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An experiment with thin titanium foils irradiated by two pulses delayed in time is conducted on the Shenguang-II
laser facility. A prepulse induces an underdense plasma, 2-ns later a main pulse (A, = 0.35 um, E, = 120 J, 7 ~ 100 ps)
is injected into the underdense plasma and produces strong line emission from the titanium K shell (i.e., Hey at 4.7 keV).
Data show that the intensity of 4.7-keV X-ray emission with the prepulse is approximately twice more than without the
prepulse, and can be used as a backlighting source satisfying the diagnostic requirements for dense plasma probing. High-
quality plasma images are obtained with the backlighting 4.7-keV X-rays in a Rayleigh—Taylor hydrodynamic instability

experiment.
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1. Introduction

Multi-keV X-ray sources are required as backlighting
sources for diagnosing dense plasmas in inertial confine-
ment fusion experiments, such as plasma hydrodynamic
instability.!!'=* In these applications, the backlighting X-ray
sources should have high brightness, high photo energy, and
quasi-monochromatic spectrum. Multi-keV X-rays are emit-
ted from the laser generated high-temperature plasma which
has sufficient charge states and excitations. Generally, the
high-temperature plasma is formed near the critical surface
at a relatively low-density, and the peak emission region of
multi-keV X-rays is from a high density region which must be
conductively heated.

Multi-keV X-ray sources can be generated in the laser

[>-71 and underdense gaseous

interactions with solid targets
targets. 8121 Experiments have shown that the multi-keV X-
ray conversion efficiencies (CEs) of underdense gaseous tar-
gets are about 10% of the laser energy, which is consider-
ably higher than that of solid targets (0.1%—1%) due to good
laser absorption of the gases. However, gas targets restrict
spectral ranges, the Ar K-band is around 3-keV, theXe L-
band around 4 keV and Kr K-band around 13 keV. To span
a wider energy range, metal targets should be considered, al-
though solid metallic targets exhibit much lower conversion
efficiencies (CEs)!'3! than underdense plasma sources. The
production efficiencies of X-ray yield from solid targets have
been studied each as a function of laser energy, wavelength,
pulse length, and focusing properties in different experimen-

(14,15

tal conditions. I'In previous work of X-ray source opti-

mization, Fournier er al.['®! used nanosecond laser beams to
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irradiate aerogel materials on the OMEGA laser, and Minoru
Tanabe et al.!”! investigated multi-keV X-ray generation from
low-density nanofiber-cotton targets composed of titanium
dioxide. The CE of laser energy was enhanced 2 ~ 3 times
compared with that in the case of a foil target. Babonneau et
al.!'8) investigated the efficient multi-keV X-ray sources from
laser-exploded metallic thin foils.

In order to enhance the CE of multi-keV X-ray emission
from the solid target in our experiment, a prepulse is used to
irradiate a solid target and generate the underdense plasma.
After several nanoseconds, a main pulse interacts with the un-
derdense plasma, thereby heating the underdense plasma to
high temperature.

The measurements of X-ray emission from laser-heated
titanium targets are presented in this paper. A weak prepulse
irradiates a 5-um thick foil target to produce the preformed
plasma, and 2 ns later a main laser pulse (A, = 0.35 pm,
Ep, = 120 J, 7 =~ 100 ps) is delivered to heat the preformed
plasma. The strong line emission from the Ti K-shell is pro-
duced. Data show that the intensity of 4.7-keV X-ray emission
with the prepulse is approximately twice more than that with-
out the prepulse. We use the enhanced X-rays as backlighting
sources to diagnose a Rayleigh—Taylor hydrodynamic instabil-
ity and then obtain high-quality plasma images.

2. Preliminary X-ray emission optimization by
XRL-2D simulation code

A two-dimensional (2D) numerical XRL-2D code is used
to design the experimental configuration. The XRL-2D code
is a 2D non-equilibrium radiation hydrodynamics code with a
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diffusion approximation of radiation and the average atomic
model. The flux-limited heat diffusion model is based on the
Spitzer—Harm thermal conductivity, and the CE is evaluated
with a flux limit value of f = 0.1. Therefore it only provides
the total radiation energy, and cannot calculate the angular dis-
tribution of X-ray or radiation intensity of each K-shell line.

