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Low-frequency electric microfield in dense and hot multicomponent plasmas
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The Baranger-Mozer formalism for the computation of low-frequency thermal electric microfield
distributions is extended to dense and hot binary ionic mixture relevant to inertial confinement
fusion (ICF). The corresponding low-frequency microfield distribution of the thermal electric field,
H(P), reproduce the Tighe-Hooper results within 0.5%. However, the numerical procedures are
more straightforward and shorter. We pay special attention to proportion effects in various Ar' +-
H+ and Ne +-H+ mixtures. Particular emphasis is also given to analytic asymptotic distributions
valid for P) 5. Extensive numerical results are given in tables and figures.

I. INTRODUCTION

The continuing interest in accurate Stark broadening di-
agnostics of highly stripped heavy ions immersed in dense
and hot plasmas of inertial-confinement-fusion (ICF)
study, produced by laser or particle beam drivers, stems
largely from the accurate and nondestructive probe of n,,
and T, afforded by a method that also does not require an
a priori drastic modeling of the plasma thermodynamics.

Keeping in mind diagnostics of current interest' in
this field, we shall devote our concentration in the follow-
ing paper to Ly-a and Ly-P lines emitted by Ne + and
Ar' + in a dense and hot proton fluid.

As is well known, the ionic plasma component mani-
fests itself in the broadening process through the standard
low-frequency microfield distribution of the thermal elec-
tric field. It is due to ions screened by the faster moving
electrons.

Tighe and Hooper (TH) were the first to design an ac-
curate numerical code providing the corresponding H(13)
values. Their procedure is based on a rather sophisticated
mixture of central and noncentral interactions (as viewed
from the emitter charge) which makes the full process
quite a long one. Keeping in mind that a different emitter
charge requires a new H (P), it is easily understood that
simpler computational methods yielding results of an ac-
curacy comparable to those of TH are of obvious interest.

In this respect, it is worthwhile to recall that we have
recently been able to demonstrate quantitatively that the
Baranger-Mozer (BM) scheme reproduces the standard
Hooper results for H(P) in cold (T, —a few eV) plasmas
within O.S~o. The key quantities of numerical interest are
the intermediate ones involving the dense plasma correc-
tions through the plasma parameter A.

We are thus naturally led to investigate the credibility
of the BM cluster expansion for microfield calculations at
highly stripped ions in ICF plasmas. Actually, it will be
shown in the sequel that the BM approach is again able to
reproduce the TH H(P) data within 0.5% uncertainty

through a much shorter numerical code.
These techniques are especially well suited for plasmas

with A (1. However, they also allow us to easily include

strong correlation effects ( A & 1) through systematic
resummations up to infinity of the most important chain
diagrams.

In Sec. II, we adapt the BM scheme to a weakly coupled
binary ionic mixture (BIM) and detail the essential steps
of the H(P) calculation. Section III is devoted to mix-

tures where the proton component is the overwhelming
one. A single highly stripped Al component is considered
in Sec. IV, while Ar' +-H+ and Ne +-H+ mixtures in

any proportions are investigated in Sec. V. Sufficient nu-

merical information is provided in captions and tables.

II. LOW-FREQUENCY MICROFIELDS IN BINARY
IONIC MIXTURES (BIM)

In order to save space and prepare the ground for appli-
cations of specific ICF interest, we investigate low-

frequency distributions H(P) in BIM with the aid of the
BM cluster expansion for any relative proportions.

A. Notations

Labeling the iona, taken as pointlike, by a (Ne9+ or
Ar' + for instance) and b (H+), we introduce the cornpo-
sition parameter

Cp
p=, C, +C, +Cg ——1

C +Cb'

in terms of the relative concentrations C, b

=N, &/(N, +Nb). The C's fulfill the neutrality condi-
tion

—C, +Z C, +ZgCg ——O,
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Z+p(Zs —Z ) 1 p p

in terms of the electron Debye screening length

A,
2 AT

R = (C, +C,Z, +CgZg )

11+
Z, +p(Zg —Z, )

(Z,'—1)+p (Zg —Z,')
X 1+

J

(4)

The dim ensionless classical plasma parameter thus
reads

&=(I—p)(Z, +I)+p(Zs+1) .

The corresponding overall BIM screening length
(n =n;/C;, i =abc) is read as

Aca
XD— (3)

with the reduced unit p=E/Eo.
The microfield distributions will be discussed under the

usual isotropic form {u =kEO)
oo

H(P)= f du uF{u)sin(Pu)

in terms of its Fourier transform F(u).

B. Baranger-Mozer formalism

The mathematical quantity of interest is obviously

F{u). It is the Fourier transform of the probability 8'(E)
for finding an electric field

X Xb

(10)
j=l k=1

at the origin (emitter) produced by X=X,+Xb pointlike
ions with nuxnber densities n~ and nb. One then gets

F(k)= f exp(ik E)8'(E)dE

=fexp{ik E)p(r, r~, . . . , r~)dr, dr~,

where p(r &, r2, . . . , rN ) is the joint probability for find-

ing X particles located at rj, r2, . . . , r&.
Upon introducing the auxiliary quantities y, through

2
A=

k~ TA,D

Z, +p(Zg —Z, )
1+

Z, +p(Zs —Z, )

exp(i k.E1 )= I+qrJ,

exp(ik. E«) =1+y«

and making use of Eq. (10) in Eq. (11),F(k) becomes

(12)

e
A, =

k~ TA,D
V =0.334V

15

F(k)=1+2fp(r;)V;d~;+g' fp(r«)V «dr»
(1) (1)

+g fp(rj. , rJ')y/'p, ''drjdri
(2)

r, n,'" (cm-')
V = =0.0898

~D T,' (K)

pertaining only to the electron component with ro so that
(4/15)(2m )

~ n, ro ——1. The Holtsrnark unit of field
strength thus becomes

Eo(kV/cm) =
2

——3.75 X 10 ' n, (cm ),
P'O

+X fp(r«r«)f'«%'«dr»dr»
(2)

+gg'f p(r;, r»)p)y«drjdr«+ . -. , (13)
(&) (1)

where g~» (gI&~) denotes a sum on ions a (b), while

g~z~ (QIz~) is a sum on aa(bb) pairs, and so on. A cru-
cial step in this formalism is the introduction of the clus-
ter expansions

