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Theory of energy deposition by suprathermal electrons in laser-irradiated targets
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and Soreq NRC, Yavne 81800, Israel
~Received 25 October 2001; published 17 May 2002!

In this paper we describe results of the preheat generated by the suprathermal electrons from laser-produced
plasmas in the cold substrate material. The computations were carried out by means of a Monte Carlo–type
code that accounts for the scattering and slow down of the hot electrons in the cold material. Using ideas
derived from a straight-line approximation method, the results were described by means of a dimensionless
quantity. Such a description results in simple analytical~in fact, exponential! formulas, which are easy for
computation and can be readily inserted into hydrodynamics codes. To exemplify the results, we have com-
puted the preheat temperature and pressure in a laser-irradiated aluminum foil. A short discussion is given
about the accuracy and the validity domain of the formulas, and a comparison is given to previous analytical
methods.
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I. INTRODUCTION

Target preheat by suprathermal electrons generated
the critical density surface plays an important role in seve
aspects of laser-produced plasmas. These very fast elec
run into the cold substrate ahead of the ablation shock w
preheating the target material, thereby generating a backw
pressure.

The role of the suprathermal electrons~called also ‘‘hot’’
or ‘‘fast’’ electrons! in laser-produced plasmas was exte
sively studied by experimental means@1–8#. The theoretical
backup for these studies is, however, relatively scarce
fact, to the best of our knowledge, only the pioneering arti
of Harrach and Kidder@9# tries to give some analytical for
mulas that can provide a partial view on the behavior of t
phenomenon as a function of various physical paramet
Since their publication, however, there had been gr
progress in this field both in the understanding of this p
nomenon, as well as in the computational capabilities and
accuracy of the underlying databases. It seems that the
has come for an update of the whole subject in view of
knowledge accumulated since their paper.

A brief list of the hot electron properties is in order. Th
electron energy distribution in laser-produced plasmas c
sists of two parts: most of the electrons are part o
Maxwell-Boltzmann velocity distribution characterized b
the plasma temperatureT. This energy distribution has, how
ever, a high energy ‘‘tail’’ that has an exponentially decre
ing shape. This exponential tail is the definition of the s
prathermal electrons,

ne,hot~E0!dE05Nh

1

Th
exp$2E0 /Th%dE0 ~1!

~in the following we use units in which temperatures a
measured in energy units, i.e., the Boltzmann constank
51!, Nh is the total number of the suprathermal electro
andTh is the hot temperature. The suprathermal electrons
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generated near the critical surface, and their initial motion
strongly forward directed. They move rapidly through t
hot plasma layer behind the critical surface, and penet
into the cold substrate material. The effect of these fast e
trons on the cold matter can be regarded as that of a flu
electrons, with energy distribution described by Eq.~1!, hit-
ting the surface of a cold material. This surface, that divid
between the hot plasma and the cold material is taken in
following asx50, see Fig. 1.

A compilation of experiments at which the hot temper
ture had been measured indicates@10# that this quantity fol-
lows a power law behavior as a function of the quantityI Ll2

~I L is the laser intensity in W/cm2 and l is the laser wave-
length!,

Th5T0S I Ll2

~ I Ll2!0
D b

. ~2!

In Eq. ~2! (I Ll2)0 is a reference point,T0 is the value of the
hot temperature forI Ll25(I Ll2)0 , and b is a constant
whose value is close to 1/3@10#. Numerically Eq.~2! can be
rewritten as

Th5~7 keV!3I 15
1/3,

where I 155I Ll2/~1015 W mm2/cm2!. ~3!

FIG. 1. Description of the basic geometry of suprathermal el
tron preheat.
©2002 The American Physical Society09-1
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DAVID SALZMANN PHYSICAL REVIEW E 65 056409
All the hot temperatures in experiments with lase
produced plasmas, up toI Ll2&331017 W mm2/cm2, are
distributed around Eq.~3!, although the fluctuations ar
large. At higher intensities, when the hot electrons beco
relativistic, the exponentb changes to a higher value, clos
to 1. Our computations are not valid at such high intensit
see below.

