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Interfacial instabilities in high-energy-density plasmas are important topics in various research fields such as
inertial confinement fusion, planetary sciences, and astrophysics. The growth of the instabilities can be examined
in the laboratory by using high-power lasers coupled with high-resolution imaging technique. The resolutions
both in space and time are essential for the observation of tiny and transient phenomena in high-energy-density

plasmas. Here, the growth of a sinusoidal corrugation on the surface of a polystyrene foil during the laser-driven
Richtmyer-Meshkov instability was measured by high-resolution X-ray shadowgraphy. In our experiment, a
high-intensity short-pulse laser produced the X-ray flash that ensures a better temporal resolution. A Fresnel
Phase Zone Plate was used for the improvement of spatial resolution, which realized an accuracy of 5.0 =

1.0 ym in our system.

1. Introduction

The interfacial instabilities, i.e. Rayleigh-Taylor [1,2], Richtmyer-
Meshkov (RM) [3,4], and Kelvin-Helmholtz [5,6] instabilities, are
phenomena observed widely in planetary science, astrophysics, and
fusion plasmas. Especially understanding of the interfacial instability in
high-energy-density plasma is of great importance in the fields of as-
trophysical fluid dynamics [7] as well as toward the achievement of the
inertial confinement fusion ignition [8]. High power laser facilities can
drive the interfacial instabilities in high-energy-density plasmas. One of
the approaches to access the interfacial instabilities in the laboratory is
to measure the shadow of the interface with spatially and temporally
resolved imaging technique, which is essential in high-energy-density
plasma experiment because the phenomena are tiny and transient.

A pinhole is frequently used as an X-ray imager in high-energy-
density plasma experiment for measuring the shadow of the interface
[9-11]. The X-ray pinhole is easy to set up and relatively low operating
costs. However, the resolution is limited by the pinhole diameter, and
the light collection angle is reduced by increasing the resolution. Since
the pinhole method does not have any wavelength selectivity, filtering
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is required to obtain a quasi-monochromatic image. It is impossible to
select a narrow bandwidth without significant signal loss due to the
filtering.

Diffractive optics for imaging a hard X rays was proposed in 1963
[12]. This optics is now known as the Fresnel phase zone plate (FPZP),
which is used for focusing and imaging hard X rays. Like pinhole, the
FPZP works with less geometrical restrictions compared to other X-ray
optics. The FPZP is not frequently used in high-energy-density plasma
experiment due to the expensive cost for manufacturing. The FPZP can
provide high spatial resolution X-ray images without sacrificing the
collection angle owing to the larger diameter with precision manu-
facturing of thin rings. The demonstration of FPZP as a high-resolution
imager in high-energy-density plasma experiment has been reported in
Ref. [13]. The experiment was performed at the LULI2000 laser facility
to image Al-Heg emitted from a laser-produce plasma. It is demon-
strated that the FPZP can provide a reusable and high-resolution X-ray
microscope for high-energy-density plasma experiment diagnostic.

In this study, we have tested the FPZP coupled with flash X-ray
backlight technique [14,15] at the GEKKO-LFEX laser facility at the
Institute of Laser Engineering, Osaka University. A sinusoidally
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Table 1

Parameters of the FPZP used in this experiment.
Material Tantalum
Radius of the innermost annular slit (a) 6 pm
Radius of the outermost annular slit (d) 52 um
Thickness 1 * 0.1 pm

Last zone width 0.15 = 0.03 pm

corrugated polystyrene foil was irradiated by nanosecond GEKKO-XII
beams to drive the RM instability. Ti-K, X-ray flash was produced by
irradiating a titanium foil with high-intensity picosecond LFEX laser.
The flash X rays pass through the sinusoidally corrugated polystyrene
foil was imaged with the FPZP on an imaging plate in the edge-on
backlight geometry. We demonstrated 5.0 * 1.0 pum of spatial re-
solution with the developed imaging system. Perturbation amplification
caused by the RM instability was observed successfully in this experi-
ment.

2. Imaging principle of X-ray Fresnel phase zone plate

The FPZP has a function to converge a part of a planar X-ray wave to
the focal point. The FPZP used in this study consists of concentered
multiple annular slits made in a 1 pm-thickness Tantalum membrane.
The distances between adjacent slits are designed to give 2x radians of
the phase difference between wavelets passing through the slits at the
focal point. The thickness of the tantalum membrane is designed to add
n radians phase to a transmit wavelet compared to that passing through
the slits. Therefore the phase difference between a wavelet passing
through a membrane bar and an adjacent slit is 25t at the focal point.
Finally, all wavelets passed through the FPZP interfere constructively
with each other at the focal point.

