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L VOLUME DISCHARGE IN A GAS, EXCITED BY AN ELECTRON BEAM ~ /357%
T - UNDER CONDITIONS OF NONUNIFORM IONIZATION oo

0. B. Evdokimov,?G,;n, Mesiats,'and V. B. ?onomarev**.

© . L. INTRODUCTION k

Volume discharge in..gases. excited by electron beams [1] has found ?f;
“w1de applications in powerful lasers [2] in powerful commutators [3] '
plasmatrons, etc. The theory of such discharges assumes that the dis- "~

‘tribution in the rate of generation of the electron-ion pairs is uni-

.}:form along the depth of the discharge gap. - However,. in reality this iSf*}-f
. not always the case. Because of the probabilistic nature of electron .|

 scattering in gases,.the spread in the . energy spectrum of the electrons ..~
upon’ their passage through the foil and. into the gas, and also becausevlf;fr

‘v‘of time-variations in. the voltage of the accelerating diode, the dis-
i“.ftribution of the generation rate of the electron-ion pairs can turn out '
"'-to be non-unlform In effect, the beam electrons become thermalized
'7'4[41 ‘This leads to nonuniform concentration of plasma in the discharge .

hcolumn and to a nonuniform: electric field, which in certain cases leads,j'7
to 1nstab111t1es in volume discharge [5]... Since these instabillties

:.'are connected with the spec1al properties: of the injected beam, they

vpare called injection instabilities [5]. In the case of lasers, the non- s

. uniform ‘ionization leads, 1n addition, ‘to .a nonuniform population in-

" version whlch is manifested in the optical steady—state properties of
'»the.laser The question of dlstrlbution of the electric field under -

- ¥Numbers in margin indicate pagination in foreign text
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‘the conditions of nonuniform ionizationvis-discussed in part and on a
‘qualitative level in f6}. In,contrast.with'[6] we will derive the
-lsteadyrstate electric field.distribution taking into account shock
ionization. We will also consider the voltage-current and energy cha~
" racteristics and will take up’the question of how the discharge prop-
erties at short-time intervals,'of injected beams are affected by
the nonuniformity in the rate of degeneration of the electron~ion

pairs.

We will start with the - following system of equations for the one-

dimensional case: .
. an_ ©gn_v-

! _az.-‘ dz
: (9_r_zi+an+v+
gt dz

OE . -
_-—..=——(n+ n_) v*'—p’tE
0.1: . &

= ‘l’+an_i)_—ﬂﬂ—n++g,

;—_Tilf+a‘,z_v_—ﬂn_n+, . | L - . (1) .

'Here,°T is the volume rate of generation of electron—ion pairs, the

number of electron-ion pairs created by the fast electron beam by
1on1zat10n of atoms per second per . unit volume; g is the volume speed

of aneCtlon of beam electrons as a result of thermalization; n u,

v 'are the concentratlon, mobility, and speed of the ions and electronsf
/respectively, e is-the electron charge, E .the electric field intensity;

/B - recombination coefficient; o - the coefficient.of shock ioniza-

75 / tion. Here and in what follows, the anode is locatedgat.x = 0 and the

. cathode -at x=d. - S - 3 . /358

By order of magnitude g/ W~e/(T>, where 1 1is the average energy of
electron-ion pairs created, <T? is the average energy of fast electrons. .
We assume that the thermalization time of fast electrons is short.

: ‘II..‘Electric:Field Distributidn_in the Steady State .-

:One of the remarkable prooerties'of volume discharge at large Y is.
the small value of the -cathode voltage drop Uk’ in compariSOn with the -
applied.voltage Uo’ Uk <<Uo [7]. ‘Let.us consider a discharge column
- . where we negléct ion drift. In this case, .our system of equations (1). -

L S T



"~ . becomes:

. ¥ (a) g (s) Fapn-E=pnan., . R - .(2)
,_4-'...j.=j.,(z)+ep-n_E, %aég(é)-": : ; .
- . 0E == e(n,,—n-) . k ) o ‘ A

-where j is the beam current density through the gas at-a depth X. 1In -

| " the steady—state case, usually Jo (x) <<eu_n_E; hence, J ~ ey_n_E. Let _

'~us suppose, Just as 1in the case of uniform- ionization, that in the dis—"

charge column n,

isiapproximately equal to‘n_, i.e., -
|n+—n_|<n_, : . (5)

