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The introduction of brilliant free-electron lasers enables new pump-probe experiments to characterize warm
dense matter states. For instance, a short-pulse optical laser irradiates a liquid hydrogen jet that is subsequently
probed with brilliant soft x-ray radiation. The strongly inhomogeneous plasma prepared by the optical laser is
characterized with particle-in-cell simulations. The interaction of the soft x-ray probe radiation for different
time delays between pump and probe with the inhomogeneous plasma is also taken into account via radiative
hydrodynamic simulations. We calculate the respective scattering spectrum based on the Born-Mermin ap-
proximation for the dynamic structure factor considering the full density and temperature-dependent Thomson
scattering cross section throughout the target. We can identify plasmon modes that are generated in different
target regions and monitor their temporal evolution. Therefore, such pump-probe experiments are promising
tools not only to measure the important plasma parameters density and temperature but also to gain valuable
information about their time-dependent profile through the target. The method described here can be applied to
various pump-probe scenarios by combining optical lasers and soft x ray, as well as x-ray sources.
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I. INTRODUCTION

X-ray Thomson scattering has demonstrated its capacity
as a reliable and versatile tool for the diagnostics of dense
plasmas �1�. X rays emitted from laser produced plasmas
�2,3� can probe the warm dense matter region �4,5� with
temperatures of several eV and densities close to solid den-
sity �6–8� up to compressed matter well above solid density
and electron temperatures Te between 0.1 eV and several 10
eV �9–13�. These plasmas are opaque in the optical region
since the frequency of light �0=2�c /�0 is lower than the
plasma frequency �pe

2 =nee
2 / ��0me� of the free-electron sub-

system, with the free-electron density ne and the electron
mass me. Therefore, probing plasmas with densities ap-
proaching solid or even higher densities requires efficient
x-ray sources with high brightness, which can be produced
by energetic optical lasers �14,15�. Alternatively, the study of
dense plasmas is now possible with the implementation of
free-electron lasers �FEL� which provide brilliant radiation in
the soft x-ray region as at the Free Electron Laser Hamburg
�FLASH� at DESY, Hamburg �16� or in the x-ray region as at
the Linac Coherent Light Source �LCLS� in Stanford �17�
and at the future European x-ray free electron laser �XFEL�
in Hamburg �18�.

Collective x-ray Thomson scattering experiments yield in-
formation on the density and temperature of dense plasmas
�8�. Assuming homogeneous density and temperature
throughout the target, these parameters can be determined

directly from the plasmon dispersion and the ratio of the
plasmon amplitudes via the detailed balance relation �19�. In
optical laser-plasma interaction, the target is overdense and
the absorption is limited to the skin depth, in contrast to
excitation by short-wavelength FEL radiation where gradi-
ents are smaller �see �20,21��. The scattering signal repre-
sents an average of the local density- and temperature-
dependent scattering cross sections weighted with the
respective density and temperature profiles �22�. These pro-
files are generated not only by the pump pulse but also by the
probe pulse if intense x-ray radiation pulses are used as in
the case of the FLASH and LCLS facilities. Therefore, a
realistic description of the light-matter interaction within a
pump-probe experiment is of paramount importance to de-
rive reliable information on the plasma parameters, density
and temperature, their profiles throughout the target, and
their temporal evolution.

The prospects of brilliant x-ray sources for probing solid-
density plasmas have been shown earlier via calculations and
theoretical analysis. For instance, the evolution of an alumi-
num plasma has been determined on picosecond time scales
within a pump �optical short-pulse laser with �0=1 �m,
�=500 fs, and E0=1 J�-probe �soft x-ray source with
�0=14.7 nm, �=5 ps, and E0=0.5 mJ� scenario by using
standard expressions for the dynamic structure factor �DSF�
for collisionless plasmas �22�.

