Two-temperature relaxation in nonideal partially ionized plasmas
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Evolution equations for the coupled relaxation of densities and temperatures for the components in
nonideal partially ionized plasmas are given. In these equations many-body effects, such as
screening, self-energy, and lowering of the binding energy, are included. The coupled equations are
solved numerically for a hydrogen plasma consisting of electrons, protons, and atoms. Impact
ionization, three-body recombination, and elastic processes are taken into account. Thermal
relaxation times are determined and the results are compared with those from the literature. The
influence of many-body effects on the evolution process are discussed. In some cases, a significantly
increased lifetime of the two-temperature regime is found.1996 American Institute of Physics.
[S1070-664X96)00704-7

I. INTRODUCTION temperature modélThe validity of this model is discussed
in Ref. 6. We analyze the coupled evolution of density, elec-
In nonideal partially ionized plasmas, many-particle ef-tron temperature, and temperature of heavy particles, assum-
fects, such as screening, self-energy, bound states, and lowg the same temperature for ions and atoms nonideal par-
ering of the ionization energy, play an important rbfeln tially ionized plasmas. We study the evolution processes for
Ref. 3, the influence of these effects on the reaction-diffusiotarge electron densities. That means we consider plasmas,
process in nonideal plasmas was studied. Reaction-diffusiowhich are collision dominated, and therefore the radiation
equations with generalized expressions for the coefficients gfrocesses can be neglected. We determine relaxation times
ionization, recombination, and diffusion were derived. Be-and compare the results with those from the literatisee
cause of the nonideality, these coefficients are density depeRefs. 7, 8, and P Of special interest is the influence of
dent. Nonlinear behavior like nonlinear diffusion, bistability, bound states on the temperature relaxation process, which is
and running ionization fronts were discussed. A limitation ofincluded in our approach.
Ref. 3 was that the density relaxation was considered in the Furthermore, we study many-particle effects in detail.
case of homogeneous constant temperature. We will show that the dominating effects are screening of the
In the next papérwe took into account the temperature Coulomb interaction and lowering of the binding energy. As
evolution. We derived hydrodynamic equations from genera result, the lifetime of the two-temperature regime is ex-
alized guantum kinetic equations for quasiparticles. Withtended significantly.
these equations one can describe the relaxation of the density Our paper is organized as follows. First we derive from
and temperature of the plasma species in nonideal partialilhe hydrodynamic equations the equations for densities and
ionized plasmas. We only considered dense plasmas that ai@mperatures in the two-temperature mod#éc. 1). Here,
collision dominated. To highlight the effect of temperaturewe take into account many-body effects. Then we apply
on the relaxation process, we analyzed the simplest casethese equations in the case of a nonideal hydrogen plasma.
that of a single temperature common for all components. AJ he transport coefficients, impact ionization, and three-body
a result, we found strong correlations between the evolutioiecombination coefficients for hydrogen are given in Sec. IlI.
of chemical composition and temperature. In Sec. IV we present numerical results for the solution of
Now we are interested in the class of plasmas wheréhe coupled equations of density, electron temperature, and
light and heavy particles have not yet relaxed toward a comtemperature of heavy particles in a spatially homogeneous
mon temperature. This is the case when the plasma is exydrogen plasma. Finally, a discussion of the results is given
posed to the action of electric fieRler particle beams that in Sec. V.
generate highly energetic electrons. Such a plasma can also
arise when a short pulse laser radiation interacts with solidl. HYDRODYNAMIC EQUATIONS FOR TWO-
matter® To focus on the evolution of the macroscopic quan-TEMPERATURE NONIDEAL PLASMA
tities, we assume here that the quasihydrodynamic regime_ IS |n Ref. 4, hydrodynamic equations for nonideal partially
reached.Thls means, each component has relaxed toward it)nizeq plasmas were derived. If we consider a system of
own quas!e_qwhbrlum momentum d|str|bl_Jt|on characterizedg|ectrons €), singly charged ionsif, and atoms &i), the
by a specific temperature. At the same time, these temperq;\ésumng equations for the densities of free=(e,i) and

tures are not yet in equilibrium with each other and chemical,;nq particles in the spatially homogeneous case are
equilibrium has not yet been reached. This regime is justified

for gaseous plasmas with large mass differenoes{my,). MNa _ e
In this paper we study the relaxation process in the two- at a
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3n<e| In contrast to an approach starting from the ordinary Boltz-

E W(e.) 2 mann equation, in Eq8) nonideality contributions in quasi-
particle approximation are included.

