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We developed a monochromatic crystal backlight imaging system for the double-cone ignition (DCI) scheme, employ-
ing a spherically bent quartz crystal. This system was used to measure the spatial distribution and temporal evolution of the
head-on colliding plasma from the two compressing cones in the DCI experiments. The influence of laser parameters on the
x-ray backlighter intensity and spatial resolution of the imaging system was investigated. The imaging system had a spatial
resolution of 10 pm when employing a CCD detector. Experiments demonstrated that the system can obtain time-resolved
radiographic images with high quality, enabling the precise measurement of the shape, size, and density distribution of the

plasma.

Keywords: double-cone ignition (DCI), spatial resolution, x-ray radiography
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1. Introduction

The double-cone ignition (DCI) is a new ignition scheme
for inertial confinement fusion proposed by Zhang et al.,!'! in
which two open—end head-on gold cones filled with segmented
target shells are used to confine the imploding by highpower
laser beams. Compared to other fusion ignition schemes,?™!
the DCI scheme can significantly reduce the energy require-
ments of the driver laser, improve the robustness of the com-
pression and heating processes, and achieve high energy gain
with relatively small laser energy. For the DCI target geom-
etry, the gap between the two compression cones is about
100 pm, the radius of the open cone tips is 50 pm, and the
plasma stagnation time is about 300 ps.!®”] Diagnosing the
density distribution of the plasma between the cones with high
spatial and temporal resolutions is challenging. This facilitates
the understanding of the compression, acceleration, and head-
on collision processes in the double-cone ignition scheme.

Typical approaches to investigate the density of the
imploding core include neutron activation,’®°! neutron
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[10,11]
primary yields,!?!
radiography.['>-17
neutron production through the fusion process to infer the

recoil-reactions, the ratio of secondary yields to
Compton radiography,[!'*14l and x-ray

! The first three methods primarily rely on

areal density. Consequently, they are suitable for experiments
involving high-yield neutron production. X-ray radiography
can be used in experiments without or with less neutron pro-
duction. It can provide a two-dimensional spatial mapping of
the areal density, making it a routine diagnostic in fusion ex-
periments. Among the x-ray radiographic schemes, spheri-
cally bent crystal imaging!!8-20]
capabilities, including high flux (large acceptance angle), high
spatial resolution, and quasi-monochromatic backlight source.

stands out due to its unique

Therefore, it has attracted broad interest in high-energy den-
sity physics and inertial confinement fusion experiments.
This paper describes in detail the monochromatic crys-
tal backlight imaging (MCBI) system using Cu K¢ line x-
ray emission designed for the Shenguang-II upgrade facility
and its application in the DCI experiments. We investigate the
backlighter x-ray intensity under various laser conditions and
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evaluate the spatial resolution of the imaging system, which
established the optimal conditions for the backlighting exper-
iments. We report the application of this MCBI system in the
DCI experiments, obtaining the areal density, shape, spatial
distribution, and uniformity.

2. Design of the MCBI system

Two typical approaches are usually employed to achieve
high temporal resolution with MCBI systems. The first is to
use a gated x-ray camera, having a time resolution of less than

one hundred picoseconds. *!

I The second approach is to uti-
lize an ultrashort K« source generated by picosecond-duration
laser-foil interactions, giving rise to a time resolution of a few

to tens of picoseconds.??

1 By controlling the delay time be-
tween the compression and backlighter-driver lasers, the time
evolution of the plasma can be measured with high temporal
resolutions.

Figure 1(a) is the schematic of MCBI with ultrashort x-
ray backlighter. The shell material currently employed in the

experiments is chlorine-doped plastic (C;¢H4Cl>) with an ini-
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tial density of 1.1 g/cm®~1.2 g/cm>. The mass-absorption co-
efficient of C;sH;4Cl; is a function of plasma temperature and
density. The plasma temperature around the cone tip is be-
low 400 eV at the current Shenguang-II upgrade nanosecond
laser capability. Figure 1(b) shows the x-ray transmission as a
function of plasma areal density around 10 eV-400 eV for two
types of backlighter sources, namely Cu K« (8048 eV) and
Ti Koo (4511 eV), respectively. Assuming that the measur-
able transmission of the x-ray backlight system is in the range
of 5%-80%!'3] (as indicated by the yellow area in Fig. 1(b)),
the feasible detection range of plasma areal densities accord-
ingly is 7 mg/cm?~118 mg/cm? for Cu Ko backlighter and
1.5 mg/cm?-23 mg/cm? for Ti Ko backlighter, respectively.
When the areal density of the plasma exceeds 23 mg/cm?
(for Ti Ka backlighter, and 118 mg/cm? in the case of Cu
Ko backlighter), the transmission of the backlighter would
be lower than 5%, which in turn leads to inaccurate measure-
ments. Consequently, the backlight system has been designed
to utilize the Cu K backlight to ensure a more accurate diag-
nostic of high-density plasma generated around the cone tips.

