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ABSTRACT Radiation emission of silicon and aluminum plas-
mas produced by 40-ps laser pulses with peak intensity above
10'* W/cm? was studied. High-resolution soft X-ray spectra of
H-like and He-like ions were analyzed to determine plasma pa-
rameters. We compared the line shape of resonance transitions
and their intensity ratios to corresponding dielectronic satellites
and the intensities of the intercombination lines of He-like ions
with the results of model calculations. Such comparisons gave
average values of the electron number density Ne = (1 —1.9) x
102! cm™3 and the electron temperature 7, = 460—560 &V for
Si plasmas and about 560 eV for Al plasmas produced by the
first and the second laser harmonics. The plasma size is about
100 pm. According to our estimations, more than 10'2 photons
were produced within the resonance line spectral width and in
the solid angle 27 during the total decay period.

PACS 41.50.+h; 52.25.0s; 52.50.Jm

1 Introduction

Hot and dense laser-produced plasmas are objects
worth investigating for several reasons. They are powerful
sources of short wavelength radiation and fast charged par-
ticles. Furthermore, they play a key role in the context of in-
ertial confinement fusion. They also are unique tools to study
fundamental properties of matter subject to high-energy con-
centration (high- energy density matter).

From the point of view of applications, laboratory laser—
plasma X-ray sources have already been applied in ra-
diobiology [1—-4], X-ray microscopy [5-8], and micro-
lithography [9, 10]. The knowledge of X-spectra formation
is very important for all these applications. For instance
in micro-lithography, X-ray photons of about 1-keV energy
are required to achieve efficient radiation transfer through
the X-ray mask membrane and sufficient energy deposition
onto the resist-coated Si wafer. In radiobiology, laser—plasma
X-ray sources were used to irradiate biological specimens:
V-79 Chinese hamster cells [1] for studying DNA damage,
DNA repair, and repair inhibition, or Saccharomices Cere-
visiae yeast cells [2, 3] for studying metabolic damages. In
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the first case, X-rays at hv &~ 1.2keV were produced using
L-shell emission from Cu targets. These could penetrate to
the cell nucleus so that the absorbed dose was really related
to DNA damage. In the second case, low-energy X-ray pho-
tons were needed to deposit the dose at the cell wall so that
damages at the metabolic level without touching the cell
nucleus could be produced. Finally in X-ray microscopy,
only X-rays in the “water window” (between 22 and 44 A)
will contribute to the formation of a clean image, being
absorbed by the biological material but not by water. The
presence of other X-ray lines will blur the image contrast
dramatically.

Besides all this, the study of X-ray spectra from plasmas
is a subject rewarding by itself and hence a well developed
field in physics. Indeed on the one side, X-ray spectra are
very important for atomic physics because by recording X-ray
emission lines, one can access the energy levels in atoms and
multi-charged ions [26—28]. On the other hand, X-ray spec-
troscopy is a key technique in plasma diagnostics [30-32]
since from measurements of X-ray spectra plasma parameters
like electron density, electron temperature, and ion charges
can be obtained. Even information on plasma opacities and
the exact shape of the electron distribution function (including
the presence of fast electrons) can be deduced. In particular,
high-precision X-ray radiation spectroscopy is a very sensi-
tive tool for the diagnostics of hot and dense plasmas, when
line shapes and relative intensities of the resonance transi-
tions and their dielectronic satellites from multicharged ions
are used.

Many recent laser—plasma investigations have focused on
ultra-short processes with femtosecond laser pulses. How-
ever, as the plasma decay period is much longer than the laser
pulse duration, the X-ray emission yield in time-integrated
emission spectra is dominated by the plasma expansion
period. In this case, the problem is how to extract the in-
formation about the short laser—plasma interaction from the
resulting spectrum, the available temporal resolution being
limited usually to 0.5 ps. Measurements performed with pi-
cosecond laser pulses may hence be more convenient for
spectroscopic investigations of laser—plasma processes.

The most intense soft X-ray emission from laser-produced
plasmas is provided by the resonance transitions in the H-like
and He-like ions and other many-electron ions with nearly
closed electronic shells (Ne-like, Ni-like, etc.). At the same
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time, such transitions are very convenient for spectroscopic
studies due to their relatively simple line structures, the avail-
ability of data on atomic structures and pertinent kinetic
processes.

