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In this paper we present an analysis of the predicted dynamics of plasmas generated in air and other
gases by injecting beams of high-energy electrons. Two distinct regimes are found, differing in the
way that the excess negative charge brought in by the ionizing electron beam is removed. In the first
regime, called a fountain, the charge is removed by the back current of plasma electrons toward the
injection foil. In the second, called a thunderstorm, a substantial cloud of negative charge
accumulates, and the increased electric field near the cloud causes a streamer to strike between the
cloud and a positive or grounded electrode, or between two clouds created by two different beams.
A quantitative analysis, including electron beam propagation, electrodynamics, charge particle
kinetics, and a simplified heat balance, is performed in a one-dimensional approximati@201°©
American Institute of Physics[DOI: 10.1063/1.1363666

I. INTRODUCTION tion of beam energy and current along its path is again quite
small, simplifying theoretical analysis.

When beams of energetic electrons propagate into a gas, In the third group of papers on electron beam interac-
they lose their energy by ionizing and exciting the gas mol+tions with gases details of the energy distribution of electrons
ecules, with 30-50% of the beam energy spent directly ofin beam-produced plasmas are addres&ed.Because of
ionization. Use of electron beams as an efficient ionizatiorcomplexity of the problem, those analyses are zero-
source to stabilize electric discharges is well known anddimensional, i.e., uncoupled from beam propagation and
widely used, in particular, in electric discharge laskrs. beam-produced ionization.

The propagation of an electron beam injected into a In this paper, we consider beams with initial energy of
background, initially neutral, gas is a complex and multi-between 1 keV to a few hundred keV and a current density of
parametric probleri Considerable experimental and theoret-1-100 mA/cni propagating into a gas at a pressure from
ical work has been done on the interaction of electron beamabout 1 Torr to several atmospheres. We will be interested in
with gases, where beam-induced ionization, return current situation where the beam loses its energy and ionizes the
and charge neutralization strongly affect the propagation ofjas far from the walls, and where the tip of the beam-
the beant.® Theoretical work on beam—gas interactions per-produced plasma does not reach the anode. The low beam
formed to date can be divided into three principal categoriescurrent allows us to neglect self-induced magnetic and elec-

The first category, represented, e.g., by Ref. 3, addresséomagnetic effects. On the other hand, the relatively low
relativistic (MeV-clasg high-current (kiloampere$ pulsed beam energy and high gas density result in a relatively short
beams. Because of the high currents and faahosecond beam penetration length, from a few centimeters to perhaps a
transients, self-induced magnetic and electromagnetic efew meters. Over this length, the energy of beam electrons
fects, coupled with plasma generation, are of primary imporvaries quite significantly, so that the beam propagation is
tance. However, the beam is assumed to be unaffected by it®upled with plasma generation, motion of charged particles,
passage through the gas. This assumption is valid when thgas heating, and spatio-temporal evolution of the electric
beam relaxation length is very large, which is the case for afield. In this paper, we develop a model for these coupled
MeV-class beam propagating into a low-to-moderate presphenomena.
sure gas, so that the beam energy is almost constant within  One of the main issues in the case where a beam loses its
the spatial region of interest. energy before reaching any wall or an anode is the mecha-

The second category of papers addresses diffuse electniism of charge neutralization. When injected into a gas
discharges supported by electron beams with applications tihnrough a cathode toward an anode, an electron beam gener-
high-power lasers and fast switcheor to plasma reflectors ates both a plasma and a cloud of negative space charge. As
of electromagnetic wave's1® The main requirement for the a result, the electric potential inside the gap becomes lower
electron beantinjected from the cathode to the angdda  than the potential of either of the two electrodes. If the pre-
those discharges is to provide a uniform ionization through-existing anode voltage is high, and the beam stops close to
out the volume. For this, the beam relaxation length shouldhe anode without actually touching it, then the electron
exceed the interelectrode gdp>>L. In this situation, varia- beam can quickly bring negative potential close to the anode,
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“Thunderstorm” properties, electron beam-sustained single-electrode dis-
e-beam o] charge should be similar to conventional glow dischdege
cept that the electron temperature in beam-produced plasmas
could be very low—see Secs. Il and)liThe beam injection
foil acts as an anode, and the tip of the cloud of injected
negative charge serves as a virtual cathode for the fountain
discharge. Of course, the cathode of the electron gun where
the beam originates is the real cathode for the system as a
whole.

II. ONE-DIMENSIONAL MODELING OF ELECTRON
BEAM INJECTION, DISTORTION OF ELECTRIC
FIELD, AND PLASMA GENERATION

0 A To analyze the dynamics of beam-generated plasmas, let
us consider a 1D model of a non-self-sustained high-pressure
gas discharge, supported by an electron beam whose relax-
ation length], , is shorter than the interelectrode dagFig.
1). The foil through which the beam is injected is considered
as one of the electrodes. In reality, a metallic holder electri-
cally insulated from the foil by dielectric seals can have a
potential applied to it and serve as an electrode. In the simple
1D model, though, the holder-electrode is indistinguishable
from the foil-electrode.