Spherical crystal
Sagittal 1=

Meridional

Rowland circle

Meridional focus +— |

Az Detector plane

Fig. 1. (a) A schematic of the MCBI system in the experiment. (b) Relationship between backlighter transmission and plasma areal density (pr)
around 10 eV-400 eV temperature, where the red area is for Cu K (8048 eV) and the green area is for Ti Ko (4511 eV) and the yellow area is
for the x-ray transmission of 5% to 80%. (c) A schematic of the optical path of the spherical crystal imaging systems.

For high spatial resolution imaging, a near-normal inci-
dence between 80° and 90° is commonly employed in MCBI
imaging to minimize the aberration. A quartz (2131) crystal
was selected as the Bragg crystal to focus the x-ray with an
energy of approximately 8048 eV at a Bragg angle of 88.7°.
The spherically bent quartz crystal, with a radius of curvature
of 400 mm, was positioned 225 mm away from the plasma (or
grid), while the detector was located 1804 mm away from the
crystal, resulting in a magnification factor of 8.02. To enhance
the signal-to-noise ratio, a 3 mm thick tungsten block was used
to prevent direct incidence of radiations from the picosecond
laser onto the detector. The MCBI system was designed to

fit the target chamber of the Shenguang-II upgrade facility, >3]
located at the Joint Laboratory of High Power Lasers, Shang-
hai Institute of Optics and Fine Mechanics, Chinese Academy
of Sciences. Through the XOP/Shadow simulations,?¥ it had
been demonstrated that the crystal can image x-rays within the
energy range of 8048 +5 eV.

3. Investigation of backlighter intensity and spa-
tial resolution of the MCBI system

To optimize the MCBI system, an experiment was con-
ducted to investigate the impact of different laser parameters

025201-2
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on the intensity of the backlighter x-ray source and the spa-
tial resolution of the system. The experimental setup has been
depicted in Fig. 1(a). To generate the x-ray source, an ul-
traintense picosecond-duration laser beam was employed to
irradiate a 20 um-thick copper foil positioned at 5 mm from
the target chamber center (TCC). The four-quadrant gold grid
with a bar width of 10 pm and mesh sizes of 60-80-120-
160 mesh/cm was positioned at TCC. The x-ray source pro-
jected the grid target onto the detector, facilitating the mea-
surement of the spatial resolution of the MCBI system. An

ment, providing essential details for reference.

Based on the aforementioned laser conditions, the x-ray
energy spectra measured with IP detectors are compared in
Fig. 2(a). The relationship between backlighter intensity and
laser energy is presented in Fig. 2(b). The red triangles in
Fig. 2(b) represent the integrated intensity of the images from
MCBI, while the black dots indicate the integrated intensity of
the backlighter measured by the HOPG spectrometer (Fig. 2(a)
within the energy range of 8048 £ 5 eV). It shows a positive
correlation between the laser energy and the backlighter inten-

. . .. sity.
Andor iKon-L type charge-coupled device (CCD) and Fujifilm Y
MS type imaging plates (IP)!?>-6] were utilized to record the Table 1. Picosecond laser parameters.
x-ray images. The energy spectrum of the x-ray backlighter Numbers Laser energy (J)  Pulse width (ps)  Intensity (10'8 W/cm?)
was measured using a highly oriented graphite spectrometer 1 19 1.0 268
(HOPG)"?"! with a spectral resolution better than 400, cover- 2 9% 32 425
ing an energy range from 7950 eV to 8450 eV. Table 1 displays 3 286 24 950
. .. . . 4 444 10.0 6.12
the parameters of the picosecond laser utilized in the experi-
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Fig. 2. (a) X-ray energy spectra measured by HOPG spectrometer under different laser energies. (b) The relative intensity of the x-ray backlighter
with different laser energies, where the black dots are from HOPG measurements, and the red triangles are from MCBI measurements.

