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A high-neutron yield platform imploded by a thin shell target is generally built to probe nuclear science problems, and
it has the advantages of high neutron yield, ultrashort fusion time, micro fusion zone, isotropic and monoenergetic neutron.
Some analytical models have been proposed to interpret exploding-pusher target implosion driven by a long wavelength
laser, whereas they are imperfect for a 0.35 um laser implosion experiment. When using the 0.35 pm laser, the shell is
ablated and accelerated to high implosion velocity governed by Newton’s law, ablation acceleration and quasi-adiabatic
compression models are suitable to explain the implosion of a laser direct-drive thin shell target. The new analytical model
scales bang time, ion temperature and neutron yield for large variations in laser power, target radius, shell thickness, and
fuel pressure. The predicted results of the analytical model are in agreement with experimental data on the Shenguang-
III prototype laser facility, 100 kJ laser facility, Omega, and NIF, it demonstrates that the analytical model benefits the

understanding of experiment performance and optimizing the target design of high neutron yield implosion.

Keywords: direct drive, analytical model, thin shell target, neutron yield

PACS: 52.57.—z, 52.38.Mf, 24.10.Nz, 29.25.Dz

1. Introduction

The thin shell target implosion experiment of the laser
direct drive is designed to develop a high-neutron yield plat-
form. The implosion is that the high-intensity laser directly
interacts with a thin shell, such as a plastic or glass wall, to
generate a strong shock wave, heat and compress the fuel, and
produce thermonuclear neutrons when the strong shocks col-
lide at the target center. Such a platform has the advantages of
high neutron yield, ultrashort fusion time, micro fusion zone,
isotropic and monoenergetic neutron, and is usually used to
develop the nuclear diagnostic system,!"-? study the neutron

(451 and cross

irradiation effect,3! measure the nuclear reaction
section, [0 probe the fluid kinetic effects,[”19 ¢f al. The glass
target implosion is the simplest and earliest experiment on the
laser facility, and demonstrates that thermonuclear neutrons
resulting from laser-induced microshell implosion at KMS. [!1]

In order to understand the functional relationships be-
tween the various parameters of experiments and increase
experiential neutron yield, some analytical models for long
wavelength laser, such as 1.05 pum, have been proposed.
Storm et al.!'?! developed a simple model of glass target with
high fill gas density to scale neutron yield for variations in
laser power, pulse length, target radius, wall thickness and fuel

pressure, and the deviation of neutron yield within a factor of
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2 for laser wavelength of 1.06 um. The model of Giovan-
nielli et al.['3! was similar to Storm’s, but the effect of shell
density was considered. Rosen et al.!'*! assumed that the ion
was heated by a shock followed by isentropic compression,
and the compression was calculated by the conservation of
mass and density profile assumption. The neutron yield pre-
dicted by the Rosen model agreed over a broad range of pa-
rameter space, and the experimental yield on the Janus, Argus,
and Shiva scaled roughly as the absorbed laser power squared.
Based on the Rosen model, Ahlborn ez al.!'?] carried the ini-
tial compression further to include reflected shocks. The im-
proved model was more useful than other model in describing
density, area density, and ion temperature with the variation of
fill gas pressure. Andreev et al.!'® provided a unified descrip-
tion of heating and compression regimes, the model predicted
results and the experimental data on neutron yield was better
than within two orders of magnitude. Kitagawa et al.l'” op-
timized the target for the maximum number of neutrons at a
given energy on the Gekko MII two-beam 1.05 pum laser sys-
tem, showed neutron yield is proportional to the laser power of
2.4 power. Zhang et al.''8! analyzed a large number of exper-
iment data and developed a simple theoretical model for the
1.05 pm laser to calculate compression ratio, ion temperature,
confinement time and neutron yield. neutron yield agreed with
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the experimental results within a factor of 2 to 3.

