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Measurement of the energy penetration depth into solid targets
irradiated by ultrashort laser pulses
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The energy penetration depth of a shat00 f9 Ti-sapphire laser pulséd.8 um) of intensity 3x 106
W/cn?, in solid density materials has been measured. HigBaF,) and lowZ (MgF,) solid layers targets
were used. The penetration depth was determined from the measurement of the x-ray emission spectra, as a
function of the target thickness. The investigation of these spectra showed that in tAectse; solid density
material to a depth of 50 nm was heated to a peak electron temperattnEs56feV. For the higlZ material,
the penetration depth corresponding to this temperature exceeded 100 nm. This is evidence of a larger heat
penetration depth in a high-material in comparison to a lo&-material. A model based on electron heat
conduction is used to estimate the energy penetration depth. It is suggested that the larger heat penetration in
high-Z material is due to heating of the material, caused by the radiation flux, generated by the electron heat
conduction.

PACS numbdps): 52.70—m

The recent development of high-power ultrashort lasersrradiated ly a 2 pslaser pulse, as a function of the laser
based on chirped pulse amplificati6BPA) [1] has opened intensity, wavelength and target angle, was reported by
the opportunity to study the physics of plasma at solid denGumbrellet al.[13].
sity and high temperaturef2—12. High intensity laser In this paper we report the experimental determination of
pulses with 100 fs duration can interact directly with super-the heat penetration depth in a highmaterial, Baf and a
critical density plasmas and heat solid density material tdow-Z material, Mgh. The penetration depth was deter-
high temperatures, before significant hydrodynamic expaniined from the measurement of the x-ray emission spectra,
sion takes place. During the interaction of an ultrashort lase®S @ function of the target thickness.

with matter, electrons within an optical skin depth of the 'N€ laser used in this study was a Ti-sapphire laser sys-
surface directly absorb energy from the laser. The generatd§™ Pased on the CPA method, and was described elsewhere

hot electrons subsequently ionize much cooler atoms in th 4]. The energy per pulse was 20 mJ and the pulse width

skin layer and generate solid density plasma, which can em as 110 fs. In the experiments reported here, the laser was

intense, ultrafast x-ray pulses. These x-rays have potentiaﬂperated at 800 nm and W'th a repetition rate of 10 Hz. Th?
.prepulse/pulse extinction ratio was around 500. The materi-

applications, $UCh as in the deve_lopment of x-ray Ia_sers, s studied here were transparent to low levels of the laser
advanced fusion schemes, for microscopy of biological ob-

. ) . . . irradiance, to suppress prepulse plasma form . The
jects or short time diagnostics of laser plasma. The yield anfL bp prep b dach

) : ser pulse was focused on the targets by means dflh
duration of these short x-ray pulses depend upon the intefang The peak laser intensity achieved on target was (3

play of a number of effects: absorption, heating, ionization, - 1)x 10' W/cn?. The target was placed in a vacuum

recombination and transport. Therefore the study of the enshamper, evacuated to 19 Torr. A schematic description of

ergy transport mechanisms in the plasma is very importange experimental setup is shown in Fig. 1. The targets con-
for understanding the dynamics of ultrashort x-ray genera-

tion.

The energy transport in near solid density plasmas is re-
ported in previous works. Ziglegt al. [6] measured the en-
ergy penetration of a 600 fs, 248 nmx30'® W/cn? laser in Spherical
low-Z materials, such as Si@nd Mgh. The generation of a crystal
supersonic ionization front in solid density fused quartz
plasma, irradiated by a 100 fs<5L0** W/cn? laser pulse Laser Beam
was reported by Viet al.[10]. A radiation driven ionization
wave, generated into fused silicg & 2 ps, 18" W/cn? laser Coated
pulse, was measured by Ditmie¢ al.[11]. Measurements of Target
x-ray emission and thermal transport in near-solid-density
plasmas heated by a 130 fsx30'” W/cn? laser pulses, to
peak temperatures of 37®0 eV were performed by Young
et al.[12]. A study of energy transport in fused silica targets FIG. 1. Schematic description of the experimental setup.
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FIG. 4. The x-ray emission in the ran¢@1-9.4 A from a two
layer targets, consisting of a MFsubstrate and a 100 nm BaF
coating. The spectrum contains both Cu-like Ba lines and He-like
Mg lines.

