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The classical theory of laser thermal filamentation in a homogeneous plasma has been extended to in-
clude the effects of nonlocal electron heat transport. The new theory reduces the instability threshold
and predicts an optimum perturbation wavelength that maximizes the spatial growth. Theoretical pre-
dictions suggest that the thermal mechanism, rather than the ponderomotive one, may explain the exper-
imental observation of filaments by Young ez al. [Phys. Rev. Lett. 61, 2336 (1988)]. In general, for con-
ditions typical of inertial-confinement fusion, the thermal filamentation instability is expected to dom-

inate.

PACS numbers: 52.40.Nk, 42.65.Jx, 52.25.Fi, 52.35.Nx

The study of the laser filamentation instability is of
particular importance to inertial-confinement fusion
(ICF). The filamentation instability results from spatial
modulations in the incident laser intensity profile that
give rise to changes in the plasma refractive index,
which, in turn, can amplify the initial level of modula-
tion. Resultant high-intensity filaments can then aggra-
vate other deleterious laser-plasma instabilities. '

The filamentation can be identified as either pondero-
motive? or thermal,® depending on whether the changes
in refractive index are caused directly by the laser pon-
deromotive force or indirectly by inverse-bremsstrahlung
heating, respectively. In this Letter, the linear theory for
thermal filamentation is extended to include the effects
due to nonlocal electron heat transport. The improved
transport treatment predicts heat-flux inhibition at short
perturbation wavelengths, which then allows for higher
temperature, density, and refractive-index modulations.
The resulting theory substantially modifies the classical
results by reducing the instability threshold and giving
rise to an optimum perturbation wavelength that maxim-
izes the spatial growth. In contrast, theories based on
classical heat flow yield constant growth rates over a
wide range of wavelengths.? Theoretical predictions also
suggest that the thermal mechanism should dominate
over the ponderomotive one for most cases of interest to
ICF. Specifically, the new kinetic theory provides an al-
ternative explanation for experimental observations of
ﬁla4mcnts such as those recently reported by Young et
al.

The stability analysis follows essentially the approach
adopted in previous articles.>? We consider the growth
of a plane electromagnetic wave of amplitude E,

XE cos(koz —wt) ,

subject to a small perturbation e with y dependence of
the form

xle | cos(koz —wt) +e,sin(koz — wt)lexp(Kz —iky) ,

where k is the perturbation wave number and K is the

spatial growth rate. (The directions between the pertur-
bation wave vector and the electric-field polarization are
chosen so as to maximize K.2) Substituting this form of
electric field into the electromagnetic wave equation in a
plasma, and using the slowly-varying-envelope approxi-
mation, we obtain (assuming K < k < k)

2koKe,+k%,=0, (1a)

2
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where n/n, is the ratio of background to critical density
and n; is the perturbed density. These equations are
then coupled to the linearized momentum and energy
balance equations, respectively,
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where S is the background inverse-bremsstrahlung heat-
ing rate, x is the thermal conductivity, 7' is the per-
turbed temperature (assumed equal for electrons and
ions), and ves/v; (which is the term responsible for the
ponderomotive filamentation) is the ratio of the electron
oscillatory velocity in the electric field £ to its thermal
velocity.

Before solving Egs. (1)-(3) it is important to consider
the validity of the heat flow model in Eq. (3). Classical-
ly, ¥ would be the Spitzer-Hirm (SH) conductivity
ksn.> However, it has been shown that under conditions
where the temperature scale length is shorter than some
appropriate electron mean free path A, (to be defined
later), the SH formula breaks down.® Under such cir-
cumstances, it is more appropriate to model the energy
balance using the electron Fokker-Planck (FP) equa-
tion.®™ However, instead of solving the FP equation for
every stability analysis, it is much more convenient (and
less costly in terms of computer time) to appropriately
modify x so as to account for kinetic transport effects.
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In order to accomplish this, the FP code”® sPARK has
been adapted to calculate T/T for a given e,/E, in an
initially homogeneous plasma. The effective conductivity
is then calculated by defining