Of course, 1D modeling could be quite restrictive. Even
if the original electron beam is unidirectional and monoen-
ergetic, scattering inside the foil and in the dense gas could
make the problem three-dimensional. The problem would be
close to one-dimensional one if the injection foil is very thin,
or if a differentially pumped port is used instead of a foil for

FIG. 1. Schematic of fountain and thunderstorm regimes. The electron bealbeam injection. Additionally, a strong magnetic field could
is injeqted thrpugh into the gas from left to right.is the electric potential  ha ysed to inhibit beam and plasma expansion. Thus, the
and E is the field. . . . . .
following 1D analysis could be viewed as a first approxima-
tion in the case of beam injection through a thin foil or a
differentially pumped port, with a strong guiding magnetic
and the cloud will quickly accumulate such a charge thafield.
electric field near it can exceed the breakdown threshold of There are two groups of electrons in the system: plasma
the ambient gas, creating either a streamer or Townsenelectrons, with the number density, and beam electrons,
breakdown between the cloud and the positively biased anwith the number densitg, . The latter group is described by
ode plate/Fig. 1(a)]. a simplified kinetic equation in the so-called forward
The sparks, or streamers, can be generated at a higipproximation:* The approximation takes into account only
repetition rate by using a repetitive-pulse electron beaminelastic electron—molecule collisions that are assumed not
With multiple electron beams, sparks will occur between theto change the direction of electron motion. This approxima-
clouds as well as between each cloud and the earttion is well justified in our case, since for the most relevant,
(grounded plate Since this process of removal of the excessionizing, high-energy part of the degradation spectrum of the
negative charge is similar to lightning between thunderbeam, inelastic cross sections considerably exceed the
clouds and the earth and between the thunderclouds, we shallomentum-transfer cross sectiom:(€)>on(€), when
call the process a thunderstorm. €>1000 eV. The subscrigt denotes various chemical con-
One can also envisage a very different mechanism o$tituents of the gas. Thus, the contribution of elastic colli-
charge neutralization: a quasistationary discharge betweesions is small and we shall neglect them, assuming that all
the virtual cathode at the tip of the beam-produced cloud andlectrons move only in the direction normal to the foit
the metallic foil through which the beam is injected into the direction at a speed of =(2e/m)*2. (This expression for
gas. In such a fountain discharge, the return current ofhe velocity is valid, of course, only for nonrelativistic elec-
plasma electrons will balance the forward current of high-trons) Then the spectral density of the electron flliXe,x)
energy beam electrons. In principle, to sustain such a diss determined directly by the coordinate-dependent electron
charge at steady state, the second electitide anode to energy distribution functionn(e,x): I'(e,X)=vn(e,x).
which the voltage is appliedis not necessary. Thus, a Making the transformation from 1D velocity distribution
guasisteady-state, stable, high-pressure discharge could fection (v,=v) to the energy distribution function, with
created with a single electroflgig. 1(b)]. In its structure and  f(v,x)dv=n(e,x)de, we obtain the equatidh

“Fountain”
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ar 9 nent. At primary electron energies above a few hundred eV,
o EED = =Q(I)=— HZ( NI (X, €) oy (€) Yy is virtually independent of the beam energy, and is deter-
’ mined by the gas composition only. For example, in air, pure
mon N nitrogen, and oxygeny,=34 eV, 35 eV, and 30.9 eV,
+;( NiI'(x, e+ i) ope(e+ 1) respectively: Therefore, in the inelastic collision integral
' for fast electrons, the term corresponding to the source of
D electrons of energy due to ionization can be written ap-
Here, excitation of the-th quantum state of the molecule of proximately as
the k-th component, requiring electron enerdy, and
e_Iectron-|mpact ionization, requiring, in the first approxima- > NI (X, e+ Y)oet+ Yy, et+Yi<ep,
tion, energy equal to the ionization potentig| contribute to k
the inelastic collision tern®. oj(€) are the excitation and
ionization (in the case of ionization, superscripti) cross
sections, andN, is the number density of thieth chemical
component of the gas.
Total beam electron number density at a given location T(0,6)=(|jp|/e)8(e—ep), (5)

where €, is the beam electron energy. For simplicity, we
shall assume that the injected beam is monoenergetic, so that
the boundary condition for the beam is

