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The transport of hot electrons in inertial confinement fusion (ICF) is integrated issue due to the coupling of hydrody-
namic evolution and many physical processes. A hot electron transport code is developed and coupled with the radiation
hydrodynamic code MULTIID in this study. Using the code, the slowing-down process and ablation process of the hot
electron beam are simulated. The ablation pressure scaling law of hot electron beam is confirmed in our simulations. The
hot electron transport is simulated in the radiation-ablated plasmas relevant to indirect-drive ICF, where the spatial profile
of hot electron energy deposition is presented around the shock compressed region. It is shown that the hot electron can
prominently increase the total ablation pressure in the early phase of radiation-ablated plasma. So, our study suggests that
a potential-driven symmetric mechanism may occur under the irradiation of asymmetric hot electron beam. The possible
degradation from the hot electron transport and preheating is also discussed.

Keywords: hot electron, ablation, indirect-drive ICF, radiation-ablated plasmas
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1. Introduction

In the inertial confinement fusion (ICF) research, the gen-
eration and transport of laser produced hot electron (HE) beam
are important in analyzing the physical processes of implo-
sion, even in evaluating the success of ICE.!!l In the direct
drive or indirect drive ICF scheme, a significant amount of en-
ergy can be transferred to hot electrons mainly generated by
laser-plasma parametric instability (LPPI).!-?l These hot elec-
trons may preheat the target and reduce the compressibility
due to the increase of entropy, which would degrade the target
performance and the fusion ignition conditions. Therefore, the
generation of hot electrons is usually undesirable and consid-
ered to be a deleterious effect on the traditional ICF, where the
LPPI is expected to be kept at a lowest possible level.

Actually, hot electrons may play a beneficial role in the
creation of a high ablation pressure, if hot electrons slow down
on the shell’s outer surface. For the earlier research on the
implosion with the irradiation of CO; laser pulse, the trans-
port of hot electrons is found to increase the hydrodynamic
efficiency.’] Recently, it was also shown that hot electrons
play a beneficial role in creating a high ablation pressure in
shock ignition conditions, where hot electrons can create sev-
eral hundred Mbar (1 bar = 103 Pa) ablation pressure.[*! Moti-
vated by the shock ignition research, one studied the ablation
process driven by electrons theoretically and numerically, and
also the processes of the shock formation with the irradiation
of hot electron beam. 4!

As is well known, the transport of hot electrons in the ICF
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is an integrated problem due to the coupling of different phys-
ical processes. To simulate such processes, hot electron trans-
port and energy deposition in the background plasma, given by
hydrodynamic computation, should be investigated, then the
deposited energy of hot electrons is needed to couple with the
hydrodynamic evolution. In addition, the compensation return
current carried by the background electrons is related to both
hot electron current and hydrodynamic profile, which needs
to maintain the charge and current neutrality of the plasma.
The description of hot electron transport needs kinetic model,
such as Vlasov—Fokker—Planck (VFP) equation, particle in cell
(PIC) or Monte-Carlo method, 3! which usually suffer time-
consuming computations or numerical complexity. A reduced
kinetic model of hot electron transport has been reported in
Ref. [10], which can realize rather accurate and rapid compu-
tation. In the present work, we use the reduced kinetic model
to develop a hot electron transport code, which combines the
radiation hydrodynamic code MULTI1D.[?] Then the slowing
down process of mono-energetic electron beam is simulated to
verify our code. The formation of shock wave driven by hot
electrons is also simulated in the dense deuterium tritium (DT)
plasma, the ablation pressure is obtained, and the correspond-
ing scaling formula is confirmed in our simulations. Although
many researches of hot electron transport for the laser-ablated
plasmas have been reported, the hot electrons are rarely taken
into consideration in the radiation-ablated plasmas. Here we
attempt to simulate the hot electron transport in the condition
of indirect drive ICF. Our simulations show that the hot elec-
tron can prominently increase the total ablation pressure for
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the early phase of radiation-ablated target, which may con-
duce to the implosion, which, however, also means that the hot
electrons generated by LPPI may lead to the driven-produced
asymmetry of the implosion process due to non-uniformly de-
positing their energy in the target capsule, such as deposition
of hot electrons from laser entrance hole!'3! and hohlraum
wall. The possible degradation from the hot electron transport
and preheating are discussed, which is helpful in analyzing the
degradation of implosion performance.

