
lable at ScienceDirect

High Energy Density Physics 5 (2009) 35–43
Contents lists avai
High Energy Density Physics

journal homepage: www.elsevier .com/locate /hedp
X-ray line emissions from tamped thin aluminum targets driven by
subpicosecond-duration laser pulses

Peter Hakel a,*, Roberto C. Mancini a, Ulrich Andiel b, Klaus Eidmann b, Francesca Pisani b,
Gwyneth Junkel-Vives c,1, Joseph Abdallah c

a Department of Physics, University of Nevada, Reno, NV 89557, USA
b Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748, Garching, Germany
c Theoretical Division, Mailstop B212, Los Alamos National Laboratory, NM 87545, USA
a r t i c l e i n f o

Article history:
Received 30 July 2007
Received in revised form
16 December 2008
Accepted 16 December 2008
Available online 30 December 2008

PACS:
52.38.-r
52.65.-y
52.25.Os
52.38.Ph

Keywords:
Line emissions
Laser plasmas
Atomic kinetics
* Corresponding author. Tel.: þ1 775 784 6059; fax
E-mail address: phakel@unr.edu (P. Hakel).

1 Deceased.

1574-1818/$ – see front matter � 2008 Elsevier B.V. A
doi:10.1016/j.hedp.2008.12.001
a b s t r a c t

We report on atomic kinetics and X-ray line spectra modeling work of plasmas generated by high-
intensity, ultrashort-duration pulsed lasers. Our work is motivated by the need to analyze and interpret
experiments with laser-irradiated layered targets performed at the Max-Planck-Institut für Quante-
noptik. The focus of this Paper is on the theoretical characterization of the properties of X-ray line
emissions as signatures of plasma conditions. Our model considers several spectral features with detailed
attention paid to atomic kinetics, intrinsic spectral lineshapes in a high-density plasma environment (in
particular Stark broadening and line shift effects), and spectroscopic-quality radiation transport (opacity
effects). We apply our model to the analysis of time-integrated K-shell aluminum X-ray line spectra and
time-resolved total line intensities obtained from the layered targets. Modeling calculations indicate that
red line shifts observed in these experiments cannot be explained by shifts in the centers of gravity of
composite spectral features due to blending with enhanced satellite contributions, but are consistent
with intrinsic line shift effects in both resonance and satellite lines. We also investigate the sensitivity of
our results to the selection of one of three adopted models for laser-energy deposition and transport
within the target.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Understanding of the properties and behavior of high-density,
high-temperature plasmas is important in the area of Inertial
Confinement Fusion (ICF). Formation of high-density, high-
temperature plasmas requires systems capable of creating high-
energy densities in the studied materials. This can be accomplished
by, for example, large laser facilities such as those dedicated to ICF
research [1,2]. Another possibility is the use of lower-energy, but
shorter (subpicosecond) duration lasers. These are tabletop
systems with high-intensity irradiation and high pulse repetition
rates that also provide convenient, low-cost opportunities for
systematic studies of dense plasmas [3–14].

Plasmas formed by these types of lasers can undergo hydrody-
namic expansion during the duration of the laser pulse and line
emission can take place during different phases of the target
: þ1 775 784 1398.
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evolution, which complicates the interpretation and analysis of
time-integrated spectra. The plasma can also exhibit strong spatial
gradients in temperature and density. These effects can be miti-
gated by the use of layered targets and isochoric heating of the
target by the laser. Instead of irradiating a bulk target, a thin
(submicron) layer of a tracer material can be placed on a massive
(thickness w 1 cm) substrate and then covered by a tamper layer
(see Fig. 1). Thus line emission comes from a material whose
hydrodynamic expansion is (at least to some extent) arrested by the
tamper layer and hence the time history of an approximately
uniform plasma can be studied. In our experiments [15–18] the
tamper layer is made of carbon and its thickness is 45 nm. The
general observed trend is a decrease of satellite line emission and
a better observation of resonance lines with the decreasing Al
thickness. Also, the tracer layer results lack the small third peak on
the Ly-a low-energy wing, that is otherwise visible in the data from
the experiment with bulk Al [19]. Line emissions of this type have
also been observed in other experiments [20,21] and their origin
can be traced to the transitions from triply excited (hollow) Li-like
ions. These additional features in the spectra are caused by super-
positions of radiation emitted from different portions of the
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Fig. 1. Schematic of the MPQ layered target with a thin aluminum tracer layer and
a carbon tamper layer on a massive sigradur substrate (drawing not to scale).
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(inhomogeneous) plasma present in the ‘‘bulk’’ experiment. Time
changes of plasma conditions during line emission are also
possible. Thus the spectrum from a bulk material is an accumula-
tion of many types of line emissions from different ions. In general,
tampered tracer targets of smaller thickness are more uniform in
space and thus the spectra they produce are ‘‘cleaner’’ as compared
to those from bulk targets. Therefore this experiment suppresses
spatial gradients and is thus better suited for our purpose of the
modeling and understanding of the properties of hot, dense
plasmas. Further aid in modeling of these types of plasmas can be
obtained through the use of hydrodynamic codes that model
energy deposition in the target and the resulting energy transport
and hydrodynamic evolution. In particular, with hydrodynamic
simulations one can calculate electron temperature and ion
number density time histories in the tracer layer. These can be post-
processed by a spectral model that provides level populations and,
ultimately, line intensities and spectra.

