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The properties of a partially ionized plasma in a long cylindrical tube subject to a uniform axial
electric field are investigated. The plasma is maintained by an external ionizing source balanced by
bulk and surface recombinations. Collisions between neutrals, whose density greatly exceeds the
density of charged particles, and of neutrals with ions, are sufficiently effective for their velocity
distribution to be close to a Maxwellian with the same uniform temperature, independent of the
external field. The behavior of the plasma is described by a collisional two-fluid scheme with charge
neutrality in the interior of the tube. Approximate nonlinear equations for the hydrodynamical
moments are obtained from a Boltzmann equation in which electron—neutral, electron—ion, and
electron—electron collisions are all important. It is found that under certain circumstances the
current and the temperature of the electrons undergo a drastic change, with hysteresis, as the electric
field is varied. ©1996 American Institute of Physid$$1070-664X(96)00811-7]

I. INTRODUCTION the external field increases the electron enéfg}? In the
partially ionized gas the presence of the neutrals prevents
Instabilities are ubiquitous in strongly ionized plasmas.sych a runaway. In fact, if one neglects collisions between
They dominate the behavior of such systems and their studite electrons ¢-e), as is done in the swarm
forms the core of the SUbjeCt. The Origin of the instabiIitieSapproxir'natior'i]-,3 valid when the degree of ionization is suf-
lies in the nature of the plasma interactions: on the one hanﬁlcienﬂy small, then the stationary distributigin the ab-
they are long range and thus can produce strong cooperati‘@nce of inelastic collisionsivill be of the Druyvesteyn
effects, and on the other hand they become “weaker” locallyform 14 for which the current and electron mean energy are
at high energiegor temperatures), as manifested by the de-smooth functions of the external field. The situation is simi-
crease of the Coulomb cross section with energy'ri§ke  |ar when the size of the plasma is smaller than the energy
situation is different in weakly ionized cold plasmas, systemse|axation length of the electrofisThere are, however, other
that have attracted much attention recefitlyin such sys- yegimes, even in weakly ionized plasmas, where the effect of
tems, collective phenomena play a smaller role and instabilithe e—e collisions is sufficient to keep the electron distribu-
ties are less common. Nevertheless there are cooperatiygn close to a Maxwelliar®* Such conditions can lead to
phenomena in these systems too, which, as we have showoperative abrupt changes in the temperature and drift ve-
earlief* for homogeneous idealized systems and will showjqity of electrons as the external field is varied. The origin
here for more realistic laboratory situations, can lead to drags ihe phenomenon is made clearer if one starts with a ki-
matic, abrupt changes in the state of the plasma, when suGfutic approach rather than with a macroscopic description.
systems are driven by external fields. . _ While it is possible, even likely, that effects related to
_There is a large literature on the behavior of plasma in g ,se giscussed here have already been observed indirectly in
cylindrical geometry(see for example Refs. 6-9). The réa- e pehavior of discharges, it would be useful for both theo-
son for considering this system again here is that We argatica| and practical reasons to have experiments in which
interested in a regime in which the electrons are colder thag,, parameters can be controlled, so as to study the phenom-
in the self-sustained discharge plasmas generally investisn, iy a quantitative way. We expect that the transition will
gated. The plasma has a sufficiently high degree of ionizagy geen as hysteresis in the current—voltdgeV{ charac-

tion to make the electron—electron and electron—ion collivgristic of the plasma when the external electric field is
sions important. The condition of low electron temperatures|ow|y varying in time®®

permits us to neglect inelastic collisions but requires that we  \ye shall consider an experimental arrangement consist-
include volume recombination effects. _ _ing of a weakly ionized gas in a tube of radi@ssubjected to
_The phenomenon in which we are most interested is & constant external axial electric fieffl The plasma is as-
rapid, essentially abrupt, change in the electron temperatur§, ed for simplicity to be produced through uniform ioniza-
and current as the external electric field crosses a certaify inside the tube by some external source, at a constant
critical value, which depends on the neutral—ion temperatureqie o It is balancéd by two kinds of recomt;ination pro-
degree of ionization, etc. The phenomenon is related 10 thgggges: a bulk one and a surface process on the tube wall.
well-known runaway effect in fully ionized plasmas causedThe main bulk recombination for the regime we are inter-

by the decrease of the electron—ion collision cross section 3siaq in. ar three-body processes involving two electrons

