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Results from the standard quasilinear theory of ion-acoustic and Langmuir plasma microturbulence
are incorporated into the kinetic theory of the electron distribution function. The theory is then applied
to high current discharges and laser-produced plasmas, where either the current flow or the nonlinear
laser-light absorption acts, respectively, as the energy source for the microturbulence. More specifically,
the theory is applied to a selenium plasma, whose charge state is determined under conditions of
collisional-radiative equilibrium, and plasma conditions are found under which microturbulence strong-
ly influences the electron kinetics. In selenium, we show that this influence extends over a wide range of
plasma conditions. For ion-acoustic turbulence, a criterion is derived, analogous to one previously ob-
tained for laser heated plasmas, that predicts when Ohmic heating dominates over electron-electron col-
lisions. This dominance leads to the generation of electron distributions with reduced high-energy tails
relative to a Maxwellian distribution of the same temperature. Ion-acoustic turbulence lowers the
current requirements needed to generate these distributions. When the laser heating criterion is
rederived with ion-acoustic turbulence included in the theory, a similar reduction in the laser intensity
needed to produce non-Maxwellian distributions is found. Thus we show that ion-acoustic turbulence
uniformly (i.e., by the same numerical factor) reduces the electrical and heat conductivities, as well as
the current (squared) and laser intensity levels needed to drive the plasma into non-Maxwellian states.
These effects are large over a wide range of plasma temperatures and densities such as found in Z-pinch,
laser-produced, or opening switch plasmas. The reduction in laser intensity thresholds for generating
non-Maxwellian states is a result of microturbulence enhanced laser absorption, which can be observed
at any laser intensity. Thus, if microturbulence is the cause of the heat flux inhibition, then the magni-
tude of the inhibition might be directly observed through the use of probe-laser beams. Finally, we cal-
culate the laser intensities and the current densities needed to change the electron distributions in the
presence of ion-acoustic turbulence. These calculations are carried out by assuming that the electrostat-
ic fluctuations scale as the square root of the electron plasma parameter in a weakly microturbulent
selenium plasma. The laser intensities calculated in this example are found to be only slightly in excess
of those used in recently conducted experiments.
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I. INTRODUCTION

Z-pinch plasmas are an important laboratory source of
kilovolt x rays [1]. There are several possible energy
sources for these x rays, whose contributions vary de-
pending on the experiment [2]. For large aspect array
implosions, i.e., ones initiated at radii larger than 1 cm, a
large amount of kinetic energy can be generated during
the acceleration of the array toward the axis [3]. In
single-wire Z-pinch experiments or for low-aspect array
implosions, however, the jXB current forces do most of
their work directly on the plasma. For example, when
the array wires are initially close to the axis, the wire ex-
plosion drives plasma inward, leading to the early genera-
tion of back pressure and to the performance of mostly
pdV work, i.e., work done against this plasma pressure.
A potential important third source of energy input, Ohm-
ic heating, is also present in all experiments, although its
magnitude is uncertain. Recent analyses of Z-pinch ex-
periments [3,4], however, indicate that Ohmic heating
may be competitive with the j X B energy inputs.

The reason for the difficulty in determining the magni-
tude of Ohmic heating is that Spitzer resistivity, which is
calculated under the assumption of a nonturbulent, col-
lisional plasma, is at least one order of magnitude smaller
than is needed to explain experimental energy conserva-
tion [4]. One might conclude, therefore, that electrical
resistivity in a Z pinch should be calculated using plasma
turbulence theory. However, there are many historical
difficulties to this task. For example, if one assumes that
plasma microturbulence determines the resistivity, one
must calculate the growth rate dynamics of different in-
stabilities to determine how quickly they onset and satu-
rate and at what levels they saturate. If the source of the
additional resistivity is hydromagnetic turbulence, the
calculational problem is even more difficult.

In laser-produced plasmas, there are similar problems
associated with the absorption of laser light in the plas-
ma. In this case, the absorption of electromagnetic ener-
gy by inverse bremsstrahlung can be strongly perturbed
by the competing processes of stimulated Raman or
stimulated Brillouin scattering. These scatterings can
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generate a strong microturbulence through the nonlinear
generation of plasma waves and ion-acoustic waves [5].
As in the case of discharge plasmas, it is difficult to calcu-
late the absorptivity of laser-generated plasmas in the
presence of this microturbulence unless the dynamical
growth and saturation of the microturbulence energy
spectrum can be calculated throughout the plasma.

