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Temperature relaxation in hot spots in a laser-produced plasma
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~Received 31 July 1997!

The study of temperature relaxation and ion acoustic wave excitation in localized regions of intense laser
field ~hot spots! has been carried out for the conditions of inhibited electron thermal transport. We consider the
fast energy deposition in a single cylindrical hot spot and describe the following temperature and density
relaxation using a perturbation approach and the nonlocal electron transport equations. We find a significant
increase in the temperature relaxation time for hot spots with sizes comparable to the electron mean free path.
Thermal decay of the hot spot together with the pondermotive effect of the laser field on ions could also be a
source of large density fluctuations in currently exploited laser-produced plasmas.@S1063-651X~97!06312-5#

PACS number~s!: 52.40.Nk, 52.35.Mw, 52.35.Nx
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I. INTRODUCTION

Laser-beam-smoothing techniques are being used t
days to control unavoidable nonuniformities present in a
ser beam to achieve efficient coupling of laser-driver ene
to the target and uniform compression of the spherical f
shell in inertial confinement fusion~ICF!. Commonly used
smoothing techniques involve random-phase plates to
duce spatial incoherence and fibers and temporal modula
to increase the spectral width of a laser beam@1,2#. The basic
idea of beam smoothing is to divide the incident laser be
into several sufficiently small beamlets and randomly ass
them phase shifts on their way to a target. The construc
interference of these beamlets in the focal spot region res
in a large number of short-lived speckles or laser hot sp
Although the energy deposition in a plasma is strongly in
mogeneous leading to these hot spots, it is believed that t
mal relaxation eventually leads to uniform pressure app
to the ablation surface of the target if the time scale of th
mal transport is smaller than the hydrodynamical time sc
Although experiments indicate a significant suppression
hydrodynamic and parametric instabilities in a smoothed
ser beam, this result is not yet completely understood
cause the level of fluctuations in a plasma remains unkno

In order to understand better the physics of therm
smoothing under actual experimental conditions we h
carried out a detailed study of this problem theoretically
suming the hot spot lifetime to be shorter than the charac
istic relaxation time and the hot spot radius to be compara
to the electron mean free path. These are conditions whe
laser driver can be treated in terms of the initial perturbat
and the nonlocal transport effects increase significantly
amplitude of the temperature and density perturbations
the temperature relaxation time. For relatively large size
spots this time might be within the resolution limits of cu
rent diagnostic techniques, offering a way for direct me
surements of the nonlocal heat conductivity.

We separate the main contents of our paper into two pa
In Sec. II we consider the electron temperature relaxa
that occurs for a short-time scale when the ions of the pla
571063-651X/98/57~1!/978~4!/$15.00
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do not move. Section III is devoted to the study of dens
perturbations excited by the hot spot thermal decay and
initial momentum deposited by the ponderomotive force. W
conclude with a discussion and summary in Sec. IV.

II. ELECTRON TEMPERATURE RELAXATION

In this section we consider the relaxation of relative
large hot spots, with the characteristic radiusR comparable
to the electron mean free pathlei . We will demonstrate later
that the density perturbations are relatively small and
electron thermal conductivity dominates the relaxation
this parameter domain. The relaxation of the hot spot is
scribed using the nonlocal electron transport theory as
Ref. @3#, where an appropriate set of hydrodynamiclike equ
tions has been derived for small-amplitude perturbations
an arbitrary scale length. A cylindrical hot spot is consider
in a Gaussian form in the radial direction:

dT0~r !5dT0expS 2
r 2

R2D , ~1!

with initially small temperature perturbationdT0!Te ,
whereTe is the electron temperature of an ambient plasm
The magnitude ofdT0 is determined by inverse bremsstra
lung heating in a laser hot spot: dT0(r )
5(2nei/3ncc)*0

tp Idt, wherenc is the critical density,I (r ,t)
is the laser intensity,tp is the hot spot lifetime, andnei is the
electron-ion collision frequency.

Once this perturbation is applied to a homogeneo
plasma, we proceed to obtain solutions to the equation
temperature relaxation

]dT

]t
52

2

3ne
“•q, ~2!

whereq52k“dT is the electron heat flux and the therm
conductivity k is the integral operator defined in Fourie
space. The result of the calculation of its wave-number
pendencek(k) over the entire range of plasma collisionali
978 © 1998 The American Physical Society
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parameterklei is illustrated by Fig. 11 in Ref.@3#, but we
use here a simple analytical formula that gives an accu
interpolation ofk for klei*1 @3#:

k~k!5
k0

11~10AZklei!
0.9

, k05
128

3p
nevTeleiz~Z!,

~3!

wherevTe is electron thermal velocity andlei5vTe /nei is
the electron mean free path. The functionz(Z)'(0.24
1Z)/(2.41Z) accounts for the electron-electron collisio
in the classical electron thermal conductivity@6#. Equation
~3! provides a good description of the exact result of
nonlocal@3,4# as well as the numerical result of kinetic ca
culations@5# for not too strong plasma inhomogeneity.

