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Water-window x-ray emission from laser-produced Au plasma under optimal target
thickness and focus conditions
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Optimal laser irradiation conditions for water-window (WW) x-ray emission (2.3—4.4 nm) from an Au plasma
are investigated to develop a laboratory-scale WW x-ray source. A minimum Au target thickness of 1 pum is
obtained for a laser intensity of ~10'> W/cm? by observing the intensity drop in the WW spectra. Au targets
produced by thermal evaporation are found to have a higher conversion efficiency than commercial foil targets
for WW x-ray radiation. In addition, optimal laser spots for fixed laser energies (240 and 650 mJ) are found for an
Au target ~1 mm in front of the focal point, where suitable conditions for plasma temperature and plume volume
coupling are achieved. The mechanism of the optimal target thickness and spot size can be well explained using

a radiation hydrodynamic simulation code.
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I. INTRODUCTION

Soft x-ray sources are highly anticipated for their potential
use in diagnostic and manufacturing nanodevices. Research
on their applications, such as x-ray lithography, x-ray holog-
raphy, and x-ray microscopy, has been carried out since the
last century [1,2]. In particular, soft x-rays in the so-called
water-window (WW) region are important for biological re-
search, as this wavelength range lies between the K absorption
edges for carbon (4.4 nm) and oxygen (2.3 nm), exhibiting a
high transmission contrast between atomic carbon and oxygen
(water), which are the two main constituents of living organ-
isms. Utilizing WW x rays allows x-ray microscopy imaging
of relatively thick living organ samples without sample pre-
treatments, such as dehydration and sectioning, in contrast to
electron microscopy, which makes x-ray microscopy a favor-
able diagnostic tool for many circumstances [3,4]. With the
improvement of zone plates and multilayer mirrors for focus-
ing and collecting WW x rays [5-7], several practicable WW
x-ray microscopy devices have been reported to date. Further
research is underway to develop high-brightness WW x-ray
sources, which are crucial for most laboratories to deploy WW
x-ray microscopy for high-resolution images [8].

Several main schemes have been developed for producing
WW x rays. Synchrotron radiation [9,10] and x-ray free-
electron lasers [11] can generate strong WW x rays sufficient
for resolutions of a few tens of nanometers, but these facilities
are large and expensive, making them impractical for wide
deployment. A discharge plasma [12] can produce stable,
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sustainable WW x rays, although its relatively broad emission
area results in low brightness [13]. Laser produced plasma
(LPP) has also been considered suitable for WW x-ray sources
[14-16]. Focused high-energy laser pulses allow intense WW
emission to be confined to a small area in a plasma, giving
a high-WW flux. It has been shown that a photon fluence of
~10% photons/um? is required to obtain an x-ray microscopy
image of protein with a spatial resolution under 50 nm and a
signal-to-noise ratio over 5 [17]. However, the exposure time
for a sample is also limited when considering practicability
and the image blur caused by the Brownian motion of the
particles [18]. Brilliance (brightness), which is defined as
photons/[s xsrxmm?x0.1% bandwidth (BW)], is often used
to evaluate a WW x-ray source. An x-ray microscope using
synchrotron radiation sources can achieve a brilliance of over
10'8 photons/(s x srxmm? x0.1% BW) [19]. In contrast, a per-
manent laser-plasma setup can reach a brilliance of only 10'?
photons/(sxsrxmmzxo.l% BW) [20]. Therefore, enhancing
conversion efficiency (CE) is the primary subject for LPP in
developing a compact WW x-ray source.

