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Temperature relaxation in hot spots in a laser-produced plasma
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The study of temperature relaxation and ion acoustic wave excitation in localized regions of intense laser
field (hot spot$ 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 plaspi@63-651X97)06312-3

PACS numbes): 52.40.Nk, 52.35.Mw, 52.35.Nx

[. INTRODUCTION do not move. Section Il is devoted to the study of density
perturbations excited by the hot spot thermal decay and an
Laser-beam-smoothing techniques are being used thedgitial momentum deposited by the ponderomotive force. We

days to control unavoidable nonuniformities present in a laconclude with a discussion and summary in Sec. IV.

ser beam to achieve efficient coupling of laser-driver energy

to the target and uniform compression of the spherical fuel Il. ELECTRON TEMPERATURE RELAXATION

shell in inertial confinement fusioiCF). Commonly used

smoothing techniques involve random-phase plates to prq-

duce spatial incoherence and fibers and temporal modulato

to increase the spectral width of a laser bdarg]. The basic

In this section we consider the relaxation of relatively
rge hot spots, with the characteristic radRiomparable
to the electron mean free path;. We will demonstrate later

idea of beam smoothing is to divide the incident laser bearrtlr;attthe ?hensnyl pertlérbatl.tlc.)tnsdare. re{at|vter:y srr|1all ?nd fthe
into several sufficiently small beamlets and randomly assigr‘? ectron etrm% con U(':I'a” y lomlt_na esf the rr]etaxa '?.n o(I)r
them phase shifts on their way to a target. The constructivg1IS parameter domain. 1he relaxation of the hot spot Is de-

interference of these beamlets in the focal spot region resul cribed using the nonloca_\l electron transport th_eqry as per
in a large number of short-lived speckles or laser hot spots<el-[3]: where an appropriate set of hydrodynamiclike equa-

Although the energy deposition in a plasma is strongly inholions has been derived for small-amplitude perturbations of

mogeneous leading to these hot spots, it is believed that thefn arbitrary scale length. A cylindrical hot spot is considered

mal relaxation eventually leads to uniform pressure appliec’in a Gaussian form in the radial direction:

to the ablation surface of the target if the time scale of ther- r2

mal transport is smaller than the hydrodynamical time scale. 8To(r)= 5TOeXF< — _2) , )
Although experiments indicate a significant suppression of R

hydrodynamic and parametric instabilities in a smoothed la- ith initiall 0t ¢ turbationsT-<T
ser beam, this result is not yet completely understood peMth nitially -small temperature perturbalion o= e,
hereT, is the electron temperature of an ambient plasma.

cause the level of fluctuations in a plasma remains unknow i ) . .
In order to understand better the physics of therma(L he magnitude obT, is determined by inverse bremsstrah-

smoothing under actual experimental conditions we havedd ~heating ina laser hot spot: &To(r)
carried out a detailed study of this problem theoretically as= (2vei/3ncC) [ ° 1dt, wheren, is the critical density| (r,t)
suming the hot spot lifetime to be shorter than the characteis the laser intensityz, is the hot spot lifetime, and,; is the
istic relaxation time and the hot spot radius to be comparablélectron-ion collision frequency.

to the electron mean free path. These are conditions where a Once this perturbation is applied to a homogeneous
laser driver can be treated in terms of the initial perturbatiorplasma, we proceed to obtain solutions to the equation of
and the nonlocal transport effects increase significantly théemperature relaxation

amplitude of the temperature and density perturbations and

the temperature relaxation time. For relatively large size hot 9T 2. v )
spots this time might be within the resolution limits of cur- gt 3ne 4

rent diagnostic techniques, offering a way for direct mea-

surements of the nonlocal heat conductivity. whereq= — «V 4T is the electron heat flux and the thermal

We separate the main contents of our paper into two partsonductivity « is the integral operator defined in Fourier
In Sec. Il we consider the electron temperature relaxatiorspace. The result of the calculation of its wave-number de-
that occurs for a short-time scale when the ions of the plasmpendence«(k) over the entire range of plasma collisionality
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FIG. 1. Radial distribution of the temperature perturbatéon FIG. 2. Radial distribution of the normalized electron heat flux
=6T(r,1)/ 8T, for vet=1 in a plasma withZ=5 andR/\.;=3. Q=q(r,t)/ngv1edTo for veit=1 in a plasma withZ=5 anq
The dashed line demonstrates the reference case with the classié¥{\ei=3. The dashed line demonstrates the reference case with the
heat conductivity. classical heat conductivity.

