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We present a staged hot-electron acceleration mechanism of the two-plasmon decay (TPD) instability in
the transverse magnetic field under the parameters relevant to inertial confinement fusion experiments. After
being accelerated by the forward electron plasma wave (FEPW) of TPD, the hot-electrons can be anomalously
accelerated again by the backward electron plasma wave (BEPW) of TPD and then obtain higher energy.
Moreover, the surfatron acceleration mechanism of TPD in the magnetic field is also confirmed, the electrons
trapped by the TPD daughter EPWs are accelerated in the direction along the wave front. Interestingly, the
velocity of electrons accelerated by surfing from the FEPW is quite easily close to the BEPW phase velocity,
which markedly enhances the efficiency of the staged acceleration. The coexistence of these two acceleration
mechanisms leads to a significant increase of energetic electrons generated by TPD in the magnetic field.
Meanwhile the EPWs are dissipated, TPD instability is effectively suppressed, and the laser transmission

increases.
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In laser-driven inertial confinement fusion (ICF) exper-
iments, two-plasmon decay (TPD) is one of the crucial
laser-plasma-instability (LPI) processes [1-4]. TPD is a
three-wave parametric instability that occurs near the quarter-
critical density surface in which an incident light wave decays
into two electron plasma waves (EPWs) [5]. The TPD insta-
bility can absorb the energy of the incident laser, meanwhile
the generated large-amplitude EPWs can transfer the energy
to the electrons via Landau damping and accelerate electrons
to high energies. In a shock ignition scheme, these energetic
electrons by TPD could increase the pressure of the igniter
shock and may benefit the launching of shock [6]. However
in conventional direct-drive ICF, the hot-electrons can preheat
the cold fuel and reduce the compressibility of the capsule
[7,8]. Therefore, exploring the TPD instability is of great
significance for ICF.

The theory of TPD instability including its growth rates,
threshold, and saturation mechanism has been developed pre-
viously [9-13]. There are two types of unstable modes for
TPD, including the absolute TPD modes localized close to
the quarter-critical density surface and the convective TPD
modes in the low-density regions [14]. And the hot elec-
trons can be accelerated in stages from the low-density region
to the high-density region [15]. Besides that, there are also
several hot-electron acceleration mechanisms including Lang-
muir cavitation [16] and wave breaking [17] in the TPD
process. In addition, the researchers are also concerned about
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the competition between TPD and other instabilities [18-20],
and some schemes to mitigate TPD have been proposed, e.g.,
utilizing the broad-bandwidth laser [21,22] and improving the
ablator materials [23,24].

Magnetic fields are widely present in laser plasmas; they
are commonly accompanied by a self-generated magnetic
field or an external magnetic field [25-31]. In recent years,
more and more studies have utilized the external magnetic
fields in ICF experiments to increase fuel temperature [28],
affect implosion dynamics [29], and reduce hydrodynamic
instabilities [30]. Additionally, many previous works have
explored the effects of magnetic fields on the LPI process
[32—40]. Particularly, the electrons trapped by EPWs achieve
high energies through the surfatron acceleration when the
EPW propagates perpendicular to the magnetic field [41,42].
The surfatron electron acceleration mechanism enhances the
continual dissipation of EPWs, thus can be used to mitigate
the stimulated Raman scattering (SRS) instability (the EPW
is one of its daughter waves) [34-36]. There is also some
research involving the TPD instability in magnetized plas-
mas, they obtained the growth rate and threshold of TPD in
the magnetic field and indicated that the excitation of TPD
is no longer restricted to the quarter-critical density surface
in a ultrastrong (thousands of tesla) magnetic field [38—40].
However, there is still no clear understanding about the non-
linear evolution and the hot-electron generation of TPD in the
magnetic fields.