,fThen, by eliminating the electron concentration from (3) ,we obtain in
an. imp1101ty form. the field distribution | g | :

R T (e
eV (z) +‘az,<E)i; Wb . - |
- 'where we have set py_ = u. Figure 1 gives examples of typical distri-

Lbutions ¥(x) obtained by‘solving the.kinetic equation'which describes
“the transport of monoenergetic electrons in nitrogenfin'a uniform field

.. and by taking into consideration the. separating foil. " The fast elec- _

trons are inJected through the cathode The function W(x) decreases
from the .cathode to the- anode, nowhere is it equal to zero, since an
electron beam propagating through the medium is accompanied by brehms-

’istrahlung Approx1mately y /Y 10 2*% 10 3. With increasing

min’ *max
'field intensity ¥(x) becomes more uniform

Clearly, starting, with some minimum value E(x = xm) = E nin REar
'the cathode, the field increases in the direction of the anode If '
,{2?*>0 for all x, then X, is at the boundary between the discharge co-
Jlumn and the cathode region. When the discharge voltage 1s several
‘times smaller than the‘static breakdown voltage then at the pOint
‘where ‘the electric field is a. minimum, the inequality W(x )>> o E

-fholds and therefore

min

)J/e

_E““ -—,“'\;’ (-I—) . . .. ) - ' . ) .



"and by combining (6) and (7) for 0<x < X > We have

;W@ Eh uE...«..a(E)
\If(:r,,.) E‘(z) Yb‘{f(z,,.)

(8)

BN R is possible to show, by considering (8) and (U), that condition "~ /359
(5) is true if ' : -

‘7 T eEnn¥p¥(za) |<4; o (9)
' 2e‘l“(z) 1 dz L - , .

Condition (9) takes -into account’ the fact that E<E;gﬁ??£3ﬁ?ﬂﬁ

Hence, whenever shock ionization is signlficant condition (9) is an
:overestimate and is fulfilled for realistic values of ¥(x) (see Figure
1) Figure 2 shows an example of a calculation of the field E(x) for
discharge in nitrogen - It shows the influence of shock ionization on
’the distribution of the field. The . curve labeled 2 is a calculation
without shock ionization. Curve 3 is a. calculation taking shock ioni—

zation into account ‘according to. equation (8), ‘'with parameters u-
500 cm /sec, B = 2 x 10-7, the a(E) dependence is taken from.[8].

' B
o 'fi‘ _ 3/ 2[1 E:
T lo ‘Y . m !
SR T i
5 e 105
>0 7 i
-q E [
Q . !
LI 1 ] (Y A 3
TG0 20 o 60 80 o o . !
R P-decm atm. 0 T 0 .5 1w 15 Wdem \
Figure 1 ‘The distribution of the ‘Figure 2: The distribution of the
generation speed of electron-ion - electron-ion pair generation rate y
pairs in nitrogen at atmospheric (curve 1) in relative units in
pressure behind an aluminum foil ' nitrogen at atmospheric pressure - .
of 50 y thickness. Curve 1 - in— " at beam current 5-10-%a, initial
" put energy 150 keV, E/p N Y kv/ energy 200 keV, foil thickness
atm- cm, _Curve 2 - energy- 200 keV 50 p; 2=~ electric field distri-
E/p = kV/atm -cmy;  Curve. 3 -~ ~bution without taking into ac-

. energy 200 -keV, E/p = 4 kV/atm %m ~count shock ionization; 3- elec-
" at the beam point 5 - 10-4 a/cm tric field distribution with shock.
: g ionization.

. The . calculation uses the distribution W(x) (curve 1) calculated

for'a uniform fleld E Emin’ - Since EKf)Equmin"th§~reé; distribution




Zcharge with inhomogeneous lonization with "the condition \Iggﬂdx~Ua Do

is a smoother function and hence, because of Equation (8), ‘curves 2
'~"and 3 give an upper limit for the field distribution.