Heren e is the total number density of atoms and is given ~ The real part of the self-energy function ®& which

by neeiy==nlei (j-atomic leve). Nonideality effects enter accounts for the interaction with the surrounding medium,

Egs.(1) and(2) via the source functions of free particlés, can be calculated in the framework of the Green'’s functions

and of atoms\;. These functions are related by technigues. An appropriate approximation is the so-calfed
approximation’, with V/® denoting the screened potential. In
We=W;=— 2 Wi, = 2 f on h)g > i Eq. (5) there is needed the self-energy averaged with the

distribution function. For local thermodynamic equilibrium
(3)  one obtains in the lowest order the resiift

The source function of electrons, for instance, is given by

d3p R e’n,
J mReEa(p,w=ea,t)fa(p,t)=— TR (9)
We= > E (afn n(e,) Bnchen;). (4) 0
c=el with the screening length

The summation is over the impact particles and the quantum

2
numbers of the atom. Here{ and 8} are the coefficients of S=4m> o€

impact ionization and three-body recombination of the fé i 5 KgTh
atomic levelj. Explicit expressions for these rate coefficients
can be found in Ref. 10.

The resulting equations for the energy densities in the

(10

Thus we have for the total energy density, conserved by Egs.
(5) and (6), the approximation

nondegenerate case can be written as 3 e’n,\ 3
EC'= > |5 nakegTa— 7|+ 5 NeikeTiei)
Jd (3 1 d3p R a=ei \ 2 4ry, 2
= (f N kT4t > J —g(zwﬁ) ReEa(p,w—ea,t)fa(pt)) '
- +§j‘, Einle) - (1)
= —e(prt)(zl +EI ) 6) o ;
f (2mh)® 2 R T The temporal change of the energy densities of the various

species is determined by the collision integrals on the right-

hand sidgRHS) of Egs.(5) and(6). The calculation of these

terms involves the quasiparticle energies. In order to simplify

the calculations, we will use the so-called rigid shift approxi-
2 | (eire - (6) mation for the quasiparticle energi¥s,

d (3 .
a7 (5 ”<ei>kBT<ei>+; EjNfei

P2
j (2 Wﬁ) (Zm(e, ,

The integralslab, lape, and I describe the two- and ea(pt)= p +Aa(t) (12
three-particle scattering processes and are given in Refs. 11
and 12. Because we are interested in the description of dengghere the momentum-independent shift is given approxi-
plasmas, radiation processes can be neglected. mately by

The free particlegelectrons and ionswere considered
in a quasiparticle picture in which their energy is given by

1 d?
3a0=1- | oo RESEPL0=ca 1P
@) 3

Using Eq.(9), we have
It was shown in Refs. 1 and 13 that the energy shift of the
bound states is small. Therefore this shift was neglected in A= e
a= .
Eq. (6). 2rg
As shown in Ref. 4, the system of Ed4), (2), (5), and
(6) has the important property that it conserves the total den-
sity of particlesn,+n=const witha=e,i as well as the
total energy density,

2

p
€(prt)= 2
a

2
(14

Now we can derive the evolution equations of the tem-
peratures for the light and heavy particles in the two-
temperature model from Eqg&) and(6). The relaxation pro-
cess is determined by the elastic and inelastic collisions

3 1 d®p between equal and different particle species. The energy
Efl= > NakgTa+ 5 j i
= 2 B (Zwﬁ)3 transfer between electrons and heavy spe@iegly charged

ions and atomsis not very effective, because of the great
mass difference. Therefore the thermal relaxation times be-
tween particles of great mass differen@dectron—ion and
electron—atomare greater than the times between particles
+§ e KaT ei +2 E nie.) ®) of equal mas:{electrqn—electron, ion—ion, and atom—.alom
or nearly equal masGon—aton). That means there exists a

X Re Es(p,w=ea,t)fa(pt))
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stage where the electrons and heavy particles are in qua5|-
equilibrium with the respective temperaturfEsandT,, .

We obtain the temperature equation for the electrons
from Eq. (5), together with Eq(9). The time derivative on
the left-hand sidéLHS) can be easily calculated. The RHS
of Eq. (5) describes the energy transfer due to the various
collision processes. There are some useful approximations.
The energy transfer terms of the elastic collisions of three
free particles can be neglected in comparison to the elastic
two-particle collisions. The impact ionization by ions is
much less effective compared to the electron impact ioniza:
tion. Therefore we restrict us to the latter process. Som
details of the derivation are discussed in the Appendix. From.
the energy balance equati¢®) for the electrons, we obtain

el)e

EZ f dspe dsp(ei) dsﬁe
] AV (27h)3 (27h)2 (27h)°

d P( i . o
X )2 (PePen Tetei | PePen] ) 1227 8(Eegei

Ee(ei)f) X(f_ef_f(ei)_ fefiei)- (19

In the following, we consider only the ground staje=(j
=1). This is a good approximation for the high densities we
are interested in because the excited states have already van-
hed due to the Mott effect.