plus an ion, and dissociative recombinations in which a
¥Electronic mail: lebowitz@math.rutgers.edu metastable atom—ion complex recombines with an electron.
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The rates depend on the temperatures and densities of the The basic idea in Ref. 4 and here is to consider situations
electrons, ions, and neutrals in a rather complicated way; séa which the collisions between electrons are strong enough
Ref. 15. For the sake of simplicity we lump the two pro- to force their velocity distributiori(r,v,t) to stay close to a
cesses together and assume an effective rate of bulk recoritaxwellian M with temperaturd and drift velocityw. The
bination proportional tof ~*?, whereT is the electron tem- values of T andw, which are simply related to the first two
perature. We ignore the dependence of this rate on theelocity moments off, are then determined by self-
neutral and ion temperature and on the pressure that we keepnsistent “hydrodynamic” equations, i.e., we evaluate the
more or less constant. The recombination at the wall is alsintegrals entering the time evolution dfandw with the help
treated phenomenologically. In particular, we assume thadf replacingf by this Maxwellian. For the spatially homoge-
the energy is absorbed by the wall that is kept at a fixedheous case this yields ordinary differential equations in time
temperaturdsee Sec. V). for T andw that can be reduced to a couple of transcendental
We have in mind here a situation in which the greatequations for stationary valud§E) andw(E) yielding, in
majority of neutral atoms are some kind of noble gas, tosome cases, S-shaped curves as functiorg=olE|. In the
which may, or may not, be added a small amount of a moreegion wherev decreases witk, the system is unstable. The
easily ionized second species, though we realize that in theurrent and the electron temperature can therefore be ex-
latter case the analysis would be more complicaethis  pected to jump upwardownward)when the field increases
will be reflected mainly in the rates of ionizati@anand re- (decreases). This will occur at different values of the field
combinationy, since we shall always consider a regime inintensity (see Fig. 3 below In the lower(upper)part of the
which the density of electrorm(r,t) is much lower than that loop, the electrons will be supercoolésliperheated), creat-
of the neutralsN, but big enough, due to the great disparity ing in this way a hysteresis loop. The origin of this behavior

between the electron mass, and the ion—neutral mashl, lies in a changeover frore—i to e—n coupling as the domi-
for binary electron—electron collisions to dominate the en-nant factor when the electron energy is increased by the field.
ergy exchanges in electron—ion and electron—neugai In the situation analyzed in this paper, we obtain nonlin-
ande—n) collisions. This requirésthat ear partial differential equations for(r,t), T(r,t), w(r,t),

andF(r,t). Their stationary solutions are the main concern
of this work. This is presented in Sec. Il following the math-
ematical formulation of the problem in Sec. II. A discussion
of physical situations where the transition predicted by the
Herek is the Boltzmann constant amclis the total electron—  two-fluid model used in this paper might be observed is pre-
neutral partiCIe collision cross section, which is taken to be &ented in Sec. IV. This is a much more restrictive domain
constant in our work. Putting in appropriate values for thethan that given by(1). It requires essentiallyp/N~10"*
parameters on the left side (fa) gives(see Ref. 4), while N~ 10 cm ™3 for light noble gases whef; is close to
room temperature. At the transition, the electron temperature
jumps within a range of severdl;, staying significantly
lower than the usual temperatures in self-sustaining gas dis-
charges. This determines the experimental setup we study
é‘lere. The nature of the various approximations made is dis-
cussed in Sec. IV and in the Appendix.

om 2 n
5 Me? (kT) <N<1. (1a)

1>n/N>8x10"7, 4x10°8 1.5x10°8, (1b)

for He, Ne, Ar plasmas, respectively, wh&f is approxi-
mately 1 eV and it decreases &S for colder electrons. The
upper bound relates to the fact that we ignore any collectiv
self-induced electrostatic or magnetic interactions.
The ions in our model are assumed to have a uniform
temperatureT;, the same as the neutrals, while their density
is n(r,t), i.e., the plasma is treated as locally quasineutralll. MATHEMATICAL DESCRIPTION
We assume axial symmetry and longitudinal homogeneity so
the spatial dependence is only in the radial variabieR. The behavior of the system is described by kinetic equa-
The different mobilities of ions and electrons are compendions for the electron and ion distribution functioh@,v.t)
sated by an internally generated radial ambipolar electri@nd fi(r,v,t) normalized to the same densityr,t). Under
field F(r,t). We are thinking of a quiescent, long positive the above assumptions the Boltzmann equation for electrons
column that fills the tubg. has the forrf
The reason for considering external rather than field-

@nduc_ed ionization_ is that we fOL_Jnd in our previous wotRs, _ (?f(r,v,t)_ & E+ r F(r,t)) V() + V-V (1t
in which we considered a spatially homogeneous case with Jt m r
ana priori fixed plasma density, that as we varied the exter- m o [/ bntot
nal fieldE, there was a transition in the electron distribution = —ynf _ v ()

‘ ! : ay(v)—ynf(r,v,t) + — (r,v,b
between regimes of weak and strong coupling to the ions. Mv® dv '

(Ref. 5 presents a rigorous proof of such a transition for a

greatly simplified model systemThis mechanism of a ki- + E M b v

”Jr U—Q I:f(r,v,t)+ i [f_(r,v,t)

netic transition, which we investigate here in a more realistic mo v

physical situation, requires a low electron temperature and —f(r,v,t)]+ Q[ f]. )
relatively weak electric field, which seems hard to achieve

when the ionization is produced by the fidkke Sec. IV). In (2) the first two terms on the right side represent the ion-
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ization and recombination, respectivelifv) is the normal- Ill. HYDRODYNAMIC DESCRIPTION
ized distribution function of newly born electrons with mean

kinetic energymu2/2, Many properties of the plasma can be expressed in terms

of the first few velocity moments df andf; . To obtain these
we multiply (2) by 1,v, v2 and integrate ovev. This yields
f P(v)dPv=1, fVl//(V)dSU:O, expressions for the time derivatives of the density,t),
(3)  drift velocity (vy=w(r,t), and(v?)=3KT(r,t)/m+wi(r,t)
which, however, involve unknown integrals overTo ob-
J v2(v)d :vcz)- tain a closed set of hydrodynamical equations, we follow the
procedure in Refs. 4 and 5, which is often used for colli-