' 3. CURRENT-VOLTAGE AND ENERGY CHARACTERISTICS

The relationships (6), (7), and (8) allow us to calculate the cur-
rent voltage (cve) and the energy characteristic of Volume gas dis-

‘>“iwhere U is the applied gap voltage If we’ neglect shock™ ionization,
' }then’gromﬁ(ﬁlrit_follows_that )

| -""jvg"w~~f'f“““‘““" : - SR
Ez:._,._____' L C CoL 10 Nt
:.(_) em(‘{f(:c) S '-}”.7—‘“_(" b T
V;Integrating (10) from x =0 to xm, ‘we obtain cve - o :} L /360
_ Wi an

e

RTINS o I

‘here, -

| | R a2

(‘Y 'I'>E.—1— dz . . ’
vwxz) |

' When U /d is increased, the distribution W(x) far away from the
'icathode becomes more uniform (Figure 1) and . according to (ll) and (12)

- for sufficiently large distances between the electrodes, we can expect

‘that with increasing_Uo,,the current will increase more rapidly than

 linearly.

1y
i C L e e e s = 2T
:'3‘ Figure 3: Distribution of genera-

& A8 9 - - - tion rate ¥(x) (curves 1 and 2)

o P i 1 . K electric field (curves 3 and 4)

'3 —ds! - " -, .specific power (curves 5 and 6)

e ' — | ?}3?. _in nitrogen, at atmospheric pres-
T sk : o 4_qquf§; " sure, behind a foil of 50 u thick-
s - j.ah.;;. ness for electric field intensi-
g i 9. + “ties of 2 and 4 kv/cm, respec-

. Y S 842, & . tively; -initial beam eneﬂgy 200

A ,; I % - keV, beam current 5 amp/cm® .

: , R =4 | w - . Dashed lines (7, 8) denote the
.0 0 20 7 dem - .. .- 1levels of specific power corres-

L .. . = . ponding to the case of uniform
" lonization. S
' 5




Specific power generated in the ‘gas discharge upon neglecting shock:
~;1ionization is calculated from: : ~ ~

o Ud AN T (13)
PI=E— B} mzd- .
! IS > IR o -

_-Equation (13) shows that spec1fic ‘power generated in the discharge in-
creases with decreasing W i.e., in the direction of the anode. -In the . .

specific’ power‘generated in the .

',case,of.uniform ionization.?(x) =¥,

‘discharge is equal to
elJ.Uonq’o ) S ‘ o " o o (lll) - |
'-;‘ dsz- ‘ I

-
"fFromn(l3)-and (%) we‘obtaini_

.fnu;_ 1y '1”,4.. ,L ‘ .‘g g )
P, VTV @ \vi? > oo a9

c ’ -1 ’ E
_'*_If one assumes that Yo v 27 (x = d) then un>< > ; hence, we can
"7expect in the v101nity of the anode that PH > P . In Figure 3 at cur- L

irent density 5+ 10 4 a/cm2 ‘initial electron energy 200 keV, aluminum

foil thickness 50 um, U = 80 and 160 kv respectively, we show the dis- -

‘:{tribution ¥(x) curves l 2 E(x) - curves 3, U, PH - curves 5, 6.

Dashed lines 7 and 8 show the level of specific power P For given
,liUo and d, shock ionization is negligibly small. . From Figure 3, it is A
“1apparent that in the vicinity of the anode we not only ‘get. an increase,
in the:;j",” fieldjif' -, but alse in the- generated specific
““pOWer Moreover PH Po, in'spite of the fact thatiil = - ' _,5/36l
L . ﬁi‘x - . . L :: ' B
"SP(na | L
R - <Vw> <1 EE - (16)
S Pydz ‘ . '
3.

g, SMALL TIME NON-STATIONARY SOLUTIONS

For short: times t<t,= 9 and large y we can neglect the drift

2V
,'and the recombination terms’ 1n (l) and in the discharge column we have ;
. n...~n+~‘l!t . : " R

an-v-

The drift term is negllgible 1f ] ]< ‘l’(x) for t = 'rp, which



is equlvalent to the inequality

wm.nvwm‘n\d‘v‘«,*' o - oan
AT 4 dz ' g o

t

.- where we set ¢t = ib'; The system of equations (1) with the condition
: (17) gives an’ equation for the charge o :

ai- A”e p—eg+euEt—a-— o S : (18)

From the right—hand side of (18), we see that the volume charge is

“F,created at the expense of the thermalized electrons g and the gradient.i
- of the generation rate of the current carriers In the reglons where o
_-wWe can-neglect the creation of: volume charge at the expense.of d¥y/dx,

