electrodes. In
vacuum (10~*Pa)}, copper erosion rate 1s lower, approaching micrograms
per coulomb, This is in agreement with U.S, findings of a minimum of
10 uglc.* It wis concluded that (1} the average current density on the
electrode surface increases with the density of the medium; (2) increas-
ing the density of the medium increases the ejection of molten electrode

metal; and (3) for any discharge conditioens, there i1s a regime for which

*sdvanced Pover Systems Technology Survey and System Coneept Appli-
cationg, prepared for Ballistic Missile Defense Advanced Technology
Center (BMDATC), U.S. Army Corps of Engineers, Huntsville Division,
HNDTR=17-32-ED-5R, 31 Decemwber 1977, p. 3-68.
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specific clectrode wear approaches a limicing value, Specifically, the
limiting value of electrode wear i3 approached in dense wedia a*t a low-
er integrated electric charge passing through the switch than in rar-
efied media [114].

The IYa¥FSO recently reported on the development of frangible elec-
trodes for MA spark gaps (report submitted for publication in 1976},
The switch was designed to operate at 57 %V in 10 fo 15 aLm of nitro~
gen. The switch inductance was below fne or both electrodes of
the switch were platea that disintegra . the passage of the cur-
rent pulse, ensuring an effective removal of electrode erosion products
from the gap and a redured shock to the structural parts of the switeh.
With a single disintegrating eluvctrode, the switch operated in strong
magnetic fields with 1.5 MA, capacitor vank of 30 kJ, and discharge
circuit frequency of 200 to 300 kHz {[60]).
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Appeudix C
SOVIET RESEARCH TEAMS

Hembers of the Sovier teams whose research and development of
switches is diccussed in Appendixes A and B are listed below by insti~-
tutional affiliation, type of switch vorked on, and year(s) in which
the report({s) on that switch or related work was published. (These
dates differ from those cited in App.ndixes A and B, which represent
the year the report was submitted for publlcation.)

LEBEDEV PHYSICS INSTITUTE (FIAN), MOSCOW
Untriggered Gas Gap — 1977

L. N. Kazanskiy A. A, Kolomenskiy G. 0. heskhi
B. N. Yallokov

PHYSICO-TECHNICAL INSTITUTE {FTI), KHAR'KOV
Laser-Activated Cap, Microwave Generation -- 1972-1973

V. U. Abramovich Ya. Yo. Besrarab L. I, Bolotin

Ya. B. TFaynberg H. P. Gadctskiy Yu. V. Tkach

Ye. A. Lemberg I. 1. Magéa I. N. Mondrus

V. D. Shapiro V. 1. Shevchenko A. V. Sidel’'nikova
A. I, Zykov

Yan Beams -~ 1979
A. 1. Aksenov V., M, Kheoroshikh Y. G. Padalka

'_l:r.lggered Arc, Triggered Vacuum fGap, Switch Electrode Erosion

1970-2973
I. 1. Aksenov N. G. Baranov Yu, A, Mishutin
Yu. 5. Pavlov Vv, 1. »latin 5. A, Smirnov

IOFFE FHYSICO-TECHNICAL INSTITUTE (FTII), LENINGRAD
Thyristor -~ 1970-1979

M. M. Akhmedova 2. G, Chashnikov I. V. Grekhov
A, F. Kardo-Sysoyev M, Ye., Leviushteyn V. G. Sergeycy
V. B. Shuman A. 1. Uvarov V. M. Volle

I. N, Yassiyevich
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MINING INSTITUTE OF THE KOLA AFFILIATE, ACADEMY OF SCIENCES, USSR (GIKE)

Trigatron —- 1976
A. N, Danilin A. Xh. Yerukhimow I, M. Zarzkhi

KURCHMATUV ATOMIC ENERGY INSTITUTE .IAE), MOSCOW

Unerigpered Spark Gap, Inertial Confinement Fusion,
Mapnetic Flux Compressien -~ 1975