_.2S elE
k*T T\/T

The code is run with a sinusoidal spatial modulation (of
arbitrary amplitude) in the laser field until a steady tem-
perature modulation is achieved. As expected, in the
limit of large wavelengths (or small k), x— ksy. In the
small-wavelength limit, however, it is found that
k < ksy. Such a phenomenon, which is commonly
known as flux inhibition,® occurs as a result of nonlocal
transport of heat-carrying electrons (with kinetic ener-
gies of about 7 T) across several wavelengths. Since
these high-energy electrons cannot equilibrate instan-
taneously with the thermal electrons (by virtue of their
relatively low collisionality) they are able to establish a
smoother density gradient in phase space than the
thermal component, and hence, reduce the effectiveness
of the heat flow. This type of effect, first identified by
Bell'® in the context of ion waves, has also been demon-
strated in two-dimensional thermal transport simulations
using SPARK. "*®

The spectrum of x/ksy as a function of kA, has been
obtained and plotted in Fig. 1. Here, « has been ap-
propriately normalized by defining A, =T?%/4mne*
x(Z+1)'2InA as the effective delocalization length (or
stopping length) of an electron. Such a definition ac-
counts for the balance between electron spatial diffusion
and thermalization.!' A very accurate fit to the data
points in Fig. 1 is obtained by using x/xsy
=[1+(30kr.)*?1 ™" (see solid curve). In contrast, a
Fourier analysis of the heat-flow formula proposed by
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FIG. 1. Ratio of effective conductivity x to Spitzer-Harm
conductivity ksy as a function of kA., where k is the perturba-
tion wave number and A. is the electron delocalization length.

Solid circles correspond to SPARK data, and the solid curve is a
numerical fit to that data.

asymptotic dependence for large kA, (see also Ref. 9).

It must be emphasized that the heat-flow reduction de-
picted in Fig. 1 cannot be adequately modeled by the
usual flux-limiter method,'? where the magnitude of the
classical heat flow q= —ksyV7T is limited to some arbi-
trary fraction f of the free-streaming heat flow ql/
=nmv; through the formula x/xsy=I[1+|q/fq/|]
This is due to the fact that the flux limiter depends on
the local temperature scale length T/|VT|, whereas the
actual heat-flow reduction should depend on the global
temperature scale length k ~'. Moreover, since the tem-
perature perturbation in the stability analysis is assumed
to be infinitesimal, |q/fqs| <1, which makes the flux

Luciani, Mora, and Virmont'? would yield limiter virtually inactive.
k/xsuy=[1+(30kA.)?]1 7' which has an incorrect | The growth rate based on Egs. (1)-(3) and the
modified k is given by
K22 1/2
4/3 _kc”
K= 2\/..[ vp +yrl1+ (302, )] e 2] — ] ,

where ¢=1—n/n., and (using the notation adopted in
Ref. 14)
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yr=c2S/w*ksuT .

In the limit as 30kA, <1 and y, =0 (i.e., no ponderomo-
tive effect) we recover the classical dispersion relation
for thermal filamentation,>'* which yields a maximum
growth rate in the limit as k— 0, i.e.,

172

In the kinetic limit (30kA,>>1), an optimum value of
2146

I

k = (k max) ¥ can be derived which maximizes K, i.e.,
) 4/31 3/8
(kma) P =2 [—iyr [307%&] } (4)
c |3 n c
and
s 3/4
(K ma) 5P = EIL .
X T C\/_ 30}\ 3 n. Yr :l (5)

The optimum growth rate for ponderomotive filamenta-
tion can be obtained by setting y7 =0 (thus making it in-
sensitive to nonlocal transport effects), and is found to
beZ,M

(6)
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with 102
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To illustrate the results presented so far, let us consid-
er the recent experiment by Young et al.,* designed to
demonstrate the occurrence of laser filamentation. Us-
ing their experimental conditions (e, /=4.2x10"
W/cm?2, T=0.8 keV, n/n.=0.1, Aser=1.06 um, Z
=3.5, and k =Kkcxp =1500 cm ~1) K is plotted as a func-
tion of k in Fig. 2. Here, the improved theory for
thermal filamentation (curve a) clearly enhances the
growth rate well above the classical value (curve b), and 100 Ly .
gives rise to a well-defined optimum K (as opposed to 10 T 102 P ‘03? 104
fairly constant growth as k— 0). This is not surprising ke kiem™)  kexp
since the experimental conditions correspond to the ki-

K(cm“)