Generally, the main mechanism of the titanium K-
shell emission production can be described by the collision-
irradiative model. We focus on the H-like line and the He-
like line of the titanium K-shell emission. H-like and He-like
ions are excited by the hot electrons from the ground state to
the first excited state (n = 2, with only one electron). Sub-
sequently, the K-shell emission line is emitted by the spon-
taneous emission mechanism. Figure 1 shows the population
distribution of H-like and He-like ions with different tempera-
tures in steady-state with full radioactive escape. The electron
temperature is above 2 keV and the electron density is above
10?2 cm 3 in the optimal X-ray emission area. However, this
condition cannot be satisfied because the laser energy is diffi-
cult to be coupled to the supercritical area.
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Fig. 1. (color online) Population distribution of K-shell ions in the N.—
T:. coordinate system (Contour lines show the ground state atomic pop-
ulation (Pfl_Iike and Pfle_like). Colored areas show the first excited state

population (PIEFlike and P, jie))-

In the present model, the titanium plasma is an optically
thin medium for the K-shell line emission. Thus, the actual
population distribution of the ions is slightly different from the
theoretical one. Based on numerical simulation, the prelimi-

nary optimal conditions are specified as follows. The elec-
tron density of the strong K-shell X-ray line (n = 2) emis-
sion region can be up to No = 3 x 10> cm™3 ~ 10?> cm ™3,
and the optimum electron temperature should be above 2 keV.
So we can estimate that the driven laser flux should be above
1015 W/ecm?.

3. Experimental setup at the Shenguang-1I laser
facility

The experiments are implemented in the Shenguang-II
laser facility. Titanium foil targets are irradiated with up to
four beams (each with 100-ps temporally Gaussian profile,
A =351 nm) at an angular 45° from the target normal. The
average energy per beam is about 30 J. Each laser beam con-
sists of a prepulse and a main pulse. The interval between the
prepulse and the main pulse (7) is 2 ns and the intensity ra-
tio of prepulse to the main pulse (7)pr) is changed from 0%
to 20%. The four beams are focused onto titanium foil (thick-
ness 5.04+0.5 um) targets through spherical lenses of f/3 at the
same time. The intensity of the main pulse is fixed between
2 x 10" W/ecm?-3 x 10" W/cm? in a spot with a diameter of
200 pm.

The experimental setup is shown in Fig. 2. The diagnos-
tic system includes a time-integrated pinhole camera (XPHC)
and an X-ray elliptical crystal spectrometer.

north

east

bent crystal
spectrometer (3 ~ 5 keV)

Fig. 2. (color online) Schematic setup of the experiment.

The X-ray emission volumes of targets are observed by a
time-integrating pinhole camera. The pinhole camera is placed
at an angle of 80° with respect to the normal direction of the
target. The magnification is ten and the pinhole diameter is
10 pm. With a 50-um titanium filter, the camera only pro-
vides an emitting zone size above 4 keV.

The X-ray elliptical crystal spectrometer is a high-
resolution spectrometer that gives the time integrated X-ray
spectrum with a spectral bandwidth depending on the crys-
tal. A bent quartz crystal (2d = 0.67 nm) is installed in the
spectrometer. The bent crystal spectrometer offers a spectral
bandwidth between 3 keV and 5 keV. The detector medium is
image plate (Fujifilm BAS-SR2025).I1%! The crystal spectrom-
eter can obtain the titanium K-shell lines with a 20-pm-thick
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titanium filter, which provides a quasi-monochromatic X-ray
source with the photon energy at approximately 4.7 keV.

4. Results and discussion

The results obtained for the titanium show an important
increase of the multi-keV X-ray production by a factor from
two to three, according to the prepulse. We also use the XRL-
2D code to simulate the experiments, and compare the results
with the experimental results obtained from the Shenguang-
II laser facility. From these results, we find the appropriate
driven laser conditions of the multi-keV X-ray probe.

From the XRL-2D code, we can see X-ray emitting zones
with different values of 7 in Fig. 3. Note that 1,e = 0% cor-
responds to the case without the prepulse. Laser absorption ef-
ficiency without prepulse is 58%, which is lower than that with
the prepulse (over 95%). Figure 3 clearly shows that when pe
equals 0% the X-ray emission region expends to about 30 pum.
It is significantly smaller than the X-ray emission region with
the prepulse, which expends to almost 100 pm.

A large plasma expansion and a widening of the 4-keV
emitting zones are visible for time-integrated X-ray pinhole
camera when a prepusle is used. We present images of the
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above 4 keV radiating zones at 80° (Figs. 4(a) and 4(b)). The
spot radius grows from 65 pm-75 pm without the prepulse to
90 um-105 pm with the prepulse and the axial expansion (X-
ray emission profile along the horizontal line) is from 50 wm—
55 pm without the prepulse to 85 pm-90 pwm with the prepulse
(Figs. 4(c) and 4(d)). These images show the emitting spot en-
largement, which is related to the plasma expansion. Due to
the prepulse effect, the spot is widened 1.4 times and axially
expanded 1.5 times. These images are in good coincidence
with XRL-2D calculations.
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Fig. 3. (color online) X-ray emission region distributions at different
values of Mpre, 1 erg = 1077 7.
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Fig. 4. (color online) Effects of a prepulse on above 4 keV X-ray emitting spots for 5-pum titanium foil in the cases: (a) without the prepulse and (b) with a
prepulse of 10% main pulse intensity; (c) X-ray emission profiles (c) along the horizontal lines (the average of 15 pixels on the x axis, in the center of spot),
and (d) along the vertical lines in panels (a) and (b) (the average of 15 pixels on the y axis, in the center of spot).