In the LPP scheme, plasma is generated from laser-target
interactions. The target material and shape strongly affect the
x-ray emission yield. According to the quasi-Moseley law
proposed by Ohashi et al. [21], x-ray spectra emitted from
plasma of high-Z elements exhibit strong radiative transitions
from the highly ionized ions, resulting in an unresolved tran-
sition array (UTA). In particular, laser-produced Au plasma
produces UTA spectra with a peak in the WW region, pro-
viding abundant WW x rays, which are mainly attributed to
n =4-4 and n = 4-5 transitions in the highly charged Au ions.
Moreover, John et al. [22] reported anomalous enhancement
of WW emission from Au plasma under a N, gas atmosphere

©2023 American Physical Society
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using a table-top Nd:Yttrium aluminum garnet (YAG) laser.
To develop a practical WW x-ray source using laser-produced
Au plasma, the target supply is one of the most important
technical issues. Various target types for LPP, including foil
[23,24], gas [25,26], liquid [27], foam [28], aerosol [29], and
nanostructures [30,31], have been reported. For an Au target,
foils can be employed as tape targets and irradiated at a 1-kHz
repetition rate [32], making it possible to generate almost
continuous WW emission.

Thinner Au targets are favorable for x-ray emission, as they
not only tend to yield less debris, which is essential for extend-
ing an x-ray mirror’s lifetime, but also significantly reduce
the cost of the expensive Au target. Although various WW
radiation conditions for Au thin foils have been investigated
[24,33,34], no optimal thickness for WW radiation has been
reported yet. The optimal focus condition of the incident laser
beam also needs to be clarified, as the spot size drastically
changes the laser intensity (fluence) as well as the size of the
generated plasma plume. In an LPP, self-absorption (radiation
trapping) occurs, where the x-rays emitted from the center of
the hot dense plasma are reabsorbed by the peripheral plasma
[35,36]. Thus, the effective x-ray yield that can be practically
utilized is reduced considerably. The absorption coefficient for
the plasma and the absorption length are strongly coupled with
the fraction of self-absorption [37—39]. As the initial plasma
condition is determined by laser ablation, optimizing the irra-
diation conditions is important for increasing the system CE.

In this work, WW UTA spectra emitted from Au plasma
with different Au target thicknesses and laser focus conditions
were investigated. The limit of Au layer thickness for a max-
imal WW emission with a laser intensity of 10'* W/cm? was
measured to be around 1 um. The optimal laser spot size at a
fixed laser energy was also determined, where a larger plasma
plume with a longer density scale length can emit more WW
x rays than a tight focus condition. Also, Au targets manu-
factured by thermal physical vapor deposition show higher
conversion efficiency to WW emission, based on which we
deduce that the target nanostructure and thermal transfer mode
of thin layers must make contributions.

II. EXPERIMENTAL SETUP

A seeder-injected commercial Nd:YAG laser (wavelength:
1064 nm, repetition rate: 10 Hz, output energy: <1.2 J) was
used in this work. The laser pulse energy was adjusted using
infrared attenuator filters. The pulse duration was measured to
be 7, = 6.2 ns FWHM with a Gaussian energy distribution.
To prevent reflection of the laser beam from the target surface
or plasma back into the laser resonator, which would damage
the optics, an optical isolator composed of a half-wave plate,
a Faraday rotator, and a polarizer were installed in the beam-
line [40]. However, due to nonlinear thermal effects in the
polarizer under high laser intensity, the laser transverse mode
and the beam pattern at the focal position were deformed.
For single-shot measurements under a seeding laser mode, a
customized mechanical shutter was installed in front of the
Faraday rotator, picking up a single pulse while the laser itself
operated in a stable 10-Hz mode. A thin glass plate was also
placed in the beam pass to split 4% of the laser energy to a

Au target E]

W
Grazing incidence
spectrometer

Debris shield

I Si diode with integration circuit |
Lens f = 100 mm

Nd:YAG laser pulse

Ti filters

FIG. 1. Schematic of experimental setup for the laser-target and
laser-plasma interaction vacuum chamber and four x-ray diagnostics
apparatuses (GIS, pinhole camera, and Si PD).

calorimeter, monitoring the laser energy shot by shot during
the experiments.

