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Absorption of femtosecond laser pulses in interaction with solid targets

Q. L. Dong, J. Zhang,* and H. Teng
Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China

~Received 4 April 2001; published 24 July 2001!

We have studied the effects of the plasma density scale length on the absorption mechanism of the femto-
second~fs! laser pulses interacting with solid targets. Experiments and particle-in-cell~PIC! simulations dem-
onstrate that the vacuum heating is the main absorption in the plasma in the interaction of fs laser pulses with
solid targets when no prepulses are applied. The energy spectrum of hot electrons ejected out of or injected into
the plasma show a bitemperature distribution. While the first temperature of the two groups of hot electrons can
be attributed to the ‘‘pull-and-push’’ exertion of the laser field, the second temperature refers to the electrons
accelerated by the static part~in front of the target! and the oscillating part~in the plasma layer! of the
laser-induced electric field, respectively. PIC simulations also show that with an appropriate density scale
length, the femtosecond laser energy can be absorbed locally through different mechanisms.

DOI: 10.1103/PhysRevE.64.026411 PACS number~s!: 52.38.2r, 52.50.Jm, 52.65.Rr
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I. INTRODUCTION

The research of the femtosecond laser-plasma interac
is of importance because of many potential applicatio
such as the fast ignition scheme of inertial confinement
sion @1#, plasma-based particle accelerator@2#, and coherent
x/g ray sources@3#, etc. The laser-produced plasmas a
provide a test bed for the high temperature, high-den
plasmas relative to some astrophysical phenomena@4#. Those
topics are strongly dependent on the laser energy absorp
in plasmas@5–12#. However, with long laser pulses, th
plasma evolution during the duration of the laser pu
makes the physical process in the laser-plasma interac
very complex. The recent availability of the intense u
trashort lasers with chirped pulse amplification~CPA! @13#
has enabled the investigation of different physics mec
nisms by significantly reducing the hydrodynamic effects
plasmas during the interaction. In this paper, we report
study on the absorption mechanism in the interaction
tween femtosecond laser pulses and plasmas with var
density scale lengths. In Sec. II, the vacuum heating~VH!
mechanism is demonstrated to be responsible for the abs
tion through particle-in-cell~PIC! simulations and laboratory
experiments for an abrupt density profile in the interact
between femtosecond laser pulses and solid targets. We
show that the laser-induced longitudinal electric field perp
dicular to the target surface plays an important role in
electron acceleration and the laser absorption. In Sec. III,
effects of the density scale length on the absorption mec
nism are investigated using PIC simulation. The laser ene
can be absorbed locally if an appropriate density scale len
is used.

II. ABSORPTION AT THE PLASMA SURFACE

The absorption mechanism for ultrashort laser pulses i
diating on solid targets or a plasma with a very steep elec
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density profile was studied by several authors@5–7,9,10#. At
normal incidence for intermediate intensities, the domin
absorption mechanism includes the normal skin eff
(eE0 /mv0

2!v th /n! l s), the anomalous skin effect (v th /n
@eE0 /mv0

2@ l s) @9#, and the sheath inverse bremsstrahlu
absorption SIB (eE0 /mv0

2! l s!v th /n) @10#, etc. Heree, m,
and v th are the charge, mass, and thermal velocity of el
trons.E0 andv0 is the electric field amplitude and the cyc
frequency of the laser field, respectively.n is the collision
ratio between electrons and ions in the skin layer of
plasma with a thickness ofl s . However, the interaction pro
cess between ap-polarized laser pulse and a plasma w
steep density profile differs much in that the electric field
the laser, which has component perpendicular to the ta
surface, can directly pull electrons out of and send them i
the plasma. If the excursion length of electrons in the la
field during one cycle, i.e.,r 05eE0 /mv0

2, exceeds the den
sity scale length of the plasmaL5(] ln ne /]x)21, those
electrons will then deposit their quivering energy into t
over-dense plasma where the laser field can not pene
into. Such an absorption process is called VH and was
predicted by Brunel@5#, and then studied further by Gibbo
@6# and Kato@7#. This topic is still worthy of further inves-
tigation because some physical processes are still uncle
us, for example, the electron acceleration mechanism un
such conditions. Furthermore, there are few experiments
voted to the investigation of this absorption mechanism
ultrashort laser pulses directly interacting with solid targ
due to the difficulties to measure the electron density sc
length. But such problem is solved perfectly by the techniq
of frequency domain interferometry to give 0.01l resolution
or better@14#.