In this Paper we discuss the elements of the CRAK/SPECTRUM
spectral model tailored to study X-ray line emission of hot, dense
plasmas. In Sections 2–5 we describe our atomic kinetics model and
code CRAK and its particular application to Al plasmas, then we
discuss the database of intrinsic emission lineshapes affected by
high-density conditions in the plasma, and finally the spectral code
SPECTRUM and its role in addressing opacity effects on the emis-
sion line spectra. In Sections 6–8 we discuss the application of our
model to Al tracer-layer experiments performed with the ultrashort
pulse laser ATLAS at the Max-Planck-Institut für Quantenoptik.
2. Collisional-radiative atomic kinetics model and code CRAK

For the purpose of calculating synthetic line spectra recorded in
our experiments we have developed a collisional-radiative atomic
kinetics model and code CRAK. Time histories of temperature and
density needed by CRAK are provided by the hydrocode MULTI-fs
[22], which simulates the evolution of plasma conditions in
response to the driving laser pulse. CRAK calculates the rates of
atomic processes linking ground and singly excited states by
analytical formulae that depend on shell labels of valence electrons
and absorption oscillator strengths. Collisional excitation rate
coefficients are calculated according to [23], rates for ionization
follow [24], and radiative recombination rates are based on [25].
Atomic processes considered in CRAK include collisional mixing
(excitation and deexcitation) between autoionizing states [26].
These processes are characterized by their respective rates and
cross sections.

The free electrons of the plasma are described by a bi-Max-
wellian electron distribution function with a low-temperature (Tc)
component to model the effect of thermal electrons in the plasma,
and a high-temperature (Th) component to approximate the effect
of hot electrons [27]. The hot electron fraction parameter a can
assume values between 0 and 1 and characterizes the partition of
the electron pool into the thermal and ‘‘hot’’ parts. Typical values of
a are of order 0.1 [9,28]. If the total electron number density is Ne,
then the number density of hot electrons is aNe and the number
density of the thermal component is (1� a)Ne. The electron
distribution function f(E) has the form,

f ðEÞ ¼ ð1� aÞfMaxwðTc; EÞ þ afMaxwðTh; EÞ (1)

where fMaxw(T,E) is the normalized Maxwellian energy distribution
at temperature T. We performed calculations using values for
a (w0.1–0.2) in which we saw no significant effects of the hot
electron component on time-integrated spectra. We also point out
that the massive sigradur substrate behind the Al layer prevents the
hot electrons from coming about and influencing the kinetics later
in time. Thus, in the calculations presented below we have chosen
a¼ 0.

The CRAK code can also take into account the effects of photo-
excitation and photoionization through the use of escape factors for
the rates of spontaneous radiative decay and radiative recombi-
nation [29]. We find that due to high densities the atomic kinetics is
collisionally dominated and opacity effects on level populations are
sufficiently accounted for within the escape factor approximation
(see Section 4).