Two laser pulse energies, E;, = 650 mJ and E; = 240 mJ,
were used in this study, corresponding to on-target intensi-
ties of 3.86x10'3 and 1.43x10'> W/cm?, respectively, for
Gaussian spatiotemporal profiles. The laser beam was deliv-
ered into a vacuum chamber, focused onto Au targets with
various thicknesses through a f = 100 mm lens and a 0.2-
mm-thick glass debris shield. The focused spot size was
¢ = 15 um FWHM. The lens and the target were mounted on
multiaxis linear motorized stages which provided four degrees
of freedom to the target and one degree to the lens, making it
possible to achieve precise target-laser alignment. The vac-
uum chamber pressure was kept under ~10 mPa using a dry
pump and a turbomolecular pump during the experiments.

Three x-ray diagnostics apparatuses were installed in the
chamber (shown in Fig. 1). A grazing incidence spectrome-
ter (GIS) was attached to the chamber perpendicular to the
laser incidence direction, comprising an Au coated toroidal
mirror (size: 50x30 mm?), a 2400 grooves/mm flatfield grat-
ing (Hitachi, size: 50x30 mm?), an entrance slit width of
350 um, and a back illuminated x-ray charge-coupled device
(X-CCD) camera (Andor iKon-M 934, pixel size: 13x13
um?). Wavelength calibration in the WW region was con-
ducted through hydrogen-like and helium-like line spectra
from carbon plasmas [41]. Temporally integrated spectral
emissions were measured through the GIS. A pinhole camera,
consisting of a 25-um pinhole, an x-ray CCD, and Ti filters
(0.5- and 1-um thicknesses), was installed at 45° to the target
surface. The pinhole camera obtained spatial images of the
time-integrated x-ray emission from the plasma. The magni-
fication of the pinhole camera was measured to be M = 14
with a resolution of 27 um. A Si photodiode (PD; 400-um
pinhole, 1-um-thick Ti filter) connected to a charge amplifier
was used to measure the integrated soft x-ray emission and
was set 30 cm from the target surface at a 30° angle. The PD
was triggered by another high-speed PD mounted on the top
of the chamber, which received scattered laser light from the
target as the trigger signal for the detector.

The Au targets were manufactured in two ways due to
limitations of the fabrication process. For Au thicknesses of
10-300 um, commercial Au foils were cut into 50 12 mm?
squares and pasted on a 1-mm-thick glass plate using an acry-
late copolymer. For Au thicknesses of 0.1-1.8 um, a thermal
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FIG. 2. (a) Spectra for 300-um-thick Au target produced by
650-mJ (3.86x10'3 W/cm?) and 240-mJ (1.43x 10" W/cm?) laser
pulses. Using the wavelength table [44], the charge states and
surrounding satellite transitions were identified. The dashed lines
indicate the peaks of the two spectra. (b) Weighted transition prob-
abilities (gA) contributing to WW emission, calculated by FAC.
gA for 4d-4f, 4f-5d, and 4f-5g transitions from Au XXI to Au XXXI
are shown.

physical vapor deposition apparatus was used to deposit Au
vapor onto a glass plate. Experiment fluctuations due to the
target roughness and thickness were considered. The surface
conditions for the foil and deposition targets were different,
which may have resulted in different laser-target interactions.
For the thickness error of the deposition targets, theoretical
errors during the deposition process were calculated [42] and
are shown in Sec. III.

III. RESULTS AND DISCUSSION

A. Fundamental aspect of Au laser plasmas

Soft x-ray spectra emitted from the Au plasma were mea-
sured with laser energies of 240 and 650 mJ under a tight
focus condition (spot size = 15 um). Typical GIS results for
the Au spectra are shown in Fig. 2(a). The broadband spectra
were produced by UTA emission from the countless energy
levels in the highly ionized Au ions. The small peaks in the
spectra can be attributed to UTAs from different charged Au
ions and their satellite transitions. According to the transition
possibility calculated by the Flexible Atomic Code (FAC [43];