[12-18] have been prop-

These existing analytical models
erly used to interpret thin shell glass target implosion with a
long wavelength laser (A > 0.53 wm). While the high inten-
sity, long wavelength laser interacts with glass, resonance ab-
sorption is important!!'”! and the electrons are preferentially
heated. The electron thermal wave rapidly propagates through
glass and into the fuel at near supersonic speeds. Because of
the high density of glass, the electron—ion equilibrium time is
short (~ 1 ps) , ion temperature rises quickly, and glass shell
is integrality heated to a pressure of several million pascals.
Under this high pressure, the shell explodes. Roughly half
of glass wall explodes outward, the remaining wall moves in-
ward. The inward wall acts as a piston, driving a shock heat
the ion. Behind the shock, the glass shell also moves inward,
isentropically compresses the post-shock fuel gas, and further
heats the ions to thermonuclear fusion temperature. Finally,
fuel gas is heated to several keV to tens of keV by shock and
isentropic compression, fusion reaction occurs and produces
a large number of thermonuclear neutrons until the fuel cools
and disassembles.

When using the 0.35 um laser to drive glass target im-
ploding, the dominant energy absorption mechanism is in-
verse bremsstrahlung,!'”! energy depositing process is obvi-
ously different from that of long wavelength laser. The shell
is ablated and accelerated to high implosion velocity governed
by Newton’s law, these existing analytical models are imper-
fect for the thin shell target implosion driven by 0.35 um laser.

This article proposes a new analytical model to describe
thin shell target implosion with a 0.35 um laser, including ab-
lation acceleration and quasi-adiabatic compression process.
The bang time, ion temperature and neutron yield predicted
by the analytical model are compared with the experimental
results.

2. Analytical model

Figure 1 shows the density evolution diagram of thin shell
target implosion driven by a 0.35 um laser, and is simulated
by Multi1D.[?%] The surface layer of the target shell is irradi-
ated by the 0.35 um laser, and the laser energy is deposited
at the critical surface and propagated by electron heat conduc-
tion. With the same laser intensity, the electron temperature
is much lower than that generated by long wavelength laser,
only the outer layer is ablated and ionized, and then expands
outward. The recoil of ablating and expanding material is the
ablation pressure. As the ablator expands outward, momen-
tum conservation forces the rest of shell to accelerate the in-
ward flight under the action of ablation pressure, and a shock
wave propagates through the shell and into the fuel. The shock
heats and compresses the fuel and reflects at the target cen-
ter. The reflected shock collides with the inward flying shell,

which makes the shell decelerate and the reflected shock re-
bounds again. When the gas pressure is close to the pressure
of the shell, the shell starts to be decelerated until the implo-
sion velocity drops to zero. Then hot-spot pressure and ion
temperature reach its maximum, and fusion reaction also ar-
rives at the peak. It can be seen that the existing models are
not suitable for short pulse laser experiments, and ablation ac-
celeration and quasiadiabatic compression models are needed
to explain the physical process of thin shell target implosion.
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Fig. 1. The density evolution of thin shell target implosion.

For laser direct drive thin shell target implosion, the ab-
lation pressure is relative to the intensity /;5 (in 10> W/cm?)

and wavelength A (in um) of incident laser, approximately, [>!]

Pa=40(I15/A)*3. 1)

The capsule shell is only several microns in thickness and
quickly accelerates to high velocity. The implosion bang time
is very short and deceleration process can be nearly ignored,
so the shell velocity scales with target initial radius R and ac-
celeration time fyec1 1S Uimp = 2Ry /taccel- Based on Newton’s
1aw Mhel Uimp /taccel = 47rR(2)Pa, the shell velocity

3
2 8ERGR
uimp = M. .
shell

@

Using Eq. (2) with the shell mass Mgl = ps4TR3AR, where
ps is the shell density and AR is the shell thickness, the shell
velocity scales as

2/3
L [2RePy Rol}! 4
imp D.AR AR

And the implosion bang time of thin shell target is

1/2
2R Ry’AR' A
B Uim 1/3 . @
p 15

Equation (4) indicates that the implosion bang time is depen-
dent on the target radius and shell thickness, and the laser in-
tensity.
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From the strong shock relation

Lt])—lzt()zm(D—u())7

7’J/+1
PD*y_IPOa

2 po(D—10)? )
pPp = y+1p0 up)”,

where D is the strong shock velocity, ug and up are the ve-
locity of shock and post-shock, py and pp are the density of
shock and post-shock, and pp is the pressure of post-shock.
The initial fluid is static (#p = 0). By assuming the veloc-
ity at the fluid interface is continuous, post-shock velocity is
equal with the shell velocity, post-shock pressure
y—1 2_¥Y-1 5

