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Low density and low convergence implosion occurs in the exploding-pusher target experiment, and generates neutrons
isotropically to develop a high yield platform. In order to validate the performance of ShenGuang (SG) laser facility and test
nuclear diagnostics, all 48-beam lasers with an on-target energy of 48 kJ were firstly used to drive room-temperature, DT
gas-filled glass targets. The optimization has been carried out and optimal drive uniformity was obtained by the combination
of beam repointing and target. The final irradiation uniformity of less than 5% on polar direct-drive capsules of 540 um
in diameter was achieved, and the highest thermonuclear yield of the polar direct-drive DT fuel implosion at the SG was
1.04 x 1013, The experiment results show neutron yields severely depend on the irradiation uniformity and laser timing,
and decrease with the increase of the diameter and fuel pressure of the target. The thin CH ablator does not impact the
implosion performance, but the laser drive uniformity is important. The simulated results validate that the cos y distribution
laser design is reasonable and can achieve a symmetric pressure distribution. Further optimization will focus on measuring
the symmetry of the hot spot by self-emission imaging, increasing the diameter, and decreasing the fuel pressure.

Keywords: polar direct-drive, exploding-pusher target, neutron yield, irradiation uniformity
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1. Introduction

The direct-drive exploding pusher target experiments!!~!

were designed to develop a high neutron yield platform before
the cryogenic system is operational. The exploding pusher
implosions are directly heated by laser, drive a strong shock
wave into the fuel, and produce fusion reactions. Strong-shock
implosions!* have been demonstrated to be insensitive to the
drive-asymmetry and have one dimension feature. Such excel-
lent platform has the advantages of monoenergetic neutron or
proton, and is usually used to develop the nuclear diagnostic
system and to study the nuclear and plasma processes. When
D*He gas is imploded, >/ the implosion works as monoener-
getic proton backlighting!”-3! to study the high-energy-density
phenomena in both basic science and inertial confinement fu-
sion, such as self-generated fields,”! Rayleigh—Taylor insta-
bility growth, 1] etc.

High convergence, direct drive implosions require spher-
ically uniform irradiation to reduce the hydrodynamic
instabilities.!'!] The overall nonuniformity should be less than
1% root-mean-square, depending on the number of beams and
the beam placement. The sufficient, symmetrical beam dis-
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tribution, like in the Omega Laser Facility,m] is suitable for
the direct drive implosions. In order to perform the direct
drive experiment on the indirect drive laser facility, the po-
lar direct-drive!!3! (PDD) has been proposed. PDD repoints
some of the beams toward the polar or equator of the target
to achieve the most-uniform irradiation. The repointed beams
are more obliquely incident on the target, and have lower laser
absorption and less laser—target coupling efficiency, thereby
the higher laser energy is required and the more complex-
ity pulse shapes are employed to satisfy the drive uniformity.
Nevertheless, the energy coupling efficiency to the fuel of the
PDD approach is higher than that of the indirect drive. The
PDD proof-of-principle experiments!'#! were demonstrated on
OMEGA using the 40-beam subset without the equatorial
beams.

The direct drive exploding pusher implosions are pro-
posed to produce high neutron yields from the beginning
of laser fusion.['!] The long wavelength laser was used in
the early exploding-pusher experiments, but the low laser
absorption!>! and high fuel preheat precluded high com-
pression. The exploding pusher implosions at Noval!6! and
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Omegal!l were developed to high neutron yield sources for
neutron diagnostic development. The neutron yield up to
1.4 x 10'* makes Omega have the chance to study the anoma-
lous degradation in yield with *He addition,'”! calibrate
the differential cross section for the elastic n—H and n—>H
scatterings, '8! test the effect of pre-mix Ar and Xe,[!”) and
measure the stopping of energetic D*He protons in warm
dense plasma.l?®! The National Ignition Facility!?!! (NIF)
PDD experiments began with exploding-pusher capsules to
generate a large amount of neutrons and protons for diagnos-

tic calibration purpose. It was also used to develop the nuclear
rm[22:23 [24.25] i

,12627

science platfo I'to probe the ion kinetic effects,

I"and study the nuclear reaction relevant
2]

fer mixed mas
to stellar nucleosynthesis!?®! and big-bang nucleosynthesis. |

This article introduces our first PDD, DT fuel implosion
experiments on the ShenGuang (SG) laser facility.!*”! The ex-
periments imploded some room-temperature gas-filled glass
capsules with 1 ns square pulse. The experimental neutron
yields exceeded 10'3, and severely depended on the irradia-
tion uniformity, laser timing, diameter and fuel pressure of the
target. We start with the introduction of the SG laser facil-
ity, beam repointing strategy, and experiment details. Then
the first implosion experiment results of nuclear diagnostic are
described. Finally, the discussions and conclusions are made.