Self-Thomson scattering off liquid hydrogen targets, i.e.,
generating and probing the plasma simultaneously with only
one ultrashort soft x-ray pulse, has been studied for condi-
tions at FLASH ��0=13.5 nm, �=30 fs, and E0=0.05 mJ�
�23�. Collisions in the plasma were considered within the
Born-Mermin approximation �BMA�; only moderate density*robert.thiele@uni-rostock.de
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and temperature gradients were imposed by the FLASH laser
due to the rather large absorption length of 11 �m for this
wavelength �24�.

In this paper we consider the interaction of both short
800 nm optical and 13.5 nm soft x-ray pulses with a
liquid hydrogen target within a full pump-probe scenario
as performed at FLASH �19,23� with time delays of 1–10 ps.
We apply particle-in-cell �PIC� as well as radiation-
hydrodynamic codes for the laser-target interaction and con-
sider collisions in the plasma via the BMA when calculating
the DSF. Our results show that not only the important plasma
parameters density and temperature but also information
about their time-dependent profile through the target can be
derived from the Thomson scattering signal. This theoretical
analysis is of basic interest for future experiments at FLASH
and LCLS.

Our paper is organized as follows. We define in Sec. II the
Thomson scattering power via the DSF See�k ,�� �25� that is
a function of the scattering wave number k and the frequency
shift �, integrated with the density and temperature distribu-
tion of the target. The DSF is determined in the BMA for the
dielectric function ��k ,��. The influence of plasma inhomo-
geneities in the target on the Thomson scattering signal is
studied in Sec. III, and conclusions are given in Sec. IV.

II. THEORY OF THOMSON SCATTERING

A. Dynamic structure factor

We start with the experimentally available scattering
power per solid angle d�=sin �d�d	 and per unit fre-
quency interval d�, which is described by the following ex-
pression �22�:

d2Psc

d�d�
=


T

Arad

kf

ki
�

−�

� d��

2�
G���� − ���


� d3rl�r�See�k,��;ne�r�,Te�r��ni�r� . �1�

Here, 
T=6.65
10−24 cm2 is the Thomson scattering cross
section, ki and kf are the initial and final photon wave num-
bers, and the energy and momentum transfer are given by
�E=��=�� f −��i and �k=�k f −�ki. The momentum is re-
lated to the scattering angle � in the limit �����0 accord-
ing to k=4� sin�� /2� /�0, with �0 being the probe wave-
length. l�r� is the r-dependent power density of incoming
photons which is also dependent on the absorption, ni�r� is
the ion density, and Arad is the irradiated surface of the target.
The DSF has to be convoluted with the instrumental function
G����� that models the spectrometer’s finite spectral reso-
lution as well as the probe’s spectral bandwidth. Usually, a
normalized Gaussian distribution is employed with the full
width at half maximum ��. In this paper, the instrumental
function is not considered. Furthermore, the DSF depends on
the profiles of electron density ne�r� and temperature Te�r�
throughout the target.

We follow Chihara’s approach to the DSF �25,26�,

See�k,�� = ZfSee
0 �k,�� + �f i�k� + q�k��2Sii�k,��

+ Zc�
−�

�

d��Sc�k,��Ss�k,� − ��� , �2�

which is decomposed into contributions of free electrons,
weakly and tightly bound electrons, and core electrons. In
this paper, the DSF of free electrons is considered, i.e., the
first term. The calculation of this part can be found in Sec.
II B. The second part of Eq. �2� gives us the correlation of
the weakly and bound electrons following the ion motion.
The amplitude is determined by the atomic form factor f i�k�
and the screening cloud q�k� of quasi-free-electrons which
screen the ion charge �27�.

The third term contains the contribution of core electrons
via Sc�k ,�� and describes Raman-type transitions of inner
shell electrons to the continuum, modulated by the ion move-
ment which is contained in Ss�k ,�� �28�. The last term in Eq.
�2� can be neglected for the hydrogen plasma studied here
�19�.