2. Transport model of fast electron

The kinetic transport of hot electrons can be described by
a VFP equation. In practice, the full VFP equation is very
complicated to be completely solved. Based on the angular
moments in the linearized VFP equation, 101 3 reduced kinetic
model is developed. The first two angular moments of the VFP
equation are solved with a special closure relation based on
the principle of the maximum angular entropy approximation
from the radiative transfer theory, which can allow a rather ac-
curate and rapid computation of the VFP distribution function
with an arbitrary degree of anisotropy in momentum space.
This transport model of fast electron and its numerical simula-
tion are adopted in this work. For this reason, a brief descrip-
tion is given here.

The first three angular moments of hot electron distri-
bution function f;,, are defined by ¥ = p—vz Ik /i “SQ , Y =
p—vz [ fn2d’Q, and ¥ = %2 [ ®Q2d%Q, where pand Q =
p/p are the momentum of fast electron and the solid angle

of propagation direction, respectively, v is the velocity of hot
electron particle. Then, the VFP equation is decomposed into
a set of equation of angular moments ¥, (i =0, 1, 2, ...). The
corresponding series of VFP expansion equation is truncated
and the first two equations are given by

oW
a—t‘)ﬂ-V%w-(v%)
P!

= o (V(S¥ — ¥ -E)), (1)
%-’-V-( ‘P)+i( (e¥-E —S¥))
or V)T Ge\Viet2 !

= %(%1—%)-E—vs% @)

where € is the energy of hot electron particle, u is the fluid
velocity, S is the electron collisional stopping power, E is the
quasistatic electric field, / is the unitary tensor, and v; is the an-
gular scattering coefficient from contribution of the electron—
electron and electron—ion collisions. Here, the magnetic field
is not considered in Eq. (2) for our one-dimensional simula-
tion. When equations (1) and (2) are coupled and to be solved,
the ¥ as a function of ¥, and ¥ is needed for closure. The

so-called M1 model is used as closure relation,
1 Yiow 1
¥ = -Wi+¥ -1, 3)
3 g ( w3 )

where u € [0,1] is as function of ¥ and ¥, which is ob-

tained based on the principle of the maximum angular entropy
approximation. ['4]

When the distribution function (f;,) is solved, the macro-
scopic quantities are then obtained by integrating f,. The in-
tegrals of two first angular moments can yield the hot elec-
tron number density n, = [¥de and current density j, =
e [v¥de. As hot electrons transport, plasma return current
(jp) will respond almost instantly to offset hot electron current,
with j, = — jn. The generated self-consistent electric field can

be determined by generalized ohmic law

, 1
E=-njn+—Vpe, “4)
éen,

(]

where P, is the electron pressure of plasma, 7 is the plasma
electrical resistivity.[”) As can be seen in Eq. (4), the self-
consistent electric field is related to the hot electron kinetic
transport and background plasma profile. For the hot electron
transport module, equations (1) and (2) are solved by using
a multigroup approach.>1% Actually, ¥ and v¥; represent
the number density and corresponding flux for given energy
€ group, which are discretized in a staggered grid.!">! Then
the advective terms in space and energy are differenced in a
conservative form. In our simulation, the hot electron trans-
port module is coupled to the Lagrangian radiation hydrody-
namic code MULTIID,'?! which has been upgraded by using
the two-temperature model. The solved hydrodynamic equa-
tions in Lagrangian frame are given by

d

2 = _pV.
P pV-u, Q)
d
Pyt = =V (pe+pi+py), (6)
d
pCviaTi = —(pi+pv)Vu—V-Qi+Qei, (7
d
paEe = —peVu—V-Qe—V:-Q:

- Qei + Sexta (8)

where p and u are the fluid density and velocity, pe, pi, and py
are the electron pressure, ion pressure, and artificial viscous
pressure. Equations (7) and (8) are the conservation of ion en-
ergy and electron energy, 7; and C,; are the ion temperature
and specific heat, Q; is the classical ion heat conduction, Qg
is the rate of energy exchange between electrons and ions, E.
and Q. are the electron specific internal energy and heat flux,
respectively, and Q) is the radiation flux, which is solved with
multigroup radiation diffusion. The computed energy deposi-
tion of hot electron is incorporated into the source term (Sex¢)

085201-2



Chin. Phys. B 32, 085201 (2023)

in Eq. (8), which includes laser deposition.m] Here, electron
heat transport is modelled as flux-limited heat transport, and
the flux limiter of 0.06. The real equations of state based on
an input table are also included. Laser absorption is included
by inverse bremsstrahlung model with the consideration of
laser refraction and ray tracing. The hot electron transport of
Egs. (1) and (2) are solved in Ny, time substeps within one
time step in hydrodynamic module, i.e., a number of substeps
are implemented in each hydrodynamic time step, where Ny is
the number of substeps for hot electron transport module. Us-
ing the time-splitting method, the total deposited energy rate
of hot electrons and laser in Eq. (8) is computed after other
main hydrodynamic terms have been solved. To avoid strong
oscillations in the temperature in one hydrodynamic time step,
the maximum relative change of T; in all grids is controlled in
the hydrodynamic module, and the time step is then adjusted.
For more details about numerical implementation, readers can

refer to pioneering work (Ref. [12]).