It is well known that the two daughter waves of TPD are
the forward EPW (FEPW) and the backward EPW (BEPW).
The direction and magnitude of their phase velocity are
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different from each other and the phase velocity of FEPW is
smaller than that of the BEPW. Naturally, the hot electrons
generated by FEPW are not interfered by the BEPW in un-
magnetized plasmas. In this Letter, we consider an external
magnetic field perpendicular to the plane of the TPD wave
vector and identify an anomalous staged hot-electron acceler-
ation mechanism, i.e., the energetic electrons generated by the
FEPW can be trapped and be accelerated again by the BEPW.
Moreover, the surfatron acceleration mechanism of TPD in the
magnetic field is also confirmed, the electrons trapped by the
TPD daughter EPWs are accelerated perpendicularly across
the wave front. It is interesting to note that the velocity of
electrons accelerated by surfing from the FEPW is quite close
to the BEPW phase velocity, these electrons can be easily
accelerated again by the BEPW, which markedly enhances the
efficiency of the staged acceleration. The coexistence of these
two acceleration mechanisms leads to a significant increase
of hot electrons generated by TPD under the action of a
magnetic field. Meanwhile, the EPWs are dissipated and TPD
is effectively suppressed. Since the EPW phase velocity of
the convective TPD is lower than that of the absolute TPD,
more electrons in the low-density region can be accelerated
by surfing while the dissipation of EPWs is more stronger,
making the convective TPD easier to suppress in the magnetic
field. Additionally, it is shown that the magnetic field can in-
crease the fraction of hot electrons and the laser transmission.
The results help us to understand the impact of an external
magnetic field on the evolution and the hot electron generation
of TPD under the conditions related to ICF.

We carry out the two-dimensional (2D) simulations via
particle-in-cell (PIC) code EPOCH [43] to study the effects of a
transverse magnetic field with tens of tesla on the TPD insta-
bility and its hot-electron generation under the parameters of
experiments at the OMEGA laser facility. Here, the simulation
box is 40 um in the longitudinal (x) direction and 10 ym
in the transverse (y) direction with grids of 4000 x 1000. A
collisionless, fully ionized CH plasma is initialized with 140
particles per cell for electrons and 20 for each ion species.
Tons are mobile in the simulation, the masses of carbon and
hydrogen ions are 12 x 1836m, and 1836m, (m, is the elec-
tron mass). The initial electron and both ion temperatures are
T, = 2.0keV and 7; = 0.5 keV, respectively. The plasma has
a linear density profile of ng(x) = 0.205n.(1 + x/150 wm)
with the density variation range from 0.205n. to 0.259n.,
and the density scale length at the quarter-critical surface
is L, = no(x)/[dno(x)/dx] |4=n.4~ 183 um. Here, n. (n. =
1.11 x 10?! /)‘(Zwm in cm~?) denotes the critical density of the
incident light with A9 = 0.351 um. A p-polarized plane-wave
laser with the intensity I, = 8.0 x 10'* W /cm? enters the box
from the left boundary along the x direction, which has a
ramp-up time of 187y (7o = A¢/c =~ 1.17 fs denotes the laser
period, c is the light speed in vacuum) and is kept constant
afterward. The total simulation time is 52007y =& 6 ps, dur-
ing which the quasisteady states are reached. The absorbing
boundary condition for the fields and the thermal boundary
condition for the particles are applied in the longitudinal (x)
direction, and the transverse (y) directions use the periodic
boundary conditions for both fields and particles. In addition,
the anomalous staged acceleration mechanism requires that
the magnetic field must be perpendicular to the plane of TPD

wave vector and is set in the z direction here. The external
magnetic field B, ranging from 10 to 80 T is applied and
remains as a constant of space-time. In this regime, w. < wp,
(wc and w), are the electron cyclotron and plasma frequen-
cies), so the influence of magnetic fields on the dispersion
relations of electromagnetic waves and EPWs are negligible.
Under the selected parameters above, the SRS instability is
not observed in our simulations, since it tends to occur with
a higher laser intensity and a longer density scale length
[3,18,20].