The total energy of the hot electronsNhTh is connected to
the total laser energyEL by

NhTh5hEL . ~4!

h is the fraction of laser energy channeled into suprath
mal electron production.h depends on various experiment
factors, such as the pulse shape, prepulse, etc. It is, how
at a level of a few percent in most experiments, sometim
up to h;10% or more.

The aim of the present paper is to calculate the ene
deposition, as function of depth, in a cold substrate mate
hit by a flux of hot electrons. We do this calculation in tw
steps.

First we use the straight line approximation~SLA!, as-
suming that the fast electrons move along straight traje
ries ~Sec. II!. The purpose of this relatively crude approx
mation is to obtain analytical albeit low accuracy resu
which can nevertheless provide an insight into the cen
parameters of the problem.

Second, full Monte Carlo simulations were carried out
several target materials and hot electron energy tempera
~Sec. III!. To get the best accuracy, in these simulations
have used updated databases for the electron cross se
and stopping power. The results of the simulations were
rametrized into semiempirical formulas by using the ide
derived from the SLA method. The simple form of these fin
semiempirical formulas enable their direct application in h
drodynamics codes. For purposes of illustration, we show
Sec. III D the preheat temperature and pressure generate
the suprathermal electrons in an aluminum target irradia
by a 1015 W/cm2 intense laser beam.

Finally in Sec. IV we present a short discussion of t
validity domain of the computations, the accuracy of the
sults, and a comparison to the results of Ref.@9#.

II. THE SUPRATHERMAL ELECTRON PREHEAT
IN THE SLA

The SLA model considers a flux of hot electrons hitting
homogeneous cold solid target of densitynA ~atoms per unit
volume!. Our starting point is the notion that for electro
energies between 1 and 100 keV, the stopping poweru]E/]xu
in any material follows very closely a power law decrea
@9,11# ~in the following our basic units are cm, eV, s!:

U]E

]xU5BE2a, @B#5
eV11a

cm
, ~5!

whereB and a are constants specific to the target mater
Equation ~5! is a well-known parametrization@9# of the
tables of the stopping power@11# in the given range. In gen
eral, the parametera is a positive number smaller than 1
05640
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with values betweena.0.75 ~aluminum! and a.0.66
~gold! ~these numbers are the result of parametrization of
numerical tables of@11#!. B also has a rather limited varia
tion, between 3.9531010 for aluminum up to 7.4731010 for
gold. Above 100 keV the stopping power shows significa
deviation from this simple form, mainly due to relativist
effects.

The basic approximation of SLA is that the electro
move along straight lines. Under this approximation, the
lationship between the initial energy of an electron on
target surfaceE0 and its energyE(x) at depthx is given by

x5E
0

x

dx5E
E

E0 dE

u]E/]xu
5E

E

E0 dE

BE2a

5
1

B E
E

E0
EadE5

1

~11a!B
~E0

11a2E11a!, ~6!

E~x!5@E0
11a2~11a!Bx#1/~11a!. ~7!

It follows that the energy,dE(E0 ,x), deposited by an
electron of initial energyE0 along the path@x,x1dx# at
depthx inside the target is given by

dE~E0 ,x!5dxU]E

]xU
5dxBE2a

5dxB@E0
11a2~11a!Bx#2a/~11a!. ~8!

The energy deposition per atomis obtained by replacing
dx in Eq. ~8! by the interatomic distanceD5nA

21/3. The
basic picture underlying Eq.~8! is of one single electron
moving along an array of atoms, losing energy gradua
during its motion. To get the energy deposition by the wh
hot electron distribution, one has to multiply the above eq
tion by the number of hot electrons that hit every array
atoms, and, of course, by the electron energy distribut
The hot electron areal density isNh /SL whereSL is the laser
beam focal area, whereas the number of atoms per unit
on the target surface isnAD. The ratio of these two densitie
is equal to the number of hot electrons per array of ato
The total energy deposition per atom at depthx is, therefore,

DE~x!5
Nh /SL

nAD E dE0

ne,hot~E0!

Nh

3DB@E0
11a2~11a!Bx#2a/~11a!

5
Nh

nASL

B

Th
E dE0e2E0 /Th

3@E0
11a2~11a!Bx#2a/~11a!. ~9!

The integration is carried out only for theE0’s for which
the first term in the square brackets is larger than the sec
one, or in other words, only for those electrons whose ini
energyE0 provides a range larger thanx. We define the di-
mensionless parametery0 by
9-2
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y0~x!5
@~11a!Bx#1/~11a!

