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ABSTRACT

In relativistic plasma expansion, a relative motion of plasma components causes absorption of spectral lines to be Doppler-shifted with
respect to the emission line centers. The shift of spectral line can be of an order or exceeding the natural linewidth, leading to a significant
reduction in self-absorption and optical thickness of the plasma. In this paper we experimentally examine the effect of femtosecond relativis-
tic laser plasma expanding from both sides of the solid foil target. In an experiment, a hot plasma x-ray source in a 1–2 lm thin 4-
chlorostyrene foil was created by high-contrast � 1� 1021 W/cm2 pulses delivered by the J-KAREN-P facility. In addition, the rear side of
the target was heated by 1/100 of the main pulse power with a controlled few-nanosecond time delay. It is demonstrated that the high velocity
of the downstream and upstream (from the rear side) plasma expansion essentially induces plasma transparency for K-shell emission from
He-like chlorine ions dominating the ion charge distribution.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0282642

INTRODUCTION

When a laser pulse interacts with matter, the energy absorbed
directly in the interaction region is distributed over the volume of the
laser target due to several mechanisms.1–3 As a result, ionization of the
target matter atoms up to highly charged states occurs not only within
the focal spot but also deep inside the target. In Ref. 4, for example, it
was shown that when a silicon foil is irradiated by a PW laser pulse,
the lines of the H- and He-like ions Si XIV and Si XIII are resonantly

absorbed by the part of the target that does not interact directly with
the laser radiation. This means that a plasma with a high content of
these ions has formed there due to the transport of laser energy
absorbed within the focal spot.

As a first approximation, it can be assumed that the generated
plasma consists of two layers. The first is a high-temperature layer on
the side of the target exposed to front laser irradiation. The second
layer has a comparatively low temperature and is located on the back
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of the target. The temperature of the first layer exceeds hundreds of
electron volts at laser pulse intensities of 1� 1014–1� 1021 W/cm2 and
is a source of comparatively hard x-ray radiation with hx > 1 keV.
This radiation enables the determination of the layer’s parameters
using various approaches of x-ray spectroscopy diagnostics (see, e.g.,
Refs. 5–7). The second plasma layer has a much lower temperature,
and approaches of x-ray emission diagnostics are not applicable to it.
However, it can be diagnosed by detecting the spectral transmission of
this layer. For this purpose, it is sufficient to register the x-ray spectrum
of plasma created on the front side of the target f(k), i.e., the side irradi-
ated by the laser, and the spectrum of plasma formed on the rear side
of the target r(k). If the second plasma layer does not emit in the
observed wavelength range, then the spectrum registered from the rear
side is the spectrum emitted from the front layer and partially
absorbed in the rear layer, i.e., r(k)¼T(k)�f(k), where T(k) is the spec-
tral transmittance of the rear layer. The spectral transmittance is a
function of plasma electron temperature Te and the plasma electron
density Ne in the rear layer and can be calculated using a kinetic code
for radiative collisions that considers the effects of radiative transfer.
By measuring the spectral transmittance and comparing it with the cal-
culated results, the plasma parameters in the rear layer can be deter-
mined, as has been done for example in Ref. 4. In the experiments
described here, an attempt was made to implement this approach
when the foil target is additionally preheated from the rear side by a
low-energy laser pulse. Experiments of this type are now of great inter-
est in the context of accelerating laser particles in subcritical density
plasma (created by a preheating pulse).8–10 For example, the effect of
selective ion acceleration in a collisionless shock was recently
observed11 with such a double-sided irradiation scheme.

Additional irradiation should increase the temperature on the
rear side and thus shift the charge state distribution of the plasma
toward more highly charged ions. This, in turn, should lead to a stron-
ger suppression of these ion lines in the spectrum registered by the
rear side of the target. The experimental observation of more efficient
absorption of He-like ions by a preheated target, for example, is evi-
dence that the rear side irradiation increases the temperature to values
�1/4�IPLi, where IPLi is the ionization potential of the corresponding
Li-like ions. This is because, as estimates using the coronal kinetic
model show for a variety of chemical elements (see, e.g., Ref. 12) at
lower temperatures the number of He-like ions in the plasma is mini-
mal, and the low-temperature layer practically does not absorb the
spectral lines of He-like ions. Note that this conclusion for He-like
chlorine ions is confirmed by our calculations in the framework of full
radiative collision kinetics, which does not use the coronal approxima-
tion. However, the experimental studies carried out in this work for a
chlorine-containing target have shown that a completely opposite situ-
ation may take place. It was observed that preheating may result in a
decrease in resonant absorption coefficients.