Microturbulence also affects the heat transport and
viscosity properties of a collisional plasma as well as the
shape of the isotropic electron distribution function [6,7].
These microturbulence properties will manifest them-
selves in a variety of ways in Z-pinch or laser-produced
plasmas, and the full combination of their effects should
be used to diagnose its presence. Moreover, microtur-
bulence may need to be factored into any analysis of
laser-produced plasma dynamics before other effects such
as nonlocal heat transport can be invoked [8] to fully ex-
plain, for example, the inhibited heat flow known to be
present in these plasmas [9].

In this paper, we assume that a fully developed micro-
turbulence has been generated in either a high current
discharge or a laser-produced plasma. Depending on the
charge state of these plasmas, the microturbulence will
change their electromagnetic absorption as well as their
transport properties. Therefore, in order to demonstrate
the size and extent of these changes, one must calculate
this charge state for a particular plasma. We will special-
ize to selenium and calculate its charge state in
collisional-radiative equilibrium (CRE), utilizing the
atomic model described in Ref. [10]. In laser-produced
plasmas, both Langmuir (or plasma wave) and ion-
acoustic turbulence can be generated as a result of the
laser-plasma interaction. However, in discharge plasmas,
it is more common that the discharge current excites (pri-
marily) ion-acoustic waves. Thus, for example, ion-
acoustic turbulence was investigated earlier [11] and
found to play an important role in the dynamics of theta
pinches. More recently, it was found to have an impor-
tant influence on the state of dense Z pinches in Pease-
Braginskii equilibrium [12]. Furthermore, we have car-
ried out a postanalysis of a nonturbulent magnetohydro-
dynamics calculation of a high-current (>10 MA) Z-
pinch implosion and found that plasma conditions were
established locally in the pinch during run in that pro-

duced current drift speeds in excess of the ion-acoustic -

sound speed c¢,—a condition that is needed to trigger
ion-acoustic instabilities. It was found that growth rates
of this instability were sufficiently large to allow it to sat-
urate during the current rise time of the pinch.

Because we are comparing the effects of microtur-
bulence in both laser-produced and high-current-
discharge plasmas, we initially investigate the coupling of
both Langmuir and ion-acoustic turbulence to the elec-
tron kinetic equation. The focus in the remainder of the
paper, however, will be on ion-acoustic microturbulence.
We then seek to determine the plasma conditions and
ion-acoustic fluctuation levels needed to significantly
enhance a weakly turbulent selenium plasma’s electrical
resistivity or laser absorptivity given the CRE charge
state of the plasma as a function of electron temperature
and ion density. Microturbulence also promotes the pro-

duction of self-similar non-Maxwellian electron velocity
distributions of the kind described by Dum [6] and Lang-
don [13]. Langdon’s criterion for non-Maxwellian distri-
bution production is modified by the presence of a fully
developed microturbulence, and this criterion is here gen-
eralized to high-current, microturbulent discharges. The
laser intensities and current strengths that are needed to
drive selenium into non-Maxwellian states can be deter-
mined from these criteria. These results may have special
significance to x-ray laser research. Neonlike selenium is
a well-studied x-ray laser medium [14], and a number of
discrepancies regarding its observed, versus its calculat-
ed, ionization behavior remain to be explained [15].
Some of this discrepancy might be explained by the pres-
ence of microturbulence and its promotion of non-
Maxwellian ionization behavior.

This paper is structured as follows. Section II contains
a new derivation, more general than the one presented by
Dum [7], of the way microturbulence can be included in
the kinetic theory of a collisional plasma. Separate con-
tributions of microturbulence to the different terms of the
expansion of the distribution function in spherical har-
monics are derived. For ion-acoustic turbulence, these
contributions are, to good approximation, identical in
form to the ones made by electron-ion collisions. In Sec.
III, two criteria are derived for the strengths of the
current density in an electrical discharge and the laser in-
tensity in a laser-produced plasma that are needed to
drive the electrons into a non-Maxwellian state due to
rapid heating. They generalize the criterion derived pre-
viously [13]. Using a phenomenological model for the
fluctuation level scaling achievable in weakly turbulent
plasmas [16], we then calculate the selenium plasma con-
ditions under which microturbulence would be expected
to strongly affect the plasma’s electrical and heat conduc-
tivities. We also calculate the required current densities
and laser intensities needed to produce non-Maxwellian
electron distributions as a function of selenium plasma
conditions. Finally, a discussion of the implications of
this work for experimentally diagnosing plasma microtur-
bulence is given in Sec. IV.