V P'(rj, . . . , r. )= ffg)( )+gg'(r. r')gg', (r'. )+ ~ . ~

j (2) j"

M b ~M b b. ' ' «) =Hg~{r«)+gg2{r«*r» )ggi(r«-)+. . . ,
k (2) k"

yMpabg ~ ~M ab~'rj ~ rj r«r «)=Qgt{r, )+g~(r»)+gg' (r, r )Qg', (r.,)Qg~(-, )+. . .
j '

k j' k'



882 B. HELD, C. DEUTSCH, AND M.-M. GOMBERT 29

where M refers to particles located at rj, . . . , r z . Corre-
lations appear as systematic corrections to a system of
noninteracting ions. Setting Eqs. (14) and (13) yields

Making use of a spherical harmonics expansion

q'"= pi'[4~(2l +1)]'"[Ji(ZP') &—i, ]~i,(oi,~i),
I

(22)

F(k) =Gi(k)Gz(k)G3(k)

with

(15) where ji(Z) is a spherical Bessel function, the h i's are ex-
pressed as (Z =kE, X; =r;/A, D )

nqng
Gq(k)=exp g hqq q(k)

n, hi' (u)= —u ~ g (a),
15 nab 1

2(2m. )' n, a'

(23)

a . . a b bhqp-q(k)= ' ' q'i ' ' qqq'q+i X f [1—jp(Zi' )]gi' (Xi)XidXi, (24)

+dr~ . dr& (17)

where gzz q
is the static correlation function for q parti-

cles of species a and p —q particles of species b.
Finally, one obtains

n, n
F(k) =exp g g hqz q(k)

~=iq=pq'p
(18)

as
Inverting Eq. (11), the microfield distribution is given

+ —,
' n, h z(u)+ —,

'
nbh z(u)] (20)

W(E)= 3 fexp( ik.E—)F(k)dk,
(2m)

with ions a and b treated exactly on the same footing.
Upon introducing the dimensionless u =kEO, and taking
the angular average in Eq. (19), one retrieves Eq. (9) with
Eq. (18).

For most cases of practical interest, ' we shall restrict
ourselves to weakly coupled systems (A&1). Equation
(18) may then be stopped at order A with

F(u)=exp[n, hi(u)+nbhi(u)+n, nbhz (u)

hzA(u)=AAD f f q;qzgzg( X)d Xd Xz,

hzA(u)=AAD f f q'ipzgzp(X)dXidXz)

hz g(u) =AAD f,f„,q'iq'zgz A(X)dXidXz

(25)

in terms of the first-order part of the static correlations,
under the form

,'n, hz —~(u)=u gz ~(a),

—,'n$hz g(u) =u' 'yz, p(a),

n, nbhz, g(u) =u' 'qz p(a),

where Pz z(a), Pz z(a), and Pz A(a) are given by

, pa~ iW~;(a),
a

Y'z, A

(26)

b 15 nb
gz, Az A(a) = b b

, pa~ i W"., (a),
a

(27)

where the argument a =u' U=v'ke/A, D is not to be
e

confused with the upper index labelings of the heavy-ion
component.

Similarly one gets

and

hi(u)= f g)', g;(r, )dr, ,

hz(u)=
(&) (2)

q'iq'z g z(r i rz)dridrz

hi(u)= f qigi(ri)dri, (21)

hz(u)=
(&) (2)q'iq zgz(r i, rz)dr idrz,

hz (u)=
(&) (2)

q)iqzgz"(ri, rz)dridrz,

where ri (rz) denotes location of ion a (b), and the corre-
lations functions g~, g2, g~, g2, g2 detailed in the sequel.

with

and

15
in2(2~)' 3 paw; WA;(a),

a

W'„, (a) =g( —1)'(Xi +1)X'„',(a),

W~, ;(a)=g( —1)(2l +1)X„'";(a),
I

W'„;(a)=g( —1)(21+1)X~';(a)

(28)

X) I,a

X,";(a)=f f [Ji(Z'i) &io][ji(Zz) —~i, ]
' XiXzdXidX

X) l, b

X'A';(a) =f f [Ji(Zi) 8i, ][ji(Zz) ~—i, ]
' XiXz"Xi"Xz

l, ab

X'„",( )=a-,' f f '[[Ji,(Zi) —&i,][ji(Zz)—~i,]+[ji(Zz)—~i, l[ji(Zi) —&i,]I

(29)
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+I fgj;(X„Xz)Y(" (Hi, cubi) Yi(H'z, coz), (30)

The aj~; [Eq. (27)] will be specified later on, while f~~;
comes out from the spherical expansion (j=a,b, ab)

It can be computed for any mixture through the 1{'sand
taking into account ions screened by electrons with
(j =a, b)

I m= —I

for the A part of gjz.
The central quantity F(u) is then well approximated by

E~ = —Z~e 1+ e

and the Z [Eq. (22)] given as (j =a,b)

(34)

F(u)=exp[F"'(u)+F' '(u)],

with

(31) QZJ=ZJ z (1+X;)e
X;

(35)

F' '(u)=n, hi(u)+nbh, (u)

= —u '"[yi(a)+ y', (a) ] (32)

The usual one-component-plasma (OCP) low frequency
H (p) is easily recovered through

n. = ~ n, ,
1—

Z, +p(Zb —Z, )

F' '(u) = —,
'
n, h, (u)+ —,nbh z(u)+ n, nbh z (u)

[e2,A(a)+02, A(a)+ P2, A(a)]

n=- 71e ~Z, +p(Zb —Z, )

(33) from Eq. (31) which becomes

/le
F(u) =exp [(1—p)h;(u)+ph, (u)][Z, +p(Zb —Z, )]

Ple
+ —,

z [(1—p) hz(u)+2p(1 —p)hz" (u)+p hz(u)]
[Z.+p(Zb —Z. )]'

A pure proton phase (p =1) is obtained by setting

Z, =Z~ ——1 in the above, which reduces to

F(u) =exp[n, h i(u}+—,
'

n, h z(u)], (38}

with [Eq. (4)] R =2.

