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() TREFACE

(W) This Rand note was prepared sw the course of_a cont inuing
study, sponscred by the Defense Advanced Research Projects Agxency, of
Soviet vescarch and development cf high-current, high-energy, charged-
part le beams ond their scierctific and technological applications.

t/ ~ The note is the first in A ceries investigating, on the basis
of evidence in Sovict open-sovrce technical publications, the possible
existence of a Soviel military program to develop charged-particle beam
weapons and the pmbable history of such a prcaram. The note explores
work on the atnospheric ropagation of such beams in tie USSR. Other
notes cxaminc the develcpment of pulsed-pover closing switches* and
indlcations of a vevw geacration of charged-psrticle eccelerators.“

(U) The note, prefared for the Divector’s Office, DARPA, may also

be of interest to pulsed-power specilalists.

* - d

(U) Simon Kassel, Indiratione 2 a Soriet Particle-Pear: Weapon
Froarum: II. Puleed-Norr Clommng Nitrhes (U), The Rand Corporation,
N-1738~ARPA, August 1981 (Secret).

Ak
(U) Stmon Kassel, Indimations =f a Jouviet Furtizlc->ram

Weyen Program: 11D, The Timing of Pavlovskiy‘c Accelerator Develcy -

ment (1), The Rand Corporation, R-1739~AUPA, August 1981 (Secret).
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(1) SLMARY

U~ The development of grround-based charged-particle beam weapons
depends on the resolution of the problem of beam propagation through
tho uatmosphere. The ncccssary research must provide a thorough knowl-
edge of the laws of interaction between high-current beamws and air, and
of the behavior of low-pressure channels in air formed by such beams.
While these issues could be resolved by direct experirentiation with
high-current electron accelerators of adequate beam energy, such accel-
erators are nct xnown to exist at this time. In their absence, the re-
quired knowledge must be approached less directly, by laboratory exper-
imentation with available cquipment, or by computer simulation. Soviet
rescarchers can be expccted to stress the experimental methuds.

U~ Among the wide range of research topics pertinent to high~
current charged-particle beam technology, air propagation experimants
are the least ambiguous f{ndicator of a beam-wcapon aprlication. The
Soviet open-source literature contains evidence of two Liads 3§ such
research activity: studies of (1) electron-beam propagation in low-
pressure air at beam energy levels of about 1 MeV and (2) low-pressure
channels formed in aicr by clectric discharfes. The Soviet work exhib-
its sevcral charac.eristics that can be interpretcd f{n terms of a mil-
itnry beum-weapon program: the use of air as the medium of beam propa-
gation, capahility for channel tracking, lossaless energy propagation
along the channel, focus on hose instability, deterwinztion of pressure
and temperature profiles and expansion ratecs of channels, e%c.

v d.i Some of these characteristics are also significant to re-
search on incrtial confinement fusion, where thc problems of beam trans-
port from the gencrator to the target are quite similar to those of the
beim-weapon application. The difference between fusinn and weapon ap-
plications in this respe~t resides in the species of gas through which
the beam propagates. ¥or the endoatmospheric beam weapon, air is the
unique medium of propagatfon. However, air is not a suitabl!e sedium
for fusion researgh. and beam transport experiments in such research

would tend to rely on a range of gases not necessarily includinz air.
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(/‘ This not s~ plers the nrotres.fon o) cxpoerim ntal rescareh on
a time ax»i: starting with about 1961, The history of the air experi-
ments is also considered In the contaxt of Soviet pulsed-power develop-
ment and of the work of A. 1. Paviovskiy, although the rclevance of
Pavlovskiy's high-current acceleraiors to the beam-weinpon application
has not been catablished.

v ~ The hypothetical Soviet program shows three distinct stages
o{ develupment: The firast stage could have started before and lasted
through the 1960s. Tt miurked a preiiwinary huildup of pulsed-power
support 4nd early lavlrvskiy acceclerator design. ‘the air experiments
were mainly based on electric Jischarges.

v ].. The secand stage of the program, which extended through the
firat half of the 1970s, saw the advent and experimcntal use of high-
current diode accelerators of the order of 1 MeV and the design of
Pavlovskiy's radial line accelerator. The air experiments consisted of
both studies of electron-beam proparatisn in air and continued research
on electric discharyes. The E{rat and second stages produced published
literature.

U~ The third stage, teginning in the mid-19708, marked a severc
curtailment of publiications on air propagation. It may have ughered
in a new, higher level of more realistic experimentation and new accel-
crator equipment, perhaps of the order of 50 MeV. wsrianting the imposi-
tion of secrecy.

Ub The above hypothes.s about a possille Soviet beam-weapon pro-
gram is spernulative. The underlying Sovict technical data do not prove
the existence of such a program. However. the air propagation data
show a prolonged, syrtematic research effort that mat have provided
the Soviet researchers with a considerablc understanding of the prohlem.
The experimental methods .nd results are of internur to the designers
of charged-rarticle bcam weapons. A striking example of a weapons-
pertirent research is the series of experiments performed by Yu. P. Usov
of the Institute nf Nuclear Physics, Electronics, and Automation in
Towmsk. Usov obscrved the channel-tracking ability of a high-current
electron beas pulse in air by bending t' e beam in a magnetic field.

Del(ass, 3. el
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(U) ALR PROPACATION OF HLCH-CURRENT Ei.FEGCTRON BFAMS N THE USSK

U ‘ This note exploves the allltary faplicat fons of Sovietl re-
#carch and development of high-current charped-particle beams techno!-
ogy. Basced exclusively on Soviet open-source licerature, the report
reeks to shed some light on the question of the existence of 1 Soviet
heam-weiapor propgram by foctusing on the wechnical peblfcations that
would prohabliy ressle from such o progran.

(U) Sovict tuchinical literacure on the subject of htgh~curreat
charged-particle accelecaturs and partlcle beams has reached an impres-—
sive volume. The collected materials published in the last decade
alonc hear the names of over 1300 Sovict authors affiliated wich approx-
imately 40 rescarch [nstitutes. These saterials for the moxt part con-
slst of tecdmical repores emanating from Suviet R&D projects alued at
A ranfe of scivntific and technolopical applfications in this subject
arca. Military applications arc not cxpiicicly mentioavd in the Soviece
~cporty as goals 3f their projeces

(U) Any cxperiment in the ares of lifgh-current particle-heam tecti-
ne:.. wv may have a varicty of pussible applications as a logical objec-
vivee Furthirmere, much of the some cquipment scrves variour techno-
logical ay, “Jcatioris. The diversity vf aprlications and commmality ot
haraw~re make .t erpeclally d.(ficult to assoclate particular Soviet RSD
projee 8 with a military purposce. i the other hand, chese same charac-
teriscic. increase the 1lkelihood that at lenst the early stages of
veapon-orinted rescarch, 1f §& exiscs, will be rerlected to sume extent
in the publisgh.-d literature. The prestige and Jegitimavy of Soviet re-
grearrhera, their vita) rontacts with Western wcience, the benefits to
particle-beam tecﬁholugy (PBT) in Renerdai. and the cducational consider-
ations ali dcpend on the publication of researcn results.

U‘ The naturce of atmoxpleric propagation of I gh-current electren
beame is the mnst {mpcrtant area of inquiry fn the carly stages of
particle-hvam weapon development. Among the various aspects of F8T,

atmoepheric propagation 18 unique to the wenanons concept: it the sawe

poclass:Lred
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time, it represents a scientific, rat ier than an eneineering problew
and ix thus mere 1ikely to lcave a trace ‘a the publizacdons. For
these Teasons, {t wak selected as tee subtret of the present ruiwort.
bé’.i The ahflfity of high-current vlectron heans to proragate in
the free atmesphere over distances aignif’cant to wespaas applicaticns
is a matter of conjecture at the presenat . ivw-, The verificac{on of
such an abillty is expected only after ace-tccataors of suf{icient en-
¢rRy, current, and operational repetition ~iie become availalile. With-
out these machines, a limited understandi... ([ heam propagation car e
pursued by either of two methods: (1) fules ~down experimenrs with
single high-current beam pulses, electric d.scharges, and similar
givenomena or (2) computer simulation of beam propagation conditions.