2. Initial experiments design

The PDD experiments were carried on the SG laser
facility.?*! SG is designed with 48 laser beams which are
distributed over four cones per hemisphere, at polar angles
6 = 28.5°, 35°, 49.5°, and 55° referred to the target cham-
ber axis, as shown in Fig. 1. The numbers of beams uniformly
distributed in each cone are 4, 4, 8, 8, respectively, on each
side. The adjacent cones of 28.5° and 35° are tilted by 45°,
the adjacent cones of 49.5° and 55° are tilted by 22.5°, and the
cones between two hemispheres are tilted by 22.5°.

Fig. 1. The SG beam configuration. All beams are arranged in four
rings per hemisphere (6 = 28.5°, 35°, 49.5°, 55°). Solid circle: origi-
nal place; dashed circle: repointed place.

The SG facility is designed for indirect-drive inertial con-
finement fusion research and can deliver more than 100 kJ of
ultraviolet light (A = 351 nm, 3@ of Nd laser) within 3 ns
pulse duration. When the laser is used for direct-drive implo-
sion, the beam centerlines should be realigned and the beam

power should be adjusted to improve the implosion uniformity
to acceptable levels. The optimized repointing is to move the
inner cones to polar and the outer cones to equator, which in-
creases the drive energy on the capsule’s polar and equator, as
shown in Fig. 2.

Fig. 2. The laser beam repointing strategy. Laser beams are moved to po-
lar or equator to increase the drive energy on the capsule’s polar or equator.
Ary, Ary, Ars, Ary are the repointing distances reference to the axes of lasers.
Solid lines: original beams; dashed lines: repointed beams.

The continuous phase plate (CPP)

technique*”! has been used in the SG facility, and it is ex-

smoothing

pected to produce a uniform circular intensity profile with the
diameter 500 um at the laser entrance holes. Thereby the laser
beams have ellipse cross sections with different minor axes
in different cones. The incidence angle is larger, the minor
axis of the laser spot is shorter, and the cross section is more
oblate.

The laser intensity profile I(x,y) can be described by
super-Gaussian 3!/

I(x,y) = Iy e~ (Vo +0/e0s0)2/3)"

where n is the order, approximately 5 on the SG facility, and
0 is the 1/e radius of the laser spot, 8§ = 211 um for the ra-
dius 250 um of the laser spot. The PDD experiments were
driven with approximately 1 kJ/1 ns/beam, the laser intensity
of each beam was 0.9-1.4 x 101> W/cm?. The incidence an-
gle is larger, the size of the laser spot is smaller, and the laser
intensity is higher, as shown in Fig. 3.

When the ratio of laser-spot size to target diameter is re-
duced to below 0.8, the neutron yields rapidly decrease despite
increasing absorbed energy.*?! Thus the initial implosion ex-
periments were performed on glass-shell capsules with diam-
eters ~ 540 um and glass wall thickness ~ 2.6 um. The cap-
sules were overcoated with parylene (um-thickness) and filled
with ~ 40 atm of equal-molar DT gas at room temperature, as
shown in Fig. 4(a). The driving laser was square pulses with
1 ns duration and 120 ps rise time (10%—90%), as shown in
Fig. 4(b).
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Fig. 3. The laser intensity distribution of each cone, related to the angle of laser incident. The highest intensity of each beam is 0.9-1.4 x 10'> W/cm?.
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Fig. 4. (a) The target for PDD exploding-pusher experiments and (b)
pulse shape.