Fig. 2(b)], n = 4-4 and n = 4-5 transitions for Au ions
mainly contribute to UTA emissions in the WW x-ray region.
Emissions from 4f-5g tend to be of shorter wavelength as the
ionization state of the dominant ions increases. This is in good
agreement with the peak shift from 2.7 to 2.5 nm between the
two Au spectra shown in Fig. 2(a). Due to the higher electron
temperature generated by the higher laser energy, more Au
ions with higher ionization states were produced, and the
peak shifted to shorter wavelength. Soft x rays emitted from
the Au plasma were observed through the pinhole camera
with 0.5- and 1.0-um Ti filters, as shown in Fig. 3. Intense
soft x rays were emitted from the center of the plasma, near
the critical density region where the plasma was effectively
heated by the Nd:YAG laser. The outer regions generated
emissions from the subsequent expanded plasma, where the
plasma was relatively cool and emitted longer-wavelength x
rays. However, since the filter transmission is not perfectly
matched with the WW region and the CCD sensor has incon-
stant quantum efficiency (QE) within this wavelength range,
the following calibration procedure was employed to specify
the x-ray wavelength observed by the pinhole camera (Fig. 4).
The theoretical sensitivity of the pinhole camera was deter-
mined to be the product of the Ti filter transmission and the
CCD quantum efficiency. Using the Au spectra obtained from
Fig. 2(a), reference x-ray spectra for emissions observed by
the pinhole camera were calculated, shown as red and blue
lines in Fig. 4(a). According to the results, out-of-band x rays,
shorter than 2.3 nm or longer than 4.4 nm, still contribute
significantly to the pinhole image after filtering by the Ti. The
attenuation rate was used to evaluate the difference between
the emission intensities obtained using the two Ti filters. For
the pinhole images, the attenuation rate was calculated by
comparing the integration counts for the images, while the
theoretical WW attenuation rate was calculated using the WW
spectra from the two reference x-ray spectra. Although the
GIS in this experiment was not calibrated, a comparison of the
two attenuation rates was still valid in this case. The attenua-
tion rate for the pinhole image was found to be 6 times larger
than the WW attenuation rate in the reference x-ray spectra.
This indicates that out-of-band x rays contribute significantly
to the emission in the pinhole images.

The FWHM values for the soft x-ray emission size are
shown in Fig. 3, illustrating a WW emission area smaller than
50 wm, where highly charged Au ions were generated.

B. Optimal target thickness

The optimal Au thickness was investigated by evaluating
x-ray emissions from plasmas produced from various Au tar-
gets for two different laser energies (650 and 240 mJ). All the
plasmas were generated by tightly focused laser pulses with
intensities of 3.86x 103 and 1.43x10'3 W/cm?, respectively.

Figure 5(a) shows part of the Au spectra produced by
deposition and foil targets for a laser energy of 650 mlJ.
The foil targets generated nearly constant spectral intensities.
However, an enhancement is seen between the foil targets and
the 1.8-um-thick deposition target. Line spectra from O and
Si ions are also observed from the deposition targets. The
spectral intensity gradually drops with decreasing deposition
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FIG. 3. Emissions from Au plasmas observed by the pinhole camera for different laser energies and Ti filters. A 30-um-thick Au foil was
used as the target. (a) 0.5-um-thick Ti filter, 240 mJ (1.43x10'3 W/cm?), (b) 0.5-um-thick Ti filter, 650 mJ (3.86x 10'* W /cm?), (c) 1-um-thick
Ti filter, 240 mJ, and (d) 1-um-thick Ti filter, 650 mJ. The solid arrows indicate the FWHM for the emission cross-section intensities in the

horizontal and vertical directions.

target thickness until a constant UTA can no longer be ob-
served.

The initial plasma was generated by laser ablation, where
the laser has a characteristic heat conduction length. Depend-
ing on the Au layer thickness, this heat conduction length can
lead to different thermal conduction processes in the initial
period of ablation. For foil targets with thicknesses above 10
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FIG. 4. (a) CCD QE and Ti foil filter transmission as a function
of wavelength (green and gray lines). (b) The Au spectra (650-mJ
laser energy) in Fig. 2(a) were used as reference spectra observed by
the pinhole camera (blue and red lines).