Th
~10!

and change the variable of the integration toy5E0 /Th .
Then Eq.~9! is reduced to

DE~x!5
Nh

nASL
BTh

2aE
y0

`

dy e2y@y11a2y0
11a#2a/~11a!.

~11!

It should be noted that this expression depends on
depth inside the targetx, only through the variabley0(x),
and on the target material throughB and a. Denote the di-
mensionless integral in Eq.~11! by

J0~y0!5E
y0

`

dy e2y@y11a2y0
11a#2a/~11a!, ~12!

then

DE~x!5
Nh

nASL
BTh

2aJ0~y0!
eV

atom
. ~13!

Equation ~13! gives the energy deposition per atom
depthx. The total energy deposited by all the hot electrons
all depths is, of course, the hot electrons total energy,

DEtot5E
0

`

DE~x!dx5NhTh . ~14!

Indeed, integrating both sides of Eq.~13! over x one can
reproduce Eq.~14! rigorously. The interesting physics of ou
problem is contained in the functionJ0(y0). In Fig. 2 we

FIG. 2. The behavior of the functionJ0(y0) as a function ofy0 ,
for an aluminum target in the SLA model, and the Monte Ca
simulations results for hot temperatures of 3, 7, 15, and 30 keV
05640
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show this function for an aluminum target hit by a flux of h
electrons ofTh57 keV. Figure 2 indicates that an expone
tial function of the form

J0~y0!>A exp$2ay0% ~15!

provides an excellent approximation to this function. Simi
behavior was found for all the materials in our study. In vie
of Eq. ~14! A anda have to satisfy a relationship,

A5a11a/G~11a!. ~16!

The values derived from Fig. 2 areA51.35 and a
51.17. These values satisfy Eq.~16! to within 6%, and this
small difference can be regarded as a measure of the de
tion of J0(y0) from an accurate exponential behavior.

Using Eqs.~1!–~4!, Eq. ~13! can be rewritten in terms o
the laser-irradiation parameters as follows:

DE~x!5
hEL

nASLTh
BTh

2aJ0~y0!

5
hI LtL

nA
BTh

2~11a!J0S @~11a!Bx# I /~11a!

Th
D .

~17!

In Eq. ~17! tL is the laser pulse duration. Denote byQ
5B3(7 keV)2a5u]E/]xuE57 keV the stopping power of the
substrate material for electrons of 7 keV, see Eq.~3!, and by
tL,ps5tL/10212 s, the laser pulse duration in ps. Using the
notations, Eq.~17! can be cast into a useful numerical form

DE~x!5~8.9231017 cm22!3
hQ

nA
tL,psI 15

~22a!/3

3J0$I 15
21/3@~1.4331024 eV21!

3~11a!Qx#1/~11a!%, ~18!

Equations~17! and ~18! are the final results of the SLA
method. An example can help in illustrating these results.
aluminum, the values of the parameters of the stopp
power area50.7369,B53.9531010 eV1.7369/cm, resulting
in Q55.803107 eV/cm. Inserting the above values forA
and a into Eq. ~18! one gets the SLA result for aluminum
~xmm is the depth inmm!,

DE~x!5~1160 eV!3htL,psI 15
0.4210

3exp$21.46xmm
0.5757I 15

21/3%. ~19!

III. RESULTS OF THE MONTE CARLO SIMULATIONS

A. Description of the Monte Carlo code

The drawbacks of the SLA method are connected to
inability to account for the scattering of the supratherm
electrons inside the target. Scattering reduces the hot elec
penetration depth, and even backscatters a significant f
tion of energy into the hot plasma, thereby reducing the
ergy deposited inside the cold material. To account for th
9-3
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TABLE I. The properties of the target materials used in the computations and the results of the Monte Carlo simulations for the
and backreflected energy, as well as the parameters of the exponential fit to the energy deposition per atom. The numbers in brac
the power of 10.