Pp = TPD(”D —up)” = TPDMimp~ (6)

Then the shock propagates inwards, rebounds at the target cen-
ter, and reflects again when colliding with the shell. Accord-
ingly, the fusion fuel is serially compressed by the first shock,
the reflected shock, and the final quasi-adiabatic process, and
reaches the maximum fuel density!'>! p = 2. 19p1/ Tpl=l7,

= 0.66R0p0/ Y. From the adia-
(p/po)?, the pressure of the com-

the minimum radius!'> R
batic compression (p/pg) =
pressed fuel gas can be written as

v v
(P vt P
p=r (Po) S22 Pt (Po) ’ @

In general, the ion is heated by the shock and adiabatic com-
pression, and the internal energy of the fuel is equal to kinetic
energy. According to the equation of state of the ideal gas
p = pRT;/u, where u is molar mass, R is universal constant.
The ion temperature at implosion bang time is as follows:

uoy—tpp\"',
pRY T 2 EK(p0> Himp ®

Then, using Eq. (3) and maximum fuel density,

2 2/3
uimp ROI /

~ ©)
péy—l)/y ARP2/5

Tir\z

Equation (4) shows that the ion temperature increases by re-
ducing shell thickness and fuel initial density or increasing the
target radius at a given laser intensity.

Neglecting fuel depletion, the neutron yield for DT

plasma is defined as

Yo= / dr / d*rNpNt (6V)pr (10)

where (ov)pp is the cross section of DT reaction and pro-
portional to the square of ion temperature in several keV.
[ d*rNpNr is the fuel mass and equal to the initial fuel mass
po X 4R} /3 according to the conservation of mass. [ dt is

the confinement time of the thermonuclear reaction of DT
plasma. The confinement time is defined as the time inter-
val between the rarefaction wave traverses to radius R of the
burning core. Since the arrival times of the rarefaction wave at
different points in space is different, the confinement time is
calculated by the spatial average

R—r,
d 1/5
At—/o s "R _Rp” [ m
o Ro T 4es | 4 YRT;
/rdr
0

Combining Egs. (9) and (11), equation (10) can be written in

1/2
) . (1)

the form
3 OPO/ 3 2
Y, = /dt/d rN3 (G T X Ropo < T;
1
6/515 PO 115R5'5
= Rypy "I ~ PR (12)

According to Eq. (12), the lower initial gas density, the bigger
initial radius and the thinner shell thickness benefits the higher
neutron yield.

3. Comparing with experiment

In order to validate the analytical model of thin shell
the DD and DT experimental data at
Shenguang-III prototype laser facility, 100 kJ laser facility,

target implosion,

Omega and NIF are compared with the analytical model. The
target diameters on the Shenguang-III prototype laser facility
and 100 kJ laser facility*?! were ~ 540 um and ~ 720 um, the
glass wall thickness were ~ 2.6 um and ~ 2 pum, the plastic
wall thickness were ~ 1 um, and the DT or DD gas was 10—
45 atm. The capsule diameters were ~ 1100 um used on the
Omegal®¥ and ~ 1500 wum used on the NIF,?4-26] the glass
wall was more thicker and the same with ~ 4.5 um, and the
DT or DD gas was 5-10 atm.

The implosion bang time was measured by the neutron
fusion reaction rate diagnostic system!?’! on the 100 kJ laser
facility, and less than 700 ps.!??! The measurement error was
more than 200 ps in 2015 and decreases to 50 ps after 2018.
The Omega bang time was diagnosed by neutrons and gam-
mas, and more than 1.4 ns.[>3! The NIF bang time was got by
neutrons or x-ray, and much more later!>*-2%! because of the
larger target. The comparison of bang time between exper-
imental results and predicted results is show in Fig. 2. The
experimental results of 100 kJ laser facility and NIF are con-
sistent with the predicted results of the analytical model, but
the experimental results of Omega deviate from the predicted
results. The potential reason of the discrepancy between ex-
periment and model is the laser absorption efficiency. The
60-beam Omega laser is arranged in “stretched soccer-ball”
configuration,?®! the incident angle of laser is smaller than the
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100 kJ laser facility and NIF, and laser absorption efficiency
and implosion efficiency is higher, resulting in the shorter im-
plosion time and the higher yield-over-clean.