FIG. 2. Spectra of Ba and Mg in the spectral rafgd—9.4 A
measured using bare targets.

sisted of two layers, Mgfsubstrate coated with BaFof
known thickness, for the experiments aimed to determine th
energy penetration depth in BaFThe penetration depth in
MgF, was measured using BaBubstrate coated with MgF
of known thickness. The x rays emitted from the plasm
created on the targets were collected using spherically be
mica crystal spectrometefd4] and recorded with a CCD
camera with a spectral sensitivity in the x-ray region. Th
mica crystal technique has a very high spectral resolutio
MAN~10%, which enables better insight into unresolved
spectral features.

The spectral range measured in the experimenty%vas
9.4) A. This spectral region includes mainly thel-&f tran-

gnergy was transported into the bulk region of the target.
Several 38l-7f Cu-like Ba lines(designated by the arrows
are seen in the spectrum corresponding to the 50 nm,MgF
acoating. The electron temperature required for the emission
the above lines is of the order of 150 ¢14]. No Ba lines

&

ewere detected in the experiments performed with the targets
r]with 75 and 100 nm Mgjcoatings. These results indicate
that solid density Mgk was heated to an electron tempera-
ture of 150 eV to a depth of 50 nm.

The spectrum in the rang®.1-9.4 A, emitted from a
two-layer target, consisting of MgFsubstrate coated with
s : . . " 100 nm Bak is shown in Fig. 4. It is seen that this spectrum
sitions of Cu-like and Zn-like barium, theds/f transition contains both Cu-like Ba lines and He-like Mg lines. This

of Ga-like panum, and He I|ke.and Li ""? satellite Imgs " indicates that the BagFwas heated to a temperature of 150
Mg. The high spectral resolution used in the experiments
. : V, to a depth of 100 nm.
allowed the detection of these lines. The spectra of Ba an ; .
he above experiments reveal that the energy penetration

Mg in the above spectral range are shown in Fig. 2. Thes%epth is larger for the higd-material Ba than for the lovZ-
spectra were measured using bare targets of Bag Mgh, material Mg

respectively. | . . L
. . n order to explain the experimental results an estimation

la Z??aipzftrgc;gstiz(tair:anc%‘gél_l-‘gﬁ)s'&t'r:trsIgggtfergr:/]vi?ht\,\i%_o of the electron temperature into the target, as a function of
y get, 9 a ' depth was made. When the laser pulse interacts with a solid,

75, and 50 nm of Mgfare shown in Fig. 3. In these experi- . : . . )
ments, the laser iradiated the MgBoatings and then the a high temperature and solid density plasma layer is quickly
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FIG. 3. The x-ray emission in the rang®.1-9.4 A from two

produced at the target surface by the leading edge of the laser
pulse. This plasma layer prevents the remainder of the laser
pulse from penetrating into the colder underlying bulk region
behind the surface. The remainder of the laser pulse deposits
its energy to the plasma electrons at the surface. The energy
absorbed at the surface is transported into the bulk region via
electron thermal conduction supersonically, until plasma ex-
pansion becomes important. The plasma density and tem-
perature, the thickness of the skin layer, and the absorption
coefficient of the laser energy are interrelated quantities,
which vary with time. The calculation of the electron tem-
perature must include the laser energy absorption, ionization
by the electromagnetic field and by electron impact, the ex-
act electron energy distribution, the level populations,
electron-ion energy relaxation, the x-ray emission spectrum,
the heating of the produced plasma, hydrodynamic expan-
sion, and shock wave generation. Complex simulations, such

layer targets, consisting of a BaBubstrate and a 50, 75, and 100 as LASNEX[16] and more recent short pulse cod&g—19
nm MgF, coating. The arrows indicate Cu-like Ba lines, emitted take into account the main pieces of the complex interaction
from the target with 50 nm coating. physics. However previous experimeng11] showed that
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analytic scaling laws might be used to predict the response ¢21-23. In the case of relatively low laser intensitieb (
the plasma as a function of the laser parameters. <10 W/cn?) the plasma heating occurs due to collisions.
An important parameter for estimating the electron tem-Two absorption mechanisms exist in this regime, the normal
perature is the laser energy absorption fraction. Assumingkin effect and the high frequency skin effect. For laser in-
first that the absorption fraction is constant in time, the electensities in excess of several*0V/cn? the role of colli-
tron temperature and the heat penetration depth can be fousibns decreases. Collisionless mechanisms of absorption,
by equating the incident heating flux to the classical thermasuch as the anomalous skin effect and the sheath inverse
conduction[3]. For the laser intensities considered here, thebremsstrahlung21-23, become dominant. In the experi-
depth of the skin layelg is usually small ((=10nm). The mental conditions here the laser energy absorption occurs in
depth of the energy penetration is larger than the depth of théhe regime of the normal skin effe@iSE). In this case the
skin layer and so the heat conduction is of classical diffusiorabsorption coefficient and the depth of the skin layer are
nature. Therefore the target heating can be modeled by thgiven by
propagation of a thermal wave in semi-infinite plasma with a
given flux at the boundary: _ 2wgls

