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Abstract

Enhancement of the line X-ray emission from iron plasma is investigated by simulating laser irradiation of both porous and
solid targets. Spectral line intensities are calculated for selected lines of the iron plasma within the extreme ultra-violet
lithography wavelength range 13.3–13.7 nm. The calculations show that X-ray yield in porous targets can be enhanced
significantly in comparison with solid density targets. The results also show that for specified conditions of the driving
laser, there are optimums conditions of the porous target in which maximum yield can be obtained.
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1. INTRODUCTION

Laser produced plasmas has been of great interest as bright
sources of X-ray radiation for many years (Son et al.,
2007; Chakera et al., 2007; Andriyash et al., 2006; Kuba
et al., 2005; Jin et al., 2004, 2008; Yang et al., 2003;
Chung et al., 2005; Ciobanu et al., 2008; Moscicki et al.,
2008; Benredjem et al., 2006; Demir et al., 2004; Andreev
et al., 2002; Belyaev et al., 2003; Hatanaka et al., 2008;
Kulcsar et al., 2000; Rajeev et al., 2003, 2004; Murnane
et al., 1993; Nishikawa et al., 1998, 2001, 2004; Nakano
et al., 2004). X-rays from such sources have important appli-
cations in science and technology including material science,
X-ray microscopy, inertial confinement fusion research,
microlithography, and particle acceleration (Loupias et al.,
2009; Lindl, 1995; Daido, 2002; Ganeev et al., 2001;
Chaker et al., 1992; Chakera et al., 1998; Tomie et al.,
1997; Schriever et al., 1998). The enhancement of laser
plasma X-ray sources for applications is consequently topical
and various methods have been proposed for increasing
X-ray yield efficiency. X-ray enhancement using laser pre-
pulses (Andreev et al., 2002; Belyaev et al., 2003; Nishikawa
et al., 1998; Hatanaka et al., 2008; Fazeli et al., 2010), struc-
tured surfaces (Kulcsar et al., 2000; Rajeev et al., 2003,
2004; Murnane et al., 1993; Nishikawa et al., 2001, 2004),
mixed-Z (Chakera et al., 2007), porous (Nishikawa et al.,

1998; Borisenko et al., 2008; Mahdieh et al., 2009), and
multilayer targets (Nakano et al., 2004) have been reported.
X-ray emission enhancement is improved by either improv-
ing the laser plasma coupling during the irradiation or enhan-
cing the local field associated with the laser beam at the
target surface. In our previous works, we have shown that
for nanosecond and sub-nanosecond laser pulse regime, the
volume effect plays a major role in laser plasma energy coup-
ling (Mahdieh et al., 2009; Fazeli et al., 2010). Using porous
metal targets, free-bound and free-free (Bremsstrahlung)
X-ray emission was calculated. For simulating the plasma
hydrodynamics, a two layer metal target (a thin layer
porous metal pasted over a thicker substrate of the same
metal) was assumed to be irradiated by a pulsed laser
beam. The target porosity was controlled in the calculations
by changing the density of the thin layer. It was shown that
free-bound and free-free X-ray emission from such targets
can be enhanced significantly at an optimum density ratio
of the porous layer to the substrate (Mahdieh et al., 2009).
Using the same targets and assuming double pulse
irradiation, the free-bound and free-free X-ray emission
was also calculated (Fazeli et al., 2010). It was shown that
if porous targets were irradiated by double pulses with appro-
priate intensities and delays, the free-bound and free-free
X-ray emission in such conditions can be enhanced further.

In this paper, we present the results of simulating line
X-ray emission from both porous and solid iron targets irra-
diated by picosecond laser pulses. Spectral line intensities are
calculated for selected lines within the wavelength range
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13.3–13.7 nm likely to be useful in extreme ultraviolet
(EUV) lithography. Wavelengths around 13.5 nm have
been selected in the semiconductor industry roadmap as the
optimum for the future production of integrated circuits
using EUV lithography due to the high reflectivity possible
with Si-Mo multilayer mirrors (Attwood, 2007; Yulin
et al., 2006; Watanabe et al., 2005).
Different X-ray sources can be used to generate EUV

radiation such as synchrotron radiation (Neureuther, 1980;
Grobman, 1983), X-ray tubes (Warlaumont & Maldonado,
1981), and plasma sources (Nagel et al., 1978; Chaker et al.,
1988). Although conventional synchrotron sources can pro-
duce highly collimated radiations and are very bright but are
too expensive for small andmoderate size production facilities.
X-ray tubes are quite inexpensive but have an important dis-
advantage that is the blurring effect. This effect occurs due to
the large size and the low brightness of these sources. In
comparison with such conventional sources, laser produced
plasmas offer some specific advantages such as compact-
ness, easy access, relatively low cost, short pulse length,
and small X-ray source size. These sources have a high effi-
ciency however; the produced X-ray yield can be enhanced
using the methods mentioned above. Such advantages
make the laser plasmas as the best candidate for EUV
lithography.

