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(ll) rKEJ.',\CE 

lU) 'fhl& R:1.nu n->tt• w:u1 prcp�red 111 the coune of a cont inuins 

:.tudy, lll'onscre<! hy the Dt>fens� Advan::ed Resttarch Projects Al(ency, of 

Sovi�t Cf'l'lt·arch 111nd tJevclnrment cf h!gh-current, hi�h-energy, <'harged­

part le beams and their sci�1·tific and technoloRical applications. 

cJ .JIIl6 The nl>tl:! iA the fir�:t in A aeries investiRnt.lng, on the bas..la 

of evidence 1n Soviet �pen-socr�� technical publications, the possible 

exlsttmce of 0 S�)Viei. militlll'Y program to d•evelop charged-particle beam 

we.1pon� and the tm'bablc hi story of such a pr::::.r.am. The note explores 

w,nk on the atn.ospher!c. .•rop:l�ation of such belliiiS in tile USSR. Other 
• 

notes cxamSn� the develcpment of pulsed-power closing switches and 
•• 

lmlh.dliona of a nt:\ol (l8.1cr1tion ;,f ch.uged-[pdrticle eccelerotors. 

(U) The note, preJ:ared Co .. the Dh·ector's Office, DARPA, DillY also 

be of interest to, pube:l-power specialists. 

* 
(U) Si1110n Kassel, Indiroat:otfc -::a .C)ot'iet Particle-Pear: rle.:�rv;n 

PI'O�l'U/11: II. f"�1s�d-T..,Jrr Clo11ino) .�tt!h".a (U), Th� Rand Corporatioat, 

N-1718-1\RPA, August 1981 (Secret). 

** (U) S!mon Kassel, Inrfif'llt�ons ::{a 1Jo!)iet Purti�lc-.:1rw 
Jt'.;11cn lToa1w:: III. 'fltG 'Nmi.r.g of PaiJlot:oki!!'c A"cclcmto.r DeJelcr­
ment ( tl), The aand Corporation, N-1739-A!lPA, AuRUst 1981 (Sec ret). 
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(U) The likelihood of a Soviet military program to develop 

charged-particle-beam weapons and the probable history of such 

a program are investigated on the basis of evidence in Soviet 

open-source technical publications. Individual notes examine 

three aspects of pulsed-power developfllent: atmospher1c propa­

gation of hlqh-current electron beams; repetitive pulsed-power 

switch technolo9y; and probable hist,ry of Soviet accrlerator 

developments. (EFP) 
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(II) Slil·tr�\kY 

u� The development of ground-balled chnrgt:d-puticlc beam weapons 

depends on the resolution of the problem of beam propa�ation thr:)ugh 

tho �tiDosphere. The ncecsury rco"arch must provil!e n thorough knowl­

ed�e of the laws of interaction between hish-current beams and air, and 

of the behavior of low-pressure channels in air foriNid by such beaiDS. 

While these isRues could b� resolved by direct uperir.:t>ntation with 

htsh-current electron accelerators of adequate beam energy, such accel­

erators are nt-t Known to exist at this ti111e. In their absence, the re­

quired knowled�e must be approached les11 directly, by laboratory exper­

iN�ntation with available cquip�nt, �r by computer simulation. Soviet 

researchers can be expected to stress the experiMI't«l method". 

U Jlli Aalong the wide rnnge of research topics pertinent to high­

current charged-particle beaa technulogy, air propa�ation experi�nts 

are the least ulbiguous !ndicator of o beam-wc1pon .lpf.lication. The 

Soviet open-source literature contains •vJut-n,·� of t1�0 l:i:ldzot lf surh 

research activity: studies of {1) electron-beam propa�ation in low­

pressure air at beam energy levels of about 1 MeV and (2) low-pressure 

channels formed in air' by �lectrlc dillchar�tes. The SovieL work exhib­

its several charae�eristics that con be interpret�d in terms of a 1Dil-

1tnry beum-weopon program: the use of dr as the medium of beain propa­

gation, capability for channel trncking, loaRlesb energy propagation 

along the channel, focus on hose instability, deterr.�1113tion of pre<Jsure 

an� temperature profiles and expansion rates of channels, e�c. 

tl � Some of these characteristics are also significant to re­

aearch on inertial confinement fuaion, where the probleiDs of beam tnmR­

port from thf: generator to the target are quite similar to those of the 

b(;'llll-weapon application. The difference betveen ful'it)n and weapon ap­

plicatio�s in this res�e�t resides in tho apecies of gas thr'ough which 

the beam propagates. �or the endoatmospheric beaM weapon, air is the 

unique medium of propaga:ion. HowP.ver, air is not a suitab�� Medium 

for fusion r'esear�h. and beam transport exporiments in auch rese�rch 

would tend t'> rely on a range o! gases not necessarily includln� air. 
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(/ � 't'lda n••l • ph•r., lito• l•rt•�r�·!ol .fom nl 'XI'' r imo nt.d fl·:-��·arc·l• c>n 

a time n"L !ltartin� with about L96l. Tht' h btory of the air experi­

ments i!i aLso .:ons ide red ln the L �·1\t:!llt 0 r Sovi�t puls�d-puwcr d<'V<'lop­

mrnt nnd of the \iork of A. 1. Pavlov,;kJy, althou�h the rclev.1nce of 

PnvlovtJki.y's hiAh-currcnt accelentors to the beam-we..apon application 

has not been l'Rtabllshed. 

v "' 'fhc hypothetical Sovi�l proRrom �how three distinct ,;tn�es 

ot devel�pmcnt: TI1e first �laAe could have started before and laRted 

through the 1960s. Tt Marked a prt�UrJlnnry buildup of puhed-power 

support 'lnd early !lavlCt•;skiy accelerator deR ign. The air t?xperin:ents 

were mainly based on electric disch3rgca. 

{) ... The sec.-,nd stage of the prop.r.1m, which extended through the 

f 1r.tr. h.slf of the 1970s, Raw the advent and experim<.:ntal use of high­

current diode accelerators of the order of 1 h.:oV and the design of 

Pavlovskiy'R radi.al line nccelc!3tor. Til� �ir experiments consisted of 

both studies of electron-b£'!11 propap,.ni>n 1.n Air and contin\led re11earch 

on electric dischn�·�es. The rtr11t ftnd l'ttcond atl\gt'a t,roduced pt.blit�hf:d 

literature. 

{)- The third stnge, i:eglnniniJ in the mid-1970s, rorked a severe 

curtailment of pabHcations on air propa�atlon. It may hnv<> u11h�rc>ll 

in a new, hlRher level of more realiRtfc experi�entation and new nccel­
crator equipment, perhapR of the order of 50 MeV. w�rlanting the imposi­

tion of secrecy. 

u� The above hypotheSJ.S about a possible Soviet boUlm-weapon pro­

gram is sper.ulativc. The underlying Soviet technical data do not prove 

the existence of such a progr<llll, �owever. the air propagation dot� 
show o prolonged, �'YRtematic re11earch effort that m�o•ftt have provided 

the Soviet researchers with a considerable undcr�tand1ng of the prohlc�. 

The experimental methods ��� results are of lnter�ut to the de�ignerR 

of chargerl-rarticle beam weap�na. A �trtklng example of a w�apons­

pertir.ent reaurch is the aeriu of experi���enta performC!d by Yu. P. llaov 
of the Institute nf Nuclear Physics, Electronics, and Automation in 

To11111k. Usov observed the channel-tracking ability of a hiRh-current 

electron bea� pulse in air by bending t' e bea• in a magnetic field. 
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(U) A l R 1-'iUII'AC:ATI ON OF HlL"li-CUilRENT EI.F.(;TROM KF.AM:; IN Tilt: USSk 

tJ .. i1t1H nna ,. t•xpltll't'"- Lhl! atllll nr" lmrllr·nLir•nH C\( Sov h• l n•­

_..,.nrch And dcvelopmcmt of hi�h-currcnL chntttcd-panicl� boni!IS t�chno'­

o�y. B.ltH•d t'xcl••sivc-ly on SoviPt O!Hm-Rourc� llturoture, th(' report 

IICt'ks to 11hcd $Omc light on the! quesl tun o f  thC' •'XlKt\'Ol'C' of :t Sovh·t 

lwant-wt•apun r.rottr:tm ,,,. r,ww;ln� ''" thC' tt•thnh·nl Jlllhlh-attom; Lhat 

wuu hi l''''h.th I y r,•Kul t from Huch a JHOgranl. 

(U) Soviet tcc:hnicol 1 itllroture on the •mhject of h(flh-currt'nt 

dtnrp.orJ-pnrt tch• Acc:eh•catorH and pnrt lc:le beau has readted an 1rtprt's­

ftiV<' volulll('. The Cllllt'cted n•ntl'riuls publisl".!d in tla. lMt d•cadt> 

.1Lonc hcnr the nnmc� tlf tlver lJOO Suvl<'l authors nff111,,�ed with ;lJlprox­

lmnt••Jy 40 re�t>:trch lnlltitUI:('fl, ThcKC l:\o1terjalft frn tht' llX'�t part con­

hlsl uf t�t..lmic.tl r�fh1Tll'i t!'lllo10;ttin(4 ft'OII Suviel lt&O projcctll <J:l�ICd at 

,, rannt• of Rdt•nt ific und udmoloAil'rli :lJ,pll(.'atiom; in this subject 

nr�:t. HJ lilary :.rplicat i.)n� At'C nol l'Xpl tciclv mentionL•d in th@ Soviet 

�cport� �R �oal� af their rrojt'Ct« 
(U) Any ex per I Mc.nt in thu :trl':t or lli�h-currcnt pnrt i cle-heAlll tech­

no. '�" mny have n Ynriely or JlOSSiHt- Applic"ticmw :HI n lor.icl\1 Objec-

' •\ •, t'urlh,rl'lll're, mudt of the- some t-Qutpment Nerves vMlouR tt>chno-

1•,• it·al "'· · 1c11tior.u . The d ivt'rs tty uf ilprlicat!ons and conm<)lllllltv ol 
hnr<J�"re mak� :t eRpec lally d;(ficult tfl nssodtatl' particulnt' Soviet K&D 

Jl' uj ct· A with ,, miH c;� ry purpoHc. On tlw othl't hand, thU(' 11nme char<tc­

t�rilltit .· incuase the llkulihood thnt at lenst the early suges of 

wNtt)()n-or i •ntC'd re!lt>nn·h, if H; t>xi&ts, will bt' rt'flectC'Il to tNm" ext�nt 

in the publish ·•I l:f.tern turc. Tht' pr«!,.ti�e a:'ld lettitimat•y of :';ovict rc­

AenrrhcrH, thelr vitllJ rnnt.1< ttt 01ilh Wea�tern tlcienl'e, the b•ne fJts co 

parttcle-ht>arn technology (PBT) in A\!nenu. Met thl! educational conslder­

attonA ali dcp<:nd on the publl�<ttion of reHenrcn .. uults. 

II ... n,e natUl'l: or ntmospheric propagation uf h gh-current dectrr.n 

ueams JA t.he III?At inpcrtnnt nre:l "f inquiry ln th�· l'arly Rt:-t�cs of 

part lcl�bcom weiipon develop111ent. Among the vnr iot'" upectR of FBT, 

otmo11phcric prtlp."gation b unique to the wl!nf'ons concept; at th� SP."fl> 
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tim�. It reprt>MPotR a Rcientific, rat �r thnn �'' �n�lnccrfng prnhlc� 

ont.J i>4 tll\1.-i m.H't• 1 lkt>ly to }CUVt! .:J I rat'(' !n :'h<' rubll:-ntJon�. .-ur 
the�.· n•ast•n,., It wn�> S<'l<'t'tl'd :u: tuc tlll!•'rr: of r:1c prt>IU'IH nt•\lrt. 

V)lli Th\• allt llty of hi�h-c-urrcnt �lct'tron h('.1nH tu prorllRntl' in 

the free a tmoc;ph.:re ovt>r di Bt:tncel' R inn if' t•ant tn WC.'bfXIMi apJllica t (\ ns 

i� a amttt•r of c onj ec tur e at the l'reMcnt. , ;,,, .. The vcrifit':ttJun of 

ltuch an .\billty is �xpt>cted only after ncc"''N<ttor:; of F.t&ff iclcnt Pn­

c.·r�y, currt'n t • •  1nd operat ionnl repttt it h'n - 10.e bL'l'Omc.> avn·ilal: h•. WIth-

out these machinc>s. n Bruited underR tl\'ld i... hea� prupa�atlnn ca� o� 

pursued by either of two a:ethodg: (1) r.• .•1"' ·down ('Xpt>riml'ut� with 

sinr,le high-current be3m puls\!s, ebc tric d .i':chargl's, and similnr 

ri1t'nomena or (2) computer nimulation o f  bt>nm fropn�nti<•n L'omHtlMH. 

