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Effect of radiation trapping on the X-ray emission spectra of multiply
charged iron ions formed by ultrarelativistic laser pulses on thin foils
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This paper presents the results of atom-kinetic calculations showing a significant influence of self-absorption
effects on the X-ray emission spectra of plasmas formed by irradiation of thin iron foils with ultra-relativistic laser
pulses. Using the spectra of hydrogen-like and helium-like iron ions as an example, it is shown that during two-pulse
irradiation of the target, the relative macroscopic motion of different regions of the laser plasma with respect to
each other leads to an asymmetry of the contours and a significant change in the intensity ratios of the spectral
components, but can compensate for the self-absorption effects associated with the heating of the pre-plasma.
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Introduction

The effects of radiation trapping are one of the most
important factors shaping the spectrum of line radiation in
plasma. The role of these effects is primarily determined
by the optical thickness 7y at the center of the spectral line
and the electron density of the plasma. Since the absorption
coefficient decreases with decreasing radiation wavelength,
plasma from various sources is generally optically thick for
visible and UV spectral lines and even optically thin for
X-ray radiation, despite their relatively large sizes. In the
case of laser plasma, characterized by high and ultrahigh
densities, the plasma can be optically thick even in the X-
ray range, despite its microscopic dimensions.

However, in some cases, the macroscopical movement of
plasma regions relative to each other can greatly reduce
the role of self-absorption in forming the emission line
spectra. Even with small relative velocities Vj the absorption
coefficient at the center of the emission line, produced by
one plasma region, will be proportional to f (wo(1 + Vo/c)),
which is less (and possibly significantly less) than f(wy).
When Vj is large, the absorption contour f (wo(1 + Vo/c))
may no longer overlap with the emission contour f(wy)
(which happens when woVp/C > Awy, where Awy — the
intrinsic width of the spectral line), and the plasma can
become optically thin. This plasma clearing effect must
always be considered when interpreting the emission spectra
of laser plasma, where there is almost always relative
movement between its various spatial regions, and the
plasma is typically highly inhomogeneous.

The two-pulse irradiation regime of a solid foil with ultra-
relativistic laser pulses of intensity greater than 10*! W/cm?
is actively used in experiments aiming to create plasmas
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with significantly different densities. The simplest way is
to delay one laser pulse relative to the other. The plasma
created by the first pulse will have expanded by the time the
second pulse arrives, and depending on the delay, its density
may be substantially lower than that of the second plasma.
The plasma created by the first pulse is called the preplasma,
and the first pulse is called the pre-pulse. These laser pulses
can irradiate the target from both sides or just one. If from
both sides, two different laser pulses are used; if from one
side, the role of the second pulse is played by its pre-pulse
(or pedestal). Schemes of plasma movement formed during
one-sided and two-sided irradiation are shown in Fig. 1.
From Fig. 1, it is evident that in the two-pulse regime,
two plasmas moving with a relative speed of V, are
formed on the foil target.  Under one-sided irradia-
tion, the relative plasma movement speed can be esti-
mated as Vo = |V — V,|while in the two-sided case, it
is Vo =|Vi+Vz|. Since the relative speed of plasma
movement is considerably lower in the first case than in the
second, effects of self-absorption are expected to be much
less in the second case, i.e., during two-sided irradiation.
The two-sided irradiation mode has been used in ex-
periments of collisionless acceleration of ion beams via
dissipative electrostatic shock waves [1,2]. In these exper-
iments, the first laser pulse with intensity ~ 10'> W/cm?
hit the back surface of the target, and then after 1-2ns
the main pulse with intensity ~ 10*! W/cm? was focused
on the front surface of the target. The one-sided two-
pulse irradiation occurs almost always when using pulses
with picosecond and femtosecond durations possessing a
natural pre-pulse unless specific measures are taken to
improve the laser contrast, such as using plasma mirrors [3—
5]. From a macroscopical movement perspective, the case
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Figure 1. Scheme of the relative motion of two plasma regions with velocity Vo under one-sided (a) and two-sided (b) irradiation of the

target-foil.

of a ,,controlled” pre-pulse, formed separately with a delay
ranging from 500fs to 1-2ns before the main pulse with
an intensity of at least 1% of the main laser pulse is mean-
ingful [6-8] Thus, if the main laser pulse has an intensity
on the target of about 10'7—10%! W/cm? then the pre-pulse
will have an intensity of roughly 10°—10'° W/cm?on the
target. Such a pre-pulse on iron foil can generate plasma
with a temperature of several hundred electron volts and a
density ranging from very low values, less than the critical
electron density N ~ 10*!ecm™3, to solid ion densities
Nsotig ~ 8 - 102 cm™>.