" we obtain. from (18):. ' ' a ‘ '

.p==egtAjexp'[-—a-t'(il—u)]du,:"~an.‘euq’. o '. - : | (19)

The - time dependence of the volume charge density p. shows an extre-;QT

"'mum.m For at2 << l the charge density grows - in time~ asy-*'

and for large t (but Smaller-rp), we obtain

eg -
2at '

:fwheré”b_is a'decreasing.function'ofﬁtimsg‘
1ALetzusﬁestimateAthe'maximum pps The function 5
, f'=tjexp[—-at'(1-u')]du ;,. : .. SRR ' ‘.
;isflimited by the inequality._. ' | T o
- | | ' texp'(—at’) <fé[‘1;exp(—-'at.‘) Ja=te-t, t>‘0.v.~
Hence; the maximum value

1'—exp'(-;at*) ) '

: max'(te"") <max j<max (
_ o at

"Tne left-hand side of the inequality has the extremum at at2 = 0.5

' and the right-hand side at- at2 ~ l 25. Hence 0. U3 a -l72 max f <



. - 0.64.a 172 is the extremum value of the density _ngzﬁiﬁ and the
~ evaluation of the maXimum field at-the expense- of thermalized elec-

ftrons is
%e> Y@ pd
—_ d = R>d..
-‘- J.Va(z) 4Rd‘>e S : (20)
1:For:beam currents J_'= 1 a/cm2; e = 35 ev, 3 =2 . 107 7 cm3/sec we
"have: T = 5 - 107 sec, Ya=5 - 108 sec'l,.experimental time a -1/2

=2+ 1079 sec,_and for distances of the order of R~ d, we obtain

" Ep v 5 kv/em. Because a n Jo» 1t follows from (20) that Ep v/ . The -

._;above estimate shows that, under the conditions consldered the con-

tribution of thermalized electrons to the field 1is apprec1ab1e for cur-

"'nrents of the order of 1 amp and hlgher Moreover, in a time propor-

" tional to a

- ‘thermalized electrons: pﬁ~to their saturation density- Py is indepen- :

-1/2 the volume charge‘density.undergoes‘relaxation asymp-

© . totically as't-l.- The ratio of the maximum value of charge density of

P
P

~dent of g and i1s determined by the species'of’gasAunder consideration ’

o

P- 35

lThe relaxation is connected with the time growth of conductivity (if
1/2 : .

<<
Tp)
Let us con51der next the building up of volume charge neglecting
':thermallzed electrons Let us use the equation for. the total current -
j*which follows from (l) ' o o
. ‘-—~—+—n( t)E(z,t)=-—J(t) . . (21)
- at e _ :

Assumlng that the voltage along the discharge column remains prac-
_.tically constant after integration with respect to x,‘equation (21)
glves"' e e S . , - o
: o ST L ORI
. J@)=—n(z,t)E(z,t)dz. : o
'<),%J<>?< )_; ; s eei22)

- Given that at highielectron'pair generation'rates‘ 5
o @ — o (@3)
n(z,t)=" '—i(—fz-,th tYwp . S



‘.and assuming that W(x) is determined only by the average field Uy/d,
jand therefore-is time-independent from (21), (22), and (23) we obtain .

»an integral equation for the field

- )y
s -
v

where ¢ is a constant determined by the condition f Edz=U,
oo . . ) . . . . e ‘

t

_[ jer E(, :')thmxfpdz" 2w

U
E’(x, t)=-——-e" +
, e‘r:c,,.

;where  y'=y(t/,z')=vinch?’ _Y ¥R, ve=ep/ep, 1{!'?'\}! (:c").