5. 1. *nevskiy V. I, Liksonov S. L. Nedoseyev
Yu. L. Sidorov V. P. Smirmov

Multielectrode Spark Cap, Magnetie Confinement Fusion,
Lager Pumping -- 1974

M. V. Bauykin S. 5. Sobolev V. V. Starykh
A. I. Zhuzhunashvili

Inertial and Magnetic Confinement Fusion,
Electrau-Beam-Driven Cuemical Reactlon -- 1974

B. A. Demidov §. D. Fanchenko M. V. Ivkin
V. A. Feirov

Tacitron — 1972

V. D. Dvor..ikov V. A. Kreatov S. T. Latushkin
L. ¥. Tikhomirow L. I. Yvdin

INSTITUTE OF ELECTRODYNAMICS (1ED), KIEV
Plasma Jet Switch -~ 1973
N. I. Fal'kovskiy

YEFREMGV INSTITUTE OF ELECTROPHYSICAL EQUIPMENT (IEFA), LENINGRAD
Mechrnical Switeh —— 1975

A. B. Andrezen V. A. Burtsev A. B. Produvnov

Mechanical Switch -- 1971

A. I. Rabalin V. A. Rodichkin G. Ya. Rusokova
A. M. Timonin
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INSTITUTE OF ATMOSPHERIC OPTICS (IOA), TOMSK
Triggerved Gan Gap =—— 1973

b. I. Proskurnvskiy
Ye. B. Yankelevich

Triggered Arc Switch == 1977

S. P. Bupgayev V. I. Koshelev A. F. Medvedev
M. M. Nikitin

Laser Triggered Switch -- 1973

Yu. I. Bychkov *. P. Khuzeyev Yu. D, Koroclev
Yu. A. Kurbatov ¥, M. Orlovskiy V. F, Tarasenko

Electron-Beam Triggered-Switch,
Untriggered Gas Gap, Trigatron

1971-1976
V. Ya. Borisov B, M. Koval'chuk V., V. Kremnev
V. A, Lavrinovich V. V. Lopatin A. A, Makushev
G. A, Menayats Yu. F. Potalitayn G. Ya. Vlasov
A. 5. Yel'chaninov V. G. Yewel'yanov F. Ya. Zagulov

High~Power Laser -- 1976

Yu. I. By.akov N. V. Karlaov N. F. Kovsharov
V. F. Logev G. A. Mesyats A, M. Prokhorov
V. F., Tarasenko F. Ya, Zagulov

INSTITUTE OF HIGH-CURRENT ELECTRONICS (1SE}, TOMSK
Injection Thyratron
1978-1979

G. A. Mesyats
V. G, Shpak

Untrigpered Gas Gap, Trigatron -- 1979

S. D, Korovin B. M. Koval'chuk V. A, Lavrinovich
G. \. Mesyats Yu. F. Potalitsyn V. V. Toptygin
A. 8. Yel'chaninov F. Ya. Zagulov

INSTITUTE OF THEORZTICAL AND EXPERIMENTAL PHYSICS (1TEF), MOF: i
Untriggered Gag Cap -~ 1975

V. A, Arcen'voy V. M. Knyvazev N. N. Luzhetskiy
V. P. Nikolayev I. 1. Pershin I. V. Rechitskly
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HIGH-VOLTAGE INSTITUTE {(IVN}, TOMSK
Trigatron, Multielectrode Gas Gap

1974-1979
V. N. Churilov I. 1. Kalyatskly V. V. Khmyrov
G, 5. Korshunov Yu. A. Krasnyatov M. T, P?ichugina
V. ¥. Sedov V. V. Ustyuzhin V. F. Vazhov

Untriggered Spark Gap, Water Spark Gap,
Multielectrode as Gap, 011-Filled Switch

1977-1978
V. V. Balalayev N. K. Kapishnikov M. G. Korotkov
V. M. Muratov V. Ya. Ushakov