The LHS of the Eqs(15) and (18) contain the deriva-
tives of the temperature of boielectrons and heayyspe-

cies. The solution of these system of equations can be written

as
3 - Ne€°The aTe+ Ne€The dTh
2 ¥8NeT g2 ) ot T 8T, ot Te
at
3 7€? i
= : kBT ar O—Ej Wieiy T Zeit Zegei) - (15
The integralsZ.,,, b=i, (ei) stand for the energy transfer aTh

following from the elastic collisions between electrons and "5 —

ions,

1
= kika—koks M( keTe™

7 €?

81, T Zei

(ei)

El)Wl

2

le
+Ze(ei) _k3 8 W |)+Z|e+ze|)e (20)

e2

! k3kT7 —E, |W,
Kika—koks | 2l\ 2 Blem g~ =1 Ve

2

le
_ _ +Zgit+ Zeeiy | T Ka| 5 W(e|)+zie+ Z(ei)e)’-
, ‘_if d®pe  d°i  d%.  dp pE 8r
e nv ) (2wh)d (27h)3 (27h)® (27h)3 2m, (21)
X [{PePi| Teil PePi)| 227 8(Eei— Ee) (fofi — fof ) The termsky, kz, k3, andk, are given by
16 3
(16) k1:§ Kg(Net Neiy) + Kz, (22
and electron—atom collisions 5
Ne€The
Pt (23
3 3= 3s 8Tero
7 ZLEEI d°pe d°Piy d°pe d°Pe)
€Ty < 4| (2ah)® (2wh)? (2mh)® (2mh)° _Ne€The 24
2 8 8Thr0 !
Xﬁ [{PeP (eiyi | Taten| PePeini )27 8(Eegen; 3
_ k4:§ ane+ k2. (25)

Eeen) (Fof (e = of ei)- (17)

For comparison, we give the corresponding equations for an

The temperature equation of the heavy particles is o
tained by summing up equatior{§) for ions and(6) for

pideal plasma, i.e. nonideality effects are neglected,

dNg 1
atoms, ot Wi
3 ee The &Th neezThe &Te 3 &Te _ 3 1
kB(n + n(e,)) + T—ro (9t 8T§r0 W E KgNe 7 = E keTe—E; W(ei)+ Zeit Ze(ei) ) (26)

2

e :
- 2 W{ei)+zie+z(ei)e+x(ei)e

“ & (18)

T,
> Kg(Net Neeiy) i

Zie+z(ei)e-

Similar expressions are given in Ref. 5.
HereT,. is given by Ty.= ThTe/(Th+Te) In addition, Z;, The calculation of the integralg,, [see Eqs(16) and
follows from Ze| by substltutmgpI /(2m,) for p%/(2m,). If (17)] is difficult. But we can use the quasihydrodynamic ap-
we replacep?/(2m,) by p(el)/(Zm(e,)) in Ze(ej), we obtain  proximation. For a nondegenerate system with local equilib-
Zcije- The integralX ). is only important for excitation and  rium distribution functions for each species, the expressions
deexcitation reactions and can be written as Z., can be simplified,
Phys. Plasmas, Vol. 3, No. 4, April 1996
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8KgNaNpan 2 In the coupled set of balance equatidisee Eqs(1),
=+ my) p—— Qan(Tr—Ta), (27)  (20), and (21)], we have, along with the reaction function
a a

W(lep), the contribution<Z,, and Z, ¢, . They mainly deter-
with Zy,= —Z,;,, and mine the energy transfer in the collision process between
electrons and heavy patrticles. In order to calculate these
(28) quantities, the corresponding transport cross secti@fs
that can be expressed by the phase shifte Eq(30)] must
The terme, can be written ag,=m,/(kgT,). HereQ,,is  be known.
an integral over the transport cross section and is given by  The phase shifts for the electron—proton collisions were
" determined by numerical solution of the radial Salinger
Qab:f z° exp(—zS)Q;b(z)dz, (29 equation using the Numerov method. The effective interac-
0 tion potential between the charged particles was assumed to

with z2= ¢, i%k2/(242,). The transport cross sectid@,, ~ Pe a statically screened Coulomb potential,