This work presents atomic-kinetic calculations showing
that radiation absorption effects, occurring during two-pulse
irradiation of planar iron (Fe, atomic number Z = 26)
foils, can lead to significant changes in the contours of
observable spectral lines and to the clearing of pre-plasma.
Calculations are specifically performed for the iron K-shell
X-ray emission spectrum, containing lines in the wavelength
range A1 =1.7-1.95 A, corresponding to transitions in
hydrogen-like FeXXVI and helium-like FeXXV ions.

Calculation results

The calculations, performed wusing the radiation-
hydrodynamic code PrismSPECT [9], are based on the
following assumptions.

Ion concentration calculations of iron were conducted
within a non-stationary kinetic model described by the
system of equations:

dNZ ! !
R AN )

i’ !
i,z

where NZ is the population of the i-th level in the ion
with spectroscopic symbol Z, Kizi;' is the kinetic matrix
whose non-diagonal elements represent transition proba-
bilities between states i’Z’ and iZ due to all elementary
interactions, and the diagonal elements equal the sum of

transition probabilities from state i Z to all others.

This system must be supplemented with the plasma quasi-
neutrality equation:

S (2~ DNF() = Ne(t), 2)

iz

and consider the conservation law for heavy particles:
V(1) Y NZ(t) = NoVo, (3)
iz

where Ng is the initial concentration of atoms in the
target,Vj is the initial plasma volume, and Ne(t) and V (t) are
the electron concentration and plasma volume at time t.

The elements of the kinetic matrix depend on plasma
parameters, i.e., temperature and free electron concentration.
These parameters enter the probabilities of collisional
transitions. If the plasma parameters do not change over
time, then at t — oo the level populations tend toward their
stationary values (which, however, can be thermodynami-
cally non-equilibrium), which can be determined from the
system of stationary kinetic equations.

The kinetic matrixKiZi,z/ contains the probabilities of all
elementary processes occurring in the plasma. Since, for
the highly charged ions of interest to us, the probabilities
of multi-electron ionization are significantly lower than
those of single-electron ionization, it can be assumed that
the kinetic matrix elements are nonzero only in cases
where (Z—-2')=0,+1. The kinetic matrix element
corresponding to (Z—Z') = Ocan be represented as the
sum of probabilities of spontaneous radiative transition,
stimulated radiative transitions, and collisional transitions.
If (Z—Z') = 1, then the kinetic matrix elements equal the
sum of probabilities of autoionization, photoionization, and
collisional ionization. Finally, in the case of (Z —Z') = —1
the kinetic matrix elements equal the sum of probabilities
of collisional (three-body) recombination, photorecombina-
tion, and dielectronic capture. All the above elementary
processes were considered in solving the kinetic system.

First, let’s consider the case of single-pulse heating, when
dense, high-temperature plasma is formed by irradiating
an iron foil target of thickness 1-5um with a high-
contrast laser pulse of ultrarelativistic intensity. The radiation
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Figure 2. (a) Model spectrum of iron plasma calculated using PrismSPECT, and transmission curves of X-ray radiation through solid
iron foil with thickness h = 1, 2, 5 um, calculated in [12]. (b) Calculation of the plasma transmission function with critical electron density
Ne = Ner = 10*' cm™ and thickness |, = 2 um depending on the plasma electron temperature Te.

spectrum of such plasma contains lines corresponding to
transitions in the hydrogen-like iron ion Fe,XXVI and
lines corresponding to transitions in the helium-like ion
Fe,XXV. Such spectra have been repeatedly observed in
experiments on sub-PW power laser facilities [10-12].
A typical emission spectrum of such plasma, calculated
using the radiation-collisional code PrismSPECT [9] for
a flat plasma layer with a thickness of |, =0.5um,
electron temperature Te = 1800eV and solid ion density
N; = Ngiia = 8- 1022cm™3, is shown in Fig. 2,a. Also
shown are the transmission curves of X-ray radiation by
solid iron foil of thickness 1—5 um, calculated in [13].

