Applied Physics B (2018) 124:193
https://doi.org/10.1007/s00340-018-7061-3

Applied Physics B

Lasers and Optics

@ CrossMark

Spectral dynamics of soft X-ray emission in dual-laser-produced

medium-Z plasma

Hayato Ohashi’

- Hiroyuki Hara? - Goki Arai? - Tadashi Hatano? - Takeo Ejima3 - Chihiro Suzuki® - Shinichi Namba® -

Akira Sasaki® - Masaharu Nishikino® - Gerry O’Sullivan’ - Takeshi Higashiguchi?

Received: 2 July 2018 / Accepted: 30 August 2018 / Published online: 5 September 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Laser-produced medium element plasma sources are being considered as strong candidates for in vivo photographic imaging
of biological samples in laboratory-scale water-window soft X-ray microscopes. We explored spectral changes in the emis-
sion from dual-laser-produced zirconium (Zr) plasmas in the water-window soft X-ray spectral region. The emission was
enhanced at a delay time of 5 ns between the pre- and main-laser pulses and found to possess a source size of 38 pm X 68 pm
very similar to that obtained without any pre-pulse. We also investigated the decrease in emission observed at longer delay
times, in the context of the collisional-radiative (CR) model-calculated absorption coefficient.

1 Introduction

The hot, dense plasmas produced by 1-pum solid-state laser
pulses generate efficient, bright short wavelength emis-
sion in the vacuum ultraviolet (VUV), extreme ultravio-
let (EUV), and soft X-ray spectral regions, as the result
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of transitions in highly charged ions [1, 2]. The emission
from such laser-produced plasmas can be applied for spe-
cific applications, such as X-ray absorption fine struc-
ture measurements [3], ablation [4], lithography [5], and
biological imaging [6]. The spectral structure observed
in higher atomic number (higher-Z) element plasmas,
such as those of tin (Sn), xenon (Xe), gadolinium (Gd),
and bismuth (Bi), can show a dramatic difference from
strong line emitting lower atomic number (lower-Z) ele-
ment plasmas [7-9], such as carbon and nitrogen plasmas,
and be dominated instead by continuum emission from
unresolved transition arrays (UTAs) [10-20]. Plasmas of
the higher Z elements Sn and Gd, which are candidates
for the next-generation semiconductor lithography light
sources, produce strong resonant emission due to 4p—4d
and 4d—4f transitions at 13.5 nm and 6.7 nm, within wave-
length bandwidths of 2% and 0.6%, respectively [21-24].
The resulting line emission from adjacent ion stages over-
laps to yield an intense UTA emission in their spectra.
The in-band high-energy emission is thus attributable to
hundreds of thousands of near-degenerate resonance lines
lying within a narrow wavelength region [21, 22]. Gen-
erally speaking, the spectral profiles of the emission are
determined by the balance between the emissivity and the
self-absorption (opacity) in the plasmas as they expand
into the vacuum. In addition, the 1-pm laser-produced
plasmas are optically thick for higher Z element targets,
such as Sn, Gd, and Bi compared to for lower Z element
targets of C and N. Although the output flux from the
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UTAs is generally strong for high-Z plasmas, the effects
of self-absorption in such plasmas are also large especially
if compared to lower Z plasmas [25, 26].

One of the most important applications at shorter wave-
lengths is in vivo biological imaging in the water-window
soft X-ray spectral region, which lies between an oxygen
K-edge (O g-edge) at 2.3 nm and the carbon K-edge (C ¢
-edge) at 4.4 nm, and which is the focus of much inter-
est because of its potential for high-resolution biomedical
research. The selection of target elements is, therefore, criti-
cal to maximize emission to develop the most efficient light
sources for soft X-ray microscopy and soft X-ray tomogra-
phy. According to the quasi-Moseley’s law [27], plasmas
of higher Z elements are expected to produce high output
flux, which originates from unresolved spectral structure
due to n = 4 — n = 4 transitions. It predicts that Bi is one of
the most promising elements for use in an efficient water-
window soft X-ray light source [19]. However, higher elec-
tron temperatures, which correspond to higher laser intensity
(laser power density), in the 400—600 eV range are required
to produce highly charged ions as the emitters for such a
high-Z plasma source [19]. Recently, it has been shown that
plasmas of medium-Z elements, such as zirconium (Zr) and
molybdenum (Mo), produce similar output flux at relatively
lower electron temperatures of 200-400 eV [28-30]. In
fact, the optimum electron temperature was observed to be
about 250 eV under optically thin conditions in discharge-
produced plasmas [31]. In addition, the spectral behavior
of water-window soft X-ray emission from a Mo plasma
has also been observed from dual-pulse laser-produced plas-
mas [32]. However, to date, no comparison has been made
between the observed spectra and the calculated emissiv-
ity and opacity for Zr plasmas for water-window soft X-ray
microscopy sources, especially the self-absorption (opacity)
effect. To observe the absorption effects, the optical thick-
ness, which is related to the electron and ion densities, and
the length of the plasma through which the radiation passes,
should be controlled. The optical thickness is determined
by the initial density of the target [14, 18], the thickness of
the target [25], the pulse duration [33, 34] and wavelength
of the laser pulse [12, 17, 20], and the irradiation scheme,
i.e., whether single- or dual-laser-pulse irradiation is used
[14, 18, 32, 35]. The dual-laser-pulse irradiation technique
is useful in a controlled way to influence the behavior of
the opacity of the expanding plasma, here provided by the
pre-plasma. We, therefore, focus here on changes in spectral
behavior with source size by changing the delay time in a
dual-pulse laser irradiation scheme.