(U) Heam-prop:��at ion rcs!'arch in th' ttni tt:d Stnlcl' hn11 11n L1r r,·­

lied lu�nvHy on computt'r �:lmuJ.,tlon. C:nrrenrwruinn \wrk in tlu: t'SSk, 

howuv�r. can b� iHI!:JUIIIC!U tu hwJl' fulluw�d u dlfft'rl!nt ·11'l'rnnrh: I nil'" 

r;or computt'T t'npahility and the predill'.:ti•m for ttbpl<' t'XJlf'rimt•nr.�l 

procedures may wt•ll h:lVe driven ')ovirt n.st•nr•hcT� to rcJy tn a $lTI:'lll�r 
r.xt('nt on labor;�to-;y exreritnt>ntation. Tnut!eJ, puhl !Rht>d S.1v il·t p.1f1t•r,; 
on C'hnagc:d-pnrt lcll• h�am� and thdr arplfC'IIt io1�" dt-al <lverwhclmin�h 

with analvtir n.\d t•lQ)erfmentn! studfcA .1nd Hhow .mlv :1 l!'(ldl'at ustt of 

nu�erical modelin�. 

(U) The.- probll•r.t of C'hargea-putJrlt• hcam propnKation in air I!' 

cmbeddN� in the lnt·ger nrt-n nf beam lntt>racUor.R wl th nt'ut rnl ���R tlllu 

plasmas. W. H. ltennett nnd J. 0. Lawson ' s lnvctttitption of lh<' pror-­

Hties of intense el�ctrur. bE:ams durin!( the H50R provitlc.-d the lmputus 

{or the study of theRe> intt'rarti('nfl. Thc.> opportunity for beam-plasM 

intcractiun t'xper•t'llentuliun came in th( lntc• 1960�t, whe-n intl'OI'It' n•ln­

tivistic tolc.>ctron-beam (IR!-;ft) at·r.l'leratorR became av.11 lablP. ThE' Sn­

vbt tech nical rap�rs :4elected for nnalysis in Appc>nc.lix A de�cribc.> c·x­

perill'len ts involvinR lRS& pr opagation in air, pcrfot mrd •110 inly at lov 

pressures, with the use of drift tubes. The problem,; invcAtiKnted In 

these papers Jnrlude beam neutralization and stability, opt1�1m propa­

gation pressuns. and the formatior. of channQ'ls in :tir. by the:- beams. 
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(ll) Hi�h-c urrcnt d«Pctrical di!!cha .. �c·f> in :.1 r nprct=cnt nnother 

�l<JH�ri'Tic-ntnl •r1�roach rc h.vt•nt tc thu :�tudv Clf ntllkhlpheric lRl-:8 prOJlA­

�ntkn. The .lnnh·NiA of Snvi<>t paverR on this Rubjcct iR �ivcn in Ap­

r<:rJ1x B. :iat�t·:nJ� on h:r,h-CIIrll!nt JI1JlftU dischar�c!l> acn•�R h\1\R gap!. 

ln frco.• a ir, 1dth o r  without tht> aJd of o!XJ!lndln� wireR and o,:t•citl 

i>rl)akdown, have h£�:n 1•uhl 'Hhed in th•· USSR �incl" 1965. The r;c Sovi�t 

studies deal wlth (l) the properties of d;l.s�har�e �olaannels i.n air, tn­
� ludins pressure, t<:m?cratur�. expnn�lon rDtCR, and heat transfer nnd 

(2) the hyc!rodynnmicR and chemistry of hot air. t'hev can thuR pro••idc 

ictlOrtant benchr.1.uk dn .. o c-n the cot�plcx phcnoml!non o· tho heating of nir 

bv p11rt le-I c hl•ams. Th� henting mt�chanisms inv:llvin�t char�erl-particle 

ttuams when o.•hopprd elec trcn beam'f nrc used are Jn solllt• wnys similar to 

thoRe of a '' 'l•;hnr�c. sinc•1 the ohmic hutrin� a:ontr .bution bec.omes doAi-
• • 

nont in a .nrefied channel. 

(} 1111 Tlaere is si�nHicant degree of probabUit 

t�f thl' Sov iet tXpl•runental rc�c:1rch projects conl'lio. cd in Appendixc:j 

A and Bot ··is report hove been performed in association wfth the de­

vt··o.,ment or a ch<�rt-cd-pnrticle .JUp•>n. Thts conclusion is supoorted 

by several char�u.tf;rlstict� of .. h"• �oviet experiments inv.llved: 

o ThL Sovlt'ts1 uae of air a!l the 111edium for propagating 

hi�h-c.urrent electron bl'ntns point" to a wc:Jpon, rather 

than a science, program. Ground-base� we<�pon� would 

operate in air; nir is not, however, the preferred 

medium for not.wcap:n llpplica t ions of cha rgcd-put ide 

beams. 

o The Soviet tendency in these studies is to minimize 

interaction and, at the s�me time. to provide optimal 

stabiU ty to the propagating ream.. llose instability is 

�mphasized as the t:Ost serious itnpedii'M!nt to propagation • •• 
o An experi1:1ent by Usov demonstrating the tracking 

• 

force o( D low-pressure channel on 8 beam bent in a 

(U) Ric.hard Briggs, private communication • 
•• 

(U) Sec bel�w, pp. 15-18. 
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ma.ulctic fieJd rf>prc�o;�ud an illflortallC c(lntributJ"n 

::o the solution of '' t•roblcm unl•IUC t\l be<1m weapons : 

th• trncking of low-prc-RRurc channel:4 in .1ir hy hi�-th­

P.ncr)ty beilm pul Res. 

I/ )It So" let res.:-ar.::h hns , furthcrllklre, r,conerat�d an .:mpreRRive col­
lectiou of d:tta on the propnrt iC?� o;' air heated �y dectrJ.c di��;ch:lri�<'R 

and elect r.>n b•Ulms. Knowlt'dgc o( the h�:a tln[l !Dec han ism appl1c.1blc .. c 

the be.1m-tJ1r intt!raction is essentilll to th� rC!solution or thP. hnaic· un­

certainty ii'Vol vcd .lln the beam weapor. dcsijtn, n:1mely, the ft•as lbil ity of 

ntmosph�ric pro�n�ntioq. 

(/ l/fl. Tht!Ht= �'Dii�rva�bn:o; do not com:t.ltut<" a prvof that the USSR hn" 

been Jl••�·suing :\ chnrg£d-pactic1e weapons dl."vl"lopment progrl' m, or ev<•r 

that Lhe Sovt N work d 1.-sc•Jii$ed in Appem!ixes A und 8 ls weapon-or lt!nt•!d. 

For cxampl'!, the research ili!IIC.'cf ot mi:limizing inter.1ct1.on ill\� prescrvi•·� 
the st·1bil lty or the be�·.11, mentioned above, is .also appl lc.able t.o in�r­

da1 con£ Jnem�··t fusion, although air is :.ot 31 suitable mediu11 of propn­

l(l\' ,,. for thnl llppJ Jr11t i.,n. ()ne cau s�ldom be certa:in nf thP. mot hr,,­

tion of Soviet p?pcrs on par.tir.lc-b��m �es�nrr.h. The �1st tant r�n h� 
said vith \:ert .. inty iH that this 11ork h:..l' conAidcrnblc: utility tu r:i'.e 

de•Jp}opmcnt 0 r chat�o?d-rartic 1 e W<'llpont'. Be·l� ... \: ::Ilia nt3tcment I we 

rrust d�al in probab.f!.litic�. 

(/....- If the Soviet papers in question have indeed been :u�sociatcd 

with n wcnpons proKrnm, the ti!Jlin� of the reseuch �>ork reflected in 

thc;n is si�nHtc·:1nt. These pcpers suggest thAit Soviet �('sear ch un rleC'­
trun-bcam propa�at ion .,rt.. ·.R down into two pnrr:s: ffrst, an early cyclo 

of cxverhM!ntR. pcr(orm�d '>Y th'l.'ee te;u-as, and second, wh<tt mAY be called 

the current cycle, perfc �m�J by two other c�nms. The electric dischar�c 

\ollrk, which hegi\n weJl befor� the propngation work, continued oveT a 

15-yeur period (�ce Fig. 1}. 
(�) The timing of a resear�h i\ctivity reflected in a published r�­

port involv�s thr�c dates: the publication date of the report, Lhe dal� 

of ftR RuhmisRion to the eciitor, and the time of the actual activity. 

111tt t 1rst cwo are alMOst .1lwAya given in the publ teat ion. For the pur­

pose of this study, the most important: iR the third, or earliest dAte , 

��r�s:£:tJ 
J 
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• I n<>ta II at ion date 
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a 
Sec: S 1 mon l<.asse I, '�cnel •r .. ,o.t 11 • .1 ! 11: ��? :f · , . ., · d -Lint? ,; .. C"t.:l.• rut� rs (U), The Rand 

Corporation, R-2112-ARPA Karch 1971 'ronfidential). 

Fig. 1--Tlmetab1e of Soviet chargeG-particle beam experiments and related projects 
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wh' ;h m•lY rrecedt' ch� och�r t'"o by a cun��ld•:rot>Jr tillll' lapst'. In l.lutinn 
the So"iel reRt>A rc h, it. would be dt:Rtrau.H• l•• e111 imsttt> Lhe eArliest poN­

siblc period ol nct lv ity tlo :u; ltl dN�rmhll.' the ori•�in o1 toe re;;l.'arch 

project involved. In the ·a-:c of rh" air propap.atlon cxr·riments, thi.s 

reporl based ils estitll.'ltcs o( the t!arllul activity ?t!d.;)ds on the puh­

lication dotes oi the m(lst n�ccnt U.s. pajlcrr; ci Lud by the �oviet ·1U­

thors and a:tually usC!d in the preparotic111 of the cit1ns; paper¥. !h.­

dashed lines in Fit;. 1 show lh.a tir�e period!' that �ir propop.at:hm re­

s-:arch could have taken place, beginning wilh the e:'lrliest possible 

date based on cita tions of tj .s. works. The solid '.ine s'lows the corre-
* 

spending publication periods of the Soviet papua. 

(U) The me<lnins � i the Clir prop3gation and electric discharge re­

,;earch periods is enhanced in the (.Ontext of othtr pertinent �oviN 

activities. Figure 1 ther efore showtl tte pC!riods markine the appear­

ance on o Lngu tH:Ille of publicationll 011 P••1sed-power devclcprr.cnl , as 

well as several other events that 1111\y be Si[lniftcant to the hypothcsiR 

of a Soviet benm-weGron develop111ent pr"p.r:1m. One such evenl was the 

establishment ir, 1969 of working reclion.: •.•11 p11ldeu p<•wer and on hig..,­

current electron accelerators at the Scitnlific Council on Theor etical 

and Electrophysical Problems of Ele •.ric rower, Ac:�deii'Y of Scienceq. 

USSR. Pulsed-power restarch be�am at thal time 4 major co�ponent of 
** 

the national R6oD effort in nd\anced electncal energy conceJ:t:3. "!"he 

construction of the narly Sovhl high-currtnt electron accelerAtors 
*** 

pr�bably began in the same year. 

V �The consider:ttion of Soviet research activities that 111.1y be 

pertinent to an as�umed military program should include the work of A. 

I. Pavlovskiy. Pavlovakiy ' s electron accelrrnton;. ond £-Mp•dally his 

* 
(U) ln the cnsl" of air propa&ation reports, tile ti•e lag between 

submission to the editor and publicntion did not exceed one year. The 
nverage lag for electric discharges W48 Lwo years. The difference could 
be attributed to the great�r importance of the institutes doinA the 
propagation work. 

** 
\U) Simon Xassd, Pulred-T'"'J..:.Jr HcDEarch and IJeJgl ,pme.tt in the 

�ssr., The Rand Corporation, R-2212-ARPA, Hay 1978. 
*** 

(U) Simon Kassel and Charl�s D. 11endricks , P.iah-Current Pw•tiolto 
8e�r.s. !. Thq ��stern USSR fle3earch Crourc, The Rand Corporatin�. 
R-1552-ARPA, April 1975. Sec also: L. N. Kazanskiy, A. A. Kolnm�nskiy, 

� tf;s:..P: t4. 
B • au 
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radiai-line occcleraLGr, perhaps nore j;tr<'n�l y thJ.n any other Soviet 
• 1\UhJiJ;hf'\l IH'I'f h'T3tor dt'Hi!\nR, llllf�RCRl 1 hf'<l�l WC�fllll\, f'iyure. 1 :tlRo 

tthi)Wif Pavlovskiy ' s publication peril.'d and the launchin�t times ot some 

of hi11 major r�sf':nch f4ciUtiu, includit\g the two large capacitor 

bauk�t c1nd the LLUB-l linear induction accelerator . 

