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Detailed characterization of the early x-ray emission of a plasma produced
by point-like laser irradiation of solid Al targets
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A study of the dynamics of the x-ray emission from a point-like Al plasma produced by
tight-focusing laser irradiation of a thick target is reported. Two-dimensional maps of the x-ray
emission calculated at selected wavelengths show that, due to the rapid expansion cooling, x-ray
emission mostly originates from a thin spatial layer. These properties enabled the results of the
simulations to be compared with time-resolved x-ray spectra obtained under well-controlled
experimental conditions. The outcome of this comparison is discussed in details, in view of the
results reported in a recently published Letter �L. A. Gizzi, C. A. Cecchetti, M. Galimberti, A.
Giulietti, D. Giulietti, L. Labate, S. Laville, and B. Tomassini, Phys. Plasmas 10, 4601 �2003��.
Moreover, the x-ray-reabsorption issues and the role of the Doppler decoupling mechanism in the
presence of the strong velocity gradient typical of our experimental condition are discussed, also in
view of a possible dedicated experiment. © 2005 American Institute of Physics.
�DOI: 10.1063/1.1987618�
I. INTRODUCTION

Laser-produced plasmas are characterized by several
physical parameters, including ionization degree, electron
density, and electron temperature. The values of these param-
eters depend upon the relative roles played by the different
mechanisms of absorption of the laser energy. Due to the
high temperatures reached at even moderate laser intensities,
resulting in a strong x-ray emission, these plasmas are the
subject of investigations in many fields of applied and fun-
damental research, from laser-plasma sources for
lithography,1 microscopy,2 and coronary angiography �see
Refs. 3 and 4 and references therein� to x-ray lasers,5 and
from inertial confinement fusion6,7 �ICF� to laboratory
astrophysics.8 For the understanding of the thermodynamic
and radiative properties of such plasmas in the laboratory it
is essential that accurate, independent measurements of the
density and temperature are performed. This can be done, for
example, by using optical probing interferometry9–12 or Th-
omson scattering diagnostics.13–15 However, in the case of
plasmas produced by solid targets, these diagnostics are lim-
ited to the outer regions of the plasma, far from the critical
region. Recently, picosecond interferometry of laser-
produced plasmas using a soft-x-ray laser has been
performed,16 which demonstrates the possibility of probing
the plasma regions at higher electron density.

On the other hand, it is well known that the spectrum of
the x-ray radiation generated by a laser-produced plasma
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contains a wealth of information about the inner plasma con-
dition. For this reason, x-ray spectroscopy is regarded as a
powerful tool to investigate even the denser regions of high-
temperature plasmas �see Ref. 17 and references therein�.
Unfortunately, a detailed understanding and modeling of the
x-ray line or continuum emission from laser plasmas is a
complex task even for relatively simple spectra like those
originating from one- or two-electron ions �K-shell spectra�.
In fact, from a theoretical viewpoint, this would require the
knowledge, at any time and position inside the plasma, of the
ionization equilibrium. In other words, since rapidly chang-
ing hydrodynamic conditions, both in space and time, are
found to exist in laser plasmas, this means that the equations
governing the hydrodynamic motion as well as a suitable
system of rate equations, where a spatial dependence is in-
cluded, must be solved simultaneously. Also, apart from se-
lected regions, a nonlocal thermodynamic equilibrium
�NLTE� is to be considered. Furthermore, the radiative-
transfer problem, involving the absorption and emission of
radiation along a propagation path inside the plasma, must in
principle be taken into account.18 In fact, the latter process
can lead to a significant modification in the intensities and
profiles of the lines in the emission spectrum and must there-
fore be included when studying the x-ray-emission proper-
ties.

