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ABSTRACT

Following the 3.15MJ fusion milestone at the National Ignition Facility, the further development of inertial confinement fusion, both as a
source for future electricity generation and for high-energy-density physics applications, requires the development of more robust ignition
concepts at current laser facility energy scales. This can potentially be achieved by auxiliary heating the hotspot of low convergence wetted
foam implosions where hydrodynamic and parametric instabilities are minimized. This paper presents the first multi-dimensional
Vlasov–Maxwell and particle-in-cell simulations to model this collisionless interaction, only recently made possible by access to the largest
modern supercomputers. The key parameter of interest is the maximum fraction of energy that can be extracted from the electron beams
into the hotspot plasma. The simulations indicate that significant coupling efficiencies are achieved over a wide range of beam parameters
and spatial configurations. The implications for experimental tests on the National Ignition Facility are discussed.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0120732

I. INTRODUCTION

Fusion energy has the potential to contribute to the rising global
energy requirements without negatively impacting the environment.1,2

The two main approaches to realizing fusion energy are magnetic3 and
inertial4 confinement fusion. Impressive results have been achieved
using both approaches.

Researchers using the Joint European Torus (JET),5,6 a magnetic
confinement fusion (MCF) device, have demonstrated the confinement
of a fusion plasma for around 5 s while producing 59MJ of fusion
energy (Q ¼ fusion energy generated/input energy¼ 0.33). JET’s suc-
cessor, the International Experimental Reactor (ITER),7 is currently
under construction with the aim of surpassing break even and produc-
ing 10 times the energy required to heat the plasma (Q� 10).

For inertial confinement fusion (ICF), recent gains of 1.5
(Q¼ 1.5) have been reported at the National Ignition Facility (NIF).8

This is a significant improvement on their previous record of 0.7

achieved in August 20219–11 and marks a major milestone in the pro-
gress of ICF. The indirect drive approach adopted at the NIF is suitable
for achieving their goal of generating a burning plasma.12

However, more work is required before inertial fusion energy
(IFE) can be considered for commercial use. In particular, this requires
the development of robust target designs13 with significantly larger
gains approaching Q¼ 100. Direct drive ICF offers significantly better
hydrodynamic efficiencies and is widely considered to be one of the
most promising routes to achieving high-gain ICF implosions. This is
largely a result of pioneering work by researchers at the Laboratory for
Laser Energetics, University of Rochester, over many decades. The
downside, however, is reduced hydrodynamic stability during the
implosion.14 In indirect drive, soft x rays capable of penetrating deeper
into the capsule are used to ablate a significant fraction of the capsule’s
outer layer, thereby mitigating the growth of the Rayleigh–Taylor
instability. For direct drive implosions, the use of UV (351nm) laser
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pulses results in a smaller ablation of the outer surface layer of the cap-
sule. This reduced ablation stabilization leads to larger hydrodynamic
instability growth and reduced performance.

In 2021, Paddock et al.15 explored directly driven low conver-
gence ratio (low-CR) implosions in which hydrodynamic and para-
metric instabilities are minimized.16 They showed that gains of 0.75
(Q¼ 0.75) might be possible using third harmonic light of Nd:glass
laser facilities (351 nm) at NIF-scale energies (1.7MJ). Since then, fur-
ther work has shown that this gain can be dramatically increased by
using deeper UV laser light, for example, 193 nm from ArF excimer
lasers or 210nm fifth harmonic from Nd:glass, and auxiliary heating
schemes.17–21 Here, auxiliary heating refers to a method of depositing
additional thermal energy in the hotspot of the compressed fuel before
maximum compression. Individually, the impact of both ArF laser
pulses and auxiliary heating schemes has been simulated,20 reporting
gains of around 15–17 for a total input of�2MJ of energy. They dem-
onstrate that a few kJs of deposited auxiliary heating energy can bring
implosions at current facility energy scales (780 kJ, 1.7MJ) to ignition.
By augmenting the gain of robust, low-CR implosions, consistent
high-gain implosions can be achieved.