In this paper, we explore spectral changes of the emis-
sion in the water-window soft X-ray spectral region. The
emission is slightly enhanced at a delay time of 5 ns,
while the source size is essentially similar to that obtained
without any pre-pulse. We also discuss the effects of
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self-absorption based on the results of opacity (absorp-
tion coefficient) calculations with a collisional-radiative
(CR) model.

2 Experimental apparatus

The spectral behavior of Zr plasma emission under dual-
pulse laser irradiation was observed using the experimental
apparatus described previously in Ref. [32]. The experi-
ment was performed using two Q-switched Nd: YAG lasers
in which the pulse durations of the pre-pulse and the main
pulse had the same value of 150 ps at a wavelength of 1064
nm. The pulse energies of the pre-pulse and the main pulse
were 20 and 200 mJ, respectively The pre-pulse was loosely
focused to produce a large volume pre-plasma before irra-
diating with the main pulse after a variable pulse delay. The
laser intensity of the pre-pulse was 3.5 x 10'© W/cm? with
a focal spot diameter of 700 pm, and the main pulse was
tightly focused to a maximum intensity of 1.1 x 10" W/cm?
at a focal spot diameter of 40 pm. We define the delay time
as the difference between the intensity peaks of the two dif-
ferent laser pulses. The laser systems were synchronized by
a trigger pulse oscillator, which controlled the timing of the
flash lamps and Q-switching. The pulse-to-pulse stability
(jitter) evaluated over many shots was determined to have
standard deviations of 0.2 ns in the present experiments. The
pre-pulse and main pulse were focused on to a 4,Zr planar
target, through plano-convex lenses with focal lengths of 25
cm. The pre-pulse laser irradiated the target at an incident
angle of 60° with respect to the main pulse laser axis. The
resulting pre-pulse laser power density was sufficient to cre-
ate a lowly ionized plasma but not enough to obtain emission
in the soft X-ray spectral region.

The plasmas were formed along the optical axis of the
main-laser pulse on the normal of the target. A flat-field
grazing incidence spectrometer with a variable-line-spacing
2400 grooves/mm grating was positioned at 30° with respect
to the incident main laser axis. Spectra were recorded by
a thermoelectrically cooled back-illuminated X-ray CCD
camera. The spectra were obtained over the spectral range
from 1 to 7 nm. The uncertainty of the present wavelength
calibration is estimated to be 0.01 nm. The relative response
of the grating and the X-ray CCD camera were calibrated by
synchrotron radiation with a reflectometer installed at the
BL-11D beamline of the Photon Factory (PF) at KEK [36].
An X-ray pinhole camera with a 15-um pinhole was used to
determine the spatial extent of the soft X-ray emission and
was positioned at 90° with respect to the main laser axis. A
200-nm-thick Ti filter was inserted between the pinhole and
an X-ray CCD camera to transmit the water-window soft
X-ray spectral region longer than 2.9 nm.
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3 Experimental results and discussion

The spectral changes obtained by changing the delay time
between the pre-pulse and the main pulse is shown in
Fig. 1a. The emission spectrum from the Zr plasma with-
out the pre-pulse (single-pulse irradiation) is observed in
Fig. 1a in Ref. [30]. The energy stability of the main-laser
pulse was + 5% at the pulse energy of 220 mJ in the present
results. At one delay time, we recorded five spectra, and
we averaged the spectra using the recorded spectra at each
delay time. After taking various delay time of each 2-ns
delay, we map Fig. 1a. The spectral intensity was normal-
ized to the spectral intensity measured without the pre-
pulse (i.e., single-main-pulse irradiation). The emission
intensity is clearly enhanced at delay times of 4—8 ns in the
1.7-7-nm spectral region, and reduced at delay times of
0-3 and 22-50 ns from 1.8 to 4 nm. In Fig. 1b, the changes