2. THEORY AND SIMULATION

The laser interaction with solid target and subsequent plasma
expansion are simulated with the atomic physics code EHY-
BRID (Pert, 1983; Healy et al., 1995a, 1995b; Holden et al.,
1994). This program can simulate two-layer targets using 98
Lagrangian cells along the incident laser axis. Inverse Brems-
strahlung absorption is included for the laser energy absorp-
tion in the under dense plasma. A specified portion of the
laser energy (70%) is considered to be reflected at the critical
density and 30% of the energy reaching the critical density is
dumped in the cells near the critical density. The code calcu-
lates plasma parameters (such as temperature, density, etc.) in
each cell at each time step. The time dependent excitation and
ionization are calculated using average-atom approximation
self-consistently with the hydrodynamics. In addition, a
flux limiter of 0.1 is included for the reduction of energy
transport from the free streaming limit.
In the simulations, the porous target is modeled as a two-

layer target consisting an 8 μm thick iron substrate with solid
density (Ns) and a 2 μm iron layer with lower density (Np) on
the top as is illustrated in Figure 1.
In such conditions, the effect of target porosity on the line

X-ray emission can be controlled in the calculations by chan-
ging the thin layer density. For simplicity, a parameter α is
introduced for the density ratio of the porous layer to the sub-
strate:

α = Np

Ns
. (1)

The spectral line intensities were calculated only for selected
bound-bound transitions within the wavelength range
13.3–13.7 nm, likely to be useful in EUV lithography.
Three relevant lines of iron plasma were considered in the
calculations: (1) N-like iron transition: 2s22p3-2s2p4, (2)
B-like iron transition: 2s22p-2s2p2, and (3) Be-like iron tran-
sition: 1s22s2p-1s22p2. Some important properties of these
transitions are summarized in Table 1. The three lines con-
sidered dominate emission in the selected wavelength range
in iron plasmas (Sugar & Rowan, 1995; Lawson & Peakock,
1980; Lawson et al., 1981).
Since there are high electron collisional rates at the plasma

densities involved in the calculations, local thermodynamic
equilibrium(LTE) balance of the excited states with the
ground state population of the next higher ionization stage
was considered as a good approximation to calculate the
populations of the excited levels. In LTE, the population
Nn, of the level n for a specified ion with degree of ionization
Z can be given by (Lang, 1999):

Nn = NeNZh3

(2π mekTe)3/2
gn
2
exp

−χn
kTe

[ ]
, (2)

Fig. 1. Schematic of the porous target used in the simulations of laser
irradiation.

Table 1. Atomic properties of spectral lines of iron considered.
Transition probabilities Aul, energies above the ground state of the
lower El and upper Eu states and the respective lower and upper
degeneracies, gl, gu are shown (Sugar & Rowan, 1995; Lawson &
Peakock, 1980, Lawson et al., 1981)

Ion Wavelength (Å) Aul (s
−1) El – Eu (cm

−1) gl – gu

Fe XX 136.052 6.0e+ 09 323340–1058360 4–6
Fe XXII 135.812 1.1e+ 10 0–736310 2–4
Fe XXIII 136.53 4.83e+ 09 471780–1204200 5–5
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where Ne is the density of electrons with temperature Te and
mass me, NZ is the density of recombining ions in ionization
state Z, h is the Planck’s constant, gn is the statistical weight
of the nth shell, χn is the ionization energy from level n of the
ion and k is Boltzmann constant. The ionization stage abun-
dance was calculated using the EHYBRID average atom
approximation.
A post-processor code was developed to calculate the

emitted intensity (Iλ) of the selected spectral lines using:

Iλ =
∑
i

NuAulT
hc

λ
dV , (3)

where i is the cell number, Nu and Aul are the upper state
population, and the radiative transition probability for a
given transition, respectively, T is the escape factor, c is the
vacuum speed of light, λ is the spectral line wavelength,
and dV is the volume of each cell. Because of strong oscil-
lator strengths, selected lines can be optically thick and
may influence the populations significantly. The effect of
opacity on the emitted lines was also included through an
approximate escape factor (T ) for Doppler broadened lines
(Holstein, 1947, 1951). In this study, the developed post-
processor code was used to calculate the intensity of the se-
lected lines using relation (3) and Table 1 with Doppler
broadening considered for the selected spectral line profiles.
The hydrodynamics data for the iron plasma such as Te, Ne,
NZ, and dV were provided by EHYBRID code and the
upper level populations were calculated by using relation (2).