um, the heat conduction length is not comparable to the Au
thickness, so three-dimensional (3D) hemispherical thermal
transfer from the laser spot in the Au layer occurs. How-
ever, when the Au thickness is smaller than the laser spot
radius, the thermal transfer direction changes from hemispher-
ical to horizontal because of the thin Au layer. The large
difference between the Au and glass thermal conductivities
and heat capacities also contributes to this two-dimensional
(2D) transfer mode [45-48]. Therefore, we considered the
enhancement of the 1.8-um-thick Au spectrum to be caused
by the different thermal transfer mode for the thick Au target,
where laser interaction with the deposited Au atoms is more
effective. The different microstructures of the two kinds of
targets are also attributed to this effect. The results for the tar-
get surface observed by a microstructure scanning apparatus
will be described later. The reason for the spectral intensity
drop for thinner deposition targets can be explained by there
being insufficient Au atoms in the irradiated region. As the
Au layer is too thin, a considerable part of the laser pulse
penetrates into the substrate glass plate (SiO,) and generates
glass plasma. Thus, O and Si line spectra are observed for
thinner deposition targets. The x-ray yields were evaluated
by three approaches: integration of the CCD counts measured
from the GIS spectra in the WW region, total CCD counts for
the pinhole images (1.0-um-thick Ti filter), and the integrated
Si photodiode signal from the charge amplifier (1.0-um-thick
Ti filter), as shown in Fig. 5(b). Each data point in the plot
is averaged from three experimental data values with a laser
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FIG. 5. (a) Au spectra for targets with various thicknesses pro-
duced by 650-mJ laser pulses (3.86x10'> W/cm?). O and Si line
spectra originating from the laser-glass interaction are observed for
the deposition targets (0.8—1.8 um). The foil and deposition targets
are shown as lines with different widths. (b) X-ray yield as a func-
tion of Au target thickness for 650-mJ laser energy, calculated by
integrated pinhole image counts (blue), the integrated Si diode signal

(red), and the WW region of the integrated GIS data (black). Note
that the units for x-ray yield for the three results are largely irrelevant.

energy fluctuation within 10%. The vertical and horizontal
error bars represent fluctuations of intensity and deposited Au
thickness, respectively. All the detectors show nearly constant
values from 300 to 10 um. The x-ray yield measured by the
Si diode and pinhole camera did not show the same rise as the
GIS data at 1.8 and 10 wm. This is because out-of-band x rays,
especially at wavelengths >4.3 nm, significantly contributed
to the x-ray yield for the former two detectors (see Fig. 4),
while the GIS data included only the WW emission. The
intensity rise observed by the GIS is caused by the different
thermal conduction modes, as explained. A clear drop be-
tween 1.3 and 1.0 um for all three lines indicates that the
thickness of the Au layer is no longer sufficient, although
70% of the x-ray yield could still be observed for targets with
thicknesses less than 1.3 um.

An analysis of the Au surface microstructure was per-
formed to elucidate the reason for the x-ray yield behavior.
The surface microstructure of the commercial foil targets was

(a) 300 um 100 um 50 um

|

1)

Laser-targe

. = t
interaction region

| 936 um

FIG. 6. (a) Au foil surfaces observed by optical microscope.
(b) Top: SEM images of Au deposition target surfaces after irradi-
ation with 650-mJ laser pulses. Bottom: EDS element analysis of the
same area as in the top panel.

observed by an optical microscope, as shown in Fig. 6(a).
Due to manufacturing limitations for these targets, the surface
conditions show clear differences, which give different laser-
target interactions and results for the fluctuations of the x-ray
yield. Craters on the deposition targets appear in the top panel
of Fig. 6(b), observed using a scanning electron microscopy
(SEM). A dimple in the center of the crater was formed by
the laser-target interaction, while the length marked in yellow
indicates the melt zone for Au and glass, the area most af-
fected by thermal heat conduction and subsequent ablation.
The dimple on the glass plate for the 1.3-um-thick target illus-
trates that the minimum Au thickness (1.3 um) for sufficient
WW x-ray emission is smaller than the characteristic depth
of the dimple formed by laser ablation. Consequently, both
normal level WW x rays and Si/O line spectra are observed
from the plasma at 1.3-um target thickness. The surfaces were
also analyzed to identify the elemental components by energy
dispersive spectroscopy (EDS). The bottom panel in Fig. 6(b)
shows that the deposited Au area was completely melted and
ablated, and only Si and O elements were detected in the crater
after 650-mJ laser irradiation.