The scattering wave number k is fixed through the geom-
etry of the experimental setup, so that a scattering parameter
�=� /k can be introduced �29� that allows us to discriminate
between collective ���1� and noncollective ���1� scatter-
ing; � is the density- and temperature-dependent screening
parameter �see �1� for details�. For ��1, we can investigate
short-range correlations within the Debye sphere �15�, while
long-range correlations are relevant for collective scattering,
i.e., ��1.

In the latter case, the DSF exhibits two pronounced side
maxima, symmetrically redshifted and blueshifted with re-
spect to the quasielastic Rayleigh peak which is related to the
second term in Eq. �2�. These features are collective electron
plasma oscillations �plasmons� �8�. To first order, their posi-
tion is given by the electron plasma frequency �pe which
allows us to determine the electron density ne. Thermal pres-
sure corrections and quantum diffraction effects lead to a k
dependence in the plasmon dispersion �see, e.g., �30��.

B. Born-Mermin approximation

We focus on the first term in Eq. �2�, the free-electron
part. In thermodynamic equilibrium, See

0 �k ,�� is related to
the longitudinal dielectric function ��k ,�� via the
fluctuation-dissipation theorem

See
0 �k,�� = −

�0�k2

�e2ne

Im �−1�k,��

1 − exp�−
��

kBTe
� . �3�

Neglecting collisions as in Ref. �22�, the dielectric function
is given by the well-known random-phase approximation
�RPA�; see �1,19� for details.

To go beyond the RPA, we follow Mermin’s approach
�31� which considers collisions within a Drude-like ansatz
with a constant collision frequency � for the damping of the
frequency-dependent dielectric function. Applying linear-
response theory, the Mermin dielectric function can be gen-
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eralized to include a dynamic collision frequency ���� ac-
cording to �32�

�M�k,�� = 1 +
�1 + i

����
�

�	�RPA�k,� + i����� − 1


1 + i
����

�

�RPA�k,� + i����� − 1

�RPA�k,0� − 1

. �4�

We evaluate the collision frequency in Born approximation
with respect to a statically screened �Debye� potential
VD�q�=−Ze2 / ��0�q2+�D

2 �� �19,33,34�

�Born��� = − i
�0ni

6�2e2neme

1

�
�

0

�

dq q6VD
2 �q�Si�q�


��RPA�q,�� − �RPA�q,0�� . �5�

Here, Si�q� is the static ion-ion structure factor and �D

=�nee
2 / ��0kBTe� is the inverse �Debye� screening length.

The influence of collisions has been discussed in several
papers �see �35–37��. Here, we calculate See

0 �k ,�� in BMA
and focus on the impact of density and temperature profiles
on the scattering signal.

III. PUMP-PROBE SCENARIO

In this section, we describe the interaction of an optical
pump laser with a cold hydrogen target by means of large-
scale PIC simulations, and the interaction of this strongly
inhomogeneous plasma with the soft x-ray probe radiation
via radiative hydrodynamic simulations. We calculate the re-
sulting Thomson scattering spectrum and derive the respec-
tive plasma parameters.

A. Density and temperature profiles impressed
by a short-pulse optical laser

The electron-density and temperature profiles in spherical
hydrogen droplets are obtained from three-dimensional PIC
simulations using the code VLPL3D �38� including fully rela-
tivistic ionization �39�. The linearly polarized laser pulse of
�0=800 nm wavelength, t=150 fs duration, and E
=1.6 mJ energy is incident from the left with a focal radius
of rF=20 �m �see Fig. 1�. These parameters that are avail-
able at FLASH imply that the electron dynamics and colli-
sions are dominated by the strong laser field. Here, we used
a collisionless version of the code and assumed field ioniza-
tion. The cubic simulation box has a box length of 33.6 �m
and is divided into 2100 �x�
140 �y�
140 �z� cells. We
use 252 processors to perform the calculations, which is
close to the upper limit of our current computational capac-
ity. The initial density of the spherical liquid hydrogen target
with rH=15 �m is �H=0.086 g /cm3 as used in experiment
�23�. The target is initially located in the center of the simu-
lation box. The computer capacity currently available allows
us to run the code for a simulation time of 1 ps.

