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A model for fast electron-driven high-density plasma is proposed to describe the effect of injected fast electrons on
the temperature and inner pressure of the plasma in the fast heating process of the double-cone ignition (DCI) scheme.
Due to the collision of the two low-density plasmas, the density and volume of the high-density plasma vary. Therefore,
the ignition temperature and energy requirement of the high-density plasma vary at different moments, and the required
energy for hot electrons to heat the plasma also changes. In practical experiments, the energy input of hot electrons needs
to be considered. To reduce the energy input of hot electrons, the optimal moment and the shortest time for injecting hot
electrons with minimum energy are analyzed. In this paper, it is proposed to inject hot electrons for a short time to heat the
high-density plasma to a relatively high temperature. Then, the alpha particles with the high heating rate and PdV work
heat the plasma to the ignition temperature, further reducing the energy required to inject hot electrons. The study of the
injection time of fast electrons can reduce the energy requirement of fast electrons for the high-density plasma and increase
the probability of successful ignition of the high-density plasma.

Keywords: fast electrons, the high-density plasma, alpha particles, double-cone ignition scheme, the optimal

moment, the shortest time
PACS: 52.50.Gj, 52.55.Pi, 52.58.—¢

1. Introduction

In the study of inertial confinement fusion (ICF),!!>! the
current ignition schemes include the central ignition!®-®! and
fast ignition schemes.!”~'!l Due to equipment limitations, the
central ignition and the fast ignition are difficult to achieve for
ignition and energy gain. To tackle this difficulty, Zhang et
al.'" proposed a new ignition scheme: the double-cone ig-
nition (DCI) scheme. This scheme can effectively decrease
the energy requirements of the compression and heating laser
pulses, improving the stability of the compression and igni-
tion processes. The DCI scheme consists of four individually
controllable processes: quasi-isentropic compression, accel-
eration, head-on collision, and fast heating. In the head-on
collision process, two low-density plasmas collide to form a
high-density plasma with a duration of about 100 ps. The
high-density plasma has a temperature up to 100 eV and an
areal density of greater than 0.8 g/ cm?. Subsequently, fast
electrons are injected into the high-density plasma to make
it reach the ignition temperature and complete the implosion.
Therefore, the effect of fast electrons on the temperature of the
high-density plasma is critical to the success of the ignition.

There are few studies on the effect of fast electrons on
the temperature and pressure of the high-density plasma in the
DCI scheme. Consequently, a model is proposed for the varia-
tion of the temperature and inner pressure of the high-density
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plasma when fast electrons are injected. Since the two low-
density plasmas still have some velocity after collision, the
density!"3! and volume of the high-density plasma formed by
the collision will change. According to the Lawson criterion,
the ignition temperature of the high-density plasma changes
when the density and volume of the plasma change. During
the existence of the high-density plasma status, the energy re-
quired for the high-density plasma to reach the ignition tem-
perature varies at different moments, and the time for fast elec-
trons to heat the plasma also varies. When the injected fast
electrons can directly heat the high-density plasma to the ig-
nition temperature, the optimal moment of injecting fast elec-
trons is worth studying when fast electrons with the same en-
ergy heat the plasma to ignition temperature takes the shortest
time. When the time for injecting fast electrons is limited,
or the efficiency for the energy deposition of fast electrons is
low, and fast electrons may not be able to heat the plasma di-
rectly to the ignition temperature. For this case, we consider
injecting fast electrons for a short time to heat the plasma to a
relatively high temperature. As the temperature of the plasma
increases, the number of alpha particles produced rises, and
the heating rate of alpha particles increases. The plasma can
also be heated to ignition temperature by alpha particles and
PdV work when fast electrons are not injected. Therefore, it is
worthwhile to study when the injection of fast electrons takes
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the shortest time and the minimal energy. The study of the
injection time of fast electrons can reduce the plasma require-
ment for the efficiency of energy deposition of fast electrons.
It can also provide a reference value for the practical injection
of fast electrons.

In Section 2, we propose a model and a numerical method
for the fast heating process of the DCI scheme. In Section 3,
the optimal moment and the shortest time for injecting fast
electrons to heat the plasma to reach the ignition temperature
are analyzed, and the effect of variations in the temperature
and density of fast electrons on the injection time is analyzed.
Some conclusions of this work are given in Section 4.