The backlight images on the IP and CCD detectors are
presented in Figs. 3(a)-3(d), respectively. Figures 3(a)-3(c)
show the results of the grid target imaged on the IP detector un-
der different laser parameters, and Fig. 3(d) shows the results
imaged on the CCD detector. The knife-edge spread function
of the grid is measured at different positions on the images and
subsequently differentiated to obtain the line spread function
(LSF). The spatial resolution of the imaging system is deter-
mined by defining the full width half maximum (FWHM) of
the LSF curve and fitting it with a Gaussian function. Fig-
ure 4(a) shows the spatial resolutions of the MCBI system for
the x-ray sources of different driving laser intensities, where
the black dots are for the IP detector and the red dots are for
the CCD detector. The figure clearly demonstrates that the
CCD has a better spatial resolution of up to 10 pm in compar-
ison with the IP detector. This difference is mainly attributed
to the resolving capability of the two detectors. The pixel size
of the CCD detector is 13.5 wm, while for the BAS-MS IP, the
actual spatial resolution was measured to be 53 pum!%%! when
using the Amersham Typhoon™ scanner, even with a 25 um

scan parameter. It means that the CCD detector can provide
backlight images with higher quality, which is favorable for
the MCBI system. Furthermore, Fig. 4(a) illustrates a gradual
decrease in spatial resolution with laser intensity for the IP de-
tector. This phenomenon can be attributed to the increase in
the x-ray source size resulting from the lateral transport of fast
electrons at higher laser intensities.[?®="1 Other researchers
have also found that the size of the Ka source increases with
the laser intensity. [31-33]

The spatial resolution of the backlight system depends
on the imaging crystal, the x-ray detectors, and the backlight
source, etc. Using the XOP/Shadow program,>*! the spatial
resolution determined by the imaging crystal is calculated to
be 1.0 pm (assuming the crystal is perfectly manufactured),
which only plays a subtle role. By taking into account the
magnification of the MCBI system, the resolution of the de-
tector is 6.6 um for the case of MS IP and 1.7 pum for the case
of the CCD camera.

The size of the backlight source also has an influence
on the resolution, since different incidence angles will lead
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to deviations in the optical path, which in turn result in a de-
crease in resolution. Here we will derive the spatial resolution
according to the imaging optical path as illustrated in Fig. 1(c).
Take the meridional direction for example, the deviation Ax in
the image plane along this direction satisfies Ax = As?%,
where As is the size of the backlight source, p is the object
distance, y is the distance between the backlight source and
the object, gm = (Rpsin®)/(2p —Rsin @) is the focus dis-
tance from the crystal in the meridional plane according to
the Coddington equation % + qim = ﬁ, q is the image dis-
tance in the experiment optimized by the criteria that the mag-
nification in the meridional plane and in the sagittal plane are
equal, that is (R—p)/(2p—R) in the near-normal incidence
case, where R is the radius of curvature of the crystal. Di-
viding Ax by M (the magnification of the imaging system), we
can obtain the spatial resolution determined by the source size,

(a) 2000 4000 6500 (b) 5000 8500

Y (pm)

—250 0 250
X (um)

—250 0 250
X (um)

12000

o= Asg(M—Aj]) (1 —sin@) = AOp% (1 —sin @), where 0 is
the crystal Bragg diffraction angle, and A@ = As/y indicates
the open angle of the backlight source. The spatial resolu-
tion we obtained here from the geometric optical path analy-
sis agrees with those obtained based on spherical aberration
analysis,3*31 both indicating a decrease in resolution with
increasing source size. Besides the theoretical calculations,
XOP/Shadow simulations are also conducted to investigate the
effect of source size on the spatial resolution of the MCBI sys-
tem. We obtain the spatial resolution of the system with dif-
ferent source sizes when IPs were used as detectors, as shown
in Fig. 4(b), where the black dots are simulation results, and
the red triangles are experiment measurements. The results
indicate that the radius of the Ko source is 60 pm—110 pm,
assuming the experimental and simulation results are compat-
ible, which is 47 times the initial laser focal spot. 3]

(c) 11000 15500 20000 (d)1000 11000 22000

—250 0 250
X (um)

—250 0 250
X (pm)

Fig. 3. Backlight images of the grid on the IP/CCD detector. (a) Laser energy 19 J, pulse width 1.0 ps, IP detector. (b) Laser energy 96 J, pulse
width 3.2 ps, IP detector. (c) Laser energy 444 J, pulse width 10.0 ps, IP detector. (d) Laser energy 281 J, pulse width 10.0 ps, CCD detector.
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Fig. 4. Spatial resolution of the MCBI system. (a) The spatial resolution with different laser intensities, where the black dots are for the IP
detector and the red dots are for the CCD detector. (b) The spatial resolution of the system with different source radii (IPs as detectors), where
the black dots are simulation results, and the red triangles are from experimental measurements.