Aluminum Titanium Copper Erbium Gold

Z 13 22 29 68 79
r ~g/cm3! 2.699 4.54 8.96 9.066 19.32

B 3.95 @10# 5.21 @10# 7.78 @10# 7.35 @10# 7.47 @10#

a 0.7369 0.7242 0.7057 0.7650 0.6593
Q ~eV/cm! 5.80 @7# 8.55 @7# 15.05@7# 18.66@7# 21.79@7#

Absorbed
energy~%!

3 keV 82.4 79.3 80.5 77.4 69.7
7 keV 78.6 72.7 74.9 70.3 66.2

15 keV 74.0 67.3 67.8 62.5 59.5
30 keV 69.1 61.5 62.1 55.1 52.5

Backreflected
energy~%!

3 keV 17.6 20.7 19.2 22.8 31.3
7 keV 21.4 26.3 25.1 29.7 33.8

15 keV 26.0 32.7 32.3 37.5 40.6
30 keV 30.9 38.5 37.9 44.9 47.5

A 3 keV 2.12 2.46 2.36 2.33 2.22
7 keV 2.70 3.05 3.00 3.32 3.23

15 keV 2.90 3.34 3.38 3.84 3.80
30 keV 3.20 4.08 3.81 4.79 4.78

a 3 keV 1.86 2.07 2.00 2.14 2.23
7 keV 2.13 2.37 2.31 2.59 2.70

15 keV 2.29 2.62 2.62 3.02 3.11
30 keV 2.52 3.11 2.99 3.73 3.94
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effects, we developed a Monte Carlo~MC! type code to
simulate the motion of the electrons inside the cold substr

The code is based on the continuous slowing down
proximation ~CSDA! @12#. In this method the electron
change their direction of motion due to elastic scattering,
between two scattering points they lose energy continuou
The database for the simulations, namely the elastic sca
ing cross section and the stopping power, were taken f
Ref. @11#, which to the best of our knowledge have the hig
est available accuracy to date. The angular distribution of
elastic scattering was parametrized from the tables of R
@13#.

The accuracy of the code was checked by simulating p
vious experiments in which electron transmission throu
thin foils were measured@14,15#. The code could reproduc
the results of all these experiments to better than the exp
mental inaccuracies.

Computations were carried out for hot temperatures
tween 3–30 keV and for targets of aluminum, titanium, co
per, erbium, and gold, thereby covering a range of targ
from low to high atomic numbers. We were interested mai
in two parameters, the percentage of the absorb
backreflected energies, and the energy deposition as fun
of the depth inside the cold target.

B. The absorbed and the backreflected energy

The electrons change direction in the target due to
elastic scattering. For some electrons the change can be
enough, so that after several scatterings they move backw
relative to their initial direction, and are even backscatte
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into the hot part of the plasma. The percentage of the ene
absorbed in the cold substrate material, as well as the
centage of the energy backscattered into the hot plasma
shown in Table I for the materials and the hot temperatu
used in the simulations. It can be seen that there is a gen
tendency, so that less energy is backreflected~and, therefore
more is absorbed! for lower hot temperatures than for highe
ones, and less is backreflected for low-Z targets than for the
high-Z ones~Z is the atomic number!. Fluctuations around
this rule are due to the statistical character of the M
method. Table I reveals that in gold and erbium, for h
temperatures higher than;20 keV, more than 40% of the ho
electrons energy is backreflected into the hot regions.
overall fit shows that the fraction of the backreflected ener
qbackrefl, can be reproduced by a power-law function to re
tively good accuracy,

qbackrefl5~0.01360.002!Z0.260.02Th

5~0.12360.008!Z0.2260.02I 15
0.08560.005 ~20a!

~we recall thatTh is in eV!. The maximum deviation of the
MC results from this formula is 15%, but theaveragedevia-
tion is only;6%. Such accuracy is adequate for every pr
tical purpose. The fraction of the absorbed energy is,
course, the complementary of Eq.~20a! to 1,

qabs512qbackrefl. ~20b!
9-4
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C. The energy deposition as a function of depth

Borrowing the ideas of SLA, we plotted theJ0(y0) @de-
fined as the simulated energy deposition per atom,DE(x),
divided by the coefficient on the right-hand side of Eq.~13!#,
as a function of the quantityy0 ~rather thanx!. Surprisingly,
in the MC case, too, similarly to the SLA case, this functi
turned out to decrease exponentially to a high degree of
curacy, see Fig. 2. For all the cases in our study, we fitted
J0(y0) function to an exponential one,