(U) Beampropagarion rescarch in the Unjted States has so far re-
lied heavily on compﬁtcr flmulation. Correapording work in the USSk,
however, can be assumed to lwee followed o difiecent approach:  Inles
rior computcer capability and the predilectiom for ziaple experimental
procedures may well have driven Soviet rescarchers to rely to a gredater
extent an laboratoTv experimentation. Indeed, published Savict papers
on chizged=-particle beams and their applicatfons deal nverwhelmingls
with analvtic and cexperimental studicsa and xhow untv a mudeat use of
nurerical modeling.

(U) The prodblem of charged-particle beam propagation in air is
embedded in the larger arca of beam interactions with ncuatral gas and
plasmas. W. H. Bennett and J. D. Lawson's investigation of the prom-
certies of intense electror. beama durlng the 19508 provided the impetus
for the study of these interacticns. The opportunity for beam—plasma
interactiun cxpermentacion came in the late 19608, wvhen intense rela-
tivisttc electron-heam (IRER) arcelerators became available., The So-
viet technical papers selected for Analysis in Appendix A describe c¢x-
periments involving IREB pronagation in air, perfoimed mainly at low
pressures, with the use of drift tubes. The. problems investigated in
these papers include beam neutralization and stabllity, optimum propa-

gation pressurcs, and the formatior of channels in air. by the beams.
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{U) High-current clectrical discharges in alr represent another
experimental wyproach relevant te the studv of atmoxpheric IREB propa-
patien. The analvris of Soviet papers on this subject {z given in Ap~
perdix B, Materials on hiphecurient pulru discharges across long gaps
in free air, with or without the aid of exploding wires and oftical
breakdown, have bevn publ 'shed in the USSR since 1965. These Soviet
studies deal with (1) the properties of discharge ihannels in air, in-
<luding pressurc, teaperature, expansion rates, and heat rransfer and
(2) the hydrodynamics and chemistry of het air. Thev can thus orovide
important benchruirk data on the ceoplex phenomenon o- the heating of air
bv pitrticle beams. The heating mechanisms invalving charged-~-particle
beams when chopped electren beams are used are In some ways similar to
thore of a !'scharge, since the ohmic hcaring contr.butior becomes domi-
nant in a .areried éhanncl.*

‘/ . There 1s sipnificant degree vf probabilit lat at least some
of the Soviet experimental rescarch prolects const. od in Appendixes
A and B ot :°'is report have been performed in assnciation wicth the de=~
ve 'vpment of a charyed-particle <eapon. This conclusion is supnorted

by several characterlstics of ‘he Soviet experiments invulved:

o Tht Sovlets' use of air as the medium for propagating
high~current clectron beams points to a weapon, rather
than a science, program. Ground-based weapons would
operate in air; air is not, however, the preferred
medium for noiwcap:n applications af charged-particle
beams,

o The Sovict rendency in these studies is to minimize
interaction and, at the same time, to provide optimal
stability to the propagating beam. Hose instability is
emphasized as the most serious impediment to propagation.

0 An experinent by Usov** demonstrating the tracking

force of o low-pressure channel on a beam bent in a

—
(V) Richard Briggs, private communication.
Ak
(1) See below, pp. 15-18.
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magnetic flerd represented an important contribution
to the solution of a problem unijue tuv beam wespons:
thr tracking of low=prcaaure channels in air by high-

encrpy beam pul ses.

l/j.l' Sovtet resvarch has, furthermore, generated an .mpressive col-
iection of data on the properties o air heated Yy clectric dircharpes
and clectron brams. Knowledge of the heating wmechanism applicable ¢
the beam-af{r inturaction {8 essential to the resolution of the bagfc un-
certainty involved [n the beam weapor desigzn, namely, the feasibility of
atmospheric propagation.

v ﬂl; Thewe coservatisns do not constitute a pruof that the USSR has
been pursuing a charged-pacclicle weapons development program. or aver
that the Soviet work discussed in Appendixes A and B Is weapon-oricuted.
For example, the rescarch aimed at minimizing {nreraction an< prescrvirne
the stability of che bean, mentioned above, 1s also appl lcable to inar-
tia® contfinemert fusion., although air is :.ot a suitable medium of propa-
gat " e fFor that appliecation. {(ne can seldom be certain nf the motiva-
tion of Soviet papers on particle-beam research. The most that can be
sald with certuinty is that this work has considerable utility tu the
development ol chatfed-rartictie weapons. Bevead this statement, we
must deal in probabilities.

pall If the Soviet papers in question have indeed been associated
wvith a waapons program, the timing of tie research work reflected in
thon 1s significant. These pepers suggest that Soviet vesearch ua rlec-
trun=hcam propagation Sre.. '8 down inte two pares: first, an early cycle
of cxperluents. performed ny three teams, and second, what may be called
the current cycle, perft«+med by two other ceams. The elecerfc discharge
work, which hegan well before the propagation work, continued over a
15-year period (see Fig. 1).

(U) The timing of a research activity reflected in a published re~
port involuves three dates: the pubtication date of the report, the date
of its submission to the eéitor, and the time of the actual activity.
The tirst two are almost always given in the publication. For the pur-

pose of this study, the most important ir the third, or earliest date,

beelus Lo
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— — — = Probable activity period
Publication period
» Installation date

Early ai¢ propagation

Current sir propagation

—————— -—
Electric discharges in air
Paviovskiy's vork?
Capac:tor - e e Capacitor
bank, 1.3 ®J LiuBg-2 bank, 2.7 MJ
-- —
Lorgc-scale e Pulscd-power séections
pulsed-power tabliishcd in Acadeny
publications of Sciences, USSR
Adverit of 1t-MeV electran calerators
L i 1 | U ) 1 i 1 1 1 1 1 1 5L I{ 2 1 o= g i 1
60 6! 62 63 64 65 66 67 68 69 70 72 713 74 75 76 77 18 79 8o

5 s e 5 7 !
Sec: Simon Kassel, wve/spment 5.1 7 conlal :f fad’lyl-Line pdseeleraters (U), The Rand

Corporation, R-2112-ARPA March 197, ‘ronfidential).

Fig. 1--Timetable of Soviet chargec-particle beam experiments and related projects
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wh':h may precede che other two by a conslderable time lapse. In Jduting
the Savsiet research, it would be desirabic to extimite the earlicst pos-
siblc period of activity so as to decermine the oripin o1 tnc rescarch
préject fnvolved. In the vase of rhe air propagation exp-riments. this
report bascd iLs estimates of the varllest activity pecfods on the pub-
lication dates o1 the mest vecent U.S. papers cited by the Soviet au-
thors and aztually uscd in the preparation of the citing papery. The
dashed lines in Fig. 1 show the time perivds that air propagation re-
search could lhave taken place, beginning with thc¢ earliest possible

date based on citations of L.S. works. The solid 'ine shows the corre-
sponding publication periods of the Sovict paperu..

(U) The meaning «7 the air propagation and clectric discharge re-
search periods is enhanced in the context of nth¢r pertinent Sovict
activities. Figure 1 therefore shows the periods marking the appear-
ance on a large svale of publications on pulsed-power develcprent, as
well as severai cther events that may be significant to the hypothesia
of a Soviet beam-weapon development program. One such event was the
cstablishment ir 1969 of working rectfonx wi pulded puwer and on high-
current electron accelerators at the Sclenti{fic Council on Theoretical
and Electrophysical Problems of Ele eric Power, Acadery of Sciences,
USSR, Pulsed-power research becamr at thal time a major corponent of
the national R&D effort in advanced electrical energy concerts... The
construction of the rarly Soviet high-current clectron accclerators
probably began in the same year.‘*'

UA The consideration of Savict rescarch activities that may be
pertinent to an assumed military program should include the work of A.
I. Pavlovskiy. Pavlovskiy's electron accelcerators, and expecially his

*(U) In the case of air propagation reports, tne time lag between
submission to the editor and publication did not exceed one year. The
average lag for electric discharges was two years. The difference could
be attr{buted to the greater importance of thc institutes doing the
propagation work.

b \U) Simon Kassel, Pulred-Fauar Hecearch and Devesl-pment in the
/SSI« The Rand Corporation, R=~2212-ARPA, May 1978.