The proposed auxiliary heating scheme is the passing of relativis-
tic electron beams through the central hotspot. It has long been known
that electron beams drifting through plasma are able to collectively
drive unstable Langmuir waves and collisionlessly exchange energy
with plasma electrons.22–24 Significant theoretical25,26 and computa-
tional27,28 work has been conducted to study this process due to its
wide-ranging applications.29–32 In the 1970s, models of electron trap-
ping were developed which predict the energy contained in the electric
field of the Langmuir waves at the point of saturation.26,27,33 More
recently, work produced by Ratan et al.21 uses relativistic multifluid
theory to calculate the initial linear growth rate of the Langmuir waves
in the case of electron beams crossed anti-parallel and orthogonally in
the case of NIF-relevant implosion hotspots (temperatures of 4 keV
and densities of 1026 cm3).

Low-CR implosions are well suited to a heating scheme involving
relativistic electron beams, as the larger hotspot associated with these
implosions provides a large spatial cross section in which to overlap
the beams. In addition, these electron beams are generated using high-
intensity, short-pulse lasers incident on the critical density surface of
the pre-compressed plasma.34,35 This method of driving relativistic
electron beams of sufficient total energy is similar to that seen in fast
ignition ICF.36,37 However, due to the lower densities and higher tem-
peratures encountered in the hotspot of isobaric implosions, such as
those discussed here, the collisional frequency is reduced and collision-
less heating is the dominant energy exchange mechanism (in contrast
to collisional stopping of fast electrons associated with isochoric
implosions for fast ignition).

To make this heating mechanism as attractive as possible, it is
crucial to maximize the efficiency of the energy transfer from beam to
background electrons in the hotspot. This paper presents possible
methods of maximizing this efficiency and is organized as follows.
First, the collisionless heating of plasma electrons by anti-parallel rela-
tivistic electron beams is presented. Then, models of electron trapping
are introduced and the predictions compared to one-dimensional
(1D) Vlasov–Maxwell simulations. Three-pulse sequences of electron
beams are then assessed over a range of beam temperatures and densi-
ties. Two-dimensional and collisional simulations are then presented.

Finally, the possibility of a fully robust high-gain target design, the
optimization of electron beam generation, and the applicability of aux-
iliary heating to indirect and direct drive ICF tests are discussed. The
simulation results presented in this article required the use of over 1.67
� 106 processor hours, only made possible thanks to the ARCHER2
UK national supercomputing service, which came online at the end of
2021.38

II. HEATING MECHANISM

To analyze the heating mechanism, a collisionless, 1D1P (one
spatial and one momentum dimension) Vlasov–Maxwell simulation
using the VALIS39–41 code was performed. In this simulation, a back-
ground plasma consisting of protons and electrons at 4 keV with elec-
tron density ne ¼ 0:98 n0, where n0 is the total electron (and proton)
density, was penetrated by two anti-parallel relativistic electron beams.
The electron beams had mean kinetic energy, temperature, and density
1MeV, 40 keV, and nb ¼ 0:01 n0, respectively. Figure 1 shows how
the energy of the system normalized to the initial kinetic energy of the
electron beams developed in time with the key stages of interest
labeled. Initially, the electron beams appear as bumps on the tail of the
electron distribution function (shown in Fig. 2 at xpt ¼ 0) and colli-
sionlessly drive unstable Langmuir waves in the plasma electrons. This
is observed between 200x�1p –300x�1p as beam electrons lose kinetic
energy in the exponential growth of Langmuir waves. The energy con-
tained in these Langmuir waves appears as both electric field energy
and the kinetic energy of plasma electrons, leading to the first stage of
plasma heating. At 300x�1p , this interaction is saturated and the
energy of each component undergoes damped oscillations at the trap-
ping frequency of electrons in the potential well of the dominant
Langmuir wave. A secondary heating stage is then observed in which
no additional energy is extracted from the electron beam. This heating
is due to the release of electric field energy almost entirely into the
plasma electron species. In this simulation, the interaction ends at
approximately t ¼ 800x�1p . For a low-CR hotspot with typical densi-
ties of 1025 cm�3 (q ¼ 16:7 g/cm3, M¼mp), the plasma frequency is
xp ¼ 1:8� 1017 rad/s. This energy exchange therefore takes place
over femtosecond timescales. Over the next few picoseconds, collisions
will cause the temperature of plasma electrons and protons to equalize.

FIG. 1. The kinetic energy of the electron beams (black), kinetic energy of the
plasma electrons (dark gray, dashed), and electric field energy (light gray, dash-dot-
ted), all normalized to the initial kinetic energy of the electron beams (DE=E Initial

Beam).
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In ICF, the increased temperature of hotspot ions will lead to increased
neutron yield.