In the context of our work on X-ray line emissions from laser-
produced Al plasmas the energy level structure and atomic data for
CRAK were computed with Cowan’s atomic structure code [30] and
Los Alamos atomic structure and scattering codes CATS [31], ACE
[32], and GIPPER [33] using the configuration average level of
description. A more detailed energy level structure description (LS-
term or J-level) is not necessary since at the high plasma densities
considered here the population distribution within J-levels and LS-
terms is near an LTE distribution [31]. The range of aluminum ions
included in the model begins with the Ne-like ion and ends with
the fully stripped (FS) ion. Considering the high laser intensities
involved in the experiment, we assume that neutral Al atoms, and
Alþ and Al2þ ions (Mg- and Na-like Al) are ionized on a very short
time scale. These atoms and ions then maintain negligible pop-
ulations and therefore are not included in our model. The details of
energy level structure in each ion are determined by our focus on
Ly-a, Ly-b, He-a, He-b, He-g, and their associated He-, Li-, Be-, and
B-like satellites. Only n¼ 1 and n¼ 2 electrons are considered in
Ne- through C-like ions. In B- and Be-like ions all configurations
with at least one electron in n¼ 1 and no electrons above n¼ 3 are
included. The configurations included in Li-like Al are 1s2 2l, 1s2 3l,
1s2 4l, 1s 2l 2l0, 1s 2l 3l0, 1s 2l 4l0, 1s 3l 3l0, and 1s 3l 4l0. We do not
include triply excited 2l 2l0 2l00 Li-like (hollow ion) states. These
states can reveal their presence via the 2l 2l0 2l00 / 1s 2l 2l0 satel-
lites of n¼ 2 Ly-a satellites. The exclusion of these hollow ion states
is consistent with the formation of a thermal w400 eV plasma in
a very short time in our experiments. The relevant time scale for the
thermalization is the collision time for hot electrons which we
estimate as 100 fs from their speed at 20 keV (4�109 cm/s) and
their requisite range of up to 4 mm [34]. In contrast, based on the
corresponding cross section [35] the collision time for the creation
of holes in the K-shell is much longer: 500 fs. In addition, the decay
time due to auto-ionization is rather quick, about 10 fs. Thus the
plasma becomes thermal quickly and the generation of Al with
holes in the K-shell is not very efficient. This is in agreement with
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Fig. 2. Variation of the Al Ly-a resonance lineshape with density at electron temper-
ature 300 eV shown for densities 1�1023 cm�3 and 7� 1023 cm�3.
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the experiment which shows only very weak K-a emission for
massive Al targets and no K-a emission in the Al tracer-layer
spectra. It is noted that in experiments at very high intensity with
much more energetic electrons hollow atoms become important
and their influence on the ionization balance and the population of
excited states has to be taken into account [21].

In the He-like Al ion we consider ground and singly excited
states up to n¼ 5, then 2l 2l0, 2l 3l0, 2l 4l0, 3l 3l0, and 3l 4l0. Finally in
H-like Al the highest included states are n¼ 5. The total number of
energy levels in our model is 271. For this application, the CRAK
model operates in a regime of moderate optical depths (s� 1),
hence photoexcitation is approximated by escape factors for the
Ly-a, Ly-b, He-a, and He-b lines, which were calculated using Stark-
broadened lineshapes for the case of slab geometry [29]. Photo-
ionization can also be approximated with escape factors; however,
in the cases considered here the opacity effect on this process is
negligible. These resonance lines (unlike satellites) are primary
candidates for being opaque due to their large absorption oscillator
strengths and for having ground states as lower levels.
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Fig. 3. Variation of the Al Ly-a resonance lineshape with temperature at electron
number density 5�1023 cm�3 shown for temperatures 150 eV and 600 eV.
3. Spectral line profiles

Level populations calculated from CRAK are combined with
intrinsic emission line profiles in order to produce synthetic
spectra. There are several effects that have influence on the actual
lineshapes. These include natural and Doppler broadening [30];
however, in our case the most dominant contribution to intrinsic
line profiles comes from high-density effects: Stark broadening and
line shift [36–43]. In addition, in dense plasmas free electrons can
spend, on average, enough, time inside the orbital volume of
electronic clouds, thus partially shielding the nuclear electrostatic
pull on the bound electrons. The net result is a red shift of the line
[37,40,44].

Thus our model requires another database in addition to atomic
data used by CRAK. This database is a collection of intrinsic line
profiles for the five resonance lines and their associated satellites.
Stark-broadened line profiles have been prepared through the use
of MERL multielectron-radiator lineshape code [36,39] and micro-
field distribution functions calculated with the APEX model
[37,38,41,43] for various combinations of electron number density
and temperature. Natural and Doppler broadening effects are also
included. In addition, the database also contains information about
the dense plasma line shift [44].