Ak

(U) Simon Kassel and Charlss D. Hendricks, Yigh-Current Tartinle
Bears. I. The MNeaterm USSR hesearch Croiqe, The Rand Corporatinn,
R-1552-ARPA, April 1975. Sec also: L. N. Kazanskiy, A. A. Kolomonskiy,

Decfms: et
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radiai-line acceleratcr, perhaps more strongly than any other Soviet
npublighied accelerater desinns, supgest 1 hean ucﬂpun.* Fipure 1 alsa
shows Pavlovskiy's publication perind and the launching timee of some
of his major research facilitien, including the two large capacitor
bavks and the LIUB-2 linear Induction accelcrator.

() “he events represented in Fig. 1, taken together, may be in-

tarpreted as follows:

d~:\n extensive Sovlet effort to develvp pulsed-pcwer and high=
energy-density technolngy began shortly before, or at the beginning of,
the 1960s. By the end of that decade, the effort had gained sufficient
momentum to warrant the establighrent of two pulsed-power sections in
the Academy of Sciences to coordinate and tlirect the various activities
involved. The national cffort, aimed at a wide range of applications
of pulsed-power technotogy, has sinre {t’ {aception included particle-
beam weapons as a wmajor componert.

U~ The hypothetical militcary program to develop a particle-beam

veapon at the outset probably consisted of at least two parts:

o The development of hardware,.ev’risted to Pavlovskiy
{and perhaps other leading So:ict accelerator design-
ers). Pavlovskiy built a succession of high-energy,
high-current, intermcdiate storage systems and induc=
tive accelerators.

o The theoreticul and experirental resolution of the
problem of air propagation of high-current pavticle

*
beams.

(U) During the early and middle sixties, in the abscnce of high~

current electron accelerators, air propagation was investigated with

G. 0. Meskhi, A. N. Vabloxov, "Imul's Accclerator Overation at 800 keV,
30 kA, >0 nanoseconds," Atormaya energiya, Vol. 42, 1977, p. 113.

®
{U) Simon Kessel, Pgvel rment and Dotantial of Radial-Line Ac-
caleratora (U), The Rand Corporation, R-2112-ARPA, March 1977 (Confidrntial).

*k
This problem was alsu one uf the first to be considered in

the U.S. beam-weapon projects.
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the aid of electric disciiarges in air. As electron acceleratora became
available in the seventies, air propagation experiments were added to
tae program. The teams working on eariy air propagation, cluctric di«-
charges in air, and the radial-line actelcrator continucd to publiah
accounts of their research activities until the middle meventies, at
vhich time such publication app.niently o Jsed.*

t.{# The lack of further pub.icatinn on these svbjects could be
interpreted to mvan either that cthe military program had been discon-
tinued or that further work had been classified and barred from publi-
catjon. The second alternative implies that a new phase of the mili-
tary program began during the mii-1970s. The new phase would involve
more realistic experimentation with particle-beam propagation and the
avaflability of more powerful high-current accelerators, perhaps of the
order of 50 MeV.

v l.i The above hypothesis postulating., firse. the existeace of
@ Soviet beam-weapon program and, second, the military orientation
of Suviet experimental resecarch (s E&jggx_gpg;ulgliye. Al} of the con-
clusions were inferred from melected data, and all of the data taken
separately could be interpreted to {mply nonmilitarv applications. A

nonmilitary interprecation of these data, howewer, would be somewhat

less consistent than a military interpretation.

J-‘ Tn sum, assuming the existence of a Soviet military program,
¢ can discern three stages of its development, as shown in Fig. 2.
The first stage, originating perhaps before the 1960s and lasting un~
til nearly the end of that decade, consisted of preliminary theoreti-
cal work ‘and the butldup of pulsed-pover equipment. The experimental
research performed during that stage was based on a relatively primi-
tive technology. The second stage, extending from the late 1960s to the
mid-1970s, was ushered in by the advent of (1) high-current diode ac-
celerators with energy of about 1 MeV and (2) Pavlovskiy's carly in-
duction accelerators, which permitted scaled-down propagatiuvn experi-

ments. Both stages generated a relatively abundant literature on the

*(U) Searches of open-source literature cannot be exhaustive
enough to guarantee that no subsequent publicatiun has been overlooked.
The search of the 1976~1979 period showed that most of the authors in~
volved continued to publish, but on other subjects.
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(U) Fig. 2--Hypoth«iical Soviet ocam-iveapon development progran

research results. The ti.. ' stage, widch began in the m{d-1970s, was
marked by a severely restrictec publication policy. It {s possible
that new, more powerful equipment has been iqttoduced during the third

stage, permitting wmore realistic expertmcn:atinh.
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Appendix A
(U)  BEAM_PROPAGATION IN ATR

(6) TUE NATURE_ OF_SOVIET RESEARCII

() Experimental rescarch reports (rom flve Sovict institutes for
the period fram 1970 to tho'ptvnunt wure found to deal with 1RFB fnter-
action with air at pressurcs ranging from 107 to 30° Torr. The princt
pal parametsrs of the clectrun beams ranged from 0.8 Lo 2 MV, 30 Lo RO
ki, and 16 to 50 ns. None of .'¢ reports was explicitly nssociared with
anvy single appliration; all wore concerned with the problems of beam
neutralization, sclf-focusing, and optiman: propagativon conditions,

(U) The five Soviet institutes dealing with beam=air interaction,
thear chief researchers in this field, their major machines, and theire
perlods of publicatien are listed in Table A.d.  Each resesrcher Listed

heads a researcl. team, Kesecarch team membors are listed in Appendix (.
Table A.l

SO 1ET RESEARCH (NSTTVUTES REPORTING OH
IREB TROFASATION TN ATR

e e —l e e 8 —— e > — .

Principal Publication
Institule Investigator Acceleratar Period
Kurchatov Institute of
Atoric Energy, Mosiow ).. T. Rudakov Neptun 1970-1972
fnstitute of Nucicar
Physics, Electranics
and Automation, Tomsk Yu., P. llsov Tonuc 1972-1978
Yefremov Listitute of
Electrophysical
Equipment, Leningrad !,. V. Dubovoy REP-5 1977-1978
Phiysico-Technical y
{nstitute, Khar'kov (u. V. Tkach _ Waterline 1972
Lebedev Phyalcy =3
Institute, Moscow A. A. Kolomenskiy Tmypul ‘e 1972-1971
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U ‘ The reports of the five rleucarclu teams publ ished within the
Lime porlods shown fn Table A.1 Dhylfvate a delisfee Soviet interesy. in
the propagation of intense relativistic clectron beams througlh 1.w-
pressure clannels in aii. The probability that this interest derives
from chargwoi-particle weapon applicatlons is supgested by the fol low-

ing characteristics of these reports:

(/’ 1. Focus vn air as the medium of IREB propagation. Few IRER
applicativus other than weapoas utilize air as the principal medium of
interaction with the beam. Certain industrial electron accelerators
provide for the extraction of the beam into the atmosphere, bhut these
feature low-current oeams or cw beams with propagation characteristics
different from those of the ba2ams that wouid be uend in a weapon.

(V) ‘ 2. Attempts to determine optimm channel pressurcs for propa-
gacion and to minimlze prupagation losis. The principal applicationsg of
CP8 technology other than for weapuns--applicaticns in which the beam
interacts with a garcous or plasra medium--nre plasma heating for fusion
research, certiin typez of microwave gencrators., and laser pumping. In
there cascs, the aim is to cnhaince the beammedium interaction, to en-
courage suitabdle kinds of instabilities, and to maximize the energy
transfer from the beam tc the rmedium. Rescarch aimed at preserving the
bean and minimizing the interactiun, other than that neccssary to estab-
lish a propagation channel, can be aasumed to have a )limited range of
applications other tnan for beam weapons.

v ~ J. Study of the confining force of the propagation channel.
The concept of pulse tracking through a channel in free air is unique
to the weapon application.

v ~ 4. Attention paid to the problem of hose instability. This
is known to he the most serious inscability rhat affects long-distance
propagation of high-current beams and is a cwior subject of study in
neam weapen development.

U~ 5. Stress on the determination of propagation distance.

(u) It must be noted that (ssues 2 to > arc also pertinent zo in-
ertial conffnement fusion research, and some of the work of the Soviet

teams considered here may bc orlented toward (usion.

WEO
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f/ MW@ ™o time periods during wiich the several teass were concerncd
with these Issues and the particular accclerators used are sfignificant
tv the hypothesis that a pussible weapous program s fnvolved.