(I:) �·he t'VE'ntR represented in Fig. l, taken to�ether, tn.ly be 1n­

r�rpretcd as follows: 

cJ � An extensive Soviet effort to tlevl.!l,•p pulsetl-pcwer and high­

energy-density technol,.gy began 11hortly befort.>, or at the beginning of, 

the 1960n. By the enu of thal decade, tht' effort had gained sufficient 

��mentum to warrant the Qfltahli�h�ent of two pulsed-power sections in 

the Academy of �ciencefl co ::oordinate and 11irect the various acti"ities 

involved. The nation;ll effort, :�imed at a wi de ranAe of applicatiom; 

of pulRed-po�er techno\ogy, h�B �1nre itA 1nrPpt1on 1nrl•m•ri pnrticle­
beam weapons aR a major coroponect. 

() ' The hypothetical military pt:ogra:11 to develop a particle-beam 

weapon at the outset probably t•onsisted of at least two parts: 

o The development ot han!Wat'e,. et'' r·u�ted to Pavlovskiy 

(and perhDpR olhet: leading So ·i�t accelerator denign­

ers). Pavlovskiy built a succeRsion of high-ener�y, 

htgh-current, tntet'mcdiate storage systems and induc­

tive �ccel�r�tors. 

o The theoretical aud c:cj:erin:ental resolution of the 

problem of air propagation of high-current pa�ticle 
•• 

beam�>. 

(U) During the early and mil!dle sixties., in the abt�cnce of high­

current electron accelerators, air propagation was investigated wit� 

c. 0. Meskhi, R. N. Vablo�ov , "Iirrp1l1o Accclt!rat:or Ot>erlltion at 800 kt�V, 
30 kA, )0 nanOHI!<:ondH,"IItomnaya en6Pgiya, Vol. 42, 1977, p. 113. 

* (U) Simon Kassel, f'Jev�l f'mont atu:l Potantial of Radial-Line Ac­
celerators (U), The Rand Corporation, R-2112-ARPA, March 1977 (Confldrntial). 

··� !Ill This probl�m was also one of the first to be considered in 
th� U.S. beam-weapon projects • 

•••••• rJ 
�/Ms:�.'8f) 



the aid of electric disci1arRet' 1.n air. AR electrclll accclcr:ltoTR bl':amc 

available in the sev�ntieR, air propngntion exp�riments were athled to 

tole projlram. The � enml$ work in� on en dy air pll'OP3Rntion, c luctric d lo.­

charges in air, nnd the radial- line accelcriltor continued to publll' h 
accountP of their resenrch c�ctlvitles until the middle Rcvcn ties, at 

It 
which time such publication app.ll•·ntly � .. sed. t.\_� 'i'he lack of further pub fcatinn on these Sl'bjects could be 

interpreted to ;ll�·an either that de military pro�r"m had bl'cn discon­

tinued or that further work had been classified and baTred from publi­

cation. The second alternative ilnplLes that a new phase of the mili­

tary program began during the mi.:t-1970s. The new ph<tse woulc! involvl! 

more realistic experimontation with particle-beam propagation and the 

availability of more powerful hijlh-current accelerators, perhApR of the 

order of 50 MeV. 

J... The above nypothesis postulatjng. fir&t, the existe�ce of 

a Soviet beam-weapon program and, second, the milftat� orientati�n 

of Soviet expedr.!en tal research ls highly specu};)tive. All of the con-' 
elusions were inferred from Relecced datA ,  and all of the data taken 

separately could be interpreted to imply nonmilitar� ap?licationa. A 

nonmilitary interpretation of these d11t02, !lowcwr, would bt� sooowhat 

less consistent than a military i nterpretation . 

J"""' Tn sum, assuming the ex.istence of a Soviet military program, 

�� can discern three stages of its dev�lopment, a� shown in Fig. 2. 

The first Ytage, ori�inating perhaps before the 1960s and lasting un­

til nearly the end of  that decade, consisted of preliminary theoreti­

cal work af\d the buUI!up of pulsedwpover equipment. The expec imeJ.t3l 

research performed during that stage wa� based on a relatively priai­

tive technolORY· The second stage, extendinR from the late 1960s to the 

mid-19708', was ushered in by the advent of (1) high-current diode ac­

celerators wit� enersy of about 1 MeV and (2) Pavlovskiy's early in­

ducti on accclerc�tors, which permitted scaled-down propagation e,:peri­

ments. Both staJ;es Aenerated a nlatively abundant literature on the 

* 
(U) Senrches of open-source literature cannot be exhaustive 

�nough to �uarantee that no subsequent p�.oblication has been overlookPd. 
The s��rch of the 1976-1979 period showed t��t most of the aut hors in­
volved c ontinued to publiRh, but on other subjects. 
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(U) F i g .  2--Hypolh,·-. l c.JI Sov i e t  DC<Jnl-l'leapon deve lop111ent p rog ram 

research result:;. The u • .  ' Ha�e. wi1ic:b beg11n in the lli1u-1970P, was 

marked by a severely restrictt!t" publication policy. It is possible 

that new, mre powerful equipment hAs been i�troduced during the third 

StaR�. permitting 111ore realistic experin1cn tntion. 
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U � 11u.• rt!ports of the five r
1
l'NCilrch tenm:> publ ish�d wi thin the 

l l mt• pc.• riod•: !lhown in Tahlc 1\ . l  lncl ! t·.att• n Jd l l' f t,• Sow l ,•t inl ••r,ttif. in 
the .>rl:'pll�t i(lll I) f int cnHe relnti V 1 s t  h• elect ron beam11 t hrou�lo L•w­

(ll"eSSUrt' channels in ail·. The l'robnbillty that this intere!':t •It' rives 

fn\m c:hnr��·:i-!•a rtidc weapon applic.nt lons is sul(�es ted hy the fol low­

inJt c haracter istics of t he�>e reports: 

cJ .-. l .  Focus llO 01ir aa the mt'd!um o f  lRF.B propagation. Few lREr. 

applicotium� other than weap<'MI uttlb:e air ns the principal m1•d.ium o f  

interact ion w• th the beam. C:crtai.n inducltrial electron acceleratoro; 

prov ide for the extraction o! the beam into thf: atmosphere, hut these 

feature l ow-c urrent ot.>.'\ms or cw beams with propar,:tt ion characteristics 

c.li f fl.'rent from those of tht> b:!:tDIS thnt wou.id be 'J""d in a weapon. 

U lll5 2. At tempts to dr.terl"'ine optinr.ITII t.hanncl preRsurcs for propa­

gation and to n ll n l m!:.:c pt·llpnga t i on lo!ls. The principa l applicat ioOA nf 
CPB technolo�y other th:tn for we:apons--applic3t i<·ns in which the beam 

interactR with a �aNco:lR or pl oRJT.tl medium--nrc pla srr.1 heating for fusion 

n:fw.uc!a, cert11n typec of microw3vc gencrntorR, and laser puiiii>in�. In 
theAe cnscs, the nim is t o  enhance the bcanrmcdium interaction, to cn­

coura�e Ruit�ble kin�� of inAtabil i t ics, and t o  mnximize the energy 

transfer from the beam tc. the nedium. RescnrC'.h aimed n t  preserving th( 

beam nnd minimizing t he i�terarti�n, other than that necessary to estHb­

ltsh a propagation channel, con be aas111ncd to have A I imtted r:'lnge o r  

appl ir.ations other tnnn for bl!om weapons. 

U Jll6 3. Study o f  the confinir.(t forc-e or the prop.,"ntion channe l .  

The concept o f  puls� t racking through a channel i n  fr�e air is unique 

to the weapon applicatjon. 

(/ ... 4. Attention paid to tha problem o f  hose instabil lty. This 

is known to he the most serious lnttcabilit:; � hat affects long-distanre 

propaga tion of high-current bea.ms and is a l:l<l l or s ubjec t  of atudy in 

·lleam weapon development. 

(),.. 5. s::rcss on the determination o f  propagat ion distance . 

(U) It rcust be noted that issues 1. to :; an: 01lso pert incnt t.o in­

ertial confinement fusion re�earch, and �one of the work of the Suviet 

teams considered here may b<' or iented towm·d fusion. 



l l  

tl • TIIIl t ink.• redodrt dur ing w:dch lht> l4CV�•r:tl t�'·lllllO WC•n• Clli'I<'CZ'Rt'\J 

with thcs� b�UCtl and the particular olC'C'C}('r:ltorH lldtd nrc :. l �n i f iC'nnl 

tv the hypothesia; that n fhll&iblc wcnpunK 1•r.1�rnm ' " l nvol\'c,J. 
�l') tet 1111 • •rst �uns itler the thr:-c L<'am.� whcs" publ ic3t i onll .1 rc> 

l imited to the periud 1970-197 3.  TheRe tl!.llll:l ,  hc.1dcd by Rudo1kuv, Tk.och, 

anti Kolomensk.iv, cont inued t o  pub l ish reA<'ardl reports after 1973, b u t  

only u n  subjects otlll'T tlt:On bca11 behavior i n  o1 i r .  FurtherctOrc, the .;u·­

celer:l tor faciH t les U&t'd in the propag3t ion experiments are nnt men­

t ioned ;�gain l n  connec t ion with the �:�ubsequent Wllrk n( the11e rescarc hen . 

(U) For ex..1mple , Rudakov used the Nl'rt:m accelerator in hiA propn­

!;nt ion expcrJment!l, which were rcJ:.orted on in 19'0 ·1972 . Work publ i shed 

after that period concerned h l 6  elect ron-btam pellet fusion res�arc h ,  

whtch featured a scr ice o f  o1cceh•r1 to rs from thu 'h•:' • •:  and . .  MZ t o  th(' 

,:lc.JlM and !:U '•"G.!•. A s i•i l nr fattern occurri!d in Kolollll:nckiy ' s  c3se. 

Hls work publ L� hcd in 197J-J973 was bn�ed on the J;r. � 'r. accel•r•tor . 
1\olomcnskiy app� rcnt ly did not use t:he !f\.,:.tl'a i n  his larc:- researC'h ,  

dealing wi t h CCilll'ctive 11ccelera t iou. 

I) ,. Tkach used a Wll terl ine acceler3tor in the work publ!Ahed in 

1 9 7 2 ,  Since th11t t i111e ,  hirl resurch has axtended to other arena , mo11t 

1\0tably, mic rowa ve gE:ncra ti<m \J� el ec t ron Jeams. 'rht' waterl ine accel­

erat.)r hns no o rflc ial designation 30d is t htrdore IIIO TC d i ffi('Ult t O  

trc�ce through the pub l ications. 

U Jllll. Thh Req uenC'C of events mny be i ntureted to me:tn th3t the 

three air propagation projects and the ac�eler�tor� were ordered and 

fundf:d by the 111ilitary. After 19/3, the project!! wera either discon­

tinued or classified. tn either case , the al!cel•!rator fac111ties be-
" 

longing to tho military would no longer appear 111 the open sources . 

U - tt shou}d be emphasized that thb hypot hes is is h ighly specu­

lntivc. The accelcrntorR may hove b�en phared out of active research 

or broken down and their components diverted to uther fac ili t iel'l , They 

II'JlY even be st il l .tctive, and their "absence" due solely to our l imit<l­

t lons in covering the publi�hed sources. 

-- - ·.---
(U) Soviet regulations fbr 1ndu:�tr1al R&D contracts 11pec1fy that 

lnHtruments ,  equipment, and test stands acquir�d by t he Acade111y of Sci­
enco:t i nsc it u tcs a t  the c:xpense of thE: cust omer mu�tt be r�turn�d to th� 
cus tmnt! r at the end o r  t he researt'h pro.1ect ( 1 ) .  