Figure 5(a) shows a measured time-integrated Ti K-shell
X-ray spectrum from the foils. The Ti He-« line (0.261 nm
and 0.262 nm) and Li-like line (0.263 nm) are obvious. X-rays
below 4 keV and above 5 keV are absorbed by the titanium fil-

ter. The measured spectra of titanium with and without the

prepulse are shown in Fig. 5(a). The solid line denotes the K-
shell line of titanium with 10% intensity ratio prepulse, and the
dotted line represents the line without the prepulse. The rela-
tive intensity of 4.7 keV (1-0.26 nm) X-ray with the prepulse

is approximately three times that without the prepulse.
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Figure 5(b) shows the total energy of K-shell X-ray emis-
sions in different values of 7pye, calculated by XRL-2D. With
the intensity of the prepulse increasing, the preformed plasma
area created by the laser ablation becomes large, the electron
temperature decreases. The total energy of the K-shell X-ray
line radiation increases. When 7 exceeds 10% and more,
K-shell X-ray line radiation created by the prepulse increases
rapidly, the total energy decreases on the contrary. Accord-
ing to the analysis of simulation, the optimal value of Mpe is
10% in the actual experimental backlight applications. With
the prepulse turned on, the variation of the K-shell X-ray line
radiation intensity is approximately 10% as the intensity of the

prepulse changes.
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Fig. 5. (color online) K-shell line emissions in different conditions,
showing (a) measured Ti K-shell X-ray time-integrated spectra (solid
line) from the Ti foil in different My values and (b) time evolutions of
the K-shell X-ray obtained by the XRL-2D code at different laser irra-
diances, with the vertical axis representing X-ray energy per joule per
microsecond.

K-shell X-ray line sources are studied each as a function
of interval between the prepulse and the main pulse (7). Fig-
ure 6 shows the energy of X-ray emission with different 7
values. When 7 increases, plasma length grows larger, elec-
tron temperature achieves a lower value, and the instantaneous
power of the K-shell X-ray line radiation is reduced. However,
when 7 becomes lower, the plasma temperature cools down
rapidly and the X-ray duration becomes narrower. Thus, the

optimization result is T = 2 ns.
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Fig. 6. (color online) K-shell line emissions at different values of 7
(¢ =300 pum, Mpre = 10%).

5. Application of X-ray backlight probe

We use the X-rays as a backlighting source to diagnose
the static target by the pinhole projection method. Figure 7
shows that the quality of the image obtained by the optimized
X-ray source (Fig. 7(b)) is better than that obtained before op-
timization (Fig. 7(a)). Figure 7 also shows that the 100-ps
laser-driven X-ray backlight probe is significantly improved
owing to the prepulse optimization. It can be used to diagnose
the plasma in ICF experiments. Figure 8 shows high-quality
2D diagnostic images which are obtained by the optimized X-
ray probe.

(a) Before optimization (b) After optimization

Fig. 7. Two diagnostic images from different X-ray sources obtained by
the pinhole projection method: (a) before and (b) after optimization.

Fig. 8. Diagnostic images of the Rayleigh-Taylor hydrodynamic insta-
bility growth at different time moments.

6. Conclusions

To generate efficient X-ray sources for backlighting,
multi-keV X-ray sources generated by heating titanium with
100-ps duration laser are investigated at the Shenguang-1I laser
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facility. With the experimental and theoretical analyses, we
obtain the following conclusions.

Firstly, the simulation results suggest that the laser in-
tensity should be higher than 10'> W/cm?. The laser wave-
length dependence stems from the greater ionization avail-
able at shorter wavelengths because of an increased density,
wherein energy deposition occurs.

Secondly, the simulation shows that the total X-ray line
emission is anisotropic. In the experiment, the intensity of the
X-ray emission from the front target is significantly stronger
than that from the rear target because of the presence of an
X-ray emission absorption region near the high density cold
plasma. The influence of the absorption region should be in-
vestigated by simulation and experiment in the future.

Thirdly, the experimental result shows that the intensity
of 4.7-keV X-ray with a prepulse is approximately three times
that without a prepulse. However, this value is almost ten ac-
cording to the result of the XRL-2D simulation. The absorp-
tion efficiency of the laser and the K-shell X-ray line intensity
may have been overestimated with such a high-intensity laser
pulse (> 10'> W/cm?) because the nonlinear effects were not
taken into account in our simulation.

Finally, the experimental data predict that optimal laser
parameters (A = 0.35 um, I, > 105 W/em?, Npre = 10%, and
T = 2 ns) are required for creating an efficient mutli-keV X-
ray point source for diagnostic applications. We use a pinhole
aperture as a point-projection backlighting source and obtain
a variety of high-quality 2D plasma images in the ICF experi-
ments.
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