Zab

mymy, PaPp
Mab=7 ' Pab=™7 _ o -
ab (my+my,) ab (eat @a)

can be calculated from the scattering phase shifts according . Veo(Q) K2
e _ — I
to Vep(q10)_ E(q,o) ’ G(an) 1+ q21 (36)
Amr _ 2102 i i
T _ ; _ where V. (q)=—4me“/q® is the Fourier transform of the
=— |+ 1)Sin?(8 41— 5)). 30 ep
Qab k? Z| ( JSim(di+1= 1) (30 Coulomb potential and(q,0) is the RPA(random phase

The numerical calculation of the phase shifts is described ir?pprox[matloﬂ_l dielectric fungnon In static approximation.
i . Here k is the inverse screening lengtbee Eq.(10)].

the following section. . X

The elastic scattering of electrons on hydrogen atoms
was treated on the basis of the close coupling equations of
quantum scattering theory. Within perturbation theory, this
. HYDROGEN PLASMA: RATE COEFFICIENTS AND system of equations can be reduced to an integrodifferential
TRANSPORT CROSS SECTIONS equation for the electron scattering wave function that de-
scribes the scattering of the electrons in an effective atomic

In the following we consider a partially |_on|zed hydro- r;I)otential.18 Neglecting exchange effects we obtain, instead of
gen plasma, because we want to study the influence of non-"". . . .
an integrodifferential equation,

ideality effects on the relaxation process in a simple ex-

ample. In order to have an analytic expression for the  d? , +1) pol
reaction functionW(,,, we use the results of Ref. 10. The g2 fi(r) +| k= 7= Veu(r) = Veu(r) | fi(r) =0.
ionization coefficient is then given by €1) (37
ar=a? exd (—Ae—Ap)/kgTel, (31  Thisis a radial Schinger equation for the electron scatter-
. ing wave functionf,(r), where the electron—atom interaction
a'¥= agg(|Eq|/kgTe) (32 : : ot -
1 0 1fele/ is determined by a static and a polarization contribution. The
Here o andg are defined by static potential is given by
107a3|Eq|Y 2 2 _or
ao:%;), (33) Veu(r)=—e? —+ —|exp —|. (38)
(27Tme) r aB aB

In dipole approximation, assuming static Debye screening,
dt. (34)  the polarization potential 13

g(X)=Xl/2j (exrxt )
X
2
There is a strong influence of many-body effects on the ion-  VE%(r)=— il ——>
ization coefficient. This coefficient is an increasing function 2 (ritr)
with increasing electron density. The ionization and the reHere a=4.5a3 is the atomic polarizability, and the param-
combination coefficients are related by eterr, was chosen to be, = 1.45@g, which interpolates the
_ 3 eff behavior for small distances. As in the case of electron—

B1= ashe exilly T (keTe)l, (35 proton scattering, we have calculated the transport cross sec-
with A, being the thermal wavelength, and the effective ion-tion Ql(ep) from the scattering phase shifts, which were de-
ization energy id$"=|E,|+ A+ Ap. It was shown in Refs.  termined from Eq(37) by numerical integration.
1 and 13 that the energy shift of the bound states is small. Numerical results are given in Refs. 20 and 21.
Therefore this shift was neglected in E¢81) and (35). If

we insert Eq(31) into Eq. (35), it follows that B, is a func- IV. NUMERICAL RESULTS FOR THE DENSITY AND
tion of T, only. That means in this approximation the recom'TEMPERATURE EVOLUTION IN A HYDROGEN

bination coefficient is independent of the density. In Refs.

o . . PLASMA
15-17, rate coefficients were calculated in a more rigorous
way. The numerical results show that the many-body effects Let us study the kinetics of density and temperatures in a
have only a small influence on the recombination in comparidense partially ionized hydrogen plasma. We consider a
son with the ionization coefficients. closed system, where the total number of electrons

(1+«r)? exp(—2«r). (39

1244 Phys. Plasmas, Vol. 3, No. 4, April 1996 Ohde et al.
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N=ng+N(p is constant. We use the density equatibnand c\en( 0,6 ,1) Oebhe

the temperature equatiorf20) and (21). We take into ac- ms= 1262 , Mg=Cc+my,

count the approximation&7) for the elastic collisions and h

Egs.(31) and(35) for the rate coefficients. The energy shifts N

are given by Eq(14). It is convenient to use dimensionless ~ fhe= ot 0. (47)

variables for density, time, and temperatures, ) ) )
The system of equationg1)—(43) describes the relaxation