The initial model Fe plasma spectrum (highlighted in
light gray and marked with index (1)) (in Fig. 2,a contains
the resonance doublet Ly, » (wavelengths 1.77, 1.78 ,&) of
hydrogen-like FeXXVI ion with corresponding dielectronic
satellites, and the resonance and intercombination lines
Heq1» (wavelengths 1.85, 1.86,&) of helium-like FeXXV
ion with Li-, Be-, and B-like satellites. If the spectrometer
observes the rear side of the target, as seen in Fig. 2, a, the
original spectrum is somewhat absorbed in the cold part
of the target, but for foil thicknesses up to 5um inclusive
(blue curve in Fig. 2,a) the changes in line contours and
relative component intensity are very minor. For thicker
foils, absorption becomes significant and must be taken into
account [14].

Now consider the case of two-pulse irradiation. The
first pulse, regardless of whether it is focused on the
front or rear surface, will be called the pre-pulse, and the
plasma it creates is called preplasma. Depending on the
delay between the pulses, the preplasma density at the
time the main plasma forms may remain close to solid
or decrease substantially. Suppose the pre-pulse creates
plasma with critical electron density Ne = N¢; = 10> ecm™3
and thickness |y =2um. Fig 2., bshows the calculated
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transmission of such preplasma depending on its electron
temperature Te. It is seen that even at To = 1500eV
preplasma at critical density remains transparent to X-rays in
the studied wavelength range 1.7-195A (photon energies
6—7keV) and no absorption effects are observed.

A different picture appears at small delays when the
preplasma has no time to expand and has nearly solid
density by the arrival of the main pulse. Fig. 3
shows transmission functions of the preplasma with density
Ni = Ngoiia = 8- 1022cm—3 as a function of electron tem-
perature Te for various plasma layer thicknesses |p. It is
clear from Fig. 3 that transmission of dense preplasma
strongly depends on both the plasma temperature and
thickness. Even at a small preplasma thickness ~ 0.5um
and temperature 400 eV, intense absorption of lines in the
wavelength range 1.87—1.92 A, occurs; increasing tempera-
ture to 800eV shifts the absorption region toward shorter
wavelengths and includes the region near 1.85 A, which
contains lines He,. From Fig. 3, it is evident that
increasing plasma layer thickness enhances absorption. At
a thickness of 1 um absorption of 80—100% of radiation in
the 1.85—1.90 A range occurs at To > 600¢eV (Fig. 3,b).

Fig. 4 shows how the original iron plasma spectrum
changes after passing through preplasma of thickness
lp = 0.5um, if its temperature varies from 400 to 800¢eV.
The temperature of plasma formed by the pre-pulse no-
ticeably influences the spectrum appearance: at 400eV,
changes occur in the intensity ratio of the He,;» lines
and decrease in the satellite group intensity to He,(red
curve in Fig. 4). Increasing preplasma temperature to
800 eV leads to maximal absorption in the He, region, while
the spectrum around the Ly,line and its He-like satellites
remains unchanged.

So far, the relative motion of preplasma and plasma
has not been taken into account. However, the absorp-
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Figure 4. Calculation of transmission of the original iron plasma
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tion behavior becomes more complex when this effect is
considered. Let Vy be the relative macroscopic velocity
between the two plasma regions, with a characteristic value
~ 107—108 cm/s [15]. Then the emission and absorption
spectra will be shifted relative to each other by 1(Vy/c).
We use the reference frame associated with the emitting
plasma. In the case of two-sided heating (Fig. 1,b)
Vo =Vi +V, and the absorption spectrum shifts toward
shorter wavelengths. Fig. 5 upper panels show trans-
mission functions of solid iron plasma at temperatures
400 (Fig. 5,a), 600 (Fig. 5,b), and 800eV (Fig. 5,c¢)
calculated for various relative velocities V. The lower panels
demonstrate the changes of the original spectrum caused by