We show the importance of the Stark broadening and dense
plasma line shift effects on the Ly-a resonance line whose plasma-
effects-free intrinsic lineshape is a narrow double-peaked profile
due to the fine-structure splitting of the 2p upper level into J¼ 1/2
and 3/2 components. In Figs. 2 and 3 we present the changes in the
Ly-a profile for several combinations of electron number density
and temperature. In Fig. 2 we observe the suppression of the central
dip with increasing electron density. Higher density also results in
a more apparent red shift of the line. Fig. 3 reveals a smaller, while
still apparent, effect of a changing electron temperature on the
Ly-a line. The line shifts depend rather weakly on electron
temperature, especially at high temperatures. They increase at
lower values of electron temperature since colder electrons can (on
average) spend more time inside atomic volumes. The line shift
sensitivity on electron density is more significant than its sensi-
tivity to electron temperature [37,44]. In principle, different
components of the line can be shifted by different amounts,
which could lead to a distortion of the overall spectral feature. In
the Ly-a case we observe that the distortion effect of differential
line shifts is rather small. Lineshape with more components show
more of a distortion effect due to differential line shifts [44].
4. Radiation transport

Radiation field arising from the line transition and radiative
recombination processes can influence the level populations
through radiation-dependent rates such as photoexcitation,
photoionization, and stimulated emission. In turn, intrinsic spectral
lines profile can differ from the actual lineshapes emerging from
plasma. Thus, in the most general case, one needs to solve self-
consistently atomic kinetics coupled with the radiation transport
equation. The plasmas under our consideration are very dense and
therefore this complex task can be simplified. High electron
number density means that kinetics is dominated by electron–ion
collisions. These conditions allow the use of an approximation, in
which atomic kinetics and radiation transport need not be merged
into a unified model. Instead, an atomic kinetics model can be
evaluated with opacity effects approximated by escape factors,
which account for the photoexcitation and photoionization
processes by reducing the rates of spontaneous radiative decay and
radiative recombination. Escape factors depend on local plasma
conditions and the population of the transition’s lower level. The
resulting fractional populations f

!
(and hence ion number densities

N
!

) can then be post-processed and solved for radiation field In at
a given photon energy hn via the following (1-D) radiation transport
equation [45,46],
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cos q
dInðz; qÞ ¼ ½jnðzÞ � knðzÞInðz; qÞ�; (2)
dz

in which the plasma emissivity jn and opacity kn are defined as,

jn ¼
X

i

X

j<i

NiAij4ij;n
hnij

4p
; (3)

and

kn ¼
X

i

X

j<i

�
NjBji � NiBij

�
4ij;n

hnij

4p
(4)

where q is the angle between the coordinate axis z and the line of
sight (see Fig. 1), A and B are the Einstein coefficients, i and j label
the transition’s upper and lower levels, and 4,s are normalized
emission line profiles (here assumed to be the same as absorption
profiles, i.e. we invoke the complete redistribution approximation).
In general one expects to see the strongest opacity effect in the
a resonance lines, followed by the b resonance lines, while the
satellites typically remain optically thin. This expected trend is
confirmed by our calculations.

Thus, given the goal of X-ray line spectra modeling, we
complement CRAK with the spectral code SPECTRUM, which post-
processes CRAK energy level populations. SPECTRUM uses these
populations to weigh normalized intrinsic Stark-broadened and
shifted lineshapes and solves Equation (2) yielding synthetic
spectra with spectroscopic-quality treatment of opacity effects.
5. Model CRAK calculations for layered aluminum targets

In order to illustrate the features of our spectral model in this
Section we present the results of steady-state model calculations for
two combinations of a single temperature and electron number
densities for the types of targets used in experiments (see Fig.1). We
focus on two spectral features: 1) the Ly-a (the resonance line and its
n¼ 2,3,4 He-like satellites), and, 2) the He-b (the resonance line and
its n¼ 2,3,4 Li-like satellites). To this end we selected the tempera-
ture of 200 eV and two electron number density values: 1�1022 and
2�1023 el./cm3. These two densities roughly mark the low end and
the mid-range of the general regime expected in the experiments
discussed later in this paper. The chosen temperature is sufficiently
high to put a significant amount of ion population in the He- and H-
like Al ions from which these two spectral features originate.