Ne t kT, ksTh process in a dense two-temperature hydrogen plasma. Terms
c=—, 7=, 0e=H, 9h=ﬂ- (400 that contain the quantity= 7(8,,6y,,n) arise from the non-
ideality. Furthermore, we take into account nonideality ef-
c is the degree of ionizatiom is the total electron density, ~ f€Cts inZ,, . All these terms show the influence of the many-
is the dimensionless timet{=(aqn) "], 6, is the dimen- body effects on the kinetics. The corresponding expressions
sionless electron temperature, afg is the dimensionless for an ideal hydrogen plasma follow from Eqé1)—(43), if
temperature of heavy particles. Now we transform the evoWe set7=0 and if we take transport cross sections for a

lution equationg1), (20), and(21) into dimensionless form, small screenlng_parametieb _ _
In the following we want to study the influence of elastic

Jc and ionization(recombinatioh processes on the relaxation
--=cgf, (41)  process. Also, we look at the modifications in partially ion-
ized plasma, and we will compare our results with the low-

30, 1 density ideal case.

— = {m
ar m1m4—m2m3( 1[

12 Venbe— b= 5) cgf A. Effect of elastic collisions in a fully ionized plasma

2 First we study the evolution without inelastic collisions
+ W (Zept Ze(ep))} —ms in a fully ionized plasma. Therefore, we sg§f=0 in Egs.
! 0 (41)—(43). In this case the temperature relaxation is driven
1 2 by the elastie—p collisions alone. From Ed41), it follows
“ 1 Jenfecgf+ 3[E [n%ag (Zret Zene) | [ that the degree of ionization is constant. We solved E4@.
and(43) numerically under the conditioo=const=1. From
the numerical results, we have determined thermal relaxation
times. First, we calculated the temperatufigr) and 6,,(7).
[ _ mz[(l \/‘770 _ 5 _ E) cgf Then_ we cal_culated the temperature diff_ereneg_{eh) asa
12 3 function of time. From the slope of this function, we ob-
tained the thermal relaxation time similar to Ref. 22. Here

+my TiD was determined, including nonideality effects. On the

other hand, we neglected these effects‘inThat means we
1 2 set =0 in Egs.(42) and (43) and we take transport cross
713 Jenbecgf+ 3[E,n%a, (ZpetZiepe) | |- sections for a small screening parametge
These relaxation times can be compared with expres-
(43 sions from the literature. In fully ionized hydrogen plasmas
The termg=g(d,) is given by Eq.(34), and the integrals (Scil),(;c_hsep)ratel of iz_ner%y gﬁi’nsfer 's given by the Landau~
Zap=2p(C,0e,6p,n) follow from Eq. (27). The function pitzer relaxation ime,
f(c,0e,6,,n) is . 3mem, kgTe) %2
TLsP™ 8(2m) ¥ n,e* In A | m,

The Coulomb logarithm is IA=In(l./l;). Here I, is

X

(42

96, 1
or B m1m4_ m2m3

2
W_ (ZeptZe(ep)

(48)
f(c,6e,6h,n)=(1—c)exd n(fe,6n,n)c]

—C*x(0.n), (44)  equivalent to the screening lengtly [see Eq.(10)], and
, lo=Hl(2mpekeTe)
where7(0e,0,n) andx(fe,n) are given by The relaxation time can also be calculated according to
7
03 o |12 Shdanov(SH),
7(0e,0h,n)= (—) : Me+ M
© |E1l6e | |Ea| e . ( Ze,u p) rep, 49
1 :
x(6o ,n)=)\§( 6N exp( 0_)' (45) where rep can be written as
e
I ’ 50
The termsm;, m,, mz, andm, can be written as Tep PV oo er (50)

and ¢, is given by Eq.(28). The integralQ., is equivalent
(46) to Eqg. (29). To calculate this integral, we need the transport
126, cross section§y,, (see Sec. Il

cven(6.,6,,n)6
m=1+mg, my= 7(0e, 0 ) he,

Phys. Plasmas, Vol. 3, No. 4, April 1996 Ohde et al. 1245
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TABLE |. Comparison of the thermal relaxation times in fully ionized hydrogen plasmral( without ionization and recombination processes. Hgggis
the Landau—Spitzer resfif. Also, 7%, is calculated from Ref. 7. Our results arkD, including nonideal effects ane the relaxation time in the low-density