J0~y0!5Ae2ay0, ~21!

whereA and a are free parameters. The fit was always e
cellent. The values ofA anda are given in Table I for all the
cases in our study. In contrast to the SLA case, in the
simulations the two coefficients have a dependence onZ and
Th . Both coefficients increase for higherZ and higherTh . It
is noteworthy, however, that this dependence is very sl
and a three-order of magnitude change in the laser inten
generating a variation of310 in the hot temperature, is re
q
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ec

o
o

e
th
re
h
le
a
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duced to a variation of less than 30% in eitherA or a. To
account even for this small dependence, we have fitted th
coefficients to a power-law function. The results are

A5~0.25560.030!Z0.1260.01Th
0.2260.01

5~1.860.2!Z0.1260.01I 15
0.07360.03, ~22!

a5~0.27560.008!Z0.1560.01Th
0.1960.01

5~1.4860.05!Z0.1560.01I 15
0.06360.002. ~23!

The maximum deviation of the MC results from those
Eq. ~22! is 20%, but the average deviation is less than 8
Equation~23! fits the results of the simulations to an avera
accuracy better than 5%, and maximum deviation of 10
Equations~21!–~23!, in combination with Eqs.~13! and~10!,
provide tools of good accuracy for the calculation of the f
electron preheat in the cold material. These formulas are
central results of the present paper. Substitution of E
~21!–~23! into Eq. ~13! gives the following useful equation
DE~x!5~7.6931018 cm22!3qabsZ
0.12

htL,ps

nA
QI15

0.742a/33expH 25.38I 15
20.27Z0.15

3F ~11a!S Q

73107 eV/cmD xmmG1/~11a!J eV

atom
. ~24!
lly,

ve
,

asure
l

ath-
en-
the

to
In Eq. ~24! qabsis the fraction of the absorbed energy, E
~20a!. Using the parameters of aluminum, one gets for t
material

DE~x!5~10 100 eV!3qabshtL,psI 15
0.4944

3exp$29.753I 15
20.28xm

0.5757%
eV

atom
. ~25!

This formula predicts that for I 1551, the ratio
DE(x)/DE(x50) drops to 1/e when x50.019mm, and to
0.01 atx50.27mm. The corresponding depths for gold (a
50.6593,B57.4731010, Q521.793107 eV/cm) are much
shorter,x50.0040mm andx50.05mm, respectively.

The following points should be emphasized with resp
to Eqs.~22!–~24!: First, the relatively low powers ofZ and
Th in these formulas reflect the low sensitivity of the tw
coefficientsA anda on these variables. Second, the slope
the exponential functiona is significantly larger than the
slope in the SLA, as can be seen in Fig. 2. In fact, all tha
coefficients in Table I for aluminum are much larger than
value a51.17 obtained by the SLA. Similar results we
obtained for all the other materials as well. This means t
the MC simulations predict, as expected, that the fast e
tron energy is dumped into a thinner layer of atoms th
.
s

t

f

e

at
c-
n

under the less realistic assumptions of the SLA. Fina
when only a part of the energy is absorbed, Eq.~16! is modi-
fied into the form,

A5qabsa
11a/G~11a!, ~26!

whereqabs is the fraction of the absorbed energy. We ha
found that this relationship is fulfilled to within 10 – 20 %
and as already mentioned, this can be regarded as a me
of the deviation ofJ0(y0) from an accurate exponentia
form.

D. The preheat temperature and pressure in the target

The energy transferred to the cold atoms by the supr
ermal electrons is divided among the atom’s ionization
ergy plus the kinetic energy of the released electrons plus
kinetic energy of the ion,

DE~x!5«~T!1 3
2 Z~T!T1 3

2 T

5«~T!1 3
2 @Z~T!11#T. ~27!

In Eq. ~27! T5T(x) is the preheat temperature at depthx,
«(T)5(z51

Z «zNz(T)/nA is the average energy invested in
the ionization of the various charge species~«z is the energy
required to ionize a neutral atom into az-ply charged ion!,
9-5
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DAVID SALZMANN PHYSICAL REVIEW E 65 056409
Nz(T) is the density of ions having chargez, and Z(T)
5(z51

Z zNz(T)/nA is the average charge. Formula~27! is an
equation from which one can solve the preheat tempera
T(x) in the cold material. WhenT(x) is known, the prehea
pressureP(x), developed in the cold material, is calculat
from

P~x!5neT~x!1nAT~x!5$Z@T~x!#11%nAT~x!. ~28!