The spectra in Figs. 4–7 were calculated in the optically thin
approximation for an Al slab of 25 nm thickness. In this
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Fig. 4. Intrinsic lineshape of the Ly-a spectral feature in the optically thin approxi-
mation (Al slab thickness 25 nm). T¼ 200 eV, Ne¼ 1�1022 el./cm3.
approximation the total spectrum is a simple sum of all the
components present in the model. At the lower density we observe
a rich line structure coming from the satellites on the red wings of
both resonance lines. At the higher density all the lines become
strongly broadened by the Stark effect and the overall spectral
profile becomes deceptively simple in appearance. Nevertheless, the
importance of inclusion of satellite lines (even though they no longer
contribute with their multiple-peaked lineshapes) is particularly
apparent in Fig. 7. While the n¼ 3 and 4 satellite contributions are
very broad and therefore do not qualitatively alter the line profile
coming from the resonance line, they are strong enough to signifi-
cantly enhance the intensity of the overall He-b spectral feature.
Therefore, preserving the completeness of a spectral model even at
these high densities is necessary, especially if line intensities are to
be used to infer the temperature.

6. MPQ Al tracer-layer experiments

The ATLAS Ti:Sapphire laser of the Max-Planck-Institut für
Quantenoptik (MPQ) [47] can deliver approximately 70 mJ at
(frequency doubled) l¼ 395 nm in a pulse of FWHM of 150 fs. The
intensity is about 6�1017 W/cm2 and the laser is focused to spots
approximately 10 mm in diameter. The contrast ratio is 10�10 in the
temporal window between 30 and 2 ns before the main pulse and
better than 10�6 at 1 ps before the maximum of the main pulse. The
angle of incidence on the target may be in the range of 30–80� with
s- or p-polarization in order to maximize the absorption of laser
energy. The measurements presented here were performed with p-
polarized laser light at an angle of incidence of 45�. As is sche-
matically shown in Fig. 1, the targets consisted of a flat sigradur (a
glasslike carbon modification) plate which was covered by a 25 nm
thick Al layer and carbon tamper layers of thicknesses 25 nm,
50 nm, 100 nm, 200 nm, and 400 nm. The main advantage of using
carbon instead of MgO employed in earlier experiments [48] is the
elimination of magnesium lines in the 1.7–1.9 keV range that
overlap with the H- and He-like Al emissions of interest. The
spectra were measured by crystal spectrometers as time-integrated
as well as time-resolved. More details of the experiment are given
in references [15–17,49]

In order to model the plasma behavior in these experiments, we
used the atomic kinetics code CRAK to post-process time histories
of electron temperature and ion number density computed with
a hydrodynamic code. In a first attempt we used MULTI-fs [22] for
this purpose. This is the short-pulse version of the original (ns-
pulse) MULTI one-dimensional Lagrangian hydrocode based on
a one-fluid two-temperature model including electronic heat
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conduction, multigroup radiation transport, and SESAME equation
of state [50]. Essential modifications for the treatment of ultra-
short-duration pulses in this hydrocode are the solution of Max-
well’s equations in a steep-gradient plasma within the skin depth,
consideration of the non-equilibrium between electrons and ions,
and a model for the electrical and thermal conductivity covering
the wide range from solid state to high-temperature plasma.

MULTI-fs predicts at the oblique 45� incidence of p-polarized
light an effective absorption of about 50% in agreement with the
experiment [51]. The absorbed energy creates a very hot thin front
layer of several 10 keV, and within the Spitzer’s heat flow approx-
imation used by MULTI-fs, a heat wave with a steep temperature
front propagates into the solid target. However, this approximation
is no longer valid, because the mean free path of the hot electrons
exceeds considerably the thickness of the heat wave. Indeed,
spectra calculated by post-processing time histories generated with
standard Spitzer heat flow implemented in MULTI-fs, showed
a strong excess of H-like line emission for thin tamper layers and
a strong excess of He-like emission at thick tamper layers, in
contradiction to the experiment. More realistic time histories were
obtained by assuming that the hot electrons propagate into the
target by typical distances given by their mean free path. For the
spatial profile of energy deposition we used several models. In
previous calculations [16,17] we made an ad hoc assumption by
using a uniform energy deposition up to the mean free path of the
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Fig. 7. Intrinsic lineshape of the He-b spectral feature in the optically thin approxi-
mation (Al slab thickness 25 nm). T¼ 200 eV, Ne¼ 2�1023 el./cm3.
electrons. This was motivated by the fact, that the line ratios in the
measured spectra (in particular the intensity ratio of Ly-b and He-b)
did not change with the tamper layer thickness, which indicates
a constant temperature for the depths studied. In the calculations
presented below we use a more rigorous model for the energy
deposition.