For a laser energy of 240 mJ, thinner Au targets than in
the 650-mJ case can be used to maximize the WW emission
without ablating the SiO, layer, as shown in Fig. 7(a). In
Fig. 7(b), the WW yield calculated from the GIS data for Au
thicknesses ranging from 0.1 to 1.8 um is shown by the black
squares and line. The WW yield rises as the Au thickness
increases and then saturates at around 0.6 pum. The x-ray
yields obtained from the pinhole camera and Si diode show
trends similar to that for the WW yield, indicating that the Au
thickness limit is around 0.6 um for a laser energy of 240 mJ.
To validate the results in Fig. 7, a 2D radiation-hydrodynamic
simulation based on the STAR2D code [49] was carried out.
The one-dimensional Lagrangian method combined with the
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FIG. 7. (a) Au spectra for targets with different thicknesses pro-
duced by 240-mJ laser pulses. (b) X-ray yield as function of Au
deposition target thickness for 240-mJ laser energy.

Eulerian method was used to calculate the plasma expansion
process, and the vacuum space was set as a thin Au gas at-
mosphere for the calculation. Electrons and ions were treated
in a one-fluid, two-temperature mode. SESAME EOS: The
Los Alamos National Laboratory Equation of State Database
(1995) table [50] and the opacity table calculated based on the
screened hydrogenic averaged ion model [51] were adopted.
The system was assumed to be axially symmetry in cylindri-
cal coordinates (z, ) and was unequally divided into cells,
as shown in Fig. 8. The intersections of the grids were de-
fined as the local isodensity point. A 2D simulation box with
400(z)x200(r) grid cells is shown in the left panel of Fig. 8,
where the Au target surface was set at z = O wm and the
substrate SiO, shown in yellow was set right behind it. During
the actual calculations, the substrate layer was assumed to
be the Au material with density equivalent to SiO; to obtain
stable solutions. The right panel in Fig. 8 shows a magnified
view of the 1.2-um-thick Au target surface as an example.
The red lines represent the cells in the Au-gas and Au-glass
boundaries. The laser parameters were set to be the same as
for the 240-mJ pulse case in the experiment.

To understand the physical dynamics and emission behav-
ior when using targets with different thicknesses, the temporal
evolution of the boundary between the Au and SiO, was

FIG. 8. Left: 2D simulation box shown in grid mode (top) and
schematic mode (bottom). The laser incidence center axis is defined
as the negative z direction, while r = 0 is defined as the irradiation
center. Right: Magnified view of grid cells around the target surface,
showing glass (yellow), Au (pink), and gas (blue) layers. The red
regions indicate the boundary between two layers, and z = 0 is set as
the surface of the Au layer.

traced as Zpna(r, t). Figure 9 shows the average temporal
evolution of the Au-glass boundary (top panel) when using
different Au targets (thicknesses of 0.4, 0.6, 0.8, 1.0, and
1.2 um), compared with the time evolution of the laser irra-
diation /7 (#) normalized by the peak intensity /7 peax (bottom
panel). The laser peak time was set to be t = 0. Zyy(r, 1)
ranging from r = 0 um to » = 7.5 um was averaged and defined
as Zpna(?), which is exactly the half-width at half maximum of
the tightly focused laser spot. Note that the initial position of
the boundary was defined as Z,g = 0. During the irradiation,
the boundary moved initially in the negative z direction due
to shock propagation driven by the laser irradiation and the
ablation pressure. After the thin Au layer was fully ablated,
the SiO, layer was directly irradiated by the laser, and the
boundary started to move in the positive z direction.