limit.
n (m™3) Te (K) Th (K) Tisp (9) 8 (9) TiD €] (9
1078 10 000 5000 2.08E-12 7.90E-12 3.48E-12 0.25E-12
1078 30 000 5000 6.96E-12 16.55E-12 6.36E-12 0.87E-12
1078 50 000 5000 13.01E-12 26.52E-12 9.03E-12 1.62E-12
108 50 000 5000 13.01E-12 26.52E-12 9.03E-12 1.62E-12
1076 50 000 15 000 10.71E-12 21.11E-12 8.73E-12 1.62E-12
1078 50 000 25000 10.01E-12 19.26E-12 8.59E-12 1.63E-12
1077 10 000 5000 4.22E-12 3.63E-12 1.64E-12 0.02E-12
1077 30 000 5000 1.78E-12 4.09E-12 1.78E-12 0.09E-12
1077 50 000 5000 2.77E-12 5.67E-12 2.03E-12 0.16E-12
1077 50 000 5000 2.77E-12 5.67E-12 2.03E-12 0.16E-12
1077 50 000 15 000 1.90E-12 3.97E-12 1.65E-12 0.13E-12
1077 50 000 25 000 1.69E-12 3.54E-12 1.60E-12 0.14E-12

In Table 1, the relaxation times'spand s, according to  B. Effect of elastic collisions in a partially ionized
Egs. (48) and (49) and our results;—iD and 7, are shown. plasma

The relaxation times show a qualitative agreement. With a  |n the following we study the relaxation process in par-
constant temperature of heavy particles and increasing elegally ionized plasmasd# 1) again without inelastic colli-
tron temperature, the relaxation is slower. There is one exsions[cgf=0 in Egs.(41)—(43), c=consl, but taking into
ception, because's(T,) can show a minimuntsee Table | account additionally the—H scattering. The relaxation time
for the densityn=10°"" m3). In our results, we do not ob- can be calculated according to Ref. 7,

serve this behavior. On the other hand, with constant electron
temperature and increasing temperature of heavy particles,
the relaxation is faster. This is not valid fet, because non-
ideality effects were neglected. Furthermore, we see that

with ianeaSing denSity the relaxation is qUiCker. ObViOUSIy,Where theT;bl are given by Eq(SO) For the calculation of
yvith decreasing interparticle distance, the collision frequency2 . e need the—H transport cross sectiotisee Sec. Ii\.
Increases. Table Il shows the relaxation time§,, in comparison to
The Landau—Spitzer resultgsp are in good agreement oy results7>_ and 7. We solved Eqs(42) and (43) under
with our resuItSTiD. The relaxation times3y, from formula the condition§:=consb&1. But now, additionally to the—p

(49) are too large. scattering, we take into account the scattering between elec-

The relaxation in nonideal plasma is slower in compari-trons and H atoms. We found the same qualitative behavior
son with that in the low-density limicomparer, andr).  as in Table I. With a decreasing degree of ionization, the
The explanation is that the two-particle interaction in non-relaxation is slower because more bound states arise, and the
ideal plasmas is screened. The collisions are less effective—H scattering is less effective than the Coulomb scattering
compared to the low-density case. between electrons and protons.

-1
, (51)

-1 -1
1 tepTep  MeHTeh
o= +
2 \metmy,  met+my

TABLE Il. Comparison of the thermal relaxation times in partially ionized hydrogen plasmd | without ionization and recombination processes. Hére
is calculated from Ref. 7. Our results arieD, including nonideal effects and the relaxation time in the low-density limit.

n(m c Te (K) T (K) 711 (9) 7, 7 (9
1077 0.5 10 000 5000 4.39E-12 1.74E-12 0.05E-12
1077 0.5 30 000 5000 5.29E-12 2.16E-12 0.18E-12
1077 0.5 50 000 5000 7.19E-12 2.67E-12 0.38E-12
1077 0.1 10 000 5000 5.27E-12 3.27E-12 0.33E-12
1077 0.1 30 000 5000 6.91E-12 4.07E-12 0.97E-12
1077 0.1 50 000 5000 9.17E-12 5.22E-12 1.74E-12
1077 0.5 50 000 5000 7.19E-12 2.67E-12 0.38E-12
1077 0.5 50 000 15 000 5.65E-12 2.61E-12 0.37E-12
1077 0.5 50 000 25 000 5.20E-12 2.50E-12 0.37E-12
1077 0.1 50 000 5000 9.17E-12 5.22E-12 1.74E-12
1077 0.1 50 000 15 000 8.54E-12 5.11E-12 1.74E-12
1077 0.1 50 000 25 000 8.31E-12 5.02E-12 1.75E-12
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FIG. 1. Solution of the coupled density—temperature equatidts-(43) FIG. 2. The same as Fig. 1, but we vary the degree of ionization

for an ideal and nonideal hydrogen plasma. We start with the same initial
values for the degree of ionizatianand the temperature of heavy particles
0y, but vary the electron temperatufig from (a) to (c). The total density is
n=10" m 3 (17=1.84x10 *g). . . . . . Kin
tron ard a H atom in a single inelastic collision, Eg

> |°f_ Then the H atom is ionized. Therefore, the inelastic
process cools the electrons more effectively than the elastic
process.