The focal length of FPZP is f = a?/2, here a and A are the radius of
the innermost annular slit and a wavelength of light, respectively. The
focal length determines the relation between a distance from the ob-
jective to the FPZP (r) and that from the FPZP to the image plane (R) as
a normal lens as,
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Since the focal length is a function of the wavelength, the focal position
of out-of-band radiation is different from that of in-band radiation, and
the image of the out-of-band radiation is not formed on the designed
image plane. By reducing the radius of the innermost annular slit, it is
possible to focus the X rays at a closer position to the target. This fea-
ture is useful when the experimental space is physically limited. The
fabrication parameters of the FPZP are listed in Table 1. The radius of
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the innermost annular slit a of the FPZP was 6 um, and then the focal
distance for Ti-K, X rays was 131 mm.

Fig. 1 (a) shows the schematics of FPZP imaging. When the mono-
chromatic parallel X-ray beam incident to the FPZP, the 1st order light
is focused at the focal point on the image plane. The Oth, 3rd, and
higher odd orders of unfocused lights also come to the image plane. The
efficiency of the kth order light can be calculated with the following
equations [16].

1 —2mpe —27nde —4npe
=—|1+ 2e cos + e
o 4( Pt e ) @
1 —27e —27nde —4nfe
= ——|1-—2¢ cos +e
e nZkZ( o) e ) ©)

Here § and S are the real and imaginary parts of the refractive index of
the membrane material n = 1 — § — i. Henke’s table [17] was used for
obtaining & and f. Using these formulas, we select the thickness to
maximize the ratio of the 1st order over the other orders. Fig. 1(b)
shows a comparison of the efficiencies of the Oth, 1st, and 3rd orders for
1 um-thick tantalum. The efficiency of the Oth and 3rd orders around
Ti-K,(= 4510 eV) X rays is small compare to that of the 1st order. The
Oth-order efficiency is dominant in the hard X-ray range over 7000 eV,
where the 1 pm-thickness Tantalum membrane does not diffract the X
rays. Although these rays are not focused at an identical point but
spread on a large area, they could cause background noises at the focal
plane. This could be a factor that determines the applicable range of the
plasma to be measured by using the FPZP.

It is difficult to produce a monochromatic X rays from laser-pro-
duced plasma. Fig. 2(a) shows an X-ray spectrum from laser-irradiated
titanium foil which is calculated by FLYCHK code [18] in the range of
4300 to 4900 eV. In this calculation, we used parameters that are
evaluated from our previous experiment [19]; bulk plasma electron
temperature and density are 1 keV and 10%* cm=3, and hot electron
slope temperature and density are 1 MeV and 10'° cm™3, respectively.
The peaks at 4510 and 4750 are Ti-K, and Ti-He, respectively. Even in
this situation, the FPZP can provide high spatial resolution X-ray images
owing to their wavelength selectivity. The intensity of point source X
rays focused on the image plane I(0) can be calculated by the following
equation of the Fresnel diffraction.

d ir(R + r)p? (Zno'p) >
J, d
Se eXp( FRA r )%

where o is a distance from center of the image plane, p is a distance
from center of the FPZP, d is a radius of the outermost annular slit,
which are the measured values of a manufactured plate listed in
Table 1. The X-ray intensity is calculated from Eq. (4) with various X-
ray energy, as shown in Fig. 2(b). The object to FPZP distance r and the
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Fig. 1. (a) Schematics of FPZP imaging, showing rays of the various diffraction orders. (b) Efficiency of the Oth, 1st, and 3rd orders of the FPZP calculated by Eqs. (2)

and (3).
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Fig. 2. (a) An example of X-ray spectrum emitted from a laser-produced titanium plasma. (b) Point spread functions calculated for different X-ray energies.

FPZP to the image plane distance R are 144 mm and 1440 mm, re-
spectively. Ti-K, X rays are well focused on the image plane. Although
other X rays near Ti-K, line are also focused on the detector, there are
no strong characteristic X-ray emissions around Ti-K, line. It is im-
portant to reduce chromatic aberration. To avoid the influence of the
self-emission, we should select higher X-ray photon energy than
dominant one of the self-emission for the backlighting. On the other
hand, it is difficult to make a shadow on a detector because of its high
transmittance if the X-ray photon energy is too high. From the previous
study [20], Ti-K, X-ray energy is enough higher than dominant X-ray
photon energy of the self-emission and suitable to create shadows with
the target used in this experiment.