is
wherejy is the electron beam current density, andis the
np(X) = F(X’E)df_ ) energy of the injected electrons. Obviously, by modifying
minl, \2e/m this boundary condition, effects of injection of a beam that is
The net flux, that is, the net number of beam electrons pass(]-ot monoenergetic can be easily a.ccou.nted for. L
. . N ST Note that the forward approximation for the kinetic
ing through unit area per unit time in thedirection, is . .
equation was used here only to shorten the computations.
r [~ r q 3 There are no principal difficulties, except making computa-
b(X)= i (X, €)de. ©)  tions longer, in using a more complete forward—back ap-
o ) ~ proximation accounting for backscattering and elastic colli-
The local ionization rate, that is, the number of ionizationgjyns. Importantly, integral parameters of the beam—gas

events in 1 crfiper 1 second at a given locatianis interaction, such as the relaxation length=1, (e, ,N(X)),
o i the total rate of production of electron—ion pairs, ;Int
CI(X)=; Nkfl I'(x,€)oy(€)de. (4 =fqdx=Int ep.jp,N(x)], and the total gas heating rate,
k

Int,= [Qupdx=Inty[ €,,j,,N(X)], are independent of the

In an electron-impact ionization event, a part of ene¢gy type of kinetic equation used.
of the impinging electron goes into production of the second- ~ An example of the computed relaxation of a beam with
ary electron, and a part goes into kinetic eneejyof that  an energye,= 15 keV injected into a room air gt=1 atm
electron. Details of the energy spectrum of secondary elecF(x) =300 K=const is shown in Fig. 2.
trons, described by differential ionization cross sections, and To describe the beam-generated plasma and the dis-
the effect of that spectrum on electron energy distributioncharge, we used the following set of continuity equations for
excitation, and ionization rates, have been studiechlasma electronsy., and positiven,, and negativen_,
elsewhere?~31>1The nascent spectrum of secondary elec-ons, plus the Poisson equation for the potential:
trons has a sharp maximum at about 5 eV, which is substan-
tially lower than the ionization energy, and the probability dng T’ Ny
for the secondary electron to immediately ionize a molecule .~ * X =q+a|lef +kgNNn_—vane—pBnen, — o
is quite smalft’~131%1®At pressures of hundreds of Torr,
secondary electrons will rapidly lose the memory of their an n dT
nascent distribution and form the energy distribution func- Fe=— fteNE—Do— —kiDe— —,
tion corresponding to the local value &/N.1-131516Be. 2 Te dx
cause of this, details of the nascent spectrum were found to
be unimportant!~*%and simply assuming that new elec- N+ dI',
trons are produced with either zero energy or with a mean g IX
energy corresponding to the local plasma electron tempera-
ture, To(X), turned out to yield reasonably accurate energy an,
distribution functions and kinetic ratés:***>The contri- y=pn,E-D, o @)
bution of secondaryplasma electrons to the total ionization
rate is, therefore, determined by the electron temperature, oL, Jr
more exactly, by the valuE/N [see Eqs(6)—(8) below. —+ ——=—kgNn_+vng—Bjin_n_,

One of the well-known parameters of electron beam in- dt X
teraction with gases is the so-called ionization c¥gt, that
is, the mean energy of production of an electron—ion pair in I_=—p._n_E- Df?r]__’ (8)

beam electron collisions with molecules of tk¢h compo- X

(6

=q+a|le|=Bin_n,—Bnen,,
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10 al1o glectrons. The gpprpximate values of mobility for both posi-
r tive and negative ions were taken from Ref. 17: _
X 08/ ls =1.75x 10°*/(p-300/T) cn?/V-s, where pressurg is in
= Torr. The diffusion coefficients were determined from the
% 0.6 16 respective mobilities using the Einstein relatiol,
2 g =pele; Dy =p, T.
g 044 14 7 The value of electron temperature at very |dwN,
ke E/N<1 Td, where the approximation fqi. given in Ref.
o 0-21 12 19 is not valid, is expected to be quite low, 0.1 eV or lower,
0.0 . 0 i.e., within a factor of 2 of gas temperature. This follows
0.0 0.2 1.0 from the electron energy distributions in beam-produced
plasmas without an electric field-*31%1®Note also that the
= 1600 " plasma in the electron beam-generated cloud should have
% 1400 b ] properties close to those of negative glow plasmas of con-
2 1200 ] 112 ventional glow discharges. Electrons in negative glow plas-
£ 110 mas are known to have low temperatures, down to the neu-
S 1000 : .
g 1s 3 tral gas temperatur®. Therefore, in our computations, we
— 8004 X assumed thal4(x,t) =2T(x,t) wheneverE/N is of the order
8 600 16 %  of 1 Td or lower.
§ 400 ] 1a ¥ We used standard boundary conditions at the electrodes.
”g 200 ] 12 These conditions are commonly used to model gas dis-
= charges with cold cathodes. For examplexatO, in the
o 00'0 1_00 absence of negative ions (=0),