passage through preplasma moving relative to the emitting
plasma. From Fig. 5 it follows that at relative velocity
Vo ~ 10°—107 cm/s the absorption spectrum shift is a few
hundredths of an angstrom, much less than the characteristic
width of the emitted lines. In this case, the relative velocity
effect barely influences observed emission spectra. As Vj
increases, absorption of the resonance line He,; intensifies
and absorption of longer-wavelength dielectronic satellites
associated with Li-, Be-, B-like ions decreases. Fig. 5 shows
that at Vy > 108 cm/s the absorption region noticeably shifts
toward shorter wavelengths, leading at T ~ 600—800 eV to
increased intensity of He, 2lines. From Fig. 5,c it is seen
that at To = 800eV and Vy ~ 7 - 108 cm/s absorption effects
practically disappear for the He,, line and its satellites, with
no absorption effects in the Ly,region.

In the case of one-sided heating (Fig. 1,a) Vo =V — Vs,
and the absorption spectrum shifts toward longer wave-
lengths. Results for this case are shown in Fig. 6, where
upper panels show transmission functions of solid iron
plasma at temperatures 400 (Fig. 6,a), 600 (Fig. 6,5), and
800eV (Fig. 6,¢), for different relative velocities V and
the lower panels show the changes in the original spectrum
caused by passage through preplasma. Fig. 6 shows that
at Te ~ 400V the redshift of the absorption region results
in preplasma transparency within A4 = 1.7—1.87 A and the
original emission spectrum changes little. The subsequent
increase in temperature leads to a short-wavelength shift
of the absorption region by an average of 0.03 Afor every
200 eV, which cannot be compensated by a long-wavelength
shift due to the relative motion of the plasma at speeds of
Vo ~ 10°—108 cm/s. This leads to significant absorption of
the spectrum region A1 = 1.84—1.90 A, containing He,1 2
lines and satellites. Figs. 6,5, ¢ show that at V > 108 c/s
the absorption region noticeably shifts toward longer
wavelengths, increasing the intensity of Te ~ 600—800eV
lines at Hey1 o and restoring the profile of Li-, Be-like
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satellite groups. At Vo ~ 7 - 10% cm/s absorption effects are
practically absent for He, »2line and satellites.

Conclusion

The calculations presented in this study for X-ray K-
emission spectra of plasma in thin iron foils confirm that
radiation trapping effects always occur in the two-pulse
irradiation regime of targets, both for one-sided and two-
sided heating. The formation of preplasma, depending on
its density, temperature, and expansion velocity, can signif-
icantly influence the configuration of the X-ray emission
spectrum and can change the intensity ratio of spectral
components by several times. While absorption effects
of photons with energies of 6—7keV are negligible in
cold foil targets with thickness up to 5um, their influence
can become significant during heating even with relatively
thin preplasma layers ~ 1 um. Increasing preplasma tem-
perature shifts the absorption region toward the short-
wavelength part of the spectrum, creating transparency
windows for spectral components in the longer-wavelength
region.

It should be noted that preplasma that is both very
dense and quickly moving will strongly affect the nature
of absorption. Simultaneous fulfillment of both condi-
tions apparently occurs only either with a significant sub-
picosecond pre-pulse accompanying the main laser pulse or
with nearly synchronous (sub-picosecond delay) multi-beam
irradiation. If the delay is substantially longer (subnanosec-
ond or even nanosecond), the density of the absorbing
preplasma, and therefore its absorption coefficient at the
moment of main pulse arrival, will become much lower.
However, if quasi-one-dimensional expansion of preplasma
is ensured due to a large diameter of the pre-pulse focal
spot, the decrease in absorption coefficient can be largely
compensated by the increased preplasma thickness, making
absorption (and clearing) effects important in this case as
well.

The results of the present work imply that analysis of
spectral data obtained in modern experiments on laser
facilities with power around 1—10PW, must include pos-
sible absorption of emission spectra by moving preplasma,
since already at laser pulse intensities ~ 0.3—0.5PW
plasma velocities reach 108 cm/s [16]. Note that radiation
trapping effects can be especially important in multi-
beam laser irradiation scenarios of targets with various
geometries, where many plasma regions move relative to
each other.
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