Before discussing the anomalous staged acceleration
mechanism, we consider a TPD daughter EPW of the form
E; sin(kyR — w;t) (k; and w; are its wave number and
frequency, respectively) propagates obliquely along the R di-
rection in the x-y plane and is perpendicular to the uniform
magnetic field B,. R, is set to the direction along the wave
front and is perpendicular to the magnetic field. It is conve-
nient to use a wave frame to describe the electron moving
in an electrostatic wave field, we transform the coordinates
such that r = R — vt and r; = Ry, where vy, = wp /kg is
the phase velocity of EPW. Then, the equations of motion
for trapped electrons in the wave frame are (ignore the high-
frequency oscillation in the laser field)

dzl" drl + EL . (k ) (1)
— = —w.| — + —sin (k. r) |,
dr? dt B, L

der dr

a2 = a)c<5 + Uph)» 2)

The derivative of Eq. (1) and the integration of Eq. (2) can be
written as

d3r dr

F = —W%E - wfvpm 3
er
T wc[(r = ro) + vpnt], @

where w} = w? + ek, Ey, cos(kr)/m, is the modified trapped
electron bounce frequency. The electron executes bounce mo-
tion with the modified frequency wr while it is accelerated in
the direction r, which is the surfatron electron acceleration
mechanism. Equation (3) describes sinusoidal oscillations of
dr/dt about an average velocity v = —wf / w% Uph. It means
that the average velocity of the trapped electron is slower than
the phase velocity of EPWs, and it increases to the rate of
Vph as cos(kzr) — 0, at which time detrapping occurs and
the condition d?r/dt> — 0 should be met, one can get the
escape velocity vesc = E /B, in the direction r,. However,
if the electron starts at different locations in the potential
well or begins with a large speed v,, then it can escape with
a value less than ve, [34]. Furthermore, the amplitude and
phase velocity of the EPWs are continually changing in the
development of TPD instability and the detrapping is actually
more complicated.

Observing the tracks of electrons in velocity space is a
useful way to visually identify the process that how the elec-
trons are accelerated. Two representative cases of one electron
being accelerated in stages by the FEPW and BEPW of TPD
successively in a magnetic field are shown in Figs. 1(al) and
1(a2). In Fig. 1(al), one unperturbed electron initially exe-
cutes the cyclotron motion with a counterclockwise gyration

L053201-2



ANOMALOUS STAGED HOT-ELECTRON ACCELERATION BY ...

PHYSICAL REVIEW E 108, L053201 (2023)

0.8 Yoo 0.8 Vo350
@b » BEPW @)~ Bepw
0.4 “9“ P 250 0.4 3 AR, g 175
g P ~
o :__‘;_}c 7~ g’ FEPW ECENEE " o FEPW oo
:A 0 ¥ ; 1050 > /
-0.4 k‘// 0 04 825
B,=80T B,=80T
-0.8 650 -0.8 650
08 -04 0 04 0.8 -08 -04 0 04 0.8
v, /e v, /c
13 )
10 (b) ——initial 0.3 (©) —B =0T
\ —B,= 0T, /=2000T, _ -B7:80T
- —--B, =80T, =2000T, z ]
= «. —B,= 0T,1=700T A0.2 T e
3 10" S, B,z&O'{:z:mor: s . No—em
"c% | cl ‘v.\ < /
— ., S~
Z. *0.1
o o1
0

0.
0 50 100 150 200 0 1300 2600 3900 5200
Electron Energy (keV) t/ T,

FIG. 1. (al), (a2) The tracks of one electron display the staged
acceleration process in v, — v, space for B, = 80 T. (al) The staged
acceleration is completed by the surfatron accelerations respectively
from FEPW and BEPW of TPD. (a2) One electron is first accelerated
along the direction of TPD FEPW and then is accelerated again in
stages by the BEPW surfatron. (b) The electron energy spectra at
different times for B, = 0 T and B, = 80 T. (¢) The time evolutions
of total hot-electron fraction for B, = 0 T and B, = 80 T.