(') Let um ‘‘rst consider the thrac teams whese putlications are
limiced to the period 1970-1973. Thesc teams, hended by Rudakov, Tkach,
and Kolomenskiv, continued to publish rescarch reports after 1973, but
only on subjects otlicr than beam behavior in air. Furthermore, the ac~
celerator facil{tles used in the propagation experiments are not men-~
tioned :igain In connection with the subsequent work of thewse rescarchers.

(U) For example, kudakov used the Neptwt accelerator in his propa-
gat ion expcrimenta, which vere reported on in 1970-1972. Work published
after that period concerned his electron-beam pellet fusivn rescarch,
which featured a scrica of accelerators from the T % . and “mal to the
Augat and 2 'mer. A similar gattern cccurrad in Kolomenskiy's case,
His work published in 1972-i973 was based on the I7~."’s accelerator.
Kolomenskiy apparently did not use the [mpil’¢ in his later research,
dealing with collective acceleration.

(_/ F Tkach used a waterline accelerator in the work published in
1972. Since thar time, hir rescarch has extended to othcr areas, most
notably, microwave gencraLion by electron bYeams. 'The waterline accel-
eratyr has no of flcial éesignation and is thercfore more difffcult to
trace through the publications.

v ~ ‘This sequence of events mny be intcrp-eted to mean that the
three air propagation projects and the accelerators were ordered and
funded by the military. After 19/3, the projects were either discon-
tinued or classified. In either case, the accels::rator faciiities be-
tonging to the military would no longer appear in the open sources.*

(V] ‘I. tt should be emphasized that this hypothesis is highly specu-
lative. The accelcrators may have been phaced out of uactive rescarch
or broken down and their components diverted to other facilities. They
zny even be still active, and their "absence" due solely to our ilimita~
tions in covering the published sources.

'(U) Soviet regulations for industrial R&D contracts specify thac
{nstruments, equipment, and test stands acquired by the Academy of Sci-
ence:s inscitutes at the e¢xpense of the customer must be returned tu the
customer at the end of the research profect {1].
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l/‘ The roemaining two teams of l'aov and Duhovov continued work in
thais arca at least uatil 1978, Duhovoy's accelerator, the REP-9, han
not heen given sufiicjent exposure In the cpen sources to determine ity
special izat ion,  Usov's T 43 accolerator has been used [or the propa-
ration studies sfnce {ts commissiuning in 1972. However, since 1976 it
h.is also been used for micrawave pencration research. The continuing
work ol the two teams daesx not invalidate the hvpothesis of the military
nature of the propagation studics. The arrangement of work of the Tomsk
and Lentngrad teaams may have differed from that of the other teams.

U‘ The above hypothesis implici the existence of a military re-
scarrh and development program witn charged-particle heam weapons as its
objecti .. 1f the hypothesin is correct, the publications of the five
teams between 1970 and 1973 would ropre :cnt the tiworet!cal ard experi-
mertal results of an earlier, nunscnsitive phase of the program,

h A factor tending to reiniorce the military hypothesis is a
1472 paper bv A. A. Rukhadice |2]. It thiw paper, Rughadze, an arsoci-
ate of Kolomenskiy at the Lebedev Physica Instirute, reviewed the de-
velopment of high-current clectron beams fm' the Academy of Scicnces,
US5R.  Accocding to Rukhadze, intensive and systemitic studie of high-
current electron beams Ycgan in 1963. Pointing out the need tor fast
pul:sed-power suvurces that would be more powerful chan thw low-inductance
capacitor bank:, used up to then, Rukhadze indicated that the Mie® taraye
devices and goncrators developed by Al Ve, SPeyndlio and Yo, . Vet rkhow
were the most important for this purpose.

(/. In 1972, whea Rukhadee published these remarks, Soviet CPB
technology, or at lcast §ts nonweapon appl{cat fona, did not .appear t o
be more advanced than the coirrcaponding U.S. technolopv. At tiat L me,
any consicgeraticn of ciatic pulsed-powsrr sources, such as the explosfve
MHD devicos, would have scemed premature in the: United States, and
Rukhadze's remirks would have heen viewed s purely visionary. Never-
thel cas, Rukhadze could have heen motliviated by the existence of a4 Sowvietl
long-range program requiring the divelopaent of new h'zhi-density, low-

veight power sources,

Nezfoss £t ed
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SOVIET RESEARCH RESULTS

1. _The Institute of Nuclear Physice, Eleceronics, sad Autcomation, Tomsk

An ¢xperiment thiit clearly illuscraies Soviet iuterest in clectron-
buam propagation through low-pressure chanuels in free air was reported
in 1977 by Yu. P. Usov and his team, who invest{gated channel tracking
by clectron-beam pulses {3]. To ensurce a free environment for the propa~
guting beam so that it would not be affected by the walls of the drift
tube, Usov provided i large-volume experiment:al chamber for the propapa-
tion medium.

The beam was injected {uto the chamber containing low pressure air.
The beam trajectory was curved by an external conatant magnetic ficvld ot
200 pauss transverse to the beam path.

The clectron beam and equipnient paramcters were as follows:

Electron eser:v 1.0 MeV
fieam current 35 kA

Pulse length 60 ns

Pulve rixe time 20 ns

Cathode diamcter & cm

Drift tube length 60 cm

DPrift tube diamecter 8 cm

Experimental chamber height 80 cm

Experimeatal chamber diameter 80 cm

Magnet ic field inhumogeneity 5 X

‘the posftion of the electron bcam and the distribution of charge
density over the beam cross section were determined by an array of 50
collectors forming an arc 35 cm in radius and vacuum-insulated from the
chamber. Th' accuracy of beam position meagurement was 1 cm as dcter~
mined by the collector spacing. The beam traversed a distance of 70 cm
before rcaching the collectors.

Although a 1-MV beam was ucted, the experimental results showed

that the beam tra jectory radius in a magnetic field of 2 to 200 gauss
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wias shorter than the Larmor radlus computed for 1-Me\' olectrons.  The
actual radius correspondod Lo vlectror enerpy ot 6,4 MeV,  The radius
remilned constant in the range of air prossures from 0.1 to 0.6 Torr,
The sharcening ol the radias {s interpreted as follcewa: While .5~
to 1-McV electvons consticuted 90 persent of all electrons in the beam,
the first 10 ns of the pulse contalned electrons with an cnergy below
0.5 MV, This energy distribution remalned constant for any distance
from 200 to 200 ers.  The plasma chanvel was thus eatablislied by these
low=enerpy pulse-front c¢lectrons. The succeeding higher energy clec~
tronk in the pulre tended to increase the radius, but the resulting
electric field kept the entire pulsc continud to the inftial ciannel.
Other modia of benwm transport in this series of cxporiments in-
«luded plasma tn & vniform magnetic f1eld .4 thin wires. In the for-
mer, a blaﬂm1 channel was established by an rf discbargc between
8 x 40-cm copper electrodes at o f£3s pressure below 10 Torr. The

magnetic fleld was varied up to 130 pauss. Two cases were conwidered:

o Channel width was 2 to 2 times larger than the beaw
diameter. The beam was confincd to the channel at al!
valucs of B. At high B (near 110 gauss), a part of
the beam left the channel and muved clase wlongatde
the channel boundary. At weaker fi¢-lds, the Larmor
radius of the electrons was much larper than the width
of the channcl and the beam trajectory was thereferc
free to move wlth varying electrun energy, without
leaving the channel.

o A more interesting case {accordirg to authora) wos
that of channel diancter being less than beam diame-
ter. The channel was established by a thin-walled
plastic (Lavaan) cylinder enclosing gas at a pressurc
of 0.1 ¢o | Torr. The cylinder wnlls were thin enouph
(15 ) to permit the beam to leave the channel without
significant lnssesa. The cylinders were 60 em lang 3nd

1.2, 2.2, and 3.2 cm in dinmeter; the heam diamcter
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war & v, The presstre in the experiswental camb.or was

3 x 1€ Torr., The (ield vavicd from O e 200 pgouxs,
It was found that the effectiveness o1 heaw trmmsport
In B field increased with rising aemralfzation, In
apfte of the fact that mest uf the olectron boam was 1
viwaup: and the neotralizing positive fons were in the
dielectric cylinder, this peumetry permitted the seli-
tacusing of the heam and assured of fective beam trans-
port.  Ia the B fleld, the clectrostativ (icld of the
gosit ive ions was able to hold thc el werou beim near

tite piasma channel 131,

in the case of beur transport along a thin wire, the wire was con-

sidered . 2 narrow plasma channel. The cffectivencss of this means of

beam transport in a magnetic ficvld of 200 wauss decrceased with
ing wire diameccr |31.