This paper presents the results obtained by analysing
X-ray time-integrated spectra from Al and Si plasmas pro-
duced by 40-ps laser pulses. The experimentally observed line
profiles of the resonance transitions in the H-like and He-like
ions are compared with model calculations. The observations
provide the relative intensities of dielectronic satellite lines,
which are also used for the determination of the electron tem-
perature by comparison with calculations. In this case, the
plasma opacity effect has also been taken into account. The
same spectral region was studied earlier with nanosecond
plasmas in [11-15] and, more recently for Al, in the picosec-
ond range [16].

2 Experimental setup and data processing

The experiments were performed at the University
of Milano-Bicocca using a Nd:YAG laser system delivering
40-ps pulses with a typical energy of 40 mJ in the first and
20 mJ in the second harmonic. The first harmonic pulse actu-
ally contains a short train of “prepulses” with a typical 1 : 100
contrast to the main pulse, which are produced by leakage
through the polarizer at each round-trip of the laser pulse in
the cavity, before the main pulse is extracted by cavity dump-
ing. When the second harmonic is used, such low-intensity
prepulses are practically eliminated by non-linear frequency
conversion.

The laser radiation was focused in a spot of 12 um in
diameter, thus the peak intensity in the pulse was about
5 x 10'* W ¢cm~=2 for the first harmonic and about 2.5 x 104
W cm~2 for the second one. A more detailed description of
the laser system can be found in [7]. The laser beam was fo-
cused with a lens on the target surface using incidence angles
of 90° and 45°, which were changed by rotating the target. The
simplified scheme of the experiment is shown in Fig. 1.
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FIGURE 1 Top: Schematics of the experimental setup for laser-plasma X-

ray spectroscopy measurements. Botfom: Several spectra images on the RAR
film for different targets

The X-ray spectra were measured using focusing spher-
ically bent quartz crystal spectrometers with a spatial reso-
Iution (FSSR) in the 2D-scheme [18]. The curvature radius
of the crystal surface was 100 mm. Two spectrometers were
aligned for different X-ray spectral regions at the observation
angle of 70° to the target surface. The typical spectral reso-
Iution was A/Alinse &~ 3000 and the spatial resolution was
about 15 wm. The X-ray spectra of the laser-produced plasmas
were recorded in the first Bragg reflection order on RAR 2492
film. A PA filter (2-um C3Hg film coated with 0.2-pum Al on
both sides) was used to cut off the visible and VUV radiation.
An additional Be-filter was used to attenuate the soft X-ray
radiation in the region from 0.5 to 0.75 nm.

The spectra recorded on film, shown at the bottom of
Fig. 1, were scanned and transformed into a optical density
plot and finally to an intensity plot using the standard density
and intensity calibration curves. These were corrected by tak-
ing into account the absorption of the filters and the reflection
of the quartz crystal. The spectral dependence of the reflectiv-
ity of the spherically bent quartz crystal in the spectral region
of the resonant He,, and characteristic K, lines of silicon was
taken from [19].

The spatial distribution of the X-ray radiation intensity on
the films (the vertical direction in Fig. 1) corresponds to the
average size of the plasma emission zone and is typically less
than 200 pm.

3 Results and discussion

3.1 Experimental data

Different silicon materials were used as targets.
Figure 2 shows a comparison of the first-harmonic-plasma
spectra obtained from these targets with the spectrometers
aligned in order to detect the spectral region between the He,,
line of He-like silicon and the characteristic K, line. The line
labeling and spectroscopic constants of corresponding transi-
tions are shown in Table 1. The results show a reduction of the
total X-ray yield when the concentration of the silicon atoms
in the targets (see curve 1, glass, and curve 4, SiO;-aerogel)
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FIGURE 2 Experimentally observed X-ray spectra of Si ions in the glass
plasma (curve 1), in the pure silicon plasma produced by the first laser
harmonic (curve 2) and by the second harmonic (curve 3), and in the SiO;-
aerogel plasma (curve 4). The line notations are given in Table 1



MAGUNOV et al. Characterization of compact bright soft X-ray source based on picosecond laser plasma 21