In this section, we first give out some characteristics
VH obtained through PIC simulations, then by combini
experiments and PIC simulations, we demonstrate
vacuum heating mechanism of the ultrashort laser pulse
solid target surface.

A. Vacuum heating in PIC simulations

We used a 1D3V relativistic electromagnetic PIC co
LPIC11 @15# to simulate fs laser pulses interacting with
ic
©2001 The American Physical Society11-1
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solid target. In order to understand the detailed proces
laser absorption, most PIC variables are initialized based
the conditions of the experiments conducted at our labo
tory for better comparison of PIC simulations with labor
tory experiments. The simulation box has a length of 20l
along thex direction. A region of 5.5l in the middle of the
box is occupied by the plasma with an electron density ris
exponentially from 0.01nc at the point of 10l to 35nc with a
scale lengthL of 0.04l. Here,nc is the critical density for the
laser pulses with a wavelength ofl. The initial electron tem-
perature was set to be 100 eV and ions are mobile@16#. A
p-polarized fs laser pulse was launched from the left bou
ary at an incidence angle of 45° between the laser prop
tion andx direction. It has a duration of 56 periods and
relativistic intensity of 0.06, corresponding to the conditio
of our experiments of laser wavelength, duration, and int
sity of 0.8 mm, 150 fs and 531015 W mm2 cm22, respec-
tively.

For the intensity and time scale studied here, the produ
plasma has little time to expand and the electrons’ qui
amplituder 0 and the density scale lengthL satisfy the con-
dition of r 0 /L.1. This suggests that the classical resona
absorption is weak, because as a collective action, pla
oscillation needs the particles ‘‘keeping in order’’ for a tim
long enough so that its amplitude grows in a space interva
the critical density position where the plasma frequen
equals to the driver frequency@8#. However under the con
ditions we consider here, the electrons are pulled out of
gets in the first half of the laser cycle. Some of them are s
back again in the same cycle, while others stay out of
target until several laser cycles later. Figure 1 shows
electron orbits in the space-time coordinates. The fact
these electrons have the parabolic orbits suggests that the
a force pointing to the target. In order to understand t
phenomenon, we diagnose the laser-induced electric
through the simulation box, and obtain the snapshot of
componentEx perpendicular to the target surface, which
shown in Fig. 2~a!. It can be seen clearly that a negati
electric field locate in front of the target. The spectrum ofEx
shows a zero component indicating that the negative ele
field exists in the laser-plasma interaction process. It is
negative electric field that results in the electron parab
orbits. Obviously, the negative electric field is induced by
charge separation as some electrons are pulled out and
ing out of the plasma, constituting an electron cloud in fro

FIG. 1. Electron orbits in the space-time coordinate.
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of the target, while ions stay at their original position due
their great mass ratio to electrons. This electron cloud pl
an important role in the absorption of the laser energy as
can see later.

In the skin layer of the plasma, the longitudinal elect
field Ex oscillates with the frequency equal tov0. Its maxi-
mum value here can reach 0.4~normalized through
eEx /mv0) with a spatial width of half of the laser wave
length along thex direction. The negative static electric fiel
in front of the target and the oscillating part ofEx play the
dominant role in accelerating electrons out of or into t
plasma. In Fig. 3, we give out the simulated energy spectr
of hot electrons going out of the plasmas as well as an
perimental one measured using a magnetic spectromete
in front of the target in the normal direction. Both spect
show a bitemperature structure. The two equivalent temp
tures are determined from the quasiexponential slope.
first temperatureTh1 refers to electrons being heated by t
laser’s ‘‘pull-and-push’’ exertion. However, the second te
peratureTh2 is much higher thanTh1 and cannot be simply
attributed to such a process. In fact, this group of the o
going hot electrons is accelerated by the oscillating par
the longitudinal electric fieldEx . Such electrons can over
come the static field in front of the target and be detected
the magnetic spectrometer. On the other hand, the static
of the electric field will accelerate those electrons staying
to higher energies. This can be seen as those with pos
momentum up to 0.4 inside the plasma as shown in Fig. 2~b!.
Such energetic electrons will be decelerated in the overde
plasmas, emitting x rays from which, after deconvolution
the detector response and the transmission effects of s
targets, the temperature of hot electrons penetrating into
overdense plasma can be deduced@17#. Experiments con-
ducted here show that the x-ray spectra also has a sim
bitemperature structure with the second one referring

FIG. 2. Laser-induced longitudinalEx ~a! and the electron phas
space~b! in the 25th laser cycle.
1-2
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those electrons accelerated by the static field as mentio
above.