Studies reported in Refs. 24 and 26–28 have shown that the trap-
ping of beam electrons in the high-intensity Langmuir waves can lead
to the saturation of the bump-on-tail instability. This simulation con-
firms that this is the case for ICF hotspot relevant plasma. Trapping
occurs when there is a single dominant Langmuir wave resulting in an
almost sinusoidal electric field. In the reference frame of the dominant
Langmuir wave, beam electrons travel with a lower velocity. As the
amplitude of the electrostatic potential grows exponentially in time,
the kinetic energy of the electrons becomes insufficient to overcome
the potential barrier. At this point, electrons become trapped and
begin to oscillate in the potential, appearing as oscillations in velocity
space and rotation in (x, p) phase space. To first confirm that trapping
is the dominant saturation mechanism, snapshots of (x, p) phase space
are taken at progressive times. As predicted, at the time of saturation
(t ¼ 300x�1p ), clear vortices are observed. Beyond this, the beams are
smeared in velocity space and appear as plateaus in the electron veloc-
ity distribution. This distribution function is purely decreasing, stable,
and the bump-on-tail instability is saturated. Figure 2 shows the total
electron and plasma electron velocity distribution functions, and Fig. 3
shows the (x, p) phase space of beam electrons at 0x�1p ; 300x�1p ;
700x�1p , and 1000 x�1p .

The secondary stage of heating coincides with the relaxation of
the energy stored in the electric field (Fig. 1). This relaxation is due to
the Langmuir wave modulational instability (LWMI)42–45—similar to
the oscillating two-stream instability for electromagnetic pump
beams—which is triggered by the presence of a strong electric field
with a frequency close to the plasma frequency. The LWMI excites
zero-frequency ion density perturbations and daughter Langmuir
waves of higher wavenumber (see Fig. 4). The higher wavenumber
Langmuir waves correspondingly have lower phase velocities
(p�mec) than the dominant Langmuir mode (p ’ 2:2mec) and are
efficiently Landau damped by thermal plasma electrons. This damping
heats up the plasma electrons and results in the formation of supra-
thermal tails as seen in Fig. 2. By the end of the simulation, almost all

of the energy in the electric field has been transferred to the plasma
electrons and the secondary stage of heating has been completed.

III. ELECTRON TRAPPING THEORY

Both stages of heating of plasma electrons depend on the electric
field energy at saturation. This value normalized to the initial total
energy of the electron beams is denoted W (or W1 if considering the
maxima of subsequent oscillations). Models of electron trapping in the
relativistic regime show that the dynamics of the interaction are
dependent on a single parameter, S ¼ b2

0c0ð nb2n0
Þ
1
3, where b0 ¼ vb=c

and c0 ¼ ð1� b2
0Þ
�1

2 are the usual relativistic quantities of the beam
electrons.27,45

Quasi-linear analysis by Fainberg et al.46 assumes a broad wave
spectrum in k-space and shows that the saturation amplitude is given
by

W ¼ 0:158S: (1)

FIG. 2. Total electron distribution function (black) and the plasma electron distribu-
tion function (gray, dashed) at 0x�1p ; 300x�1p ; 500x�1p , and 1000x�1p . Clear
steps are generated in the plasma electron distribution function during the second
stage of heating (500x�1p –1000x�1p ) due to the Landau damping of daughter
Langmuir waves at decreasing phase velocities.

FIG. 4. Spatial Fourier transform showing the generation of daughter Langmuir
(blue) and ion acoustic (orange) waves. These waves have lower phase velocities
than the dominant Langmuir wave and are efficiently Landau damped.

FIG. 3. (x, p) phase space of electron beams at 0x�1p ; 300x�1p ; 500x�1p , and
1000x�1p . Vortices are formed at 300x�1p due to trapping of beam electrons in the
dominant Langmuir wave.
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A similar expression is obtained by Kovtun and Rukhadze47 who
assume a narrow wave spectrum and approximate this by a single,
large-amplitude wave.