The experiments were performed at the J-KAREN-P laser facility
of the Kansai Institute for Photon Science (KPSI QST, Japan).13,14 The
general concept of the experiment is shown in Fig. 1(a). A 2-lm-thick
foil made of C8H7Cl (4-chlorostyrene) was irradiated by a laser pulse
(“main pulse”) with duration s �40 fs (FWHM) and wavelength
k¼ 0.8lm, focused on the target foil into a spot with a diameter d
�2lm. The pulse energy on the target reached Elas�12 J. The listed
values correspond to a laser intensity of Ilt� 1� 1021 W/cm2. The
value of the temporal contrast was Klas � 1� 1010. For some shots

(referred below as “double-sided”), the foil was preheated (2.5 ns
before the main pulse) by a low energy (1% of Elas) “prepulse” focused
into a 300lm spot on the rear side of the target. Durations of the main
pulse and “prepulse” were the same. Since the “prepulse” energy was 2
orders of magnitude lower than the main pulse energy, and the inten-
sity was 6 orders of magnitude lower, the preheating could not signifi-
cantly change the properties of the radiating front layer. Its task was,
first, to increase the temperature of the rear region, and, second, to
increase the velocity of its expansion v0.

Spectra of radiation emitted from the rear side of the foil were
registered by Focusing Spectrometers with Spatial Resolution (FSSR).15

The FSSR was installed at a distance of l¼ 2295mm from the source,
at an angle of �35� to the laser axis in the horizontal plane and 23.1�

in the vertical plane. The spectrometer was equipped with a spherically
bent a-quartz crystal 1011 (R¼ 150mm is the radius of curvature,
2d¼ 6.666 Å is the interplanar distance) and was configured to observe
the wavelength range 3.7–4.3 Å with spectral resolution of
k/Dk�3000. The range contains a resonant doublet of the Cl H-like
ion Lya1,2 (k1¼ 4.1852 Å, k2¼ 4.1906 Å), a group of dielectronic satel-
lites with characteristic wavelengths of 4.22–4.25 Å, and the Heb line
(k¼ 3.7894 Å). An Andor DX-440 CCD camera (pixel size 13.5lm)
was used as an x-ray detector. The camera sensor was protected from
the visible radiation by a filter consisting of two layers of polypropylene
(C3H6, thickness 1lm) with a 0.2lm thick Al coating. The spectra
were recorded in single-shot mode. The raw data were corrected
according with transmission of the filter foils, crystal reflectivity and
quantum efficiency of the x-ray detectors as described in the Appendix
of Ref. 18. Examples of spectra registered with and without preheating
are shown in Fig. 1(b).

It is necessary to underline that the measured spectra showed
high shot-to-shot reproducibility. The peak intensity ratio between
Heb and Lya lines was equal to 0.77 (60.05) in all fourteen shots under
preheating of the back side of the target and equal to 0.24 (60.02) in
all seventeen shots with front side target irradiation only.

As seen from the figure, preheating leads to an increase in the
intensity of the Heb line and at the same time does not influence the
Lya intensity. In the following, it is shown that such an effect can occur
due to shift [Fig. 2(c)] in the absorption bands of the matter on the tar-
get’s rear side due to its high velocity of movement relative to the emit-
ting hot plasma on the front side. To explain the effect in detail, it
should first be discussed what exactly is registered by the spectrometer
when it is installed from the rear side of the foil.

In general, it is the sum of the contributions of radiation emitted
by (1) relatively cold plasma forming on the rear side of the target and
(2) hot plasma from the front side. The latter is also partially absorbed
by the cold plasma before it reaches the spectrometer. The maximum
degree of ionization Qc in the cold plasma is lower. Therefore, if the
spectrometer on the rear side is set to register the lines emitted by ions
with >Qc, then the registered spectrum is actually the spectrum of the
hot plasma from the front side, weakened by non-resonant absorption
by the rear side cold plasma. Of course, dividing the plasma volume
into two parts is a rough approximation, but as shown in Ref. 4, it
works well and allows to retrieve physically relevant diagnostic results.