III. HIGH-Z IMPURITIES IN DENSE PROTONS
(p~$ )

e
—RX

gz(X) =exp Zb A—
X

Introducing Eq. (40) into Eq. (24) yields

P,'(a) =
2(2m)' a

—RXi

1 —J0 Z) exp —ZgZb
0 X,

(41)

X)dXi,

n, h;(u)+ nbh i(u) = uf, (a), —

—,
' n, hz(u) ~ —,

' nbhz(u)+n, nbhz (u)=u iI'jz ~(a) .
(39)

Heavy ions a appear only in the first line with g, (a) tak-
ing into account the a-b interaction through the two-point
distribution

Here we allude to the possibility of using small traces of
highly stripped ions (currently Ne + or Ar' +) in a proton
or deuterium fill, as a probe of the plasma parameters
through Stark broadening. The low-frequency distribu-
tion is thus taken on a heavy ion (a). Equations (32) and
(33) now read (first order in A)

Z, =
z (1+Xi )e

X)

R =2,
where (p =1, Zb ——1). Equations (42) are plotted, respec-
tively, in Figs. 1 and 2 for Ar' + and Ne +. The second
line of Eq. (39) is identical to the corresponding OCP
quantity.

Therefore gz z(a) and gz zz(a) are, respectively, identi-

cal to gz ~(a) and gz z&(a) already worked out in Ref. 6.
It then suffices to replace fz ~(a) by (gz z+U fz ~, ) in

the right-hand side (rhs) of the second line of Eq. (39},to
retain static correlations up to A . Finally, the low-

frequency component at Z„
e

—RX

gz(X) =exp —Z, Zb

The second line of Eq. (39) retains only b b(within pro--
tons) with

~(p) = f uF(u)sin(pu )du,
m'

(43)
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TABLE I.
ma (p ~ a).

Low-frequency microfield distribution at an ion Ar' + immersed in a dense proton plas-

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
a.o
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.5
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.0
18.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
60.0
70.0
80.0
90.0

100.0

0.2

0.961 28 X 10-'
0.37499X 10
0.809 38X 10-'
0.135 84
0.19728
0.260 16
0.31978
0.372 27
0.414 88
0.44607
0.465 42
0.473 47
0.47a 39
0.460 82
0.443 55
0.421 37
0.395 94
0.368 67
0.340 73
0.31303
0.195 68
0.11919
0.751 45 X 10
0.494 89 X 10-'
0.340 3S X 10-'
0.243 32 X 10-'
0.136 29 X 10-'
0.838 64 X 10-'
0.552 21 X 10-'
0.382 54 X 10-'
0.275 61 X 10-'
0.156 18X 10-'
0.963 19X 10-'
0.626 32 X 10-'
0.44493 X 10-'
0.31690X 10-'
0.240 19X 10-'
0.18467X 10-'
0.14448 X 10-'
0.11540 X 10
0.94418 X10-'
0.57228 X 10-4
0.372 26 X 10-4
0.254 56 X 10-4
0.177 17X 10-'
0.977 64 X 10-'
0.596 74X 10-'
0.369 19X 10-'
0.233 55 X 10-'
0.16423 X 10-'

0.4

0.278 87 X 10-'
0.106 14
0.22009
0.349 82
0.475 10
0.57962
0.653 38
0.692 98
0.70046
0.681 35
0.642 68
0.591 53
0.533 99
0.474 84
0.417 40
0.363 80
0.315 18
0.271 98
0.234 16
0.201 42
0.97609X 10-'
0.493 19X 10-'
0.271 83 X 10-'
0.16095X 10-'
0.10147X 10-'
0.6729 95 X 10-'
0.32603 X 10-'
0.17177X10-'
0.101 67 X 10-'
0.668 88 X 10-'
0.430 71 X 10-'
0.189 74 X 10-'
0.108 69 X 10
0.600 8S X 10-4
0.362 61 X 10
0.226 94X 10-4
0.149 19X 10-4
0.997 11X 10-'
0.681 31 X 10-'
0.478 83 X 10-'
0.329 83 X 10-'
0 15533X10—5

0.76406X10 6

0.403 07 X 10-'
0.21661X 10
0.763 45 X 10-'
0.282 48 X 10-'
0.129 54 X 10-'
0.546 62 X 10-'
0.2780OX10 '

0.6

0.722 91 X 10-'
0.263 59
0.51066
0.742 84
0.909 05
0.988 59
0.986 91
0.92422
0.824 74
0.709 68
0.594 33
0.487 98
0.395 12
0.31697
0.252 86
0.201 15
0.15992
0.127 28
0.101 51
0.81208 X 10-'
0.287 94 X 10
0.128 00X 10-'
0.652 87 X 1G-'
0.35063 X 10
0.20748X10 '
0.119S6 X 10-'
0.478 21 X 10
0.21740X 10-'
0.107 71 X 10-'
0.548 77 X 10
0.299 91 X 10-'
0.10927 X 10-'
0.431 37 X 10-'
0.185 39X 10-'
0.858 63 X 10-'
0.416 78 X 10-'
0.202 52 X 10-'
0.106 92 X 10-'
0.581 41 X 10
0.329 22 X 10-'
0.19634 X 10
0.575 94X 10-'
0.17844X10 '
0.612 58 X 10-'
0.214 50X 10-'
0 359 56X10-"
0.638 06 X 10-"
0.161 72 X 10-"
0.348 31 X 10
0.10340X 10-"

0.8

0.164 75
0.555 77
0.957 57
0.121 35 X 10'
0.128 29 X10'
0.121 11X 10'
0.106 14X 10'
0.883 38
0.707 34
0.549 37
0.41630
0.309 17
0.225 79
0.162 66
0.11594
0.82OO3X1O-'
0.576 30X 10-'
0.402 38 X 10-'
0.278 78 X 10-'
0.19097X 10-'
0.676 32 X 10
0.241 10X 10
0.97685X10 '
0.441 42 X 10-'
0.207 48 X 10-'
0.11287 X 10-'
0.358 61 X 10-'
0.137 17X 10-'
0.552 43 X 10-'
0.259 65 X 10-'
0.11695X 10-'
0.272 91 X 10-'
0.701 80 X 10-'
0.217 64 X 10-'
0.695 63 X 10-'
0.23629 X 10
0.883 81 X 10
0.338 57 X 10-'
0.13494X 10-'
O.S69 26 X 10
O.25895 X1O-"
0.337 83 X 10-"
0.540 57 X 10
0.12202 X 10-"
0.235 76 X 10-"
0.14073X 10-'4
O.898 73 X 10-"
o.9978oX ao-»
084217X10 "
O. »8O6X1O-"

n, h ~(u)+nbh &(u) = —u 3~~[/', (g)+p, (g)],
—,'n, h2(u)+ &nbhq(u)+n nqhz (u)

=u '"I6',~«)+ 4z,"4&)+Pe, ~«) 1

for p =1.0
n, h &(u)+noh ~(u)= —u f~(a),
—,
'
n,'h;(u)+ —,

'
nbh, (u)+n, nbhp (u) =u' 'Q2 p(u)
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TABLE II. Low-frequency component Ne proton (p —= 1) at an ion Ne + immersed in a dense proton
plasma.