Multielectrode Spark Gap, Trigatron -- 1976

Y. P. Chernenko Y. R. Kukhta "o, I. Logachev
V. V. lLopatin G. Ye. Remmev V. 1. Tovetkov

INSTITUTE OF NUCLEAR PHYSICS, ELECTRONICS, AND AUTOMA: JON (IYaFEA), TOMSK
Multielectrode Spark Gap, Untrigpered Gas Gap

1975-1876
A. T. Matyushin V. T. Matyushin V. 3. Pak
G. Ye. Remnev ¥. 5. Rudenko A. A, Shatanov
¥. 1. Smetanin V. I. Tsvetkov Yu. P. Usov

Solid Dielectric Switch, Multielectrode Cas Gap
1969-1970

V. V. Khmyrov B. M, Koval'chuk C. A. Mesyats
V. P, Osipov

Trigatron -- 1877
V. V. Baraboshkin

INSTITUTE OF NUCLEAR PHYSICS, MOSCOW STATE UNIVERSITY (IYaFMGU)
Multielectrode Gas Gap —- 1976

I. Ya. Antipov V. A. Khrushchev Yu. V. Ku netsov
Ye. V. Lazutin 1., M. Piskarev A, V. Shumakov
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INSTIIUTE OF NUCLEAR PHYSICS (IYaFS0), NOVOSIBIRSK
Multielectrode Spark Gap, Switch Flectrode Erosion
1977-1978
V. N. Karasyuk G. I. $il'vestrov G, S. Villeval'd

Untriggered Gas Gap, Ignitron, Electron-Beam-Triggered Switch,
Untriggered Water Spark Gap

1968-1978
Ye. A. Abramyan E. L. Boyarintsev V. M. Fedorov
L. P. Fominskiy V. A. Kapitonov Ye. N. Kharitonov
V. A, Kornllov V. M. Lagumov V. 8. Panasyuk
0. P. Pecherskiy A, G. Ponomarenko S. M. Shirkin
A, M. Sidoruk V. b. Tarasov V. A. Tsukerman
V. V. Voich'yev A. A. Yegorov V. A, Yelkin

Three-Electrode Gis Gap, Thyristor

1676-1977
A. A. Avdiyenko A. F. Bulushev B. I, Grishanov
Ye. N. Kharitonov  Yu. G. Matveyev Ye, P, Mel'nikov

A, A. Mit'ko

Thyristor == 1970

M. Yu, Gel'tsel'
A. A. Podminogin

KIEV STATE UNIVERSITY (KGU)
Ignicron —- 1978

Yu. W. Levchenko
V. A. Zhovtyanskiy

KHAR'KOV POLYTECHNIC INSTITUTE (KhPI)
Triggered Vacuum Gap
1974-1974
I. R. Pekar'

INSTITUTE OF RADIOELECTRONICS (KIR), KHAR'KOV
Triggered Gas Gap — 1977

G. I. Nosov
5. A. Smimov
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KIEV POLYTECHNIC INSEITUTE (KPI)

Triotron, Tricplasmatron |

1971-1973
Yu. D, Khromoy V. I. Krizhanovskiy A. I. Kuz'michev
L. P, Pavlenko A, I. Shendakov L. N. Shmyreva
A, 1, Soldatenko A, I, Vishnevskiy 5. Sh. Zaydwman

LENINGRAD ELECTRICAL ENGINEERING COMMUNICATIONS INATITUTE (LE13)
Mercury Thyratron -~- 1972
L. Z, Gogolitsyn

LENINGRAD POLYTECHNIC INSTITUTE (LPI)

Tripgered Vacuum Gap, Surface-Flagshover Spark Gap,
Discharge in Air

1971-1979
G. I. Belyayev M. L. Chepkalenko M. A. Chernov
P. N. Dashuk A. V. Grigor'yev V. B. Ikonnikov
C. 8. Kichayeva 8. L. Kulakov 8. N. Markov
T. G. Merkulova Ye. A. Sergeyenkova ¢. I. Shkuropat
V. L. Shutov M. D, Yarysheva A, K. cinchenko