� �  

v.. The r\'ln.1 i n  i nJt tW\) tl:'llmtJ (l r lfAOV n.nu Ouhovov \'Onf: 1 nued '•"' rK in 

th 1 s  :trcn .1 t 1\'JHt unt i l 197R. Ouhflvuy ' tt  ,1Jr.cclc.ro�or,  tlw REP- ') ,  1:0\H 
not lwen Aivl'll suf l l c i C'llt cxrol\uro ln tht' l'pen I'IOUT('C!'I to determine itl4 

spC(' Ia I i�al j,,n. U�ov ' !I � . :co o1CC I•lerntor hall ht't'O UMt'd for the• pr.,,,, .. _ 
�atlon ,; t •JdiC'R N lnct' it:; coaxu1s�wnin� in 197 2 .  Howeve r ,  xince 197b i t  

h.tR alt�o hco<'n URl•d for mirr"wavt' r.•nrrat ion reR£: lrch. Th<' rontfnuin� 

10ork ••I t he two te,,ms dot'� not invn l l.late thl' hvpot hcRiR of th<' mU it:tr'' 

nnture o f  th<' propa�:. lt ion t:tudi<'"'· Tht> arr:tn�t'rnt>nt of w(\rk of th� T•,m:�k 

nnd Lentn �rad te.1m10 m;�y have d U ( (•rc.l from tha t o f  the other teams. 

U .... Ult> nb<>ve hypothC'tdfi impl it':' th<' E>XiRt<'nrc of o mi l itar)' rC"­
sc::�rrh and deve topmen t pro�r.1m wit n charj:ed-par t 1 de 11e1uD Wt':lllOnli as it R 

objec t f  , . I f  the llypothc.•s i w  it� corrt'ct ,  the publicattonR o( the five 

teaml' betwt'en 1970 .1nd 197J would r<'pr. ·cnt the tlworct lcal ard experl­

mc•· l a l  reRul t s  o f  an earl ier, n••nsC'nsitive phase of the progr:�m. 

- A factnr tend in�ot t:> r c l n l orct• t he m i l l t a r �  hypotheotdA is a 

1CJ72 p:1pc r bv A. A. Rukhld;:e I l l .  11: thiN pcpcr, Runhacb:c, an :JRAoct­
ntl! of Kolomc.:n.;kiy ot thc l.t•ht•dcv Phyll h:14 ltHILitutt>, rt>v lf'wt•d the ..Jc­
velopmt··nt of hi�h-currcnt elec tron beams fn,· the• t\r;'ldtmy <•f :-ic l<'nn�s. 

US:iR. Ac<.ocdin� to Ruk!ladze, intt'nt�iv� and systcm:t tic studte of h igh­

current electron benms 'l<'Ran i n  I '.)f..i . PointinJ: �ut the n.?ed tor fatit 

pul.-ed-power sour<'\' !.I that would be more po"'erful chan th�· low- i ndt:ct :�ncc 

C3J:3dtC\r bank!. u,;'=d up to then, ltuk!1:1dze tn&l1&·.1trd thnt tht• �1111' :.t,o,·:�1·\• 

dt!vh:<'A ;�nd J(<•n\·ral.••rjo: tll'vt• luJH!tl by il .  Yo·. ·�h·ynlll J u  ancl Yl• . 1'.  Vl' l : kh\o\' 
w(:n• the ro-:t im11ort.uH f.or t h l ,;  purpotH.o. 

J � ln 1972, wlwn RuJ<h:Jd:tf' publ iAheJ these rC'I11llrks, Sew lt�t C:PR 

technology, or at leaKt J t �>  nonwt'a)Kln appl (c:Jl ton11 , d i d  no t .tpp<'Ar t • 

be n:ore a..Jwtn�t·tl than tlw ,. ;rc �r•ln\l fn� r . o.; .  tl•chnolo�v. At tit:Jt l mt', 
any <'Onsiciern t ir.n o f  <'/tot h' pult;t>d-pow••r <;t•llrr��, such aR th,· exp J,,foof Vl' 

�IHD devir<'R, would h.1vc scE>mcd prcn:at urt• i n  th'= l'nited Stat�K. anci 

Rukhadz e ' A  rcmnrk�> wt•ultl have he'n \'iew£·d ,,'l purt•ly v iRion;� ry . Nt-vt't'­

thf'l C'liA, Rukhaditt! could !1:�vc bt'en mot iv�atecl hy the ou �tC'nc•• ro r  a Sovicl 

lon R-rnn�c prn�r3111 rcqu {ring rhc d .. velopCIIl'nt of n rw h '  ���-clcn� it\'. 1 ow­
\#<' i�tht p0W'!f 140Uf'CI'S, 

- . ""' ' ' 
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!· _The �t i tut.!:_2_f_ll��lo.�a_r: !!!.YIII.!c_!IJ l::l •ctrc:t�i_c�, �'!� A_ul •'m.1t i�..L T �r;".); 
An �·xperii!ICnt th.1t clt•nrly l l lustral L'" Sovic..'t 1nt�·rc�:t 1 n  ch>ctron­

bcam propngat ion t hruugh low-pressure chonnt!ls ln '.-c .. • a i r  was repo:-t�d 

in 1977 by Yu. P .  U8ov and his  tenm, whu tnve11t ( �:ned dtnnn�l t r.1ckln�ot 

lJy cll'ct.-on•be:uu pulses l l ) .  To angurt! n free envin,nJtCnt for the j.lrl�pa· 

gutin� b�·nm 110 thnt it ·.o�ould not be nffectt>d by the WAlle: of the drlft  

tube, Usov provided a larjl,�-volume exj.lertment:tl t.hamb�r for the prop3Ji!:t­

t1on medium. 

The beam wns injected Into the ch.1111bt::r containing low pressure air.  
The beam trajectory was curved by nn external constant ma�netic fl�ld or 

200 )\8U.SM transverse to l he benm pnth. 

The olc.>ctron benm and l''lll lj:>rr.ent �nrnml't�rs were as follows: 

Hectron t>r.er •v 

Ream current 

Pulse length 

P:tln ri�e the 

Cathode diameter 

Drift tobc length 

Drift tube d iameter 

Experimental �hnmber heJght 

Ex pur ime.ttal chamber diAmeter 

Mo;mct ic field lnhomogeneJ ty 

1 . 0  MeV 

)5 k..\ 
60 ns 

20 ns 

4 em 

60 em 

8 Clll 

80 em 

80 em 

5 % 

·rhc position of the electron beam and tho distribution of charge 

rtenslty over tht! beum cross section were determined by an array uf 50 

collectors for�in� Dn �rc 35 em in radius and vacuum-1nsulat�d from the 

chamber. Th acc.uracy of beam P')Sition ���easurement was 1 em as deter­

mined by the collector spac tn�. Th� beam traversed a distance of 70 em 

before reaching tl1e collectors. 

Althou(th a L-HV beam was uted, the exporimcntal results show,•d 

that the beam trajectory radius in a n:a(tnet1c field of 2 to 200 Jtauss 
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\ol;a,; sht•rll•r t h.m t he L:trmor r:ut luK l'Clm)lut�·d fnr 1-�lc\' ,•h·,·trons. Tlw 

•u· tua l r:u.ilc•,; l"orrc•�>tlll'ldl',l ll• t• lcct r'''� cncq�\' ,,, n . :.  �tc\'. The.• radlu� 
rt.•rMlncu t•cmKt.\nt tn the t 1ngc of a i r  pn•ssurcf' from 0 . 1  tn O . f• T•1rr. 

'fht· shnrtcnans of t he rudJu:. Js interpreted a,; fol lc.wA: "'hilt• 11. �-
tel 1-�fcV l!lt•C'tronR comHit:utt•d �0 pcr.:l:'nt of all c•lt'ctrons in the bl!nm, 

the f l r� l  1 0  ns o f  thl' pu l .;c <'Oilt1 inecJ electron� \ol l t h  nn cncr11y belr.\ol 

0. S t-1t•V. This enerKV distribution .rem.1incd con�>tant for any dbtnnrt' 

frunt 111 to 200 crt. Tht• p l :1RIIt.1 ('hnm•el w.1R thus tHltablislwd by t hese 

l\lw-cner��oy pulse-front dec tronR . Tlw "ucc<'ed in� hi�othcr cncrgv etcc­

t rolll; in the r••lRC· tt'ndell to inC'renRt.• the r·1ll iu!:l , hut th«� rr.IJulting 

�l ect r lc field kept th� entire pulse cont incd tn tht' ini t ia l C':�nne t .  

Other media of beam t ranspclrt in thi.1 serieA of ClC(lcrir.�cntll in-

' l tKh.'d plasm.1 In a ••nifurm magnet ic !iehl . ·•·I thin wires. ln t he for­

mer, Ll pla,;ma chann.cl WaR c!ltobH�hcrl bv ;1n r f dl l'.c'l•nr�< between 

g x 4Q-cm c"rpet· ehct rodl:!s a t  .; �1s prl!!lsure below 10- · Tor r .  The 

ma�netic f lelt.l w:111 varlet.! up ttl 130 �mtss. 'J'Iwo Cl'ltU!N were C'Onttider.-cJ :  

u Chann<'l width w:Jt> }. to J t im�s lar.;cr tho1n the beorr 

dt.nmeter. The beam was confined to the c hannel at o1U 
vnlura of R .  At hi�h B (nca r J 10 gau!!s) , a po1rt «' f  
the bcam l eft the C'h.mnel .:1m.l .moved close .t'lnng�tidc 
t he channel boundary . At we;1ker ft,·lds, the Lnrmor 

r.:�dius o( the electrocuJ was muc:h 1aq��r th.ln the w1dtl\ 

o f the C'hannc l and t:1c beam traJo?<' tnry was therefcn• 

f ree to move w1th varying elect ron ener�y, witl�ut 

leo v ing the c :uume l .  
o A mo re int�<reHting rase (nccordir� to outhC'r14) '""" 

that of channel d ia.nHer being less than benm d iame­

ter . The cltannd \olas P-f; tabliRhcd by n thin-wal l ed 

plastic (Lavt'!An) C'ylinder endosin� gas at a prcRsurC' 

of 0 . 1  to 1 Tor r .  The cylinder wnlls were t h i n  en.Jup.h 

(15 ;. ) to permit the benm tn leo1ve tile chann<'l without 

significnnt losseR . The cyl inderR were 60 <'Ill long 1nd 

1 . 2 ,  2 . 2 ,  and 3 . 2  em in dimaeter: the hum diame t<>r 
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Wi'IS 4 t'UI, 'i'IH• prt•>Uitl\"�· ill the t�)qll'r ir•lt!nl;\} f'!f,llllt".L•:" 'oo'.cs 

3 X u�-. Turr . 11w r u• l tl v.n· h•tl f I um 0 lt\ �00 �aU!UL 

la• 1\ fi<'l d l nc·rc•af:l'tl with r i s in� ncutr.1 l f w t lt•n. I n  

141l f t c  o f  thl' (:1\'l t h;ct mo�<t ��r llu• ,.J ,•,·tron b ,  .tn Wi'ls t n  

va•·null'. nn() the awutral i ; dcl� flllsit ivc ion� t.·�.:r•• in ttw 

dit!ll•c tri•c '-'illnJc;·,  t h i �  .:l•umctry permit ted till' tH! l 1 -
t :>CIIS tnJ: ,,f thl! hCi'llli nnd ,1!HIIIT\'tJ C'f f C� l i VL' bt•nnc t riiOI'i­

p,,rt . ln the B f.!.cld, the eh.c t ro�;tati•· fi\!ld uf the 

t:<Jsit iv�· i•mt> wal'l 01blt' to hold the !.!� :t" t ron bt':tloc ne-. r. 

the p;.c.�sn\d �:hanncl 1 3 ) .  

I n  tilt: c.tl'lc o f  heuc transport alonl( u thin wire, the wJr"' was con­

sidt•rcd • 1'1 narrow fJ\.1cUII.'J dt<�nn<•l . Th� lffc�t ivl·ncfUI n f  thi!> nll1 1'11l..O o f  

bt.!am t ranspurt it• .3 ll';l�llctic f h•ld o (  l00 �uss dCl'TCil!it!d with lnc.rt! • .u;­

in� w'rc d 1amecc r I l l .  

These expLrJmrnts Wt!Te pr�Ludcd by th� fo l!o�ing studie�: 

I 

1974 lk f lcct ion of ol beam from 3 conduc tinr, RUI'facc 
l'• ) .  

1975 Cn("turl! u f  a bcn:n i u  a closed orbit by elt:L'tt'o­

� t a t i c  action � f a reflectin� surr��e [ � ) .  

1975 811am propa�at ion in plo1sm.1 at luw prcuure 

( 1 0 1 0  em-�) due tO A t ro�� prei�nization of 

Tl'� I dual gat> l b f .  