A convenient and commonly used approach to the prob-
lem of modeling x-ray spectra from laser plasmas is to de-
couple the hydrodynamics from the atomic physics. In other
words, a simplified atomic model is supplied, providing a
reliable estimate of ionization for calculating the plasma en-
ergy balance, for the hydrodynamic simulations.19,20 The hy-
drodynamic data generated in this way can then be postpro-

21
cessed to generate synthetic x-ray emission spectra. In this
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second step, the radiative-transfer problem is dealt with us-
ing a multicell approach.22

From an experimental viewpoint, test plasmas are usu-
ally produced under controlled laser irradiation conditions to
minimize uncertainties on the knowledge of plasma param-
eters. This is of a crucial importance, for example, when test
plasmas are used for the benchmarking of atomic-physics
codes.23,24 Furthermore, a controlled plasma hydrodynamic
expansion is of a major concern in order to account for x-ray
reabsorption issues in the simulations.22

Test plasmas are typically produced using picosecond or
nanosecond �ns� laser pulses focused on the surface of a solid
thick target25 or using exploding foils.26 Often, a predomi-
nantly one-dimensional �1D� �planar� expansion is tenta-
tively allowed for by suitable target configurations based on
microdot targets.27 However, regardless of the test plasma
configuration used, recent experiments13,28 consistently sug-
gest that, even in plasmas dominated by a planar expansion,
two- or three-dimensional hydrodynamic effects at the
plasma boundaries may play a significant role when attempt-
ing to model the x-ray-emission properties.

The role of hydrodynamics becomes critical in the tran-
sient regime of plasma formation, when the x-ray emission
arises from plasma regions characterized by rapid changes
and strong spatial gradients of hydrodynamic quantities. In
these circumstances the modeling of x-ray spectra requires
fully time-dependent atomic physics and multidimensional
hydrodynamics with radiative-transfer calculations. In fact,
as it is well known, an important simplification in the matrix
problem defining the plasma ionization equilibrium can be
made when changes in the hydrodynamic parameters of the
plasma occur on a time scale that is much greater than the
time scale for the atomic processes. In such a case the plasma
is considered to be in a steady state for what concerns its
ionization equilibrium. In other words, a solution of the rate
equations with dNZ

i /dt=0, where NZ
i is the population of the

ith level of the ion charge state Z, can be independently
looked for at any time, using the values for the electron
density and temperature provided by the hydrodynamic
simulations at that time. For an Al plasma in conditions usu-
ally obtained by focusing ns laser pulses onto solid targets,
simple estimates29,30 indicate that the atomic relaxation times
for reaching the H-like charge state starting from the He-like
charge state are comparable with the rise time of a ns laser
pulse, like those typically used in ICF-related studies. Thus,
the change in the hydrodynamic variables are expected to
come into play when modeling the early-stage plasma forma-
tion, possibly leading to different predictions in the x-ray
spectra when time-dependent �TD� or steady-state �SS� solu-
tions of the ionization equilibrium rate equations are consid-
ered.

As pointed out above, the study of the ionization and
emission dynamics is usually performed by producing a
plasma whose expansion geometry is predominantly planar.
This requires the irradiation of a large target surface. As a
consequence, large spot sizes are required, so that this kind
of study is usually performed at large-scale laser
facilities.27,28 A different approach consists of using a “point-

like” laser irradiation, i.e., using a laser spot size smaller than
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the density and temperature scale lengths expected at the
peak of the pulse. The plasma produced in this way is char-
acterized by rapidly changing hydrodynamic conditions. In
these circumstances the plasma expansion can be profitably
modeled, using two-dimensional �2D� hydrodynamic codes,
by exploiting the cylindrical symmetry of the interaction ge-
ometry. Motivated by the above considerations, we per-
formed an experiment aimed at investigating the early-stage
plasma formation, i.e., the plasma evolution at times compa-
rable to the relaxation times of the ionization of the target
starting from the cold material. Our measurements clearly
show that, in spite of the relatively long �ns� laser-pulse du-
ration, a condition is obtained during the ionization stage in
which changes in hydrodynamic parameters of the x-ray
emitting plasma occur on a faster time scale than the typical
time scale of ionization, as preliminarly reported in a re-
cently published Letter.29 In this paper, a complete descrip-
tion of the hydrodynamics and x-ray emission properties of
an Al plasma produced by point-like laser irradiation as the
one concerned in Ref. 29 is given, in particular, during the
rise time of the laser pulse, including the results of time-
resolved x-ray spectroscopy. In detail, the temporal and spa-
tial features of the early x-ray emission from the plasma are
investigated, based mainly on hydrodynamic and kinetic
simulations. This paper focuses on the study of the x-ray
reabsorption effects in our experimental conditions, leading
to interesting conclusions on the plasma opacity and precise
suggestions for future studies.