The resulting spatial electron-density and temperature
distributions in the x-y plane are shown in Figs. 2 and 3.
Here, we use now a 50 �x�
10 �y� grid for the evaluation
of the electron temperature �see Fig. 1�. The cells �0.67


1.68 �m2� in the z direction are integrated for each cell in
the x-y plane. Due to the symmetry, only half of the target is
shown.

The PIC simulations indicate that the laser generates a
strongly inhomogeneous plasma in the droplet with high ion-
ization in a thin layer of 5�0�4 �m and weak ionization in
the bulk. The maximum free-electron density is induced in
the equatorial region with values up to about nmax=100ncr
�1023 cm−3. The free-electron densities in the polar regions
of the droplet are still well above the critical density, while
the bulk region is only weakly ionized and rather cold. The
critical density is defined as

ncr =
4�2c2

�0
2

�0me

e2 . �6�

For a wavelength of �0=800 nm, it amounts to ncr=1.7

1021 cm−3. The optical laser heats the equatorial region
strongest �see Fig. 3�, and the maximum electron tempera-
ture is about 9 eV. Only a few superthermal electrons accel-
erated by the laser pulse have been transported into the tar-
get. Behind the thin high-density layer of about four to five
cells thickness ��4 �m�, the density decreases rapidly by
three orders of magnitude and drops only slightly in the fol-
lowing region up to the rear side of the droplet. The tempera-
ture decreases from about 9 to 1 eV less strongly through the
droplet.

B. “Ideal” probe Thomson scattering

In the next step, we calculate the DSF See
0 �k ,���pe

2 �see
Eqs. �1� and �2�� for a scattering angle of �S=90° for each
cell with the free-electron densities and temperatures as ob-
tained from the PIC simulations, altogether 336 cells with
densities above 1018 cm−3. Each cell is weighted by the fac-
tor exp�−r / labs�, with the global absorption length of labs
=11 �m that was used also in �24�. In this way we consider
the weakening of the incoming FLASH probe pulse with
increasing target depth. The internal feedback of the soft
x-ray photons onto the preheated target however is neglected

FIG. 1. �Color online� An optical laser irradiates liquid hydro-
gen droplets from left. The mesh for the PIC simulation �columns
and rows� and regions within the droplet �equatorial, polar, and
bulk� are defined; see also Secs. III B and III D.
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which would lead to further ionization and heating �see Sec.
III C�. Therefore, we denote this process as ideal probe. The
parameters of the FLASH pulse are �0=13.5 nm, �=30 fs,
and E0=0.05 mJ �see �24��.

In Fig. 4, we show the integrated Thomson scattering sig-
nal as a function of the photon energy shift �E with respect
to the FLASH photon energy of E=92 eV for two typical
rows, i.e., integrating the contributions of all cells in that row
�see Fig. 1�. The calculation for row 1 �solid line� is typical
for the central part of the droplet, i.e., rows 1–6. The peaks
stem from two different scattering regions in the droplet.
Collective scattering ���1� is relevant for the high plasma
densities in the equatorial region that yields the asymmetric
plasmon feature. The remaining contributions are due to non-
collective scattering from the cells with lower densities,

which leads to the central peak. Row 9 �broken line� is ex-
emplary for rows 7–9 in the polar region and shows a strong
collective scattering signal. The electron densities and tem-
peratures are nearly constant or decrease only slowly in these
rows �see also Figs. 2 and 3�.