The third term with the prefactan/M represents the diffu- sional plasmas, and compute all integrals ovewith the
sion in the speed of the electrons due to collisions with iondelp of the replacement
and.neutrals. The gffectiveness of thei collisions is pro- £(r,v,t)—M(r,v,t), (4)
portional ton and is strongly peaked at small speeds. The
constant is giverf'* by b=4xe*L/m? (L~10 is the Cou- where
lomb logarithm), whilel =1/No is the mean-free path of _ 312 _ an2
electrons ine—n collisions. The next two terms on trl?e right- Mi(r.v,0)=n(r,t) (m2k )™= exd —m(v-w) /2k'|;]5)
hand side of(3) represent, respectively, the effects efi
ande—n collisions on the angular parts of electron velocitiesis @ local Maxwellian with the same andt-dependent first
with moments,n, w, (v?), asf(r,v,t). This assumption is moti-
vated by the fact that the local Maxwellidn; is the unique
- i d distribution that makes the—e collision termQ[f] =0, and
L=32,., e (€%0u,=CuCy) o= (m,w=1273, should thus be a good approximati¢after some transient
g ’ time) for situations in whichQ[f] is the dominant term in
wherec=v—W andW is the ion drift velocity. We neglect determining the shape of the distribution function. This re-
the difference betweeja| and|v], in particular in the energy quires, at the minimum, that/N satisfy (1b) and thatE, a,
exchange term iri2), since|W|<v. For thee—n collisions ~ and y be small so that the energy exchanges in ¢he
we have defined collisions are most important in determining the shape of the
energy distribution of the electrons; the effectiveness of the

— 1 e—n ande—-i collisions being reduced by the factow/M,
f(ro)=7- f f(r,v,t)dQ,, which is the physically small parameter in the problem.
Equation (5) can be rigorously justified, as was shown in
as the sphericalized averagefdgf,v,t). Ref. 5, for sufficiently idealized models. We believe that the
For simplicity, we have written the—i ande—n colli- evaluation of these integrals vid; remains valid, at least

sion terms when ions and neutrals have approximately thepproximately, in certain realistic situatiofsee Sec. IV and
same mas$/. In the case of using an easily ionized impu- the Appendix).
rity, these collision terms have to be modified in an obvious  Using (4) we obtain four equations for the electron den-
way. However, as long as the density of these impurities is o$ity n, the longitudinal and radial componentswfw, , w, ,
order ofn, andn/N<1, we do not expect them to substan- the temperatur&, and the radially directed electric fiekl
tially affect our result. Finally, the last ter@[f] represents In writing down these equations, we shall neglect higher-
e—e collisions. We do not specify here the exact form of thisorder terms in the drift velocityv(r) as compared to the
term (although we have in mind a Landau fof¥n'3, since it electron thermal velocityi(r) = 3k T/m (this is a good ap-
conserves the hydrodynamical moments corresponding tproximation whenm<M; see Sec. IV and the Appendix
density, mean velocity, and kinetic energy that we are goinda) Electron density equation,
to derive from(3). 2

We could, but do not, write down a similar kinetic equa- m___ 9 (rnw,)+a—c n. (6)
tion for the ions. As already mentioned, we assumed them to 9t ror ' u®’
have a distribution close to a Maxwellian with a uniform (b) electron flux in thez direction,
temperaturd; , equal to that of the neutrals. The assumption
of charge neutrality further implies that both electrons and 1 d(nw,) eE \F bn+4u/9l cnw,
ions have the same density, o Tme AN O

(c) electron flux in the radial direction,

n(r,t)zf f(r,v,t)d3v=f fi(r,v;,t)dv;,
E&(nw,)+eF(r,t)_ 8 \/§ u cnw
ar r

_Z W, ——
and the same radial drift velocity, as we shall see in the next " at m o o

section. The maintenance of this quasineutrality is the task of 1 9

the radial ambipolar fieldr(r). The effect of recombination “3nar (nu?); (8
at the wall and other wall effects will be discussed in the next