II. EXPERIMENTAL SETUP AND METHODS

The experiment was carried out at the Intense Laser Ir-
radiation Laboratory �ILIL� of the IPCF-CNR in Pisa �Italy�.
A layout of the experimental setup inside the interaction
chamber is shown in Fig. 1.

A Nd:yttrium lithium flouride �YLF� laser pulse, with a
duration of 3 ns �full width at half maximum �FWHM�� and

FIG. 1. Experimental setup for the time-resolved study of the plasma x-ray
emission. The two main diagnostics, namely, the time-integrating and the
time-resolving Bragg spectrometers, are clearly visible inside the interaction
chamber. In the inset the geometrical arrangement of the Al cylindrical
target is shown: the main axis of the target is tilted by 20° with respect to the
vertical direction in order to enable a simultaneous detection by the two
symmetric x-ray spectrometers and, at the same time, to avoid harmful back
reflections of the laser beam.
a total energy of about 3 J, was focused on a cylindrical Al
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target by means of an f /4 lens. Due to its good spatial qual-
ity, the beam was focused in a spot size of about 6 �m. This
beam diameter, which results in a maximum nominal inten-
sity on the target of the order of 1015 W/cm2, is significantly
smaller than those typically used at large-scale facilities for
this class of experiments, in which much more energy is
delivered on the target at nearly the same intensity.27,28 As it
will be shown later, this has important consequences on the
plasma hydrodynamics. A crucial issue in the investigation of
the x-ray-emission dynamics shown here is the feature of our
laser system that enables it to generate a single longitudinal-
mode pulse, thus providing a “clean,” Gaussian-shaped tem-
poral profile, free from the “spiky” behavior typical of the
laser pulses characterized by a multimode oscillation. These
circumstances enabled us to produce a highly reproducible
plasma,31 with a smooth temporal behavior.

The two x-ray spectrometers, a time-integrating and a
time-resolving one, were both equipped with a flat TlAP
crystal mounted in a first-order Bragg configuration as a dis-
persive element. Both spectrometers were set to view the
plasma at an angle of about 65° from the normal to the target
surface. The time-integrating spectrometer was equipped
with a back-illuminated, high-dynamic range, Peltier-cooled
charge-coupled device �CCD� camera. Figure 2 shows a typi-
cal spectrum obtained with such a spectrometer in the spec-
tral range from 5.5 to 8.0 Å, enclosing the main lines from
the ion charge states Al XI �Li-like�, Al XII �He-like�, and
Al XIII �H-like�. The spectral resolution of this spectrum, de-
pending on the crystal rocking angle, the plasma size, and
the detector-sensitive element size,32 was estimated to be
�� /��7.1�10−3.

The detector of the time-resolving spectrometer was a
streak camera, fitted with a 10-�m-thick, CsI-coated photo-
cathode and a 1-mm-wide entrance slit. An example of a
typical time-resolved spectrum after removal of a
pincushion-like aberration typical of electron as well as in-
tensifier screen imaging optics has been reported in Ref. 29.
In particular, the resonance series of the He-like ions and the
main resonance line of the H-like ions including the corre-
sponding satellites have been studied with a time resolution
of about 20 ps. The spectral resolution was mainly limited by
the energy spreading of the photoelectrons in the photocath-
ode and was about �� /��1.4�10−2.