To minimize the irradiation nonuniformity and optimize

(3] an analyt-

the repointing distances, 3D view factor method,
ical geometry method, was used to rapidly evaluate the root-
mean-square deviation of the laser intensity over the target. It
assumes that energy deposition is related to the angle of nor-
mal () on the target surface to compensate reduced absorption
at the polar or equator, where laser beam trajectories are seri-
ously diverted when a plasma corona develops. The principle
of the maximum utilization of laser energy and the minimum
cross of laser beam were also employed, the centers of laser
beams were limited in the corresponding hemisphere where
lasers irradiated on.

As the first PDD experiments on the SG facility, the laser
beams were repointed, the laser power and pulse shape were
not adjusted. Two different distribution assumptions of the
energy deposition were employed. Firstly, the energy depo-
sition is given by a cos” ¥ distribution,?*! the repointing dis-
tance from the center of the capsule is —51/—29/47/116 um
for @540 pm capsule, and the irradiation nonuniformity on the
target is 4.30%, as shown in Fig. 5(a). Secondly, the energy de-
position is supposed to have a cos Y distribution, the repointing

distance is —51/ —36/35/99 pum for 540 um capsule, and
the irradiation nonuniformity on the target is 3.49%, as shown
in Fig. 5(b). The experimental parameters wre optimized ac-
cording to the target diameter by 3D view factor code.
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Fig. 5. The irradiation uniformity on ®540 um capsule with (a) cos® y
or (b) cosy distribution of the energy deposition. The laser intensity is
normalized.

Three nuclear diagnostics were used to measure the neu-
tron yield, ion temperature, and neutron bang time in our first
PDD experiments. Optical and x-ray diagnostic systems were
not used because of the pollution of tritium. The copper acti-
vation system, 33! which was calibrated at an accelerator, was
used to absolutely measure the primary neutron yield. The
®7 cmx 1 cm copper sample was located at 82 cm from the tar-
get chamber center (TCC). The ion temperature was measured
by a neutron time-of-flight (nTOF) detector.**! The nTOF de-
tector, composed of a plastic scintillator and fast photomulti-
plier tubes, was placed at 10—13 m from TCC. The neutron fu-
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sion reaction rate diagnostic system!*” based on the fast plas-
tic scintillator and optical streak camera measured the neutron
bang time and fusion reaction rate history. The 2 mm-thin fast
plastic scintillator (EJ232) was placed at a 3 cm distance from
TCC and acted as a neutron-to-light converter. The time re-
sponse of the detector is less than 30 ps.

3. Experiment results

CH ablator targets of different thicknesses, including
0 pum, 1 pm, 1.8 um, were imploded in the experiments and
the majority of shots were implemented with cos? y distribu-
tion design. After the major work of nuclear physics applica-
tion was finished under the stable neutron yield, the last shot
(20151227103) was tried to improve the neutron yield and
experimented with cos y distribution design. Figure 6 shows
the neutron yield accurately measured by the copper activa-
tion system.!®! The highest neutron yield was 1.04 x 10'3,
imploded with cosy distribution of the energy deposition in
the last shot.

1.2 — : , — 20
O yield o
2 I I
) 0 YOC O
= 0.9F 8 [ [ o 1%
o o
> 0.6 I I 10 Q
= O O ©)
S I I O >
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Shot number

Fig. 6. The neutron yield measured by copper activation system. YOC
is between 5% and 20%. Shot 20151227103 was imploded with cosy
distribution, other shots were imploded with cos? y distribution.

The neutron yield was very small in the shot
20151222099 (3.4 10'!), far below from the simulated yield.
After carefully checking the characters of the facility, the laser
timing was found to be the key problem. Figure 7 shows the
statistic results of laser timing based on the temporal wave-
form recorded with the oscillographs. The statistic results re-
veal the considerable fluctuation of the laser timing. The max-
imum error of laser timing was larger than 200 ps and not ac-
ceptable for the exploding-pusher experiment. In order to re-
new the timing of each beam, a fast photomultiplier tube was
placed at TCC to measure the arriving time of each beam. The
statistic fluctuation of the improved timing was smaller than
20 ps.