3. RESULTS AND DISCUSSION

3.1. Spectral Line Intensities

Figure 2 shows an example of the simulated time and space-
integrated intensities of Fe XX, Fe XXII, and Fe XXIII lines
emitted from iron plasma in the selected wavelength range.
The iron plasma was assumed to be created by focusing a
532 nm wavelength laser beam normally onto the surface
of a one-layer solid iron target with a thickness of 8 μm in
a spot radius of 100 μm. Laser pulse durations of 10 and
20 ps and three different intensities i.e., 1015, 5 × 1015, and
1016 W/cm2 have been simulated (Fig. 2).
It can be seen that by increasing the laser intensity, the

lines intensities are increased. However, the increase is
different for different lines. For example, Figure 2 shows
the intensities of lines Fe XXII and Fe XXIII are more in-
creased in comparison with the intensity of the Fe XX line.
Such result can be interpreted as follows. In plasma created
by specified laser intensity, ions with a variety of ionization
degree (Z ) are produced. According to the relation (2), the
density of ions (NZ) can strongly affect the upper level popu-
lations, which are directly related to the intensity of lines
through the relation (3). The densities of these ions and
their distribution versus ionization degree may be varied if
the laser intensity is changed. The densities of ions with

lower degrees of ionization are closer to their maximum
values that can be produced in the hot plasma. Therefore,
by increasing the laser intensity, hotter and denser plasma
is created in which the growth of the ions in higher degrees
of ionization will be more in comparison with emitting
ions in lower ionization states. As a result, the intensity of
a selected line originating from ions in a higher ionization
state will be more increased.

In addition, Figure 2b shows that for pulse duration of
20 ps the line intensities are approximately two times greater
than those of 10 ps laser pulse (Fig. 2a). Clearly, this is be-
cause the incident energy is doubled and thus the absorbed
laser energy is increased for a longer laser pulse and X-ray
emission is also increased. However, it can be seen that
again the intensities of lines Fe XXII and Fe XXIII are
more increased in comparison with the line Fe XX. Again,
by increasing the incident laser energy (this time by increas-
ing the pulse duration), the number of radiant Fe XXII and Fe
XXIII ions, which are in higher ionization states (Z= 22 and
23) is more increased in comparison with Fe XX ion (Z= 20).

In order to see the variation of the ionization in the plasma
cells by changing the laser intensity, the time averaged ion-
ization Z

∗
(during the laser radiation) is calculated for

Fig. 2. Spectral intensities of the selected lines emitted from iron plasma. A
solid iron target with thickness 8 μm is irradiated by 532 nm, (a) 10 ps and
(b) 20 ps laser pulses with different intensities.
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different laser intensities. At each time step, EHYBRID cal-
culates an average ionization of each Lagrangian cells. The
time averaged ionization can be obtained by averaging this
value during an irradiation time. Figure 3 shows the spatial
variation of the Z∗ in the iron plasma created by laser inten-
sities of 1015, 5 × 1015, and 1016 W/cm2. It is clear that Z∗

values increase with laser intensity. This means that the
number of emitting ions with high degrees of ionization
(Z= 20, 22, and 23) is increased with a higher laser intensity
and so X-ray line emission from such ions is increased.

3.2. Single Line Enhancement

We now consider a porous target (as described in Section 2)
with various density ratios irradiated by a 10 ps laser pulse
of irradiance 1016 W/cm2. Figure 4 shows the simulated
emitted spectrum of the selected lines for three different den-
sity ratios of the target.
The results in Figure 4 show that the line intensities can be

enhanced by decreasing the density ratio α. For example, the
intensities of lines Fe XX, Fe XXII, and Fe XXIII can be en-
hanced about 1.2, 2.1, and 2.5 times if a porous target with
density ratio 1/4 is used instead of the solid. In order to
see more details of porosity effect on the X-ray yield en-
hancement, the time-integrated X-ray yield emitted by a
single line (Fe XXIII) is evaluated for porous targets with
different density ratio. Figure 5 shows the variation of total
X-ray yield for Fe XXIII line versus density ratio. In this
figure, it was assumed that porous targets (with different por-
osity) were irradiated with 10 and 20 ps laser pulses of inten-
sity 1016 W/cm2. The total X-ray yield in each figure is
compared with the yield of the solid target.
Figure 5 shows that there is an optimum value for α in

which the total X-ray yield of a selected line can be maxi-
mized. For example, for the conditions of Figure 5, the opti-
mum values of α for 10 and 20 ps laser pulses are
approximately 0.25 and 0.28, respectively. Such enhance-
ment can occur due to two effects. First, as described in
our previous works (Mahdieh et al., 2009; Fazeli et al.,