1976 Bear.� prupagation J n  air of 0.6 tCI 1 Torr c:ver n 

d i stance o( 2 m. rulsc �ho�tcned At 1 c ahuv� 
20 Torr. Ream prCipagated 30 tm at up to 150 

t:orr l 7  1 ,  

l n  the TT.oE:t rece:nt series o f  exper iments with the large volume ex­

pt!rtmenta1 chnmber � � . � ) ,  the highcllt e([cctiveness .J8S observed l'lt 

pres�u.-es o f  0 . 09 to 0,06 Torr. !n thiR ran�c, hoRc instability, whi.:h 

displaced the beam laterally on� dio1mett!r , wos obscrvt�J. The host� did 
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llllt •lla>rllpt liW channe l ,  and the btcr:.l diRpliJCt'll'\'lll or til\.' electron 

hc011D vaN cc-.n f inl'd tCI the channel hound1ry vhtrh ronduttt>d tlw return 

�·ua·rcnt. 

I t  was cunc ludrd th:tt a hi�th-turrenr RF.R can prop:lf.t<•tc in l.aq.P 

vol umt.•M of �1\!1, tur111ing a channel for thl:l return current . ·nae cyl inl1r i­

cul pluma l<lvfr n.·prt'Rentin� the �h:tnnel boundary short,; the bl.!am cur­

rent in the acc:eleralor and retalns thto sdf-ruc'll:ffng �Cindit ion. The 
phsna lay •r nlRo !'it'lbi lizefl the trant&VUfiO d l sp!ncer.cnt,; of the beam. 
Inc r••asing the pressure to 100 Torr rrodurcs an lnlitab111tv that qulrkly 

blow up the bem11. 'Titis disrupt ion of th'' be:t'll is co�osider(od to be due 
to lhc lai�h prt'!iRure, uther than co the lArge volume [8,q ] ,  

.l.!. � Kurchntov l:tRt itu_tc of Ar:.om_i_E_Energy. Moscow 

The best kn010n Sov iet experivent in ai r  rropaft'ltion, ruhlic:hed in 

L97Z, w11s pcrfornted by Ruonkov , who attcaptcd to dct�rminc the d is tance 

o f  propagation o r  An d rc t ron bealll in a i r  at a tliORpher J r f'rCf;SUre. 

l!udnkov uRcd the Nf'1,hn. acrclerar.or dr11 i�n<:d for 1 MV, 10 kA ,  1!0 ns 

[ J O , ll ] .  The beaa p�ramecers were b60 kV. 12 kA, 40 n,;. ln a i r at at-

mospheric pnr;sure, the bC3Jil hlev IIJl at the diRtante Of 12 CM. TI1c 
J)TI�pngc�t ion distance in air decr(';tSed from 20 em ot 0.11 at11 to 10 em at 

l. 6 dm. The di Rtanct• r.1p idly incrC'I\IIed us the pressurt> dropped bolow 

0.4 atlll [ 1 2 ] .  
Tiab t·xpurimenlul proce:dure wa� r.ot new: S .  E. Grayblll and S .  V.  

Nablo hnd verformed a sili.!lar experi111ent ln 1966 ( 1 3 ) .  The objecti ve 

of �'he U. S. rese.uchcrs waR to verify the Bennett pinch theor>· · nn , x­

erci•H! in hasic res�..arch . Si.nce it would have been pointlcau; for 

Rudakov to rt>t�cnt the verifJcation � b  ycorK later, it b reaRonablr �· 

nasumc that his experiment hnd applied-research purpo�i> aqso� iated , 

cording to an expHd t Rt'ltement ,., hir report, with pa or.apnlion 

d �stance . 

Rau1ak,v'R experiiiiCnt vns part of a sludy who11e firHt rl'sult� V<·rc 

publiRhed in 1970. An early paper [ 1 4 1  waH a thc.Jt·cticnl Rtudy of 'REB 

Rt'l)i li ly in plaRma channels. The curd ition� for the oct'ttrrcnce of 

hose Jnstabilit:-' were invcstigptt>d, thl' hn�>e beinft conRJd<'rcd the MRt 
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dan�erous inatability for beam propogation. Cos ioni�atton and return 

current were invest iRated for IREB propagntinR in air and helium :� t  

pr�Rsures �etween 10 Torr and 1 . 6  Atm [15 ) .  Thtoretica l �nalyses and 

experimental verification Rtudies were performed Lo determine the prin­

cipaJ mechanism of ionhat ion of the neutral gas; the ionization was 

found to be oos� on secondary electrons driven by the elec tric field 

induced by the bea� . 

), The Physico-Technical Institu te, �1ar'kov 

Yu. v. Tkach ' s  treatment of hose inr.tobility contriouted signifi­

cantly to the otudy of !REB propagation in air [16 . 17 ] .  

Tite waterline accelerator used in these propagation experimentR 

had th� fol lowi ng characteristics: 

Electron energy 1 HeV 
Beam current 60 kA 
Pulse length 30 D!l 
Energy spread 20 % 
Drift tub!! lenRth ) n: 
Drift tube diarr.eter ll em 

ca� prestmre 0 , 01 to 20 Torr 

The optimum propagation pres�ure range for nitrogen was fron 
0.05 to 0. 8 Turr .  Sal•Ba(U! instability waft observed at 0. 2 Torr and 

beaD current o f  30 kA (Fig. A . l , a ) .  Ho�c inGtabi\ity wa� observed 

at higher currents, above 40 kA and 1 MV (Fi6. A . 1 , b } .  

0 30 kA 
> to- 1 t orr 

b �0 kA 
4 · 10-1  torr 

c 55 Ill\ 
I ton 

PiK. A , l--lRED propa,ution 1 n  gas {nitrogen) (16] 
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Hose )!ruwth ratt> wa"f comrutcd (<J (ter Rud1kovl according to: 

0 • :.-..; 4 - ,.,, { n •m ) ' · v 
hose noM ro 

where n1 and n, arc :•,.111 and plas��a denslt iea , relpec t!vely, m il'l cl�t'­
tron masfi, �� it� .Len mass, rr 1s the initial beam rodi • , and v <8> is 

ch" :�vPrn�e spre31d o f  tranliverse veloci ties . 

Under the experiu:f'ntal condi tions, varied from 3 x !Oe to 
hose 

10� u-1 ,  an.l tho.! product of �I and puls� length varied fror.: 10 to 3 .  
lOSe 

rhcrefore , hose instabil ity could be observed only with the t ighc-st 

nrc rents ohtAinablu in the experiment .  

The wav<'length of hose inRtability i s  limi t .  d by the condition 

A > �;�o � 20-40 c• 

The vnl ues of hose instability A measured in the experiiOCnt Wt're about 

40 to 50 em. 

Tkqt'h performed experlmentR to d�termine the e(fec:t iven�ss of beam 
transport in cl1r as .:1 funct irn of atr prusurP [ 1 7 ) .  The un�c of 
pressures for n 0 . 6  to 0. 7-MeV, 40-kA b�am, corr�spondinp. to optimum 

propagation conditions in air, ertended fro� 0 . 5  to 2 Torr. 
In interpretin� hiF results, Tkach referred to W. H. Bennett, who�� 

paper was published in 1968. Bennett showed that when the current riRe 

time is significantly shorter than the sktn-e ffect time, a return cur­

rent formed in the plasma ncutralizeH the magnetic �elf-fiild of the 

beam. Below 0 .2  Torr, because of the low plaana density, tt.c return 

current iR insufficient for neutralization. the �ltctron Lar�or radiud 

is shorter thnn the bea11 radius. and the beaa is pinched o f f .  At low 

pressures. the rise ti11:c of the rcLur•• current becomes comp.!utle to tht' 

pulsf'. lt=ngth, a condition th1c al,;o contribute, to tht' decrea!'c of 
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erwr)�Y tranufc i'n•d b y  t he.• uwun. The.• coxrcr lm�nt.sl dnl.1 shown Jn 1'ablt> 1\ . 2  

illustrate the sv11tcmatic nuturo.! o f  'J'kth' h ' s  experim�Jnts 1 1 7 1 .  

'f01ble A . 2  

RE1THN t:URP.EN'l' RlSt:: T H W  (n�) I �  VAi tlllUS GASES 
AS ;, rllNCTCON OF PRESStiRt: (0.8 HV, .l5 k.A) 

--

- -
- · 

--
- -·-- -- --- -- -- ·----

Prcs11ure, Torr 

li.ss 0. 1 0 . 3  0.6 
·----

Hydro�ten .l3 . 5  18.(, 14.5 

Helium 20.0 1 7 . 5  1 6 . 5  

Neon 2 l . U  1 4 . 5  1 3 . 0  

Argon 2 2 . 0  J l . S  9 . �  

Alr 20.0 13.0 8 . 5  

,\ir(t ho.!nNt ILr:ll ) 2 7 . 0  9 . 0  7 . 0  
---

- - - · - ·  

1 . 0  

1 2 . 3  

16.0 

1 2 . 0  

9 . 0  

7 .0 

6 . 0 

-- - - - �  

2 . 0 
·-

1 0 . 0  

1 :;  . o  
l l .•J 

··---

Above 4 1:>rr, one o f  the mechanisms degrading beam prepaRat ion is the 

scattering o f  return current electrons by the ion� nnd ato�q of th� 

�as. Tkach also quote� similar result!> obtain�d by 1'.  A .  Miller <1nd 

J .  6. Gera rdo (1972) and bv D. W. Swa in (1972). Tkac h ' s  expe riments 

snowed that betw�l!n 0. 5 and 1. Torr, the elec tron bP.am propagates 80 per­

�ent o f  i ts er.ergy over a dis tance of 3 m. 

Another parameter o f  propagation. t he veloc i t y  of the {onization 

f�ont, w�s also discussed by L. � .  Levine. I .  M. Vitkovitsky, and 0. A .  

lhmmer (1971). The ftont velocity measured by Tkach waR in agreenent 

o�hh the thel retical formula der lved by Rukhatl7.e in 197 1 .  The obt�erved 

veloci ty did not exceed 1 . 6  x tol n cm/R. 

�11tc Yef�_luc;titute o f  El.ectr_ophyR 1r.. a1 Equ lpme�lt, Leningrad 

In 197 7-1978, L.• V .  Oubovoy nnd h is te1m at the Yefremov Institute 

�ubl iRhcd a study involving the propagation of hi�b-current relativistic 

electn:n be:uns wJ th v/y " 1. in air and nit ror,en at pre,.Rureli rar:ging 
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fro101 10- tl• lll Tnrr. 11w �tuJy t<nu,:ht to ( l l  detern�J n�.- thc cc.nd t t i•ln� 

undct· whlctt the return current ln tht.• conduc ttnJ: plasm.1 ch:lnrel markl'J i v  

c.•.ccPI!d�d th� heat\ c. urrcn t and r:�) dt•vclOI' 1 t ht.1•rv of th .. anomaluu� ly 

< 1 Tor r .  

The expcrfmt•ntnl cquipnu.mt coodsted o l  thl' KF.P-5 accf'l1•ratM [18)  
wi th the lOllCiwin)( c-haraC"tt>ristics: 

t:lectron eneq�y 1 .  S �IV 
Urnm r.urrent fit) kA  
Pulse length 16 ns 

P11l10C r 1 Kt. time ) OR 

Angular velocity spread 0 . 1 rad 

He t.1l drift tube len�th 6C .1nd 110 1'111 

Dri ft tube tliamcter u em 

Beat•• diameter 0.6 t:lll 

Tht! beam e11tabl ished a conducting channel filled with weakly ion­

i zed plasoa. Preo�i oua experiment!'\ ahou,d a st rong broudenin� of the en­

erKY r.pec trum of the beam and an �nomaloualy h l �h colliwion frc�uency 

o f  pl.lsma e l l'ctron�. ThE:Se plu�numena weL·e conRidered indications of in­

tense proce,;ses of beam-plasl".la turbulence in the syRtem. 

Tite peak return current observed at 0.0) Torr, lnr�er than penk 

bP.am current, coinC" ided with the 11n:dmum l>ro�donlntt of the beAM encray 

flpectrut:l. Oubovoy noted that up t o  thAt time, only Rukhndze (1974) had 

at tempted to provide a thecret1csl foundation for the hr�e return ·ur­

rt!nt . Ouhovoy and hit) tt.•na founJ the computed peak vnluc: of the return 

current to he twice that of the beam current. For the corref'ponding 

peak pressure, the rarlial velocitv of th� olarma channel waa 2 x 10e 
cm/s. The lncre.1se in beam radius per pul�c wo� 1 em (19 1 .  