Ie=—9I'y; dn,/ox=0, if E(0})=<O, (103

FIG. 2. Computed steady-state relaxation of an electron beam injected par- I'.=0; dn./dx=0, if E(0t)>0, (10b)
allel to thex coordinate atx=0 into room-temperature air gg=1 atm. €

Beam energy ise,=15 keV. (a) Flux of beam electronsl’, and beam  \herey is the effective secondary emission coefficient, that
thermalization rategn/ st=dI'/dx; (b) mean electron energye), and ion- is, the average number of electrons emitted for each ion im-
ization rate q. D
a pinging on the surface.
Boundary conditions for the Poisson equation are

2o e s ¢(0)=0, (L)=V. (11

wne e—o(n+—ne—n_—nb), E=—%" ©) Relaxation of an electron beam results in gas heating.
) ) o This decreases the gas density, affecting beam-induced ion-
In Eqs.(6)—(9), qis the beam-induced ionization rate deter-j;aion rate and the beam penetration depth. To model pro-
mined by Eq.(4), ar;d a=a(E/N) is the first Townsend cegses coupled with the heating, principal mechanisms of
lonization goefﬁmerft that describes avalanching, i.e., fur- heating and cooling have to be identified. Energy is added to
ther ionization of the background gas by secondatgsma e plasma by both the electron beam and Joule dissipation.
electrons. An additional source term due to thermalization ofy part of the added energy goes directly into heat, while
beam electrons;-ony/6t=—dI'y/dx, is also included in  gome energy is spent on excitation of vibrational and elec-
Eq. (6). To correctly describe charge transport in regionsyqnic molecular states. What part of the Joule dissipation
with a very low electric field, the expressions for the fluxes aie jE goes into vibrational and electronic excitation is de-
I'e, I'y, andI'_ include both drift(with mobilities u., termined by the value oE/N,}"1° and atE/N=1-70 Td
w+, andu ) and diffusion(with electron, positive ion, and  yiprational “excitation of oxygen and nitrogen consumes
negative ion diffusion coefficient®e, D, andD_, re- 4144t 50-90% ofE. However, in all cases computed in this
spectively terms, as in modeling the negative glow of con- naner the rate of energy addition by the beam turned out to
ventional glow dlscharge@._Electron temperature and mo- he more than an order of magnitude higher than the Joule
bility were taken as functions of the local value BN, gissipation rate(see below, and thus the Joule dissipation
Te(E/N), and ue(E/N). These functions were taken from |4 he neglected. As to the beam energy dissipation, only
the tabulated results of a direct solution of the Boltzmann,, ¢ 594 of it goes into vibrational excitation of nitrogen
kinetic equation for aif? At very low E/N, E/N<1 Td, ,q oxygert=13 and about 30-40% of the beam energy
where the approximation fqie given in Ref. 19 is not valid,  yoes into excitation of electronic states. The electronic states
we used the approximatiope(Te)=pue(Te/Te)*% where  can be expected to quench rapidly at high press(ras-

e, Te are the values &/N=1 Td. The last approximation dreds of Tory. About 10-30% of the energy released in
follows from the definition of electron mobility and the ap- quenching can end up in vibrational modes of molecules,
proximation of an energy-independent mean free pagla;,  thus increasing the fraction of beam energy spent on vibra-
=e/mvy~el,/mv(T,), where v, is the momentum- tional excitation to perhaps 10-15%. Some of the electronic
transfer collision frequency, ang, is the mean free path of states excited by the beam are radiative, however, a 1 cm

Downloaded 07 May 2001 to 128.112.33.204. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



1522 Phys. Plasmas, Vol. 8, No. 5, May 2001

wide column of high-density gas is optically thick for many

of those radiative transitions. As a result, most of the energy
dissipated by the beam is spent on gas heating, and the rai
of energy loss by the beam can be, with an accuracy of
10%-20%, considered equal to the gas heating rate. Thus, t
model gas heating, we need to add to the set of equation:

(6)—(9) the equation of state,

p=RpT=RpyTo=const, (12

and heat balance:
daT

PCrgr ~Un— O, (13)
where

— &[Tb(X)ﬁ-ieb(x))] »
is the rate of gas heating by the relaxing b&am,

foncqinuk) (T'(x,€)/\2e/m)ede
(en(X))= (15

Trin (T (x,€)12elm)de

is the mean energy of the beam electrons, @ni$ the rate
of heat removal by all mechanisn@hermal diffusion, con-
vection, etc. combined.