Thesc expiriments were pr2ceded by the following studies:

1974 Reflection of a beam from a conducting surrlace

14).

increas=-

1975 Capture of a heam in a closed orbit by elevctro-

statlic action of a reflecting surface [5].

1975 Beam propagation in plasma at luw pressure
(10i¥ cn~") due to strorg prefonization of
residual gas (6.

1976 Beam prupagation in alr of 0.6 to 1 Torr cver
distance of 2 m. Pulse shortcned at 1 o abuve
20 Torr. Beam propagated 30 cm at up to 150
Torr (7}

In the most recent series ¢f experiments with the large vo
perimental chamber [8,9]), the highext effectiveness sas observe

pressuces of 0.09 to 0.06 Torr. In this ranme, hore instabilit

a

lume ex-
d at
y, which

displaced the beam laterally onc dianetér. was obsccved. The hose did

UNCLASSIFIFD

T



UNUVLADDSII N

18

aot Jdlerapt the channel, and the lateral digplacemieul of the electron
bueam wias canfined to the chaunel boundary which conducted tle return
vat'rent.

It wax concluded that a high-currenc RER can propagate in lurye
volumes of gas, torming a channel for the return current. ‘The cylindri-
cal plasma laver roepresenting the channel boundary shorts the beam cur~
rent in the accelerator and retains the self-fucusing condition. The
plasna lay'r also stabjlizes the traniverse displacewents of the beam.
Increasing the pressure to 100 Torr produrcs am instability that quickly
blows up the beam. This disruption of the beam i8 considered to be due

to the high pressare, rather than to the large volume (8,9].

2, _The Kurchatov Iastitute of Atomic_FEnergy, Moacow

The best known Soviet experirent In air proparstion, publiched in
1972, was performed by Rudnkov, who attempted to deterwinc the distancc
of propagation of An clectron beam fn air at atmomRpheric pressure.
Rudnkov used the Nept:on acecleraror designed for 1 MV, 30 kA, 40 ns
[10,11). The bean parameters wcre 660 kV, 12 kA, 40 ns. In air at at-
mospheric pressure, the bcam blew up at the distance of 12 ca. The
propagat fon distance fn air decrcased from 20 cm at 0.4 atm to 10 cm at
1.6 atm. The dirtance rapidly increased as the pressure dropped below
0.4 arm [12].

This experimental proccdure was not new: S. E. sraybfll and 5. V.
Nablo had performed a siw.llar experiment in 1966 [13). The objective
of rhe U.S. researchers war to verify the S8ennett pinch theory, an .x~
ercise in hasic rescarch. Stace it would have been pointless for
Rudakov to repeat the verifijcation six ycors later, {t Is reasonable o
assume that his experiment nad applied-rescarch purpose aasociated, - =
cording to an explicit atatement in hir report, with proj.agation
distance.

Rudakov's expertiment was part of a stidy whose first results were
publirhed {n 1970. An carly paper [l4l vas a theurctical study of 'REB
atadility in plasma channels. Tie curditions for the occurrence of

hose instabilitv were investigated, the hose being consjdered the mast
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dangerous instability for beam propsgation. Cas lonization and returm
current were investigated for IREB gropagating in air and helium at
pressures hetween 10 Torr and 1.6 atm [15]. Theoretical analyses and
experimental verification studies were performed to determine the prin-
cipal mechanism of ionizarion of the neutral gas; the ionization was

found to be oased on secondary eiectrons driven by the electric field

induced by the bearm.

3. __The Physico-Technical Insticute, Khar'kov

Yu. V. Tkach's treatment of hose inrtability contriouted signifi-
cantly to the study of IREB propagation in air [16.17].
The waterline accelerator used in these propagation experiments

had the tollowing characteristics:

Electron energy 1 HMeV

Beam current 60 kA

Pulse length 30 n3

Energy spread 202

Drift tube length Im

Drift tube diameter 11 cm

Cas presaure 0,01 to 20 Torr

The optimum propagation pressure range for nitrogen was {rom

0.05 to 0.8 Torr. Sausage instability was observed at 0.2 Torr and

bearm current of 30 kA (Fig. A.1,a). Hose ingtability wae observed
at higher currents, above 40 kA and 1 MV (Fig. A.1,b).

30 kA
=010~} torr
50 kA
410! torr

| 55 ka
| torr

Pig. A.1--1REB propapation in gas (nitrogen) (16}
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Hose prowth rate way computed (after Rudakov) according to:

nymy'; v

6
hose (noH ro

Cits

where ny and ny are ‘wam and plaswa densities, reepcctively, m is elac-
tron mass, M iy Len mass, re 18 the initial beam rodi , and v <8> is
che avernge spread of transverse velocitics.

Under the experirental conditions, varied from 3 x 108 to

hose

10 4=}, an.l the product of ¢ and pulse length varied fror 10 to 3.

lioge
Therefore, liosc instability could be obscrved only with the righest
currents ohtainable in the experiment.

The wavelength of hose inatability is limit.d by thc condition

> %-;{lxzo-w cm

The values of hose instability A mcasured in the experiment were about
40 to 50 cm.

Tkach performed experiments to determine the effectiveness of deam
transport in air as a functicrn of air pressure {17]. The rangc of
pressures for a 0.6 to 0.7-MeV, 40~kA beam, corresponding to optimum
propagation conditions in air, ertended from 0.5 to 2 Torr.

In intcrpreting his rcsults, Tkach referred to W. H. Bennett, whose
paper was published in 1968. Bennctt showed that when the current risc
time {s significantly shorter than the skin-effect timc, a rcturn cur-
rent formed in the plasma ncutralizes the magnctic self-field of the
becam. Below 0.2 Torr, becausc of the low plasma density, thre rcturn
current 18 insufficiert for ncutralization, the electron Laraor radius
is shorter than the beam radius, and the bean is pinched off. At low
pressurcs, the rise time of the recura current becomcs compiiratle to the

pulse length, a condition thac also contributer to the decrease¢ of
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eneryy transferrced by the beam.  The experimental data shown in Table A.2

illustrate the svstematic nature of Tkach's experiments (171,

Table A.2

RETURN CURPENT RLSE TIME (ns) IN VARIOUS GASES
AS & FUNCTION OF PRESSURE (0.8 MV, 25 k)

— - - — . — c— - - — —— . ;— - e e e w s TEe . = sa -

Pressure, Torr

Gas 0.1 0.3 0.6 1.0 2.0
Hydrogen 235 18.¢ 14.5 12.5 10.0
Helium 20.0 17.5 16.5 16.0 15.0
Neon 21.0 14.5 13.0 12.0 1.9
Argon 22.0 11.5 9.9 9.0 -
Ailr 20.0 13,0 8.5 1.0 -
Air(theoret feal) 27.0 9.0 7.0 6.0 .-

— — — — — o

Above 4 larr, one of the mechanisms degrading beam propagation is the
scattering of return current electrons hy the fons and atoms of the

xas8. Tkach also quotes simllny results obtainad by I'. A. Miller and

J. B. Cerardo (1972) and bv D. W. Swain (1972). Tkach's experiments
snowed that between 0.5 and 2 Torr, the electron beam propagates 80 per-
vent of its erergy over a distance of 3 m.

Another parameter of propagation, the velocity of the {onization
front, was also discussed by L. §. Levine, I. M. Vitkovitsky, and D. A.
Hammer (1971). The front velocity measured by Tkach was in agreement
#1ith the thet retical formula derived by Rukhailze in 1971. The obaserved
velocity did not exceed 1.6 x t0!" c¢m/s.

4, The Yefremov lustitute of Electrophysical Equipment, Leningrad
In 1977-1978, L.' V. Dubovoy and his team at the Yefremov [nstitute

published a study involving the propagation of high-current relativiscic

electr:n beams wicth v/y - 1 in air and nitrogen at pressures ranging
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frum 107" to 10 Torr. 1he study rought to (1) determin the conditinns
under: which the return current In the conducting plasma chanrel marked)v
cAceeded the heam current and (2) devclop 1 theorv of the anomalously
high losses in beams propagating in gas at . < ! Torr.