The contributions of each row and the resulting total scat-
tering signal are shown in Fig. 5 as functions of the photon
energy shift �E. The high-energy peaks at ��E�=8.5 eV
stem from the equatorial region of the droplet. We derive an
effective electron density of ne=5.3
1022 cm−3 from the
plasmon resonance and an effective temperature of Te
=7.6 eV from the detailed balance relation; the respective
mean temperature, the averaging of the corresponding cells

of the equatorial region, T̄e�8.3 eV, differs by less than
10% from this effective value. The second plasmon peaks at
��E�=5.4 eV are related to collective scattering from cells in
the polar region of the droplet; an effective electron density
of ne=2.1
1022 cm−3 and an effective electron temperature
of Te=3.9 eV are found. The remaining bulk part of the
droplet with a mean electron density of n̄e�5
1019 cm−3

and an electron temperature of T̄e�2 eV yields the central
peak in Fig. 5, which is due to noncollective scattering
events. The detailed balance and the dispersion relation are
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FIG. 2. �Color� Free-electron-density profile ne�x ,y� in units of
ncr �logarithmic scale, color coded� as derived from the PIC simu-
lations; see also Sec. III A. The linearly polarized laser pulse of 800
nm wavelength and 150 fs pulse length is incident from the left.
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FIG. 3. �Color� Temperature profile of free electrons Te�r� as
derived from the PIC simulations �see also Fig. 2�.
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FIG. 4. Integrated Thomson scattering spectrum of a liquid hy-
drogen droplet for row 1 �solid line� and row 9 �broken line� as a
function of the photon energy shift �E �see Fig. 1�.
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FIG. 5. �Color online� Total Thomson scattering spectrum di-
vided by 10 �dashed red line� for the whole liquid hydrogen droplet
as a function of the photon energy shift �E in comparison with the
contributions of each row �black lines�.
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not suitable here. Note that this is not the Rayleigh peak
because elastic scattering off strongly bound electrons as de-
scribed by the second term in Eq. �2� is not evaluated here.

C. Absorption of the soft x-ray probe photons

So far, we have calculated the spectrum of FLASH pho-
tons scattered off the inhomogeneous hydrogen droplet that
was prepared by the optical laser. Absorption processes of
FLASH photons in addition to Thomson scattering were ne-
glected, so that Fig. 5 represents an ideal spectrum. We have
treated self-Thomson scattering of FLASH photons in an ear-
lier work, i.e., a restricted process without pumping the tar-
get with an optical laser but considering the full interaction
of the soft x-ray photons with the target via radiation-
hydrodynamic simulations �24�. Moderate density and tem-
perature gradients have been observed in the hydrogen drop-
let, in contrast to the present case where the optical laser
generates strong gradients. The respective averaged spectrum
has lead to effective values of temperature and density that
were comparable with the averaged properties of the droplet.

We consider now the full pump-probe scenario by ac-
counting for various absorption mechanisms in the target be-
sides Thomson scattering. The PIC code cannot be applied
for the probe pulse since the wavelength and sample size
differ by many orders of magnitude. About 2
105 more
simulation cells would be required compared to the optical
laser case—well beyond the available computing capacity.
Thus, we use instead the one-dimensional radiative hydrody-
namic code HELIOS �40� for the interaction of the FLASH
pulse ��0=13.5 nm, �=30 fs, and E0=0.05 mJ� with the
inhomogeneous hydrogen plasma. This code contains a La-
grangian reference frame, separated ion and electron tem-
peratures, and flux-limited Spitzer thermal conductivity. La-
ser energy is deposited via inverse bremsstrahlung as well as
bound-bound and bound-free transitions using a SESAME-
like equation of state.

To simulate, in addition, time scales larger than 1 ps, we
transfer the results of the PIC simulation to the radiative
hydrodynamics code HELIOS. The sample is in a nonequilib-
rium state at the maximum PIC simulation time �1 ps; see
Figs. 2 and 3�. However, HELIOS assumes start conditions in
local thermal equilibrium �LTE�. To bridge this gap, we cal-
culate the sample’s LTE temperature from the free-electron
density after 1 ps �PIC results� using Saha equations �41,42�.
The resulting approximation to the LTE temperature is used
as a start condition for the HELIOS simulations. Uncertainties
in the sample temperature become relatively large, and the
LTE temperature deviates from the PIC results up to a factor
of 3 in the polar region. However, this procedure allows us to
span the femtosecond �PIC� to nanosecond �HELIOS� time
scales while maintaining fairly high accuracy in terms of
electron density. The sample evolution is simulated using
HELIOS from 1 to 10 ps after heating with the optical laser. At
fixed time delays of 1, 7.5, and 10 ps, the FEL probe pulse is
impinging on the sample, and its interaction is modeled us-
ing HELIOS. The FEL irradiation increases the free-electron
density by up to two orders of magnitude in the sample’s
bulk region. At the same time, the density increases only