in the magnetic field B, = 80 T. Then, it is trapped when
it moves near the TPD FEPW phase velocity vpn—p A 0.25¢
[(vx, vy) = (0.23¢, 0.10¢)] at about ¢+ = 10507, and is accel-
erated by surfing from the FEPW in the direction along the
wave front, thus also confirming the surfatron acceleration
mechanism of TPD in the magnetic field. After about 507y, the
electron moves near the BEPW phase velocity vpy_p ~ 0.38¢
[(vx, vy) = (=0.15¢,0.35¢)], it is trapped and has a surfa-
tron acceleration again by the BEPW. Eventually, it executes
the cyclotron motion with a higher velocity after escaping
from the BEPW potential well. Interestingly, the velocity of
the electron by the surfatron acceleration from the FEPW
is quite close to the BEPW phase velocity, so they can be
easily trapped in BEPW and accelerated again and the elec-
tron extracts a relatively high energy from EPWs in such the
staged acceleration process. Furthermore, Fig. 1(a2) shows
another special case of the staged acceleration mechanism
in the magnetic field. It can be seen that when the cyclotron
electron moves near the FEPW phase velocity vph—r ~ 0.21¢
[(vx, vy) = (0.19¢, 0.09¢)] at about t = 10007y, the initial
bounce frequency of the trapped electron satisfies wr — @,
the electron acceleration in the direction r; is 0. Therefore,
the trapped electron is first accelerated by the FEPW in the
direction along the wave. After escaping, it continues to exe-
cute the cyclotron motion in a period of time until it moves
near the BEPW phase velocity vpn—p ~ 0.50c [(vy, v,) =
(—0.23¢, 0.44c¢)] at about t = 1120T;. Next, it can be clearly
seen that the electron is accelerated again by surfing along the
direction perpendicular to the BEPW. In the magnetic field,
the coexistence of the staged acceleration mechanism and the
surfatron acceleration mechanism enhances the efficiency of
the hot electron generated by TPD and leads to a significant
increase of energetic electrons.

Figure 1(b) plots the electron energy spectra at different
times for B, = 0 T and B, = 80 T. Compared with the initial
Maxwell distribution, there is almost no generation of hot
electrons at + = 7007 in the linear stage of TPD, and the
external magnetic field has almost no effect on the generation
of the hot electrons in this stage. Note that a large number of
hot electrons are generated at# = 20007; during the nonlinear
stage. Especially considering the external magnetic field, due
to the coupling of the staged acceleration mechanism and the
surfatron acceleration mechanism, the number of energetic
electrons has a significant increase, and the effective temper-
ature of hot electrons increases from 34 to 47 keV. In fact, it
can be estimated from Figs. 1(al) and 1(a2) that the velocities
of eventual electron cyclotron motion are 0.52¢ and 0.58c,
respectively, after the staged acceleration, the corresponding
energies are approximately 87 and 116 keV, which are in the
region of increased energy in Fig. 1(b). The time evolutions of
the total hot-electron fraction f(hot) with the kinetic energy
higher than 50 keV in the simulation box are displayed in
Fig. 1(c) for B, =0 T and B, = 80 T. It can be seen that
when considering the external magnetic field, the fraction of
hot electrons increases significantly compared with without
magnetic field. By averaging the fraction in the nonlinear
stage (r = 8007p—52007)) of TPD, it can be estimated that
the hot-electron fraction increases from 8% to 18% under
the action of a magnetic field, it has more than doubled.
However, it cannot be concluded that the magnetic field can
enhance the target preheating and is detrimental for direct
drive. For the TPD instability in unmagnetized plasmas, it is
general to count the hot electrons on the right boundary to care
about the target preheating. After considering the magnetic
field, it should be noted that the trapped hot electrons can
be accelerated in the direction perpendicular to the EPWs
due to the surfatron acceleration mechanism and will execute
the cyclotron motion in the magnetic field after escaping from
the EPW potential well. Finally, the motion of hot electrons
in the magnetic field no longer has a clear direction and will
be filled with all directions in the v.-v, phase space. We
have reason to believe that the larger simulation box will
effectively limit the hot electrons moving towards the right
boundary due to the captivity effect of the magnetic field,
resulting in a decrease of target preheating. Just as the re-
search by Yao er al. indicates, the transverse magnetic field
can make the hot-electron confinement and reduce the target
preheating [37].