The expurimiental cquipment consisted o! the KEP-5 accelerator (18]

with the Lollowing characteristics:

Clectron enecgy 1.5 MV
Beam current ; 60 kA
Pulse length 16 ns
Pulse rise time 3 ns
Angular velocity spread 0.1 rad
Metal drift tube lenath 6C and 170 ¢m
Drift tube dtamcter i 12 cm
Bcawm dlameter 0.6 cm

The beam established a conducting channel filled with weakly ion-
ized plasma. Prcevious experiments shoucd a gtrong broadening cof the en-
ergv rpectrum of thc beam and an anomalously hfch collision frcquency
of plasma electron3. These plhenvmena were considered indications of in-
tense processes of beam-plasma turbulence in the system.

The peak return current observed at 0.03 Torr, larger than peak
beam current, coincided with the maximum hroadening of the beam energy
apectrun. Dubovoy noted that up 'o that time, only Rukhadze (1974) had
attempted to provide a thecretlcsl foundation for the large return .ur-
rent. Duhovoy and his tuno found the computed peak value af the return
current to be twice that of the beam current. For the correrponding
peak pressure, the radial velocity of the olaema channel was 2 x 10°
cm/s. The increase in beam radius per pulse was 3 cm (19].

The case of snumalousily high losses was illustrated by an cxperi-
mental distribution of beam encrgy loss as a function of inicisl pres-
sure. The distribution contradicts the behavior of a beam interacting
with neutral and ionized gas predicted hy the pair collision theorv.

As the density of particles in the path of the beam decrenscs, the beam
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energy should, according to theory, increase monntonically. Duhavos
maintained that attempts to explain the contradiction ar bcam ‘loss froam
ccutomh repulsion or magnetic pinching were not convinefng, sines the
awnmalous beam energy behavior was observed in neutrialized beass ax
well. Dubovoy theorized that the beam cnergy hehovior was caused by

the turbulence vf the higth-current 2lectron beams and verified the

| theory i{n an experiment using the REP-5 accelerator (1.5 MV, 50 ka,

20 ny).

' The cxpcrimental results included a marke:d cnergy sprcead at the

end cf the drtft tube, indicating turbulcnt beam scatiering by the

microfluctuations of plasma instabiliLy excited hy the beam. The turbu-

lent scattering of beam clectrons increased the transvarse prcssure of
l the plasma cihanncl electrons. These consideratfons led to an analvtical
i cxpression for the beam energy which was in agreement with the experd-

mental data {201,

5

The Lebedev Physics [nstitute, Moscow

A team of researchers of the Lebedev Phyaics lastiLute in Moscow,
working under A. A. Kolomenskiy, has been pursuing trcoreticsl and ex-
perimental studies of gaa focusing at least since 1971. The tcam mem-
bers claim that the phenomenon of electron bear neutralization and gas
focusing has been discussed by Soviet physicists since 1932. At that
tine, Ya. 1. Frenkel®' and S. A. Bobrovskiy, and in 1950 D. .. Davydov
ans S. [. Rraginskiy, showed thcoreticslly that the beaw electrons
should be pulled towards the beam axis as a result of space charge
neutralization. They also acknowledged that the Amerlcan physicist
W. T. Link was one of the first observees of this phenomencn, using a
high~current clectron accelerator.

The early perlod of the Kolomenskly team's work may be placed at
around 1970 because of a reference made by two of its mumbers tuv the
publications of T. Martin (1969), F. M. Charbonnier et al. (1967), and
S. E. Crayhi]l (1967) decaling with the uses of 10“ tc 109-A, 10-.V
electron accclerators. Thesce publications wcre called "recent” in a

1972 paper by A. V. Agafonov and A. N. Lebedcv, who further stated:
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Electron beams with these parametery are of extrauordinary
fntercat to a numher ol applications which, however, re-
quire an effectlve mechanism of transverse focusing. The
self-ficlds of the beam are strong cnough to cast doubt
cn the utility of external mignetic felds to control
pirticle dynamics. ‘Thercfore. it §s necessary first to
develop passive methods to controt and focus the beam,
uwsing the sclf-ficld uf the beam or the gas ions [vi'med
9y the beam for this purpose [21].

In the same paper, Agafonov and Luebrdev considercd a nonstationary
facusing procesx--including variation of besm radive and kinetics of
ion accumulation--1cadiny to conditions for beam stability {initial
transverse clectron velority and gas pressure in the drift tube) (21).

Also ia 1972, Kolomenskiy's group presented an analvsis of the
steady statc of an unneutralized becam in vacuum, considering it an es-
suntinl precursor of the transient analysis and, In particular, of tha
analysis of high-frequency beam instabilities. The annlysis was per-—
formed in a two-dimcnsional geometry [221.

The principal experimcnval device has been the I'mpud ' accelerator
(B00 kV, 30 ka, %0 n¥). 1In 1972, zescarchera at the Lebedev 1nstitute
obaerved Lecam compression only in the range of gas pressures betwecn
0.5 and 1 Torr. Below 0.05 Torr, the beam blew up becaure of coulombd
repulsion; abcve 1 Torr, the beam bent into the wall of the drift tubce,
which was ahour 80 c¢m long [23]). A further rcport, published in 1973,
described the drift tube as atout 2 m long, made of glasas, and lined with
stainless stcel mesh. This time a plasma channcl 3.5 cm in diamcter was
ohserved throughout the langth of the tube in the afr pressurc rangc be-
tween 0.1 and 0.4 Torr. Between 0.4 aud 1 Torr the beam wss focused
down to 1 ¢m in diamcter (for a 4-cm injection diamcter). MNowever, at
1 Torr, incipient hose inatability was obscrved. The beam paramcters
at that time were 300 kV and 20 kA [24]).

The subsequent work of the team, publiszhed from 1974 to 1978, deals
with magnetic focusing of the beam propagating in vaceum. A 1977 paper,
howeser, may be of interesc; it rcported an experiment with the Jmpu. 'z
beam in vacuum propagating in a dielectric drift tube. The beam pulse
nose °rosion created plasma which neuitralized the beam and permitted

focusing and propagation without cxternal mapnetic ffeld [25].
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(V) FLECTROX DISCHARGES N AIR

HE NATURE OF SOVIET RESEARCH

High-current pulse discivirge acrcss long gaps in free air has been
the subject of sustiined research in ~lhe USSR since the late 1950s.
The purposes of this work, as stated in some of the releivant Soviet rv~
search reports, Include the study of the behavior and pararcters of dis-
charge channels in air., means of heatiny hot and cold plasmas, develop-
ment of sources of intcnse light £or puwping lasers, clectron accelera-
tion, and protection of high-voltage power lines from lightning.

Only Soviet rescurch reports claiming the first of the above aiins,
the dynamics of !iacharge chanuels in alr, are considered here. In
this group of papers, the experimental studles focur on the deveiopment
f methods for the precise measurerent cf (1) temperature, pressure, and
density of the plasma in the dlscharge channel and (2) velocity of ex-
paasion of the channel boundary. Theoretical develcpment 1= pursued to
inpreve the understanding of the mechanisms of channel .ind shock-wave
formation, with particular attentfon to the role of radiant lux in the
energy transter in the channel.

The experiments involved microsecond current pulses ranging from
2V to 400 kA and iInterelcctrode gaps ranging from 1L mm to 50 cm. The
background of this research appears to be predominantly Suviet; the
relevant papers cite rainly Soviet work and only rarely Western sources.
The theori:tical approach 18 also typically Soviet; the principal analytic
tool is the hydrodynamic :heory based on the concept of self-similar
flow developed by S. I. Rraginskiy and other Soviet rescarchers. Soviet
re-earchers appear tc have accumulated a conziderable body of knowledge
about ionized channels in free air involving high ei.ergy densities.

Table B.i shows several teams of cescarchers to be engaged in chis
work in widely scattered locations. kesearch team members are listed
in Appendix C. A. A. Rukhadze o0f the Lebedev Phyrics Institute is one

the Soviet reviewers of this research. Rukhadze has specialized in the
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theory of stabilitv and propagatior of high-rurrent charped-particic

beams.
'lable B..

