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Abstract
Brilliance spectra of a carbon plasma generated by subpicosecond high intensity
laser pulses are analysed (Wilhein et al 1998 J. Opt. Soc. Am. 15 1235). The
plasma parameters such as electron density and temperature are determined
using a plasma slab model. Synthetic carbon He-α and He-β line profiles are
calculated for the inferred plasma parameters by using thermodynamic Green’s
function, based on a microscopic quantum statistical approach assuming
local thermal equilibrium. Self-absorption is taken into account considering
one-dimensional radiation transport equation. The comparison between the
measured spectrum and our calculated synthetic profile is good for He-α line
(C V 1s2–1s2p), while discrepancies are found in the case of He-β line (C V
1s2–1s3p).

PACS numbers: 44.40.+a, 52.25.Kn, 52.70.−m

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A new area of research in laser-induced plasmas has been opened by using subpicosecond laser
pulses to irradiate a solid target. Hot and dense plasmas can be easily created by absorbing
laser energy [1, 2] and are a bright source of x-ray radiation [3]. The calculation of spectral
He-α and He-β lines are important for the diagnostics of laser-induced plasmas. Recently, a
number of high-precision spectroscopic measurements have been carried out by Andiel et al
[4], Hammel et al [5], Beiersdorfer et al [6] and Glenzer et al [7].

In particular, brilliance measurements of laser-heated plasma with high spectral resolution
of laser-heated carbon and boron nitride plasmas have been carried out by Wilhein et al [8].
In this experiment, pulses from a KrF laser with an energy of 18 mJ and a duration of 0.7 ps
at a wavelength of 248 nm were used. These pulses were focused to a spot with a diameter
of 7 ± 3 µm on a polished glassy target. The complete spectrum was generated by averaging

0305-4470/06/174731+07$30.00 © 2006 IOP Publishing Ltd Printed in the UK 4731

http://dx.doi.org/10.1088/0305-4470/39/17/S66
mailto:banaz.omar@uni-rostock.de
http://stacks.iop.org/JPhysA/39/4731


4732 B Omar et al

2.5 3 3.5 4
λ [nm]

0

2e+09

4e+09

6e+09

8e+09

1e+10

Ph
ot

on
s/

(µ
m

  
×s

r×
B

W
×0

.0
01

) 
2

He-like satellites
Li-like  satellites 

Lyδ LyαLyβLyγ HeαHeβHeδ Heγ

11 S-
23 S11 S-

23 P

11 S-
31 D

11 S-
31 S

Figure 1. X-ray emission from subpicosecond laser-induced carbon plasma measured at 30◦ by
Wilhein et al [8]. Unperturbed positions of H-like, He-like lines, the corresponding satellites and
Li-like satellites are also shown by lines at the top of the figure [9].

over 250 shots of laser pulses. The obtained spectrum is shown in figure 1. This spectrum
was recorded in the soft x-ray region (2.3–4.4 nm) with high spectral resolution (about
2 × 10−3 nm) at an angle of incidence of 30◦ . In figure 1, the positions of the unperturbed
carbon ion lines and the corresponding satellites lines are depicted [9]. The spectrum is
dominated by the emission from C5+ and C4+ ions, corresponding to H-like Ly-α to Ly-δ and
He-like He-α to He-δ lines. Further details of the experimental set-up are given in [8].

In the experiment, the laser pulses couple to the target and generate a hot and dense plasma
which undergoes rapid heating and cooling according to hydrodynamic expansion. Clearly, a
detailed description of the spectrum emitted by such an expanding plasma in non-equilibrium
is a very challenging problem. Often, local thermodynamic equilibrium (LTE) is assumed to
use results from advanced line shape calculations for dense plasmas at inferred temperature
and density. However, the applicability of such a simplified LTE description has to be justified
by estimation from rate equations [10]. In the experiment [8], the transfer code RATION was
used to infer the plasma parameters, electron temperature of (80–100) eV/kB and electron
density of ne = 4 × 1028 m−3 by fitting the calculated profile Ly-α with the experimental one,
assuming the generated plasma is optically thin.