Initial conditions used in the computations wélréx,0)
=T,=300 K; ng(x,0)=n,(x,0)=n_(x,0)=0.
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FIG. 3. Computed quasi-steady-state=(LO us from the start of beam in-
jection) profiles of plasma parameters along theoordinate in the fountain
regime in room-temperature nitrogengat1 atm. The electron beam cur-
rent density is 10 mA/c& and the energy of beam electronsjs= 15 keV.
(a) Electric potential, V, and ionization ratgy, ; (b) electron and ion num-
ber densities(e) electric charge densityQ.

The collision cross sections necessary for the calcula-
tions of electron beam propagation and beam-induced ioniza-

tion rates were taken from the literatif’e2* For charge par-

+0O7, at very lowE/N typical for the plasmas that we con-

ticle kinetics in the plasma, the following set of processessider, the dissociative attachment can be neglected.

and their rate coefficients was usdth all the following
expressions for rate coefficients, presspres in Torr, and
temperature§, andT are in K)

The electron—ion dissociative recombination rate coeffi- 603
Kgo,=8.6X 10" 10exp( - ?0)

cient i$517 B=2x10"7(300/T)*? cntls.

The ion—ion recombination rate coefficiefdependent
on the gas densilyis expressed a5 B;=1x10 5(0.5
+1.5p/760)- 300/T, cnr/s.

Three-body attachment processes and their ratés are

e+0,+0,=0; +0,;

300
Ko =1.4x10" 29( —

600
R
e

70QT.—T
X exp( Q—E)) cmils,
T.T

e+0,+Ny,=0, +Ny;

300\ 70
Kpo=1.07x103Y —| exg — =
Te T

150QT.—T
X exp( M) cmf/s.
TeT

Thermal detachment and its rate coefficient&re

0, +0,=e+20,,
. 157
R I

If active particles, such as electronically excited or radical
species, are present in the plasma in large numbers, they can
cause electron detachment from negative ions, e.g.,

0, +0y(a’Ay)=e+20;; kga=2x1010 cms.

, cnrls.

Because of these detachment processes, the detachment fre-
quency can be generally written a§=kd02N02+ kgaNa s
whereNO2 andN, are the number densities of oxygen mol-
ecules and activéexcited or radical particles, respectively.

IIl. RESULTS OF THE MODELING
A. Fountain

A comparison of the computational results for cold
[T(x)=300 K=consfi nitrogen(Figs. 3 and #and air(Figs.
5, 6, and 7, with the same electron beam parameters (
=10 mA/cnt, e,=15 keV) clearly demonstrates the role of
electron attachment to oxygen that generates negative ions,
reducing the maximum electron density at steady state.

Analysis shows that because of the substantial threshold Despite the difference between nitrogen and air, in both

energy for the dissociative attachmeatf O,+ 3.6eV=0

cases the injection of the beam leads to the accumulation of
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FIG. 4. Back current of plasma electrons to the fpi(,0), and peak elec- 8x10™
tron density in the plasma,, versus time from the start of beam injection )
in the fountain regime. The gas and beam parameters are the same ¢ g 6x10"2
in Fig. 3. =
o n+
c  4x10" n
negative charge and to the growth of plasma conductivity. Cf / °
The process continues until a quasiequilibrium is reached: . £ 2x10%y; 7T n
the charge that the beam brings in per unit time is fully T
balanced by the back flux of negative charge due to the drift 00 5 — — — — .
of plasma electrons. The time scale of reaching the quasi- X107 4107 6x107 8107 1x10
equilibrium ist~0.1 us. Profiles of the power deposited by t, sec

electron beamy;,, Joule dissipation due to plasma electrons,

jeE, and the reduced electric fiel#/N, att=10 us from the

FIG. 6. Back current of plasma electrons to the fpi(,0), and peak elec-
tron and positive and negative ion densities in the plasmpan, , andn_,

start of beam injection in the fountain regime in air initially versus time from the start of beam injection in the fountain regime. The gas
at STP are shown in Fig. 7. As seen in Fig. 7, the electrignd electron beam parameters are the same as in Fig. 5.

field in the plasma is very wealke/N<1.5 Td. Thus, plasma

electron temperature should be close to the gas temperature, .
and the Joule dissipation rate is much lower than the rate dfeam energy losses. According to the data of Ref. 19, at

1x10%
18x10"°
£
16x10"° &
= (2]
o
> {ax10® 3,
g w
> lax10® &
0
10™
o«
£ 107
L
-
C?n 10” L
C‘.
& 10
0
-2x107°
=
O _ax10"
S
T -6x10™
-8x10™°

E/N=1.5Td: 7,,n,<0.05; 7, 0,~0.65; WherenvyN2 is the
fraction of the Joule dissipation spent on the excitation of the
N, vibrational mode, andqv,o2 is the same for the QOvibra-

tional mode. Thus, although about two thirds of the Joule
dissipation goes into vibrational excitation, the Joule dissipa-
tion itself is only a small part of the energy addition rétee
upper plot in Fig. 7, which justifies disregard of vibrational
excitation in the energy balance.