section. and(d) the energy balance equation,
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1&(nu2)+ - CEwls 5 9 ) du(r) 1 , dn(r)
5t TNy [FOOWHEW, ]+ = - (mw,u’) u(rn(r) —5,——3 v —;
_avg cn? \Fm vZ\ bn+8u/al © 8 [6 JrA(r) "
2 20 Vam !\ @ =g Vg Mt (14)
Here N
5 forn(r),u(r),w,(r). Hereg = b + 3y w/6cand
u?(r,t)=3kT(r,t)/m=(v?)—w(r), v{=3kT;/m,
and we have sey proportional toT %2, y=c/u® (see Ref. 1 \/; eE\?  ud(r)n(r)
6). The temperature-independent parameterdescribes A(r)= 2 V6 .\ m/ gn(r)+4u*(r)/ol
qualitatively the rate of the volume recombination. In the ,
case of dissociative recombination,is typically'®*®in the al , 5, 1 n%(r) 6m
5 6, 4 + = UO——U(I’) +=cC - —
range 4 (16°~10° cm®s* and close to the lower value for 2 3 3 u(r) 7™M
pure helium. The temperature dependences oépresents a ) 4
combination of both dissociative process and three-body re- |- )n ) bn(r)+8u’(r)/l (15)
combinations. The latter will be most important when the u(r) u(r)
electron density is large andr is low. It gives a reasonable
rate in the vicinity of 300 K for the neutral and ion tempera- It is well knowrf~®that in the hydrodynamic approxima-
tures. tion the assumption of the charge neutrality leads to singu-

A similar procedure with the ion kinetic equation yields larities near the plasma boundaries due to the space charge in
(6) for the zeroth moment because charge neutrality implieshe plasma sheath caused by the different thermal velocities
the samen(r,t) and, therefore, the same,(r,t). The ion  of electron and ions and—i recombinations near the wall.
radial flux is described by the following equation: The singularity manifests itself in Eq&l2)—(14) through the
determinant of the linear system for the derivativb¥/dr,
1 (nw) + er(r,) = 8 \ﬁ W, v_ i:v’_ 1 du/dr,dw,/dr becoming zero when the radial drift velocity,
= i u 3n at somer =r’, reaches the value

X2 (nU?) LY (rnw?).  (10) [ 5T.+3T.
- (NU%) = — — (rnwy). 5T+ 3T,
ar nr oar W, = K ; 17 (16)

Here U is the ion thermal velocity IU2=3kT,) and|; is
the mean-free path in-n collisions with respect to momen- . . . .
tum relaxation. Unlike in8) we cannot, in(10), negleciwr2 that_ls _cl_ose to_the_ adla_batlc sou_nd_ S_Dé@‘tcmd'”g to(8)
compared withU2. We do, however, neglect the ionic con- the infinite derivatives imply an infinite elect_rlc fiel(r)
tribution to the total longitudinal current and assume that thét"d hence a breakdown of the model. Following Refs. 7 and
ions have the same temperature as the neutrals, since they &€ interpret this to mean that charge neutrality cannot hold

in much better thermal contact with the neutral particles tharfo" ' ="' andr’ marks the boundary of the&plasma sheath.
the electrons. We believe that in our range of electron tem®n the other hand, the thickness of the sheatbfishe order

_ ~ —4
peratures we make only a small error in takifgeconst and  ©f @ few Debye lg?zgthng_ V kTi/‘_"T”é ~ 10" cm when
neglecting the ion heating. DependenceTofon r can be  1i—300 K, n~10"cm " Assuming thatR>A\p, we can

easily incorporated by adding one more differential equatioft€dlect the difference betweeri and R in Eq. (16) and
similar to (9). instead us€16) as the boundary condition f@i2)—(14), as

The nonlinear partial differential Eq¢6)—(10) have to is proposed by Perssband other authorésee Refs. 6 and

be solved for the five unknown functions )- ) ) )
F(r),n(r),u(r),w,(r),w,(r). In the stationary state, the set Our task now is to solvél2)—(14) subject to the condi-

n odt M 9

(6)—(10) can be reduced by the elimination wf(r) and tons
F(r) with the help of(7), (8), and(10). We obtain
dn du
1 eE us(r —(0)=0, — (0)=0, w,(0)=0, (17)
Wz(r):__ \ﬁ_ ( )4 , (ll) dr ( dr ( r(
2 6 m gn(r)+4u*(r)/9l
and three coupled equations, atr=0 and tow,(R) given by(16) atr=R. The functions
d 2 n(r), u(r) are finite on the tube axis,=0. Equationg12),
_ —a—C — (14), and(17) therefore impl
gy (rMwy)=a—c 3, (12) ply
md [ u?+o?) d , dw, _cn?(0)
Ma(n 3| gy (mwh) ar (0)_2n(0) 2~ 30 | (18)
_ _(§ /6_mﬂ+ cn aw (13) andA(0)=0. The last relationship is very important, and we
9 VaMml, u3) rewrite it as
4232 Phys. Plasmas, Vol. 3, No. 11, November 1996 J. L. Lebowitz and A. Rokhlenko
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\ﬁ oE 2:gn(0)+4u4(0)/9| z\ﬁm | ey
6 \m u3(0)n(0) M 87
2 4
v; bn(0)+8u*(0)/9l 6
“\1- u2<0>> "0
5 2 n%0) 4 4
_ 2_ "2 —
al vy 3u(0)) 3c u(O)}' (19)
Solving the set12)—(14) with conditions(16)—(19), we 21
determine the density and temperature profiles as well as the
average temperaturB(E) and the total longitudinal current . ’ ' - -
I(E): 0 1 2 3 4 5

FIG. 1. The dependence gf(representing the electrons thermal spest
the current density o (the electric field squaredor the spatially homo-
geneous caseR= ) whenw=250. The dimensionless units are defined in
Eq. (21) in the text.