FIG. 2. X-ray-emission spectrum of the produced plasma, obtained using
the time-integrating spectrometer.
The system consisting of the streak camera, the intensi-
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fying device, and the corresponding optical imaging system
was calibrated using an original experimental method that
enabled us to minimize the uncertainty in the relative inten-
sity calibration of the time-resolved spectra. As shown in the
inset of Fig. 1, both spectrometers are set to view the plasma
along lines of sight that are symmetric with respect to the
local target normal. In these circumstances the x-ray radia-
tion incident on the two spectrometers is expected to exhibit
the same spectral properties. This enabled an accurate cross
calibration of the intensity of the streak-camera detector us-
ing the CCD camera as a reference.33 In fact, due to the
intrinsic high linearity of the CCD detector, spectra obtained
with this system can be considered our reference spectra for
relative intensity calibration. Spectra obtained simulta-
neously by the streak-camera system running in dc, time-
integrating mode are then compared with analogous CCD
ones. In this condition the relative spectrum of the radiation
impinging on the streak-camera photocathode, Itr

0���, can be
expressed as a function of the spectrum of the radiation pro-
vided by the time-integrating spectrometer Iti��� as

Itr
0��� =

Ttr���Itr���
Tti���SCCD���

, �1�

where Ttr��� and Tti��� account for the transmission of the
filters used for the time-resolving and the time-integrating
spectrometer, respectively, and SCCD��� is the CCD spectral
response. A functional form of the formula giving the inten-
sity response of the time-resolving spectrometer can thus be
found by fitting a set of data �Itr

0��i� , Itr��i��, each correspond-
ing to a given spectral line �i, using a suitable function
Itr�Itr

0�= f�Itr
0�. Here Itr��� is the signal provided by the system

and Itr
0��� is given by �1�. The data points can be taken as the

intensities of different spectral lines �i. In our case the cali-
bration curves were obtained by fitting these data points us-
ing functions of the form f�x�=axb. The calibration curves
obtained in this way were then used to correct the time-
resolved spectra.

In general, plasma conditions are inferred from x-ray
emission spectra by comparing line intensity ratios or line-
to-continuum ratios with predictions of kinetic simulations.
In particular, informations on the electron temperature can be
obtained by the intensity ratio between emission lines origi-
nating from different ionization stages. From a theoretical
viewpoint, great care must be taken when considering the
reabsorption effect. This is particularly true in the case of
resonance lines from the first excited level to the ground
state �see, for example, Ref. 17�. In our case, for the analysis
which is described below, we used the He� line for the He-
like Al stage, while, concerning the H-like stage, signal-to-
noise considerations led us to use the Ly� resonance line. As
we will discuss below, great care has been taken to evaluate
opacity effects. The time behavior of the Ly�-to-He� ratio
was then considered, in particular, during the early-stage
plasma formation, i.e., during the rising edge of the laser

pulse, with a time resolution of about 20 ps.
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III. RESULTS AND DISCUSSION

A. Plasma hydrodynamic modeling

The hydrodynamic behavior of the plasma produced in
our experiment has been modeled by using the 2D code
POLLUX.34,35 The simulation box was 450 �m in the longi-
tudinal �i.e., plasma expansion� direction and 200 �m in the
transverse direction. The focal spot of the laser had a Gauss-
ian profile with 6 �m FWHM and the pulse time profile was
set to be Gaussian with a 3 ns FWHM pulse width. The
intensity on the target was set to be 1�1014 W/cm2. We
observe that this value is significantly lower than the nominal
experimental one. In fact, the hydrocode does not account for
mechanisms, such as Brillouin backscattering and other in-
stabilities, that lead to a reduction of the effective laser in-
tensity on target. In our case, the appropriate value of the
laser intensity to be used in the simulation was found adopt-
ing a post facto approach. In particular, since our study was
mainly devoted to a comparison of the early x-ray emission
with both SS and TD simulations, we compared modeling
predictions and experimental results at late times, i.e., for
times where no transient effects are expected, so that both SS
and TD x-ray-emission simulations are expected to give
identical results which can be safely compared with the ob-
served x-ray line intensities. This comparison is independent
of the conclusions of the investigation at early times and can
therefore be used to validate the modeling procedure. Addi-
tionally, we used independent time-integrated x-ray spectra
to compare time-averaged temperatures with those predicted
by the modeling. In other words, we were able to “tune” the
value of the laser intensity to be used in the simulation by
ensuring that independent measured quantities were in agree-
ment with calculated ones.