For Au thicknesses above 0.8 um, the laser peak intensity
(t = 0 ns) passed before the Au layer was fully ablated, and

150 p—————————v : :
— 120 || [Boundary moton j 04 um
5120._ oy 1——0.6 um
=2 90 . 0.8 um
< 60 | - 1.0 pm
A-g 30_- J——1.2um
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=30 p——————t————— f
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FIG. 9. The top panel shows the average temporal evolution of
the Au-glass boundary during laser irradiation. Z,,q = 0 represents
the initial z position of the boundary, as shown by the horizontal
gray dashed line. The bottom panel shows the laser irradiation time
evolution.
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FIG. 10. Variations in laser spot images and pinhole images under different focus conditions. The target position was adjusted by moving
the lens, and increasing focus distance corresponds to the positive direction. The x axis shows the focus condition for different target positions.
In the right panel, the Rayleigh length Z; and the focal point are denoted.

only the Au layer was ablated at the peak intensity. For target
thicknesses below 0.6 um, the Au layer was fully ablated
before the occurrence of the laser peak intensity, leading to
high-intensity ablation of the glass layer, causing intense line
spectra emissions from the irradiation center, while the outer
Au plasma continued emitting x rays. Consequently, both
line and UTA spectra could be observed in this case, which
quantitatively explains the dependence of the WW emission
on the Au thickness shown in Fig. 7(b).

C. Optimal focus condition for higher x-ray yield

The focused laser spot sizes for different lens positions
were measured for both 240- and 650-mJ laser energies using
a 50-um-thick Au foil as a target. The target position was
defined such that x = 0 mm with the Au front surface precisely
placed at the focal point of the focus lens. The spot size at
the focal point was 15 um. Note that the target was fixed as
a reference point during the entire measurement and the lens
was moved back and forth with respect to the reference point,
with the positive direction corresponding to a position with the
target behind the focal point. Figure 10 shows focused laser
spot images and pinhole images of the Au plasma (1.0- and
0.5-um-thick Ti filters) observed for various target positions.
The laser spot images were measured by a complementary
metal-oxide semiconductor camera set at x = 0 mm, with
the sensor surface perpendicular to the x axis. Within the
Rayleigh length Zzx= 664 um, almost all the laser spots had
the same FWHM of 15 um, and the soft x-ray emission areas

were larger than the focused laser spot. As the spot shape
started to blur as the target position was further changed,
the laser spot and emission area became asymmetrical, re-
sulting in a scattered x-ray distribution. Therefore, the spot
size could no longer be calculated correctly. The laser spot
shape remained similar when the target position moved in the
positive direction, although the intensity gradually decreased.
The energy distribution tended to be stable after the beam
was focused on the focal point and irradiated the Au target
behind. Compared with x-ray emission for x < 0 mm, plasmas
for x > 0 mm were likely to radiate more centralized WW
emission because of the more uniform Gaussian-distributed
laser energy. WW emissions from plasma for various target
positions were measured by the GIS, as shown in Figs. 11(a)
and 11(b) for 650- and 240-m]J laser energies, respectively. An
enhancement of the WW region is observed around x = —1.0
and 1.0 mm for 650-m]J laser energy and x = —0.8 and 0.6 mm
for 240 mJ. Note that the GIS was not calibrated in terms of
the toroidal mirror, grating, and CCD sensitivities. The peaks
in the WW region are plotted as scatter lines. The spectral
peaks shift to shorter wavelength as the target approaches
x = 0 mm, showing that Au ions with higher ionic charge
are generated and dominate in the hot dense plasma. The
x-ray yield trend can be explained as follows. The density
scale length is strongly dependent on the spot size for plasma
generated by nanosecond laser pulses. When the laser spot
is moved away from the focal point, the density scale length
becomes larger, providing a larger plasma plume. As the area
for laser-plasma interaction increases, coupling between the
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FIG. 11. GIS spectra as a function of target position for Au plasma produced by (a) 650-mJ and (b) 240-mJ laser irradiation. Two-
dimensional contour plots are shown above each 3D plot. The scatter lines in (a) and (b) represent the peak WW wavelength of the

corresponding 4f-5g transitions.