II. MICROTURBULENCE ANALYSIS

We begin our analysis by writing the electron distribu-
tion function f, as the sum of an average (in space and
time) (f) and of a rapidly fluctuating distribution 8f:
f.={f)+8f[17). We work in the coordinate system of
the fluid flow, Fourier transforming the spatial coordi-
nates from x to k, and utilizing standard quasilinear
theory to solve for §f by ignoring particle accelerations
and plasma fluid flow [17]:

e SE(k)
m o(k)—k-v+iy(k)

where e is the electronic charge, a positive number, and
m is the electron mass. The time dependence of
the electromagnetic fluctuations is given by
exp{i[w(k)+iy(k)]t}. This expression for §f must be
substituted into the equation for {f ), which contains a
collision term C({f)) that is the sum of electron-

8f(k,v)= V() (1)
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electron, electron-ion, and anomalous (electron-

microturbulence) interactions:

C=C*+C“+C?*™, (2)
where
C*“‘E(G,(f))an=—’%(SE(r,t)-VUSf(r,v,t)) NG

Note, when we specialize to ion-acoustic microtur-
bulence, C?" will be replaced by C%. When Eq. (1) is sub-
stituted into Eq. (3), a result that can be written in terms
of a microturbulence diffusion tensor J;; is obtained:

an— 0 a(f)
¢ d, (Y dv; ’ @
where
8e? ‘y(k)
D= d3k Wk k; 5
g f ) i 1[ ]2+’}’(k)2 (5)
=1>0<u2)5,.j +z)1(v2)—’7’ . 6)
v

W(k) is the energy spectrum of the microturbulence fluc-
tuations, ie., (|8E(r,0)|*/87)= [d*k W(k), and
k =k;/k. We are interested in evaluating D;; for those
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physical situations in which the turbulence is fully
developed and the plasma is marginally stable [18]. In
these situations, the limit ¥y —0 can be taken so that
v/[(0o—k-v)?+y2]—>78(w—k-v). We further simplify
the problem by assuming that the microturbulence is iso-
tropic. (The more complete theory of nonisotropic mi-
croturbulence is reviewed by Bychenkov, Silin, and Uryu-
pin [19].)

Langmuir and ion-acoustic microturbulence are two
cases of particular interest. The dispersion relation for

plasma  waves (Langmuir  microturbulence) is
o(k)=t(w? + 305 k)% where vy, =V 2kpT,/m is the
average electron thermal velocity and

w,=(4mn,e?/m)!"? is the electron plasma frequency.
For ion-acoustic waves, o(k)==[k%c2/(1+k?A%)]1?
=+kec,, where ¢, =V ZkyT,/m;, and Ap=v, /(V2w,)
is the electron Debye length. Z is the average charge
state of an ion, and m; is the ion mass. The diffusion ten-
sor can now be evaluated in these two cases by letting the
spherical coordinate unit vectors 5,14, and 4, in veloci-
ty space define the directions k,,k,, and k, in k space, re-
spectively. The k-space integration in Eq. (5) can be car-
ried out in the spherical k-space coordinates (k,0',¢'),
where k-v=kv cosf’' =kv u. Using the reality condition
o(—k)= —w(k), we rewrite Eq. (5) as

|
D,= 8” SRk W) [Tag | [© dukk stk p+otio)+ Japk 00 p—otin |, 7
I
where o(k)=(w?+3v}k?)!? for plasma waves and k., =w,/(v2—3v%)!”2 for Langmuir turbulence, and

w(k)=kc, for ion-acoustic waves. The integrations pro-
duce the following diagonal diadic form:

1)=.Z)0(ﬁeﬁo+ﬁ¢ﬁ¢)+(:0o+§01)ﬁuﬁv . (8)
For Langmuir turbulence,
4r’e? 2 2 2 2 /5
1)0_ m21)3 {(U _‘%Um )Ql—weﬂ_l}n+(v——\/3/2vth) »
)]
__4me’ o, o, 2 =7
Z)l_ m2 3 [(U —Tvth)ﬂl—30)eﬂ_1}7]+(v'—‘/3/2Uth)
v
(10)
while, for ion-acoustic turbulence,
47eQ, c2
o= 5 1—-2' 7]+(U“CS) ’ (11)
m-v v
47%e’Q, 3¢2
Dy=———F—11——5 m+lv—c) . (12)
m*v v
In these expressions,
915477[“’ dk kW(k) , (13)
_ © dk
Q_ | =4rw kmmTw(k) (14)

K min =0 for ion-acoustic turbulence. 7(x) is the Heavi-
side function, which equals one when x >0 and is zero
otherwise. The spectrum integrations £, and Q _, define
the strength of the Langmuir and ion-acoustic microtur-
bulences. Note that Langmuir turbulence directly affects
only the high energy tail of the electron distribution func-
tion, since ;=0 unless v > mvth. However, ion-
acoustic turbulence affects essentially the entire distribu-
tion function, because ¢, <<vy,, and one can take

4#26201
Dy —Dy=— L 1s)
m-v

to good approximation in order to describe these interac-
tions.

We next make the usual approximate expansion of { f)
in spherical harmonics [20] in the coordinate system
moving with the fluid velocity v ,:

(f)%fow‘-f,-%. (16)

The collision terms are similarly expanded:
C=C,+C,-v/v. The equations of motion for f, and f,
are then (see Ref. [21], pp. 114 and 115)
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9f
14 0
(a,+vf-V)f0—(V-vf)§-§

v

+
3

9 (W2 f)=Colfy) (7

Ve +——
1732 dw

and

(8, +v, V)f,—(Vv,) f,

2y | §
— Vv, Vv )T+ Vy,.]- 22 | L
[ Vf ( Vf) zv Vf] 5 o v
_ ,9f0
—coCXfl—Cl(fl)——vao—a al) > (18)
where
, e Vr __ e,
aa=—— |[E+—XB |=——E'. (19)
m c m

E’ is the effective electric field seen in the local frame of

the moving fluid, and o, =eB/mc. Both C, and C, con-

tain contributions from C?", which we denote CJ" and
an respectively. From Egs. (4) and (6), one finds that

1
C(,“NZFGU[UZ(Z)O—{-@] )3, /0] (20)
and
1 2
C{iN= ?av[v2(1)0+:2)1)avf1]—?1)0f1 . 21
(Similarly, by going one more term in the
spherical harmonic expansion, one obtains
gn= 1 _Zav [ v 2(1)0+Z)1 )av fz] - 6U —‘21)0f2. )

For ion-acoustic turbulence, Eq. (15) implies that
C§y=0and

ia 2
Cl g_F‘Z)Ofl (22)

3

f,, (23)

v

ia | Uth

=, [0
v

where the effective velocity-independent ion-acoustic col-
lision frequency v* is

87,
Vi=—— . (24)
m U
Thus, like electron-ion scattering (and unlike

electron-plasma-wave interactions), the interaction of
electrons with ion-acoustic waves primarily affects the
momentum transfer to or from the electrons. Because of
the simplicity of the ion-acoustic collision terms, we will
further simplify the following discussion by focusing on
electron—ion-acoustic-wave interactions.

We also adopt the common procedure of ignoring
electron-ion collisions in Eq. (17) (C§ =0) and electron-
electron collisions in Eq. (18) (C{*=0). The isotropic
electron-electron collision term C§ is given by the
Fokker-Planck expression [21]. If the ions are Maxwelli-
an, the electron-ion momentum transfer in the ion rest
frame has the same form as the electron—ion-acoustic

term [21]:

ei Uth
1 I fl > (25)

ei

where the velocity-independent electron-ion collision fre-
quency is defined by

4mn,Ze*In,pA
V= ___f_._%. , (26)
mvy

and In¢A, is the Coulomb logarithm. Thus

Co=C¢ 27
and

3
ei ia — vth

C,=C{+Cf=—v, f,, (28)
where

Vi=v,; FVI=(14B)v,; . (29)

A similar expression for C, was derived by Dum [7], who
carried out a direct angle averaging of Eq. (5).