4. Application and experimental results

The developed MCBI system is utilized in the DCI exper-
iments to investigate the spatial distribution and time evolution
of the head-on colliding plasma between the cone tips. The
nanosecond laser has a wavelength of 0.351 um and an output
energy of 1250 J for each beam. Eight beams are focused and
overlapped on the shell, driving the shell compression and ac-
celeration, as shown in Fig. 1(a). The plasma between the cone
tips is imaged by Cu Ko x-rays generated by the picosecond
laser. The evolution of the plasma can be obtained by varying

the delay time between the compression laser and the driving
laser of the backlighter.

Two-dimensional K images of the collision plasma are
presented in Fig. 5, where the dashed lines mark the shape of
a double-cone target and the dashed circle marks the effec-
tive region of x-ray imaging. Note that the bright spots at the
top and bottom of each figure are due to bremsstrahlung emis-
sion of exploding C¢H4Cl, plasma, and the bright spot at the
center is the Cu Ko backlight image. As shown in Fig. 5(b),
at 1.2 ns after the end of the compression laser, the C;gH4Cl,
plasma has been accelerated out of the cone tips with a head-on
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collision, which formed a clear pattern with reduced intensity
at the center due to the absorption of x-rays by the head-on
colliding plasma.

Figure 5 compares three x-ray radiographys obtained in
similar plasma conditions except probing with different Ko
sources driven by different picosecond laser parameters. It
shows that an image of the highest contrast and quality was
achieved with a large driving energy (493 J), leading to a
brightest backlight source, and with a relatively low laser in-
tensity, leading to a relatively small source size, as displayed
in Fig. 5(b). By analyzing the intensity distribution across the
cone wall, we can also conclude that the spatial resolution in
the case of Fig. 5(b) is superior to that in Figs. 5(a) and 5(c),
since the backlight intensity across the cone wall increases
from 10% to 90% over the shortest distance. This conclusion
is consistent with that from Fig. 4(a). The spatial distribu-
tion of the colliding plasma between the cone tips is clearly

demonstrated in this case. With a higher signal-to-noise ratio,
it is possible to accurately measure the areal density and pro-
vide more precise information about the size and distribution
of the plasma. It shows that at the beginning of the head-on
colliding process, the plasma still exhibits a symmetrical dis-
tribution. The transverse dimension is approximately 150 pm
(FWHM).

To further explore the dynamic imaging, an analysis is
conducted on the background noise level. As can be seen,
with an energy of 493 J and a pulse duration of 10 ps for the
backlighter laser, the background noise is significantly lower
than in other cases. This can be attributed to the fact that the
focused laser intensity has a minimum despite its highest en-
ergy, resulting in a reduced high-energy x-ray and gamma-ray
background. It demonstrates that the highest spatial resolution
and the best contrast ratio were achieved with the picosecond
laser having a large energy and a relatively long duration.

(a) 9000 12000 15000 18000 (b) 2000 6000 10000 14000 (c) 4000 7000 10000 13000
HE e HE e HEE e
—1000
—500
E = B
= 0 [ =35 )
> gieite .
1000
—1000 —500 0 500 1000 —1000 —500 0 500 1000 —1000 —500 0 500 1000
X (pm) X (pm) X (pm)

Fig. 5. Two-dimensional K« images of the collision plasma obtained with different K o sources driven by different picosecond lasers at different
delay time. (a) Laser energy of 355 J, pulse width of 2.4 ps, and at 1.1 ns after the end of the compression laser. (b) Laser energy of 493 J, pulse
width of 10.0 ps, and at 1.2 ns after the end of the compression laser. (c) Laser energy of 94 J, pulse width of 1.0 ps, and at 1.4 ns after the end

of the compression laser.

5. Conclusion

We developed a monochromatic crystal backlight imag-
ing system employing spherically bent crystals for the recent
double-cone ignition experiments. The system performance
was optimized by comparing the results of varying picosecond
laser parameters and the recording detectors. The spatial dis-
tribution and time evolution of the colliding plasma between
the head-on tips were measured with this system. High quality
image was obtained with a higher-energy and longer-duration
picosecond laser driver. This system would play an important
role in understanding colliding plasma dynamics in the DCI
scheme.
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