SUVIE1 RESEARCH INSTITUTSS REPORTUING UN
ELECTRY OTSCHARCES IN AIR

| ha k et

Trinsipal Publication
Institute Invesnticator feiiod
Unknown S. 1. Andrevev 1965-1976
Lebedev Physics
Institute, Moscow N, U. Basuv 1970
Kiev Polytechnic
Ynetitute Yu. K. Bolirov 1974
7ndzhik State linf-
versfty, Dushanbe M. A, Sultanov 1974-~1976
Chuvarh Sta‘ e Uni- '
versity, Chechoksary (. M. voncharenko 1970

- ——— —t — -

SOVIET RESEARCH RESULTS

1. The Moscow-Kiev Group

The most sustained effort in the area of alectric discharges in
air has been made by a team headed by S. I. Andreyiv. The tecom's re~
porets, which have been appearing since 1965, carry no institutional
affiliation [26-29). The team's main interest is the effert o( the
self~field of very high currents (above 300 kA) on the discharge chan-
nel and the radtant flux as a means of cnergy transfer in the channcl.
Some of the basic experimental results used by this team were contrih-
uted by N. G. Basov, who performed a series of experiments at the
li:bedev Physics Institute in Moscow in the late 19608 to test high-
current discharges in air as a possible laser pump 130.311).

Another contribution t» this work was an interesting paper on a
SO-cm discharge channel putlished by Yu. K. Bohrov of the Kiev lely-
technic Insticuce [32}.
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‘The work of Andreyev's team scarted whkith the earlv hvdrodvnamiv
theorv nt expansion of the discharge chwnnel developed he Braginskiv
and latcr verified experimencally by che team. The {afcial eonclusfon
wvas that the channel expanston velositv during the firet half-pe. {od
of the discharge current could he detoermined with adequate accura 'y on
the assumpt fon of conscant plasma conductivéty (26). Subsequent v -
search develnped u mare complex picture of cthe high-current discharge
phenomw:ria. The studiex were cnncerned with the resoiution of twa basiv
problems {29]:

o The effect of tlhe radiine flux on the development uf
the discharge channcl.
o The pgas-dynamic motion uf the resulting plasma In terms

of self-uiméiar solutons and che def.arture from seif-

aimilarity cavsed by wagneeic pressure (pluch effect).

N. (. Bascv's team took the approach that {f che gas it followed
the constraint of self-similaricy, the radiant flux could he taken 1nto
account in the energy balance, uring the radiative heat rransfer approx-
imaticon [30,31). Basov, a Soviet laser systess developer, performed a
scries of cxperimenty with hiph-current discharges in acmcspherie air
primarily to study such discharges as a possible pump source for lasers.

High-rurrent discharges under atmospheric pressurce form a dense
plasea (16! o 10!" em=") wich a temperaturc of 2 to 5 eV. With high
capacitor bank energy, the plasma volume in large cnough for radjation
to play a mujor role in the cenergy transfer. Basov described the mech-

anism of the high-currcnt discharge ar follows: A cylindrical shock

wave travels at a few kin/s through undisturbed gas. ULiirectly behind
the shock wave front, the gas is compressed and hcated te several thou-
| sand degrees. Nearer to the center of the channel is a region of lLigh
temperature (a2 ‘ew eV) which appeirs as luminngity. Sinc. plasma con-
ductivity rises sharply wich ' emperature, the electrical energy is de-
| posiced mainly in thc hot region; adjoining Ras is cthen heated by

conduction.
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In the energy balance, the elertrical enerstv Input. E. equals the

1
sum of thermal encrpy ET' kinvtic encrgy of gas osution EK. and radiaant

energy Ep:

Ey = By + B +E .

Basov computed thi: balance for a 20-cm discharge initiated by explod-
ing wire from a 50-kV capacitor bank with .urvents of 400 kA ln afr at
atnospheric pressure, depositing up to 25 ki in the channel {r 20 ::s.
ER was cowputved as black-body radiation at wivelengths of over 2400 X.
the temperature and radiating surface of which are functions of time.
The temperature varied from 5 to 2 eV in the 20-us period. The chanael
expansion velocity was 2 tc 2.3 km/s. The experimental data showed
that during the first 20 ws, 60 percent of the encrgy stored in the
capacitor bank was denosited in the plasma and 20 percent of the dc¢-
posited energy was converted to light, th. frequency range of ‘shich cor-
responded to the transparency region of air.

On the hasis of these experiments, Rasov obtained an approximate
self-simijar solution for the rase when the channel expansion front is

preceded by a shock wave. The approximation was hased on the assumption

that the photon diffusion contrihution to the chaunel expansion velocity
was less than the gas-dynamic velocity {30,31].

According to Andreyev, however, the radiative heat transfer approx-
imation i{a valid only for a steep channel expansion front with a uniform
temperature distribution benind the front. It is not vi)id if a large
part of the racfant flux 18 carried by photons with a mean free path
that is long in comparison with the width of the front. Moreover, the
self-field of high currents disrupts the temperature distribution in the
region between the shock-wave front and the channel.

Yu. K. Bobrov observed significant effects of the radiunt flux
emitted from the discharge channel plasma on the paa parameters in the
shock cumprcasion region and on the veloeity of the shock wave [32].

He had performed a spectroscopic analysis of the temucrature and density

distributfon of channel plasma created by a pulse 4discharge in
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atmospher e alr. | The current was 1) to SO kA, with a risce tlme o 1. o
2 s, ddscharping acrong a St-cm gap.

The experimental resules were Interpr ted with the atd of concepes
about pas dvmanics of the datonation and deflarration of conmbustible pas

appl ied to the conditlons at the boundary of the dlscharge channci. The

chamnel was regarded as the front of a cviindrical lanized wave, the
I velocley of which §x Jetcrmined hy radlunt heating of cold Ras,
Farlivr stnlles of spark discbarge {n pas (8. 1. Braginxkiy, 1. S.

Myrshak, and S, L. Mondel'shtam) estahlished a Baxic theoretiv.l model

of the breakdnwn of tihe discharge pap amd the flow of a Yigh pulse cur-
rent. For pulse ¢ ‘ucharges in frec atmosphere, the experliments tevealed
the prosence of shock waves inftiated by the spark. This served 15 a
basts for the development of Braginskiy's gas-dynamic theory of the
wpark. The mechanism of the expansien af the hot spark channei can be
represenced by a mndel of nonequilibrium and equilibrinm thermil waves.
Bobrov corisidercd the pressur? discantinuitv at the cuannel bowndary sip-
nificant {n the development af gas-dynamic models o! the spark discharge.
The spectroscoplc studics of the temperature and density <Hstributfon in

a pulse channel {n air were uséd to develop space~ and tiec-resulved

characteristics of the channel,

The characteristic feature of the radial temperature function is
the flat platecau in the center of the channel and the sharp drop of
tempcrature at the channel hicundary. As the current increascs from zero
to maxirum and the teaperature “cecreases, Lhe electrun density increases
in time. The conslderation of ionizaciun equilibria in the channel
makes it possihle tc usc the obtalned elect~on temperature and density
Jata tn calculating the density and kinctic pressury of gax in Lhe dis-
charge chanial, Moreover, it 1g possible to determine the varfation of
these quantltics with time and at the channel boundary. Bobrov thus
found, in aodition to tae gas denaiLy Jump at the channel bounaary, a
pressure jump with a lnwer pressure In the channe'. The gas pressurce
in the channe) increased with time,

“he existence of pressurc discontinuities and the time functtons
of gas and electron densicy were alro derived from the pencral prin-

ciples of Ras dynamics. Thus, the theoretical value of the veloclity of
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the fonfzation wave, wuider given esperinontal parameters. was 420 m/e .
This % ¢lose o Lhe experimental value of JdefdL = 4746 mes

The evaluat ion of the tont.a inn vave velaciry hased on the as-
samed mechanism of radiacive heat exchange and eloctron thermal con-
ductivity confirmed the valldicy of the radlol distribution of gfas prewn-
sure and densiety in the chamel derived from experimental data. The
front of the slow fonization wave may he 1ikened to the coflagration
front. with a vorresponding pressure drop.  The lonfzactlion wave front
(chuinne'l houndary) a.cts as a moving permeanle pistor. The channel
houndary emitr fas preasure vaves whifch transfeor cnergy from the ' in-
nel to the shock-wave repion. This explalns why the shock-wave tront
accelerates when the channel uxminsion velocity Ineeviraaes.  The pan at
the channel hrundary meves fn a direction opposite te that of the shock-
wave ‘ront. The front encounters fas of higher denstey, {ncrcaring In
tire the pas density in the discharge channel. The rise «f pas densaity
with tine leads to inercasing electron density in the channel, althaugh

the temperature mnd degrce of plasma fonizatlon continue to decrease |}:!.