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.S
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.o
18.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
69.0
70.0
89.0
90.0

109.0

0.2

0.833 16X 10
0.324 59 X 10-'
0.704 31 X 10-'
0.11861
0.17301
0.229 35
0.283 62
0.332 41
0.373 23
0.404 54
0.425 73
0.43700
0.439 17
0.433 47
0.421 33
0.40425
0.383 63
0.36975
0.336 68
0.31228
0.203 00
0.128 93
0.842 68 X 10-'
0.569 19X 10
0.39992 X 10-'
0.293 48 X 10-'
0.169 68 X 10-'
0.10648X 10-'
0.71166X 10-'
0.50049 X 10-'
0.363 08 X 10-'
0.20169X10 '
0.13367 X 10-'
0.933 05 X 10
0.679 82 X 10-'
0.497 13X 10—'
0.385 36X 10-'
0.302 91 X 10
0.242 10X 10-'
0.197 32 X 10-'
9.16446X10 '
0.104 62 X 10—'
0.71116X 10-'
0.506 58 X 10-"
0.367 23 X 10-'
0.217 44 X 10
0.141 23 X 10-4
0.93117X 10-'
0.627 77 X 10—'
0.46449 X 19-'

0.4

0.195 36 X 10-'
0.748 96X 10-'
0.157 16
0.253 90
0.351 91
0.439 88
0.509 41
0.556 72
0.58j 18
0.584 93
0.571 69
0.545 77
0.511 37
0.47209
0.430 83
0.389 79
0.350 12
0.31301
0.278 85
0.247 84
0.13696
0.784 34 X 10
0.474 18X 10-'
0.31060X 10-'
0.21471 X 10
0.154 15X 10-'
0.840 66 X 10-'
0.498 03 X 10-'
0.317 89 X 10-'
0.208 84 X 10
0.144 54 X 10-'
0.71675 X 10—'
0.43105 X 10-'
0.267 23 X 10
0.178 50X 10-'
0.123 12X 10-'
0.885 09 X 10-4
9.645 98 X 10-4
0.480 59 X 10-'
0.366 03 X 10-4
0.27495 X 10
0.155 02 X 10
0.908 82 X 10—'
0.56429 X 10-'
0.356 72 X 10-'
9.166 59 X 10-'
0.813 97X 10
0.4671OX10 6

0.254 14X 10—'
O. 1584OX1O-'

0.6

0.443 93 X 10
0.164 83
0.328 78
0.497 24
9.637 87
0.732 18
0.77S 78
0.774 50
0.739 27
0.68208
0.61344
O.S41 35
0.471 2S
0.406 36
0.348 31
9.297 63
0.254 10
0.21705
0.185 62
0.158 95
0.743 78 X 10-'
0.3749OX 10-'
0.21093X 10-'
0.13027 X 10
0.825 98 X 10-'
0.552 81 X 10-'
0.265 84 X 10-'
0.140 36X 10-'
0.798 50X 10—'
0.494 76 X 10—'
0.31698X 10-'
0.151 44 X 10-'
0.77420X 10
0.423 82 X 10—4

0.246 06 X 10-'
0.148 36 X 10-4
0.898 80 X 10-'
0.578 70 X 10-'
0.381 33 X 10
0.258 92 X 10
0.18247X 10
0.80070X 10
0.367 51 X 10—'
0.181 77 X 19-'
0.91590X 10—'
0.288 61 X 19-'
9.955 69 X 19-'
0.400 67 X 10-'
0.152 69 X 10-'
0.715 69X19-'

0.8

0.947 22 X 10-'
0.331 60
0.60608
0.826 15
0.950 18
0.989 69
0.94111
0.857 96
0.753 19
0.642 94
0.538 17
0.445 30
0.366 77
0.301 86
0.248 C9
0.202 71
0.163 74
0.13041
0.19292
0.816 37 X 10
0.340 63 X 10
0 15758X10
0.831 44 X 10-'
0.46222X10 '
0.267 28 X 10-'
0.163 15 X 10
0.683 32 X 10-'
0.321 55 X 10-'
0.166 83 X 10-'
0.900 31 X 10-'
0-560 77 X 10
0.211 30X 10
0.859 74 X 10-'
0.399 27 X 10-'
0.19035 X 10
0.949 5OX10-'
0.506 14X 10-'
0.27499 X 10-'
O. 153 71X1O-'
0.893 11X 10-'
0.545 31X 10-'
0.153 66 X 10
0.496 61 X 10-'
0.19968 X 10-'
0.734 44 X 10
0.13397 X 10-'
O.25824X1O-"
0.699 37X 10
O. 162 31X1O-"
0.51140 X 10-"

with the g& 2(a)'s explained in terms of their respective
gq(X) as (see Fig. 6)

b e
—EX

pi(a)~g2(X) =exp Z,Zb~—
Q)(a) ~g2 (X)=exp —Z, A

X $2(a )~g2(X) =exp —Z,'A



29

—(4) I

'
I
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Zb= 1

P = 1
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Za= 9

0.8

H(P) 0. 2

0. 4

0.6

H (P)

0.8 0.4

0.4

0.2

FIG. 3. Low-&row-&requency electric microfield H(~

dense proton fluid p =1)
r or heavy im urities

'
p

' '
s immersed in a

FIG. 4. Low-fre uequency electric microfield H( )