parametek) ; is illustrated by Fig. 11 in Ref 3], but we the ordinary differential equation for Fourier components in
use here a simple analytical formula that gives an accuratéme. After the inverse Fourier transformation one can find

interpolation ofx for kh¢;=1 [3]: the evolution of the temperature perturbation and the heat
flux
Ko 128 ) - )
k)= , =——nNte\eil(Z), R k‘R° 2k
K( ) 1+(10\/2k)\ei)0.9 Ko 37 eUTe EIg( ) 5T(I’,t)= 5To?f ex;{ - T_ ?t)k\lo(kr)dk,
() ¢
wherev+, is electron thermal velocity anNg=v+e/ v is R K°R?  2kk? |
the electron mean free path. The functiditZ)~(0.24 q(r,t)—5T07 S 3net wk“Jy(kr)dk.
+2)/(2.4+2Z) accounts for the electron-electron collisions 5)

in the classical electron thermal conductiv[#§]. Equation
(3) provides a good description of the exact result of theThe electron temperature distribution around the speckle and
nonlocal[3,4] as well as the numerical result of kinetic cal- the evolution of the electron heat flux are shown in Figs. 1

culations[5] for not too strong plasma inhomogeneity. and 2, respectively. They are normalized &, and
Nev1e8To. The results for the classical transport are also
A. Classical temperature relaxation shown for comparison with dashed lines. One can see that

. . . . the heat flux and temperature perturbation for the classical
Equation(2) with classical heat conductivity, can be  cage have broader spatial profiles and decrease in time faster
solved analytically and one readily obtains the temperaturg,mpared to the nonlocal case. Note that the nonlocal theory
profile predicts a smaller electron heat flux than the classical theory

r2 ) does. This is a consequence of the electron flux inhibition

ST(r )= —10
D=1 ~ (11 trg)

where 7o=3nR?/8kq=0.028R%*/vt\.i{ is the characteris- .
tic time of temperature relaxation. According to Ed), the tion to an a”.”b'e”t plasma from the speckle. -
radius of the heated region increases as a square root of time F|gu_re 3. |IIustrates_ thg dependence of the characteristic
while the temperature in the center decreases inversely préglaxatlon timety, (Wh'Ch.'S the time when the temperature
portional tot. The characteristic time of relaxation is very In the center drops two times compared to the initial value
small for the case of current experiments with laser-produced

plasmaq7,8]. For the plasma with the electron density
=101 cm™3, the ion charg& =5, and the electron tempera-

(4) due to the nonlocal character of energy transfer. According
to Ref.[3], Egs.(2) and (3) are equivalent to the electron
kinetic equation and therefore describe hot-electron penetra-

t Vei
10

ture T,=0.7 keV, the electron mean free path is Z.& and 5

the relaxation time foR= 3\, is about 0.07 ps. The initial

amplitude of the temperature perturbation is 12% for the !

laser intensity 18 W/cm? at the wavelength 0.am and the 5

hot spot lifetimer,=0.5 ps. However, for such scales the

nonlocal effects are already important because the character- 01

istic wave numbek~ 2/R is comparable to the inverse of the 0.05

electron mean free path. 1 152 3 5 7 10 1520 R/\g

FIG. 3. Temperature relaxation timgt,,, as a function of the
normalized hot spot radiuR/\,; for a plasma withZ=5. The

Equation(2) with the nonlocal heat conductivity has been dashed line demonstrates the reference case with the classical heat
solved using the Fourier transform in space and then solvingonductivity.

B. Nonlocal effects in the temperature relaxation



980 SENECHA, BRANTOV, BYCHENKOQOV, AND TIKHONCHUK 57

on the hot spot radius. This time is normalized by the N
electron-ion collision frequency. One can see that the relax-
ation time for the nonlocal case is significantly higher than
the classical oner, for practically interesting scale®
=<10\.;. The essential contribution to the temperature pro-
file comes from Fourier harmonics wittR~ 2. Therefore,
the following estimate for the temperature relaxation time
can be written:

RZ
t]_/2: 0028— 1+
UTeNei

0.
20\/2%) g] (6)

FIG. 4. Radial distribution of the normalized ion density pertur-
It is in reasonable agreement with exact calculations. In part—)ation for the timevet =150 (which corresponds to the maximum
. . . . density depletion in the cenjen a plasma withZ=5, c;/v1e
ticular, for the example given above in Sec. Il A, this for- _3 /2 g RiN,=3. Here N=[an(r,t)/n.](vre/

mula pred!cts enhancement of the hOt_ spo_t relaxation tIm%s)(Te/cSTo); the dashed line demonstrates the reference case with

about 12 times. That brings the relaxation time to the valuga cjassical heat conductivity.

t1,~0.9 ps, which could be measured in an experiment. For-

mula (6) provides also the condition on the hot spot Iifetimetem erature and density in a classical hot spot, each of these

To<ty,, which allows us to treat the laser energy deposition pt' ies being defi gb hei o Ip 'd' .

in a hot spot as an initial condition. quantities being defined by their own initial conditions.
Equation(8) demonstrates a linear growth in time of the

density perturbation until saturation becomes important. The

IIil. EXCITATION OF DENSITY PERTURBATIONS latter corresponds to~R/cs when the ion acoustic wave