Let us now study the full relaxation process, including Now we study the influence of nonideality effects on the
e—p scatteringe—H scattering, ionization by electrons, and relaxation process. The following effects have to be ac-
three-body recombination. Starting with initial nonequilib- counted for.
rium valuesc(7=0), 6,(7=0), and6,(7=0), we can solve (1) Elastic scattering(a) between electrons and protons:
the system of Eqsi41)—(43). Typical results are shown in The Coulomb interaction between electrons and protons is
Figs. 1 and 2. In these figures we demonstrate the relaxaticscreened. Therefore, the energy exchange is less effective
of the degree of ionizatiowr, the temperature of electrons compared to the idedlow-density case(see Refs. 20 and
0., and heavy particles, . In Fig. 1 we start with the same 21); (b) between electrons and H atoms: The influence of
initial values forc and é,,, but vary the electron temperature nonideality effects is very smafsee Refs. 20 and 21

C. Relaxation including elastic and inelastic collisions

from Fig. 1(a) to 1(c). On the contrary, in Fig. 2 we vary the (2) lonization and recombination: In nonideal plasmas
ionization degree. For comparison, each run is also redonewe observe a lowering of the ionization energy with increas-
for the ideal(low-density case. ing density. Therefore electrons with a kinetic energy lower

Let us analyze the evolution process in detail. In thecompared to the ideal case can ionize the H atoms. That
beginning of the relaxation process, we start with hot elecmeans, with increasing density, elastic collisions are becom-
trons. This is a typical situation. The energy of the electronsng less effective compared to inelastic collisions.
can be transformed in different channéis:elastic scattering Figures 1 and 2 show a two-time regime. The first fast
between electrons and protoris) elastic and inelastic scat- regime is connected with the inelastic processes between
tering between electrons and H atoms. The elastic energglectrons and H atoms. During this regime, the temperature
transfer is relatively slow for particles with a great massof the heavy particles is nearly constant. We observe only a
difference. Such a situation is given in hydrogen plasmascoupled relaxation ot and #.. The next time regime is
Therefore, it takes many collisions until the electrons havedetermined by the elastic scatteritiglectron—proton and
the same temperature as the heavy particles. On the othelectron—H atom scatteripgin this regime the temperature
hand, we can observe a big energy transfer between an eleaf electrons and heavy particles are adjusted.
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In Fig. 1 the electron temperature is increased from Figergy exchange between electrons and protons is less effective
1(a) to 1(c). Because the electron distribution is a Maxwell compared to the ideal case. On the other hand, we observe a
function, there are more electrons wmig'“>|9ff from Fig.  lowering of the ionization energy with increasing density.
1(a) to 1(c) at the beginning of the relaxation process. TheTherefore, electrons with a lower kinetic energy, compared
result is that the slope of the electron temperature curve dde the ideal case, are able to ionize the atoms. Hence, with
creases, and the slope of the curve of the ionization degreeincreasing nonideality, hot electrons lose more and more en-
increases from Fig. (&) to 1(c). The maximum of the ion- ergy in inelastic collisiongionization, reducing the heating
ization degreec is reached aftet=3.4x10 1 s. We can of the heavy particles. This leads to significantly increased
observe a plateau af and 6,. That means there is a satura- lifetime of the two-temperature regime.
tion of ¢c and 6., because nearly all H atoms are ionized by  In our calculations, we restrict us to hydrogen atoms in
inelastic collisions. After the maximum, the elastic process ighe ground state. This is certainly a good approximation for
dominating. The temperature of electrons and heavy particlegery dense systems because excited states already disap-
are adjusted. Thereby the degree of ionization is decreased peared due to the Mott effect. In a intermediate density re-
the equilibrium value. gion, one should, of course, take into account also all pro-

From Fig. Za) to 2(c) the degree of ionization is de- cesses involving excited states. This will be done in a
creased. The behavior in Figgb2and Zc) is similar to Fig.  subsequent paper.