3. Numerical simulations

The slowing down of hot electron beam in a homoge-
neous plasma is the basic problem. We simulate it with our
code as a testing case. A 1.0-MeV mono-energetic elec-
tron beam is injected into cold DT plasma with mass density
300 g/cm?.18] Figure 1(a) shows the hot electron distributions
at times of O fs, 10 fs, 25 fs, 50 fs, 80 fs, and the electron
average energy as a function of time is plotted in Fig. 1(b).
In this case, the fast electron loses its energy by the stopping
plasma and the stopping power is computed with the model of
Solodov.[') Our computed stopping time is 101.5 fs in which
90% initial energy is lost. Our computed results in Fig. 1 can
be directly compared with simulations of Wu et al.,!'”! and
analytical calculations. 8]

When quite a number of fast electrons irradiate a plasma
with a sufficient length in size, the deposited energy of hot
electrons will ablate target and generate high pressure just
like laser ablation process, which will then drive the shock
wave. The ablation pressure has been calculated theoretically
and simulated.*!%-20] For instance, a fast electron beam of in-
tensity / = 1 PW/cm? irradiates a fully ionized DT plasma
with an initial uniform density of 10 g/cm3, and an ablation
pressure of about 400 Mbar is predicted by analytical formula
P, = 1751125/3p5/3, where the intensity of /5 is in the unit of
10'5 W/cm? and py is the initial target density. The similar ab-
lation processes are also investigated hereby using our present
code with input hot electron intensity being / = 1 PW/cm?, the
initial temperature of DT plasma 1 eV, and the real equation
of state based on a QEOS model™®! used. A Maxwellian en-
ergy distribution for the hot electron source is usually realistic
in the LPI process of ICF. Here, the hot electron beams with
Maxwellian distribution of typical temperature (7;) are then
taken as an input source from the right side.

1.4 o
- a
1.2 - :I“ — 10 fs ( )
C o\ ----25ps
% 10E R 50 fs
g C N 80 fs
= B :, ! o~
o 08¢ ! A Y
s C H [
= 0.6 [
S - N oa |
— - ' ‘. PR
— 04 v S
L a u
-/ I s
0.2, - 1
:— . 1%
0 beeedeoloa® Sy 2 %ey
0 500
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1.0R
s b
osf (b)
g 0.6f
g B
= f
& 0.4
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Fig. 1. (a) Curves of fast electron distribution function f (in arbitrary
units) versus energy E (in unit of keV) at time t = 0 fs, 10 fs, 25 fs,
50 fs, 80 fs, and (b) time evolution of normalized energy.

Figures 2(a) and 2(b) give the DT target pressure and elec-
tron temperature profiles and density profiles at different time
for hot electron temperature 7;, = 30 keV, and figures 2(c) and
2(d) are for T, = 50 keV. As shown in Fig. 2, the maximum
ablation pressures (~ 400 Mbar) of two cases are basically
the same and obviously independent of hot electron tempera-
ture. So, the computed ablation pressure are consistent with
the result obtained from the scaling formula, which is then
confirmed here. We also can notice that the electron beam cre-
ated pressure is non-stationary. Actually, when the rarefaction
wave from the right side catches up the heat front, the pres-
sure will decrease. The time to achieve maximum pressure is
called loading time #,,,, which can be approximated by the time
of rarefaction wave crossing through the main heated region.
In the case T;, = 30 keV of Figs. 2(a) and 2(b), the loading
time () is about t, ~ 100 ps, while #;, is about ~ 250 ps
for the case Ty, = 50 keV of Figs. 2(c) and 2(d), which means
that the loading time increases as the hot electron tempera-
ture Ty, increases, for which the main reason is the penetration
range increasing with the hot electron temperature rising. So,
as indicted in Figs. 2(a) and 2(b), the temperature and pressure
within the shocked range increase with time increasing for the
case t < t,. For the case ¢t > 1, the shock wave overtakes the
heat front, and the temperature of shock front drops rapidly.
Consequently, the heating of shock wave becomes apparent as
indicated in Figs. 2(a) and 2(c).
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Fig. 2. (a) Pressure and DT electron temperature profiles, and (b) density profiles for DT target irradiated by a Maxwellian electron beam with
temperature 7;, = 30 keV and intensity 1 PW/cm?. (c) Pressure and DT electron temperature profiles and (d) density profiles at temperature

T, = 50 keV and irradiation intensity 1 PW/cm?.