2. A model and numerical method for the fast
heating process

This section is devoted to a brief description of the model
and the numerical method for the fast heating process of the
DCI scheme.
electron-driven high-density plasma in the fast heating pro-

Subsection 2.1 describes the model for fast

cess of the DCI scheme. The process of volume change in
the high-density plasma due to collisions is discussed in Sub-
section 2.2. A numerical method for solving the temperature
and inner pressure equations of the high-density plasmas is in-
troduced in Subsection 2.3.

2.1. The model for fast electron-driven high-density
plasma

During the head-on collision process of the DCI scheme,
two compressed plasmas with the same initial density collide.
After the collision, the high-density plasma status is formed
and sustains approximately 100 ps, which doubles in density.
The high-density plasma status has a temperature up to 100 eV
and an areal density of greater than 0.8 g/ cm?.112] Although
the density of the high-density plasma has reached the thresh-
old for ignition, its temperature is still far from the ignition
temperature. During the existence of the high-density plasma
status, fast electrons are injected into the high-density plasma
so that the high-density plasma reaches the ignition tempera-
ture. Since there are few models of high-density plasmas in the
fast heating process, a model is proposed for the variation of
the temperature and pressure of the high-density plasma when
fast electrons are injected.

The high-density plasma status is nearly an ellipsoid.[!?!
Fast electrons are injected into the ellipsoidal high-density
plasma, as shown in Fig. 1(a). This study focuses on the
physical mechanisms and general trends of the variations in
the temperature and density of the high-density plasma dur-
ing the fast heating process. Therefore, the model of injecting
fast electrons into the high-density plasma during the fast heat-
ing process is simplified. To simplify the physical model, we
assume that ellipsoidal high-density plasma is circular in the

YOZ plane. The lengths of the two semiaxes (ry,7p) of the
ellipsoidal high-density plasma remain constant in the YOZ
plane, and the semiaxial length (r) on the OX axis changes,
when two low-density plasma collide. A model for fast elec-
trons injected into the OY axis of the circular high-density
plasma is shown in Fig. 1(b). The density and temperature of
the circular high-density plasma are uniformly varying when
fast electrons are injected. Notably, this model is only appli-
cable to the DCI scheme.

()

Fast electrons

Fast electrons

(b) Z

Y

Fig. 1. (a) Fast electrons are injected into the OY axis of the ellipsoidal
high-density plasma. The lengths of the three semiaxes of the ellipsoidal
high-density plasma are r,, rp, and r., respectively. (b) The model for in-
jecting fast electrons into the OY axis of the circular high-density plasma is
shown. The radius of the circular high-density plasma is r;,.

Fast electrons Fast electrons

The influence of other physical factors on the plasma
needs to be considered besides fast electrons when fast elec-
trons are injected into the high-density plasma. Since there are
few models of the DCI scheme, the one-dimensional model
for fast electron-driven high-density plasma is established by
making some improvements to Springer et al.’s model.['¥]
Springer et al. consider the effect of various physical factors
on the hot spot, including alpha heating, radiation loss, con-
duction losses, and PdV work in the central ignition. The
equations of hot-spot inner pressure (B,) and temperature
(Ths) are expressed as

p, 2 5 av

s 2 —Oi—p. 1
dr 3V(QOC Qrdd 2&5 dr ); ( )
ATy 2Ti

dt ~ 3RV

where Qg, Orad, and Qcong are the rate equations for alpha

dv
(f(Xro - Qrad - Qcond - R‘IS dt) ; (2)

heating,[!3! radiative leakage,!'®! and conduction losses, !4

2 3
0n = 5.6% 1073 s
@ 202.8 ) \ 0.004

1 Ths
38.091 - 2.2523
* 6%P [ exp (0.68238)

1-T;
—4.265exp (4 17:;)]W, A3)
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where ry s the radius of the hot spot, V' the hot-spot volume,
and B,dV is the work term. xg, yo, zo are the ellipsoid solu-
tion with axial distance parameter, and Ty is the temperature
of the hot spot’s center. 8 is the temperature exponent, and the

[17]

value is 2 in this paper. The f,!' "' is the ratio of the energy

deposited by alpha heating,
1 1

= 1 _— _—
0 — prhs(l +O.0082Th5)1‘25 )
0.025T;1% ’

where p is the hot-spot density.