Multielectrode Spark Gap, Magnetic Flux Compression
1971-1972
Ye. P. Bel'kov

MOSCOW POWER INSTITUIE (MEI)
Switch Electrude Erosion

1973-1978
V. A. Avrutskiy G. S. Belkin . M. Goncharenko
V. Ya. Kiselev Ye. N. Prokhorov

MOSCOW ENGINEERING PHYSICS INSTITUTE (MIFI)
Triggered Gas Gap, Trigatrcn

1975-1976
B. A. Afanas'yev A. S. Fedotkin A, 1. Gerasimov
A. P. Klement'yev G. D. Kuleshov D, N. Miloradov
A. I. Pavlovskiy 8. Ya, Slyusarenke V. A. Tanarakin

V. P, Tsiberov
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JOINT INSTITUTE OF MUCLEAR RESEARCH {0iYal), DUBNA
Multielectrode Spark Gap -— 1978

L. K. Lytkin A. F. Plaarev V. F. Pisarev
G. 5. Revenko

Untriggered Gas Gap -- 1977
(with High Energy Physics Institute of GDR)

Ya. V. Grishkevich G. Peter ~ D, Poze
Kh. Ryuper A. Shrind K. Tryuchler

Ignitron -- 1977
V. A, Bulanov G. A. Ivanov L. V. Svetov

Triggered Yacuum Gap == 1975

G. D. Alekaeyev
D. M, Khazins

Untriggered Las Gap ~— 1963

I. B, Iasinskiy
K. P. Myznikov

SPECIAL DESIGN BUREAU FOR X~RAY EQUIPMENT (SKBRA), LENINGRAD

Untriggered Cas Gap, Laser Pumping -- 1973

E. A. Aviloy N. V. Belkin A. V. Dudin
M. A. Kantmov A. A. Razin A, P, Zykov

TOMSK POLYEECHNIC INSTITUTE (TPI)
Multielectrode Gas Gap, Triggered Cas Cap
1968=1970

B. M, Koval'chuk ¥. V. Kremey G. A, Mesyats
Yu. F. Potalitsyn

Thyristor -- 1978

N. P. Polyakov P. P. Rumyantsev V. V. Sinenko
Yu, P. Yarushkin
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UNIDENTIFIED AFFILIATIONS
Triggered Gas Gap -- 1968

L. G. Ivleva
L. N. Vagin

Triggered Vacuum Gap —— 1975

0. G. Bespalov
P. A. Smirnov

A. S, Knyazyatov
A. N. Udovenko

Mechanical Switch -- 1975

V. A, Alekseyev B, V. Kalachev

I. V. Smirnov

Ignitron -- 1978

V. P. Andronova R. G. Antokhin

A. M. Serbinov

Untriggered Gas Gap -— 1975

V. I. Sysun

Plasma Jet Switch — 1970

V. 5. Kemel'kov
V. 1. Medzolevskiy

R. XK. Bevov

V. 5. Mezhevov
A. P, Strel'tsov

Triggered Yacuum Gap
1970-1971

A, M. Andriannv V. F. Nemichev

A. Yu. Sokolov

A. K, Terent'yev

A. 1. Nastyukha

G. I.

Kromskiy

Yu. D, Khromoy

Yu. B. Smakovskiy

P, A,
G. A.

Repetition-Rated Switch Erosior ~-- 1979

L. 5, Eyg

L. N. Kosmarskiy
I. A. Voronezhskaya

L. C.
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Appendix D
LIST OF SOVIET RESEARCH INSTITUTES

Soviet research institutes referred to in this report
are listed below in alphabetical order by acronym.