Calculations were also performed for air heatedTto
=2000 K, by postulating a model temperature profile

2000 K, x<3 cm;
1700 exp— ((x—3)/1.5))+300 K, x=3 cm.

The temperature was uncoupled from beam and plasma
equations. At this temperature apd=1 atm, the electron
attachment frequency is,~4.37x 10° s %, and the detach-
ment frequency i&gNo,~1.93x 10" 57, so that the attach-
ment is fully balanced by detachment, and an electron num-
ber density of ng~10" cm™2 is achieved in air with
relatively low electron beam curreffigs. 8 and @

lonization and gas heating rates increase with the beam
current density. Heating of the gas leads to its expansion and
density reduction. This increases the beam relaxation length,

T(x)=

FIG. 5. The computed quasi-steady-state {0 us from the start of beam
injection) profiles of plasma parameters along theoordinate in the foun-
tain regime in air at STP. Electron beam current density is 10 mA/and
the energy of beam electrons ég=15 keV. (a) Electric potential,V, and
ionization rateq, ; (b) electron and ion number densitiés) electric charge
density,Q.
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so that the beam ionizes and heats the gas farther from the
injection foil, burning its way through the gas. This is dem-
onstrated in Figs. 10 and 11 for the beam wijth=50
mA/cn? and e,=15 keV. These calculations were coupled
with a heat balance equation. For the short time after the start
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FIG. 7. Profiles of the power deposited by electron beq, Joule dissi- . .

pation due to plasma electrorisE, and the reduced electric fieli/N, at ~ accumulated in the gas grow. However, this does not result
t=10 us from the start of beam injection in the fountain regime in air at in qualitative changes, unless the electric field in the nonion-
STP. Beam parameters are the same as in Fig. 5. ized part of the volume reaches a threshold for breakdown.

of the processt<1 ms, heat conduction losses are negli-B Thunderstorm

gible. The characteristic time of the onset of natural con- Suppose that a high positive voltage is applied to the
vection can be estimated from the simple equatipi/2  anode, and the beam relaxation length is shorter than the
~h, whereh is the length scale of thermal nonuniformity, distance to the anode. Then, even if the potential at the tip of
andg is the acceleration of gravity. Even with=1 mm, the  the beam-produced plasma column were equal to that of the
onset of natural convection would take-10 ms. Another injection foil, the electric field between the plasma column

well known mechanism of cooling hot channels is turbulentand the anode is stronger than the field prior to beam injec-
mixing. When heating of the channel ceases, which is the
case, for example, in lightning channels, cold surrounding air

moves into the channels, and the fast turbulent cooling en- 1x10% L n
sues. In our case, though, heating continues inside the char ¥
nel, causing temperature increase and gas expansion, so th ax102l N,
the cold surrounding gas cannot move into the channel, thue, — n
; . = ;

preventing the onset of turbulent cooling. Thus, the calcula- © 6x10"2 |
tions att<1l ms can be done neglecting heat transfer. As ~_
seen from Fig. 1@), by the timet~300 us the electron < 12

. 3 : - 4x10"t
density reaches 1®cm 3. The maximum gas temperature at <
this moment isT~700 K [Fig. 10d)]. As shown in Fig. 12, 5 o10)
the electric field in this regime is very weak, with &N of X
less than 1.5 Td. Thus, the plasma electron temperature 0 : L . .
should be low, close to the gas temperature, and the Jouli 10° 108 107 10° 10
dissipation rate is much lower than the rate of beam energy
losses(the upper plot in Fig. 1R thus justifying the disre- t, sec

gard of vibrational excitation in the energy balance. . . _
. . ) . FIG. 9. Peak number densities of electroms, positive,n, , and negative,
_W|th an increasing energy of elec_trons in the be_am' bothy ions versus time from the start of beam injection in air. All parameters,
their penetration depth and the magnitude of negative chargecluding the temperature profile, are the same as in Fig. 8.
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injection in the fountain regime. The gas and electron beam parameters are
the same as in Fig. 10.