Figures 3 and 4 show, respectively, the mass density and
the electron temperature maps provided by the simulation at

FIG. 3. Mass density map of the Al plasma produced by a tightly focused
3-ns laser pulse at its intensity peak as calculated by the 2D hydrodynamic
code POLLUX. The laser intensity used for the simulation is Imax

=1014 W/cm2 and the Gaussian beam waist is 6 �m. The initial position of
the target surface is located at 0.005 cm and the laser beam impinges from
the right.
the peak of the laser pulse. The simulated region was limited
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to positive values of the transverse coordinate. The maps,
extending for negative values, too, were then obtained, for a
better visualization, by replicating the data for positive val-
ues. This is possible because of the cylindrical symmetry
across the plasma expansion axis assumed by the code.
Strong 2D features of the plasma expansion are clearly vis-
ible in the figures and, according to the simulations, this
behavior holds at all times during the laser pulse. In general,
2D effects in the plasma hydrodynamic expansion can be
seen to play a minor role up to distances from the original
target surface comparable to the size of the laser focal spot.36

According to the figures, the small spot size �due to the tight
focusing� allowed us to produce a plasma whose expansion
was predominantly spherical. Under such conditions, the
plasma exhibits high spatial gradients of its hydrodynamic
parameters and a rapid cooling of the coronal region. These
circumstances give rise to highly inhomogeneous longitudi-
nal profiles of the main plasma parameters, such as electron
density and temperature and expansion velocity. Later on,
these conditions will be seen to have general, important con-
sequences on the x-ray emission and reabsorption properties
of the plasma.

B. Spatial and temporal issues in the modeling of X-
ray spectra

In order to investigate the x-ray-emission dynamics of
the plasma during the startup phase, both a steady-state and a
time-dependent modeling of the Ly�-to-He� intensity ratio
as a function of time have been carried out. This was done
using the kinetic code FLY,37 which solves the rate equations
governing plasma ionization in a collisional-radiative equi-
librium. The detailed structure of the levels with principal
quantum numbers from 1 to 10 is considered by the code for
the H-, He- and Li-like charge states �for the latter two, sim-
plified hydrogenic formulas are used for n�6�, and only the
ground state for lower charge states is included. The rate
equations are solved on a single cell, that is, no spatial de-
pendence is considered. Radiation trapping is included

22,37,38

FIG. 4. Electron temperature map of the Al plasma in the same conditions as
of Fig. 3.
through the so-called escape factors.
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In order to model the Ly�-to-He� intensity ratio as a
function of time, the histories of the electron density ne�t�
and temperature Te�t� are needed. If we consider the largely
inhomogeneous plots of Figs. 3 and 4, a question arises at
this point concerning the position inside the plasma at which
these two quantities should be taken. In principle, since the
experimental data are space integrated over the entire
plasma, a rigorous comparison would require a calculation of
the intensity of each line over the entire plasma profile. On
the other hand, simple physical arguments can be adopted to
ease the procedure.

In previous works carried out at the same irradiation
conditions,31,39 where a spatially resolved study of the
plasma was performed, most of the x-ray emission was
found to originate from regions where the electron density
was in the range between 5�1020 and 1�1021 cm−3, that is,
the regions where the electron density is slightly smaller than
the critical density for a Nd laser �ncr,1 �m�1021 cm−3�. This
was also inferred from the simulations that show that most of
the laser energy is absorbed near the critical density. Follow-
ing this suggestion, a constant density could be considered
and the corresponding temperature history could be gained
by the hydrodynamic simulations. As we will see below in
this section, while this approach is acceptable for a study of
the plasma x-ray emission at times “not so far” from the peak
of the laser pulse, it is not valid when dealing with plasma
ionization dynamics during the early-stage plasma formation.
In our case we used a less-simplified approach that accounts
for the 2D spatial and temporal dynamics of the emission.