marginally in the equatorial and polar regions which are al-
ready close to full ionization �see Fig. 6�. Note that the FEL
radiation penetrates deeply into the sample since the plasma
density on the surface is well below the critical density for
this short-wavelength radiation. Overall, the sample average
temperature increases by about 10% due to the FEL probe
irradiation.

The next step is the calculation of the scattering spectrum
for several time delays �1, 7.5, and 10 ps� for which we use
now the sample density as derived from the HELIOS simula-
tion. To minimize uncertainties from the PIC to HELIOS con-
version, we use the relative temperature effect of the FEL
radiation, i.e., we use the PIC temperature profile at 1 ps
increased by 10% due to FEL heating. In this way, other
temperature effects within the calculated 10 ps such as hy-
drodynamic expansion are reduced by neglecting the PIC
code particle velocities. This is justified since the cooling
times for these effects are large compared to our simulation
time.

The present treatment combines state-of-the-art PIC and
hydrodynamic simulations in order to span several orders of
magnitude in time. Although simplifying assumptions have
to be made in order to convert the results, realistic density
profiles throughout the sample are obtained; see Fig. 6 for
the case of 10 ps.

D. Thomson scattering signal for the full pump-probe scenario

We have calculated the Thomson scattering spectrum ac-
cording to Sec. III B for the density profiles derived from the
HELIOS simulations as shown in Fig. 6, and the temperature
profiles of the PIC simulation increased by 10% throughout
the target �see Fig. 3�. We show the respective results for
different time delays between the optical laser and the
FLASH probe pulse in Fig. 7 and compare with the ideal
probe as displayed in Fig. 5. Most interestingly, the calcu-
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FIG. 6. �Color� Density of free electrons ne�x ,y� in units of the
critical density ncr of the optical laser �logarithmic scale, color
coded� as derived from the HELIOS simulations. The FLASH pulse
irradiates the droplet from the left 10 ps after the optical laser; see
also Sec. III C.
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lated Thomson scattering spectrum allows us to monitor the
temporal evolution of the electron density and temperature in
the target. The radiative hydrodynamic simulations indicate
that the sharp density and temperature profiles imposed by
the optical laser start to dissolve in the subsequent 10 ps
considered here, especially their steep flanks, while the peak
values of density and temperature are still preserved. Thus,
the intensity of the equatorial plasmon �redshifted and blue-
shifted peaks� is decreasing. Its location however is only
weakly shifted, and an effective electron density of ne=5.2

1022 cm−3 and an effective electron temperature of Te
=8.4 eV can be derived for 10 ps.

On the contrary, the intensity of the plasmon peak allo-
cated to the polar region is enhanced with time. This can be
attributed to scattering off the broadened flanks of the equa-
torial density distribution which are contributing, at least for
the considered time delay of 10 ps, just in the density and
temperature domains originally characteristic of the polar re-
gion alone. This “polar” peak moves slightly toward lower
densities. We can derive an effective electron density of ne
=1.9
1022 cm−3 and a slightly increased effective electron
temperature of Te=4.4 eV.