7. Post-processing of MULTI-fs temperature and density time
histories with CRAK

In the hydrodynamic simulations the thin Al layer is represented
by several fluid elements, of which we have used the mass-
weighted averaged time histories of electron temperature and ion
number density as representatives for the entire Al slab. This is
justified by the achieved high degree of uniformity in the 25-nm
thick tracer layer as indicated by the MULTI-fs simulations, espe-
cially for the cases with thicker tamper layers. The results of MULTI-
fs simulations are given in Figs. 8 and 9.

The typical behavior of the temperature (Fig. 8) is a rapid
increase during the heating phase of the first 300 fs followed by
a slower cooling due to heat conduction and expansion. The
temperatures for the depths up to 200 nm are very similar. This
feature was obtained in previous calculations [17] in an ad hoc way
to model the heat transport via energetic electrons by using
a uniform energy deposition up to the hot electrons’ range. This was
motivated by the fact, that the line ratios in the measured spectra
(in particular the intensity ratio of Ly-b and He-b) did not change
with the tamper layer thickness, which indicates a constant
temperature for the depths studied. It is noted, that for depths
larger than about 1000 nm the temperature derived from spectra in
layered targets decreases in agreement with the range expected for
20 keV electrons [18]. In the results presented here the uniform
temperature for the considered range of tamper thicknesses was
obtained from an alternative model [52]. It was assumed that an
electron flow with an intensity of 2.5�1017 W/cm2 and a Maxwel-
lian distribution with a temperature of 20 keV enters the target
during the interval when the laser pulse interacts with the target.
This intensity corresponds to the absorbed flux due to resonance
absorption [51] and reproduces the measured ratio of the Ly-b and
He-b intensities. The temperature of 20 keV has been concluded
from the measurement of the Bremsstrahlung continuum [15,16].

The clearest trend in the time history of the ion number density
is the halt of the initial decompression of the tracer layer behind the
tamper layer, which is increasingly evident for the thicker tamper
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layers. The initial decompression is caused by the rapid expansion
of the Al of mass density 2.7 g/cm3 into the solid carbon of slightly
lower mass density (2.3 g/cm3). After this early decompression the
Al sample layer stays for a while at high density. Later on a slower
expansion sets in that proceeds faster when the aluminum slab has
less carbon to push in front of it. In addition, the cases with the
thicker tamper layers above 100 nm indicate the presence of
another, milder compression caused by a shock wave evolving in
the target.

These MULTI-fs simulation results were post-processed with
CRAK running in the fully time-dependent mode with escape
factors included for Lyman and Helium a and b lines.2 In this
transient, high-density regime dominated by electron–ion colli-
sions, opacity effects are found to have negligible impact on the
kinetics but they significantly affect the line intensity distribution.
As a consequence of their very short lifetime, the direct effect of the
penetrating hot electrons on the spectra through kinetics is negli-
gible. They affect the spectra only indirectly, by increasing the
‘‘cold’’ (thermal) electron temperature up to a certain target depth.
Therefore we model the effect of the hot electrons on the kinetics
by assuming that their temperature profile peaks at, alternatively, 8
and 20 keV with negligible differences in the resulting synthetic
spectra. As a function of time, in CRAK the effective hot electron
temperature follows the temporal intensity profile of the laser
pulse, which is a Gaussian centered at 300 fs with FWHM of 150 fs.
The shortness of the duration of the hot electrons follows from the
short collision time of electrons with the cold target mentioned in
Section 1 and also from the subpicosecond electron–electron
collision time for 20 keV electrons. Furthermore, since their
velocity is about 0.2c, these electrons will reach the depth of up to
1000 nm, where the tracer layers are located, within a short time of
less than 20 fs. Having passed through these front layers the hot
electrons thermalize in deeper target regions. This is confirmed by
Propel [53] electron kinetic calculations which showed only a very
small amount of backscattered electrons. Our thick target situation
is different from thin foil experiments where the electrons are
reflected at the rear surface and trapped in the foil. For these
reasons we assume that the heating time and hot electron presence
does not considerably exceed the laser pulse duration. Thus, the
2 The runtimes for both the CRAK and SPECTRUM codes for one time history are
in the order of a few minutes on a 3 GHz Intel Xeon Linux PC when compiled and
optimized with the Intel Fortran 90 compiler.
results presented below were calculated without the direct effect of
fast electrons on atomic kinetics and level populations.