3
> 2015.12, ZJDT
e
| O 2018.06, ZJDD &
= \/ 2019.03, ZJDD -
Z 5l 202103, ZJDT e
2 @ NIF DD @&
7
3 [ ) Omega DT / .
o0 e
= s
3o .
0 " " " " " " "
0 20 40 60 80
1/2 1/2 /71/3
RY2ARY?/TY

Fig. 2. Comparison of bang time between experiment and model.

Figure 3 shows the comparison of ion temperature be-
tween experimental results and analytical model. The ion
temperature was deduced from the nToF spectrum!®’! on the
100 kJ laser facility, Omega and NIF. In Fig. 3, the measured
results of ion temperature is proportional to the predicted re-
sults of the analytical model except two shots. One of them is
the first experimental result with high ion temperature on the
100k]J laser facility. The nToF detector was first used to mea-
sure the high ion temperature, the signal is close to saturation,
and measurement result is larger than the other shots. Another
experimental result is shot N120328 on the NIF, which is im-
ploded with the greatest laser power, [>*! causing the burn av-
eraged ion temperature and neutron yield is higher, bang time
is shorter than the other shots.

12
¢ .
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: ¥
EE %] % P
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Fig. 3. Comparison of ion temperature between experiment and model.

On the Shenguang-III prototype and 100 kJ laser facility,
the DD neutron yield was measured by plastic detector®"! be-
fore 2014 and indium activation system[3 11 after 2014, the DT
neutron yield was measured by copper activation system. 3]
The Omega and NIF neutron yields were diagnosed by the

nTOF detector.?>?# In the year of 2014, glass targets were

imploded by 32 beam laser on the 100 kJ laser facility. In
order to compare between the experiment and model, DT neu-
tron yield was converted to DD neutron yield, and the effect of
the ion number density and gas pressure were corrected. The
comparison of neutron yield is shown in Fig. 4. Except for the
experiment data in 2015 and on the Omega, the experimen-
tal results are in good agreement with the analytical model in
three orders of magnitude. The neutron yield of the 540 um
capsule on the 100 kJ laser facility in 2015 and the neutron
yield on the Omega is slightly higher than the predicted results.
One of reason is that the laser absorption efficiency is higher.
The repointing distance of the 540 pm target is very short,
the laser incident angle is small, then the laser absorption ef-
ficiency is higher, which is the same as the Omega. Another
reason is that the laser irradiation uniformity is better. For the
®540 pum target on the 100 kJ laser facility, the final irradia-

(221 The irradiation uniformity

tion uniformity is less than 4%.
on the Omega is better than 1%!?®! because of the laser arrange

of the direct drive.
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Fig. 4. Comparison of neutron yield between the experiment and model.

The experimental results in Figs. 2—4 are in good agree-
ment with the analytical results, indicating that the ablation
acceleration and quasi-adiabatic compression models can be
used to properly describe the implosion physical process of
the thin shell target driven by the short wavelength laser, and
can be used for the optimization design of a high neutron yield
experiment.

4. Conclusion

A simple analytical model of laser direct-drive thin shell
target implosion for 0.35 pum laser is developed. When the
0.35 pm laser is used to drive thin shell target imploding, the
laser energy absorption mechanism is different from that of the
long wavelength laser. The dominant mechanism is inverse
bremsstrahlung, the shell is ablated and accelerated to high
implosion velocity governed by Newton’s law, and ablation
acceleration and quasiadiabatic compression models are suit-
able to explain the physical process of laser direct-drive thin
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shell target implosion. The new analytical model scales bang
time, ion temperature and neutron yield for large variations in
laser power, target radius, shell thickness and fuel pressure.
The predicted results of the analytical model are in agreement
with experimental results on the Shenguang-III prototype laser
facility, 100 kJ laser facility, Omega and NIF, demonstrates
that the new analytical model is useful in understanding the
functional relationships of the parameters of experiments and
optimizing the target design of high-neutron yield implosion.
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