' Equation (24) can be solved'byiiteration. As the. zero-order ap=-

iproximation, let us take E ='Uo/d.' Then for t + e, it follows from

; (2)4) that ‘ . e e Atnag s o
: o A-?f@%hifﬁﬁﬁz g
<IN A IPNMAL (25)
E o zal¥(2) ._ e YW (z) -

As'in equation (8)I here E(x,'w) Q‘l/l'lxi The results of (25)

<)WW““< > ‘For small times when n(x,_t) = W(x)t from (2#); we

g'.
t

As 1is apparent from (25) the relaxation of the field from its exé

'?tremum to- the stationary value is determined by- recombination and takes’

- —— .

tvobtaln.,w o : ] . "fw%l“ i E ‘ ".1" ' | Wu,,%"ﬁ',‘.
| | . -E(z,t) (\y> TUTTD ) R S
' - = +({1- - t, . L B
O E W(z) ( ] ly() °“’( " ) N R (26)
j_e, -for- at2 >> 1, but t < Tp: , E |
| Ez,t) D> L @y
B W@t o

-pComparison of (27) and (25) shows that the electric field intensity lﬂ'?

- ‘the discharge column goes through an extremum

‘place in a time t A (2 - 3). Tp, The field distribution at the time of

2

the extremum can be calculated exactly For at® >>1, L. > t, n(x, t)

| f
'ﬁ ¥(x) *» t, we.can~take %§-0 and then it follows from (21) that

.

C
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o "_T.heref‘ore,'

“=vele)

~1/2

'j?Thisrresult is more exact, the better inequality T;,>>a- is satis-"f
- fied.. ' o o : ‘ ‘ T

" Specific power-at eXtremum field (27)'iS'determined by:

P o eHE t:m >-. VZepeE’ >-'

_ bl \yu) v/ Whu) W

~ when at? s> 1, since
' ' : ’ E el 4=t ' o o ‘..'
k=qu=qﬂ¥@E"=qﬁmE<;F> e . - (28)

Thus, short- time considerations show that for non-uniform ioniza-
-1/2

fi; tion after a time of the order of ~ a ', the field and the specific
. power undergo a 51gn1f1cant redistribution within the gas volume. CAf-

 -terwards, during the -time (2 - '3) T one sees a decrease in inhomo-

"".geneity " Since the first stage takes place in a relatively short time,st{

: afterwards, conditions are espe01ally favorable for those mechanisms

B of 1nstability of volume gas discharge which ‘are determined by the

rffield intensity rather than spe01fic power

- We must remark that (28) does not exclude the possibility that :
'P"‘>P (t-»-oo) - . . .

'5. EXPERIMENTAL RESULTS -

.The fact that during»electron injection the electric field in the . -

gas gap can be strongly distorted is experimentally .verified by the
.. observation of instability of the gas discharge when the energy spec-.-
.trum of the injected ‘electrons 1is broadened {9, 10]. For injection
pulse. times of 10 g.sec the_increase in the fall-off of .the voltage
" at the .top of the accelerating voltage pulse always led with other

10.




" variables held constant to the"instability of the discharge [9]. The -

instability first appears 1n the anode region, i.e., specifically at

. . - the location where field. increases must occur as a result of redis-

» 1;'tribution of the potential'caused by the inhomogeneous'distribution of
conductivity in the gap We must remark that-the 1arge duration of the _
'pulse front of the accelerating voltage can likewise be a cause Of in- ’

"stability -

The effect of the spectral characteristic of the electron beam of '
duration 10-8 sec. on the instability growth time .was investigated in

. _‘°[103;. It was shown that lowering the maximum energy of the injected
- electrons from 180 keV‘(current‘ 50 amps)_ to a value for which the cur=-.
_;rent was. 1l amp, sharply reduced the instability growth time for dis- |

V charge in nitrogen at 7 atmospheres In a number of cases this reduc- .

. tion was by a factor of 100 and meant at — 10 9 cr‘ Such short in-lfjf“
'fstability growth times are’ caused by streamer: discharge initiated in o
:’r the region of field increase, for which [ll] '

N

.lﬁ,zlnhhéa ;".fd:" o o (29)
V- - : ’

78_..3

o where‘p is the gaszpressure and an'lO ~is the critical electron number‘_:
. lin the . avalanche. At nitrogen'pressures of p =7 atm and t n 10-9- ; _
RS sec' “the electrical field in the region of inhomogeneity growth must f‘,
: u;,substantially exceed. 105 volts/cm ~Sueh a field can be easily due to S
- .thermalized, - low-energy electrons [5]. We 'should note that formula
'-3;(29) may be useful 1n the investigation of fields due to electrons
7‘thermalized in gases ’ '

A._ In conclusion the. authors express their gratitude to Yu. D Koro—;

"Vlev for helpful discussions.»
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