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Abstract

Investigations of a high resolution X-ray emission spectrum in the range 0.66–0.75 nm obtained by irradiating a
Germanium target with high-power p-polarized, 40 picosecond laser radiation at 532 nm wavelength was done. Spectra
in the wavelength region of 2l-4l 0 and 2l-5l 0 L-shell transitions in F-like, Ne-like and Na-like germanium ions
were recorded using the FSSR-2D spectrometer equipped with a spherically bent quartz crystal with a spectral
resolution l/Dl better than 5000. Spectral lines were compared with theoretical values obtained using the LANL
plasma kinetic code ATOMIC. Fair agreement between experimental and theoretical spectral lines has been observed,
which allowed to measure enough high bulk electron temperature values of 560 eV and electron density
of �1021 cm23 in Ge plasma irradiated by rather small commercial high repetition rate Nd:YAG laser system.
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1. INTRODUCTION

In recent years, X-rays generated from high-power laser-
produced plasmas have gained much importance, and have
been applied in several fields including material dynamics
(Rousse et al., 2001; Boschetto et al., 2006; Isakov et al.,
2005; Schollmeier et al., 2006), radiobiology (Turcu et al.,
1994a; Bortolotto et al., 2000), the study of fundamental
interaction of intense X-rays with matter (Batani et al.,
2002), micro-lithography (Turcu et al., 1994b), studies of
threshold of DNA damage (Turcu et al., 1994a), of radiation
induced damage to cell metabolism (Masini et al., 1999;
Milani et al., 1999), water-window X-ray microscopy
(Batani et al., 2000; Desai et al., 2003, 2004; Poletti et al.,
2004), diagnostics of laser produced plasmas i.e., determi-
nation of plasma density and temperature (Koenig et al.,
1997; Magunov et al., 1998; Batani et al., 1999; Pisani
et al., 1999; Adamek et al., 2006; Korobkin et al., 2005;
Kawamura et al., 2006), identification of atomic processes

(Stepanov et al., 1997; Rosmej et al., 1997; Biemont et al.,
2000), etc.

Recently, back-lighters with high photon energies are
being developed in order to access the hot and dense
regions of laser produced plasmas. In this context, Ge back
lighters and Ge X-ray lasers have been applied (Da Silva
et al., 1993, 1995; Celliers et al., 1997; Bennett, 2001;
Kalantar et al., 1996).

Also, Ge targets have been used as one of the first lasing
medium in X-ray laser experiments, and nowadays, Ge
targets are still one of the main approaches to X-ray lasers.
Gain studies and accurate wavelength measurement of
lasing have been investigated (Enright et al., 1991; Rosen
et al., 1985; Zhang et al., 1996; Warwick et al., 1998;
Burge et al., 1997; Lewis et al., 1992; Kodama et al.,
1994; Yuan et al., 1996; Mocek et al., 2005).

For all these reasons, an accurate determination of Ge
X-ray spectrum is important, as well as understanding its
variations, as results of the changes in the laser/plasma par-
ameters. In the present work, we have studied X-ray spectra
obtained by irradiating a flat Ge target with a ps-duration Nd:
YAG laser system (Faenov et al., 2004; Batani et al., 2005).
X-ray emission spectra have been recorded using the
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focusing spectrometer with spatial resolution-two-dimensional
(FSSR-2D) high-resolution spectrometer and using RAR
X-ray films. As discussed in Faenov et al. (2004) and
Magunov et al. (2006), the very small focal spot which can
be obtained using such a laser system, as well as its short
pulse duration, limits the plasma size (i.e., the X-ray source
size), and therefore allows maintaining the high spectral

resolution of the spectrometer. Experimental results have
been compared to calculations performed using the Los

Fig. 1. Experimental setup of the X-ray spectra measurements of the laser
plasma emission by the FSSR-2D spectrometer based on the spherically
bent quartz crystal.

Fig. 2. The optical scheme of spatially resolved (in the vertical direction)
X-ray spectra recorded by the FSSR spectrometer with a spherically bent
quartz crystal.