A= . (6)

C

3 aT aq

T - ot
FNeKe—=——" Q——K(T)a, (1)

wq is the laser frequency, and the depth of the skin layer for

) ] the normal skin effect is
ne is the electron density and the electron thermal conduc-

tivity is estimated by the Spitzer-Harm conductivity c (Zveﬁ> 12

s )

Akg(kpT)5? @pel @0

o m§/2(2+ et InA - @ c is the velocity of light,w, is the plasma frequency, and
the classical expressions for the collision frequency is

M, is the electron masg is the electron chargégT is the
electron thermal energyZ is the average charge of the ‘_1 2110564 |n A7

plasma, and IM\ is the Coulomb logarithm, assumed con- 3( metinAzne

stant (InA=3) in the calculation here. The boundary condi- Vel = kg T/ ®)
tions for the heat conduction equati@h) is

A self-similar solution of Eq.(1) can be found21], using
Egs. (6)—(8). The peak temperature and the coefficient of
absorptionA as a function of time are given by

q(ot)=Al, g(«,t)—0. (3

| is the laser intensity and is the absorption fraction. It is

assumed in EqJ) that the plasma is formed instantaneously a7\ N\ =27\ 47
and the energy required for ionization is neglected. In the Tc[e\/]:6|26/17(6—) _) _>
following estimation of the temperature it is also assumed 10 wrem? pm nm

that there are no hydrodynamic effects and the electron den- n. -11/18

sity is constant. The plasma specific heat is given by the X m) , 9

ideal gas law. The time and space dependence of the peak
electron temperature is given by the similarity squuen of | sy -8 ¢ | -Le
Eqg. (1). For times smaller thaty, the laser pulse duration, A:O'03§23/8( ) (_) ( S)
and assuming a flat top time dependence for the laser pulse, 10" Wicnv pum 100f

the peak temperature is

n; —7/24
trevieod s VXN, | 6x12 om ® (19
AVI=92 1o wien?) \om) £ @

The laser absorption fraction was not measured in the experi-
The absorbed laser irradiancd jl%s: A, ng=2n, is the ion ments here. Pricet al. [24], measured the absorption coef-

density andx is the depth into the target, Corresponding tofiCient for a variety of materials at laser intensities in the
the peak temperaturg. The electron temperature at times range 18°-10® Wicn?. Their results[24] showed that at

larger than the pulse duration are given[By20] laser intensity (3:1)x 10 W/cn?, the absorption coeffi-
cient was in the rang8—-15%, depending on the material
[F/(10' W/cn? 100f9)] and the intensity. Higher values of the absorption fraction
ToleV]=4.2x<10° Z(n/6x 102 (x/nm) ®)  were reported as well. An absorption in the 10—30 % range is
indicated in Refs[2,3,6] for similar laser intensities. A co-
F =141 is the fluence. efficient of absorption of 40% was reported in Réfsl,13.

Next we consider a time dependent absorption coefficientzigure 5 shows the absorption coefficient during the laser
The laser energy in the supercritical plasma is absorbed dysulse in the regime of the normal skin effect, calculated
to electron collisions in the skin layer, or due to collisionlessusing Eq.(13), for values of the laser intensity in the range
mechanisms, depending on the laser intensity and relatior2x 10 to 4x 106 W/cn?. It is seen that that the absorption
ship between the electron mean free path, skin depth, lasepefficient given by the scaling laws characteristic to the
frequency, collision frequency, and electron thermal velocitynormal skin effect is by more than 30% higher
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FIG. 5. The absorption coefficient as a function of time, for
three values of the laser intensities in Bafnd Mgk:
in the range X 10 to 4x 10 W/cn?.

electron temperature [eV]

in BaF, than in MgF,. These values of the absorption coef-
ficient are in agreement with those measured in (2ef], but
lower than reported in Ref$2,3,6,11,13