T_(E)= 32k_n|;2 fORuz(r)r dr,

(20)
R
I(E)=27ref rn(r)w,(r)dr.
0

When we studied in Ref. 4 the spatially homogeneoushe transition requirea/N~ 10 or higher. Real values for
problem without ionization and recombination, we liad0,  the electric field and current densitycan be found with the
a=0,n=constu=const, and19) served as the equation for help of the following relations:
the determination olu, or the electron temperature, as a
function ofE. We have a similar situation here wheiR<1. ( i

300

In this case one can disregard the recombination on the tube EI=1.28x10"* Voo,
walls and we have again a spatially homogeneous problem
n=n(0), u=u(0). Theonly difference is that we have now,

by virtue of (12),

i
200 (52

ao -3
i1=26%10 % 555]  —— -

T. )5/2 x3\/wT¢

au’
n=/—.
c

Defining

9 [mlv; ¥ [eE|? 9 ., [a
b=~ o =], w==blo; ¥4/,
8 6 Jac m 4 C
) 1)
_ u o= Ug _C 2_m
X_U_i, _U_i21 M_By € _My

(19) can be rewritten in the dimensionless form

5/2 2 2_
b= w;;( ( \/gtj—ﬂ (2= 1)t 2652 + ) 0)).
(22)

It is obvious from(22) that ¢ is not monotone irx and,
therefore,T(E) is not single valued if the parameteris big
enough. In a helium plasma wheiM/m~7000, we take
c=4x10"cmPs ™ 6=10, and find thatw should be larger

Herel is in cm,E andj are in Vs/cm and mA/cf) respec-
tively.

A. The T=const approximation

As a first step in solving the nonuniform cade)—(14),
let us assume that the electron temperature is constént,
=u(0). It seems reasonable to study such a simplified prob-
lem, both as a guide for the more general case, which we
shall consider later, and as an approximation that often yields
reliable results for the positive plasma colufhn.

The energy balance equatidh4) cannot hold now for
all r=<R, but at the point =0 it reduces tq19), and our task
is to solve(12) and (13) with the conditions(16)—(18). For
fixed E andn=n(0), Eq.(19) determinesu and, therefore,
the electron temperature in the tube. We then integk2e
and(13), find the profiles(r), w,(r), computew,(r) with
the help of(11), and using20) find the total current(E),
which gives the current—voltage characteristic of the plasma.
We can neglect the difference betwderandg, because in

than about 113 in order to have a transition corresponding B oble gaseg/b—1~pu~10"*

an S-shapedl'(E) curve; see Fig. 1, where&=250. For
smallerc the critical value ofw is lower.

To solve Egs(12) and(13) numerically, we pick a value
of u and find a suitabl@(0) that allows us to satisf{16).

In terms of the ion temperature and the degree of IonlzaEquation(19) is used for the calculation & for each choice

tion, w can be represented as

e* n

a)=7T|_ 0'(k—T|)4N

This is approximately equal to>210° n/N for helium with

of u andn(0). In this way we obtain the functions(r),
w,(r) and substitute them int20). Figure 2 shows the elec-
tron temperature and the electric current thus computed ver-
susE? in relative units, wherl/R=0.2. CurvesT(E) are
single valued foro=<66, with the same, ¢ as before in a

the ambient temperature of the background gas. We see thlelium plasma.

Phys. Plasmas, Vol. 3, No. 11, November 1996

J. L. Lebowitz and A. Rokhlenko 4233

Downloaded-11-Feb-2011-t0-128.6.62.225.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://pop.aip.org/about/rights_and_permissions



T, IR {mA cm) T, 1R (mAcm)
7
75 1 45 e 75 1 45
Ve
/ a
T /.
| 7
Ve
s |
50 130 e 50 130
/
| , |
’ T
/
25 1 15 / 25 1 15
\
\ ]
| - 4
~ ——
- T T T T ER(V) E ER(V)
0 0.04 0.08 0.12 0 0.04 0.08 0.12

FIG. 2. The electron temperatufeand total current- R (in mA cm) versus FIG. 3. Plots of the mean electron temperature and total current when

the electric fieldE- R (in V) whenT is assumed constant in the tube cross | #const andw=90 (the same units as in Fig)2The hysteresis loop is
section,T;=300°, andw=90. indicated by arrows. At values of the field between the end points of the

loop, like E’, the computation leads to values on the lower or upper
branches of the loop, determined by how close the starting point is to one of