For the evolutions of density in Figs. 2(b) and 2(d), targets
are not subjected to significant compression at the beginning of
the irradiation. But, the temperature gradient due to hot elec-
tron heating induces the compression motion inside the target
at different velocities and boosts the shock wave growing with
time. At the time of shock full formation (loading time), the
maximum compression is not achieved due to high adiabat ()
of shocked region, even though the shock achieves maximum
pressure. After that, the shock begins to decay slowly, while
the temperature of shock front decreases rapidly since shock
runs out of the hot electron deposited range. So, the maximum
compression occurs later than the loading time. From the point
of application of hot electron increasing ablation pressure rel-
evant to shock ignition scheme, load time is a key parameter
to choose a suitable time window for launching. The electron
beam duration should not exceed several times the character-
istic loading time, after which the pressure decreases.

In what follows we attempt to consider the hot electron
transport in the condition of indirect drive ICF. The ablation
process driven by the x-ray is computed with the considera-
tion of the hot electron transport in the spherical configura-
tion. Here, the hot electron beam of intensity /. with a single-
temperature Maxwellian distribution and 180° forward diver-
gence is coupled from the outer boundary.!??! At the early
stage of ablation process in the hohlraum!?*! the radiation

source is assumed to have a constant radiation temperature
1. = 100 eV for simplicity. Figure 3 shows the computed
schematic target structure, x-ray radiation drive temperature
(T:), where a hot electron beam with a duration of 300 ps can
be injected from the outer boundary in the simulation. Thus,
the radiation ablation process with and without hot electron
deposition can be compared with each other.

CH shell 200 pm

DT ice shell 80 ym

—S DT gas
900 pm
T,=100 eV
4 ns 4.3 ns >

Fig. 3. Schematic target structure, x-ray radiation-drive temperature
(7). A hot electron beam of intensity /; can be loaded during the time
between 4 ns and 4.3 ns, which is used to compare the ablation with and
without hot electron deposition.

The hot electrons lose their energy during the penetra-
tion. Theoretically, the average penetration range of hot
electrons with a Maxwellian distribution of temperature 7y
is approximately comparable to the range of a monoener-

getic beam with energy E ~ T;,/0.516.*! It can be esti-
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mated that the average ranges for hot electron beams with
T, =30 keV, 50 keV, 80 keV are ~ 4.7 mg/cm?, 12.3 mg/cm?,
29.6 mg/cm? in polyethylene (CH). When hot electron tem-
perature T, = 30 keV, 50 keV, 80 keV are considered in our
simulations of Fig. 3, the computed hot electron deposition
power and electron temperature of background plasma are
compared in Fig. 4 for the input intensity I, = 2 x 10! W/cm?
at the considered time 4.3 ns. The density profile of Fig. 4
and corresponding areal density (pR) integrated from the ori-
gin are also presented in Fig. 5. The density profile and areal
density are almost the same for different hot electron temper-
ature because of the short irradiation time. Apparently, the
areal density of CH shell exceeds 20 mg/cm? in Fig. 5. So,
from the above analyses, the preheating in DT shell plasma
and upstream CH plasmas should be negligible for the case of
lower hot electron temperature, which is confirmed as shown
in Fig. 4 with T;, = 30 keV. In one timestep of the simulation
of Fig. 4, we can obtain that the ratio of energy deposited in
DT shell to the total energy deposited in whole target is less
than ~ 0.7 for T;, = 50 keV and ~ 2.2 for T}, = 80 ke V. For this
target, most of electrons deposit their energy in the CH shell,
some of this energy still expends on preheating the upstream
CH plasmas. At this time, the ratio of energy deposited in up-
stream CH plasma to the total energy deposited in whole target
is obtained to be ~ 2% for T;, = 30 keV, 8% for T, = 50 keV,

0 F L1071
I S T é
= pT f T T, =80 keV]
=, 1015 | i
2 g ! Th=50 keV|
ER TTIim=sokeV] o
a, : 3 1 £
q B -1 ~—
g 1014 ..... 4 H
R N O/ B— 103
S A A
5] .
Fc &
-
(o)
% 10% L 110
A 980 1180 1380 1580
x (um)

Fig. 4. Spatial profiles of hot electron deposition power and cor-
responding electron temperature for electron beam temperature 7, =
30 keV, 50 keV, and 80 keV, with input hot electron intensity I, =
2 x 1013 W/ecm? at 4.3 ns, the time which is considered in Fig. 3.