The transmission calculations for a stationary plasma were per-
formed with the detailed radiation collision code PrismSPECT,16,17

which takes into account the effects of self-absorption of spectral lines
within the Biberman–Holstein escape factor.12 Since the prepulse was
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focused in a large spot with a diameter of 300lm, the expansion of the
rear plasma can be considered as flat over distances of the order of the
focal spot size. In this case, the plasma transmission is independent of
time, since the product S¼ h�Ni, which determines it, is a constant.
Since at the initial time, h¼ 2lm, and the ion density is equal to the
Cl solid Ni¼ 7.6� 1022 cm�3, the value S¼ 1.52� 1018 cm�2 was
used for calculations. The spectral transmission initially calculated for
a stationary plasma was then shifted by the Doppler shift in the wave-
length. Note that at expansion velocities of �1� 108 cm/s, the rear
plasma expands in 2.5 ns to distances of about 2.5mm. In this case, the
expansion can no longer be considered flat. This leads to parameter S
becoming smaller, as the density decreases faster than 1/h. This in turn
leads to an increase in the spectral transmission of plasma. However,
since resonant absorption of spectral lines is impossible at such veloci-
ties of motion, due to the different positions of the emission and
absorption lines, this has no influence on the calculation of the spec-
trummeasured from the rear side.

Nevertheless, the heating of the rear side of the target by the
main front laser pulse becomes increasingly effective as the foil thick-
ness decreases. It means the temperature values of the rear “cold”
and the front “hot” plasma should be quite close to each other for
thin targets.

In this case, the rear side spectrometer registers the spectrum of
the high-temperature plasma layer with a thickness h (� thickness
of the foil). Its shape can be influenced by self-absorption. The degree
of influence depends on the h value. It can be insignificant, but should
always be checked carefully. Unjustified exclusion of self-absorption
from consideration can lead to incorrect diagnostic results. It can be
demonstrated based on the experimental spectrum registered without
preheating. As it described in Refs. 18–20 it is possible to determine
the electron density Ne and the temperature Te of the plasma from the
shape of the Lya and its dielectronic satellites. The shape of these lines
was simulated with the radiation collision code PrismSpect16 for differ-
ent values of (Ne, Te) and compared with the experiment. Significantly,
the lines used in this diagnostic approach are not absorbed in the rear
plasma layer, because the lower levels of the satellites are excited states
of He-like ions, and the number of H-like ions in the rear layer is
small. Although the calculations were performed for density and
temperature values that vary over a wide range, Figs. 2(a) and 2(b)
show only the results closest to the experimental ones. In the radiative
collision calculations, a large number of levels belonging to chlorine
ions ranging from F-like to H-like were considered, and the fine
structure of all states was included. Ions from Cl-like to Ne-like were
not included, as they do not contribute to the emitted spectrum

FIG. 1. (a) General scheme of the experi-
ment on double-sided C8H7Cl foil irradia-
tion; (b) K-shell x-ray spectra observed for
single-sided (“no preheating”) and double-
sided (with preheating) irradiation; (c)
dependence of C8H7Cl plasma transmis-
sion in the Heb line wavelength range on
its velocity of movement in the direction of
the observer v0. The calculation was per-
formed assuming a flat expansion of a
plasma layer with a thickness of h¼ 2 lm
and a solid-state ion density of the plasma
Ni¼ 7.6� 1022 cm�3.
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in the spectral range considered. The code included both collision-
less (radiative decay, autoionization, photoionization) and colli-
sional (dielectronic capture, excitation and de-excitation by electron
impact, ionization and triple recombination) processes, as well as
self-absorption effects (Biberman–Holstein approximation). Comparison
[Figs. 2(a) and 2(b)] shows that parameters of the plasma created in the
experiment were 700 eV� Te � 1000 eV and 3.5� 1023 cm�3 � Ne �
5.5� 1023 cm�3. For example, the spectrum simulated for Te¼ 700 eV
and Ne¼ 3.5� 1023 cm�3 agrees well with the experimental one [blue
line in Fig. 2(c)] registered for the “no preheating” case across the
observed range, only when self-absorption was considered [yellow line in
Fig. 2(c)]. The results of the simulation for the same values of Ne and Te,
but without self-absorption [green line in Fig. 2(c)], do not reproduce
the experimental shape of the Heb line.