A. Classical temperature relaxation

Equation~2! with classical heat conductivityk0 can be
solved analytically and one readily obtains the tempera
profile

dT~r ,t !5
dT0

11t/t0
expS 2

r 2

R2~11t/t0! D , ~4!

wheret053neR
2/8k050.028R2/vTeleiz is the characteris-

tic time of temperature relaxation. According to Eq.~4!, the
radius of the heated region increases as a square root of
while the temperature in the center decreases inversely
portional to t. The characteristic time of relaxation is ve
small for the case of current experiments with laser-produ
plasmas@7,8#. For the plasma with the electron densityne
51021 cm23, the ion chargeZ55, and the electron tempera
tureTe50.7 keV, the electron mean free path is 2.2mm and
the relaxation time forR53lei is about 0.07 ps. The initia
amplitude of the temperature perturbation is 12% for
laser intensity 1015 W/cm2 at the wavelength 0.5mm and the
hot spot lifetimetp50.5 ps. However, for such scales th
nonlocal effects are already important because the chara
istic wave numberk;2/R is comparable to the inverse of th
electron mean free path.

B. Nonlocal effects in the temperature relaxation

Equation~2! with the nonlocal heat conductivity has bee
solved using the Fourier transform in space and then solv

FIG. 1. Radial distribution of the temperature perturbationQ
5dT(r ,t)/dT0 for neit51 in a plasma withZ55 andR/lei53.
The dashed line demonstrates the reference case with the cla
heat conductivity.
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the ordinary differential equation for Fourier components
time. After the inverse Fourier transformation one can fi
the evolution of the temperature perturbation and the h
flux

dT~r ,t !5dT0

R2

2 E expS 2
k2R2

4
2

2kk2

3ne
t D kJ0~kr !dk,

q~r ,t !5dT0

R2

2 E expS 2
k2R2

4
2

2kk2

3ne
t Dkk2J1~kr !dk.

~5!

The electron temperature distribution around the speckle
the evolution of the electron heat flux are shown in Figs
and 2, respectively. They are normalized bydT0 and
nevTedT0. The results for the classical transport are a
shown for comparison with dashed lines. One can see
the heat flux and temperature perturbation for the class
case have broader spatial profiles and decrease in time f
compared to the nonlocal case. Note that the nonlocal the
predicts a smaller electron heat flux than the classical the
does. This is a consequence of the electron flux inhibit
due to the nonlocal character of energy transfer. Accord
to Ref. @3#, Eqs. ~2! and ~3! are equivalent to the electro
kinetic equation and therefore describe hot-electron pene
tion to an ambient plasma from the speckle.

Figure 3 illustrates the dependence of the character
relaxation timet1/2 ~which is the time when the temperatu
in the center drops two times compared to the initial valu!

ical

FIG. 2. Radial distribution of the normalized electron heat fl
Q5q(r ,t)/nevTedT0 for neit51 in a plasma withZ55 and
R/lei53. The dashed line demonstrates the reference case with
classical heat conductivity.

FIG. 3. Temperature relaxation timeneit1/2 as a function of the
normalized hot spot radiusR/lei for a plasma withZ55. The
dashed line demonstrates the reference case with the classica
conductivity.
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on the hot spot radius. This time is normalized by t
electron-ion collision frequency. One can see that the re
ation time for the nonlocal case is significantly higher th
the classical onet0 for practically interesting scalesR
&10lei . The essential contribution to the temperature p
file comes from Fourier harmonics withkR;2. Therefore,
the following estimate for the temperature relaxation tim
can be written:

t1/250.028
R2

vTeleiz
F11S 20AZ

lei

R D 0.9G . ~6!

It is in reasonable agreement with exact calculations. In p
ticular, for the example given above in Sec. II A, this fo
mula predicts enhancement of the hot spot relaxation t
about 12 times. That brings the relaxation time to the va
t1/2'0.9 ps, which could be measured in an experiment. F
mula ~6! provides also the condition on the hot spot lifetim
tp,t1/2, which allows us to treat the laser energy deposit
in a hot spot as an initial condition.

III. EXCITATION OF DENSITY PERTURBATIONS

The above consideration does not take into account
plasma motion and because of this it cannot describe
density perturbation. The ion motion has a negligible eff
on the temperature relaxation in a hot spot withR*lei and
therefore we consider the hydrodynamic equations for
ion density perturbationdn and velocityu assuming that the
temperature perturbations are already found from Eq.~2!:

]dn

]t
52ne“•u,

]du

]t
52cs

2
“S dn

ne
1

dT

Te
D , ~7!

where cs is the ion acoustic velocity. The pondermotiv
force of the laser beam produces an initial acceleration
ions in the radial direction. Therefore, to the end of the
spot lifetime ions acquire the velocityu0(r )52(Z/
2minc)(]/]r )*0

tp Idt. We useu0 and dn(t50)50 as the
initial conditions for Eqs.~7!, which have been solved to
gether with Eq.~2!. Note that nonlocal effects can increa
the magnitude of the pondermotive force@9#. However, this
effect is not too significant forR;lei and we neglect it here
Thus the following relation between the initial velocity an
temperature perturbations holds: u0'2(3/4)(cs

2/
nei)(d/dr)dT0 /Te .