N +-H+ Z =N '+e or heavy im uritip

1(tq (a)~g2(X)=exp —Z Z A
X

1(tz(ab)~g2(X) =exp —Z Ab
—RX —1

where

2

Zi' Z, b q
(1——+Xi)e

1

with

+(u) =exp[ —u 3~2[/,'(a)+qb(a ' aca —2xa
—Pz, x(a) —42,'A(a)] I

and

ga( )
15 (1—p) 1

2(2m)' Z, +p(Zb —Z, ) a

(53)

and

1+ 1

Z, +p(Zb —Z, )

)(Z, + 1)+p(Zb —Z, )(Zb+Z, )(Z —1 Z
Z +1)+p(Zb —Z, )

oZ;
—RX1

&& exp —Z, A
X]

X idXi

X 1 —doZ
—RX[

Xexp —Z, Zb&
Xi

XidXi,

1

2(2~)'i Z +p(Zb —Z, ) a

(54)

The resulting H ( ) are iare given in Table IV and Fi . 7 f
(weak coupling). Th

ig. or

1 t A[f E. 5
e variations of the

sldered in Table V and Fig 8
Both Fi s. 7 ang . and 8 show clearly that it take

small heavy-ion proport'
talons around th h

opo ion to switch the H(

th d d fA
e pure cavy-ion phase ( =0

Ad md of V[E . (6)
ence o A [Eq. (5) alto e

are basically monitored b the
q. ] shows that ro o

i ore y the coupling parameter A
is a so gratif in thy g that the present results fall within
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TABLE III. Low-frequency H (P) in a pure Al' + plasma (p =01).

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.2
2.4
2.6
2.8
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.0
18.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
60.0
70.0
80.0
90.0

100.0

0.2

0.209 20 X 10-'
0.828 98 x 10—'
0.183 63 X 10-'
0.31940 X 10
0.485 35 x 10-'
0.675 65 x 10-'
0.883 87 x 10-'
0.11033
0.132 72
0.15491
0.176 32
0.19643
0.214 82
0.231 16
0.245 22
0.256 84
0.26600
0.272 70
0.277 05
0.279 18
0.277 54
0.26947
0.256 75
0.240 99
0.223 54
0.178 43
0.13687
0.101 13
0.716 14X 10
0.38426X 10
0.227 64 X 10
0.14699X 10
0.998 60 X 10-'
0.707 11X 10-'
0.40419x 10—'
0.242 13X 10—'
0.155 59 X 10-'
0.10507X 10
0.757 31 X 10—'
0.562 14X 10-'
0.409 84 x 10-'
0.31735 X 10—'
0.245 50 X 10-'
0.197 10X 10-'
0.11370X10 '
0.635 91 X 10-'
0.40693 x 10-4
0.278 98 X 10
0.13074 x 10-4
0.688 39x 10-'
0.380 32 X 10-'
0.238 53 X 10-'
0.148 22 x 10-'

0.4

0.563 33 X 10-'
0.21974X 10-'
0.47449 X 1.0
0.797 54X 10-'
0.11623
0.15424
0.19145
0.22601
0.256 63
0.282 57
0.303 50
0.31946
0.33071
0.337 65
0.34074
0.340 44
0.337 22
0.331 50
0.323 67
0.314 11
0.291 14
0.265 08
0.238 04
0.211 64
0.18697
0.135 68
0.986 70X 10—'

0.728 69x 10-'
0.542 22 X 10-'
0.268 40 X 10-'
0.14440X 10
0.807 7S X 10-'
0.483 50X 10—'
0.28239X10 '
0.132 79x 10-'
0.656 20 x 10-'
0.333 54X 10-'
0.192 82 X 10
0.11054X 10—'
0.699 58 x 10-4
0.427 23 X 10-'
0.265 88 X 10
0.17003X 10
0.11024X 10—4

0.424 36x 10-'
0.14200x 10-'
0.615 69x 10-'
0.28075 x 10-'
0.669 07 X 10—'
0.19039x 10-'
0.53058 x10-'
0.167 97x 10—'
0.649 01 x 10-'

0.6

0.204 59x 10-'
0.744 56X 10
0.145 67
0.218 49
0.282 77
0.333 77
0.37043
0.393 83
0.40606
0.409 38
0.405 67
0.396 52
0.383 42
0.367 76
0.350 63
0.332 74
0.31461
0.296 61
0.278 96
0.26170
0.228 64
0.19909
0.173 75
0.152 48
0.134 55
0.10091
0.742 51 X 10
0.539 86X 10
0.385 80X 10-'
0.183 16X10-'
0.97108X10-
0.552 43 X 10-'
0.312 17X 10
0.174 54 X 10
0.654 87x 10-'
0.252 15 X 10
0.106 90x 10-
0.488 83 X 10-'
0.226 66 X 10-4
0.11474 X 10-4
0-558 27 X 10
0.29445 X 10-'
0.152 13x 10-'
0.85678 x 10
0.188 89x 10-'
0.403 07x 10-'
0.87516x 10-'
0.206 01 X 10-'
0.19622 X 10
0.212 96X 10
0.285 75 X 10
0.36045 x 10-"
0.56400X 10-"

0.8

0.81649x 10-'
0.233 33
0.360 55
0.442 53
0.485 81
0.50040
0.495 67
0.479 91
0.458 39
0.433 62
0.407 OO

0.381 63
0.356 07
0.328 07
0.300 73
0.278 61
0.262 17
0.248 03
0.233 33
0.217 02
0.182 OS

0.15428
0.133 12
0.11949
0.101 48
0.789 78 X 10-'
0.595 46 X 10
0.433 48 x 10-'
0.30641X 10-'
0.156 54X 10-'
0.777 37X 10—'
0.39109x 10-'
0.206 25 X 10
0.11860x10-'
0.382 8S x 10—'
0.13906x 10—'
0.522 59 X 10
0.217 SO X 10
0.801 30X 10
0.359 67 x 10-'
0.148 19x 10-'
0.68092X10 '
0.291 59 X 10-'
0.11546 X 10
0.1S430X 10
0.147 47 X 10-'
0.230 55 x 10-'
0.276 SO X 10
0.820 26 X 10-"
0.211 35 x 10-"
0.164 64 X 10
0.658 86 X 10
0.293 68 X 10

0.5% of the TH ones, which demonstrates the efficiency
of the much shorter BM code. Obviously, Ar' +-H+
mixtures display very similar trends. Thus we do not need
to detail here the corresponding data.