Recently, the interpretation of the spectra was re-examined by Sorge et al [11] using
the H-like Lyman lines of the spectrum. Fitting the slope of the Lyman continuum by an
exponential Boltzmann expression, a temperature of T = 86 eV/kB was obtained. The
electron density ne = 3 × 1027 m−3 was determined from the Stark width, which is very
sensitive to ne, by analysing the H-like Ly-γ line. In order to consider radiation transport,
a uniform plasma layer with thickness (30–60) µm was assumed. For these conditions, the
synthetic Ly-α and Ly-β spectra match the overall features of the experimental spectra. It has
been shown that self-absorption is responsible for strong modifications to the Ly-α as well
as Ly-β lines, but less for Ly-γ . The Doppler shift of the Ly-α line due to plasma expansion is
about 2.4×10−2 nm at the inferred temperature. However, the absorption dip in Ly-α line was
not reproduced by Sorge et al [11] considering one-layer model only. Therefore, a multi-layer
model calculation to reproduce details of the Ly-α line shape is in progress. For this purpose,
additional information on the density and temperature conditions are required.
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In this communication, we extend our previous study by examining He-like line profiles
of the spectrum. Radiation transport is described in the one-dimensional layer model, by
assuming local thermal equilibrium, which is characterized by a local electron layer density
ne, temperature T, the streaming of the plasma, and the population of the levels under
consideration. The plasma parameters at later time where the He-like ion are predominant,
are estimated according to adiabatic expansion starting from the previous values inferred by
Sorge et al [11] for dominant H-like emitter.

2. Theory

The pressure-broadened line profile is given in quasi-static approximation by averaging the
function L(ω, β) over the ionic microfields [11, 12]

I pr(ω) =
∑

i,i ′,f,f ′

ω4

8π3c3
exp

(
− h̄ω

kBT

)
〈i|r|f 〉〈f ′|r|i ′〉

×
∫ ∞

0
dβP (β)Im〈i|〈f |L−1(ω, β)|f ′〉|i ′〉. (1)

Here, the initial and the final atomic states are denoted by i and f , respectively, i ′ and f ′

are the corresponding intermediate states [13]. 〈i|r|f 〉 is the dipole matrix element for the
transition between i and f states. The low-frequency microfield distribution function P(β)

in one-component plasma of carbon ions with effective charge (Zi = 4), is taken according
to Potekhin et al [14]. The normalized fieldstrength at ion density ni = ne/Zi , is given by
β = E/E0 with the Holtsmark normal field E0 = Zie

/(
4πε0r

2
0

)
, where 4

15 (2π)3/2r3
0 ni = 1.

The function L is given by

L(ω, β) = h̄ω − h̄ωif − Re
[
�i(ω, β) − �f (ω, β)

] − i Im
[
�i(ω, β) + �f (ω, β)

]
+ i	V

if ,

(2)

where h̄ωif = Ei − Ef is the unperturbed line transition frequency and �n(ω, β) =
�el

n (ω, β) + �ion
n (β) is the total self-energy of a state n containing both ionic and electronic

contributions to the line shift and width. The difference between the real parts of the initial
and final states gives the line shift, while the width arises from adding the initial and final
imaginary parts of self-energy.

Starting from a quantum-statistical many-particle approach by using the thermodynamic
Green’s function technique [15], the electronic self-energies �el

n (ω, β) for the initial and final
states n = i, f and a vertex-correction 	V

if for the coupling between the initial and final states
are derived [11, 12]. This approach generalizes a well-known semiclassical approximation
of Griem [13, 16]. In dynamically screened Born approximation [12, 17], the electronic
self-energy is determined as

〈n|�el(E0
n

/
h̄ + δω, β

)|n〉 = 1

e2
−

∫
d3q

(2π)3
V (q)

∑
α

∣∣M0
nα(q)

∣∣2

×
∫ ∞

−∞

dω

π
(1 + nB(ω))

Im ε−1(q, ω + i0)

h̄δω − (
Eα(β) − E0

n

) − h̄(ω + i0)
. (3)