Moreover, when the large-amplitude EPWs propagate per-
pendicular to the magnetic field, the electrons trapped in
EPWs are accelerated by surfing meanwhile continuously
extracting energy from EPWs. The surfatron electron acceler-
ation mechanism of TPD enhances the dissipation of EPWs,
forming the effect of wave damping, which can result in
the suppression of TPD instability. Figures 2(al) and 2(a2)
describe the spatial-temporal evolutions of the transverse av-
eraged longitudinal electric-field energy (E2) = [ E2dy/ [ dy
in the system for B, =0 T and B, = 80 T, respectively.
It can be seen from Fig. 2(al) that, in the linear stage of
TPD with the OMEGA parameters, the absolute TPD near
the quarter-critical density surface is in a dominant regime.
As TPD saturates at + = 8007y, the ion density fluctuations
driven by the plasma waves will drive the development of

L053201-3



X.X. Ll et al.

PHYSICAL REVIEW E 108, L.053201 (2023)

[z(o/o()maul)s_() []<ZX3>

0.210.220.23 0.24 0.25 0.210.220.230.24 0.25
ny/n, ny/n,

—
(=3
(=]

— B, =0T
—— B,=80T

5

o
9
A

[1 045(1116(00c/e)']
— LS}

o

(3]

W

5

<E >
x

Normalized Poynting vector
=)
wn
S

(b)
0 1300 2600 3900 5200 0 1300 2600 3900 5200
t/T, t/T,

o
o
S

0

FIG. 2. (al), (a2) The spatial-temporal evolutions of the trans-
verse averaged longitudinal electric-field energy for different mag-
netic fields. (al) B, =0 T, (a2) B, = 80 T. (b) The time evolution
of the averaged longitudinal electric-field energy (integrated in the
entire simulation box). (c) The time evolutions of the averaged nor-
malized Poynting vector at the right boundary.

convective TPD in the low-density region (roughly from
0.205n, to 0.24n.) [15]. It is significantly excited at about
t &~ 14007y, corresponding to the second-weaker burst in
Fig. 2(al), and then the longitudinal electric-field energy
reaches a steady state. After considering the external magnetic
field [see Fig. 2(a2)], TPD is significantly suppressed, espe-
cially the convective TPD. Because the convective TPD in the
low-density region has a smaller phase velocity, the kinetic
effect is stronger and the wave-particle interaction is more
obvious, the number of trapped electrons is more than the
absolute TPD. Naturally, more electrons can be accelerated
by surfing in the magnetic field and extract a relatively high
energy from EPWs, so the dissipation of convective TPD is
stronger than the absolute TPD, which makes the convective
TPD more sensitive to the magnetic field than the absolute
TPD. Finally, the convective TPD is continuously suppressed
and a quasisteady state is also reached in the magnetic field.
Additionally, more laser energy can be transmitted to the
region near the quarter-critical density surface as the pump
dissipation weakens in the low-density region, resulting in a
slight enhancement of the absolute TPD compared with the
unmagnetized plasma. Figure 2(b) shows the time evolutions
of the averaged longitudinal electric-field energy (integrated
in the entire simulation box) corresponding to Figs. 2(al)
and 2(a2). It can be clearly seen that the magnetic field has
almost no effect on the evolution of TPD in the linear stage,
because there are few hot-electron generation [see Figs. 1(b)
and 1(c)], in which stage the surfatron acceleration efficiency
is extremely low. In the nonlinear stage, as the number of
hot electrons generated by TPD increases, the efficiency of
staged acceleration and surfatron acceleration enhances and
the EPWs are dissipated, leading to a significant suppression
of TPD. In addition, we are also concerned about the laser
transmission, Fig. 2(c) show that the time evolutions of the
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FIG. 3. (a), (b) The normalized transmitted laser Poynting vec-
tor and the total hot-electron fractions averaged over t = 8007 to
t = 52007; as a function of magnetic field.

averaged normalized Poynting vector in the x direction at
the right boundary for B, =0 T and B, = 80 T. Combined
with Fig. 2(b), it can be found that the laser is absorbed
with the increase of TPD instability, which makes the laser
transmission decrease markedly. When TPD enters the satura-
tion stage, the laser transmission rises and finally reaches the
quasisteady state. From Fig. 2(c), it can be estimated that the
average transmission of laser in the nonlinear stage without
the magnetic field is around 50%. Due to the suppression of
TPD instability by the external magnetic field, the averaged
laser transmission is raised to around 62%.