VI. Ar-Ne MIXTURES

With a heavy-ion fusion perspective, we think it rather
instructive to move to Ar' +-Ne + mixtures in various



29 EQUENCY ELECTRIC MICRQFIELD IN DENSE AND. . . 889

I

0.8 —LONH:REQUENCY (Al 10+ Alta+) COMPONENT-

AT A CHARGED POINT Z~

0.4—
)" NOY («"-H')COMr ONE

9

0.6—
Za -1O

p — 0 0.3

Zb 1

V .o.2

0.4
0.2- (~) p= oo

(2) p O 5

p = 0.5

&4) p = o.s

V2 (a)

02 (a)

42 (a)x 1O
b

ab+2 (a)x 10

0.2
0.1-

0
0

FIG. 5. Low-frequency H (P) in a pure Al' + phase.

(1)
I

2

relative proportions, and compute the distributions H(P)
at a Ne + and Ar' + emitter, respectively. Table VI to-
gether with Fig. 9, display the given H(P) at a Z, charge
for V=0.2 andd p =0.5, so that everything else remains

~ ~

unchanged; the charge of the tagged emitter is seen to play
an important role, especially at the peak values (Fig. 9).
As before the asymptotic H(I3) with P&5 are deduced
from the nearest-neighbor approximation (NNA) worked
out in Sec. VII. The present results together with those
obtained in the preceding section show us that the low-

requency microfield distributions are mostly dependent
on A and Z, in HIM.

VII. H(P) WITH LARGE-P VALUES

The BM scheme worked out successfully in Sec. II is
mostly accurate in the 0 & p (4.5 range (first column of
the calculated data). In contradistinction to the neutral-
or single-ionized emitter, the large Z, ~) 1 considered here
precludes any smooth asymptotic extrapolation for P& 5.
The usual standard techniques would produce too many
spurious oscillations. This explains why one has to switch

NNA.
gear toward other numerical procedures b d hase on te

A. Nearest-neighbor approximation

For this purpose, let us consider a sphere located at the
origin emitter). The probability of finding a given parti-
cle between 0 and r is then

FIG. 6. tp2(a) [Eq. (52)] plotted for V=0.2 and a Ne +-H+
mixture.

(56)

and

p'(dr)+p dr = 1, (57)

p'(r +dr) =p'(r)(1 —p dr),

so that

p'(r) =exp —f p dr'

where p'(r =0)= 1, one finally obtains

p (r) = 1 —exp — p dr'
0

(58)

From the last two equations, one deduces immediatelme ia ey

T

dp =p drexp —f pdr' (60)

Therefore, the probability for finding a P value at the
origin is equal to the probability of finding a charged par-
ticle located at r from the origin, so that

H(13)dP=dp . (61)

p'(r +dr) =p'(r)p'(dr) .

Denoting again as p dr the probability of finding a par-
ticle between r and r +dr, which obeys

p (r)+p'(r) =1, (55)

where p'(r) denotes a probability for finding no particles
between 0 and r. It obviously fulfills

In order to continue further, let us notice that

4mr
p dr =N g2(r)dr2 (62)
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TABLE IV. Low-frequency H(P) in a Ne +-H+ mixture (V=0.2) at a neon point for various pro-
portions.

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.5
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.0
18.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
60.0
70.0
80.0
90.0

100.0

1.0

Q.833 16X 1Q

0.325 49 X 10
0.704 32 X 10-'
0.11861
0.17301
0.229 35
0.283 62
0.332 41
0.373 23
0.404 54
0.425 73
0.437 00
0.439 17
0.433 47
0.421 33
0.404 25
0.383 63
0.360 75
0.336 68
0.312 28
0.203 00
0.128 93
0.842 68 X 10-'
0.569 19X 10-'
0.39992X10-'
0.293 48 X 10-'
0.16968 X 10
0.10648 X 10
0.711 66 X 10
0.50049 X 10—'
0.363 08 X 10
Q.2Q1 69 X 1Q

0.133 67 X 10-'
0.933 05 X 10-'
0.679 82 X 10
0.497 13X 10-'
0.385 36X 10-'
0.302 81 X 10
0.242 10X 10
0.197 32 X 10-'
0.164 46 X 10
0.104 62 X 10-'
0.711 16X 10-'
0.506 58 X 10-4
0.367 23 X 10
0.217 44 X 10
0.141 23 X 10
0.931 17X 10-'
0.627 77 X 10—'
0.46449 X 10-'

0.5

0.246 55 X 10
0.97584X10 '
0.215 75 X 10
0.374 32 X 10
0.56693X 10-'
0.786 10X 10
0.102 37
0.127 12
0.152 05
0.176 37
0.19942
0.220 61
0.239 49
0.255 74
0.269 14
0.279 62
0.287 19
0.291 94
0.29406
0.293 76
0.265 36
0.215 40
0.165 19
0.122 69
0.885 96X 10
0.61941X 10
0.34247 X 10
0.207 61 X 10
0.13405X 10
0.921 28 X $0—2

0.650 92 X 10
0.365 80 X 10-'
0.232 84 X 10
0.16101 X 10
0.11343 X 10
0.780 17X 10-'
0.606 63 X 10
0.443 46 X 10-'
0.354 55 X 10-'
0.26604 X 10-'
0.208 82 X 10
0.12349X10-'
0.748 07 X 10-4
0.505 18X 10
0.332 61 X 10
0 17425X10
0.10423X 10
0.662 51 X 10
0.408 83 X 10-'
0.247 53 X 10-'

0.0

0.220 37 X 10
0.872 89 X 10
0.19323 X10-'
0.335 83 X 10
0.50975 X 10—'

0.708 68 X 10
0.925 67 X 10-'
0.11535
0.148 49
0.161 30
0.18318
0.203 59
0.222 09
0.238 35
0.252 14
0.263 35
0.271 93
0.277 95
0.281 52
0.282 79
0.262 70
0.219 13
0.172 22
0.13048
0.957 10X 1Q