The effect of current and heat flow on the shape of the
isotropic distribution function f is determined by the
two f, terms in Eq. (17). The first term, involving V-f,,
determines the effects of current and heat flow on the
electron number and energy densities, respectively. The
second term, involving a’, represents the effect of Ohmic
heating on the electrons. To determine f;, we look for a
solution to Eq. (18). Generally, as a first approximation,
the gradient and time derivative terms can be dropped,
leaving one with the equation,

3
,9f0
fi=—vVfo—a'—>. (30)

Uth
—w X+ (1+BWv,; |—

This equation may be easily solved for f, in terms of
folv). If a Maxwellian distribution is used for f,, simple
expressions can then be found for the electric current j,
and heat flux q, from which the Lorentz conductivity o
and thermal conductivity «, can be obtained.

For our evaluation of j,, we neglect the modifications
of o; (approximately equal to a factor of 2 or 3) that are
produced by the B field by setting w,=0. Since this cal-
culation is primarily applied to discharge plasmas, we
further neglect the effect of pressure gradients, embodied
in the Vf, term, to drive plasma currents. A standard
looking result for j, is then obtained, but one that now
includes the potentially substantial influence of ion-
acoustic microturbulence:

je=———efo°°du v3f,(v) 31)

’ af

_ ea © 60fo _

= dvv®—=0,E, (32)
3 wiva i o W =
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2
32 n.e7,

37(14+)

, (33)

0’:
L m

and 7,=3V'7/(4v,) is the electron-ion collision time
[21]. [Spitzer’s conductivity, which is calculated by the
inclusion of electron-electron collisions in Eq. (30), would
correct this result by roughly a factor of 2 or less.]

In order to determine the effect of ion-acoustic tur-
bulence on the conductivities of a laser-produced plasma,
one would take a complementary approach to the one
used above. In the absence of current flow, the main con-
ductivity effect would be the reduction of heat flow from
the critical to the ablation surface. The steady-state ac-
celeration is zero, and the source term for f; comes from
the Vf, term in Eq. (30). In this case, the second mo-
ment of f; must be computed:

qegi’;ﬁfodeUSfl(u) (34)

g_K-ev(kBjﬂe) 1) (35)
and one finds that
_ TnekBTe Te
Ke—Co — ’
m 1+
T

where ¢, is a constant. Thus both the electrical and the
heat conductivity, which are proportional to the effective
electron-ion collision time TﬁﬁETe /(1+pB), are reduced
by ion-acoustic turbulence by the same factor (1+p), i.e.,
a given level of microturbulence that produces an anoma-
lously large amount of Ohmic heating will also inhibit
heat flow by the same amount and vice versa.

To determine the size and the dynamics of these con-
ductivity reductions in detail, one has the difficult task of
calculating the turbulence spectrum W. However, since
only one moment ; of W is needed to determine the size
of 3 for ion-acoustic turbulence, it is possible to estimate
how strongly a given level of electrostatic microtur-
bulence affects the electrical resistivity 17; =1/0; and
the heat conductivity «, by establishing a bound on ;.
We begin with the definition of B. From Egs. (24) and

(29),
we
Uth

where E;, is the electron thermal energy density:

(36)

3w 2]

=7

e

Q,
Ey

> (37)

Vei

En=3nkgT, . (38)

The size of Q; can be estimated by factoring an average
ion-acoustic wavelength 1/(k ) from its integrand; then,
Q,=fgEq/{k), where f is the ratio of the electrostat-

ic fluctuation energy to the thermal energy
({|8E(r,1)|?/87) /E;). Thus
37 w, /< k ) o
=0 |— fe - (39)
2 Uth Vei £

If, by virtue of the ion-acoustic dispersion relation, one
assumes that (k) <1/Ap, then
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B Z Bmin = ‘/ETa)e 7-efE . (40)

For Z-pinch and laser-produced plasmas, the product
®,T, can range in value from >1to > 10% thus, for large
values of this ratio, ion-acoustic energy fluctuation levels
fE of 1% can easily lead to a turbulence contribution to
the electrical resistivity that is ten times larger than that
due to two-particle collisions. This same turbulence level
corresponds to a heat flux limiter of 0.1, a value often
used to describe the dynamics of laser-produced plasmas

[9].