plasma temperature and plume volume produces a larger area
favorable for WW emission at a slightly lower temperature
[51,52]. Consequently, two WW emission peaks were ob-
served on the two sides of the focal point position, with a
slightly increased peak wavelength. Beyond the peak position,
the insufficient laser intensity leads to a drop in both spectral
intensity and peak wavelength, as shown in Fig. 11. There-
fore, the optimal focus conditions providing a suitable laser
irradiation intensity and Au plasma size for WW emission
are x = —1.0 mm for 650-mJ laser energy (spot size: 25 um,
intensity: 1.39x10'> W/cm?) and x = —0.8 mm for 240 mJ
(spot size: 19 um, intensity: 8.89x10'> W/cm?). To further
investigate the dependence of emission characteristics on laser
focusing conditions, the STAR2D code was utilized to simulate
the temporal evolution of the plasma for different irradiation
spot sizes. The laser intensity and spot size on the target were
varied for a fixed laser energy of E; = 650 mJ and pulse
duration of 7, = 6.2 ns. Table I shows the parameter settings
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@
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©
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50
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of the STAR2D simulation. The simulations were carried out
for three spot sizes ¢, (FWHM) and intensities Iy peax: (@1,
11 peak) = (15 pm, 3.9x10" W/cm?), (33.5 um, 0.77x10"3
W/cm?), and (47.4 um, 0.39x 10" W/cm?), corresponding
to target positions of x = 0 mm (focus position), —1.3 mm,
and —2.0 mm, respectively. Figure 12 shows the spatial pro-
file of electron temperature 7, and electron density n, at the
laser peak intensity. The electron temperature reaches over
300 eV. corresponding to the region where Au XXI-XXXI
ions are generated. When the target is located at the focus
position (x =0, ¢ = 15um, [, ., = 3.9x10" W/cm?), the
plasma temperature exceeds 500 eV, which is far beyond the
optimal electron temperature for WW emission (~400 eV).
The width of the heated plasma is narrow due to the small
spot size. Consequently, the peak wavelength of the emit-
ted soft x-ray becomes shorter, and the emission region is
small. In contrast, when the target is located far away from
the focus position (x = —2.0 mm, ¢, = 47.4 um, Iy peax =

=474 um, I o= 3.9 X 1012 W/cm?
ﬁ. n L.peak

c
2
o
]
e
3
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(7]
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FIG. 12. Plasma profiles at the peak of laser irradiation intensity (¢t = O ns).
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TABLE I. Parameter settings for the STAR2D simulation.

Spot size ¢; um) 15 33.5 47.4
Peak intensity /; peax (10" W/cm?) 3.9 0.77 0.39
Target position (mm) 0 —13 -2.0

0.39x10'3 W/cm?), the laser intensity is too low to produce
plasma with a suitable temperature for WW emission, even
though the plasma heated by the laser is much wider than
that for the small spot size. With the present laser conditions
(Ep = 650 mJ and t;, = 6.2 ns), the optimal laser irradia-
tion condition forming a suitable temperature 7, and heated
plasma volume for WW emission is ¢, = 33.5 um, corre-
sponding to a target position of x = —1.3 mm. These results
show that the WW emission trends from the simulation are in
good agreement with the experimental results.

IV. CONCLUSION

In this work, the optimal target thickness and laser ir-
radiation conditions for a WW x-ray source based on
laser-produced Au plasma were studied. The UTA spec-
tra, which were mainly attributed to 4f-5g transitions for
Au?**—Au*"* jons, were measured and evaluated to determine
the emission behavior. The Au thickness limits for 650 mJ
(3.86x10"3 W/cmz) and 240 mJ (1.43x10"3 W/cm2) were
determined to be 1.3 and 0.6 um, respectively, below which
the layer is too thin and can be fully ablated before the
pulse peak reaches the surface, according to simulation results
from STAR2D. Larger plasma plumes with longer density scale
lengths and appropriate laser intensities were found to be
favorable for WW emission when the target was positioned
1.0 and 0.8 mm in front of the focal point for laser energies of
650 and 240 mJ, respectively. The simulation results showed
the same WW emission trend as the experimental results.
Overall, these optimizations can lead to an LPP scheme with
higher CE as a WW radiation source.
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