In detail, the 2D density and temperature maps provided
by the hydrodynamic simulation were postprocessed by the
code FLY so as to get, at each time, a map of the emissivity
for both the Ly� and He� lines. This task was undertaken on
each cell of the mesh used for the hydrodynamic simulation.
Figures 5 and 6 show the 2D maps, at different times during
the laser pulse, for the emission of the Ly� and the He�
lines. These maps are normalized to the maximum local
value of the emission of the two lines reached during the
whole pulse duration. Figure 7 shows instead the history of
these maxima for the two lines. Although the maximum of
the local emission occurs for both lines at the peak of the
laser pulse, a different behavior is found for the time history
of the two lines. In general, Figs. 5 and 6 show that the
instantaneous emission for both the Ly� and He� lines
mostly originates from a plasma region, having a transverse
size similar to that of the laser focal spot, located near the
target surface, where, according to Fig. 3, a nearly planar
expansion takes place.

These figures also show that the longitudinal profiles of
the emission at each time exhibit a narrow peak, sitting on a
long tail due to the plume of the plasma. The location of the
peak moves inward by approximately 10 �m during the en-
tire laser pulse. According to these results, at each time
frame, characteristic values of the electron temperatures and
densities exist corresponding to the position of the maximum
emissivity at each time. This observation allowed us to as-
sume these values as the reference values for the modeling of
the x-ray spectrum as discussed above. In particular, the He�

line was chosen for this purpose. However, similar results as
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those described below, in particular, at early times, can be
obtained by taking into account the hydrodynamic values of
density and temperature calculated by the Ly� emission
maps. Figures 8 and 9 show the histories of the electron
temperature and density calculated in this way and used for
the atomic-physics simulations. According to the plot of Fig.
8, the electron temperature increases rapidly during the rise
time of the pulse and reaches a plateau at approximately
400 eV. The plateau lasts approximately 2 ns, a duration sig-
nificantly shorter than the FWHM of the laser pulse. In con-
trast, the plot of Fig. 9 shows that the electron density in-
creases up to 3�1021 cm−3 at the peak of the laser pulse and
decreases as the laser intensity decreases, having a value of
approximately 4�1020 cm−3 1.5 ns after the peak of the la-
ser pulse.

It is worthwhile noting that an evaluation of the atomic
relaxation times at the densities and temperatures reached
during the rise time of the laser pulse �namely, at about 1 ns
before its peak� indicates that transient ionization effects are
expected to occur. A discussion of this issue has been already
given in Ref. 29, where the prediction for the history of the
Ly�-to-He� intensity ratio was shown, obtained by postpro-
cessing the histories of temperature and density shown in
Figs. 8 and 9 with the code FLY in both SS and TD condi-
tions. A comparison with the experimental results showed a
good agreement only for the TD simulation. Here we point

FIG. 5. �Color online�. Calculated 2D maps of the x-ray emission at the Ly�
emission wavelength at different times with respect to the peak of the laser
pulse. Each frame corresponds to a different time with respect to the peak of
the laser pulse, located at frame No. 13. The time interval between succes-
sive frames is 100 ps, so that frame No. 1 �No. 25� corresponds to 1.2 ns
before �after� the pulse peak. The horizontal scale goes from −25 to 75 �m,
the original target surface being located at 0 �m and the laser beam imping-
ing from the right. The vertical scale ranges from −25 to 25 �m. The inten-
sity is normalized to the maximum of the Ly� and the He� emissivity
during the whole pulse duration.
out the role played by our interaction geometry in the rapid

AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



083101-6 Labate et al. Phys. Plasmas 12, 083101 �2005�

D

evolution in the hydrodynamic conditions. In contrast, the
effect of the x-ray reabsorption have not been discussed in
that Letter and will be carefully concerned in what follows.