In Fig. 3, we present the normalized transmitted laser
Poynting vector in the x direction at the right boundary and the
total hot-electron fractions averaged over t = 80075—52007
as a function of magnetic field. It can be seen that in overall
situation, whether the laser transmission or the fraction of
hot electrons, both of them increase with the enhancement
of magnetic field, which is due to the fact that the efficiency
of surfatron acceleration increases with the magnetic field
[34,35]. Comparing Figs. 3(a) and 3(b), it is found that the
laser transmissivity has an enhancement in the weak magnetic
field (B, < 40 T), however the fraction of hot electrons with
energies £ > 50 keV still has no significant increase. It is
indicated that some electrons have already been accelerated
through the surfatron mechanism, resulting in a suppression of
the TPD instability and an enhancement of the laser transmis-
sion. However, the velocity of most surfatron electrons from
FEPW is not being accelerated to 0.41c¢ (corresponding to the
energy with 50 keV) due to the lower efficiency of surfatron
acceleration in a weak magnetic field, it is difficult to reach
near the phase velocity of BEPW, resulting the difficulty of the
staged acceleration process. When the magnetic field becomes
stronger (B, > 40 T), there are more electron velocities close
to the BEPW phase velocity as the efficiency of the surfatron
acceleration enhances, making the further staged acceleration
play an important role. The coupling effect of these two accel-
eration mechanisms results in a rapid increase of hot-electron
fraction. In addition, the Larmor radius of electrons becomes
larger as the magnetic field decreases. Therefore, the staged
acceleration process shown in Fig. 1(a2) is almost nonex-
istent in systems with the weaker magnetic field, moreover
the electrons are also likely to leave the boundary in this
situation. On the contrary, as the Larmor radius gradually
becomes smaller with the magnetic field, the efficiency of
staged acceleration increases gradually, it also lead to an
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increase in the fraction of hot electrons. Note that according
to the maximum magnetic field B, = 80 T in this Letter,
the Larmor radius for the hot electrons of 50 keV is around
10 wm. In our simulation box, most of the hot electrons easily
leave the boundary, which can truly characterize the physical
process of the increase of hot electrons caused by the staged
acceleration and surfatron acceleration. These results indicate
that in the external transverse magnetic field of tens of tesla
which can be achieved in ICF experiments, the anomalous
staged acceleration mechanism and the surfatron acceleration
existed in the TPD instability are important and cannot be
ignored.

In summary, we present and identify a new hot-electron ac-
celeration mechanism that the hot electrons generated by the
TPD instability can be first accelerated by the FEPW and then
by the BEPW again in a transverse magnetic field. Moreover,
the surfatron acceleration mechanism of TPD in the magnetic
field is also confirmed. The velocity of electrons accelerated
by surfing from the FEPW is quite close to the BEPW phase

velocity, so these electrons can be easily accelerated again by
the BEPW, which also dramatically enhances the efficiency
of the staged acceleration. The coexistence of these two ac-
celeration mechanisms leads to a significant increase of hot
electrons generated by TPD in the magnetic field. Meanwhile
the EPWs are dissipated and TPD instability is effectively
suppressed. Particularly, the convective TPD is more sensitive
to the magnetic field and easier to be suppressed compared
with the absolute TPD. In addition, the simulation results
also indicate that whether the hot-electron fraction or the
laser transmission, both them increase with the enhancement
of magnetic field. The results can provide a potential refer-
ence value for the evolution and the hot-electrons generation
of TPD under the conditions related to ICF in magnetized
plasmas.
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