Significant modifications in the scattering signal are to be
seen in the central peak of the spectrum which stems from
the bulk of the target. The increasing electron density in this
region as obtained from the HELIOS simulations is due not
only to additional absorption processes of FLASH photons
�see Fig. 6� but also to the dissolution of the strong density
gradients in the equatorial and polar regions with time. This
results in a switching between noncollective scattering for
ideal probing and collective scattering for the realistic case;
an effective electron density of ne=6.4
1020 cm−3 and an
effective electron temperature of Te=3.2 eV can be derived
for 10 ps.

For longer time delays than 10 ps we expect a further
equalization of the electron-density and temperature profiles,

so that scattering contributions from different target regions
mix, i.e., a mapping of target regions to features in the scat-
tering spectrum is increasingly hindered. Furthermore,
electron-ion collisions will lead to an equilibration of the
electron and ion temperatures on these time scales. This re-
laxation process can be studied by considering the ion fea-
ture in Eq. �2� in addition to the contribution of free elec-
trons. Hydrodynamic expansion of the droplet will occur on
nanosecond time scales.

IV. CONCLUSIONS

In this paper we have calculated the Thomson scattering
signal of strongly inhomogeneous plasmas generated by an
optical and probed with a soft x-ray laser. We have employed
PIC simulations to derive electron-density and temperature
distributions in a liquid hydrogen droplet that is pumped by
an optical laser. The interaction of the FLASH probe pulse
with the preheated inhomogeneous target was considered by
performing radiative hydrodynamic simulations using the
HELIOS code. The DSF was then calculated for each cell
using a quantum statistical approach �BMA� that accounts
for collisions in the plasma.

In the case studied here, i.e., an optical pump—soft x-ray
probe experiment on liquid hydrogen droplets—two different
pairs of plasmon peaks are seen in the Thomson scattering
spectrum �see Fig. 7�, which allow us to identify the plasma
parameters in the equatorial and polar regions of the droplet
on ultrashort time scales up to 1 ps. The density can be
derived from the plasmon position and the temperature from
the asymmetry of the peaks. Considering time delays be-
tween the optical laser and FLASH up to 10 ps, the changes
in the scattering spectrum can be mapped onto the evolution
of the electron density and temperature in the target. How-
ever, a mixing of scattering contributions that stem from dif-
ferent target regions occurs, so that a clear identification at
least of the polar region is hindered for longer time delays.
The central scattering peak that stems from the bulk region
switches from noncollective mode—if an ideal probe pulse is
assumed—to collective mode for a realistic treatment of the
FLASH probe pulse.

Our calculations show that Thomson scattering is a prom-
ising tool to diagnose inhomogeneous plasmas and to moni-
tor their time evolution. A variation of the laser parameters,
e.g., energy of the pump and the probe pulses, length of the
pump and probe pulses, and delay between pump and probe,
would give access to a broad region of plasma densities and
temperatures of interest. The detailed analysis of this param-
eter space has still to be done and is subject of future work.
For this purpose, efficient radiation-hydrodynamic codes
with better spatial resolution than the one-dimensional-
HELIOS code that was used in the present study are highly
desirable. Furthermore, a proper inclusion of collisions to-
gether with collisional ionization is planned within the PIC
simulations. This would give us a more detailed insight into
the physics of the laser-plasma interaction on ultrashort time
scales, in particular with respect to absorption processes for
which different predictions exist �43,44�. Finally, improved
theoretical approaches to the DSF including, e.g., local-field
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FIG. 7. �Color online� Free-electron Thomson scattering spec-
trum off liquid hydrogen droplets as a function of the photon energy
shift �E. The ideal probe �solid red curve; see Fig. 5� is compared
with the full pump-probe scenario considering delays of 1 ps �dot-
ted blue line�, 7.5 ps �dashed-dotted green line�, and 10 ps �dashed
black line�. The electron densities for the different maxima are
given in units of the critical density of optical laser in the upper
legend �ncr=1.7
1021 cm−3�.
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corrections �45� should be considered. Electron-ion relax-
ation processes could also be studied via the full Thomson
scattering spectrum by measuring the intensity ratio of the
electron and ion features separately and time resolved �see
�46,47��.
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