Springer et al.’s model needs to be improved because the
DCI scheme is different from the central ignition scheme. Fast
electrons heat the high-density plasma in the fast heating pro-
cess, so the effect of fast electrons on the plasma must be con-
sidered. Since the time for injecting fast electrons is short, the
pressure of the plasma has no time to change, and the effect
of fast electrons on the pressure of high-density plasma can
be neglected. Thermal conduction is a slow process, and the
existence of the high-density plasma status is very short, so
the effect of thermal conduction on the high-density plasma
can be neglected. It is said by Betti e al.l'® that the rate of
radiation loss is much lower than the PdV work rate when
the hot-spot temperature is below 4.4 keV. The rate of alpha
heating is greater than the rate of the radiation loss when the
hot-spot temperature is above 4.4 keV. Therefore, the radiation
loss term is also not to be considered. Combining the above
considerations, the inner pressure (£,) and temperature (7},) of
the high-density plasma are a function of time in the fast heat-
ing process of the DCI scheme,

dp, 2 5 dv

Lol (Qa ) ®
d7, dV

- 3P V (focro b ) 10 O

where Oy is the rate of the energy deposition of fast electrons.
1 is the energy deposition efficiency of fast electrons. The en-
ergy deposition efficiency of fast electrons is low due to fast
electron divergence, beam instability, etc. Therefore, the value
of N is 25%. The article of Glinsky et al.!'! introduces the
formula for the energy deposition of fast electrons:

87 npe*lnA

3\[ 1/2 1/2’

where ny, and Tj, are the density and temperature of fast elec-

Oh = (10)

trons, respectively, and InA is the usual Coulomb logarithm.

e and m, are the elementary charge and electron mass, respec-
tively.

The P,dV is the work term for the high-density plasma.
The volume change is caused by the collision of the two low-
density plasmas and the pressure difference between the in-
side and outside of the high-density plasma. Since the injec-
tion time of the fast electrons is very short, the fast electrons
mainly collide with the electrons in the high-density plasma,
and then the heated electrons collide with the ions, which
increase in temperature. In subsequent simulations, the re-
laxation time of electrons and ions can be quite long due to
the high-temperature difference between the electrons and the
ions.?°] The duration of the high-density plasma state is only
100 ps or even less, so the high-density plasma has not yet
reached thermodynamic equilibrium and the effect of internal
and external pressure on the volume is not considered. It is
also why the effect of fast electrons on the pressure of the
high-density plasma is not considered. The collision of the
two low-density plasmas becomes the main factor affecting
the volume.

2.2. The volume change of the high-density plasma

During the head-on collision process of the DCI scheme,
two low-density plasmas collide to form the high-density
plasma. Since the velocity of two low-density plasmas does
not become zero immediately after the collision, the volume
of the ellipsoidal high-density plasma changes. During the ex-
istence of the high-density plasma status, the two low-density
plasmas continue to collide until the velocity is zero, the den-
sity of the high-density plasma increases, and the volume of
the ellipsoidal high-density plasma slowly decreases. Subse-
quently, the two low-density plasmas move in the opposite
direction due to Coulomb repulsion, the density of the high-
density plasma decreases, and the volume of the ellipsoidal
high-density plasma slowly expands. The change in the vol-
ume of the ellipsoidal high-density plasma can be divided into
a compression process and an expansion process. Since the
formation of high-density plasma is mainly affected by colli-
sion, there is no need to consider the effect of ablation. There-
fore, the density of high-density plasma is inversely related to
the change in volume. To simplify the model, the change in
the density of the high-density plasma!'3! during the existence
of the high-density plasma status is

(Pmax — Po) T\’
s (o) o

where 7 is the duration of the high-density plasma and ¢ is

Pp = Pmax —

a moment in time during the existence of the high-density
plasma status. Pmax, Po, and pp are the maximum density of
the high-density plasma, the initial density at the formation of
the plasma state, and the plasma density at a moment in time
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during the existence of the high-density plasma status, respec-
tively. During the existence of the high-density plasma sta-
tus, the faster the speed of the low-density plasma, the more
rapidly the density of the high-density plasma changes, and
the shorter the existence of the high-density plasma.