For cold (beam temperature¼Tb¼ 0), relativistic electron beams,
a semi-quantitative model developed by Thode and Sudan33,45,48 pre-
dicts that the saturation amplitude of the electric field energy is given by

2W ¼ Sð1þ SÞ�
5
2: (2)

This model also uses the single-wave approximation and relaxes the
assumption that beam electrons rigidly rotate in (x, p) phase space. Due
to the exponential increase in the wave amplitude, the majority of the
energy extracted from the beam occurs in the last few e-folds. Therefore,
it is assumed that the amplitude reaches its saturation value suddenly.
This model takes into account the change in energy of the electron beam
due to smearing in momentum space, whereas the rigid rotator model
only accounts for the energy change associated with the shift in mean
drift energy. Since the change in energy due to smearing in momentum
space only becomes appreciable for values of S� 1, this model may not
accurately predict the coupling efficiency for lower values of S.

These models also predict that, during the first heating stage,
approximately half of the energy extracted from the beam is absorbed
in the oscillatory motion of the plasma electrons, and the other half in
the form of the electric field energy of the wave. This is supported by
simulation results and can be observed in Fig. 1. Together with the
assumption that, during the second stage of heating, all electric field
energy is released entirely into the plasma electrons, the total heating
of plasma electrons can be estimated by 2W. Equation (1) can then be
used to predict the coupling efficiency of the interaction in the low S
regime, and Eq. (2) can be used for larger values. A maximum cou-
pling efficiency of 2Wmax ¼ 0:186 (18.6% coupling efficiency) can
then be obtained from Eq. (2) when Smax ¼ 2=3.

IV. SIMULATION RESULTS
A. 1D parameter scans

To test the validity of the electron trapping models, a series of
VALIS simulations using a range of beam energies and densities are run.
Since S is only dependent on beam velocity (energy) and density, these
simulations verify the models’ predictive capabilities over both parame-
ters. A total of 25 simulations were run and are arranged into three sets.
The first set consists of 15 simulations in which the beam density is fixed
to nb ¼ 0:01n0 and the beam energy is varied from 0.15 to 8MeV. In
the second and third set, consisting of five simulations each, the beam
energy is fixed to 1 and 2MeV, respectively, and the beam density is var-
ied from nb ¼ 0:005 n0 to nb ¼ 0:04 n0. Combined, these simulations
cover values of S ranging from 0.09 to 2.83. Figure 5 plots the coupling
efficiencies found in these simulations against the curves predicted by
Eqs. (1) and (2). A table containing the temperature increase in the
plasma electrons along with some additional simulation input parame-
ters is added in the supplementary material to supplement this figure.

The simulations directly output the kinetic energy of each species,
so the total change in energy of the electron beams can then be found
by comparing the initial kinetic energy to the final kinetic energy
DE ¼ EInitial

k � Efinal
k . To directly compare the simulation results with

the theoretical models, this change in energy must be normalized to
the initial total energy of the electron beams. This is obtained by multi-
plying the kinetic energy coupling efficiency, ~W , directly obtained
from the simulation outputs, by a prefactor of ðc0 � 1Þ=c0.

2W ¼ c0 � 1
c0

2 ~W ¼ c0 � 1
c0

DE

EInitial
k

: (3)

It is worthwhile noting that, although run for over 2500x�1p , the
first two simulations of the energy parameter scan (0.15 and
0.25MeV) did not complete the second phase of heating. The decay of
electric field energy in these simulations is significantly lower than for
the higher S electron beams as the amplitude of the dominant
Langmuir wave is too low to effectively drive the Langmuir wave mod-
ulational instability. Regardless, the majority of heating still occurs in
these simulations and only about 10% of the total energy remains in
the form of electric field energy that has yet to decay.

The simulation results fit well with the quasi-linear model for
S � 0:5. For values of S above this, the approximations used in the
quasi-linear model break down and the coupling efficiency is better
described by Eq. (2). In the high-energy regime (S � 1:5), the coupling
efficiency deviates from the predicted values. This is due to additional
energy being extracted from the electron beams after the first oscilla-
tion. The electron trapping models predict the first minimum in beam
energy. As shown in Fig. 1, for a beam with strength S¼ 0.45, the first
minimum in beam energy is the global minimum and is approxi-
mately equal to the final coupling efficiency. For stronger beams, the
global minimum does not coincide with the first minimum. Instead,
additional energy is extracted from the beams during the oscillatory
period. The electric field energy of the consecutive minima, W1, W2,
W3, andW4, is given in Fig. 2(b) of Ref. 27. For S � 1, the global mini-
mum occurs at the fourth oscillation and has a similar trend to the
results shown in Fig. 5. For the purposes of auxiliary heating discussed
in this paper, the key finding of this parameter scan is that for S� 0:6,
the coupling efficiency plateaus to approximately 15%–20%.