The ratio of the neutron yield to the 1D prediction yield
over clean (YOC) was 5%—20%. The clean yields were sim-

ulated by hydrodynamics code Muli1DP®! with a flux limiter
of 0.03 and local heat transport model. The last four shots
were firstly simulated because of the only obtained results of
neutron bang time shown in Fig. 8, and the laser absorption ef-
ficiency was adjusted to make the simulated neutron bang time
accord with the measured neutron bang time. The simulated
results of the last four shots show that the average absorption
efficiency is 20%. Then, other shots were simulated with the
same laser absorption efficiency.
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Fig. 7. The statistic results of two shots: (a) before and (b) after the

laser timing was regulated. The maximum error was larger than 200 ps

before the laser timing was modulated.
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Fig. 8. Neutron bang time measured by neutron fusion reaction rate di-
agnostic system. Only the last four shots were available and presented.
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The neutron bang time was measured by the neutron fu-
sion reaction rate diagnostic system.3”! The available results
were only obtained at the last four shots. After neutron sig-
nal extraction and time-based correction, information of the
neutron bang time is encoded in the leading edge of the pulse,
as shown in Fig. 8. The experimental results of neutron bang
time are 0.7-0.8 ns and burn width are 120-160 ps.
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Fig. 9. Ton temperature measured by nTOF detector. Shot 20151227103
is missed because of the malfunction of the nTOF detector.

The ion temperature was deduced from the nTOF
spectrum.3®) The measured results of ion temperature except
the last shot are shown in Fig. 9. The ion temperatures range
from 4 keV to 9 keV. The fluctuation is remarkably larger
than that of neutron yields. The discrepancy of ion temper-
ature between predicted and observed is also noticeable, and
the experimental results are smaller than the simulated results,
probably caused by the bad symmetry at the cos”y distribu-
tion assumption. Of course, the ion kinetic effects may also
become remarkably in our experiments. The hydrodynamics

z/pum

z/pm

processes with consideration of ion and electron nonlocal heat

39,40]

transport! are expected for the more detailed simulations.

4. Discussion

The neutron yields of the exploding pusher target were
stable between 6 x 10! and 1 x 10'3, though the thickness of
the CH ablator was slightly changed. Because the density of
glass was higher than the CH density, the implosion perfor-
mance of ®540 um target was dominated by the thickness of
glass, not evidently impacted by the thin CH ablator, even if
the thickness was 1.8 pm. The experiments validated that the
PDD exploding-pusher target experiment is a robust high neu-
tron yield platform, capable of producing yields up to 10'> DT
neutron for laser energy 48 kJ.

The highest neutron yield was observed at the second re-
pointing assumption. This assumption moves more laser en-
ergy to polar to increase the irradiation. Without other changes
of experimental condition, the experimentally increased neu-
tron yield in the second assumption revealed the improved
implosion symmetry. In order to simulate the improvement
of symmetry, the hydrodynamics code Multi2D!*!! was used.
Multi2D includes Lagrangian hydrodynamics, diffusive heat
transport, and laser deposition. Laser deposition is modeled
with 3D ray tracing algorithm including refraction and absorp-
tion by classical inverse bremsstrahlung, but not crossed-beam
energy transport. Figures 10(a) and 10(b) show the 2D hy-
drodynamics simulated results of CH of 1 um. The pressure
distribution of the hot spot is obviously improved for the sec-
ond assumption, indicated that the laser drive is significantly
stronger on the equator than on the polar at the first repointing
assumption. The simulated results will be directly confirmed
by measuring self-emission images with time-resolved x-ray
imaging(*?! in the later experiment.
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Fig. 10. Pressure distribution of hot spot: (a) cos? 7 (shot 20151226101), (b) cos y (shot 20151227103), and (c) laser mistiming in the shot 20151222099.

The neutron yield of the shot 20151222099 was very
small, the laser timing was found to be the key reason. The
timing fluctuation can be also considered as the bad symme-
try. For the direct drive, the considerably fluctuation of the
laser timing makes the time discrepancy of the strong shock

produced at the glass shell, then the shock cannot arrive at the
center of the target at the same time, and the gas fuel cannot be
compressed and heated enough when the shock rebounds back
through the fuel. The diverge shock wave produces little of
fusion reaction. Figure 10(c) shows the semi-quantitative sim-
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ulated result of laser mistiming. The laser mistiming of each
ring was 40/30/60/—60 ps, which is the statistic from the laser
waveforms. The pressure distribution of the hot spot is more
oblate than that in Fig. 10(a), the reason is that the laser of the
equator arrived ahead on the target.