2.3. Numerical calculations

Equations (8), (9), and the term of Q, are coupled to each
other, which makes it difficult to obtain the analytical solution.
In this subsection, the first-order time derivatives (i.e., d pp /dt,
d7,/dt and dV /dr) of Egs. (8) and (9) are solved by the first-
order backward difference. The Ar represents the time step.
Equations (8) and (9) can be expressed as

n—1 n—l_rn—2
poopgty MG S A ) )
277:(;{,‘_1) " 3 ("Z )

Tnfl n—1 yn—1
Ty = Tpnil +2A7;r 271 (]2171 % 7?
By (rp )"Z
2Tn—1 nfl_rn72
— ’; (rb(rH; )+nQﬁ_1'At. (13)
b

The periodic boundary conditions are applied in this re-
search. Considering the initial conditions, such as the ini-
tial temperature and initial inner pressure of the high-density
plasma, the numerical solution of the linear system equation
can be obtained by the iteration method.

3. Numerical simulations and discussion

Since the density of the high-density plasma varies due
to the collision of two low-density plasma, the high-density
plasma reaches the ignition temperature at different moments.
The relationship between the ignition temperature (7j), the
density (p,), and the radius (r,) of the plasma is given by!?!!

C

0.5
poroTi > 6- <”P> . (14)

The ignition temperature and the actual temperature without
injecting fast electrons of the high-density plasma versus time
are shown in Fig. 2.

As shown in Fig. 2, the temperature of the high-density
plasma changes insignificantly when the plasma is only af-
fected by PdV work and alpha particles. It is difficult for the
high-density plasma to reach the ignition temperature by PdV
work alone. Therefore, the high-density plasma can be heated
to the ignition temperature by injecting fast electrons.

In practical experiments, it is necessary to consider the
issue of energy input from fast electrons. Due to the differ-
ent ignition temperatures of the plasma at different moments,
we discuss the two cases where fast electrons are injected with
the minimal energy. One case is that fast electrons directly
heat the high-density plasma to the ignition temperature with

the minimal energy. Thus, the optimal time for injecting fast
electrons is discussed in Subsection 3.1. Another case is that
fast electrons with the minimal energy heat the high-density
plasma to a relatively high temperature, and then the plasma
can be heated to the ignition temperature by alpha particles
and PdV work. Thus, the shortest injection time required for
fast electrons with the same energy will be discussed in Sub-
section 3.2. The two cases are simulated by numerical simu-
lations. In the following simulations, the high-density plasma
has a length of 30 um for the long semiaxes (r,) and 20 um
for the short semiaxes (rp). The high-density plasma status
has an initial temperature of 1 keV, which can be sustained
for 100 ps. Initial pressure (F,) of the high density plasma
is 200 Gbar. The variation in the density of the high-density
plasma is shown in Fig. 3.

5 - -

4 - -
>
()
< 3t 1
&~

2 - -

""" T
1
0 20 40 60 80 100

t (ps)
Fig. 2. The high-density plasma has an initial temperature of 1 keV, and
the duration is 100 ps. The ignition temperature and the actual temper-
ature without injecting fast electrons of the high-density plasma versus
time are shown.

285 T T T T
280 1

T 275F 1
©

>~
o0

= 270F 1

2651 1

260O 20 40 60 80 100
t (ps)
Fig. 3. The variation in the density of the high-density plasma due to
collisions. The initial density (pg) is 260 g/cm? when the high-density
plasma is formed, the maximum density (Pmax) of the high-density
plasma is 280 g/cm?.

3.1. The optimal moment for injection

When the time for injecting fast electrons is relatively
long, fast electrons can directly heat the high-density plasma to
the ignition temperature. In this case, the optimal moment of
injecting fast electrons is worthwhile to study when fast elec-
trons with the minimal energy heat the plasma to the ignition
temperature. To explore the optimal moment of injecting fast
electrons, fast electrons with a temperature of 100 keV!?! and
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0?? g/cm? are injected into the high-density

adensity of 1.0x 1
plasma at different moments (0 ps, 20 ps, 40 ps, 60 ps, and
80 ps) during the existence of the high-density plasma status.
During the process of the plasma being heated to the ignition
temperature, the temperature of the high-density plasma ver-
sus the time when fast electrons are injected at different mo-
ments, as shown in Fig. 4(a). The time for fast electrons to heat

the plasma to the ignition temperature is shown in Fig. 4(b),

when fast electrons are injected at different moments. In our
model, we also consider that alpha particles and PdV work
affect the temperature of the high-density plasma. To explore
the effect of alpha particles, PdV work, and fast electrons on
the temperature of high-density plasma, we plotted the heating
rate of alpha particles, PdV work, and fast electrons, as shown
in Fig. 4(c).