B. Three-pulse simulations

There is no plasma temperature dependence in Eqs. (1) and (2).
This implies that a hotspot that has once been heated could be further
heated by applying additional electron beam pulses without decreasing

FIG. 5. Coupling efficiency of the beam–plasma interaction as a function of S for
three sets of simulations. Set 1 (0:01 np) has constant density, np ¼ 0:01 n0, and
varied energy, 0.15 MeV � E � 8MeV. Sets two (1 MeV) and three (2 MeV) have
constant energies of 1 and 2MeV, respectively, and the beam densities are varied
from 0:005 n0 to 0:04 n0. These values are compared to those predicted by electron
trapping theory given by Eq. (1) (dotted) and Eq. (2) (solid).
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the beam-plasma coupling efficiency. This would also imply that a
hotspot that has been pre-heated by fast electrons before a “main
pulse” would still be heated with significant coupling efficiencies.
During the process of generating a main electron beam pulse, it is
likely that some fast electrons would be generated beforehand. The
robustness of this heating scheme to hotspot pre-heating can be stud-
ied by considering a sequence of electron beam pulses. This multi-
beam approach is simulated using a sequence of VALIS simulations.
The plasma temperature after heating in a first simulation is recorded
and used as an initial condition for a subsequent simulation in which a
second electron beam is applied. This is repeated for a total of three
electron beam pulses for a variety of electron beam densities and tem-
peratures ranging from 0 < nb=n0 < 0:04 and 20 keV <Tb < 170
keV, respectively. The energy of all beams used in these simulations is
1MeV. Figure 6(a) shows the three heating stages for electron beams
with temperature 50 keV. The final plasma temperature increases, and
the three-beam averaged coupling efficiency is displayed in Figs. 6(b)
and 6(c). For the two sparsest beams, with nb=n0 ¼ 0:005 and 0.01,
the heating is seen to be largely independent of the beam temperature,
maintaining an overall fractional temperature increase in around 3
and 5, respectively. For the higher density beams, it is apparent that
lower beam temperatures give rise to more significant heating. The
higher efficiencies reported for the more dense beams can be explained
using Eq. (2). It has been shown that the maximum value of W is given
for S¼ 2/3. For these 1MeV beams, nb=n0 ¼ 0:01 gives S¼ 0.45,
whereas nb=n0 ¼ 0:04 gives S¼ 0.71. It is clear from this that the opti-
mum value of S is approached for increasing densities, hence larger
predicted coupling efficiencies. However, for higher energy electron
beams, this is not the case. Instead, the lower density beams have larger
predicted coupling efficiencies. Therefore, these simulations indicate
that optimizing S by varying the energy of the electron beams while
remaining in the low-density regime (nb < 0:02 n0) will ensure
that there is little temperature dependence on the coupling efficiency.
It is worthwhile noting that Eq. (2) is restricted to the case where
nb=n0 � 1 and may not describe the higher density beams as accu-
rately. Figure 6(a) shows that the heating (and efficiency) becomes
somewhat diminished for the second and third pulses. Interestingly,
this efficiency decrease only occurs between the first and second pulses
as the second and third pulses have similar efficiency values.
Ultimately, the averaged three-pulse efficiency remains above
8% across the entire parameter scan.

C. 2D simulations

The simulations discussed previously were one-dimensional. To
confirm no higher dimensional effects limit the coupling efficiency, 2D
simulations were conducted. These simulations also allowed the angle
between the electron beams to be varied and thus the impact of this to
be investigated. The relativistic multifluid theory discussed in Ref. 21
predicts a higher linear growth rate of the dominant Langmuir wave
when the electron beams are crossed orthogonally. These simulations
are able to test whether this corresponds to an increased saturation elec-
tric field energy and, hence, coupling efficiency. Vlasov–Maxwell codes
are notoriously processor-intensive, so, due to the high cost of 2D simu-
lations, only the orthogonal beam case is simulated using VALIS. To
supplement this simulation, additional particle-in-cell simulations using
EPOCH49 are used to simulate both the anti-parallel and orthogonal
beam cases in 2D and are compared to the Vlasov simulation. In the 2D

orthogonal beam case, an additional drift is added to the plasma elec-
trons to ensure there is no net current. The results from these simula-
tions show close agreement and are depicted in Fig. 7. Although
numerical heating inherent to low-resolution simulations is present in