- 25
100} - m T T T T T T T TTT
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Fig. 5. Spatial density profiles of density and the corresponding areal
density (pR) integrated from the origin at 4.3 ns for Fig. 4.

and 18% for T, = 80 keV. Figure 4 also illustrates the effect
of preheating the upstream CH plasma located between shock
front and DT-CH interface (x = 980 wm), in which the elec-
tron temperature of CH reaches ~ 3 eV for 7, = 80 keV. Of
course, preheating effect in DT shell plasma and upstream CH
plasma will be more prominent in the case of less areal density
of CH shell. On other hand, the preheating effect decreases
with shell areal density increasing in the implosion process.

0.10————"—"——"—] 10
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I i . S d
0.08 [ Time =4.3 nls| o _,—“_— i 8
[ Th=30keVj | /7 ]
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4 i ) I, =5%1012 W /cm?] b=
& 0.04F =0 11 2
0.02F 12
0 [ T ] 0
980 1080 1180 1280
z (pm)
0.10
i (b) lll
I
0.08 | Time =4.3 nlé|
[ Th=50 keV,! !
~—~~ - 4 ] /:
> 0.06 Z D 1e=2x101 W/em? 16 £
< 7 T L=5X102W/em? ] 2=
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= i TR RS B .70
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Fig. 6. The computed temperature and pressure profile at 4.3 ns with
electron beams temperature (a) 7 = 30 keV and (b) 50 keV at different
intensities I, = 0, 5 x 1012, 2 x 10" W/em?.

Figure 6 shows the computed temperature profile and
pressure profile near the shock at 4.3 ns with electron beam
temperature T, = 30 keV and 50 keV at intensity I, = O,
5% 10'2 W/ecm? and 2 x 10'3 W/cm?. As stated above, the
increase of pressure at this time can be mainly ascribed to
temperature increasing due to heating by hot electron depo-
sition. The ablation pressure without hot electron irradiation
(Ie = 0) is about 4.9 Mbar in Fig. 6. For the different intensi-
ties of hot electron beams irradiated in combination with x-
radiation source from the outer boundary, the pressure and
temperature of plasma increase with the hot electron inten-
sity within hot electron deposition range. At considered time
4.3 ns, the maximum pressure can increase to 5.7 Mbar with
an intensity of I, = 5 x 10'2, and 9.4 Mbar with an intensity
of I, =2 x 10'® W/cm?. Those pressures are comparable to
those at higher radiation temperature 7; = 104 eV and 120 eV
according to the ablation pressure (p,) scalling law p, o< Tr7/ 2,
Apparently, this increasing pressure is conducible to the im-
plosion. However, the calculations also indicate that the en-
hancement of ablation pressure due to the asymmetrical hot
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electron source might directly cause asymmetrical driving or
sow the Rayleigh-Taylor (RT) seeds. These possible degra-
dations to implosion of ICF can occur when the hot electrons
are generated from laser entrance hole or hohlraum wall in
the laser ablation dynamics process. A similar degradation
mechanism is reported that the asymmetrical energetic ions
deposited inside the capsule can result in low-mode asymme-
try of implosion,>! which are generated near the hohlraum
wall/ablator interface. So, this deleterious mechanism of hot
electron beams should also be taken into consideration of the
integrated analysis of implosion performance.

4. Conclusions and perspectives

In summary, we use the reduced kinetic model to de-
velop a hot electron transport code related to inertial confine-
ment fusion, which is coupled to the radiation hydrodynamic
code MULTIID. The slowing down of hot electron beam is
used to test our code. The hot electron beams ablating dense
DT plasmas are simulated and analyzed, thereby confirming
the scaling law of ablation pressure. It is also noticed that
the maximum compression of the ablation shock occurs later
than the maximum pressure when the hot electron beams with
Maxwellian energy distribution are used to enhance the ab-
lation pressure relevant to shock ignition. The ablation pro-
cess driven by radiation and hot electron beam are also in-
vestigated in the typical condition of indirect drive ICF. The
spatial profile of hot electron energy deposition is discussed
in the considered target shell. The increase of ablation pres-
sure are present for different input intensities (/;) and temper-
ature (7). Our studies suggest that the increasing ablation
pressure due to the asymmetrical hot electron source might
directly cause asymmetrical driving or generate Rayleigh—
Taylor seeds, which can further degrade the implosion perfor-

mance.
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