them.
B. T#const

We solved numerically Eqs12)-(14) with boundary ) S ] )
conditions(16)—(19). Technically, we choose for eacif0) E this effect is dlsgu!sed by the external field .prqdutl:lng
a trial value ofn(0), computeE with the help of Eq(19), ™More heat near.the axis, where the elect_ron density is higher.
and solve the differential equatio®2)—(14) for this triple. (d) The radial drift of electrons and ions as well as the
The resultingw, (r) will generally not satisfy the boundary ambipolar electric fieldF(r) rise s.;tro.ngly' near the tube
condition (16) at r =R and we then iterate with a different Walls, the latter even goes to infinity in this model, but the
n(0). This search can be easily optimized; the proceduré"’a” potential with respect to the tube axis is finite, as one
usually converges very fast and yields the profilesngf) ~ ¢@n see from Eq(8). o
andu(r) for r<R. From these we can obtal(r), w,(r), ~We present a few curves fav=90 in Figs. 3 and 4,
w,(r) for a given external fielcE. In addition, we also find which illustrate the transition, the temperature profiles across
the total current and the mean electron temperature over the
tube cross sectiorf20). The parts of thel(E) and I(E)
curves with negative derivatives are unstable and physically
nonaccessibl&> which also shows up in the computation
being extremely unstable there when we try to find the solu-
tions numerically. Thus, foE=E’ in Fig. 3 and any trial
temperature on the tube axis inside the gap regb046—
0.065 V), T(r) immediately jumps to a point corresponding
to T' after a few steps of integration. This difficulty does not
occur when we keepy =const.

A qualitative description of the results is as follows.

(a) Here n(r) always decreases monotonically. For
some range of parameters a kinetic transition takes place,
n(0) is then not a single-valued function of the external field
or the mean electron temperature. The decrease of the vol-
ume recombination rate enhances the transition.

(b) Thel-V characteristic for the total currentgE) and
the mean electron temperature show transition-like behavior
for @>60. This is close to that obtained for the model
T=const.

(c) Here T(r) is a smooth monotonically decreasing
curve whenE is large; for very smalE the electron tem- , , , ,
perature passes & maximum af someR. This maximum is 10, 11 246 bfies o moan eleton s by st

Cause.d b_y the electron heating in the gmbipolar radiaI. fieldy a small field E- R~0.04 V, T/T;~2.5), the dotted lines to a larger field
F, which is equal to zero on the tube axis. At stronger fieldSE-R~0.07 v, T/T;~8).
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the tube cross section, and the radial dependence of the trang-for simplicity, we neglect the effects of the neutral gas
verse electric field=(r). As E is varied we expect jumps in nonideality and only take into account the heating by the
T(E) andI(E) at the arrows in Fig. 3. external fieldP=Ej. For a typical example of the situation
considered in this paper, which will be described later in this
section, Ej is four orders of magnitude smaller than the
right-hand side of25).

The assumption of a constant ion temperature will hold

In this work we investigated properties of the stationaryonly approximately. We expect that away from the tube axis
state of a partially ionized plasma in a cylindrical tube main-the ion temperature will become somewhat larger than the
tained by a source of ionization and subjected to an externg@mperature of neutrals but not significantly so, except per-
axial electric fieldE. Our calculations were done in a colli- haps in close vicinity of the waft-® Since the transition we
sional two-fluid scheme. The neutrals are treated as a givede studying here takes place whéns only a few times
background with fixed densiti) and temperaturd; while  higher than that of the neutrals, we may assume a constant
the ions were assumed to have the same uniform temperatui@) temperaturdl;, at least for the majority of ions.
T, and a densityn(r) equal to that of the electrons, i.e., The kinetic model on which the hydrodynamic equations
charge neutrality in the interior of the tube. (6)—(10) are based is the nonlinear Boltzmann equat®n

The assumption that the heating of the electrons by théor the electron distribution functiof(r,v,t). To obtain the
external and ambipolar fields, together with the injection offluid equations, we have used the approximation of replacing
relatively warm electrons in the process of ionization, doed by M in evaluating the integrals for the time derivatives of
not heat the neutrals and ions very much seems reasonabite hydrodynamic variables. The justification given in Sec.
when one takes into account the density and heat conductiyll is the dominant effect ok—e collisions. But, as is clear
ity of the neutrals and the strong coupling between them anéom the behavior of the—e collision cross section, which
the ions. To see this in a semiquantitative way, we note thaecreases for large speedwag, f(v) will not be uniformly

the temperature distribution for the neutrals is governed bylose toM(v) for all v. For large speeds, the behaviorfof
the equation in the stationary state will be dominated, fd&| not very

small, by collisions with neutrals that lead to a Dryuvesteyn-
1d ( dT) P

IV. DISCUSSION

il ) (23)  type tail of the fornf* f ~ e~ AE? Very slow electrons, on
rdri dr A the other hand, are strongly influenced by thei interac-

mal conductivity, which can be taken to be constant. ByeVer, since we are only interested in the evaluation of aver-
keeping the walls of tube at a given temperatdig we ages of quantities that are not too peaked at very slow or very

impose the boundary conditiGh(R) = T,, which gives high speeds, the main contribution will come from typical
L g ° values ofv, v ~ u = /3kT/m, where the bulk of electrons
RaAXx [x are. In this region of velocity space will be close toM
=To+- | — . ) f
T(N=To A fr X nyP(y)dy (24) whenever the “relaxation time’r.. associated withe—e

collisions is small compared with other relaxation times in
the problem, which would try to drive the electron distribu-
tion away from a local Maxwellian. We now evaluate the
different relaxation times for typical electrons in the spirit of
__ 2 (R plasma kinetic theory2
P=r2 JO P(r)r dr The frequency ok—e collisions is bn/u®, so 7, the
time of energy and momentum relaxation in such collisions,
be the average intensity of the heat source, £4) yields, can be approximated as
on the tube axis,