1. In Fig. 4a) the ionization degree is only decreased to the
equilibrium value, because all H atoms are ionized in the
beginning. Due to the compensation of elastic and inelasti€ CKNOWLEDGMENTS

processes, we can observe a maximum in the cég(e). This work has been supported by the Deutsche Fors-

The nonideality effects, which were discussed earlierchungsgemeinschafonderforschungsbereich “Kinetik par-
are clearly seen in Figs. 1 and 2. In nonideal plasmas, thge|| jonisierter Plasmeny.
equilibration process of, and 6,, takes much longer than in
ideal plasmas, because the Coulomb interaction is screened.
This depends on the total density With increasing total APPENDIX: DERIVATION OF THE EVOLUTION
density, the deviation from an ideal plasma increases. ThEQUATIONS FOR THE TEMPERATURES

influence of the effective ionization energy is clearly seen inOF ELECTRONS AND HEAVY PARTICLES

Fig. 1. The ionization degree increases stronger than in ideal |, this appendix, the derivation of Eq&L5) and (18) is
plasmas in the first time regime, because there are more elegnon_ At first we consider the electron temperature evolu-

o ki ff
trons withEg" > 1. tion. We start from Eq(5) with the approximatior(9). The
time derivation of the LHS of Eq(5) can be calculated,
V. CONCLUSIONS J (3 3 dTe 3 .
51 | 5 NekaTe| =5 Nekg —=— 5 keTe>, W), (A1)
The aim of this paper was to study the influence of non- !
ideality effects on the kinetics of macroscopic quantities like 9 ey Ne€The 0Te  Ne€2The dTh
" : C . _ Ne€ The 0le | Me€ The 7Tn
temperature and composition of a partially ionized plasma it ( 4ro) 8T§r0 it 8Tﬁr0 it

Starting from hydrodynamic equations given in an earlier
paper; evolution equations were derived for the tempera- 3e? _
tures of heavy and light particles in a nonideal three- +872 W{ei)- (A2)
component plasma. The nonideality corrections lead, in com- o
parison to ideal plasmas, to an additional density dependendéhe RHS of Eq.(5) describes the energy transfer of the
of the temperatures. species due to elastic and inelastic collisions. The collision

As a rather simple example, the coupled equations fomntegrals on the RHS of this equation can be found, for in-
densities and temperatures of the various species were natance, in the appendix of Ref.[dee Eqs(A3)—(A6)]. The
merically analyzed for a hydrogen plasma. In order to showelastic electron—ion contribution to the energy transfer in the
the importance of the several processes, different levels dgfondegenerate case can be written as
approximation were investigated. In a fully ionized hydrogen 3 3 35 35

: : 1 dp.  d°pi  d°pe  d°p

plasma, our results are in good agreement with the Landau— 7, =-— 3 3 3 3 €
Spitzer relaxation times. Because of the screening, the relax- AV (27h) (27h)* (27h)* (27h)

ation in nonideal plasmas is slower compared with the low- X |(PePi| Teil PePi )| 227 S( Egi— Eei)(f_ef_i_ fof)),
density(idea) case.
As a next step, a partially ionized plasma was studied, (A3)

taking into account additionally only elastic electron—atomwith E;= e.(pe) + € (p;). The quasiparticle energieg and

scattering. Because these collisions are less effective than tke are given by Eq(12) with the momentum-independent

scattering between electrons and protons, the relaxation khift from Eqg.(14). In this approximation, the delta function

slower with a decreasing degree of ionization. in Eq. (A3) is given by
Finally, the full relaxation process was analyzed, includ-

. . . ; L ; _ p2 p?  p2 p?
ing elastic and inelastic collisions. In nonideal plasmas we _E V= e i Pe P
- . . O(Eei—Eei) =06 + : (A4)
found two competing influences of screening. First, the en- 2me  2m; 2me  2my
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HereZ,; splits into two contributions. The first contribution d®pe

is given by Eq.(16), whereas the second one vanishes. (2ah)? €c(Pe) (2l giei + 1 gieiy T ote + 21 {ehe)
The energy transfer terms due to elastic collisions of

three free particles can be neglected in comparison to the

two-particle collisions. :_2 Ej W(el) 2r 2 W(el (A7)
The electron—atom contribution to the energy transfer i

the nondegenerate case can be written as nFrom the results of this appendlx, we can obtain the tempera-

ture equation of electrorisee Eq(15)].
Similar considerations can be made for the temperature

_1 S f d®pe d®P;y d®pe  dpre equation of heavy particles. We get E@8) if we sum Egs.
Ze(ei)= Vi T (27h)3 (27h)3 (27h)3 (27h)° (5) and(6) of ions and atoms, respectively.
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