The cffect of a pronounced pinch etfect on the distribution of
tenperature, density, and pressure {n a discharre channel in atmospheric
atr was studied by Andreycv's group with a 24-kv, 400-kA discharye cur-
rent with = 2 x 10*! A/s rise rate. The shock wave Renerated in the
brealdown of a 1.2-cm gap between flat electrodes reachid a velecli. -F
2tod km/a (27,78]. ‘ihe measurcments were obtnined under covditiins
where the magnetic self-field pressure decreased the channel expan :fnn
rate and the shock wave was Jetached (rom the "plazna piston."

The shock wave absorbs radiant flux from the plasma channe.,. Flux
absorptior can change ihc to=perature and presaure of the gas ant tho
velocity of the shock-wave front. ‘lhe encrgy balance in the shack com-
pression region was computed to determine the principal mechanfsm re-
sposible for the increase in the shock~wave temperature. The intensity
of the radiant flu incident oi. the shock wave waa evaluated, taking
into account the length of the radfating plasma cylinder, spectrnscopic
anta for alr, and plasma temperuture and pressure distribution along

the radius of the dischacge channel.
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The resulta af the ompatat iva showed that at peak carrent
W= 4,9 80, the power of the radiant flux in the repton of specirsl
opaciey {ar air, .o, In the ceplon of flux absorpt {an by the shock
vave, reached le MW, while the power o) the heat flux doe to electron
thermal conductiviey was 41 e, The tput of elevtrls power to the
sanck wive, ¢omputed roea current densfty distribat fon aloug the radiae
was 790 kW. These [.gurer show that the mdiz cont. Lhatfon te the in-
crease In tomperature in the shack wave s made by the radfaice flux (279,

The ridfal diuteibacton ot temperature cbtained in these experi-
rents was strongly inhoeogencous. The time hehavior of temverature dur-
lag the firnt halfl=period of the discharge current inlicuted that the
sclf-simllar flow pactss  was steengly distorted Juring the expansion of
the channel (8. The ditstortion ovvurred when the shock wave reached
the = to J-km/= velacity aad the channel j:lasma iempurature reached

(00 to 70) x 10 £, At peak ewrent, when the pinch wa. st pronounced,

the channel axis cemperature was 72,000 K,  The highent @ mperature

aradient was cb.sersved approximataly lu the midile of the ravfas {297,

2. The Tadzhik-Chuvash Group

M. A. Sultamev of the Taduhlik State University (n Dishanbe also
studied hlgh=current dischiar v in atmospheric afe.  ike the authors
ulscunsed above, Sultanov was concerned with the drveloprvat of the

| h,drodynumlv theory of dtscharge chnanc! expansion and the mech.anism of
chaunel heating. Sultanov, however, streased the contanination of the
channel with plasma flares ejected from the discharge gap electrodes.

Sultanov's: experimzsnts lnvolved peak currenta of 30 kA with 4 rise
rate ot 2 x 10" A/s and curranc pulse Iength o1 250 us. The electroics
were 10 me in Jlameter; cle gap 10 om long. The stwiv focused »n the
explosive and shock-wive phenomena occurrirg in tivwe discharke channel
and at the electrode surface {33-3S].

Sultanov observed thaL electrode flares c¢jected .it varfous veloci-
tfen play a major role In the varciation of etructural and vpectruscepic
characteristics of the discharge channel. In particulsr, such {lares
affect the channel expansion velocity, propagation velocity of the

shock wave, temperiture and electron ri.icentrati.n le the channel, and
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properties of plasmi around the chiumnel. Sultanov suggested the : llow-
ing mechanism of high~current pulse Jischarge: The breakdown of the
Inter-electrode gap leads to the formatfon of a thin ‘urrent-conducting
channel which absorbs a large amrunt of cnergy in a relativel; short
pertod of time. ‘the heiting and subsequent exponsion of the channel is
due to Joule heat. The rapid expansion of the channel is followed by
the arrival of electrode flares formed by heating, melting, uid vapori-
zatlon of clectrrde surfaces. The diffvrent vejocitics of the electrode
flares cause density perturbations in the channel and plasma heating by
hydrodynamic effects (35].

The theoretical analysis was hssed on geveral earlier Soviet stud-
ies in tihis area, the first of which was the work of 8. V. Kalachev
(36), who perfcrmed discharge expeviments in supersonic (M = 4.5),
subsonic, and zéro air flows. Kalachev noted that [ast air flow con-
siderably affected the prebreakdown process in the discharge gap aud
changed the shape of th. discharge channel. The electrical character-
tstics of the discharge, such as current and voltage pulse sharer, vere
alfecred litcle by the afic flow.

C. M. Goncharenko and '. N, Rowanenko of the Chuvash Stare Uni-
versity in Cheboksary provided another carly atudy (3?]. ‘‘hese authors
employed the sell-similar flow approach to coanpute the channel radius
expansion, bascd on hydro¢namic theory. In their experiments, currents
varied from 2 to 70 kA and rap lenpths from ! to 20 mm. Their purpose
was to determine chaunel parsmeters at pressures up to 100 atry, when
instabilities develov in long gaps.

Also of interest was N. I. Fal'kovskiy's spectroscopic study of a
frce discharge in air, using currente of 19 co )00 kA and voltages up
ts> SO kv [38]. Single current pulses of 2 ys with a rise tlre of 3.5
to 7.5 us were pa.sed across 1 20-mm gap. For the 100-kA current, the
texpevature in the chani-el uecrcased from 65,000 K at 100 ns to 20,000 K
at 15 us,
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Appendix C
SOV1ET RESEARCH TFAMS

Members of ti'e Soviet research teams discussed in Appendixes A and
B are listed below by type of cxperiment performed and institute affil-
iatfon. The princiral investigatol' of evach team is listed first.

AlR PROPAGATION EXPERIMENTS

Inst itute of Nuclear Physics, Electronics, and Automation
Torsk, 1974-1978

tu. P. Usov
{. N, Didenko Ye. 1'. Protasevich
C. 1. Kotlyarevskiy A. I. Ryahchikov
Ya. Ye. Krasik V. V. Tikhomirov
A. V. Petrov V. A. Tuzov

Kurchatov Institute of Atomic Energy, Moscow, 1972-1973
L. 1. Rudakov

0. B. Fil'kin L. V. Novobrantses
S. S. Kingsep Yu. L. sidorov
. ". Maksizov V. P, Smirnov

A. M. Spektor

Physico-Technical lrstituce, Khar'kov, 1972-1974

Yu. V. Tkach
N. P. Cadertskiy §. S. Pushkarev
Ye. A. Lerherg V. D. Shapiro
1. 1, Magda V. 1. Shevchenko
I. N. Mondrus G. V. Skachek
1. P, Panclenko A. 1. Zykov
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Vefremouv [nstitute ot Elocerophysical EqQuipmint
Leninpirad, 1977-1978

t.. V. Dubovoy

V. 1. Cheraobrovin A. . Perlin

T. 5. Gosteva V. A. Radfchkin
B. A. lvanov V. B. Shapiro

S. A. Kolvubakin ¢i. R. Zablotskaya

Lebedev Physics Instlitute, Moscow, 1972-1973
A. A. Kolomenskiy

A. V. Agafonov V. M. Likhachev

Yu. N. Chekhonadakiy 1. V. Sinil'shchikeva
L. N. Kazanskiy 0. A. Smit

4. N. Leoedev V. S. Voronin

Yu. 1. Zozulya

ELECTRIC DISCHARGES EXPERIMENTS

Unknown Affiliation, 1965-1976
S. 1. Andreyev
S. N. lLeonov R. A. Liukonen
B. 1. Orlov

l.ebedev Physics 1nstitute, Moscow, 1970

N. G. Basov
8. P. Borovich V. B. Rozanov
Yu. Yu. Smovlov V. S. Zuyev

Kiev Polytechnic lnstitute, 3974
Yu. K. Bobrov
N. 1. Pal'kovskiy 1. K. Fedehenko

Tadzhik State University, Dushenbe, 1974~1976
M. A. Sultanov .. 0. Sesmikin

Chavash State Universlty, Cheboksary, 1970

G. M. Concharenko 1. N. Romanenko
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