in the spectra at delay times of 5 and 30 ns are shown. The
emission at 2.1 nm was increased by a factor of + 18% at
the 5-ns delay and the 3.1-nm emission was decreased
by — 15% at the delay time of 30 ns. To understand this
behavior, we calculated the radiation coefficient (emissiv-
ity) and the absorption coefficient (opacity) by the colli-
sional-radiative (CR) model [37] and the results are shown
in Fig. 2a, b, respectively. In Refs. [37] and [38], the CR
model is described in detail. In Fig. 2a, the strong radia-
tion coefficient is predicted maximized in the 2-2.4-nm
wavelength region at an electron temperature higher than
200 eV. Strong discrete spectral structure in the water-
window soft X-ray spectral region can be attributed to
overlapping lines of 3d" — 3d" '4f(n=3-n=4,4n=1)
transitions. The transitions of the type 3p — 4d, which
originate from ion stages with an outermost 3p subshell,
appear at shorter wavelengths, while at longer wave-
lengths, distinct line groups attributable to 3d" — 3d"'4p
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pared to the spectrum obtained
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transitions appear. Satellite lines from transitions of the
type 3d""'4s — 3d"?4s4f also contribute in the water-
window soft X-ray region lying on the low energy side
of the resonant 3d — 4f transitions. The upper 3d"24s4f
configurations are efficiently populated by dielectronic
recombination and the radiative decay rate for individual
levels is typically around 5% of the autoionizing rate,
so that they contribute significantly to the overall emis-
sion [28]. On the other hand, the absorption coefficient,
which determines the opacity effects, was calculated to
be low as shown in Fig. 2b. Self-absorption effects are,
therefore, expected to be low in Zr plasmas in the 1.8 — 5
nm spectral region. In fact, the overall emission flux in
the water-window soft X-ray spectral region was found
to be almost constant for different delay times, as shown
in Fig. 3. According to Figs. 1 and 2, the emission was
increased at the delay time of 5 ns, which is corresponded
to the electron temperature of 300 eV in Figs. 1a and 2a.
In addition, the decreased emission at the delay time of
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Wavelength (nm)

30 ns is from the low electron temperature around 100 eV
in Figs. 1b and 2b due to the expanding plasma into the
vacuum. This result was consistent with the predictions
for the CR model-calculated absorption coefficient. This
means that self-absorption is expected to be lower com-
pared to that observed in higher Z plasmas [25, 26, 32, 39].
According to the atomic calculation with the CR model,
the absorption coefficient of Zr, as medium-Z element,
was evaluated to be 7.3 cm™! for 2.1-nm emission at an
electron temperature of 300 eV, significantly smaller than
the value of 15.9 cm™! obtained for 4-nm emission at the
electron temperature of 500 eV for Bi, as high-Z element,
at an electron density of 1 x 10?° cm~3. The emission flux
was about 1 X 10'* photons/sr [30]. Since the availability
of detailed spectral data for Zr ions is limited, the pre-
sent results show that it is important to improve both the
energy level and rate-coefficient information for detailed
CR modeling.
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Fig.3 Delay time dependence of the output flux in the water-window
soft X-ray spectral region

Slight increase of the emission at the wavelengths of 2.4
and 6.6 nm was observed. However, it is difficult to under-
stand this spectral behavior. Then, we need the radiation
hydrodynamic simulation, coupling with the atomic code
calculation in near future. In the radiation hydrodynamic
simulation, it is difficult to compare the experimental results
with the time-resolved simulations for the spectra, because
the calculation of the equation of states (EOS) for Zr is very
difficult. In fact, there are many proposals and methods to
calculate of the EOS. This equation is very important to con-
nect the energy flow at different positions and the states of
the Zr. Then, we remain some problems before the radiation
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hydrodynamic simulation for Zr to compare the experimen-
tal results.

Since high brightness and a small source size are essential
for microscopy, we also studied the source sizes obtained,
as the size of the water-window soft X-ray emission volume
might be expected to increase due to plasma formation by the
pre-pulse. The emission has been shown to be enhanced at
the delay time of 5 ns, but the source size of 38 pm X 68 pm
in Fig. 4b is very similar to that of 33 pm X 71pm, obtained
without the pre-pulse, as shown in Fig. 4a. The extent of
the source size along the incident laser axis is determined
by plasma expansion and was seen to be almost constant
for different delay times (not shown). The resulting emis-
sion is then weakly absorbed in the expanding plasma. As
a result, the integrated output flux in the water-window soft
X-ray region and the source size were almost constant and
independent of the delay time between the two laser pulses
although the detailed spectral behavior changes as is clearly
shown in Fig. 1a, b.

4 Summary

In summary, we have demonstrated changes in the spectral
emission in the water-window soft X-ray spectral region
under dual-laser-pulse irradiation. The overall emission was
enhanced at a delay time of 5 ns, and the emitting source
size of 38 pm X 68 pm was similar to that of 33 pm X 71 pm
obtained without the pre-pulse. We have also discussed the
decrease of emission observed at longer interpulse delays
and shown it to be consistent with the predictions for the
CR model-calculated absorption coefficient. The Zr plasma
source is one of the candidates for imaging of in vivo biolog-
ical samples in the water-window soft X-ray spectral region.
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10000
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Intensity (arb. units)

4000

2000

Fig.4 Time-integrated pinhole images of soft X-ray emission without the pre-pulse (a) and with the pre-pulse at pulse separation times of 5 ns

(b)
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