An important aspect of the physics studied here is
detailed behavior of the laser energy absorption. By moni
ing the reflected laser flux at the left boundary, we get
detailed behavior of absorption during the laser-plasma in
action. In our simulations, there are two main absorpt
peaks during the laser-plasma interaction process. The
sorption behaviors should be understood by taking into
count the electron cloud in front of the targets. We get
evolution of the electron density and the laser-induced e
tric field in front of the targets. This is shown in Fig. 4. On
the laser begins to interact with the plasma at about te
period, the two diagnostic variables increase gradually,
at later time corresponding to the two main absorption pea
there are two minima~electron density! or maxima~electric
field!, respectively. This shows us a picture of the interact
process. Once the laser pulse reaches the plasma target,
trons are pulled out and accumulate in front of the target
a negative electrostatic field builds up as shown by Fig. 2~a!.
This process continues until the dc field reaches a minim
value which is about two times the longitudinal part of t
laser electric component, say,Ex52E0 sin(p/4). Then many
electrons will be sent back into the plasma in groups by
charge separation potential. Since these electrons are qu
ing with the laser electric component, the returning elect
bunch can result in great absorption of laser energy nona

FIG. 3. The electron energy spectrum obtained from the P
simulation~a! and the laboratory experiments~b!.
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batically. The total absorption due to the VH process c
reach 46% as deduced from the ratio of the incident a
reflected energy.

To ensure that our simulation withL50.04l is not a spe-
cial case, we did several simulations with the same se
parameters described but with differentL, which varies be-
tween 0.01l and 0.1l. We wish that this should reduce th
density scale length difference between our simulations
the laboratory experiments. It was found that as long asL is
controlled within a certain range (L,0.1l), the physics
mechanism to produce hot electrons is independent
plasma density scale length. The main results obtained f
the simulations forL between 0.01l and 0.1l are also the
same as the case withL50.04l. These simulations confirm
that during the interaction between fs laser and solid targ
the vacuum heating is the main absorption mechanism.

B. The vacuum heating in experiments

The experiments were conducted at the Laboratory of O
tical Physics of the Institute of Physics with a Ti:sapph
chirped pulse amplification~CPA! laser system operating a
around 800 nm at a repetition rate of 10 Hz. The laser de
ered 5 mJ energy in 150 fs with a peak-to-pedestal cont
ratio of 105 at 1 ps. Thep-polarized laser pulse~with a po-
larization ratio of 95%) was focused at an incidence angle
45° on an Al target. The target was moved in the direct
parallel to the target surface to ensure that the laser p
interacts directly with a fresh surface at each shot. By m
ing the target perpendicularly to the target surface, we get
focused intensities varying in the range between 531012 and
531015 W mm2/cm2 at the best focus. The absorption of th
laser beam was determined by measuring the scattered
specularly reflected lights with a group of calorimeters. T
electron density scale length is monitored by the interfero
etry in frequency domain.

Figure 5 gives the determined absorption~hollow-circle
line! in experiments. As a comparison, we also plotted
measured absorption by the inverse bremsstrahlung~IB! pro-
cess in the plasma~solid line! given by Price@18#. The great
discrepancy between the two groups of data is not surpris
In order to investigate the process during the interaction,