FIG. 6. (a) Temperature evolution of the plasma electrons normalized to the initial
temperature, T0 ¼ 4 keV, for a sequence of three electron beams with a tempera-
ture of 50 keV. (b) Final hotspot temperature of all three pulse simulations. There is
no temperature dependence for low-density beams (nb ¼ 0:005 n0; 0:01 n0). For
higher density beams, the coupling efficiency increases with decreasing beam tem-
peratures. (c) Averaged three-pulse coupling efficiency for all three pulse
simulations.
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the plasma electron species of the 2D VALIS simulation, the coupling
efficiencies calculated from the beam electron species are consistent
across all simulations. The only discrepancy between the 1D and 2D
simulations in both EPOCH and VALIS is the amplitude of the oscilla-
tions after saturation. These oscillations are significantly reduced in the
2D case due to the spread of electron trajectories transverse to the domi-
nant Langmuir wave. These results lead to the conclusion that 2D effects
do not limit the coupling efficiency of the interaction and that crossing
the beams orthogonally, instead of anti-parallel, has little impact. This
latter point is more significant than may be apparent when considering
the practical application of this heating mechanism. In the anti-parallel
case, electron beams will be driven into the optical devices used to gen-
erate the opposite electron beam and can lead to damage. In addition,
further physical benefits are noted when considering the filamentation
and hosing of these electron beams in the plasma.28,35,50

One additional 2D EPOCH simulation is run in which the elec-
tron beams are crossed at an angle of 5�. At such shallow angles, it is
possible that the two overlapping beams act similarly to a single beam
with double the density. In this case, it is hard to define the strength of
the electron beams. If the electron beams act independently, the
strength of the interaction is S¼ 0.45 with a predicted coupling

efficiency of 2W ¼ 0:14 (14%). If the electron beams can instead be
considered as a single beam of double density, the beam strength is
S¼ 0.56 giving 2W ¼ 0:18 (18%). This simulation gives insight into
how these beams interact. A coupling efficiency of 18.6% is measured
from this simulation. This implies that beams overlapping at narrow
angles do not act independently. Further simulations with varied beam
angles are required to fully understand the transition from indepen-
dent to interacting electron beams.

D. Collisional simulation

Finally, a 1D EPOCH simulation involving a collision operator is
used to confirm that collisions do not inhibit the generation of the pri-
mary Langmuir waves in fusion-relevant conditions. Collisions act as a
damping mechanism for plasma waves and may be strong enough to
stop the generation of the primary Langmuir waves from the bump-
on-tail instability. With a plasma density of 1025 cm�3 at 4 keV, the
plasma frequency is over a hundred times the electron collisional fre-
quency. It is therefore reasonable to assume that collisions will have lit-
tle impact on this collisionless exchange process. Simulation results
indeed corroborate this reasoning as the simulation was unaffected by

FIG. 7. 2D simulation results for electron beams with energy and density 1 MeV and nb=n0 ¼ 0:01. Results show no decreased coupling efficiency for electron beams crossed
anti-parallel or orthogonally.
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collisions. Provided collisions do not inhibit the collisionless energy
exchange, their presence may, instead, increase the coupling efficiency.
The small number of collisions that will occur allows for an additional
mechanism for beam electrons to deposit energy in the hotspot
plasma. This collisional energy exchange may be further enhanced
once the collisionless heating has saturated and lowered the mean
energy of the beam electrons. The lower energy beam electrons will be
more susceptible to collisions and may deposit additional energy
deeper into the hotspot (Refs. 51–53).

V. DISCUSSION
A. Robust heating scheme

The results from the one-dimensional simulations show signifi-
cant coupling efficiencies for a wide range of beam parameters. For
strong (S � 0:6), low-density (nb � 0:02 n0) electron beams, coupling
efficiencies of 15%–20% are achieved and can be expected to be largely
independent of beam temperature. These are promising results, as sig-
nificant heating occurs over a wide range of parameters that are exper-
imentally difficult to control, lessening the need for precise
manipulation of the implosion. The robustness of this heating scheme
lends itself nicely to augmenting low-CR implosions. Together, there
is potential for a fully robust, high-gain target design to be explored.