0.677 63 X 10
0.375 51 X 1Q

0.227 64 X 10
0.145 30X 10-'
0 987 17X 10
0.69581X1Q '
Q.389 64 X 1Q

0.24754X10 2

0.171 15 X 10
0.120 36X 10
0.82477 X 10
0.641 62 X 10-'
0.466 71 X 10
0.373 23 X 10
0.278 31 X 10
0.217 38 X 10-'
0.127 74X 10
0.765 07X10-'
0.513 73 X 10
0.334 37 X 10-'
0.17229X 10
0.101 17X 10
0.643 16X 10-'
0.39072X 10—'
0.226 67 X 10

in a medium containing X particles. Introducing dP =4nrng (r)dr exp —. f4nr' ng(r')dr'. (64)

@dr =4rrr ng(r)dr, n=—N
V

in Eq. (60) yields

(63)
when P»1, the nearest neighbor is very close to the
emitter, and
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B. High frequency

lin t a o
—— and P=E/ o,an = E one also o-

Intro uc' — E . (67) specializes totains p=l/g . Intro uc' — E . 0.1—

g (Xg'M(p) ~rgg

~0) limitw1th the large P(g~
115

bing p4(2m )

(68)

(69)

I I

10

' +-Ne + mixtures forc H(P} in Ar - eq y
=0.5. Emitter chargeV=0.2 and p =0.5. m'
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TABLE V. Low-frequency H(P) at a Ne9+ charge in a strongly correlated Ne +-H+ mixture

(V =0.8).

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
a.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.5
3.0
3.5
4.0
4.S
5.0
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.0
a8.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
60.0
70.0
80.0
90.0

100.0

a.o

0.947 22 X 10-'
0.331 60
0.60608
0.826 15
0.950 18
0.980 69
0.941 11
0.857 96
0.753 19
0.642 94
0.538 17
0.44S 30
0.366 77
0.301 86
0.248 09
0.202 1

0.163 74
0.13041
0.10292
0.81637X 10
0.34063 X 10-'
0.157 58 X10-'
0.83144X 10-'
0.462 22 X 10-'
0.266 28 X 10-'
0.163 15 X 10
0.683 32 X 10-'
0 321 55 X 10
0.166 83 X 10
0.900 31 X 10-'
0.560 77 X 10-4
0.211 30X 10
0.859 74 X 10
0.39927X10 '
0.19036 X 10-'
0.949 50 X 10-'
0.506 14X 10-'
0.274 99X 10
0.15371X10-'
0.893 11X 10-'
0.545 31 X 10-'
0.153 66 X 10-'
0.496 61 X 10-'
0.19968 X 10-'
0.73444X 10
0.13397X 10
0.25824X10-"
0.699 37 X 10-"
0.162 31 X 10-"
0.51140 X 10-"

O.S

0.703 90 X 10-'
0.218 67
0.359 19
0.458 32
O.S1497
0.537 79
0.53679
0.521 11
0.49721
0.468 69
0.437 93
0.407 14
0.376 35
0.345 01
0.31497
0.288 9S
0.267 40
0.248 S3
0.230 S7
0.212 69
0.13764
0.943 79X 10-'
0.686 62 X 10
0.495 28 X 10-'
0.344 22 X 10-'
0.235 82 X 10-'
0.108 30X 10
0.54608 X 10-'
0.28992X10 ~

0.15290X10 '
0.851 14X 10-'
0.282 75 X 10-'
0.997 12X 10-'
0.38494X 10-'
0.15082X 10
0.605 23 X 10-'
0.257 61 X 10-'
G.

aalu

15X 10
0.492 65 X 10—'
0.230 26 X 10
0.109 17X 10-'
0.203 65 X 10
0.49021 X 10
0.162 48 X 10-'
0.56145 X 10-'
0.99216X10-"
0.195 31 X 10-"
0.54075 X 10-"
0.12866X 10-"
0.412 82 X 10-"

0.0

0.755 33X 10-'
0.222 95
0.352 83
0.439 76
0.487 64
0.506 34
0.505 16
0.491 60
0.47078
0.445 80
0.418 70
0.392 09
0.365 00
0.335 92
0.307 53
0.283 77
0.265 34
0.249 61
0.233 92
0.217 14
0.144 83
0.999 70X 10-'
0.726 42 X 10
0.524 65 X 10-'
0.394 31X 10
0.294 27 X 10-'
0.142 77 X10-'
0.707 55 X 10-'
0.369 21 X 10-'
0.200 40X 10-'
0.11548X10 '
0.387 23 X 10-'
0.14041 X 10-'
G.S53 11X 10-4
0.22000X 10-4
0.889 66X 10-'
0.378 04 X 10
0.162 76 X 10
0.695 64 X 10-'
0.31204X 10-'
0.13683 X 10-'
0.19947 X 10-'
0.318 30X 10-'
0.548 01 X 10-'
0.10307 X 10-'
0.393 83 X 10
0.168 46 X 10
0.923 74 X 10
0.609 78 X 10-"
0.39974 X 10-"

Therefore, at a neutral point [g (X)= 1] one gets

(70)( )
15 1

)
1/2 p5/2

while at a single charged one (g (X)=exp[ —A, (e /X)])

H( )-—15 1

4(2~) I /2 P5/2

&exp
2(2w) p ~/p y/pl/2

1/2
V e

15 (71)
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TABLE VI. Low-frequency H (P) in Ar'7+-Ne9+ mixtures with V =0.2 and p =0.5.