(a)
Ti Au mesh
Laser

FPZP

3. X-ray backlight imaging with FPZP and X rays produced by
short pulse laser

The spatial resolution of the imaging system was evaluated by using
a gold mesh backlit by Ti-K, X rays. The experimental setup is illu-
strated in Fig. 3(a). The LFEX laser for backlighting was 1.6 ps of the
pulse duration. The total energy of 1 kJ was focused on a titanium foil
for producing flash Ti-K, X rays. The Ti-K, X rays passed through a gold
mesh and imaged on an image plate (IP) detector (IP type: BAS-MS).
After data acquisition, the IP was scanned with the Typhoon FLA7000
scanner at a spatial resolution of 25 pm. A 50-pm-thick beryllium foil
was placed in front of the FPZP for protecting the FPZP from debris.
Then the FPZP was undamaged by the shot and reusable in our
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Fig. 3. (a) Experimental setup of the backlight imaging experiment. (b) X-ray radiograph of the gold mesh backlight by the TiK, X rays. (c) Line profile of individual
pixels of the measured backlight image (dot) and a calculated profile (solid line) obtained by convoluting an ideal profile (dotted line) and a Gaussian point spread

function 5.0 pm of FWHM.
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Fig. 4. (a) A photograph of sinusoidally corrugated polystyrene foil. (b) The shadow measured by flash X-ray backlight technique using FPZP after 10 ns laser
irradiation. (c) Profile of rear surface and fitting curves of sinusoidal perturbation for 11.6 + 2.2/—2.3 um amplitude.

experiment. The backlight image of the gold mesh was shown in
Fig. 3(b). The line profile of individual pixels of the measured backlight
image is shown with the dots in Fig. 3(c). The dotted and solid lines in
Fig. 3(c) are the ideal line profile of the backlight image and the cal-
culated profile obtained by convoluting the ideal image and a Gaussian
point spread function. This comparison indicates that the spatial re-
solution at FWHM is § = 5.0 + 1.0 um. The FPZP must be placed at the
desired position with accuracy of = 0.72 mm for achieving 5 um of
spatial resolution. We attached a needle, whose length was pre-
measured with accuracy of 0.1 mm, at the tip of an FPZP positioner
nose. The length of the nose was adjusted to put the needle tip at the
target chamber center, this needle was removed after this adjustment.

RM instabilities, which has been well studied theoretically [21,22]
and experimentally [23,24] in high-energy-density plasmas, was mea-
sured with the imaging system. A 150 pm wavelength sinusoidal per-
turbation with the initial amplitude 7.9 = 0.5 um was imposed on the
rear surface of a planar polystyrene foil, whose thickness was 50 um, as
shown in Fig. 4(a). Two 532 nm beams of the GEKKO-XII laser were
used to drive the foil at an intensity of (4.0 = 0.1) x 10'*W/cm?
from the front surface. The RM instability occurs at the foil-vacuum
boundary when an incident shock strikes the corrugated density
boundary. The perturbation growth is excited by the vorticity deposited
at the interface. The shadow was measured by flash X-ray backlight
technique using the FPZP at 10 ns after the GEKKO-XII laser irradiation,
as shown in Fig. 4(b). Although the temporal duration of Ti-K, pulse
produced by the LFEX laser was not measured in this experiment, ac-
cording to previous theoretical study [25], it is reasonable to assume
that the duration of the X-ray pulse is of the order of 1.6 ps. It enables to
record an instantaneous image of the sinusoidal perturbation, in which
the blur due to hydrodynamic motions is negligibly small. The width of
the polystyrene foil along the line of sight of the diagnostics was I=
400 pm, and thus the transmittance of Ti-K, X rays is 0.35 for the initial
polystyrene density (1.1 g/cm®). The target boundary was defined by
the transmittance line. Fig. 4(c) shows the trace of the rear surface of
the target. The evaluated amplitude is 11.6 *32 um at 10 ns after the
laser irradiation. The quality of the obtained images suggests that the
instability growth can be observable in our setup even under the in-
fluence of self-emission from the plastic foil.

4. Conclusion

In this study, we used the FPZP coupled with flash X-ray backlight
technique [14,15] at the GEKKO-LFEX laser facility. We demonstrated
that 50 * 1.0 um of spatial resolution with the developed imaging
system. The imaging system has successfully captured the perturbation

growth caused by the RM instability. The FPZP coupled with flash X-ray
shadowgraphy is one of the approaches to access the interfacial in-
stabilities in the laboratory with spatially and temporally high-resolu-
tion.
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