C. Opacity effects

As discussed above, opacity issues are of a crucial im-
portance when modeling x-ray spectra from laser plasmas.
We used the kinetic code FLY to take into account reabsorp-
tion in a homogeneous plasma slab through the escape fac-
tors. The slab thickness was taken from the longitudinal pro-
file of the ground-state populations of the He-like and H-like

FIG. 6. �Color online�. Calculated 2D maps of the x-ray emission at the He�
line at different times with respect to the peak of the laser pulse. Each frame
corresponds to a different time with respect to the peak of the laser pulse,
located at frame No. 13. The time interval between successive frames is
100 ps, so that frame No. 1 �No. 25� corresponds to 1.2 ns before �after� the
pulse peak. The horizontal scale goes from −25 to 75 �m, the original target
surface being located at 0 �m and the laser beam impinging from the right.
The vertical scale ranges from −25 to 25 �m. The intensity is normalized to
the maximum of the Ly� and the He� emissivity during the whole pulse
duration.

FIG. 7. Calculated maximum local values, as taken from each frame of the
maps of Figs. 5 and 6, of the emissivity for the Ly� and He� lines as a
function of time. The relative intensity IL / Imax of the incident laser pulse is

also shown.
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ions as retrieved by postprocessing POLLUX simulations us-
ing FLY. Figure 10 shows the Ly�-to-He� intensity ratio as
simulated by FLY, in time-dependent conditions, using a
plasma slab thickness equal to the width of the profile of the
He-like ground-state population taken at 10%, 50%, and
90% of its maximum. In addition, the curve obtained assum-
ing a zero-width plasma slab �no opacity� is also shown.
These curves are compared with the experimental Ly�-to-
He� ratio, also shown in the figure. The comparison shows
that an agreement is found only when the width of the slab to
be used in the simulation is the smallest possible. The same
conclusion can be obtained when the profiles of the H-like
ion population are considered. In other words, we can con-
clude that, in spite of the relatively large plasma extension,
both the Ly� and He� lines are optically thin in our condi-
tions. As we will see below, the Doppler decoupling
mechanism40 in the expanding plasma may provide a reason-
able explanation to this experimental observation.

D. Effect of the velocity gradient

As shown in Ref. 18, when the effect of the velocity
gradient is taken into account in radiative-transfer calcula-
tions, strong asymmetries can appear in the line shapes. This
is due to the different reabsorption probabilities for the pho-
tons at slightly different frequencies due to the Doppler
effect.40 This is a very important issue when attempting to
model x-ray spectra from laser plasmas. On the other hand,
this effect can lead to a simplification of the radiative-
transfer problem when strong gradients exist in the

FIG. 8. Calculated history of the electron temperature of the region where
the emission of the He� line is maximum. The relative intensity IL / Imax of
the incident laser pulse is also shown.

FIG. 9. Calculated history of the electron density of the region where the
emission of the He� line is maximum. The relative intensity IL / Imax of the

incident laser pulse is also shown.
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plasma.41,42 This so-called Doppler decoupling mechanism is
likely to occur in our experiment due to the tight-focusing
condition and the resulting spherical expansion geometry. In
order to estimate the role of this mechanism on our measure-
ments we consider the profile of the component along the
line of sight of the fluid velocity of the plasma as provided
by the code POLLUX. Figure 11 shows, in particular, this
profile for the line passing through the point at which the
maximum of the Ly� line emission occurs �at the time of the
maximum laser intensity�. This profile shows the presence of
a strong velocity gradient �of about 5�109 s−1� near this
point �a similar result holds for the He� line emission�. This
holds, in particular, during the rising of the laser pulse and up
to its maximum.

A quantitative evaluation of the Doppler decoupling
mechanism in our case can be obtained by estimating the
probability for a photon emitted by an element of plasma at
a position r1, temperature T1, and velocity �1, to be reab-
sorbed in r2, where the corresponding values are T2 and �2

�r is a coordinate along the line of sight�. In principle, this
probability depends upon the superposition integral of the
line shapes at the two points and upon the density of the ions
in the lower level involved in the transition. Also we con-
sider that, due to the rapid spatial changes in the ion density
for each charge state, the maximum of the emissivity for
each atomic state actually occurs where the corresponding

FIG. 10. Ly�-to-He� intensity ratio as calculated by the code FLY in time-
dependent conditions using a plasma slab whose size as a function of time is
taken from the width of the longitudinal profile of the He-like ion ground-
state population. The experimental values of the ratio obtained from time-
resolved x-ray spectroscopy are also shown.