FIG. 2. Plots of spatial growth K (cm ~') as a function of

netic limit of the instability, i.e., Kexphe =2.7 and perturbation wave number k (cm ~'), for, curve a, thermal (ki-
x/xsi=2.8%10 ~3. One should also note by comparing netic theory); curve b, thermal (classical theory); and curve c,
with the ponderomotive filamentation result (curve c) ponderomotive instability.

that (Kmax);P/(Kmax)p ~3 and kexpt ~(k max)%:'P
~ (kmax)p. Thus, the conclusion reached by Young er

al.,* that their experiment gave direct evidence of pon- W/cm? in order to yield the 10% modulation observed in
deromotive filamentation needs to be revised. Their con- Ref. 4. Since L =300 um, this implies at least a factor
clusion was in part based on a threshold condition, arbi- of 10 (or greater than two e-fold) increase in laser inten-
trarily defined as one e-fold increase in laser intensity sity. Therefore, based on linear growth rates, the new ki-
modulation, which for a plasma of length L implies netic theory suggests that the thermal filamentation
2KL =1." Such a criterion, however, fails to account for mechanism may be the more likely candidate to explain
the light intensity that is required to produce the level of the results. For a more definitive conclusion, however,
density modulation 8n/n needed for experimental obser- the self-consistent time evolution and nonlinear satura-
vation. Indeed, a simple estimate of density modulation tion of the filaments would have to be taken into ac-
using pressure balance (neglecting thermal effects), i.e., count.

on/n=1—exp(—7y,),> predicts intensities of ~10' | In general, comparisons between (Km.)5® and

(K max), may be obtained by expanding Egs. (5) and (6),

5/4
FP — -2 (InA) '2Z1%* n -
(Kmax) T =1.98%10 SRR+ 1Z) 7 | ne | MM
- ;"lascrl n -
= 2 TMlaserr | Tt 1
(Kman)p =2.93%10 2oy (o | #m

where 9 =(Z+0.24)/(1+0.24Z); I is in units of 10'* W/cm?, T in keV, and A in um. Using Egs. (4) and (7), the
respective optimum perturbation wavelengths (Amax =27/k max) are found to be

o T +1/2) 0 12,0¥8 [ ne 5/8
(ma) T =15.0 (nA) iz 12378 P
12
1/491/2 1/2
- eNT2(1+1/2) ne
(lmax),,—l().4 1172 —n— um.

For conditions typical of current direct-drive spherical

implosion experiments, i.e., I =10'* W/cm? (single beam l bility analysis. Since Kmax>> Kis, this last assumption is
intensity), T=1 keV, n/n.=0.1, and Ay, =0.35 um, probably justified. Also, the original assumption that
the predicted growth rates and optimum wavelengths K <k < is well satisfied for the conditions considered
have been calculated for Z=3.5 and 35. These are here.

displayed in Table I, together with the laser attenuation A criterion for kinetic effects to dominate is that
rate K,», "> which has been neglected in the present sta- k> k.=(301,) "' (see Fig. 2), or in terms of wave-
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TABLE 1. Instability growth rates, laser attenuation rates,
and optimum wavelengths, for Z=3.5 and 35.

Z=35 Z =35
(K max)# (um ™") 5.67x10 ¢ 4.18x1073
(Kma)FP (um ™) 5.26x10 3.71x10 72
(Kmax)p (um ") 8.86x107* 1.11x1073
(K max) FP/ (K max) 5.93 335
K (um™") 5.3x10~4 5.3x107°
Ama) ¥ (um) 17.6 6.65
()-mux)p (Hm) 36.1 32.6
length,
A <A.=607mA,
Tz}\lzaser ne
=6.58%10—————— [— | um.
A+ |0 ¥

Once again, for the same typical ICF conditions,
Ae~676 um (for Z=3.5) and A.~239 um (for Z =35),
so that one would expect the kinetic regime to prevail
over a wide range of wavelengths. With this being the
case, one would also expect that (Amax) ¥ < (Amax)p, and
not the other way around as has been previously predict-
ed. 1h14

In conclusion, a new theory of laser filamentation has
been derived that takes into account nonlocal electron
transport. The predicted reduction in the electron
thermal conductivity at short perturbation wavelengths
allows for enhanced temperature and density modula-
tions, which in turn enhance the growth rate of the laser
thermal filamentation. For typical ICF conditions, the
theory also suggests that the thermal mechanism would
dominate over the ponderomotive one. This has been il-
lustrated by correlating the growth-rate predictions with
a recent experiment.
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