H(P)
Tagged emitter Ne +

0
0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.9
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.S
1.9

0.0
0.249 62x 10-'
0.593 84x 10-'
0.13190x10-'
0.23029 x 10-'
0.351 63x 10-'
0.492 37x 10-'
0.648 54x 10-'
0.815 88x 10-'
0.99006x 10-'
0.11668
0.13420
0.15120
0.167 35
0.182 37
0.19694
0.208 19
0.218 69
0.227 50
0.234 59

2.0
2.1

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0

0.239 98
0.243 73
0.24S 93
0.246 69
0.246 11
0.244 33
0.241 49
0.237 71
0.233 13
0.227 86
0.22203
0.187 79
0.15122
0.11709
9.875 68
0.501 19
0.30200
0.19498
0.133 35
0.923 98

x10-'
x 10-'
x10-'
x 10-'
x�1-'
6x�-'

12.9
14.0
16.0
18.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
69.0
70.0
80.0
99.0

100.0

0.530 63 x 10-'
0.33033x10-'
0.216 77 X 10-'
9.148 24x 10
0.16481x10 2

0.761 53x 10-'
0.566 17X 10-'
0.429 24x 10-'
0.33095 x 10-'
0.25895x10 '
0.147 93x 10-'
0.898 47x 10
0.57241 x 10
0.378 96x 10
9.18170x 10-4
9.95448 x 19
0.537 01 x 10-'
0.31880x 10-'
0.19763x 10-'

0
6.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

0.0
0.178 87 x 10-'
0.70967x 10-'
0.157 53 x10-'
0.274 82 x 16
0.419 18x 10-'
6.58620 x 10
0.770 94x 10
0.968 16x 10
6.11725
0.13788
0.1SS20
0.177 76
0.196 19
0.213 13
0.228 35
0.241 65
0.252 91
0.262 07
0.269 14

Tagged
2.0
2.1

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.9
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

19.0

emitter Ar' +

0.274 16
0.277 23
0.278 46
0.278 01
0.27603
0.272 70
0.268 19
0.262 66
0.256 28
0.249 21
0.241 57
0.198 98
0.155 70
0.116 19
0.822 62x 10
0.398 11x 10
0.298 93x 16
0.125 89x 16
0.83176x10 2

0.555 88 x 10-'

12.9
14.0
16.9
18.0
20.0
22.0
24.0
26.0
28.0
30.0
35.0
40.0
45.9
50.9
60.9
70.9
89.0
90.0

109.0

0.292 89x 10
0.16646x 10-'
0.10022X10 2

0.63149x 10-'
0.41285x10 '
0.278 29 x 10-'
0.19249 x 10-'
0.136 13x 10-'
0.981 36x 10-'
0.71949 x 10
0.352 25 x 10-4
0.185 25 X 10-'
0.10398 x 10-4
0.600 58 x 10-'
0.227 27 x 10
0.962 40x 10-'
0.443 S8 x 10
0.218 87 x 10
9.114 12x 10-'

in terms of

2(2~)'"
e 15

Equation (71) yields Eq. (70) in the V~0 limit.

which reduces to

H(P)- 4(2~)'~' n,

g5

Z ' (68")

C. Low frequency

(68'). gq(X)
2 p'2

I+/V+ ~
2

Now the ion microfield is screened by the background
electrons so that p=(Z/g )( I+/V)e ~ . The corre-
sponding asymptotic H(p) (g—+0) thus is written

H(p) 15 n

~(2~)'" n. Z

gz(X) =exp ~
—RX—Z, ZgA,

one gets

H(p) =H (p)+H, b(p),
with

at a neutral point, while at a charged point Z„with

(68/ tl)
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FIG. 10 Asymptotic (large P) H(P) in Ne9+-H+ mixtures
with any proportions. Weak coupling case.

10
80

15 "a
4(2m )

t/2

egV

2 p'2
1+gV+

FIG. 11. Asymptotic (large P) in Ne9+-H+ mixtures with any
proportions. Strong coupling cases.

nb e&V

4(2~) ' n, Zb g2 V2
1+/V+

2(2~)&/2 e
—Rg'V

Xexp — V Z, —
15 2(2 )1/2 e

—RgV

Q exp — V ZgZb
15

where

(69a)

where

Z$P= (1+/V)e
g2

(69b)

and also

In the p—mao limit, for 0& V&0.8 (gV«1), the
asymptotic low-frequency distribution in a HIM is finally
deduced from Eq. (68"') and

p V2

Z. +
2

2(2~)'" 2 2 P
p V2

Za

(70')
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(p)
15 p

4(2m)' Z, +p (Zb —Z, ) Zb P V2

Q exp
2(2n. )

'
p P V RV

P +V2
Z& 2

(70")

D. Numerical results

Equations (70') and (70") have already been used to compute the low frequency H (p}'s in Tables I—IV for p & 5.
The most salient feature of the present asymptotic calculations is afforded by the equal proportion curve p =0.5

switching over from p =0 at weak coupling (Fig. 10 with V=0.2) to p =1 at large coupling (Fig. 11 with V=0.8}. This
versatile behavior is mostly based on the observation that a large Z, emitter will tend to repel other Z, perturbers, so
that lighter ones (protons) will get closer to it.

A last interesting result concerns the extreme asymptotic limit

P V2)) (72)
a

with

g F 1/2/p1/2
e 1

where Eqs. (70') and (70") boil down to (P & 100)

15 1 p ZaH(P)-
4(2n)' ' Z, +p(Z, —Z, ) p»~ exp

' 3/2
b

exp
a

so that

H(I3)-H(I3), , for Z, &Zb

and

H(I3)-H(p)~ b for Z, &—Zb .

2(2n. ) Z3/2VPP)/P
1/2

15

Z 1/2
V2P1/2

Z 1/2
a

(73)

G. Bekefi, C. Deutsch, and B.Ya'akobi, in Laser Plasmas, edit-
ed by G. Bekefi (Wiley, New York, 1976), Chap. 13.

R. J. Tighe and C. F. Hooper, Jr., Phys. Rev. A 14, 1514
(1976); 15, 1773 (1977); 17, 410 (1978) (hereafter referred to as
TH).

B. Held, C. Deutsch, and M.-M. Gombert, Phys. Rev. A 29,
896 (1984), following paper.

4H. R. Griem, Spectral Line Broadening by P/asmas (Academic,
New York, 1974).

5M. Baranger and B. Mozer, Phys. Rev. 115, 521 (1959); 118,

626 (1960).
B. Held and C. Deutsch, Phys. Rev. A 24, 540 (1981).

7C. F. Hooper, Jr., Phys. Rev. 149, 77 (1966); 165, 215 (1968).
C. Deutsch, Y. Furutani, and M. M. Gombert, Phys. Rev. A

13, 2244 (1976); Phys. Rep. 69, 85 (1981).
B.Ya'akobi et al., Phys. Rev. A 19, 1247 (1979).
See, for instance, the Proceedings of the Darmstadt Symposi-
um on Accelerator Aspects of Heavy Ion Fusion, Gesellschaft
fur Schwerionenforschung, Darmstadt, April 1982 (unpub-
lished).