FIG. 10. The time evolution of profiles of plasma parameters in the fountain
regime in air initially at STP. The electron beam current density is 50

mA/cn?, and the energy of beam electronsdg=15 keV. (a) Electron N
number density{b) electric potentialj(c) electric chargeQ; (d) gas tem- plasma electrons to the cathodeil), Je(t)' slows down the

perature. accumulation of negative charge at the tip of the plasma
column, and under some conditions can prevent the break-
down. In other words, if a fountain develops rapidly, a thun-

hc(iaerstorm is prevented. In this paper, we present results of one

tion. This stronger field can cause a breakdown between t . o

tip of the plasma and the anode. Additionally negativecom.pUted t_hunderstorm case. A more detailed a_naly5|s, In-
. .' G, fcludlng regimes transitional between the fountain and the

charge brought in by the beam distorts the distribution o )

) . L . . .. thunderstorm, are to be performed in the future.
electric potential, resulting in an increase of the electric fleldt An example of the thunderstorm reaime is shown in
between the plasma and the anode, and increasing chanclx_as P : g i
. . igs. 13 and 14. The calculations were done for the follow

for breakdown(see Fig. 1L Whether the breakdown will be . . o ]

of Townsend or streamer type, depends on gas pressure all set of parametersj,=50 mA/cnt, e,=15 keV: L

the spacing between the plasma and the anded, —1, . = 1.75 cm, andv(L) =10 kV. As seen in Fig. 13, it takess

The Townsend mechanism of electric breakdown is known:7 ns for the electric field between the plasma and the an-

C T 0
to occur typically atpd<200 Torrcm, while atpd>10° ode to reach abqut 1.7 kvicm, Wh'.Ch > h|gher' than .50/0 of
. the breakdown field in atmospheric &frOne-dimensional
Torr-cm the streamer mechanism takes oVef. e . .
. . ) modeling is certainly not adequate for an analysis of
The time required to reach the breakdown figlg can P
be estimated from the equation streamer de_velopme_ .I_ndeed, the very reason f(_)r_ streamer
breakdown in electric fields weaker than the critical break-
V, [ip—ie(D)]t down field is that near the tip of the streamer the electric field
L] + 5 =Epr. (16) is amplified because of the electrostatic polarization and the
r €o tip curvature*®> The curvature radius is obviously very im-
Clearly, increasing the anode voltayg, and making the portant for the streamer initiation and growth. Leaving the
beam relaxation length close to the distance to the anodsk of developing a more comprehensive model of the thun-
helps the breakdown. The second term on the left-hand sidgerstorm for the future, we can for now use a rule of thumb
of Eq. (16) is negative charge at the tip of the beam-that the electric field is typically amplified by a factor of 2—3
generated plasma column. Higher beam currents shorten thecause of the curvature. Therefore, exceeding an electric
time t needed to reach breakdown. The return current ofield of 15 kV/cm in the 1D model, as shown in Fig. 13,
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STP. The beam parameters are the same as in Fig. 10.
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would mean_ that the actual field at the tip would exceed 3QIG. 13. The time evolution of profiles of electron number dengity,
kVicm, starting a streamer. electric potentialV(x), and electric fieldE, in the thunderstorm regime in

The behavior of the return current of plasma electrpgs, air initially at STP. The electron beam current density is 50 mA/@nd the
(the middle plot in Fig. 1% is explained by the evolution of €nergy of beam electrons &=15 keV.
electric potential and field strengtthe middle and the bot-
tom plots in Fig. 13. Initially, potential throughout the gap is
higher than the potential at the injection foil, and plasmathe streamer development. Also, with a set of parameters
electrons drift towards the anode rather than back to the foilother than that in the present case, the return current could
As the beam brings more negative space charge, the magriave been more significant. For example, lower initial anode
tude of the negative electric field in the plasma is reducedyoltage would have required more time to reach the break-
while the field is amplified in front of the plasma tip. How- down field, and during that time, the electric field could have
ever, it would take almost 9 ns for the potential anywherereversed its direction, thus creating the return current and
inside the gap to become negative, and for the field near thaffecting the breakdown criteriofi8).
foil to reverse its direction, at which moment there exists a  Note that the main requirement for electron beams in-
plasma cathode inside the gap and two anodes, the foil arjdcted from the cathode to the anode in high-power lasers
the original anode. As seen in Fig. 14, evertat9 ns the and fast switches is to provide a uniform ionization through-
return current at the foil does not fully balance the beamout the volume. If, however, the energy of beam electrons is
current. Since the breakdown criterion is reached between Bot high enough, so th&t<L, the plasma becomes nonuni-
and 7 ns, the return current does not even start until théorm, and electric field is distorted, resulting in some cases in
streamer onset, and in this caggs=0 in Eq.(18). Since in  sparking near the anode. This breakdown instability was ex-
this paper we only predict the onset of breakdown withoutperimentally observe®?’ Since the instability is related to
modeling the subsequent dynamics of the streamer, it is difparameters of the injected beam, it has been dubbed an in-
ficult to say what role, if any, the return current might play in jection instability:®2’
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25 ] plasma withn,~n_,~10" cm™3, If the recombination rate
——1ns

coefficient is aboupd~10"" cn/s, then the required ion-
ization rate isq=n3~10'° cm ° s™1. The power needed

to sustain the ionization is them,=qY;e~55 Wi/cnt,
which also represents the gas heating rate. Since the ioniza-
tion rate averaged over the beam relaxation lengtty is