Ton Transition i — j (line key) Aij Ajj
Sit12 1s2p ' P; — 15% 1Sy (Hegq1) 0.6648 3.76
1s2p3P; — 152 1Sy (Hegn) 0.6688 0.0157
Sitil 152p? 2Dsjp — 1522p 2P (§) 0.6742 9.81¢
1s2p* D35 — 1522p 2Py 5 (K) 0.6738 6.614
152p? 2P3)5 — 15%2p P35 (a) 0.6727 1.26%
1s2p? %P3, — 1s22p 2Py 12 (d) 0.6727 0.045¢
AlF12 2p2P32 — 152812 (Lya1) 0.7171 1.787
2p2P1 )2 — 152812 (Lya2) 0.7176 1.792
Al 1s3p P — 152 1Sy (Hep) 0.6634 0.569
202Dy —1s2p Py () 0.7274 15.4¢

Cqij=A /(T A +17)

TABLE 1  Spectroscopic constants for observed transitions in the Si and
Al ions. A;; is the wavelength in nm, A;; is the transition probability (in units
10'3 s=1), and I is the autoionization rate

is decreased. The SiO;-aerogel is silica with a mass density of
the order of 0.05 g/cm>.

The characteristic K, line was observed only with pure sil-
icon targets (curves 2 and 3 in Fig. 2). Note, that K,, emission
can be induced in the “cold” region of the target by inner-shell
ionization of the Li-like and lower charged ions, either by hot
electrons or by X-rays generated in the hot plasma corona. At
the laser intensities used in our experiment, a maximum fast-
electron energy of about 17 keV follows from the resonant ab-
sorption model. This is in fair agreement with measurements
of the fast-electron temperature reported in literature at a laser
wavelength of 1 um and an intensity of 5 x 10'* W/cm?. At
the second harmonic, the fast-electron energy should be about
10keV. Although the penetration of such electrons in Si is
known, it is difficult to estimate the size of the K, emitting
region because the spectrometer gives the source size only in
the transverse direction. As the measured K,, yield at the first
and second laser harmonics are nearly equal, it seems more
likely that K,, photons are produced by X-rays, rather than by
fast electrons. The fact that K,, emission is observed only with
pure Si targets is, probably, simply the result of the higher Si
concentration in the target.

Curve 3 in Fig. 2 shows X-ray spectra from pure Si plas-
mas produced by the second harmonic pulse. The main differ-
ence from the spectrum at the first harmonic (curve 2) is the
relative intensities of the He,; line and the k and j dielectronic
satellites with respect to the He, line. The peak intensity of
the He, line is nearly the same for the two laser frequencies.
The laser intensity on the targets differs by a factor of 1.4 due
to the difference in pulse energy and incidence angle. The in-
tensities of the He,, and satellite lines is about three times
larger for the second harmonic than for the first one.

We have also measured the emission from a SiO;-aerogel
(curve 4 in Fig. 2). The line intensities are much lower. The in-
tercombination line is not observed on the background, which
complicates the quantitative analysis of this data. Let’s notice
that the reduction of X-ray generation with the SiO;-aerogel
target can also be due in part to the increased transparency and
reduced coupling with the incident laser frequency (working
at the 4th harmonics of Nd laser should increase the coupling
dramatically).
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FIGURE 3 Experimentally observed X-ray spectra of the Al (upper curve)

and Ge (lower curve) laser-produced plasmas (the second harmonic). See

Table 1 for the line notation

Figure 3 shows the experimentally observed spectra for
the Al and Ge plasmas obtained with the second harmonic.
Measurements were performed with a single RAR film in the
spectral region of the Ly, and Heg lines of Al and their dielec-
tronic satellites. The line labeling and spectroscopic constants
of corresponding transitions are given in Table 1.