The above consideration does not take into account thforms and escapes from the hot spot. To estimate the level of
plasma motion and because of this it cannot describe thi€ density perturbation one can substituteR/cs and r
density perturbation. The ion motion has a negligible effect™ R into Eq.(8) to getén/ne~(6To/Te)(Cs/Rwei). The last
on the temperature relaxation in a hot spot vt \ o; and factor is the ratio of the electron-ion collision time to the ion
therefore we consider the hydrodynamic equations for th&COUStic transit time, which is a small parameter less than
ion density perturbatiosn and velocityu assuming that the 10 ° for the case discussed above in Sec. Il A. Therefore,

temperature perturbations are already found from (4. the_ 3amplitude of the ion acoustic wave i_s of the order of
10", and we conclude that for the classical transport case

the thermal relaxation proceeds without significant density
, (7)  perturbations.
The heat flux inhibition slows down the temperature re-
laxation rate and leads to enhancement of the ion acoustic
force of the laser beam produces an initial acceleration o ave amplitude. To demonstrate this effect we have solved

ions in the radial direction. Therefore, to the end of the hot gs.(7) using the_Foune_r transfo_rm In space and then solv-
- . . . - ing the ordinary differential equation for Fourier components
spot lifetime ions acquire the velocityuy(r)=—(Z/

7 Rt in time. The temperature perturbation was taken from Eq.
2minc)(/dr)f " 1dt. We useup and on(t=0)=0 as the (5) After the inverse Fourier transform one finds the follow-

initial conditions for Egs.(7), which have been solved to- ing formula for the evolution of the density perturbation for
gether with Eq.(2). Note that nonlocal effects can increase sy, ..

the magnitude of the pondermotive fork®. However, this
effect is not too significant foR~\.; and we neglect it here.

oon v dou
ot eV T

_CS

where ¢ is the ion acoustic velocity. The pondermotive

Thus the following relation between the initial velocity and on(r,t) 3 cR? &fcdk\] (kr)ex
temperature perturbations holds: uom—(3/4)(c§/ Ne 4 ve Telo 0 P
ve) (A/dr) 8T/ Te. 202

For timest<R/cg shorter than the ion acoustic transit
time across the hot spot, the density perturbation can be ne-
glected in the second of Eq&) and for the case of classical
heat conductivity the density perturbation reads

X
4

o
__)<kz+z$)sinkcst. 9)

The characteristic ion acoustic wave amplitude follows from
2 2 2 this equation: sn/ng~(8To/Te)(Cs/R)(1/vei+1ty5). Com-
on 6Ty cgt r 4 r : . . . .
—=-_3 _( __2+_Vei7'o>exF(__2)- 8y  paring this formula with the estimate from the classical
Ne Te R?y,, R* 3 R theory, one can see that the enhancement of the ion acoustic
wave amplitude takes place for,t;,>1, where the tem-
This expression is valid for> 7, and the term~uwvg7g in  perature relaxation time is larger than the electron-ion colli-
parentheses accounts for the contribution from temperaturgion time. Figure 4 demonstrates the radial distribution of the
perturbations in Eqg.7); the other two terms come from the density perturbations for inhibited and classical cases at time
initial conditions. For typical plasma parametd&s 10\, veit =150 when the density depletion in the center of the hot
the effect of the temperature perturbation on plasma densitgpot achieves its maximum. This time is about 30 ps for the
is small, manifesting an almost independent evolution of thgparameters taken in Sec. Il A and is much longer than the
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temperature relaxation timg,,. The enhancement of the propagated outward as an ion acoustic wave. It appears much
density fluctuations about five times for the nonlocal case i¢ater in time than the temperature perturbation and has a

evident in Fig. 4. significantly longer lifetime of the order of the ion acoustic
damping time(which is about 10B/c, or 1 ns for typical
IV. SUMMARY plasma conditions

) o The detailed study of a single hot spot relaxation in laser-
We summarize the results that are presented in this pap@foduced plasmas carried out in this paper constitutes a nec-
as follows. Relaxation of a single hot spot in a laser-gssary background for the consideration of multiple hot spots
produced plasma has been described by using the small pgf; the target volume being generated in typical ICF experi-
turbation approach in nonlocal electron transport theory for gnents employing the laser-beam-smoothing technique. One
cylindrically symmetrical speckle with the characteristic ra-5n use the statistical properties of hot spots as described in

dius comparable to or larger than the electron mean freRef [10] to construct a fluctuation theory of a plasma driven
path. The time evolution of the electron temperature anghy 5 randomized laser beam.

density perturbations has been investigated for short-lived

hot spot57p<t1,2._The relaxation timel{z has been obtained ACKNOWLEDGMENTS
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