The case o f  snoC18lOuf;ly high losseH was illt•stra ted hy an C.l(peri­

mcntal distribution of beaa encq�y lofls as a function of in l t l:ll pres­

flure . The diRtributlon contradicts the bch3vlor of a beam Interacting 

with neutral and ionized �as predicted hy the pair collision �hl'orv . 

118 the den�ity of particles fn the roth of the beltftl decrel141CI'It th.! be.'la 
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cnt rl(y �>houltl, cJC<:ordin� t o  t�ory, i.nrrnwt• II'Onut,•nt .a l l y .  l>ul�twn\' 

m..'\inta lnt>d th:lt .1 �tempt� to expla i n  the contrndh'Llon ;It' bc3m :o,;s fr(la 

ceulomh repulsion or lllol�nt.ti< pim•hin� were not t•onvlndtl�, stnn tlw 
81\0Mlous bc."\m en eq�y bC'hnvinr w;�c; obscn.ed I n  neutral17.cll bcnll':o :ttl 

well. Dubovoy th(.llr l zcd that the b\!all cn\!r�y hC'hovlur was cmuted hy 
the t u rbulence o f  the h1r.h-current �lt>ctron bc:ams :tncl verified tlu.• 

theory tn nn expe rtmenl uH i ng the RF.P-5 acccJ frntor ( 1. 5  �IV , SO k/1, 

20 011). 

The l'Xpc rlmc.mtal rC'AultR ill("luded a uwrkc:d cncr�y Rf>rt'ad nt th•• 

end c {  the drift lube, tndicatin� turbulent b�nm RCUtLerlng bv th� 

lllicrofluctuationR of pl.tu1ma instnbiliLy t'xcl ted hy th� beam. l'he turbu­

lent RCatter lng of benm electrons increan�d the tra"'SV'!rse preR!iUTe of 
the pla Rma cllnnnrl t-lt'rt ronR . TheRe con'lidenttloM lec.l to an an;�lyt icnl 

expression for the b<:am energy wh:l ch was in ngret•ment with Lhe exper 1 -
�t>ntnl data 1 2� 1 .  

S .  Jh.'!_}•f'b,•dt•v Phys h's Lnstltult•, �lo�� 

A team of r�c;enrclaers o f  the Lebedev PhyAlCH lnstilute i n  ��scow, 

workin� under A. A. KolomeMkiy, hAs been pursuin� thaoretic.ll and ex­

perill'entd stutli��>� of gaR fol:uain& at least since 1971. The tea11 mem­
bers claim that tht- phenomenon o f  elect ron bemr neut rAlhation and gafl 

focudng ho11 been diRrut:sed by Soviet physidlltl dnce 1932. At th11t 

tin�, Yo . I. Frenkel ' and S .  A. Bobrovsk!y, nnd in 1930 0 • •  Oavydov 

ana S .  I .  Arl�inskiy, showed lheore tic1lly that the bca� electron� 

should be pulled towards the beam �xis ns a result of spncc charge 

neut r:tlizatlon. They nll'io acknowledgaci that the Amerlc.:sn physicic;t 

W. T. Link was one of the first observers of this phenomenon ,  using a 

high-currant e lectron accl!lerntor. 

The early p�rlod of the Kolomen�kiy cea�'s work may be plac£d :t t  

around 1970 because o f  11 reference tMde by two o f  its ��Umbers to the 

publicoti�ns o f T. Hart:ln (1969), F. H. Charbonn ier et al. (1967 ) ,  and 

S. E. Graybill (11J67) dealing with the us.e11 of 104 tc 106-A, 10-.;v 

electron act:alerato rs. These publicatlon�t were called "recent" in a 

197! p�per by A.  V. Agafonov and A. N. Lebedev, who further Rtated: 
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t:h•c tron hc•nmR Wlth tiWfl(.' paramC tCU nre or CXtt aurdinnry 
llltC!rc . .H tu ;:a nuuher or ;:applicat ions which , howevC!r, re­
q••ir\! ;:an c f f�:ctlve mechan i�<�lll of t ransverse focuninJt. ThC' 
.;elf- fieldS 0 f the bca11 :l re � tron� CDOUf'h to Cf\Ft doubt 
c.n th�: u t i l i t y  o f  cxteraal lltlgnc:tiC' fields to control 
p.1 rt lcle dynam tcs. ·rnerc!ore, it is necessary f 1 rs t to 
develop passive methodR to contr�l and focus the benm, 
uuin� th� self-field of the beam or th.a gas ionH rl)l'med 
:,y the be;:al!l for thiR purro11e (21 ) .  

ln lhe same papt!r, Asafonov and Ll'br.dcv considerrd :1 nons tat ion.uy 

rocuRin� proccfiH--includim: vnrintion of bc�m radiuR nnd kinet ic:t of 

ion accumulation--l�ading to conditions for benm stability (initial 

transverse electron velor ity and gas pressure in the d r i f t  tube) ( 21 ) .  

Abo i.l 1972, Kololllen�tkiy'n group prc�ented an anal\':1 la of th<' 

R t e�dy state or an unneut ral ized ben� in v�ruum, con�iderinR i t  an �R­
sc:ntittl precur:�or o f  the tr;:ana�ient analyd�t and, I n  particular, of th1.• 

.11\.llysb ,,f high-fre•tuencv beam inst:abi 11 t ies. The <�n:tly'l iA was per­

formed in a t�-dimcnsional seometry [ 22 1 .  

'fhto prior ipnl experin<'nbol dcviCf� hn�� been thP l'1'11l 'r. accd('rator 
(800 kV, 30 kA, �0 n :� ) .  In 1972, o:escarchcTR at thl! Lebcdcv Institute 

ObR�rved UC8DI rompreRSion only in the range of �85 preHsure� bptwecn 

0 . �  and 1 Torr. Below 0.05 Torr, th� hoam bl(;w up bc�nu�c of coulomb 

repulsion; abt-ve 1 Torr, the beam bent into the wall of the drift tubt•, 

which waA ahout. 80 em long [23) .  A further report , published i n  1913, 

described thC' drift tube nR al:out 2 m lon� , 111o1de of glaM, and l ined wi th 

11 tainlus Btcel me11h. Til! !I tisne a plasma channel 3 .  5 em in diitmctcr waH 

ohst!rved throughout the lt!nrth o f  the t ube in the nir prusurc rani(C be­

tween 0 . 1  and 0.4 'forr. Bl!tween 0 . 4  tlnd 1 1'on tht! beam W31t rocu�;cd 

down to 1 em in diameter (for a 4-c• injection dia�ttor) . However ,  at 

1 'fl) rr, tncipient hose in�tability wnR ob11crved . The beam poramct�rR 

at that t i .e  were 300 kV and 20 kA (24 ) .  

The subsequent work o f  the team, publhhed from 1974 to 1978, de:th 

with llaJ.lnetic focw;ing of the benm propaga t i ng in vacuum. A 1977 paper, 

howc·1er, may be of in teres.:; 1t reported an experiment with the Imru: ':: 
beam in vacuum pto!)(lgat:ing in a rlielec tric drift tube. The beam pulse 

nose terosion created pbsma which ne.•tralized the bc4111 IUld per�i ttC'd 

focuRinp. 11nd propagation without external 11311Jlet1r field 1 2 5 1 .  
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'[HJU!ATURE..Q!._glV_I I£l:_RES�ARC_!! 

High-current pul!'lc disch:n�e acrcss lon,g �ap,; in frl!e au haR bcc.-n 

the Rubject of su:� t:aincd rese3rch in ':he USSR sine� the late 1950s. 

The purposeR oi this \o'ork, As stated �n 1H'mc of th..- relu,•ant Soviet r,•­

ac3Tch r'-'pOrts, include the study o f  the beh AViOr And pural".etcrq of dis­

charge channels in air, meanE- o f  heatin� hot and cold plasmas , d�vclop­

ment of soun:e!l of intense l i&ht f•Jr puonping laser:� ,  electron accelera­

t ion, and protection or high-voltage power line� from lightnin�. 

Only Soviet rE!Sli'.l\rch repoTtS claiming the first or the abOV( nii'IS. 

the dynomir.s of JiRcharge clwnr.els in air , are considered here. tn 

thi� Kroup u f pnpl!TII , t ht• f.xper!m�ntnl ��l ud .14lb f ocu� on thf. dt'VIJ.Iopmcnt 

f methods {or the precise measurement c f  (1)  temperature, pressure, anJ 

density of tht• plasma to the d lscharse channel and (2)  \elocity of ..?X­

pa.lsion of the ch:innel boundary. Theoretical develt'pment 1� punwed to 

imp n.'Vf' the undcrst:111dinr. of the mf'!chanisms of chann€:1 .tnd shock-"'·lV"' 

fom.l'lt ion, '-'ith pArticular att�utton to the role "f radiant Oux l n  the 
E:ncrgy t rans fer ln lla� dtanne.l . 

The experiments invol� ed microsecond current puls�s ranging from 

lU to 400 kA 3nd interelcctrod� gAps ranging from 1 mm to SO em. The 

backg!'ounll of this re�E:arch npp�rs to be predominantly �uvlet; the 

relevnnt paperR rite mAinly Soviet work and only rnrely Western s�urcc R .  
'Mle thcor,•ticnl approach i s  also typically Sovit!t; the principal analytic 

tool is the hydrodynamic t heory based on the concept of self-similar 

flow d�veloped by s .  I .  Rraginskiy 4nd ocher Soviet re�carchers. SovJe: 

n· �arrhers nppear to have :�ccur.aulaced a con . .dderable body of knowledg� 

about ionized f:Mnnels in fref.' atr involving high e1.ergy densitles. 

Table D . l  sho,..;; sevt:ral teams of cesearcheu to be en�aged in chis 

�ork in \o'idely RCatl�rcd locations . kesearch team member� are listed 
in App�nd i� C .  A .  A .  Rukhadze o f  the Lebedev Phy�ics Institute is one 

the SoviE:t revie\o'e n o r  this :esearch. Rukh.adze h:\S special ized in tht: 
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thl•t•n t•r �tnhil l t v  :tnJ r r  l':t�:a t il"'t' of h l rh-rurrt>nt rhnr�"d-J':'Irl s,  · t' 

bcoiiS. 

lable H . •  

StiVH.'l RF�'ifl1RCH t�::TlTUf1-:!> Rf.PORTl NC: liN 

F.I.P.t'TR'C' �t SC:IIi\Rrt'S I N  A lR 

----

rrindpal 

lnst itute lnveut i::a to r 
------ --- ----

Unkno�o�n s .  I .  AndreyPv 

Lebedev rhydc!> 
Institute, HoRcow � .  ,; . Ba11uv 

Kinv Polyl�chnic 
'maitute Vu. 1\. Bohrov 

!ndzhik State llnl-
ve r111 ity, Dushanb� •: . ,\, !=ulta.nov 

ChuvaRh Sta· e Uni-
versity, Cheboksary c:. H. loonc hA rl'nko 

--- -- --
Puh 1 1 cat ion 
l't!l'iod 

- - - -

tQf.S-1976 

1970 

1974 

1974-J976 

1970 
---- - · - ·  

SOV IET RESEARCH RESl�TS 

1 .  The Moscow-Kiev Croup 

The IDOSt sust'lincd effort in the area of elec tric dit�char�es in 

air has been made by a tean1 headed by S. I .  Andreyu. The tC!um'� re­

ports, which have been Appearing Nince I 965, carry no instl.tut ionr,l 

affiliation [26-29 1 .  The team's main intertst i s  the effer:t o f  the 
self-fidd o f  very high currents (above 300 kA) on the discharge chan­

nel and the r-'ldtant flux as a ���eans of energy tr.1nsfer in the C'hannc l .  

Some o f  the basic experimental result� u�ed by this team wert C'ontrtb­

utl!d by N .  G. Basov, who per! ormed a series of oxper imcnts al th� 

I c.bedcv Physics Inst tt11te in Moscow i n  the late 1960s to test high­

current d ischarges in air aH a possiblt: laser pump 1 30 . 31 } .  