The results shown in Figs. 2 and 3 were analysed to obtain
the plasma parameters. Note that the observations are time in-
tegrated, thus only average values can be estimated. We used
the calculated intensities of the Ly, and He, lines and their
dielectronic satellites [20] to obtain the electron temperatures
of the Al and Si plasmas. These calculations confirm previous
theoretical results [21] and agree well with calculations from
a corona model [22].
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FIGURE 4 Comparison of calculations according to (1) with experimen-
tally observed spectrum (open circles) in the region of the Hey; and j-
satellite lines for the glass target (a) and the pure silicon target (b). Solid
curves for the He,; line are calculations with account of plasma opacity.
Dashed curves correspond to optically thin plasma
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3.2 Analysis of the Hey and dielectronic satellite lines

in Siplasma

Figure 4 shows the spectral region of the He,; and
(k, j) satellite lines for glass and pure Si targets. For the glass
target (Fig. 4a), the k and j satellites are spectrally resolved.
For the pure Si, they are partly blended. However, their widths
and intensities can still be determined. The plasma is optically
thin for these lines. The difference of their widths observed
with these targets can be explained by the different values of
the ion temperature, because the total line width is mainly de-
termined by Doppler broadening and the instrumental width.
The total line widths for the satellite lines and the corres-
ponding ion temperatures, estimated after subtraction of the
instrumental width, are given in Table 2.

Our plasma is also optically thin for the intercombination
line He,». However, this line is broader than the satellites. The
reason may be due to different emission times. The satellites
are radiated during the beginning period of the plasma expan-
sion, while for the He,, line the later stages dominate in the
radiation yield corresponding to the higher effective ion tem-
perature and Doppler width.

The observed resonance line He,; is broader than the in-
tercombination line. However for the modeling, we use the
same width as for the He,, line. The difference is due to
plasma opacity for the resonance line. The absorption effect in
the line shape of the n — 1 transitions can be accounted for by
using the uniform plasma layer approximation

Inl
Ln(h) = o [1—exp (=t Su(V)] (1)
where
M Augn
fy = ont Ami&a/81 @)

4 732c¢Alp

is the optical depth at the line centre, g, is the statistical
weight of the level n, AAp is the Doppler line width, N is
the ground state population coefficient, L is the layer size,
and S, (A) = exp[—(A — A,1)?/(AX,1/2)?] is the line-profile
function for an optically thin plasma with the total line width
Adp = (AMS + AXS )V

The results of line profile calculations for the optically thin
and optically thick plasmas are shown in Fig. 4. The values
of I,; and 7, for the He,; line were obtained by fitting for-
mula (1) to the observed spectral intensity. The width was

Parameter Target (laser harmonic)
SiO; (1w) Si(lw) Si Qw)

Jj-satellite A (pm) 0.35 0.4 0.5

T; (keV) 0.52 0.78 1.43
Hey AL (pm) 0.43 0.55 0.62

T; (keV) 1.0 1.9 2.5
Tal 0.3 1.1 39
NgeL (10'° cm=2) 0.34 1.7 6.8
LiAN; /(I Adar) 0.145 0.10 0.093
T. (eV) 460 550 560
Iy /1on 16.3 8.3 10.8
Ne (102! cm™3) 1.9 1.05 1.4
TABLE 2 The line widths and line intensity ratios in Si plasmas of differ-

ent targets and corresponding plasma parameters

obtained from the He,, line profile. The fitting gives a low
value of the plasma opacity for the He,; line for the glass
target (see Fig. 4a). The measured width is close to that of
the intercombination line. In contrast, the He,; line in pure
Si plasma is more strongly reabsorbed, as can be seen from
Fig. 4b. One of the reasons is the lower number density of Si
ions in the plasma from glass targets (Ns;) as compared to the
density of Siions in the plasma from pure silicon targets (Ng;)
in correspondence of the same value of the electron density

Zsi+Z i

Ny =28 + Zo/No/Ns Ns. . 3)
Si

where Zs; and Zg; are the average charge of the silicon ions
in the glass and pure Si plasmas, respectively, No & 2Ns;
and Zo = 8 are the density and the ion charge for completely
ionized oxygen at the electron temperature typical for the He-
like silicon ions. Thus, N§; &~ 2.3 Ns; as follows from (3) at
Zg, ~ Zsi ~ 12. However, this difference can explain only the
decrease of the total line intensity (by a factor of about two),
but not the plasma opacity. An actual ion charge distribution
should be taken into account.

The peak values of line intensities for optically thin plas-
mas obtained from the modeling were used to estimate the
total intensity ratio for the j satellite and Hey lines in the form

li AL

R el =7
al o

C))
and the results were compared with calculations [20].