2010), using the porous targets means a greater volume of
the hot plasma can be produced and the light absorption is
increased going through a larger interaction volume resulting
in the enhancement of the X-ray yield with the porous target.
Second, using a porous target instead of a solid target,

the number of emitting ions (correspond to a selected line)
in the plasma is increased due to the increased temperature
in the plasma cells (see Fig. 8 in Mahdieh et al. (2009)). In

Fig. 3. Time averaged ionization across the plasma cells. The iron plasma is
assumed to be created by irradiating a solid iron target by 10 ps laser pulses
of different intensities.

Fig. 4. Spectral intensities of the selected lines emitted from iron plasma at
different density ratios of the porous target when irradiated by 10 ps laser
pulse of irradiance 1016 W/cm2.

Fig. 5. Time-integrated X-ray energy emitted via the Fe XXIII line at differ-
ent density ratios of the porous target irradiated by (a) 10 ps and (b) 20 ps
laser pulses with intensity 1016 W/cm2.
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fact, by reducing the density ratio (increasing the porosity) of
the target, the laser beam can ionize more interacting atoms to
the degree of ionization of ions emitting the selected line. As a
result, X-ray emission via this line can be enhanced.
Figure 6 shows the variation of the average degree of ion-

ization Z∗ in the iron plasma created by a 10 ps laser pulse of
intensity 1016 W/cm2. It can be seen that the Z∗ values in the
plasma cells is increased for density ratio α = 1/4 and more
cells have an averaged ionization close to about 23 therefore,
line X-ray emission via Fe XXIII line is increased.
On the other hand, it can be seen from Figure 5 that for

density ratios lower than the optimum value, the total line
energy is decreased. Such a decrease of the line energy can
be due to ionization of more atoms to a degree of ionization
greater than 23 for a highly porous target. Such behavior is
illustrated in Figure 7. It can be seen from this figure that
by decreasing the density ratio of the target to 1/6, the
number of plasma cells, which have an average degree of ion-
ization close to 23 is decreased and the Z∗ values for more
cells is shifted to upper than that.

Changing the target porosity affects the spatial and
temporal distribution of plasma density and temperature. As
relation (2) shows, upper state populations for a given
transition depend on the plasma parameters (Ne and Te).
Figure 8 shows the time-averaged spatial distribution of
plasma density and temperature for targets with α= 1/4
and 1/6. The porous targets are irradiated by 10 and 20 ps
laser pulses of intensity 1016 W/cm2.

Figure 8 shows that by increasing the target porosity (or
decreasing α), the density Ne decreases and temperature Te in-
creases in the plasma cells. According to relation (2), such
conditions lead to a depression of the upper state population
for a specific degree of ionization.

3.3. The Effect of Laser Intensity

In the previous section, we showed that line X-ray emission
can be enhanced by reducing the porosity of the target to
an optimum value. Such enhancement may be different for
various laser intensities. Figures 9a and 9b show the energy
enhancement of Fe XX and Fe XXIII lines respectively for
a 10 ps laser pulse of different intensities irradiating porous
target with various density ratios.

It is clear from these figures that maximum X-ray yield
occurs at different density ratios for different laser intensities.
As explained in Section 3.2, reducing the target density ratio
leads to the generation of more radiant ions corresponding to
a selected line in the plasma. By increasing the laser inten-
sity, plasma with higher density and temperature is created
in which the density of radiant ions is closer to its maximum
value. Hence, the maximum number of radiant ions can be
obtained at a higher density ratio and therefore, the optimum
value of α is increased for higher laser intensities.

From Figure 9 it can be seen that the enhancement of
X-ray yield has different trends for various laser intensities.
Clearly, there is an intensity threshold for the formation of
ions with specific degree of ionization in laser-produced

Fig. 6. Comparison of the time averaged ionization in the iron plasma cells
for porous targets with density ratios of 1 and 1/4. Both targets are irradiated
by 10 ps laser pulses of intensity 1016 W/cm2.