The partial densities,Nz(T), as well as«(T) and Z(T)
were computed by means of a separate computer prog
which computes these quantities within the framework of
collisional-radiative model@16#. To exemplify the results of
this paper we have solved Eqs.~27! and ~28! for T(x) and
P(x) in an aluminum plasma at laser-irradiation intensity
I L51015 W/cm2, corresponding to a hot temperatureTh
57 keV. The results are plotted in Fig. 3. Figure 3 indica
that relatively high temperatures develop on the layers n
the critical surface. This region comes, however, rapidly
thermal balance with its hot vicinity through thermal electr
conductivity.

In a plasma generated under these irradiation conditio
the shock wave that propagates into the cold substrate h
temperature of Tshock54 eV and pressure ofPshock
55.4 Mbar @17#. The two pressures,Pshock and P(x), are
about equal atx52.2mm, and the shock pressure excee
the preheat pressure by factors of310 and3100 at depths of
x54.1mm andx;7 mm, respectively.

IV. SUMMARY

A. Validity conditions for the results

Obviously, the fast electron preheat is not an import
effect belowI Ll2,1013 W mm2/cm2. This can be regarded
as the low-intensity limit for the validity of our results. O

FIG. 3. The local temperature and pressure developing in a
aluminum target hit by aTh57 keV suprathermal electron beam
from a I Ll251015 W mm/cm2 laser irradiation.
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the other hand, aboveI Ll2.1018 W mm2/cm2 relativistic ef-
fects become important, and these were not incorporate
our computer codes. Moreover, at such high intensities
forward running fast electrons generate a large charge s
ration, which drives a strong return current. This return c
rent produces an additional heating that was not accou
for in our computations. Altogether, we can claim that t
validity domain of our semiempirical formulas is

1013 W mm2/cm2,I Ll2,331017 W mm2/cm2. ~29!

This range has practical importance in a large range of la
produced plasma experiments.

B. The accuracy of the results

The accuracy of our results is determined solely by
accuracy of the parameters of Eq.~2!. All the other compo-
nents have better accuracy, with 10–20 % being a fair e
mate for the overall inaccuracy of those parts of the formu
that are independent of Eq.~2!. Such accuracy is sufficien
for present day experimental purposes.

C. Comparison to Ref.†9‡

We end this paper with a comparison to the results
Harrach and Kidder, Ref.@9#. Their paper is based on a
unpublished NBS report by Spencer from 1959, which use
moment method for the calculation of the electron transp
see their Ref.@3#. This report is not available anymore, an
Ref. @9# does not provide adequate details about the und
lying model. Judging, however, from some hints in@9#, there
seem to be similarities to our SLA. Their final result for th
energy loss of a fast electron from the critical surface do
to depthx ~which is not exactly the quantity calculated in th
paper!, is an exponential function,Edep(x)}exp$2bAx0%,
wherex0 is proportional to the depthx, andb is a material-
dependent quantity. This is rewritten asEdep(x)}exp
$2b*x0.5%. Numerically, this is not too far from our Eq.~24!,
which gives DE(x)}exp$2const3x1(11a)%5exp$2const
3x0.5757% for aluminum andDE(x)}exp$2const3x0.6027% for
gold, but nevertheless is not the same. We believe that
treatment has a better theoretical basis.

Regarding the other parts of their formulas, we find d
ferent behavior from ours as a function of the laser intens
and their results dependence on the target material is li
only in a numerical form.

D. A short summary of the results of this paper

In this paper we describe a study of the preheat gener
in the cold substrate by suprathermal electrons in las
produced plasmas. Relatively simple semiempirical formu
having good accuracy are provided for the absorbed ene
the backreflected energy, Eq.~20!, and the energy depositio
per atom in the cold material, Eqs.~21!–~24!. For illustration
purposes we have also carried out a computation of the
heat temperature and pressure developing in an alumi
target by anI Ll251015 W mm2/cm2 laser irradiation.
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