The laser drive uniformity is also important for the di-
rect drive exploding pusher implosion, it can be indirectly val-
idated from Fig. 11(a). The neutron yields decreased evidently
when the diameter of the target became bigger at the first re-
pointing assumption. In general, the diameter is smaller, the
overlap of the laser beams is more sufficient, the irradiation
uniformity is better, and the neutron yield is higher.

1.1
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2 1.0 O 1pm [ cosy
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Fig. 11. Measured neutron yield as a function of (a) the diameter and
(b) the gas pressure of the target. One shot was imploded with cosy
assumption, the other shots were imploded with cos? y assumption.

The neutron yield is also related with the fuel pressure,
as shown in Fig. 11(b). The neutron yield is seen to descend
over the fuel pressure, consistent with the experiment results at
Omega.?! The fuel of low pressure can be compressed easily,
and the yields are decided by the fuel areal densities.

The neutron yields of exploding pusher target experi-
ments were lower than the desired yields. The neutron yield
of 10'® is not enough high for the nuclear physics applica-
tion, such as neutron imaging system, the signal noise ratio
is only 7 dB for glass capillaries with 200-pum-diameter, lo-
cated at 13 m away. A minimum of 10'* neutrons are re-
quired, the signal noise ratio will be improved to 20 dB. The
target parameters are firstly optimized, and the optimizations
have been focused on the diameter and fill pressure. According
to the experiment results, 1 ns square laser pulse with energy

48 kJ, laser absorption efficiency of 20%, flux limiter of 0.03,
and local heat transport were used in the Multi1D[*®! simula-
tion. Limited by the mature technology of glass shell produc-
tion, three diameters with fixed shell thickness and different
fill pressures were simulated. The simulated results are shown
in Fig. 12. The optimal target is 720 pm with 5-10 atm gas
and the neutron yield is three times higher than that of the cur-
rent target. The potential risk of @720 um target is that the
ratio of laser-spot size to target diameter is below 0.7, the irra-
diation uniformity becomes worse and the neutron yield may

decrease.
2.5 T T T T T T
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= 20} —0— 3720 ym—+2.0 pym |
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Fig. 12. Neutron yield from MultilD simulation with three diameters
and different fill pressures of glass target.

The simulated results generally reproduce the experiment
trends shown in Fig. 11. The neutron yields climb with the
increase of diameter for 40 atm fuel pressure, and drop with
the decrease of fuel pressure for 540 um target.

5. Conclusion

The SG laser facility is initially designed for the indirect-
drive implosion experiments with 48 laser beams. The laser
beams need be repointed to improve drive uniformity when
PDD implosion experiments are carried out. By using a set of
optimized repointing parameters to increase the drive on the
capsule’s polar and equator, the final irradiation nonuniformity
was less than 5% on PDD capsules of 540 pum in diameter.

In the first PDD experiments, the thin-glass shell tar-
gets were used. The operation capability of the SG facil-
ity was tested and demonstrated. When the capsules were
~ 540 pum in diameter with ~ 2.6 um-thick glass shell, filled
with ~ 40 atm DT gas at room temperature, the experimental
neutron yield up to 10'3 and ion temperature up to 9 keV have
been observed. Up to now, it is the highest neutron yield in
China ICF experiments.

Nuclear diagnostics, including the copper activation sys-
tem, nTOF detector, and neutron fusion reaction rate diagnos-
tic system have demonstrated high performance in excess of
their specifications in the PDD experiments. With the imple-
mentation of these nuclear diagnostics, the dependence of the
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neutron yields on irradiation uniformity, laser timing, diame-
ter and fuel pressure of target were investigated in our exper-
iments. The results show that the larger diameter and lower
fuel pressure of the target are in favor of increasing neutron
yields.

Higher yield requirement of minimum of 10'# urges to
further optimize the target parameters, including the diame-
ter and fill pressure. Another direction under investigation is
to optimize repointing by including the effects of mispointing,
power imbalance, and study the effects of beam smoothing and
pulse shaping.
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