Fig. 7. Comparison of the time averaged ionization in the iron plasma cells
for porous targets with density ratios of 1/4 and 1/6. Both targets are
irradiated by 10 ps laser pulses of intensity 1016 W/cm2.

Fig. 8. Time averaged temperature and density of the iron plasma created by
irradiating porous targets with different density ratios by 10 ps laser pulses of
intensity 1016 W/cm2.
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plasma. When the laser intensity is higher than a threshold,
the most number of radiant ions can be created in the
plasma cells by reducing the porous layer density. As the
threshold intensity for the formation of Fe XX ions is
lower than that of Fe XXIII therefore, the laser intensity for
which significant enhancement can be obtained for Fe XX
line is lower than that of Fe XXIII line.

3.4. Total Yield Enhancement

According to the calculations, as the yield of each line is en-
hanced by increasing the target porosity therefore, the total
X-ray yield emitted via three selected lines (Fe XX, Fe
XXII, and Fe XXIII) in the selected wavelength range is
also increased. However, it can be expected that the variation
of the total X-ray yield with density ratio α may be different
for various laser intensities or pulse durations. The effects of
pulse duration are considered in the next section.
Figure 10 shows the enhancement of the total X-ray yield

from a porous iron target irradiated by a 10 ps laser pulse
of various intensities. It can be seen that the total X-ray
yield can be more enhanced for a laser intensity of 8 × 1015

W/cm2. However, there is not a significant difference be-
tween maximum enhancements for laser intensities around
8 × 1015 W/cm2, e.g., 5 × 1015 and 1016 W/cm2. In addition,

by decreasing the laser intensity, the optimum value of α is
shifted to lower values as was explained in Section 3.3.

3.5. The Effects of Pulse Duration

Figure 11 shows the dependence of the simulated total X-ray
yield to the target density ratio (α) for different pulse dur-
ations varying from 10 ps to 50 ps while keeping the laser in-
tensity constant at 5 × 1015 W/cm2.
It can be seen from this figure that the optimum density

ratio is higher for a longer laser pulse. As the total laser
energy delivered to the target is greater for a longer laser
pulse, the maximum number of ions emitting the selected
lines is produced at a higher density ratio (lower porosity).
In addition, Figure 11 shows that for specific laser intensity,
more enhancements are obtained for shorter laser pulses.
A laser pulse irradiating a solid target with a specified inten-
sity creates plasma with certain numbers of ions emitting the
selected lines. By decreasing the density ratio of the target to

Fig. 9. Total energy enhancement of the (a) Fe XX line and (b) Fe XXIII
line at different density ratios of the porous target when irradiated by
532 nm, 10 ps laser pulses of various intensities.

Fig. 11. Enhancement of the total X-ray energy (from three selected lines)
for different density ratios of the porous target. The target is irradiated
with laser pulses of different durations while the laser intensity is fixed at
5 × 1015 W/cm2.

Fig. 10. Comparison of the total X-ray enhancement from porous iron target
irradiated by 10 ps laser pulses of different intensities.
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an optimum value, the densities of emitting ions increase to
their optimum values and in such conditions, X-ray emission
can be enhanced significantly. However, for a longer laser
pulse, hotter and denser plasma is created in which, the den-
sities of radiant ions are closer to their optimum values. As a
result, the effect of reducing target density ratio on the X-ray
enhancement is not as significant as shorter pulses.
It must be noted that the total X-ray emitted from plasma

produced by a longer laser pulse is greater. However, the en-
hancement of X-ray emission from a porous target in com-
parison with the solid is greater for shorter pulse durations.

4. CONCLUSIONS

Line X-ray emission from solid and porous iron targets irra-
diated by picosecond laser pulses was investigated numeri-
cally. Spectral line intensities were calculated for three
selected lines in the wavelength range 13.3–13.7 nm. The re-
sults showed that using porous targets can significantly en-
hance the X-ray yield. It was concluded that there is an
optimum density ratio of the porous layer to the solid substrate
at which, maximum line energy can be produced. The en-
hancement had different trends for various laser intensities
and pulse durations. By increasing the laser intensity or in-
creasing the pulse duration, maximum X-ray yield occurred
at a higher density ratio (lower porosity). Such laser plasma
X-ray sources are the best choice for EUV micro- and nano-
lithography because of special properties such as high effi-
ciency, compactness, easy access, and small X-ray source size.
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