Fig. 10 shows examples of average ionization time histories. In
this Figure the two phases in plasma evolution – the ionization and
recombination phases – are clearly visible. Approximately at the
time t¼ 1 ps the plasma begins a partial recombination phase. Note
that this time is later than the time of maximum temperature
(about 300 fs, see Fig. 8). This shows that a fully time-dependent
treatment is important. In steady state the maximum ionization
would be expected at the time of the temperature maximum (see
Fig. 10). Fig. 11 shows the synthetic spectra for all six tamper layer
thicknesses. More heavily tamped Al layers experience higher
electron densities for longer periods of time, which translates into
broader line profiles. In Fig. 12 we present detailed comparisons of
synthetic spectra calculated using the three energy-deposition
models available in the MULTI-fs hydrocode: uniform deposition
[17], the Harrach–Kidder model [52], and a Monte Carlo model
named Propel [53]. This allowed us to test the sensitivity of the
time-integrated synthetic spectra to the details of three indepen-
dent energy-deposition models. The differences between the three
models are small for the thin tampers but grow larger with the
increasing tamper thickness. This is indicative of the gradual
divergence of the three used energy-deposition models with the
increasing depth. In particular, for thinner tampers the Ly-b line is
stronger in the Monte Carlo (Propel) calculation than in the other
two models, this trend is notably reversed at 400 nm. This is
consistent with the notion that the energy carriers (hot electrons)
stop being effective at about this depth according to the Propel
model. Naturally, with the assumption of uniform energy deposi-
tion the Ly-b remains strong regardless of tamper thickness.

Finally in Fig. 13 we present comparisons of our calculated
results with experimental data. In these plots, a continuum
bremsstrahlung emission of T¼ 250 eV originating from the fully
ionized carbon was added and the line spectrum (which is calcu-
lated in absolute units) was rescaled by a factor of order unity to
account for the uncertainty in the focal spot size. The agreement
between the theory and the experiment is generally good,
including the He-d line (w2000 eV) at 25 nm thickness which was
not included in the original model [48] because in all other cases it
is too broad to be visible in the measurement. We have consistently
observed that the most intense (n¼ 2) satellites of the Ly-a remain
well separated from their parent line without changing the
distance to the parent line. In other words, the Ly-a line together
with its He-like satellite shows an increasing ‘‘block-shift’’ with the
0.1 1 10

Time (ps)

2

Fig. 10. Time evolution of average ionization ðzÞ obtained from CRAK post-processing
of MULTI-fs results from Figs. 8 and 9.
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depth of the tracer layer, i.e. with density, see Fig. 1 in [17]. Higher
satellites (n> 2) are weaker and progressively Stark-broadened to
the point that they either mildly distort the red wing of the parent
line or slightly lift the entire spectral feature without any discern-
ible effect on the resonance line’s shape or position. Some differ-
ences appear in the Ly-b feature and the satellites of He-a, which
are both less intense in the model as compared to the experiment.
The underestimation of the Ly-b would suggest the need for higher
effective temperatures driving more emission from H-like ions,
while the stronger than calculated He-a satellites lead to consid-
ering lower temperatures. This apparent contradiction can be
addressed by considering that the synthetic spectra were calculated
assuming a simple 1-D geometry, i.e. a uniform laser focal spot. This
is indeed an oversimplification; the experimental spectra are
spatially integrated along the line of sight which cuts across regions
with different plasma conditions pursuant to the local laser
intensity. The subsequent time integration of emissions from these
various parts of the plasma further complicates the analysis.
Therefore, the most natural improvement of our model would be to
‘‘overlay’’ several versions of our spectral model (with properly
upgraded solution of the radiation transport equation), each driven
by its own laser intensity characteristics. An independent
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Fig. 12. Comparisons of synthetic time-integrated spectra obtained from the three
studied energy-deposition models.
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Fig. 13. Comparisons of synthetic time-integrated spectra obtained using the Harrach–
Kidder energy-deposition model with experimental measurements for several tamper
thicknesses.
measurement of the shape and intensity distribution of the laser
focal spot size would greatly aid such an improvement in modeling
capability.