Another contribution t '  thJs work was An intt!resting pnper on :1 

c;o-C'm discharge C't\3Mel ;>ul:lished by Ya. K. Hohrov of the KiE.v roly­

terhnic Institute (32).  
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'fhe wt• r:t of Andrt:>yc.•\· 1� teum Ht.:trted 1o1 L 1 h  th•• c.:trlv hvdrtlllvnn:r.k 

tht>orv o l  cxp.:tMh'll t• f tlw d tl'lrh:�r�e clwnn«-1 dt>\'t• l u1w•l h\' ·Bra�lnt•k lv 
And latt'r V<.>rific.•d t>xpcrlMCntally b\ thf> tt•,am. fht• i n i t ial t'Unl'hll'.ion 
wa� r.hat tht' channel exp:m�tlt'n Vf'lo. l tv dur in�t thc f l r�l hal f-p<- l•••J 
of t he diftchar�"' currt!nl CC'uld hc dt>� ••rt�ln<-d with adequatc a, cur;1 y on 

the OlliHumpt lon of conRtan t  p!a11111.1 conduct ivi t y  ( Ul } ,  SubRc.•qtwnt r ·­

se.arr.h devt!lnped � moro.! complex pictut e of the hl�h-current dt,;char�c.· 

phcnorK'IIOl. Th11 11 tuJt ct. Wt're cnnr(•rned with the rf'l\o: ut ion of two baR(, 

problemA I zq I : 

o Tile effect � f  tl� radi,nt flux on the dt'velopmcnt o f  
the diRc:har�e channe 1 .  

o The �u-dynatll.lC motion of the resnlt ing pla1-m.-1 ln terms 
Clf s<.>H-uim1 �nr 'IOlut innl'l anct t he der•aTlurt' fron Rei f­

ll l rn i l -l r l ty C'B'JAed by ma�nt' t ic: prMsurc (p1nd• d(t:>c t l .  

"' ·  <:. 8�qcv 1 fl  tean took the npproach that I f  the 1(:\S r t  fnllowt•d 

the •'OMtralnt n f  !lelf-RimH uity, tht' radiant flux could he taken i n  ttl 

accow1t in the enerpy bAlnnce, utdng the rndintive h<':'lt t r;tnl'lfer approx­

imati�n ( 30 , 31 ) .  BA�v, a Soviet laR�r syste�� developer, perfo�d a 
s«-rtcs or cxperlaent� with hir,h-current di�charge� in at mcRpheri� air 

primarily tCl study s�ch dischargel'l as a possible pump Rourc<- for laseTR. 

lllgh-rnrrcnt dischargen undt'r MOIO�phcric: prusurt' form a dense 

plas�W (1(,1  to 101 '• em-, ) with a temperature of 2 to S eV. With high 

capacitor bnnk enerp.y , ti1P. pl.111N volume in lctrge l'nou� for radiation 
to play n nuJor rule in the energy tnnsh:r . Ba11ov deHcribed the mech­

nnl,;m o f  the high-current dic;chargc aR follows: A cylindrical �hock 

wave travels at a few k�/s t hrough undisturbed gaR. llirectl)' behind 

the Rhock wnve fron t ,  the gaF is compressed :uu� heated t� �;everal thou­

sand degrees. Nenrer to tht. center o! the c hannel is a region of l:i�h 

tempernturL (n !'ew eV) Wlllch nppurs as lUIIIinol'lity. Sine .. plar.ma con­

ductivity rises fthArply with ·. e1npeu ture , the electricetl energy is de­

posited mainly i n  the hot region; aJjoining R3R is thvn he:�tcd �y 

conduction. 
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In the Pncr�w b:llanct>, the el�rtrlcal encrr.v lnrut , �: 1  c•tu.'l l s  tht· 

sum o f  theT1!'.1 l encrtw £,.• kinl•tic- encrR\' "r �n:c l:!lltiun �=..:• :tnt! r;u.ll<�nt 

t'IICrgy �! 

Ba�v computud thi· halance for a 20-cm dhch:u�e tnit latt'l.l by Pxplod­

ing wire from a 5Q-kV capacic:or bank with .:un�ntA of 400 k.\ ln n l r  :It 
atmospheric pressun., depor:itin .. •Jp to 25 k.r ln the chnnnel lr 20 ::j;. 

0 ER w:1s co1r.puc.-d :-�s bl nck-budy radintion 1\t w,\velenAtha o f  over 2400 A ,  

the temperature and radiating surface of which arc functions o f  time. 

The temptrature var ltd from 5 to 2 eV in the .!G-IJa p!!riod . The cii.Jnm"l 
expansion vt'locity WdS 2 tc 2 . 3  km/Fo. The uperi���enc:al data showl.'d 

that durint� the firt�t �0 I•S ,  60 percent of the en�rgy stored in the 

capacitor bank was de�osited in th� pldsmA nnd 20 percent o f  the dt'­

posited enerr.y was converted tu light, tit.· frequency range of ·o�hJch cor­

responded to the transparency region o f  a i r .  

On ::he hal'lis of tht'se exptriMt•lt:. ,  Ruov olltnined an  approxi11111le · 
self-sfmiJ�r solution for the rase when lhe chAnnel expansion front is 

preceded by a shock wav�. The approxima tion W<\� hased on the assumption 

that the photon diffusion contrihut ion to the channel exvam;ion velocity 

w�B leRA than the gas-dynamic velocity [30, 3 1 ) .  

According t o  Andreyev, however, the radiative heat transfer npprox­

imntton ift valid only for a steep chnnnel expansion ft·ont with n uniform 

temperature distribution behind the front. It i s  not v�J ld if a large 

part of tho radnnt flux b carried hy rhotons with n IIK'nn free fi:Hh 

that il'l lon�t in comr•arison :.tith tht> width o r  thto front. �loreover, tht' 

self-field of high currents disrupts the tempenture distribution in the 

region between the a�huck-wave front and the ch3nnd , 

Yu. K. Bobr�v observed si,nificant effectl'l of the radiant flux 

emitted from the diecharge channel plas���a on the r,lla para���et.ers in the 

shock cumprcftsion region and on the velor ily llf the 'hock wave ( 32 ) ,  

lie had performed a •pectroscopic analyds of the t!..!m�)erature ond density 

df.Rtribution of channel plasma c reated by a pulse clbciMrtU! in 
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.ltllklHJ'lll'r II· .I I r .  , l"h<' ,·urrt'lll w.t� I U to �0 kA, w i t h  11 rl:ot• l llllt ''; l • ttl 

•1•1 ' " • rlilh'h:rr,�ln� :H'rtlri� 1\ SU-cm �:lfl .  
Tht• t'XJ'l' r lllll.'llt;'l l rt•Nul tM Wl'rt• lnt l.'rJll l l•ll whh Llll' . r id or 1.'00\'l'll'.S 

;IIHllll t:.1N tlvll:tnlcs ,, r tht• dNllO:H lon ,,nc.: \1\.�rl.,�r:\t lt'n or c nrDbllfl l ibliJ A-11� 

ilfll'l lt!d ll• ll:t• t:ont.lllions al lh•• bouut.lary of the d ls,·h.1q:c t•hnnnc : .  The 

1 h.tlll\l' J W,1� rc�ilrtll'd o1S thf" front of a c.vl lncJr JcaJ lnn!ZC'U WiiVC, 'tlW 

vclnc l ty of wh1ch 1� o.lt.•tt uaJnt•d hy rad l.mt hc·otlnA of l:l'lt.l �111 .  

F:n r l J c: r  Stl"licN u r  ,;pnrk dixrh:t r�c i n  �n· (S . I .  BnJ�inKkiy, 1 .  s .  

:O'·Arshnk, ano.l � .  1 .. Handel 'a;htnm) cst:.hhsheol! n batth' lhLur�t h '  .• l ITIUlk l 

of thl! breakdown <•f ti\l' diKchnqze �afl nml the fluw of n !IJ�o:h pult�c t•nr­

rcnt. For pul,;c c' ' ·•t.har�e,; I n  frPc acrno,;phcrc, the �xpcr lmcnt:c t'l'Vcdlcd 

tlw Jlt'l'IH'nc·e <'f t�hot>k waves init.intcd bv tht' Rp:sr\... ThiR �;crvcd ,,,. a 

hnAit; for the dt'vclopmcnt or Hragint�kiy's l(tiR-dynaml..: thc.>C'ry t.\( the 

tlp<:�rk. l'ht' nt!chanism o f  tht.• t'xpanR lon of tlw hot "rark ch;,tmCJ. \.'On b1• 

r(prcscnced by a model o f  nonequiU'Jr lum nnd equillhtilllll tht'rm.ll waHs. 

Bobro' cor.stJercd the presliur'.' discnnl 1nulev nt the t ;,nnnl!l hCHr\hJnry "i�-t­

nHit'ol\t In the llcvelopmcnt oJ f  �as-dynamlc modclN o t  the sp:trk disch:Hgt• . 

Thl. spcctroa;cop lc stuJic.•t; or thl' LCIII('Cr:»ture and c.Jpnrdty tlhlrihutfun iR 

a pulRe chnnnel tn n i r  were us(d to develop space- and t lmc-rC!\\llved 

cl�rartcrtstlcs of the channel .  

The characteristic feaLure of the ra\Jilll tempera ture funct lon ls 

tl•c flat phtcnu ln the center of the channel ano.l thf' Nharp drop of 

tempera ture at the channel llount.ll\ry. As the current incrC{IR•'II from zcrc­

to mnxlrrum and the t en!Jicrature -4ccrellses, Lhe l!lPctron dt�nH ity incrc:�s�� 

in tilr.e . TI-c considuat loll or ionhatiun equUibrin in lh� ch;umd 

mnkes It poR�ihlc tc u'lc the obtained elect�on cemper1turt' nnu den,;icy 

\lata tn cu lc ulat in)! the den"ity and lctnctic prc!u•urt• of l(tl!! in the d f !'­

ch:nge chann"l. Moreovt'r , it iR po!"'Hible to deotl'rmlne the varint ion of 

thc.sc qunnt l t icB wlth time anti a t  the channel bmmrlnry. Bobrov thus 

iound ,  in aodition to t:te gat� densily jump at th'! c1!4nn(') bounaary, n 

pressure j ump wtth a lower pressure in the c h:Jnne • . The gas tlrPAHUrc 

in the channel i ncrPnsed with tlme. 
�he exis tence of pressure d1sc:ont1nultte:t and the llme functtoM 

of go� and electron densi cy were al�o doriv�d fron the p.cncr�l prin­

c iples oi gas dynamics. Thus, th<' theoret ical va1ue o f  the ve1oc ity of 
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rh,• ev.t l u:lt i.>n '" tlw (on( t' inn w.tv�· vel•l r ( f \'  l'o.11h�d ''" the ;'1'(-

,.. tm,•d mt·,·h.1n I "m ' I  rnJ la L l  vt· hc.ll l'Xcann�c ·11\\J "h•.: t s·,m tit,• rmn 1 con­

ohwt l v 1 L v  cunf l rmt'd t h-:' vnllditv o f  tht' r:�rl l.l l d l �l rlhutton of J:.1R Pt't'!.­

.;un.: olllll Jt-mdty In th� ch1tmd dl!rlvt•d frUII � xrc r irrt>ntol Jato. 1'111' 
fr,Jnt u f  t ht- slew ionization wnve m.,y ht 1 tkc>n�d to the �··fla�rat ion 

frnnt. w i t h  a ,.,,rrt-Apond ln� pretu•ur� drl'lp. Tit.: lonizntlon �o�av�o• front 

(clnnnt•l houndarv) ;l•'tt> aR a movin;.: f'1l't'IN�nhlt' !liRtOr. The chonth'l 
hC'Iundn ry emil �:u; I'T('.tHurc wnvNt whit-h t ron� ft•l' (.'lll't'JlV ( rCim tht' ' '  .n-

ne l Lo tht' :o.h••ck-wave re�hm. Thift l.'l<plnlns why the �:hork-wavc l ront 

ac(l. lerntcK wh('n t h1.• l'!tannel l.lllfll\&u do•l \'dod t,Y ln,•n&'lt.�. The �,,;, :�t 

t'�o· ch:�nnd hc:undary DII.�VeR In a dircctil1n oppoat te tCI t htH nf the shock­

'-'3'''' :re-nt. Tht' frC�nt enr.Ntr.ccr� �n� nf hfKhPr dpn,; f r y ,  inrr. ,"int In 

t il"e t he RRS dens i t y  in the J lRchur�£ chAnne l .  The r lse t'f gi\s den�1ty 

wit h t lnc l�adR to inc rc.1E:inst elt!c t ro�' der."Hv in the �·honne l .  Alth.,u�h 

the t(.'mpera ture :.ntl degree or plasma toniz.1 C loo COIIt inue tn decrease I �.! � .  
The: effect Clf n pronounced p inch cffett on thc di,.t rlbutlon of 

tcll'perature, dens it y , 11ntl prefllluro in fl dhchnnte c:hannel in .1tmospheri.: 