III. CRITERIA
FOR NON-MAXWELLIAN DISTRIBUTIONS

Investigating the nonturbulent laser heating of elec-
trons, Langdon [13] derived a criterion that predicted the
intensity at which inverse bremsstrahlung heating would
dominate over electron-electron collisions. He found
that, when this criterion was satisfied, the electron distri-
bution approached a self-similar form whose high-energy
tail was depleted relative to that of a Maxwellian distri-
bution. Earlier, Dum [6] had found that, under strong
ion-acoustic turbulence, the electron distribution tends
towards the same self-similar form as discussed by Lang-
don. We derive a criterion, analogous to Langdon’s, for
the current density required in a high current, microtur-
bulent discharge to produce non-Maxwellian distribu-
tions, and we reexamine Langdon’s derivation to deter-
mine how his laser criterion is modified by a microtur-
bulent plasma.

By substituting the general solution to Eq. (30) into Eq.
(17) and by ignoring the vV f, term in Eq. (30) and the
gradient terms in Eq. (17), one obtains the equation
9,fo=H(fy)+Cy(fy) in the same form as that used by
Langdon to discuss the intense heating of high atomic
number laser-produced plasmas. When magnetic fields
are present to inhibit electron runaway, the Ohmic heat-
ing term H (f,) has the same form as the laser heating
term:

)2 vilvy /v)? Bf, @
w?+v3 g /v)® v |

e’E’? 1 9
H —e&£" 1 0
(/o) m? 3p2 dv

The characteristic growth time 79"™ for Ohmic heating

that is analogous to Langdon’s e-folding time for laser
heating is

En _ orEy

T?Ihmicz
S -1 %)
JE Je

> (42)

where j2/o;=4m [dvvim /2W*H(f,). H(f,) dom-
inates Cy(f,) when the Ohmic (as with the laser) e-
folding time for heating is smaller than the equilibration
collision time 7,, needed to establish a Maxwellian distri-
bution: 7,, /79™¢> 1. Since j, =n,ev,, where v, is the
average electron drift speed in the local rest frame of the
fluid, and since 7,, =Z7,, one can write this criterion as
2

. -V
Toe /Tghmlczf_( 1 +ﬂ)Z—d >1 s (43)
8 U%h
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using Eq. (33). This inequality determines the drift speed
or equivalently the current strength needed for Ohmic
heating to generate significant non-Maxwellian isotropic
electron distributions under different plasma conditions.
The analogous formula of Langdon is Zv3 /v3, > 2, where
vy is the peak oscillation velocity of the electrons in the
high frequency (laser) electric field.

One can determine when the non-Maxwellian criterion
[Eq. (43)] is satisfied in two different ways. On the one
hand, by using the commonly employed idea that the
electron drift speed v; saturates at the ion sound speed
[22] in a fully developed ion-acoustic microturbulence,
one has that

22 om0’ (44)
and the criterion 7,, /79"™ > 1 becomes

T (1+p)Z> 2 >1. 45)
16 m;

1

From Ref. [3], m;=1.58Z"'m, for Z <36, where m, is
the proton mass and Z is the atomic number of the plas-
ma, and the non-Maxwellian condition becomes

(1+8)2%° 2 >3 | (46)
m,

when the plasma is fully ionized. This condition is
satisfied for Z =36 only in a highly turbulent plasma:
~1000.

On the other hand, in an inductively driven system like
a Z pinch, it is not clear that turbulent resistivity can
effectively limit v; <c,. An alternative and perhaps
better way to view this criterion, therefore, is as a condi-
tion on the current density. One can then rewrite Eq.
(43) as the non-Maxwellian criterion

je chrit » (47)
where
. Jn
JCl‘il— — . =
Vi /8)(1+B)Z

and j;, =n.,ev,. As an example, in a nearly fully ionized
aluminum plasma at 1 keV, at an electron density of 10%!
cm ™3, and with 8=2100, one would need a current density
in excess of 10'© A/cm? to drive the plasma into a strong-
ly non-Maxwellian state, i.e., a current larger than 1 MA
would have to flow in a skin depth of area 10™* cm?.
Since j,, scales linearly with n,, the current density re-
quirement in plasma opening switches scales down ac-
cordingly.

