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Nonlinear Debye-Onsager relaxation effect in weakly ionized plasmas
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A weakly ionized plasma under the influence of a strong electric field is considered. Supposing a local
Maxwellian distribution for the electron momenta the plasma is described by hydrodynamic equations for the
pair distribution functions. These equations are solved and the relaxation field is calculated for an arbitrary field
strength. It is found that the relaxation effect becomes lower with increasing strength of the electrical field.
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I. INTRODUCTION whereT ande are the temperature and the dielectric constant
of the electrolyte solutionkp= \/4wEazzlea2na/T is the in-

Transport in high electric field has become a topic of cur-verse Debye screening lengthg=(e;b;—e,b,)/(e;
rent interest in various fields of physics. The shrinking sizes-e,)(b;+b,), e,, n,, andb, being the charges, the num-
of modern devices with the applied voltages remaining théer density and the mobility of the ions of type Recently
same produces very strong fields. A further motivation forthe Debye-Onsager relaxation effect has become a topic of
the investigation of high field transport effects is the appli-renewed interest. First it was shown that the relaxation effect
cation of strong laser fields to matter. Nonlinear transporis essential for a proper virial expansion of the electrical
effects due to strong short laser pulses can be studied igonductivity of a fully ionized plasmd5]. Second the
semiconductor$l] and in plasma physidg]. Debye-Onsager relaxation effect in fully ionized plasmas be-

In this paper we consider a weakly ionized plasma inyond linear response was studied within the memory ap-
strong electric field. A plasma is called weakly ionized if the proach[6]. The aim of this paper is to investigate the non-
collision frequency of ions with neutrals is much greater thariinear Debye-Onsager relaxation effect in weakly ionized
the ion-ion collision frequency. Therefore, in a weakly ion- plasmas.
ized plasma the relaxation time for the momenta of the
charged particles is much less then the relaxation time for the
screening cloud surrounding a charge.

The influence of field effects to the plasma CondUCtiVity is Consider a Weak|y jonized p|asma ConsistingN%f neu-
twofold. First, the external field modifies the distribution tra|s N, particles of sort a with charges,, masse,, N,
function of electrons and induces a current. Second, the fieldarticles of sorb, etc. The total number of charged particles
deforms the screening cloud. As a result an internal field igg N=3,N,, the neutrality condition reads,e,N,=0. We
induced, which is directed opposite to the external field andyppose thatl,>N. Consider now the plasma under the
diminishes the total field acting on the chargése Debye- influence of a static homogeneous electrical fildn what
Onsager relaxation effect o follows we suppose that the electric field strength is re-

_ A kinetic equation for the determination of the electron gyricted by condition Eq(1) and the electron distribution
distribution function in weakly ionized plasmas was derivedgnction can be approximated by the Maxwell distribution.
by Dawydow[3]. It was shown that the influence of the field gesides Eq(1) no other restrictions will be imposed on the
on the electron distribution is weak as far as the electrony|ectrical field strength. As far as E}) is satisfied we will
energy gain by the field during the mean free path is muchegargd the relation between the dipole energy of the de-
less then the energy transferred by one collision of the eleGyrmed screening cloud to the temperature of the plasma as

1. HYDRODYNAMIC APPROXIMATION

tron with a neutral, i.e., if an arbitrary one. Of course we also neglect effects of impact
— ionization in an external field.
y=(eEIT)v(M/m)<1, (1) The system of charged particles is then described
by the N-particle distribution function

where e is the elementary chargde; the electric field oo X
strength) the length of mean free patfi,is the temperature FN(X1, ... Xn,v1, ... wN), satisfying the generalized
of the plasmam andM are the masses of the electrons and-ouVille equation[7]
the neutrals, respectively.

The Debye-Onsager relaxation effect was first derived JFN N _ dFn - dFy
within the theory of electrolytef4]. It has been shown that at +§1 Ui 9% +i:1 &E o
in a dilute electrolyte solution with two sorts of ions the total ! :

! . T ) N o
field acting on a charged paricle is reduced by an amount: .S i Id;;(K—%;) IFy
=1 m; 29 Iv;
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The right-hand side of E(q:3) describes the collisions of
the charged particles with the neutrals. In E).we suppose Where
that the collisions of two different particles are independent.
Introducing truncated distribution functions one obtains from _ (E)
Eq. (3) the Bogoliubov-Born-Green-Kirkwood-Yvon T
(BBGKY) hierarchy of kinetic equations]. If the charged
component of the plasma forms a weakly coupled plasma, k3=(Z+1)k3,
ie., if

2 (ik-E)? K2+ZKd, , 4mnee’
K2(k*+kp) K*+kpe ' P T

goe(F, r:) is the additional potential at poiﬁtif an electron is
situated at point,. The field strength of this potential equals

Ee(r —To)=—Veu(l.Te)=— Vool —rq).

(e?/T)(4wN/3V)YV3<1,

the BBGKY hierarchy can be truncated by supposing that all
distribution functions of order higher than 2 can be expressed
by the one- and two-particle distribution functions. Then one
arrives at a system of equations for the one- and two-
particles distribution functiongs,7].