Air wa'4 stU<! ietl hy Andrt>ycv ' "  rroup uith a 24-kv, 400-lcJ\ dlRchllrt-e cur­

rent with � l x 10! 1 Als r ise rate. �1e shock w11ve �enerAted ln the 

brenltdo'JTI of a 1 . 2-cm gap between flAt e l ec-t rc:>deR nnch,•d a vl l t•c i� .  · f  

l t o  3 km/11 ( 2 7 , ,8] . The measurements were obtniued undc• cot d i t i ms 

where the magnet i c 11e lf -field pussure dec rea sed the c-hanne 1 e·cpan ;l"n 

rat e and tl)c: shoc k wave was detached from th� "pl..1a1ta piston. " 
The shoe: II. wave nbsorhA radiant flux from the pla111ma channe , .  flux 

absorptio• can chAnge the t!!epcr<�tm·c:> and preuure of the �as 11n.t :.1-..: 

vel.1c:ity of the Hhock-wav<! front . 'the encrAY bahn.::e in the IS!lork 1"011!­

pression region was computE:d to detersnine thu prindpal mechrtnfllm re­

sposiblc for the inct e.1se in thP shoc-k-wnvl. t �:mperntllrt!. The intendty 

or the radbnt Uu·c incident o ,  the 11hock wave was evaluated, uklng 

into account the length of the radiati ng plal'lmR cylinder, s;>ectrnscopic 

O'ltn for u l r ,  and plt�llma temperuture and pressure d iuribut ion along 

the radius (\f the dtscha cge channel . 
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11H• t'l:tlll\lll uf th .. • ll'llfllltJl ill&\ ohCIWo•tJ l h.l t i'll ji\':Jk �llrrl'lll 

\l • '• · '> .. N ' ,  tlw JWW\'1' nf l 111• r.,,Hnnt f l ux ln t h r  n•.: t.•n \,f 1411<'•· • r:JI 

up:t\! ity f ,,r  .• i r ,  ; . ,• . ,  Jn th�o• rt��lt>ll ll f  f l ux al•:icu·pt l •n lw tlw t�h.H· k 

'-':tVI.', r"·ach,•d lot �n.:. wh l h• thl' l'""'•'r '" th"• hi.';H l l ux ctu .. • l•' '' ' "'c t ron 

tlu:riNll \.\>UJu.: l J V I L�· Wil:! :01 � \\ .  l'h� (Jijll.ll of � I N' l r l .  jiCIWl' T l &• thl• 

:Mock w:tvt>, c ''�Ut\!tl 1 r&':D rurrl.'llt dcntdLv ll l � t r l h•tt iclll alUIIK Llw r:td i.tl' 

'-'<111 790 kW. l'hCtll' f • ltUt'l.'t' 11how that th"' lll.,ir. l llll t . lhtl l.lO lt' tJW ln­

C:rcllS� J11 tl'mpor3tun• in th� "hnc:k w.w11 is n1.1:lt• bv thl! r:tdi:ll't ilux I .!7 I ·  

l'l:t· r.td l.t l clttctr lb•tt l•lO o l  t cr:tJit. l'ltturl' c:btahtrJ iu th11�c ,•xpcrJ­

r..ent s wn�; 'i tron�l y  inhomol(l!tl\'au� . The t l uw hclwvior of tcmoeraturc dur­

lnlt thlf f i r�t h.tl f-pcricul .., r  ;. h  .. · d i ,;du.r�'' curr .. •nl I n !Jn .. u•d t h01l thE' 

:od f-lilmllnr i l•'W J)Utt•• wos R t r�'nKh cl l .,tor tl!d Jurin� the l'Xpnnsiun ,, f 

lhl· ch:�nnt' I I �KJ .  Thc d t� tort 1on Ol'' urrcd wht'n thl• Rh.·C:It WIIVt> r�.,c-hcd 

t :u.• .!- t o  J-klll/-: vt-lodty .1011 the c h.:um�: 1 1: 1.1 s ma lt':itpl'r:tturl! rl.':ll'h�d 

(40 l� 70) X 10 " ·  .\t ;l\ .1k ,. ar rl•n t , wlwn l ht' pinch wn . nl•lit prunouttl·�d, 

t hl! duli\Rl'l 3X111 C�llljlt'l">tlllrt' \oi,HI 7l ,U00 K. Tho: h 1 �hl•14l : •tnjtcrat urt' 

�tr :Hi ie nt wn:� rb,lt-n•,•rl :tpprmdmatt l y  I n  tltl' mi J,:l ,. ,,j tit\ muf ts ( .' ·1 · . 

l .  • h•• 1'JJJ�tlk:f.hu\':tsh !_:r'l!,!P 

}1. A .  SuJ tan• v o f  the Tadl.h lk � �  :ttt! Uni H'l"->HY ln l>t�hanb� abo 

stulllf'll hlg�-<'urrl'nt di scl1ar , in ntiiiCisph<'ric: <�!r. i k� the nut hor� 

u ilfc ul\sed nhove, SuI ::nno\' woN co net' rned w!.th t he :l':!velotlr l'ltt of the 

h,/drodyotJmJ.- l henry of tJ iRtharp.e thnnnc l  l'Xt)IIOI'ion 10ll tilt' merh;mi!;m of 

chaunt:! heat ing. Sultanov, hc: ,..t w ! r ,  atrt,&C'd thf: t ont.\'11 lnnt1on �r thc.' 

channf'l wit., )11.1sm:. f lares e j ,•c·tcd from the dfschar�e gnp el('ctrodt'!l. 

Sult<�nov't. <'Xpt!r lll"!nt" irwolved pt'ak currentJ o t  30 kA with a rts�: 

rott' ot 2 x 10 ' A/s <ind curr·�nr puhe ll'ngth o t  �)(l IJl'l,  The. elPct ro� .. s 
"'"'rc 10 11111 I n  Jiltawt• r ;  tl:t' gap 10 mm long. Th� :�tll!oiv furcscJ •ln tl.e 

explosive nnd ai,Ot'k-wwc phenomenn occurrtn1� in the.' di •char�e r. hnnne l 

.1nd at the e l ec t rode.' �urfac� (ll-15).  
Sul t;mov ob!lcrved t M L  eJvrtrocJr fl arcf cjec tt'rl . I t  vnr iou� V<'lc>d­

tJu�t p i n y  a 1113jor role Jn the vn r l'lt ton uf rt ructural n:td t•pec t ru•copic 

chara<. L6!riHt1cR of the d 1sch3rge chnMel. In pa rticull'r, such flares 

nffcrt the rhnnncl expnn�1on veloc ity, propn��t lon velocity of the.' 

shuck wavt', Lempcr:tture 3nd e l et< t ron "' .. tC�ltr"l t J. n lc tht! channt'l , .:Jnd 
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propert ie� or pl(ISIII.'l uround the clu .. . m�l. Sultanov �ug(lested thP . •l low­

in� mech(lnism of hi�h-current p••lse c.l i$charge: The breakdown of the 

lnt�tr-elec: trode g�p leads to the! fona01tton of a thin ·urrent-c:onductinJt 

c:hnnnel which absorbs a large n�unt o£ energy in 01 relntivel; short 

pcrlod of time. '•"he he-tting and subsequent expon�:�ion of the channel 1111 
due to Joule heat. The rapid expnnHion of the channel is followed by 

the nrr ival of electrode flares formed by hf'!atinJt, lll('ltinJ;, "' ·l v.1por1-

zatlon uf clectr�de surfaces. The dif (�rcnt veJoc:ittes of the electro�e 

flareH �ause df'nHity perturbation!' in the channel and plasma heating hy 

hydrodynJ�lc e{fe�ts (35 ] .  

The theoretical nnalysis was b&�ed on several earlier Soviet stud­

ies tn t!tis area. the first of which was the work of 1\, V. K.alachev 

( 36) • vho perfrrud discharp.e expel tmer.t,; in a.o�personic (�I • 4 .  5) , 

oubsonic, nnd zc:ro a i r  flows. KOll:lchev noteo that Cast otr fl->v c:on­

sidernbly af fected the rrebrNkdown proceHa in the di scharge �;ap a:,d 

changed the t�h:Lpe of th- dhcharge chanMl. 'n1e elrt trical character­

istics of the diacharr,£, �uch as curr�nt and vol�•Re pulHt shar.es .  wer� 

a[{�cred little by th� �ir flow. 

r.. H. Gonchuenko a'\u ' .  N .  Rotl!4lnenko oi the Chuvash Sure Uni­

versity in Chebo!UJill"Y provided anotl-er early Atudy [ 37 ) .  '.:hese authortl 

e�ploycd the sel f-similar flow appro�ch to con�ut• th� channel radius 

expansion, basC'd on �ydroc.i ·n"ll'ic theory. In thci r l!ltperimentft • currents 

varied from 2 to 70 kA and gap l�nRths from 1 to 20 mm. Their purpo�e 

WllS to determine channel ?arnmeters nt pretlsur!ls up t-> tOO atr.1, when 

instabilities dev�l�� in \on& gaps .  

Also o f  interest w3s N ..  I .  J.'.1 l '  kovskiy ' s  3pectr(\sc:op ic l.tudy L'F a 

free disch�r;e in �ir, using currents (\( 1� to JOO kA .1nd volt3ges up 

t� 5J kV [ 38 J .  Single current pulSes o f  21) �s with a rise tlC'e of 3. 5 

to 7. 5 \IS were pa .. sed across 1 2o-1111D gap. For the lOQ-IcA curn:nt, the 

te&perature in the charu•el ��crta�ed from 65,000 K at 100 na to 3�,000 K 
at l 'i OJS,  
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SOVIET RESEARCII�� 

Members of t.•e Soviet research tea•s discussed in Appendix�& A and 
8 ure listed below by type of cxperi.ent performed and institute affil­
tatf.on . 1'he pr1nc1r4l investigatol' of each te11m is liscPd f i n t .  
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\u. P. Uaov 

J .  N .  Oidenko 

(. 1 . !Co tlya revskiy 

Y;1. Ye. Krasik 

A. V .  r•trov 

Ye. 1'. Prol.u;evich 
A. 1 .  Ryabchikov 

v. V. 1'ikhomirov 

V .  A .  Tuzov 

Kurchatov Institute of Atolllic Eoergr, MoRCow, 1972-1973 

L. l. Rudakov 

0. R. F'il1kin 

S. S. KinRSep 

t;, n Ml\kAimov 

1 .  V. Novobrnntsev 

\'u. L .  :\idorov 

V. P. S1drnov 
A.  !". Spektor 

Phytdco-Technical lt•stituce, Khar 'kov, 197 2-1974 

Yu. V. Tkach 
N .  P .  Cadetskiy s .  s .  Pushkarev 

Ye. A. Lell'.herg v .  D .  Shapiro 

) . 1 .  Ma�da v .  I .  Shevchenko 

J .  N .  Mondrus G. v .  SkD.chek 

I .  P .  PanchE'nko A .  1 .  Zykov 
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\'drcllltJv lnt:tilutc nt Jo:Jt>rtr<>rhyRical Equip���<·nt 
L�nin•�nvl. 1977-197P 

t.. V. llubovoy 

V .  1.  Chcr.tobrovin 

B. A. lvan<'v 

s .  A .  �o1yubakin 

A. :i. Perlin 

V .  A. Rodichkin 
V. B. Shapiro 

(;,  R. Zablot!>kaya 

Labcd v Phy�icR Ins t itute, Moscow, 1972-1973 

A. A. Kolnmenskiy 

A .  V .  �gafooov 

Yu. N. Chekhonadski)' 

L. N. Kazaaslciy 

/,.. N. Leoedev 

V. M. Li khac.:hev 

I .  V.  Sinil'shrhikcva 

0 .  A. Smit 

V. S .  Voronin 

Yu. 1 .  Zozulya 

ELECTRIC DISC.:ltARGES EXP�HIENTS 

Unknown Affiliatj�n. 1965-1976 

S. I. Andreyev 

S. N. Leonov R .  A. Liukonen 

B. 1. Odov 

Lebedcv Physics ln�titute, �o�cow, 1970 

N. G. Basov 

d .  P .  Borovich 

Yu. Yu. SlllO:t1ov 

V .  B. Rozanov 

V .  s .  Zuyev 

Kiev Polytechnic Institute, 1974 

Yu. K. Bobrov 

N .  I .  Fal ' kovskiy l .  K .  Fedcltenko 

Tadzhik Stnte Univeraity, Dushanbe, 1974-1976 

H. A. Sultanov 1 •• o. Ser.t\kin 

Ch�vnsh State UnivcrBlly , Chcboksnry , 1q70 
C .  H. Concharenk<' 1 .  N.  Romnntnko 
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