In this expression, h̄δω − (
Eα(β) − E0

n

) ≈ (
E0

n − E0
α

)
is approximated by the unperturbed

transition energy. nB(ω) = {exp[h̄ω/(kBT ) − 1]}−1 is the Bose function, V (q) is the Fourier
transform of the Coulomb potential. The dielectric function ε(q, ω + i0) is taken in random
phase approximation [11]. We restricted to neighboured states α, which is taken from n − 1
to n + 1 discrete bound states for virtual transitions. The transition matrix elements Mnα(q)
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in dipole approximation are evaluated by using the Coulomb approximation method of Bates
and Damgaard for the radial wavefunction [18]. The spherical part is approximated by a linear
combination of hydrogen-like wave functions.

The static ionic contribution to the ionic self-energy is treated by means of the traditional
static microfield concept [13]. The first-order perturbation term vanishes for non-hydrogenic
atoms because of nondegeneracy with respect to the orbital quantum number l. The quadratic
Stark effect is included according to second-order perturbation theory in the energy. Then, the
shift of a level is proportional to the square of the microfield strength [19]

�2
nlm(E) = e2|E|2

[ |〈n, l,m|z|n, l + 1,m〉|2
En,l − En,l+1

+
|〈n, l,m|z|n, l + 1,m〉|2

En,l − En,l−1

]
, (4)

where E is the microfield strength in the z direction, n, l and m are the well-known principal,
orbital and magnetic atomic quantum numbers, respectively. The energy difference in the
denominator is taken into account for a state differing only in l quantum number. The matrix
element |〈n, l,m|z|n′, l′,m′〉| vanishes except for l = l′ ± 1 and m = m′. Thus the closest
perturbing levels to the level nl are n, l + 1 and n, l − 1.

Following Sorge et al [11], we use a simple layer model to estimate self-absorption
in our exploratory calculations. For a homogeneous layer of density ne, temperature T, and
thickness d, the transfer equation can be solved [20]. The observed intensity Iobs(ω) is given by
Iobs(ω) = (1 − e−τω )Sω(ω), where Sω is the source function. Assuming local thermodynamic
equilibrium, the source function is approximated by the Planck distribution function for black-
body radiation [20, 16]. The optical depth of the layer is equal to τω = e2/(4ε0mec)ff inf Iωd.
Here, ff i is the absorption oscillator strength, taken from tables in [21], c is the speed of
light and Iω is the normalized line profile obtained from our quantum statistical approach, see
equation (1). nf is the density of C4+ ions in the lower state of the transition. Utilizing both
Saha and Boltzmann equations, the density nf is determined for a given electron density ne

and temperature T. The synthetic profile Iobs(ω) is estimated from the above equation, taking
into account the Doppler shift (�ωD = ω0Cs/c) due to streaming of the expanding plasma,
Cs is the ion sound velocity. The electron density is given by ne = ne0(d0/d) [2], where ne0

is the initial electron density, assumed to be 18 × 1028 m−3, d0 ≈ 1 µm the initial thickness,
d = d0 + Cst is the thickness at time t. The time evolution of the temperature is estimated
assuming an adiabatic expansion of the plasma. The mean electron temperature decays in
time t according to T = Te0(d0/d)γ−1, where γ = 5/3 is the adiabatic coefficient and Te0 is
the initial electron temperature, assumed to be 18 × 106 K.

3. Results and discussion

In figures 2 and 3, the comparison between experimental and synthetic spectra for He-α (1s2–
1s2p) and He-β (1s2–1s3p) lines are shown, respectively. Two different sets are used: (a)
the set inferred by Sorge et al [11] for H-like (C VI) with thickness d = 60 µm, density
ne = 3 × 1027 m−3 and temperature T = 106 K, and (b) the set determined in this work
according to adiabatic expansion with thickness d = 400 µm, density ne = 4.5×1026 m−3 and
temperature T = 3.32 × 105 K. The second set and the initial values of the plasma parameters
are assumed according to inferred values by Sorge et al [11]. Stark broadening is proportional
to the electron density. The full width at half maximum for set (a) is 9.617 × 10−4 nm and
8.107 × 10−3 nm for He-α and He-β, respectively, while for set (b), they are 1.365 × 10−4 nm
and 1.768 × 10−3 nm . The expansion speed has been estimated from the ion sound velocity
Cs = (ZikBTe0/mi)