For times t!R/cs shorter than the ion acoustic trans
time across the hot spot, the density perturbation can be
glected in the second of Eqs.~7! and for the case of classica
heat conductivity the density perturbation reads

dn

ne
523

dT0

Te

cs
2t

R2nei
S 12

r 2

R2 1
4

3
neit0DexpS 2

r 2

R2D . ~8!

This expression is valid fort@t0 and the term;neit0 in
parentheses accounts for the contribution from tempera
perturbations in Eqs.~7!; the other two terms come from th
initial conditions. For typical plasma parametersR,10lei ,
the effect of the temperature perturbation on plasma den
is small, manifesting an almost independent evolution of
x-

-

r-
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temperature and density in a classical hot spot, each of th
quantities being defined by their own initial conditions.

Equation~8! demonstrates a linear growth in time of th
density perturbation until saturation becomes important. T
latter corresponds tot;R/cs when the ion acoustic wave
forms and escapes from the hot spot. To estimate the leve
the density perturbation one can substitutet;R/cs and r
;R into Eq.~8! to getdn/ne;(dT0 /Te)(cs /Rnei). The last
factor is the ratio of the electron-ion collision time to the io
acoustic transit time, which is a small parameter less t
1022 for the case discussed above in Sec. II A. Therefo
the amplitude of the ion acoustic wave is of the order
1023, and we conclude that for the classical transport c
the thermal relaxation proceeds without significant dens
perturbations.

The heat flux inhibition slows down the temperature
laxation rate and leads to enhancement of the ion acou
wave amplitude. To demonstrate this effect we have sol
Eqs.~7! using the Fourier transform in space and then so
ing the ordinary differential equation for Fourier componen
in time. The temperature perturbation was taken from
~5!. After the inverse Fourier transform one finds the follow
ing formula for the evolution of the density perturbation f
t@t1/2:

dn~r ,t !

ne
52

3

4

csR
2

nei

dT0

Te
E

0

`

dkJ0~kr !exp

3S 2
k2R2

4 D S k212
nenei

k D sinkcst. ~9!

The characteristic ion acoustic wave amplitude follows fro
this equation:dn/ne;(dT0 /Te)(cs /R)(1/nei1t1/2). Com-
paring this formula with the estimate from the classic
theory, one can see that the enhancement of the ion aco
wave amplitude takes place forneit1/2.1, where the tem-
perature relaxation time is larger than the electron-ion co
sion time. Figure 4 demonstrates the radial distribution of
density perturbations for inhibited and classical cases at t
neit5150 when the density depletion in the center of the
spot achieves its maximum. This time is about 30 ps for
parameters taken in Sec. II A and is much longer than

FIG. 4. Radial distribution of the normalized ion density pertu
bation for the timeneit5150 ~which corresponds to the maximum
density depletion in the center! in a plasma withZ55, cs /vTe

51.431022 and R/lei53. Here N5@dn(r ,t)/ne#(vTe /
cs)(Te /dT0); the dashed line demonstrates the reference case
the classical heat conductivity.
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temperature relaxation timet1/2. The enhancement of th
density fluctuations about five times for the nonlocal cas
evident in Fig. 4.

IV. SUMMARY

We summarize the results that are presented in this p
as follows. Relaxation of a single hot spot in a las
produced plasma has been described by using the small
turbation approach in nonlocal electron transport theory fo
cylindrically symmetrical speckle with the characteristic r
dius comparable to or larger than the electron mean
path. The time evolution of the electron temperature a
density perturbations has been investigated for short-li
hot spotstp,t1/2. The relaxation timet1/2 has been obtained
and compared with the result of classical transport theory
significant enhancement of the relaxation time due to
heat flux inhibition is found. For typical plasma and las
parameters the temperature relaxation time~6! could be
about 1 ps. This is already within the time resolution
current optical instruments, which opens the possibility
direct measurements of the electron heat transport co
cients. The nonlocal effects result also in enhancement o
amplitude of density perturbation generated in a hot spot
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propagated outward as an ion acoustic wave. It appears m
later in time than the temperature perturbation and ha
significantly longer lifetime of the order of the ion acoust
damping time~which is about 100R/cs or 1 ns for typical
plasma conditions!.

The detailed study of a single hot spot relaxation in las
produced plasmas carried out in this paper constitutes a
essary background for the consideration of multiple hot sp
in the target volume being generated in typical ICF expe
ments employing the laser-beam-smoothing technique.
can use the statistical properties of hot spots as describe
Ref. @10# to construct a fluctuation theory of a plasma driv
by a randomized laser beam.
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