Equations (46) and (47) show that microturbulence can
play an important role in reducing the magnitude of the
current density needed to generate non-Maxwellian elec-
tron distributions. If the laser criterion is rederived by
including C¥ in the analysis, a similar reduction in the
magnitude of the laser intensity needed to generate non-
Maxwellians is found, i.e., the laser heating criterion for a
laser of wavelength A becomes

(48)

1973
_ 2
I/Icmz%(l-FB)Z—zZl s (49)
Uth
and, in this case,
_ 37Tmc 3kB Te erg (50)

I =—— )
ot 2ZeX(14+B)A2 seccm?

The reduction in I by the factor (1+ ) corresponds to
an increase in the laser absorption coefficient k; by the
same amount since (j-E)e, =k 1.

Because the laser and Ohmic heating terms are identi-
cal in form in a strongly magnetized plasma, the electron
distribution would approach the self-similar form
u 3exp(—v3/5u’), with u’~t, discussed by Dum [6]
and Langdon [13], were Ohmic heating to completely
dominate over electron collisions. This might happen by
design in plasma opening switches, for example. For
weaker current flows, the distribution function has transi-
tional behavior of the kind calculated by Alaterre, Matte,
and Lamoureux [23]. In all of these cases, the number of
electrons in the tail of the distribution is reduced, leading
to reductions in the rate at which the plasma is excited or
ionized. Significant departures of f, from a Maxwellian
distribution also change the calculation of f,, which, in
turn, modifies the electrical and heat conductivities that
are calculated due to plasma microturbulence alone (see
Refs. [6] and [7]).

The magnitudes of the microturbulence corrections to
O Koy Jerit» and I depend on plasma conditions and
can be determined once the saturation level f is known.
This level also depends on plasma conditions and on the
strength of the energy source driving the turbulence. We
investigate this dependence by arbitrarily fixing the value
of f for one set of plasma conditions and by scaling fx
as described by Ichimaru [16]. In a weakly turbulent
plasma, he argued that the turbulence spectrum scales as

g!/?, where g is the plasma parameter

1
= , (51)
70

which we take to be the electron plasma parameter. Note
that in strongly turbulent plasmas, f; would scale as g°,
i.e., it would be independent of g [16].

To illustrate how this scaling affects B, jerit> and I,
we specialize to selenium and calculate its ionization state
Z using the atomic model described in Ref. [10] by as-
suming that the plasma is in CRE. Although laser-
produced selenium plasmas have been well studied re-
cently in x-ray laser experiments [14,15], these plasmas
are also of interest in Z-pinch experiments. The Z values
for selenium that are needed to calculate the quantities
FE> Buins Jorit> and I, are displayed in Fig. 1 as a func-
tion of temperature and density. For the purpose of this
numerical example, we took fz=0.5g!/2. This formula
produced the values for fj that are shown in Fig. 2 for
the same plasma temperatures and densities as Fig. 1.
Figure 2 is an illustration of the fact that, in weakly tur-
bulent plasmas, as in quiescent plasmas, relatively higher
levels of electrostatic energy fluctuations can be generat-
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FIG. 1. Contours of the average charge state Z of selenium
in CRE are given as a function of electron temperature and ion
density.

ed as the plasma temperature is lowered or as the plasma
density is increased. These fluctuation levels produce the
Bmin €nhancement factors [see Eq. (40)] shown in Fig. 3,
which, in turn, produce the contours for j.; and I,
that are presented in Figs. 4 and 5, respectively. The
I, values in Fig. 5 were calculated for frequency tripled
neodymium (A=0.35 um) laser radiation.

Figure 4 shows that fairly substantial current densities
would be needed before self-similar non-Maxwellian dis-
tributions could be generated in discharge plasmas. The
plasmas generated in present-day Z-pinch or plasma
opening switch experiments have anomalously high elec-
trical resistivities, which may indicate the presence of mi-
croturbulence. Present-day theoretical models do not
predict the existence of current densities in Z pinches as
large as those in Fig. 4; therefore it is unclear whether
present-day pinch experiments exhibit any of the ion-

1 04 T T T 0003 T

% 3 QQX o0
o 10 1
3
© .06/
© © N
g— 102—0OX
() /
’_

10’ 0 9% . Q? .