On the other hand, it corresponds much better to the form
of Heb observed for the case of preheating [red line in Fig. 2(c)].
This leads to one of the possible explanations for the increase in
Heb intensity observed for double-sided irradiation: in some way,
preheating makes the produced plasma optically thin for this line.
The only possible mechanism is related to the macroscopic relative
motion of the plasma regions. It can significantly reduce the influence

of self-absorption on the shape of the emission lines. If two plasma
regions move relative to each other with velocity v0, the absorption
coefficient of one for the line with center in x0 emitted by the other is
proportional to f(x0(1þv0/c)) instead of f(x0). Even for small values
of v0, f(x0 (1þv0/c)) can be significantly lower than f(x0). With
increasing velocities, the overlap of the absorption contour f(x0

(1þv0/c)) and the emission contour f(x0) becomes smaller. For x0v0/c
	 Dx0, where Dx0 is the natural width of the line, they do not overlap
at all, so the plasma becomes optically thin. Numerical estimates of the
effect were made for the C8H7Cl plasma generated in the experiment
[Fig. 1(c)]. The figure shows that when the velocity of the relative
motion of the emitting and absorbing plasma is around 3� 108 cm/s,
the absorbing plasma becomes almost transparent to the lines of He-
like Cl XVI ions. If the emission and absorption profiles only partially
overlap, the transparency is partial. For example, Fig. 3 shows the
results of the calculations of the spectra that should be registered by
the rear side spectrometer during double-sided irradiation if it is
assumed that an emitting plasma with Te¼ 700 eV appears on the
front side and an absorbing plasma with Te¼ 400 eV on the rear side.
For the calculations, it was assumed that the electron density for both
plasmas is Ne¼ 3.5� 1023 cm�3 and that the thickness of the rear

FIG. 2. Comparison of the experimental
spectrum registered for “no preheating”
case and the theoretical spectra simulated
for (a) fixed ion density Ni¼ 7.6� 1022 cm�3

and two different Te; (b) fixed Te¼ 800 eV
and different electron densities Ne; (c) com-
parison of experimental spectra registered
for single- and double-sided irradiation
(“with preheating”) and the theoretical ones
simulated for fixed Te ¼700 eV and
Ne¼ 3.5� 1023 cm�3 with and without
self-absorption. In pictures (a)–(c) in the
case “with self-absorption” it was assumed
that plasma is a flat layer with thickness
h¼ 2lm. The break for (c) is from 3.9 to
4.15 Å.
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plasma is 6lm. It can be clearly seen that both the shape of the profile
and the intensity of the Heb line are very sensitive to the velocity of rel-
ative motion, which can be used to measure this plasma expansion
parameter.

DISCUSSION

If parts of the plasma move relative to each other at high velocity,
the effect of partial or complete transparency can occur due to the
Doppler effect. This means that a spectral line emitted by one part is
only weakly or not at all absorbed by the other part, even if it contains
ions that can absorb the line resonantly at zero relative velocity. It can
be the case, for example, if the plasma is generated by irradiating the
film with two laser pulses from the front and rear. In this case, there
are two plasma regions (rear and front). Depending on the parameters
of the irradiation lasers, they can have very similar or completely dif-
ferent temperatures and densities, but the most important thing is that
they expand in opposite directions. As a result, the velocity of their rel-
ative motion v0 is the sum of their own velocities. Their values should
be �1� 108 cm/s at the intensities used in our experiments. This
plasma velocity is estimated from the observed spectral linewidth,
which is of the order of Dk�0.01–0.02 Å. Since the linewidth is mainly
due to the Doppler broadening associated with the macroscopic
motion of the plasma, v0 � c(Dk/k) � (1–2)� 1� 108 cm/s. As a
result, the plasmas on the back side should become transparent to the
spectral lines emitted from the front side. In this work, it was observed
experimentally for the Heb line of the Cl He-like ion.

At the same time, the transparency effect should not occur with
one-sided irradiation. Since in this case hot (outer) and warm (inner)
layers move mainly in one direction, the relative velocity v0, which is
calculated as the difference between the velocities of the two layers,
should not be higher than 107 cm/s. The results of our experiments
show that even the intensity of �1� 1021 W/cm2 is not sufficient to
provide v0 value for the transparency effect to occur. In this case, the
parameters of the inner plasma can be determined by the method of
absorption spectroscopy according to Ref. 4.

CONCLUSION

In conclusion, we demonstrated velocity-dependent self-absorp-
tion in x-ray spectra of thin foils: When the foils are irradiated by
laser pulses from both sides, the doppler shift leads to absence of reso-
nance absorption of the chlorine Heb line observed through the
expanding foil.
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