The calculated spectra shown in the previous Figures were
obtained by integrating the radiation during the whole time
interval of emission. Because the consideration of the time
dependence is a basic feature of the model, we show now some
time-resolved results for the emitted radiation. In Fig. 14 we have
plotted the time dependence of the Ly-a and He-a lines along with
their satellites which are emitted from the 25 nm Al sample layer,
when the carbon tamper thickness was 200 nm. In the calculation



0

0.5

1

no
rm

al
iz

ed
 in

te
ns

it
y

−5 0 5

time (ps)

0

0.5

1

no
rm

al
iz

ed
 in

te
ns

it
y

−5 0 5

time (ps)

Ly−α Ly−α
satellite

He−α He−α
satellite

Fig. 14. Time dependence of the Ly-a and He-a lines and their satellites emitted by the 25 nm Al sample layer under a 200 nm thick carbon tamper. The measurements (filled
circles) are compared with the raw calculated results (dashed lines) and the calculated results folded with the temporal resolution of the measurement (solid line).

P. Hakel et al. / High Energy Density Physics 5 (2009) 35–4342
(the dashed curve) one observes a rapid increase of the emission at
a time when the temperature reaches the maximum (at about
t¼ 300 fs, see Fig. 13). The emission increases further and reaches
a maximum at around 1 ps, which corresponds to the time of
maximum ionization (see Fig. 8). After that the emission decays
during a few ps. The time dependence of the He-like lines is
somewhat more complicated. In particular, the He-a satellite shows
a short initial spike and after that a second maximum. This is
attributed to the ionization which reaches quickly He-like pop-
ulations and changes then to H-like population causing the
minimum. Later on during the cooling phase again He-like states
are populated causing the second maximum. For comparison with
the experiment we have folded the theoretical result with the
experimental time-resolution (about 1 ps) yielding the solid curves.
The overall agreement with the measurement supports the validity
of the model. Finally we note that our model is also confirmed by
the agreement of the measured red line shifts with the model. This
point has been discussed in detail in [17].
8. Discussion and conclusions

We have modeled and discussed the measured X-ray spectra
generated by subpicosecond-duration laser pulses irradiating solid
thin Al layered targets covered by tamper layers of varying thick-
nesses. Model calculations were based on post-processing
temperature and density time histories from hydrodynamic simu-
lations with a detailed atomic and radiation physics model. We
performed hydrodynamic simulations with several models of laser-
energy deposition and transport by non-thermal electrons, which
were then post-processed by a time-dependent collisional-radia-
tive atomic kinetics model with a self-consistent account of auto-
ionizing states. Synthetic spectra were then generated with opacity
effects taken into consideration. Overall we have obtained good
agreement between the model and the time-integrated experi-
mental data from a wide wavelength range, simultaneously
considering Al He-a, b, g and d, and Ly-a and Ly-b features, and their
associated satellite lines. Furthermore, the satisfactory comparison
of the time-resolved total line emissions from He-a, Ly-a and their
satellites provides an additional argument for the validity of the
CRAK approach. It shows that our model provides a sufficient
understanding of both resonance and satellite line formation and
therefore allows us to rule out satellite line emissions as the cause
of observed resonance line shifts. Our observations of line broad-
ening indicate that electron densities remain at high values for
longer time intervals when thicker tamper layers are used. The
observed lack of sensitivity of line intensities to the tamper thick-
ness is a signature of energetic electrons penetrating the target
deeper than would be expected in a regime of diffusive energy
deposition. In addition, a precise experimental wavelength cali-
bration employed in these experiments [16–18], enabled a detailed
modeling study of the effect of dense plasma line shifts both in
resonance and satellite lines. We note that the absence of such
shifts in other experiments [54,55] can be due to their different
experimental conditions in which the thin Al layers were either
free-standing or coated by carbon on only one side. Unlike in our
case with Al covered on both sides, arrangements of these experi-
ments allowed the plasma to expand much faster resulting in lower
typical densities thus reducing the line shift effect. Line shifts have
in fact been observed in other experiments with free-standing Al
foils [56]. There, higher densities were likely achieved through the
use of thicker targets (up to 5 mm). The careful account of satellite
line transitions in our model allows us to conclude that the red line
shifts observed in our experiments cannot be explained as
a distortion of the (unshifted) resonance lines due to blending with
their satellites. Instead, detailed lineshape calculations including
dense plasma line shifts must be performed if the synthetic spectral
line positions are to be reconciled with precisely wavelength-cali-
brated experimental lines. Finally, further improvement in
modeling is suggested by considering the possible non-uniformity
of the laser focal spot.
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