Fig. 3. (a) The RAR film image with the spectra of Ge and Al plasmas recorded on in the 6.5–7.4 Å wavelength range. (b) The optical
density (in arbitrary units) of experimentally observed X-ray spectra of the Ge and Al plasmas.
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Alamos National Laboratory (LANL) plasma kinetic code
ATOMIC and a general agreement has been obtained.

2. EXPERIMENTAL SETUP

Experiments were performed at the University of
Milano-Bicocca using an Nd: YAG laser system capable of
delivering up to 120 mJ in 40 ps (FWHM) linearly
p-polarized 1064 nm laser radiation, which can be operated
from 1 to 10 Hz repetition rate. In the present experiment,
the laser frequency was up-converted to the second harmonic
532 nm using KD*P crystal. Details of the laser system are
described in Faenov et al. (2004). The laser radiation was
focused on a spot radius of 12 mm on a planar 100 mm
thick Ge target at an angle of 458 to the target normal with
a condition of the p-polarization. Experimental arrangement
is shown in Figure 1.

The target surface was adjusted in the lens focal plane by
maximizing the X-ray signal measured by two Silicon PIN
diodes. These diodes were covered with two-layers of
polypropylene foils, each of 1 mm thickness, coated with
0.2 mm of Al. In this experiment, laser energy per shot was
nearly constant EL � 20 mJ corresponding to laser intensity
on the target surface IL � 1014 W/cm2. The interaction
chamber was evacuated to a residual pressure of p �
1023 torr.

3. HIGH-RESOLUTION SPECTROMETER

High-resolution spectra were recorded using the FSSR in the
2D scheme (Faenov et al., 1994; Pikuz et al., 1995; Young
et al., 1998) as shown in Figure 2. The spectrometer was
equipped with a spherically bent quartz crystal with the cur-
vature radius R ¼ 100 mm and the distance between sym-
metric planes 2d ¼ 0.85 nm (Alexandropoulos & Cohen,
1974; Holzer et al., 1998)

X-ray emission from the Ge plasma in the 0.65–0.74 nm
spectral range was recorded. The choice of the crystal
enabled to record the emission from n ¼ 4–n0 ¼ 2 transition
in Ne-like and F-like Ge ions. The spectral magnification was
1:1 with the spatial resolution dx � 15 mm. The effective
spectral resolution l/Dl was better than 5000 in the
present experiment. The spectrometer was placed at the
angle 708 to the laser axis and RAR-2492 film was used to
record the X-ray emission spectra. A 2-mm thick C3H6

film coated with 0.4 mm Al on both sides was used as a
filter to cut-off the visible and VUV radiation from exposing
the RAR film. Due to small laser pulse energy, it was
necessary to accumulate about 130 laser shots on the Ge
target to record reasonably good spectra on the RAR-2492
film. After each shot, the damaged target was shifted in its
plane.

We have recorded on the same film the 1s3p 1,3P1–1s2 1S
line of the He-like Al ion and the Lya line of the H-like Al ion
together with their dielectronic satellites. This was achieved
using the spatial resolution of the FSSR-2D spectrometer.
The Al target was placed in the interaction chamber at a pos-
ition, which was shifted about 0.5 mm in respect to the
Ge-target in the direction perpendicular to the X-ray reflec-
tion plain (Fig. 2). Thus, the well-known Al spectral lines
were used as accurate wavelength references for the Ge
lines. The recorded spectra were scanned and transformed
into the optical density plot and finally into the intensity

Fig. 4. The X-ray spectral lines of the F-like, Ne-like, and Na-like Ge ions. A
simplified kinetic model calculation at the electron density ne ¼ 1021 cm23

and different electron temperature values.

Fig. 5. The full model calculations for the electron density ne ¼ 1021 cm23

and different values of the electron temperature.
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plot by using standard density and intensity calibration
curves. The image of the original film and its densitometry
are shown in Figure 3.

4. THE SIMULATION CODE

In order to analyze the high-resolution Ge X-ray spectrum
recorded by the FSSR-2D spectrometer, we used the
LANL suite of atomic physics codes. In the wavelength
range from 0.66 to 0.74 nm, the prevalent emission is from

the n ¼ 4–n0 ¼ 2 transitions in the Na-like, Ne-like, and
F-like Ge ions.