5.5 T T T T T T T T 1015 T T T T
L (b) ] ic) -
5ol J 14.5 :
. B S . 10M | 1
4.5 , ! : | |
4.0 ) —Case 1 (t=40 ps) 14.4 E 1013 ¢ 7 - - ;
/>\ . /——Casc2(t7:20ps) o~ @ it -z s
v 3.5 , Case 3 (t =40 ps) 41 o 143F = 1 %5 1012/ /0 4 . E
= 30 , =~ Case 4 (t}=60 ps) =z ) = / //SDOh(}l ling Ql,Q
.. 3. Case 5 (1=80 ps) 1 ) 11 i ashed line Qa_ ]
~ 2.5 1 ____T:be ° <,ﬂ ps) < 14.2f , 1 é 10 Dotted line Qpayv
. ! ; . B < 10 L L | L
2.0 ) I . 14.1F . L 12 _igu 20 40 : 60 80 100
, . . t (ps
1.5 ) ! 1 _10'2f ) ~ 3
1.0l- S | 1 14.0F 1 = -
0 20 40 (pS)GO 80 100 Case L Gase 2 case 3 case & case D 10

Fig. 4. (a) During the process of the plasma reaching the ignition temperature, the temperature of high-density plasma versus time when fast
electrons are injected at different moments (0 ps, 20 ps, 40 ps, 60 ps, and 80 ps). (b) The shortest injection time for fast electrons to heat the
plasma to ignition temperature is shown when fast electrons are injected at different moments (0 ps, 20 ps, 40 ps, 60 ps, and 80 ps). (c) The
heating rate of alpha particles, PdV work, and fast electrons versus time are shown when fast electrons are injected at different moments (0 ps,
20 ps, 40 ps, 60 ps, and 80 ps). Solid, dashed, and dotted lines indicate the heating rates for fast electrons, alpha particles, and PdV work,
respectively. The magenta dashed line is the heating rate of the alpha particle without injecting fast electrons.

The magenta line is the ignition temperature of the high-
density plasma at the different moments in Fig. 4(a). As shown
in Fig. 4(a), the temperature of the high-density plasma rises
rapidly to the ignition temperature when hot electrons are in-
jected. As can be seen in Fig. 4(c), the heating rate of hot
electrons is much higher than that of alpha particles and PdV
work. Hot electrons are injected with the same energy, which
heats the high-density plasma with approximately the same
heating rate. Therefore, the trends of temperature changes in
the high-density plasma are roughly the same.

As shown in Figs. 4(a) and 4(b), the time for fast electrons
to heat the plasma to the ignition temperature is the short-
est when injecting fast electrons near the maximum density
of the plasma. In this case, fast electrons consume the min-
imal energy. Combined with Figs. 2 and 4(c), we can ana-
lyze why injecting fast electrons near the maximum density in
high-density plasma requires the minimal energy. When the
high-density plasma reaches the ignition condition at its max-
imum density, the ignition temperature of the plasma and the
energy required for the ignition are the lowest. Although it can
be seen from Fig. 4(c) that the heating rate of the PdV work
decreases when the density of the high-density plasma reaches
its maximum, the heating rate of fast electrons is much larger
than that of the PdV work and alpha particles. When the en-
ergy required for the high-density plasma to reach the igni-
tion temperature is reduced, the time for fast electrons with
the same heating rate to heat the plasma is reduced. There-
fore, the optimal moment of injecting fast electrons to heat
the plasma to the ignition temperature is near the maximum

density of the high-density plasma during the existence of the
high-density plasma status. In experiments, it is considered
to inject fast electrons near the maximum density of the high-
density plasma to reduce the injection energy of fast electrons.

It is also found in Fig. 4(c) that the heating rate of al-
pha particles increases when fast electrons are injected into
the high-density plasma. The reason is not difficult to analyze.
When the temperature of the high-density plasma increases,
the number of alpha particles produced by the high-density
plasma also increases, and the heating rate of alpha particles is
bound to increase.