Let us consider three casgd) P(r) is a constant(2) lin-
early falls to zero, and3) approaches zero parabolically.
Then letting

3

_ _ u
TO)=Tot 1 PR? 0= Tt 5 PR? Ted™ b (26)
10)=Tot 7 == ToA0)=To+ 35—,
_ The relaxation time of the newly created electrons, whose
_ R? mean speed, is higher tharu, can be obtained frort26) by
T3(0)=To+ 8 N\ replacingu with vy= 6Y2u. On the other hand, an electron

with speedv loses, in a collision with a slow ion having
velocity u;, a fraction 2n/M of its energy. Such collisions
P<2\T,/R? (25) take place with frequency;e;=bn/u’= 7., so thee—i en-

_ _ ergy relaxation time is
then guarantees an approximately uniform temperature of the

neutrals. In fact, we tak&,=T;, and Eq.(25) can be rewrit- M

respectively. The condition

ten in the form Tei™ |y Tee (27)
Ej_< 1 \E (KT;)32 By the same reasoning, the energy relaxation time with neu-
oR? VM trals, where the collision frequenay,, is v/l, is
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Ter™=M/Mvg,=MIl/mu. (28)  sponding to the bottom in Fig. 3, ¥N~4X 10 °. We took
[/R=0.2, which impliesN~10 cm™3, corresponding to
We thus always have.d/ 7e;=m/M <1 and the require-  NkT,=107 Torr and n(0)~4x 10" cm™3. The electric
ment thatred/ 7e,<1 is just the left side inequality ifla).  fie|d in Fig. 3 goes from zero to about 0.2 V/cm and the total
This assures tha-—e collisions will play a dominant role in - rrent does not exceed 4 mA. For a neon plasmas
determining the energy distribution of the electrons, at leas§majler by a factor of 9 and so is the requirement on the
for the case of a uniform plasma with fixed electron densityignization fraction.

n, cons.idered in Refs. 375..In the present case we als.o hgve Whether conditions like these can be achieved experi-
to consider the electron lifetimes rglatwe to reco_mbm_atmn iNmentally is, at the moment, an open question. What is clear,
the bulk, 75, and on the walky . A simple calculation yields  powever, is that if we have to rely on ionization caused by
u b the external fieldE then T, will be about 1 eV and the
8=ChT o Tee~ 100 7ee. (29)  electrons will never be coupled strongly to the ions for
n/N<1. To have a chance of seeing a transition correspond-
To estimater,, we compare the flux of neutralizing ions to ing to a crossover frore—i to e-n coupling we would have
the walls,u;n(R) - 27R, and the total number of electrons in to consider an almost fully ionized plasma in which the re-
the tube cross sectiomwR?: m,~Rn2un(R). Taking Mmaining neutrals would prevent the runaway effect caused
roughly n(R)/n~ 1/20 we obtain, after some substitutions, by the external fiel& when onlye—e ande—i collisions are
consideredsee Ref. 11).
Tw~10R/U;=~10(R/)(MT/mT,)Y?7,,,. (30) To gain a better understanding of the dynamics involved
in this nonequilibrium kinetic transition, let us analyze, in
simple physical terms, the stationary state of our system in
We note here, however, that in order to &t M with the presence of the electric field We assume as before that

both T andw determined by the hydrodynamic equations,in eache—i or e—n collision the fraction of energy lost is

one actually needs to assume also thatis small compared 2m/M and the direction of motion of the colliding electron is
to the momentum relaxation times, i.e., that.{v.;) and randomized. Under the action of the foreeeE an electron
y e ei

(reever) are small. This was assumed for the simplifiedbetween two successive collisions changes its velocity from

model equatiorfsbut clearly does not hold in the plasma. A V {0 V—6E7/m, where the mean time of the free flight is
better approximation scheme for solvif®) would therefore
be, to takef ~M?, a local Maxwellian with mean drifiv=0.
The leading corrections to this Maxwellian would be of order
vm/M, and would have to be computed from a linearization ) .
of (2) aboutM?. The result would then be the input for the Whenuv corresponds to the thermal velocitythe drift ve-
self-consistent evaluation df. This is what was essentially 0City of electrons obtained fror(81) is
done heuristically and approximately in Ref. 4. To make the
scheme work rigorously, the effective strength Bfand W — —
hencew must also be of this order. This is indeed what we 2m
find here, for the range oE in Figs. 1-3, withw/u
~ JmIM. In fact, the results obtained in Ref. 4 are qualita-[This almost coincides with Eq13) for w,.] In the station-
tively similar to those obtained with the present approxima-2y state the average energy gain between two collisions,
tion scheme for uniform systems, which facilitates computa- )
tion (see also the Appendix). _ (eEn)