The code modeled O-like, F-like, Ne-like, Na-like, and
Mg-like ionization stages of the Ge atom. The atomic model
used for this calculation includes a few 100 configurations in
each of the ionization stages cited above. For example, the
Ne-like Ge includes 1s22s22p6, 1s22s22p5nl, 1s22s22p43snl,
1s22s22p43pnl, 1s22s22p6nl, 1s22s22p53snl, 1s22s22p53pnl,
1s22p63snl, and 1s22p63pnl configurations. Here, configur-
ations with the principal quantum number through n¼ 7 and
the orbital momentum quantum number through l ¼ 6 were
considered. Similar configuration sets were specified for the
O-like, F-like, Na-like, and Mg-like ions.

The CATS code (Abdallah et al., 1998) based on the
atomic physics programs of Cowan (1981) was used to calcu-
late the atomic structure including energy levels, and radia-
tive transition probabilities. The electron impact excitation
cross sections were calculated by the ACE code (Clark
et al., 1988) in the distorted-wave approximation. The
GIPPER code (Abdallah et al., 2001) was used to calculate
cross sections for electron impact ionization, photon
induced ionization, and auto-ionization between appropriate
states in adjacent ion stages.

The obtained set of atomic structure and cross section data
was used in the ATOMIC code (Hakel et al., 2006) to simu-
late the experimentally observed spectra. A configuration
average model was used to calculate the configuration popu-
lations by solving the steady-state rate equations using the
full complement of atomic processes for the configurations
discussed above. The fine structure populations of the
levels NcJ with the total angular momentum quantum
number, J, were obtained by a statistical distributing of cor-
responding configuration populations, Nc, obtained from
the solution of the rate equations:

Nl ¼ (2jþ 1)Nc=gc; (1)

where gc is the configuration statistical weight.
A more accurate solution of the kinetic problem follows

from the level rate equation set. However, in our case,
about 70000 levels resulted from the considered configur-
ations, which make the direct calculations almost impracti-
cable in time.

Finally, the resulting level populations (Eq. 1) and corre-
sponding transition probabilities were then used to construct
the line emission spectra.

5. RESULTS AND DISCUSSION

Figure 3 shows the experimentally observed X-ray spectra
(optical density, arb. units) from Al and Ge plasmas. The
Ge spectrum clearly shows the lines corresponding to the
4l–2l0 transitions representing to the Na-like and Ne-like
ions.

Figure 4 shows the simulated spectra obtained for Ge
plasma. These calculations were made for the electron

Table 1. Transition lines (angstroms)