C

FIG. 4. The temporal evolution of the electron density and
static electric field in front of the target.
1-3
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did some PIC simulations using the electron scale len
measured by the technique of the frequency domain inter
ometry and the temperature deduced by supposing iso
mal expansion of plasma in the experiments@19#. The values
of L applied are:L50.01;0.02l when I ,1014 W/cm2; L
50.0460.01l for I between 1014 and 531015 W/cm2; L
50.0760.01l when I .531015 W/cm2. The PIC simula-
tions show that the absorption ratio from PIC simulations
a fixed intensity is more sensitive to the density scale len
L at low intensities than at high intensities. The collisi
between electrons and electrons/ions is not included in
PIC code. The simulation results show that, under those c
ditions, the vacuum heating dominates the absorption of la
pulses. After we added the experimental data of IB abso
tion to the values from PIC simulations and compared
sum ~solid-circle line! with our experimental results, w
found a good agreement. This implies that the vacuum h
ing does exist in the experiments at the intermediate inte
ties. We noticed the discrepancy at the low and high inten
end. The reasons are different and can be explained as
lows. At lower intensities, the laser intensity is just over t
ionization threshold. The ionization process and the in
atomic absorption play important roles in the interaction. T
behavior of such plasma can not be simulated by the
method. At higher intensities, an overdense plasma
formed. However, because the plasma surface is disturbe
the electric component dragging electrons out of and push
them back into the plasma, it cannot be regarded as a pla
mirror as in the experiments conducted by Price@18#. Given
the IB absorption is increased due to the plasma surface
turbance, we believe that the sum of the absorption du
VH and IB will give a better agreement with our experimen
at the higher intensity.

FIG. 5. Absorption ratio versus laser intensities. Our experim
tal value: hollow-circle line; The IB absorption@18#, solid line; the
VH absorption, solid-square line; the sum of VH and IB, sol
circle line. In PIC simulations, theL are applied as the following
L50.01;0.02l when I ,1014 W/cm2; L50.0460.01l for I be-
tween 1014 and 531015 W/cm2; L50.0760.01l when I .5
31015 W/cm2.
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III. VOLUME HEATING OF PLASMAS

For plasmas with a larger density scale length, the abs
ing region shifts from overdense plasma towards critical d
sity with the corresponding change in the absorption mec
nism, for example, change to resonance absorption~RA!
when L,1l. However, recent PIC simulations@20# and
laboratory experiments by Zhanget al. @21# demonstrated
more than one absorption peak for different scale leng
This indicates that during the interaction between fs la
pulses and plasmas with a larger scale lengthL.1l, other
absorption mechanisms will play roles apart from the IB a
RA. In this section, we investigate the absorption of
trashort laser pulses by plasmas with various scale leng
We focus on the parametric instabilities taking place in
underdense plasma.

Figure 6~a! gives the electron distribution in the phas
space with the initial condition:a050.2, L52l. The regular
Langmiur wave breaks in the region at the critical dens
causing density profile disturbance as shown by solid line
Fig. 6~b!. Corresponding to the wave break, the laser pu
deposits its energy irreversibly to hot electrons in this regi
limited by half of the Langmiur wavelength@solid-circle line
in Fig. 6~b!#. The absorption process in this region can
considered as RA. We also find another wide absorption p
crossing the region between 0.25nc and 0.5nc . This absorp-
tion peak should be attributed to the two-plasmon decay
stability ~TPD! in that the1

2 v0 and 3
2 v0 components appea

in the electromagnetic fields with the conversion efficien
about 1% as shown in its time integrated spectra. Inde
with parameters mentioned above, the predicted TPD thre
old in inhomogeneous plasmas is satisfied, i.e.,k0Lv0

2/v th
2

;4.3. Here,v05eE0 /mv0 is the electron quiver velocity

-

FIG. 6. The electron distribution in its phase space~a!. ~b! The
disturbed electron density profile~solid line! and the relative ab-
sorption ~solid-circle line!. The parameters for the simulation a
L52l anda050.2.
1-4
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in the laser field;k0 is the laser wave number. Also, there
a disturbance at the position of 2.25nc in the snapshot of the
phase space@Fig. 6~a!# and on the density profile@Fig. 6~b!#.
Such disturbance is caused by the3

2 v0 part of the electro-
magnetic field, which is generally considered to be the s
ondary signature of TPD.

It is a well known problem that the primary unstab
Langmiur wave from TPD is required to propagate a dista
to match with photons of frequencyv0 to produce the3

2 v0
light. The disturbance of density profile at9

4 nc also indicates
the existence of the Langmiur wave propagating towards
higher density with increasing wavelength. This case is m
clearer whenL increases as shown in Fig. 7~a!. Such Lang-
miur waves will be reflected at the corresponding critic
surface, causing irregular density profile in a wide ran
from 0.5nc to 0.8nc which can be seen from Fig. 7~b!.