10" 10" 10" 10"™ 10" 10%

lon Density(cm™)

FIG. 2. Contours of f;=0.5g'2, where g is the electron
plasma parameter, are shown as a function of electron tempera-
ture and ion density.

lon Density(cm™)

FIG. 3. Contours of log;o(Buix) are shown as a function of
electron temperature and ion density. They were calculated us-
ing the values for Z and f; shown in Figs. 1 and 2.

acoustic non-Maxwellian behavior discussed above.
However, if the higher-current machines (as in pulse
power x-ray laser experiments [24]) are built that are
needed to efficiently produce high-power kilovolt x rays
from moderate Z elements [3], then the criterion for gen-
erating non-Maxwellian electron distributions may be-
come increasingly easier to satisfy and to exceed. This
observation may be true as well of scaled up x-ray laser
experiments conducted in laser-produced plasmas. The
I, values in Fig. 5 are close to those used in current ex-
periments, so that as these experiments are scaled to
higher photon energies or higher x-ray laser intensities,
the likelihood for generating non-Maxwellian electron
distributions under microturbulent plasma conditions
may increase. Finally, we note that Fig. 2 can be scaled
directly to calculate B, in selenium for any fy since
Bmin is directly proportional to fg.

10* T e — L
2 s
3 \
~ 10°F
o
o}
©
(]
Q 2 |
g 10
() O
— 2
10’
1015 1016 1017 1018 1019 1020

lon Density(cm™)

FIG. 4. Contours of log;o(j.) are shown as a function of
electron temperature and ion density using the Z and f3 values
in Figs. 1 and 3.
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FIG. 5. Contours of logo(I..) are shown as a function of
electron temperature and ion density using the Z and S values
in Figs. 1 and 3 and a laser wavelength of 0.35 um.

IV. SUMMARY AND CONCLUSIONS

Two major problems in plasma microturbulence theory
are (1) to determine the dynamics of the electromagnetic
energy fluctuations, inclusive of their initial growth rates,
their saturation mechanisms, their propagation proper-
ties, and the dependence of these properties on inhomo-
geneous plasma conditions, and (2) to determine the
effects of microturbulence on the electron kinetics and on
the fluid dynamics of the plasma. While both of these
problems are important, only the latter one was analyzed
in this paper under the assumption that the microtur-
bulence had been triggered and had grown to a saturated
level that was some (small) fraction of the electron
thermal energy. Under this assumption, we showed how
microturbulence couples to the different terms in the

1975

spherical harmonic expansion of the electron kinetic
equation for the cases of both Langmuir and ion-acoustic
turbulence. By specializing to ion-acoustic turbulence,
we found, in agreement with Ref. [7], that the essential
effect of electron-ion-acoustic coupling is to increase the
electron-ion collision frequency. In so doing, it alters
four basic properties of the plasma (by essentially the
same correction factor): electrical resistivity is increased,
heat flow is reduced, and the critical current densities and
laser intensities needed to generate non-Maxwellian dis-
tributions are reduced. The latter reduction occurs as a
result of the increase in the laser absorption coefficient.
This absorption change could lead to the use of probe-

laser beams to determine the fluctuation levels of micro-

turbulent plasmas experimentally.

Since microturbulence reduces the threshold for gen-
erating non-Maxwellian electron distributions, its pres-
ence would also manifest itself indirectly through this
distribution’s influence on the x-ray emissions generated
in the plasma [25]. These emissions could, therefore, pro-
vide diagnostics of the microturbulence. Because the
laser intensity threshold needed to produce non-
Maxwellian distributions is significantly reduced by (ion-
acoustic) microturbulence, our calculations suggest that
these emission effects might first be seen in laser-
produced plasma, x-ray laser experiments. More impor-
tantly, if non-Maxwellian distributions are generated in
x-ray laser experiments conducted with high atomic num-
ber plasmas, then they could produce significant shifts in
the ionization balance that would, in turn, significantly
affect the design of these experiments.
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