Theory Experiment

1s) 1s 0.0 2s2 2p6 – 2p) 1p 1.0 2s2 2p5 5d1 6.5717 6.5754
1s) 1s 0.0 2s2 2p6 – 2s) 1p 1.0 2s1 2p6 4p1 6.5744 6.5883
2p) 2p 1.5 2s2 2p6 3p1 – 3p) 2d 2.5 2s2 2p5 3p1 5d1 6.6060 6.6008
2p) 2p 0.5 2s2 2p6 3p1 – 3d) 4f 1.5 2s2 2p5 3p1 5d1 6.6126 6.6120
2d) 2d 2.5 2s2 2p6 3d1 – 3p) 2f 3.5 2s2 2p5 3d1 5d1 6.6223 6.6268
1s) 1s 0.0 2s2 2p6 – 2p) 1p 1.0 2s2 2p5 5s1 6.6548 6.6597
2p) 2p 0.5 2s2 2p5 – 1s) 2d 1.5 2s2 2p4 4d1 6.6993 6.7031
2s) 2s 0.5 2s2 2p6 3s1 – 1p) 2p 1.5 2s2 2p5 3s1 5d1 6.7087 6.7077
2p) 2p 1.5 2s2 2p5 – 1d) 2s 0.5 2s2 2p4 4d1 6.7294 6.7324
2p) 2p 1.5 2s2 2p5 – 1d) 2p 1.5 2s2 2p4 4d1 6.7282
2p) 2p 1.5 2s2 2p5 – 1d) 2f 2.5 2s2 2p4 4d1 6.7261
2s) 2s 0.5 2s1 2p6 – 1p) 2p 0.5 2s1 2p5 4d1 6.7367 6.7444
2s) 2s 0.5 2s1 2p6 – 1p) 2p 1.5 2s1 2p5 4d1 6.7391
2p) 2p 1.5 2s2 2p5 – 3p) 2f 2.5 2s2 2p4 4d1 6.7679 6.7739
2p) 2p 1.5 2s2 2p5 – 3p) 4p 2.5 2s2 2p4 4d1 6.7694 6.7791
2p) 3d 2.0 2s2 2p5 3p1 – 1s) 1f 3.0 2s2 2p4 3p1 4d1 6.8124 6.8048
2p) 2p 1.5 2s2 2p5 – 1s) 2d 2.5 2s2 2p4 4d1 6.8212 6.8227
2p) 2p 0.5 2s2 2p5 – 1d) 2d 1.5 2s2 2p4 4d1 6.8405 6.8408
2s) 2s 0.5 2s1 2p6 – 3p) 4f 1.5 2s1 2p5 4d1 6.8470 6.8502
2p) 2p 1.5 2s2 2p5 – 3p) 2d 2.5 2s2 2p4 4d1 6.8701 6.8755
2p) 2p 1.5 2s2 2p5 – 3p) 2p 0.5 2s2 2p4 4d1 6.8792 6.8845
2p) 2p 0.5 2s2 2p5 – 3p) 2p 1.5 2s2 2p4 4d1 6.8870 6.8887
2s) 2s 0.5 2s1 2p6 – 3p) 2p 1.5 1s2 2s1 2p5 4d1 6.9058 6.9091
2s) 2s 0.5 2s1 2p6 – 3p) 2p 0.5 2s1 2p5 4d1 6.9591 6.9609
2s) 2s 0.5 2s1 2p6 – 3p) 2d 1.5 2s1 2p5 4d1 6.9675 6.9705
2p) 1s 0.0 2s2 2p5 3p1 – 1d) 1p 1.0 2s2 2p4 3p1 4d1 6.9789 6.9789
2p) 3d 2.0 2s2 2p5 3p1 – 3p) 3d 2.0 2s2 2p4 3p1 4d1 7.0001 7.0011
2s) 3s 1.0 2s1 2p6 3s1 – 4p) 3p 2.0 2s1 2p5 3s1 4d1 7.0088 7.0122
2p) 2p 1.5 2s2 2p5 – 3p) 2p 1.5 2s2 2p4 4s1 7.0419 7.0402
1s) 1s 0.0 2s2 2p6 – 2p) 3d 1.0 2s2 2p5 4d1 7.0789 7.0845
2p) 2p 0.5 2s2 2p6 3p1 – 1s) 2d 1.5 2s2 2p5 3p1 4d1 7.1424 7.1445
2p) 2p 1.5 2s2 2p6 3p1 – 1s) 2d 2.5 2s2 2p5 3p1 4d1 7.1712 7.1762
1s) 1s 0.0 2s2 2p6 – 2p) 1p 1.0 2s2 2p5 4d1 7.2050 7.2078
2d) 2d 2.5 2s2 2p6 3d1 – 3p) 2f 3.5 2s2 2p5 3d1 4d1 7.2236 7.2229
2d) 2d 2.5 2s2 2p6 3d1 – 3d) 4d 3.5 2s2 2p5 3d1 4d1 7.2285 7.2274
2d) 2d 2.5 2s2 2p6 3d1 – 1d) 2d 2.5 2s2 2p5 3d1 4d1 7.2322 7.2333
2d) 2d 1.5 2s2 2p6 3d1 – 3f) 2d 1.5 2s2 2p5 3d1 4d1 7.2409 7.2445
1s) 1s 0.0 2s2 2p6 – 2p) 3p 1.0 2s2 2p5 4s1 7.2698 7.2727
2p) 2p 1.5 2s2 2p6 3p1 – 3p) 4d 2.5 2s2 2p5 3p1 4d1 7.2970 7.2999
2d) 2d 1.5 2s2 2p6 3d1 – 1p) 2d 2.5 2s2 2p5 3d1 4d1 7.3133 7.3130
2d) 2d 2.5 2s2 2p6 3d1 – 1p) 2d 2.5 2s2 2p5 3d1 4d1 7.3193 7.3183
2p) 2p 0.5 2s2 2p6 3p1 – 3d) 4p 1.5 2s2 2p5 3p1 4d1 7.3374 7.3362
2d) 2d 2.5 2s2 2p6 3d1 – 3d) 2f 3.5 2s2 2p5 3d1 4d1 7.3464 7.3448
2d) 2d 2.5 2s2 2p6 3d1 – 3d) 2d 2.5 2s2 2p5 3d1 4d1 7.3603 7.3588
2d) 2d 1.5 2s2 2p6 3d1 – 1d) 2p 1.5 2s2 2p5 3d1 4d1 7.3751 7.3728
2d) 2d 2.5 2s2 2p6 3d1 – 3f) 2d 2.5 2s2 2p5 3d1 4d1 7.3823 7.3801
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density ne ¼ 1021 cm23, and varying temperature 300, 400,
500, 560, and 600 eV. Calculated spectra have been
obtained with a simplified model just in order to see the
changes induced by the temperature variation. Only F-,
Ne-, and Na-like ions are considered through n ¼ 5. Not
many auto-ionizing levels are included, implying that the
real plasma should probably be more recombining.
Although the Born cross sections are pretty crude, the
main spectral features are accounted for. Figure 5 shows
instead the same spectra calculated for the electron
density ne ¼ 1021 cm23, and varying the temperature, but
using the full model.