The TPD parametric instability provides anomalous a
sorption mechanism by which laser energy is converted
that of hot electrons. Figure 7~c! gives out the temporal evo
lution of the electron energy spectrum, showing the sud
acceleration of electrons through wave break, producin
non-Maxwellian distribution of electrons. Such an accele
tion process is quite different from that in the VH proce
where the hot electron energy increases gradually with ti
The energetic component of the electron distribution m
transport into the overdense plasma during the laser pu
They can be used to ignite the precompressed fuel in the
ignition scheme of the inertial confinement fusion@1#. The
non-Maxwellian distribution of electrons also has a p
nounced effect on the physical process in the overdense

FIG. 7. The electron phase space~a!, the disturbed electron
density profile~b!, and the temporal evolution of the electron e
ergy distribution ~c!. The parameters for the simulation areL
525l anda050.2.
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gion of plasmas. For example, the ratio of some special
ellite lines in the x-ray spectroscopy from the overden
plasma can be greatly enhanced@22,23#. However, the trans-
portation of such energetic electrons may be inhibited by
self-generated magnetic field or by the local electrosta
field produced by the charge separation due to the finite c
ductivity of plasmas@24#. High absorption can still be
achieved by the heat flow parallel to the target surface@25#.
It needs at least two-dimensional PIC simulations to inve
gate the detail of the laser absorption at higher intensitie
which the inclusion of the target deformation in conside
ation is necessary.

The time-integrated spectra of the reflected laser pulse
shown in Fig. 8 for three different density scale length. W
a steep electron density profile, the integral harmonics of
reflected laser pulse dominate the whole spectrum as sh
in Fig. 8~a!. Such spectra is caused by electrons, which
pulled out of and then sent back into plasmas inducing d
turbance at the plasma surface@15,26#. In the simulation with
a smoother profile, the obtained spectrum is dominated
the harmonics of12 v0 @Figs. 8~b! and 8~c!#, which is the
consequence of TPD as demonstrated above. However,
much larger scale lengthL525l, the plasma wave and th
laser pulse propagate a long distance together so that the1

2 v0
component is significantly reduced compared to that withL
52l. There is also a line emission of the plasma as show
Fig. 8~a!. Such line emission is one feature of the Langm
wave in the plasma stimulated here by the injected electr
originating from the plasma surface as shown in Fig. 1 a
Fig. 2~b!. A time-integrated spectra from another simulati
with the same parameters but fixed ions is given as a do

FIG. 8. The time-integrated spectra for different parameters
shown in the graphs.
1-5
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line in Fig. 8~a! for a comparison. With ions mobile, th
broadening of the harmonic lines is obvious, indicating t
when studying the spectra from the plasma, it is necessa
include the ion motion especially when the laser pulse
long or very intense.

IV. CONCLUSION

In summary, we have reported our investigation of t
absorption of fs laser pulses interacting with solid targe
Our experiments and PIC simulations indicate that with
prepulses, the vacuum heating and the IB mechanism
the dominant role in the laser’s absorption. Experime
show that the two groups of electrons ejected out of and
injected into the plasma both have a bitemperature distr
tion. According to the PIC simulation, the first temperatu
of the ejected and injected electrons refers to electr
heated by the laser pulse’s ‘‘pull-and-push’’ exertion. Ho
ever, the second temperatures of such electrons are ind
by different parts of the longitudinal electric field. The se
ond temperature of hot electrons penetrating into the o
dense plasma refers to those staying out of the target
02641
t
to
s

e
.
t

ay
s
r

u-

s
-
ed

-
r-
nd

being accelerated by the static electric field. On the ot
hand, the second temperature of out-going hot electrons
fers to those accelerated by the oscillating part of the lon
tudinal electric field in the skin layer. We also studied t
interaction between fs laser pulses and preperformed plas
with various density scale lengthsL. The PIC simulations
show that fs laser pulses, interacting with plasmas with
intermediateL, can be absorbed locally along the dens
profile. The main absorption mechanism in this case is c
sidered to be parametric instabilities apart from RA and
The time-integrated spectra of the reflected pulse are
given, confirming these absorption mechanisms discus
above.
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