= jpep/el, Y, and the relaxation length is inversely propor-
tional to the gas density,~I1'Ng/N~I%T/T,, we find the
required beam current density;~ qu?YiT/ebTO. For ex-
ample, fore,=15 keV we getj,~23 mA/cnf. These esti-
mates agree well with the calculations depicted in Fig. 8 that
show that the power required to sustain I@fiplasma with

an electron density of about ¥ocm 2 is on the order of 100

W. Increasing the energy of beam electrons moves the ion-
ization peak farther from the injection point, but the width of
the peak region does not change much, still being a few
centimeters. If a wider region of high electron density is
desired, one way to achieve it is to use a beam with some
spread of electron energies which translates to a spread of
penetration depths. Note also that the power requirement of
about 50—100 W/crhdoes not include a significant energy
loss in the beam injection foil. In a typical metallic foll,

0.0 05 10 15 electrons lose about 10-50 keV. Thus, the full cost of sus-
X, cm taining the plasma region with 19 electrons/cricould be a
ool . few times higher than the 50—100 W/2mequired for ion-
) o X = ization.
A temperature of 2000 K virtually eliminated electron
-5.0x10° attachment, reducing the energy cost to that needed to bal-
e ance the dissociative recombination. This temperature, how-
8 1.0x10°- ever, does not need to be artificially maintained by a heater,
g since the heating rate provided by the ionizing beam is high
" enough. Moreover, a substantial cooling is required to keep
+1.5x10°1 » temperature from increasing above 2000 K. A crude estimate
. , " . of the cooling requirements can be done for convective cool-
0.0 05 1.0 15 ing where heat is removed with the flow. The effective fre-

X, cm guency of heat removal is roughly,=2u/D, whereu is the

gas velocity, and is the length of the hot region. At steady
FIG. 14. The time evolution of profiles of electron temperatiig, current

density of plasma electrong¢(x), and space charge densitQ, in the St.ate’pCD(T_TO) VU:_QD' Frpm this simple fom_]UIa' to sus-
thunderstorm regime in air initially at STP. The electron beam current den{@iN @ temperature differential f—T,=1700 K in a 10 cm

sity is 50 mA/cnf, and the energy of beam electronsejs=15 keV. long (D=0.1 m gas layer near the surface at the heating rate
qn~ 100 Wi/cn?, flow velocity should be about 15 m/s. If the
plasma length along the flow is 1 m, then a 150 m/s flow will

It is interesting to note that the electric current in thekeep the temperature from increasing above the 2000 K
thunderstorm streamer is fully controlled by the current ofj; i

the electron beam. Since the latter is, or can be made, quite
low, Joule heating in the streamer can be weak, so that the
streamer may not develop into a hot channel similar to lightV. CONCLUDING REMARKS

ning. In other words, a cold thunderstorm appears possible Electron beams represent perhaps the most energy-

with electron beams. efficient way to ionize gases at relatively low temperatures,
when thermal ionization is negligible. Injecting beams of ap-
propriate energy and current density, stable and controlled
plasmas with high electron number density can be created in
The present simplified 1D model cannot fully describehigh-pressure gases. It turns out that dynamics of electron
the process of establishment of steady state, including hedeam-generated plasmas, when the beam relaxation length is
transfer. Nevertheless, estimates of power requirements fahorter than the distance to the anode or other metallic ob-
plasma generation and of the necessary cooling rate can lpects, is quite interesting. In this paper, we pointed out and
done for a given temperature and pressure. analyzed two distinct regimes of beam-produced plasmas: a
For example, suppose that the gas temperature is maifieuntain and a thunderstorm. The two regimes differ in the
tained atT=2000 K, and that an electron beam generates avay the negative space charge brought in by the beam is

IV. POWER REQUIREMENTS FOR PLASMA
GENERATION
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removed: by the return current of plasma electrons to théinue to be heated, preventing the surrounding cold gas from
injection foil (fountain or by streamer breakdow@hunder-  moving into the channel. If, however, the heating stops, so
storm). It is interesting to note that the fountain regime is, in that the channel begins to cool, a radial flow of cold gas from
a sense, similar to the so-called negative glow part of glowthe peripheral to the central regions would start. This may
discharge’;*? where high-energy electrons arriving from the eventually result in turbulence generation, oscillations of the
cathode sheath generate very efficient ionization, althougheam penetration depth and of the local ionization fraction.
the fountain has much larger spatial dimensions than those é¢thenomena as complex as these certainly call for a more
negative glow at high gas density. sophisticated 2D or 3D model to be developed in the future.
In our modeling, we considered an idealized one-
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