This system can be further simplified by supposing a loca

Putting nowf—rl we obtain the potential acting on the
electron itself and thus changlng its mobility. For the Fourier

fransform we havﬁe(k)— —Ik(pe(k). Therefore

Maxwellian distribution for the velocities in the one and two- SE—EF=6
particle distribution functions. In the quasistationary case =Ee(r=0)
one arrives thus at the system of equatipris L. odk Zesze .
Aadp(ra,ry)=—4m 2 echhcb(raarb)+eb5(ra_rb)} 9. 2 _12
¢ @ +a?y?+2\Z+1+Za?y?) 12, 7
with a=eE/Tkp, characterizing the strength of the electrical
T(ba+by) Ahap(F ol p) + €220 abp (T asl ) field. For the case of onefold charged ior&=1) the inte-
o gral in Eq.(7) can be expressed by elementary functions, and
+epbpAada(rp.ra) one obtains
- - - 2
:(eaba_ebbb)E'Vhab(ra:rb)- (5) 5@2_ e kDe éF(a),
3(1+v2)T

In Eq. (5) b, is the mobility of a particle of sort abb(r_;,r_;)
is the potential created at poing by a particle of sort F 3(1+v2)

situated at point_; and hab(r_;,r_;) is the two-particle distri- (a)= a’
bution function. The system of differential equations Eds.

and (5) can be solved by a Fourier transformation. For the 1 @
sake of simplicity we consider now a weakly ionized plasma T arctar( 2t 2
consisting of neutrals, electrons and one sort of ions with

chargesZe. Since the mobility of the electrons is much This formula is the main result of the present paper. It will be
greater than that of the ions we neglect the ion mobility.discussed in the next section.

Than a straightforward calculation leads to the following ex-

pression for the Fourier transforms of the distribution func- ll. DISCUSSIONS

tions and the potentials:

1
\/a7+ 2—1+ . arctanf«)

2

®

The nonlinear relaxation effect can be described via the
function F(«) in Eqg. (8). For the case of a weak external

ik B/ (K24 K2
hio(K)=he(—k Anze’ 11— (elT)ik-E/(k*+kpo) electric fielda@<<1 the relaxation field differs from the cor-
€ e T(k2+k ) 1-x ’ responding field in the linear regime by a small amount, and
is given by the expression
- . 477%e% 1—x(K2+k3)/(k?+ZK> )
hi(K)=— = 2 3a®
T(k*+kp) 1-x Fla)=1—- ——. (9)
20(v2+1)
2 2
= (IZ)= _ 4me®  1—x(k*+kp p)/(k +kp De) In the opposite case of a very strong electric fiefs 1
ee T(k>+ k%) 1-x ' the relaxation effect is described by the asymptotic behavior
of the functionF(«),
_ - 4me 1 Ze I|Zé kzDe K%+ kzD 3(vV2+1)

= | -]l — =+ X
el x| 1 T v K el P~ 19
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One can compare the relaxation effect calculated in the \ - ' .

present approach with the corresponding result from a N — present approach
memory approaché]. In the latter approach a kinetic equa- \ 7 memory approach

tion for the one-particle distribution function is employed o8l i
which differs from the ordinary Boltzmann equation in two \

points. (1) A collisional broadening as a result of the finite

z
collision duration.(2) The intracollisional field effect, which f';—’ \
gives additional retardation effects in the momentum of the £ 06 | N 1
one-particle distribution function due to the field. Then the & AN
relaxation field is found to be - S
041 N 1
SE eKpe - (a) I
= — o , \~\.\
3vat —
0.2 : : : :
6 a 2 1 0.0 2.0 4.0 6.0 8.0 10.0
= —=+=+— - ternal field
Fu(a) P 2+2+a|n(1+a') 2at )|’ external fie
(11 FIG. 1. The scaled nonlinear Debye-Onsager relaxation field

] o ) ) F(a) [Eq. (8)] and Fy(«) [Eq. (11)] versus the field parameter
(Unfortunately in[6] is given an incorrect result, in BEQD  4=e2E/k,,T. M

we have corrected the resiliNote that the memory ap- o ) ) S
proach leads to another expression for the linear re|axatioﬁhOWn that with Increasing external field the relaxation field

effect than the hydrodynamic approach. becomes lower and goes asymptotically to zero for the case
In Fig. 1 we have plotted the nonlinear relaxation effectOf Very strong electric fields. , _
via the functionsF(«) from Eq. (8) and Fy,(«) from Eq. We should remember here that the asymptotic region

(11). One recognizes that within the both approaches the>1 is rather a hypothetical one since at very strong exter-

relaxation effect lowers with increasing strength of the exter-nal fields the condition Eq(1) breaks down and the hydro-

nal electric field and that for very strong external fields thedynamlc approach used in our calculatlon_s beCO”_‘eS inappli-
relaxation field goes asymptotically to zero. Within the caple. On th_e other h_and the hydrodynamic equations for the
memory approach a faster decay is predicted pair correlation functions Eq$6) are also valid for electro-

The vanishing of the relaxation effect can be understoo&ytes’ and they should be valid, too, if a strong exteral elec-

as follows. In a strong external electric field the electron-ion"' field is applied. However, the present approach does not

plasma decouples and forms two almost independent sufiake into account electrophoretic effects which become im-

systems, an electron and an ion subsystem moving in oppc?—or,:la':t fo(;deltejc_trolyteﬁg]. v it b ht to the att

site directions. As a result the electron-ion correlatipahes- _ Note adaed In prool=ecently it was brougnt 1o the atien-
tion of the author by Professor Krem({Rostock that the

scribed byhie(k) in Eq. (6)] vanish, there is no deformed eqit Eq.(8) has been found within the theory of electrolytes
screening cloud anymore and the relaxation effect is abseng,y a different approacfo].
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