3.2. The shortest injection time

In the previous case, we also found an effect of alpha par-
ticles on the temperature of the high-density plasma when the
temperature of the high-density plasma is increased. When the
time for injecting fast electrons is limited, or the efficiency for
energy deposition of fast electrons is low, fast electrons may
not be able to heat the plasma directly to the ignition temper-
ature. In this case, it is considered that injecting fast electrons
for a short time would heat the high-density plasma to a rel-
atively high temperature. Then, alpha particles with a high
heating rate and PdV work heat the plasma to the ignition tem-
perature. Therefore, it is worth studying when injecting fast
electrons with the minimal energy to make the high-density
plasma reach the ignition temperature during the persistence of
the high-density plasma status. In order to study injecting fast
electrons with the minimal energy, we can study the shortest
injection time of fast electrons when the injected fast electrons
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have the same energy. Since the density and the volume of
the high-density plasma change, we divided it into two cases
to study the shortest injection time for fast electrons to make
the high-density plasma reach the ignition temperature. The
first case is that the plasma reaches the ignition temperature
(4.82 keV) at the end of the compression, where the plasma
has the highest density. The second case is that the plasma
reaches the ignition temperature (5 keV) at the end of the ex-
pansion, where the plasma has the lowest density.

3.2.1. Compression process

In order to study when injecting fast electrons takes the
shortest time, fast electrons are injected into the high-density

plasma at different moments during the compression process.
The temperature of the high-density plasma with time and the
shortest injected time for fast electrons at different moments
(0 ps, 10 ps, 20 ps, 30 ps, and 40 ps) are shown in Figs. 5(a)
and 5(b), respectively. In this subsection, the high-density
plasma is heated to the ignition temperature at the end of the
compression process. Therefore, the heating rate of the PdV
work is the same throughout the compression process regard-
less of injecting fast electrons at any moment. We mainly an-
alyze the effect of the heating rate of alpha particles on the
high-density plasma, and the rate of alpha heating versus time
is shown in Fig. 5(c). The injected fast electrons have a tem-
perature of 100 keV and a density of 1.0 x 10>2 g/cm?.
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Fig. 5. (a) During the compression process, the temperature of the high-density plasma versus time when fast electrons are injected at different
moments (0 ps, 10 ps, 20 ps, 30 ps, and 40 ps). (b) The shortest injection time required for fast electrons to heat the plasma is shown when
injecting fast electrons at different moments (0 ps, 10 ps, 20 ps, 30 ps, and 40 ps). Since the plasma injected with fast electrons at 40 ps did not
reach the ignition temperature, it was not used for comparison. (c) The variation of the heating rate of alpha particles with time is shown when
injecting fast electrons at different moments (0 ps, 10 ps, 20 ps, 30 ps, and 40 ps).

As seen from Fig. 5(a), except for injecting fast elec-
trons at 40 ps, the high-density plasma at the density maxi-
mum can be heated to the ignition temperature by fast elec-
trons and alpha particles at other injection moments. As seen
from Fig. 5(b), the injected time required for fast electrons
to heat the high-density plasma to the ignition temperature
is the shortest when injecting fast electrons at 0 ps. More-
over, the later fast electrons are injected during the compres-
sion process, the longer the necessary time to inject the fast
electrons. Therefore, the moment of injecting fast electrons
with the shortest time should be at the beginning of the com-
pression, when the plasma reaches the ignition temperature at
the maximum density. Combined with Fig. 5(c), we can ex-
plain with this phenomenon why injecting fast electrons takes
the shortest injection time at the beginning of the compression.
When fast electrons are injected, it can be seen that the heat-
ing rate of the alpha particles rises rapidly. The rate of alpha
heating when injecting fast electrons at O ps is faster than the
rate of alpha heating without injecting fast electrons at O ps.
Thus, the high-power alpha particles can heat the plasma in-
jected with fast electrons at 0 ps for a longer time, and the time
required for injecting fast electrons is the shortest. When the
time for injecting fast electrons is limited, or the efficiency for
energy deposition of fast electrons is low, we consider inject-

ing fast electrons at the beginning of the compression. The
energy required for fast electrons is the least when injecting
fast electrons at this time.

When fast electrons’ density and temperature change, it is
worth studying how the shortest injected time required for fast
electrons changes. The shortest injected time required for fast
electrons with different temperatures and densities is shown in
Figs. 6(a) and 6(b), respectively, when the plasma reaches the
ignition temperature during the compression process.