FIG. 11. Profile of the component along the line of sight of the fluid velocity
of the plasma as provided by the code POLLUX at the peak of the laser
pulse. The vertical line marks the point at which the maximum of the Ly�

line emission occurs.

ownloaded 02 Sep 2005 to 143.117.143.46. Redistribution subject to 
ion population is maximum. In these circumstances, we can
retrieve an upper limit to this probability by considering only
the superposition integral

I�r1,r2� 	� d
 exp	−
�
 − 
1�2

2�1
2 
exp	−

�
 − 
2�2

2�2
2 
 .

Here 
1 and 
2 are the central frequencies of the line as seen
in the laboratory frame, that is,


1,2 = 
0�1 +
�1,2

c
� ,


0 being the line frequency in the ion’s rest frame. Further-
more, the linewidths depend on the �ion� temperature at each
point:

�1,2 = �1,2�T1,2� .

The above argument is valid provided that, as in our case, the
coordinate r1 �for each of the Ly� and the He� line� corre-
sponds to where, according to the longitudinal profiles of
Figs. 5 and 6, the maximum of the emission occurs. In other
words, the following quantity was calculated:

P�r� =
I�rmax,r�

I�rmax,rmax�
. �2�

Figure 12 shows the result of this calculation for the Ly�
line, using the profile for the fluid velocity and the electron
temperature retrieved by the hydrodynamic modeling. As it
was said above, r is a coordinate along the line of sight of the
plasma passing through the longitudinal position where the
emission at the Ly� wavelength has a maximum. According
to this plot, the reabsorption probability for a Ly� wave-
length photon drops to 50% just a few microns away from
the location where the photon is emitted �a very similar re-
sult holds for a He� photon�. In other words, the portion of
plasma where reabsorption can occur efficiently is typically
smaller than the width of the emitting slab. This simple ana-
lytical estimate confirms that Doppler decoupling may play
an important role in the radiation transport in our point-like
plasma. Further experimental work could be done to study
the plasma opacity in our point-like plasma as a function of

FIG. 12. Probability of a photon at the Ly� wavelength to be reabsorbed in
the plasma as calculated using formula �2�. r is the coordinate along the line
of sight of the plasma and passing through the longitudinal position �marked
by the vertical line� where, according to Fig. 5, the emission at the Ly�
wavelength exhibits a maximum.
the line of sight. However, the above argument suggests that
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Doppler decoupling may account for a sizable reduction of
opacity effects in this experimental configuration.

IV. SUMMARY AND CONCLUSIONS

In this paper the study of a point-like ns laser-produced
Al plasma, that is, of a plasma produced by tight-focusing
irradiation of a solid Al target, has been reported. The hydro-
dynamic and atomic-physics features of such a plasma have
been studied by comparing experimental x-ray-emission data
with predictions by a 2D hydrodynamic and a collisional-
radiative kinetic code. In particular, hydrodynamic simula-
tions show that the expansion of the plasma exhibits strong
longitudinal gradients of the electron density and tempera-
tures as well as of the fluid velocity. 2D emission maps for
the Ly� and He� lines were obtained by postprocessing the
hydrodynamic data with a time-dependent atomic-physics
code. These maps clearly show that, due to the rapid expan-
sion cooling, x-ray emission originates predominantly from a
well-localized plasma region characterized by rapidly evolv-
ing hydrodynamic conditions. Furthermore, this last issue
yields a measurable discrepancy between the experimental
line intensity ratios and the ones simulated using a steady-
state approximation.

A study of the effect of the large velocity gradients on
the line reabsorption in this experimental condition has also
been performed, which shows that Doppler decoupling may
have an important role, possibly leading to a reduction of the
line opacity.

These results show that the experimental configuration
described in this work can be profitably used to investigate
general issues concerning the atomic and hydrodynamic fea-
tures of a ns laser plasma.
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