1/2, where mi is the mass of carbon [2]. The Doppler shift of He-α and
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Figure 2. Comparison of the measured He-α profile of carbon target at 30◦ represented by the
dash-dotted line [8] and calculated Stark broadened profiles with the Doppler shift. Self-absorption
is included. Two sets of parameters are used. The full line (set (b)) with ne = 4.5 × 1026 m−3,

T = 3.32×105 K and d = 400 µm, the dashed line (set (a)) with ne = 3.0×1027 m−3, T = 106 K
and d = 60 µm. The black-body radiation is given by the dotted line.
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Figure 3. Synthetic He-β profiles represented by the full (set (b)) and the dashed (set (a)) lines for
different plasma parameters, see figure 2. Self-absorption is included. Comparison is made with
the measured profile (dash-dotted line). The black-body radiation is given by the dotted line.

He-β are 3.3×10−3 nm and 2.9×10−3 nm, respectively. However, the line broadening of the
spectral profile is also related to the thickness and the population of the lower state.

As a result, the total line broadening is larger for set (b) compared to set (a). Besides,
the Planck distribution has been fitted to the maximum of the experimental He-α line. Note,
that the parameters of Sorge et al [11] do not reproduce the experimental results with respect
to the He-like ion. This is expected, since plasma conditions of Sorge et al [11] refer to
a state predominately of C VI ions. After the rapid heating by the laser pulse, the plasma
undergoes hydrodynamic expansion. Due to cooling, the carbon ions recombine with free
electrons. Assuming local thermodynamic equilibrium, the composition of the plasma is
governed by the Saha–Boltzmann equation. Thus, at a later time the He-like emission is
expected to dominate the spectrum compared to the H-like emission. The inferred conditions
from adiabatic expansion reproduce the experimental spectra to a better extent. The agreement
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is quite nice in the line centre and the blue wing of the He-α profile, disagreements exist in
the red wing of the profile, where the Li-like satellites appear.

The agreement of the parameter set (b) with the experimental profile is less satisfactory
for the He-β line. In addition, the forbidden transitions (11 S-31 D) and (11 S-31 S) with λ =
3.499 53 nm and λ = 3.507 31 nm , respectively, can overlap with the He-β line at λ =
3.497 28 nm due to Stark mixing of the wavefunctions at the strong microfield under
consideration. The intensity ratios of the corresponding forbidden lines to the allowed one at
electron density 4.5 × 1026 m−3 are estimated as 0.26 and 0.017, respectively [13, 19]. For
this reason, the He-β profile should be performed by taking Stark mixing into account due to
forbidden transitions. This will be the subject of future work, as well as the influence of the
self-absorption on the line profiles for multi-layer plasma.

Preliminary calculations indicate that the parameter set inferred by Sorge et al and the
one used here can be linked assuming adiabatic expansion of the plasma [2]. Basing on the
plasma conditions of Sorge et al [11] the emission time is t = 0.236 ns. But the time for
the second parameter set corresponds to t = 1.59 ns. However, these times have to be put
into relation with experimentally measured emission times which are 15±4.5 ps for Ly-β and
32 ± 5 ps for He-α [22]. In order to do so, the expanding plasma with its temperature, density
and ionization profiles has to be described in an appropriate manner. It is expected, that these
profiles are responsible for the shape of the He-β line as well as for a line inversion of the
H-α line [11]. The electron density and temperature gradient in a laser-induced plasma with
temporal dynamics is not easy to interpret [23]. Thus, to obtain an appropriate description of
the temporal evolution, hydrodynamic codes such as MEDUSA or MULTI have to be used to
get these synthetic profiles [23]. The synthetic line profile calculations using such profiles are
in progress.
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