20} (a) 25 (b)
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Fig. 6. The shortest injected time required for fast electrons with different
temperatures (a) and densities (b) is shown, when the plasma reaches the igni-
tion temperature during the compression process. In (a), fast electrons are in-
jected at the beginning of the compression, all of which have the same density
of 1.0 x 10?% g/cm? and temperatures of 50 keV, 100 keV, 150 keV, 200 keV,
and 250 keV. In (b), fast electrons are injected at the beginning of the com-
pression, all of which have the same temperature of 100 keV and a density of
0.5 x 1022 g/cm3, 1.0 x 1022 g/cm3, 1.5 x 1022 g/cm3, 2.0 x 1022 g/crn3,
and 2.5 x 10%? g/cm?.

As seen from Fig. 6(a), the shortest injected time required
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for fast electrons increases when the temperature of fast elec-
trons increases. This result is consistent with the physical
laws of fast electron heating because the energy deposition ef-
ficiency of fast electrons decreases when the temperature of
fast electrons increases. As seen from Fig. 6(b), the shortest
injected time required for fast electrons is shortened when the
density of fast electrons increases. It is not difficult to ana-
lyze the reasons for this phenomenon. When the densities of
fast electrons increase, the frequency of collisions between fast
electrons and the high-density plasma also increases. There-
fore, the time and energy required for injecting fast electrons
can be further reduced by decreasing the temperature appro-

priately and increasing the density of fast electrons.

3.2.2. Expansion process

In order to study when injecting fast electrons takes the
shortest time, which makes the plasma reach the ignition tem-
perature at the end of the expansion, fast electrons are injected
with the necessary time at different moments (0 ps, 20 ps,
40 ps, 60 ps, and 80 ps). The images of the temperature of
the high-density plasma versus time and the injected time re-
quired for fast electrons are shown in Figs. 7(a) and 7(b), re-
spectively, when injecting fast electrons at different moments.
In order to study the effect of alpha particles on the tempera-
ture of the high-density plasma, the image of the heating rate
of alpha particles versus time is shown in Fig. 7(c). The in-
jected fast electrons have a temperature of 100 keV and a den-
sity of 1.0 x 10?2 g/cm’.
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Fig. 7. (a) During the persistence of the high-density plasma status, the temperature of the high-density plasma versus time with fast electrons
injected at different moments (0 ps, 20 ps, 40 ps, 60 ps, and 80 ps). (b) The shortest injection time required for fast electrons to heat the plasma
is shown when fast electrons are injected at different moments (0 ps, 20 ps, 40 ps, 60 ps, and 80 ps). (c) The variation of the heating rate of
alpha particles with time is shown, when injecting fast electrons at different moments (0 ps, 20 ps, 40 ps, 60 ps, and 80 ps).

It can be seen from Figs. 7(a) and 7(b) that, as in the
case of the compression process, injecting fast electrons with
the shortest time is still at the beginning of the compression
when the plasma reaches the ignition temperature at the end
of the expansion. The later that fast electrons are injected dur-
ing the existence of the high-density plasma status, the longer
the necessary time to inject the fast electrons. Combined with
Fig. 7(c), it is clear that the cause of this phenomenon is the
same as in the previous case. The rate of alpha heating when
injecting fast electrons at O ps is faster than the rate of alpha
heating without injecting fast electrons at O ps, and the higher
heating rate of alpha particles heats the plasmas for a longer
time. Therefore, the moment of injecting fast electrons with
the shortest time is at the beginning of the compression, which
allows the plasma to reach the ignition temperature at the end
of the existence of the high-density plasma status. Meanwhile,
fast electrons require the minimal energy to be injected.

The shortest injection time required for fast electrons with
different temperatures and densities is shown in Figs. 8(a) and
8(b), respectively, when the plasma reaches the ignition tem-
perature during the existence of the high-density plasma status.

As seen from Figs. 8(a) and 8(b), the effect of the den-
sity and temperature variation of injected fast electrons on the

shortest injection time is the same as in the previous case. The
time and energy required for injecting fast electrons can be fur-
ther reduced by decreasing the temperature appropriately and
increasing the density of the fast electrons.
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Fig. 8. The shortest injected time required for fast electrons with dif-
ferent temperatures (a) and densities (b) is shown, when the plasma
reaches the ignition temperature during the existence of the high-
density plasma status. In (a), fast electrons are injected at the be-
ginning of the compression, all of which have the same density of
1.0 x 1022 g/cm? and a temperature of 50 keV, 100 keV, 150 keV,
200 keV, and 250 keV. In (b), fast electrons are injected at the beginning
of the compression, all of which have the same temperature of 100 keV
and a density of 0.5 x 1022 g/cm?, 1.0 x 10?2 g/cm?, 1.5 x 1022 g/cm?,
2.0 x 10?2 g/cm?, and 2.5 x 10?2 g/cm’.