In the experiments reported here the peak electron tem- 0 ' ' ' L '
perature was determined from the measured x-ray spectrum, 0 2 pjge"aﬁonégepth o ;‘3 100 120
for different depths of the target. From the measured spectra,
it was concluded that the degree of ionization was 29 in FIG. 6. The electron temperature in Bagd Mgk, as a func-
barium, 10 in magnesium, and 9 in fluorine. The peak election of the depth into the target given by the normal skin effect and
tron temperature as a function of the depth into the targetassuming a constant coefficient of absorption.
calculated by Eqgs4), (5), and(9) is shown in Fig. 6. The
electron temperature displayed in this figure, for the case of\s seen in Fig. 6, the heat penetration depth on the 100 fs
constant absorption, was calculated using the value of théme scale, i.e., the scale length is about 60 nm. The ra-
absorption coefficient given by the normal skin effect, aver-diation Planck mean free patlis much larger than this scale
aged over the laser pulsé€0.11 in Bak andA=0.08 in  length. In other words, the radiation region is optically thin
MgF,). It is seen that in Bafthe depth of penetration of the and the system radiates as a diluted black bi&ly with a
peak temperature during the laser pulse, calculated assumifg@wer:
constant absorption coefficient and NSE, is about 70 nm. The
peak temperature at a depth of 100 nm is about 100 eV, P=SoT4 E
smaller than the temperature deduced from the spectra mea- I’
sured in the experiments. In Mgkhe penetration depth of . o .
the peak temperature during the laser pulse, is about 110 nr,iS the radiating area and is the Stephan-Bolzmann con-
according to the NSE and about 60 nm, assuming a constaftant. The radiation Planck mean free path was calculated
coefficient of absorption. The peak temperature at the end ¢fSiNg_& power law function of temperature and density
the laser pulse is about 300 eV in the case of constant al=lop°T". The values ofg, r, ands were calculated in Ref.
sorption. The peak temperature at a depth of 100 nm in the25] and are given in Table I. The maximum x-ray ﬂ("g
case of constant absorption is about 80 eV. Therefore ithe end of the laser pulpeat the laser intensity 310"
seems that the experimental results obtained with the MgRV/cnT was 576 MW in Bak and 58 MW in Mgh. We
targets are in agreement with the model describing the manention that the radiation output was measured in the experi-
terial heating by electron heat conduction, assuming constafffe€nts as well, and it was found that it was by an order of
absorption. The NSE does not fit to the experiments in ] )
MgF,, since in predicts a much higher peak temperature at a TABLE 1. Paramseters used in the calculation of the Planck
depth of 100 nm. mean free path=1,p°T" taken from Ref[25]. The temperaturd

As seen in Fig. 6, the peak temperature obtained in,BaF Is in keV.
at a depth of 100 nm, is smaller than measured in the experi-

11

. . . I
ments. It is suggested that the heating of the material to the 0 S '
higher temperature measured in the experiments is caused by Barium 3.08<10°3 —1.244 1.644
the radiation, generated by the electron heat conduction. The Magnesium 0.029 —1.483 2.415

radiation may also be estimated using analytic scaling laws
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magnitude higher in BaRthan in Mgh. Since the material is specific heat of plasma and a temperature of about 350 eV
optically thin, this x-ray flux propagates at a speed of thefor the specific heat of cold materials. Therefore the heating
order of the light velocity, ahead of the heat wave generate@f the material by radiation might explain the temperature of

by the electron heat conduction. A crude estimation of theabout 150 eV, obtained from the experiments. Due to the
temperature of the material due to the x-ray heating is givefower conversion efficiency to x-ray in MgFand a larger

by
P

AT=—.
mg,

12

radiation mean free path in the cold material, the above heat-
ing generated by the radiation flux is negligible for MgF

In conclusion, we have presented experimental evidence
of a larger energy penetration depth of an ultrashort high
intensity laser in a higlZmaterial, in comparison to a lo&-

m is the mass heated by the above radiation flux, a 400 Anaterial. This result was obtained from spectral studies of

wide layer of Bak, andc, is the specific heat. The x-ray
mean free path in cold Baks |.~0.3um. We consider two
extreme values for the specific heat of cold Bafhe value
for cold material, 4.x10° erg/gdeg, and the value for
plasma, described by an ideal gas,”38’ erg/gdeg. From

layered Bak/MgF, targets, irradiated by a 100 fs, O8n
laser, with an intensity- 3x 10*6 W/cnm?. An estimate of the
electron temperature, based on electron conductivity and ra-
diation preheating of the cold material, compare quite favor-
ably with the experiments. The measured penetration depths

Eq. (5), we obtain a temperature of about 40 eV, using thedo not follow the NSE scaling laws.
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