FIAN

FTL

FTIX

GIKF

IAE

IED

IEFA

TFANU

T0A

ISE

ITEF

IVN

IYaFEA

IYaFMGU

Physics Institute imeni P. N. Lebedev, Academy of Scieunces,
USSR; Moscow

Physico~Technical Institute, Academy of Scilences, Ukrainian
SSR; Khar ‘kov

Physico~Technical Institute imeni A. F. Ioffe, Academy of
Sclences, USSR; Leningrad

Mining Institute, Kola Affillate of the Academy of Sciences,
USSRy Apatity

Institute of Atomic Energy imeni I. V, Kurchatov; Moscow

Institute of Electrodynamics, Academy of Sciences, Ukrainian
S5R; Kiev

Scientific Research Imstitute of Electrophysical Equipment
imeni D. B. Yefremov, State Committee for the Use of
Atomic Energy; Leningrad

Inscitute of Fhysics, Academy of Sciences, Ukrainlan SSR;
Kiev

Institute of Armospheric Optics, Siberian Branch, Academy of
Sclences, USSR; Tomsk

Inscitute of High-Current Electronics, Siberizn Branch,
Academy of Sciences, US3R; Tomsk

Institute of Theoretical and Experimental Physics, State Com-
mittee for the Use of Atowlc Energy; Moscow

Scientiflc Research Imstitute of High Voltages, Tomsk
Polytechnic Institute imeni S. M. Kirov; Yomsk

Scientiiic Research Institute of Nuclear Physics, Electromics,
and Automat ion, Tomsk Polytechnic Imnstitute imeni 3. M. Kirov;
Tomsk

Scientific Research Imstitute of Nuclear Physics, Moscow State
University imeni M, V. Lomonosov; Moscow
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IYaF50

KGU
KhIR
KhPL
KPI

LEIS

LPI1

MEI
MIFI
0IYal
SKBRA

TPI
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Institute of Nuclear Physics, Siberian Branch, Academy of
Sciences, USSR; Novosibirsk
Kiev State University imeni 7. G. Shevcienko; Kiev
Khar'kov Institute of Radicelectronics; Khar'kov
Khar'kov Polytechnic Institute; Khar'kov
Kiev Polytechnic Institute; Kiev

Leningrad Electrical Engineering Communications Institute
imeni M. A. Bonch=Bruyevich; Leningrad

Leningrad Polytechnic Institute imeni M, I. Kalinin;
Leningrad

Moscow Power Institute; Moscow

Moscow Engineering Physics Institute; Moscow

Joint Institute of Nuclear Research; Dubna

Sperial Design Bureau for X~Ray Equipment; Leningrad

fomsk Polytechnic Institute imeni 5. M, Kirov; Tomsk
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10.

11'

12I

13.
14,
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16.

17.

18.
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DAN 3SSR—Doklady Akademii nawk SSSR

FROM=~Fizika i khimiya obrabotki materialcv

FP~Fiztka plazmy

FIP-~Fizika 1 tekinika poluprovodnikov

IVUZ Flz==Izvestiya Vysshikh uchebnykh zavedeniy, Seriya fiaika

IVUZ RAD--Tzvestiya Vysshikh uchebnykh zavedeniy, Radioelektronika

01POTZ--Otkritiya, tzobreteniya, promyshlemniye obraztsy, Tovarnyye
Inaki. Ofttaial’'nyy byulleten’

PMIF--Zhurnal prikladnoy mekhaniki 1 tekhnicheskoy Fiaiki

PTE--Pribory © tekimika eksperimenta

RE~--Radiotekimika 1 elekironika

VAN S$SSR--Vesinik Akademif nauk SSSR

ZhEvF--Zhurnal eksperimental'noy i teoreticheskoy fiaiki

ZhETF, Pis'ma--Pia'ma v Zhwmal eksperimental 'noy 1 teoreticheskoy fiziki

Ih[Fw=Zhuamal tekhnicheskoy fiaiki

ZhTF, Pig'ma--Pis'ma v Zhumal tekhnicheskoy fiz ki
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