According to [20], the main channel through which corres-
ponding autoionizing states in the Li-like silicon ion are pop-
ulated, is the dielectronic capture. Thus the intensity ratio (4)
depends only on the electron temperature, but not on the elec-
tron density. The electron temperature values corresponding
to the intensity ratio for different targets and laser harmonics
used in the experiments are shown in Table 2.

The electron densities shown in Table 2 were obtained
from the resonance and intercombination line intensity ratio
R(al, a2) = 1,1 /1y, corrected for the plasma opacity, by
comparison with the level kinetic calculations for optically
thin plasma presented in [12]. The optical depth gives from (2)
the value of the effective plasma layer thickness, i.e., the prod-
uct of the ground state population coefficient N, and the
layer size L. Note that the Ly, line of the H-like silicon ion
was not observed in these spectral measurements. It follows
from the value of the He-like silicon ionization rate by the
electron bulk. According to the Lotz formula, the ionization
time is Tion ~ 8 ns at T, = 500eV and N. = 10%! cm™3; that
is much larger than the pulse duration and larger than the
average plasma decay time, Atqe. ~ 1 ns, estimated from the
observed size of the emission zone and the average ion vel-
ocity of ~ 107 cm/s. The ionization time for the Li-like ion,
Tion ~ 20 ps, is of the order of the laser pulse duration.

33 Ly, line and its satellites Al plasma

In Al plasmas, the Ly, line of the H-like ion and
J dielectronic satellites are observed. The results of the line
modeling are shown in Fig. 5 and compared to the measured
spectrum. The fine structure of the Ly, line is clearly resolved,



MAGUNOV et al. Characterization of compact bright soft X-ray source based on picosecond laser plasma 23

Ly,
2 ;
'c
=] i
g L iR
i 0.1
o b Y
Q2
=
)
; \ J
0.715 0.717 0.719 0.721 0.723 0.725 0.727 0.729

A (nm)

FIGURE 5 Comparison of the experimentally observed spectrum (open
circles) and calculations according to (5) for the Al target in the region of the
Ly, and J-satellite lines. The dashed curve is for the optically thin plasma,
the thick full curve is for the optical depth 71,2 = 0.3 and the population ratio
N3j2/Nijp=13

and the intensities of two components with the total angu-
lar momentum j =3/2 and 1/2 can be obtained. For level
populations in statistical equilibrium, the component intensity
ratio is 2, while the experimental value is 1.3. Because in our
spectra the Lamb shift is not resolved, this difference can be
explained by the Stark mixing of the 2s;,, and 2p3,, states
that redistributes the transition probability in favor of the for-
bidden transition. Another possibility is the depopulation of
the metastabel 25, state to the 2py; level by electronic col-
lisions. Both effects result in an increase of the 2p1/» — 1512
intensity with respect to the 2p3,» — 151, intensity.

The intensities for the overlapped optically thick lines
were calculated using the following modification of (1)

rS32(A) + S12(2)
73/283/2(A) +112812(A)
x [1—exp (1328320 — 112812(V)] (5)

where 71/, and 13/, =271/, are the optical depths of the
Ly, line components j = 1/2 and 3/2, respectively, and r =
N3/2/ Ny, is the ratio of population coefficients.

The J satellite is narrower than the resonance Ly, line (as
in the Si plasma). Following calculations in [10], the observed
intensity ratio for these lines of about 0.067 gives an electron
temperature of 7. ~ 560 eV, that is slightly higher than that for
Si plasmas (see Table 2).

A similar analysis of the Heg line gives an optical depth
THep A 1.2, larger than that of the Ly, line (71,2 ~ 0.3). As
the transition probability of the Heg line is smaller and its
line width larger, the population of the H-like ion should then
be much lower than that of the He-like ion. The ionization
time for the He-like ion at 7, = 560V and N. = 10?! cm~3
(Tion & 0.6 ns) is smaller than the plasma decay time. In this
case, the excited levels are populated mainly due to the elec-
tron excitation from the ground state. Unfortunately, the He,
lines were not measured here and the electron density for the
Al plasma could not be determined in the same manner as for
the Si plasma. However, its value is expected to be nearly the
same.

Li(L) = I

34 X-ray radiation from the laser—plasma source

We assume that the X-ray emission from the
plasma is isotropic. Alternatively, the angular distribution can

be described by the cos 8 dependence where 8 is the angle be-
tween the ray considered and the direction normal to the target
surface (see, e.g., [23]). However, a possible X-ray anisotropy
is negligible here because the corresponding correction factor
for the yield is less than 2.