Table 1 shows the data of transition and the calculated
values of X-ray wavelengths along with experimental
values for comparison. We notice that in general, the
agreement is quite good. It shows that our laser system
together with the FSSR-2D spectrometer can be used for
accurate wavelength measurements. For several observed
spectral structures, many lines are overlapping and we
have listed the most dominant one. For a few cases,
there was no dominant line in the group, so we listed
them all. We didn’t include lines that we had low confi-
dence in.

Figure 6 shows a comparison of the experimental spectrum
with a spectrum calculated for an electron temperature of
560 eV and electron density of 1021 cm23, parameters for
which we get the best agreement between experiment and

calculation. Here the experimental spectrum has been con-
verted to relative X-ray intensities by using standard film sen-
sitivity, crystal reflectivity, and filter transmissivity (Henke
et al., 1984, 1986; Henke & Jaanimagi, 1985; Holzer
et al., 1998).

Opacity effects are included by using escape factors for
spectral lines that correspond to a plasma size of about
20 mm. Note that in general, the agreement is very good,
however, the relative intensities for some spectral lines are
not in agreement. This could be due to optical depth
effects which depend on the plasma size and electron
impact cross section. However, it is more likely due to the
fact that configuration based kinetics rather than detailed
level-to-level kinetics is used, leading to discrepancy in
level populations.

Let’s finally notice that, on the basis of simple analytical
models (Max, 1982), which are however usually well com-
pared to experiments, we do expect, in our conditions, a
plasma temperature, Te, of about 1 keV in the critical
region (ne � 4 � 1021 cm23 due to frequency doubling).
However, in our case, the focal spot radius is very small
(about 12 mm as was said before). Hence, 2D effects are
expected to be important in plasma expansion causing a
reduced density and plasma cooling. Therefore, we can con-
clude that the values of Te ¼ 560 eV and ne ¼ 1021 cm23

estimated from the measurement compare well with
expectations.

Fig. 6. Comparison of the calculated spectrum (blue curve) with experimental data (red curve).
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6. CONCLUSIONS

We have performed high-precision X-ray spectroscopy
studies of Ge plasmas produced by irradiating 100 mm
thick Ge target with 40 ps laser radiation at 532 nm wave-
length from a small, commercial, high-repetition rate
Nd:YAG laser system, which delivered the intensity on the
target surface �1014 W/cm2. X-ray emission spectra in the
spectral range from 0.65 to 0.74 nm were recorded using
the spherically bent quartz crystal spectrometer. The
measured wavelength and intensities of experimentally
observed spectral lines were compared with theoretical
values obtained using LANL opacity and plasma kinetic
code ATOMIC. Calculated line intensities are in good agree-
ment with experimental data at the electron density ne �
1021 cm23 and temperature Te � 560 eV. The results of
spectral measurements manifest that laser-produced
plasmas obtained in our experiment seem to be promising
point- bright source of soft X-ray radiation.
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