In the experiment, due to the low energy deposition ef-
ficiency of fast electrons, it can be considered that fast elec-
trons are first injected for a short time to heat the high-density
plasma. Subsequently, the high-density plasma is heated to
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the ignition temperature by alpha particles produced by the
high-density plasma. This method could effectively reduce the
required injected energy of fast electrons. From the analysis
above, it can be seen that injecting fast electrons at the be-
ginning of the compression process requires minimal injected
energy.

3.3. Comparison

A comparison of the shortest injected time required for
fast electrons at different moments (0 ps, 10 ps, 20 ps, and
30 ps) between the compression and expansion processes is
given. The temperature of the high-density plasma with time,
the shortest injection time required for fast electrons, and the
heating rate of the alpha particles with time are shown in
Figs. 9(a), 9(b), and 9(c), respectively.

As seen from Fig. 9(a), the time for the high-density
plasma to reach the ignition temperature in the compression
process is earlier than in the expansion process, and the igni-
tion temperature of the plasma in the compression process is
lower than in the expansion process. As seen from Fig. 9(b),
the shortest injected time required for fast electrons in the
compression process is longer than in the expansion process
at the same injected moments. Combined with Fig. 9(c), the
reason for this phenomenon is that the plasma is heated by
the alpha particles with high heating rates for a longer time
when the plasma reaches the ignition temperature during the
expansion process. As a result, fast electrons are injected for a
shorter time when the plasma reaches the ignition temperature

during the expansion process.
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Fig. 9. Comparison of the temperature of the high-density plasma (a), the injection time required for fast electrons (b), and the heating rate of

the alpha particles (c) between the compression and expansion processes.

By comparing the compression and expansion processes,
we get some conclusions. When the high-density plasma
reaches the ignition temperature at the end of compression,
the time required for the plasma to reach the ignition temper-
ature is short. However, the shortest injection time required
for fast electrons in the compression process is longer than
in the expansion process. The energy required for injecting
fast electrons is also relatively high. When the high-density
plasma reaches the ignition temperature at the end of the ex-
pansion, the injection time required for fast electrons is shorter
than in the compression process. However, the plasma takes
the longest time to reach ignition temperature.

4. Conclusion

In this article, we have proposed a model for the vari-
ations in the temperature and inner pressure of the high-
density plasma when fast electrons are injected into high-
density plasma in the fast heating process. Due to the effect
of the collision of the two low-density plasma, the density
and volume of the high-density plasma vary. The change in
volume of the ellipsoidal high-density plasma is divided into
a compression process and an expansion process. According
to the Lawson criterion, the ignition temperature of the high-
density plasma changes at different moments when the density

of the plasma changes. Therefore, the energy required for the
high-density plasma to reach the ignition temperature is dif-
ferent, and the time for fast electrons to be injected at different
moments to heat the high-density plasma to the ignition tem-
perature is different. When injecting fast electrons is relatively
long, fast electrons can directly heat the high-density plasma
to the ignition temperature. The optimal moment of injecting
fast electrons is near the plasma density maximum because
the plasma has the lowest ignition temperature and the lowest
energy required for ignition at this time. When the time for
injecting fast electrons is limited, or the efficiency for energy
deposition of fast electrons is low, fast electrons may not be
able to heat the plasma directly to the ignition temperature.
In order to reduce the injection duration and energy inputs of
fast electrons, we can consider injecting fast electrons for a
short time to heat the plasma to a relatively high temperature,
and the plasma continues to be heated to the ignition temper-
ature by alpha particles with the high heating rate and PdV
work. By numerical simulations, it is obtained that fast elec-
trons should be injected at the beginning of the compression
when fast electrons need to be injected for the shortest time
and the minimal energy. Because the heating rate of alpha par-
ticles is faster when fast electrons are injected at the beginning
of the compression than when no fast electrons are injected
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at the beginning of compression, alpha particles with a high
heating rate can heat the plasma for a longer time and the time
required for injecting fast electrons is the shortest. Moreover,
it is found that increasing the density of fast electrons can fur-
ther shorten the injected time of fast electrons.
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