The number of photons that exposing the film is the inte-
gral over the plasma decay period Afgec, the line width A and
the emission solid angle corresponding to the crystal aperture
(after subtracting of the background). For isotropic emission it
reads

AS2

ANget = Nem Tr0e ——

4 ©

where t¢(A) is the filter transmission, o.(A) is the quartz crys-
tal reflectivity, Nem = n(A, ) AAAtqe. is the total number of
photons emitted within the line width during the decay period,
n(x, 1) = d>N/(dAdf) is the spectral emission rate. The crys-
tal aperture angle in the spectral and spatial directions is

AxAy

AS2 = =

(7

a
where a is the distance from the plasma region to the crystal
centre, Ay = y. is the crystal size in the direction transverse to
the dispersion plane (the focusing effect). Ax can by obtained
geometrically from

Racosf A
Ax =

= 8
a— Rsinf A ®)

Here R is the crystal radius, 6 = arcsin(1/2d) is the Bragg
reflection angle (in the first order) corresponding to the wave-
length A and d is the distance between symmetric layers in the
crystal.

Using (8), the crystal aperture (7) reads

Rcos6 AM
AR = LS. Ye B4 . 9)
a—Rsinf a A
From (6) and (9) one can estimate the total number of photons
in the line emitted in the solid angle 2

_ 2mai(a— Rsin6)

Nem = Naet - (10)

10 Yc ALR cos 6

Table 3 shows the results for different spectral lines in Al, Si,
and Ge plasmas corresponding to the experimental arrange-
ment (@ = 230 mm, y. = 8 mm and d = 0.425 nm). Absolute
values of the exposure were obtained using the X-ray response
data for the RAR film from [24].

Line and Ton A AL Nem A2
(nm) (nm) (10'%) (1073sr)
He,; Sit!2 0.6648 0.0006 2.5 1.1
Ly, AlT12 0.7172 0.001 0.6 1.8
Heg Al+!! 0.663 0.0005 1.3 1.1
2p4s —2pOGet?? 0.708 0.0007 1.2 1.2

TABLE 3  Total number of photons in different spectral lines emitted in the
solid angle 27t by 40-ps laser-produced plasmas and corresponding crystal
aperture angle (9)
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From these estimations, it follows that about 10° X-ray
photons per laser pulse are available on a sample surface of
1 cm? at the distance 10 cm from the plasma source in the
bandwidth AX/A = 0.05. The total X-ray yield from several
lines increases the photon number irradiating a sample by an
order of magnitude. In this case, L-shell emitters like Ne-like
Cu would be preferable due to their higher X-ray yield [17].
Another way to increase the X-ray flux on a sample is to
use the focusing property of a spherical crystal spectrom-
eter [25]. With the additional focusing, the X-rays flux is
about 10'3 photons/cm? in a 1-mm diameter spot per a laser
pulse.

4 Conclusions

We have performed high-precision X-ray spec-
troscopy studies of plasmas produced by 40-ps pulses from
a small Nd:YAG laser system. The beam was focused on
different targets (Al, SiO,-aerogel, SiO,, and Si). Spectral
line profiles and intensities of the resonance transitions in
the H-like and He-like aluminum and silicon ions and their
dielectronic satellite lines have been analyzed to obtain the
electron density, N., and electron temperature, T, of the per-
taining plasmas. The analysis yields 7, = (460 — 560)eV and
Ne = (1.0—1.9) x 10*! cm~3 in Si plasmas and T, ~ 560 eV
in Al plasmas for the first and second laser harmonics. In
the case of Al plasmas, the He, lines were not measured
but the electron density is expected to be nearly the same
(N &~ 10*' cm™3). The plasma opacity was taken into account
to correctly compare the experimentally observed resonance
line intensities with those obtained theoretically for an opti-
cally thin plasma.

The laser-produced plasma studied seems to be a promis-
ing source of soft X-ray radiation. The total number of pho-
tons emitted in the resonance lines from a plasma region of
about 100-um size during the decay period is about 10'3,
which it makes possible to use it as a point-like bright X-ray
source.
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