We shall consider now, within the scheme of Sec. 1l and 2m '’
the even simpler relaxation time estimates discussed above,
the physical conditions necessary for observing the kinetishould be equal to the average energy loss
transition manifested in the S-shaped curves in Figs. 1-3m/M)m(u®-v?),
Since the origin of this behavior is a changeover freni to
e—n collisions as the dominant mechanism for the dissipa-
tion of the energy that electrons gain from the external field,
it is necessary that at the initiation of the transition, i.e., at
the bottom part of the S curve, the electron temperaflye, We see fron(33) thatu(E) is not a monotone function when
should be low enough for,/v,, to be large. The require- gq=bnl/v{ is larger than about 12. This gives in a simplified
ment that this ratio, which can be written as form the origin of the kinetic transition. For this analysis to
(47nL/9N)(e* o)/(kT,)?, be large compared to one, and be reasonable the energies of the electrons must not be
that we still haven/N<1, imposes a strong constraint on the spread out too much, i.e., the bulk of electrons must have
temperature of the electrofig,. Assuming a helium plasma their speeds close 0. Thee—e collisions provide the non-
with the neutrals and ions at room temperatures 300 K,  linear cooperative coupling that brings about this condition.
R=1 cm, 6=(v3/v?)=10, corresponding to an energy of In the cylindrical plasma confined in a tube that was studied
1 eV for newly created electrons;=5x10 ¢ cn? (see Ref. here the critical value ofj is found very close to 10 for
17), the ionization fraction at the center of the tube, correplasma parameters used in Figs. 1-3.

Thus, for R/[=100, = 1., and the arguments used for
fixed n should apply.

bn v)\7?!

—F —
1)3

I (31)

T=

-1

(32)

eE bn+u
wr

(33)

2
e_E:2m ) 2)bn u
m
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2
behavior of the functiorE(u), is caused by the decreasing E+ _ U—2+v ®(v)d* =0, (A3)
termbn/u’ in (33). The recombination of electrons near the
tube walls makes the density a decreasing function af, 47q
due to the growth of the charged particle mobility with tem- EW+T ®(0)— J
perature, and therefore enhances the observation of our tran-
sition. The opposite role is played by the volume recombi—Whereq:bm/vi4 as before and we have sét=1f/n so that
nation whose rate decreases with the electron temperature 3 or 3 s o s
here)and leads to a rise of density with We thus have a j Vo dv=ew, J vd dPu=x"+ €W
competition between these processes in the cylindrical geom-

etry and may anticipate that the smaller is the bulk recombill ON€ uses the substitutio@), which now has the form
3/2 3

2 s 2yl w2

277) X ex;{ 2 (V—ew)

nation the easier would be an experiment.
_and neglectg?(w/x)? compared to unity Eq$A3) and(A4)
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_ In the stationary cas@A6) and (A7) can be solved fow(E)

APPENDIX: NATURE OF APPROXIMATIONS and x(E) yielding nonunique solutions, wheq>7.6 (see

We rewrite now Eq(2) in a dimensionless form in order Ref. 4). The solution ofA6) and (A7) for x can be found
to better see the mathematical nature of the approximatiorféom the relation

An S-shapedl'(E), or in other words, a honmonotone 1 J
%

q

v

+v3— 4—U)CI>(v)d3v=0 (A4)
3 :

d(v)— , (A5)
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made in our work. Setting = Vm/M, t’' = etv;/l, v' =v/v;, 12 x2—1 Ax* 8x4
r_ r_ _ r_ 2 2
r'=rIR, ew' =w/v;, 6=1IR, E'=(ellemv{)E, Ef=— —%— q+—) q+—). (A8)
F'=(ellemv?)F, \ = I\/ac/vsi, n’(r’)=n(r)\/c/au?, and ™ X 9 9
dropping primes we obtain Equation(A8) is close to Eq(33), which was obtained in a
8 (rv.t) rough approximation without referring to the kinetic equa-
€ ———"—€e(E+F)-V,f+8(v-V,f) tion.
at It is natural to expand(v,t) for the spatially homoge-
( L1 0 [[4en 1 9\ neous case in a series &
=\ ¢p— = f|+e® 5 — (——i—v ——)
’ viov ] 9 Sv ov fv=3 fi(v.he. (A9)
4wn - — 1=0
+ 5.3 Lf+o(f=)+Q[f], (A1) substituting(A9) into (A2) gives a set of coupled equations
_ ) _ for f;, where higher components can be expressed through
wherew is defined in(21), and we have lower ones. We do not use this method in the present work,
instead we have solved E¢Al) using the method of mo-
f y do=1, f vy d* =0, f vy dv =09, ments withe=1.4x104 6=0.2,A~0.1, andd=10. In order
to have a closed set of differential equations we have taken
J f d®v=n(r), Jvf d3v=en(r)w(r), 3v-w\—
fi1= X2 ) )
f v2f d3u=n(r)[x?(r)+ ew?(r)]. which comes from the shifted Maxwellian. We expect the

effect of our additional approximation to be small.
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