B. Optimizing electron beam generation

Due to the parallels with fast ignition, significant work has been
done to optimize the generation of the electron beams used in this
heating scheme. In particular, this involves depositing the laser energy
as close to the hotspot as possible. This can be achieved using the radi-
ation pressure of high-intensity lasers to push the critical density sur-
face of the plasma. This mechanism is referred to as hole boring.54,55

In these high laser intensity regimes, the penetration depth of the laser
pulse is further increased via relativistic induced transparency56 and
relativistic self-focusing.57 For more information on low-density chan-
nel formation, hole boring, self-focusing, and relativistic transparency,
see Ref. 57 and the references therein. It has been shown that highly
collimated hot electron pulses are generated along the laser axis during
this intense laser–plasma interaction.58 The three-pulse simulations
indicate that heating from electrons generated during the channeling
period will not significantly reduce the efficiency of the primary elec-
tron pulse.

Tonge et al.59 have simulated the interaction of intense
(I > 1019 W/cm2) laser pulses incident on a steep density gradient
overdense plasma. Such a density profile can be generated using the
previously mentioned mechanisms. Results show that approximately
80% of the absorbed laser energy is carried by electrons with energy
�3MeV, ideal for this heating scheme. Taking into account collisions
in the highly overdense plasma region surrounding the hotspot, lower
energy electrons, which are more susceptible to collisions, will be scat-
tered out of the fast electron spectrum. This results in a lower velocity
spread, high-energy “beam-like” distribution. Tonge et al. further
show that the total fraction of laser energy absorbed by the dense core
is around 15%. Another study60 has found a larger fraction of
absorbed energy above 50%. Using these efficiencies combined with a
17% coupling efficiency from fast electrons to plasma electrons, final
coupling efficiencies of 2.5% and 8.5% are obtained.

C. Applicability to indirect drive ICF tests

This heating mechanism can be utilized in both direct and indi-
rect drive ICF hotspot implosions. Simulations using Prism
Computational Sciences’ VISRAD thermal radiation code61 show that
modifying the hohlraum used in indirect drive experiments69,70 to
include holes in the side does not lead to significantly reduced irradi-
ance on the surface of the capsule and only marginally affects the sym-
metry of the implosion. This comparison can be made between Figs.
8 and 9. Figure 8 shows that the holes provided by this “rugby ball”-
shaped hohlraum allow for the auxiliary heating laser beams to irradi-
ate the plasma near these new petawatt laser entrance holes. At this

FIG. 8. (a) shows the hohlraum temperature at 0.5 ns for a “rugby ball”-shaped
hohlraum with petawatt laser entrance holes. All 192 NIF laser beams are used
(image only displays laser pulses entering the hohlraum through the bottom). The
entrance is outlined in white for clarity. (b) shows the temperature distribution on
the surface of the capsule.
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density, the Habara–Kodama–Tanaka whole-beam self-focusing
mechanism62 guides the petawatt pulses toward the compressed
core.55 This work provides a novel route to testing the physics of auxil-
iary heating on the largest scale (i.e., the National Ignition
Facility).63–66 In particular, the short-pulse NIF-ARC laser67,68 can be
utilized to generate the relativistic electron beams. Although the simu-
lation results reporting high gains in Ref. 20 are direct drive, the yield
amplification due to auxiliary heating can still be tested on indirect
drive facilities at reduced scale as simulated in Ref. 17. If the energy

supplied by the NIF-ARC laser were to be increased to 100 kJ, the total
output energy could be double the 1.3MJ result reported in August
2021.20 One notes that the combined direct-drive compression
(OMEGA 60) and petawatt (OMEGA EP) facility can also be utilized
for these purposes, along with the GEKKO XII and LFEX facilities at
Osaka University.62

VI. CONCLUSION

The collisionless heating of plasma electrons due to relativistic
electron beams has been described, and models of electron trapping
have been used to predict the fraction of energy extracted from the
electron beams. One-dimensional simulations show good agreement
with electron trapping theory and indicate coupling efficiencies of
�17% for strong (S � 0:6), low-density (nb � 0:02 n0) electron
beams. Two-dimensional and collisional simulations show this cou-
pling efficiency is not reduced by higher dimensional effects or the
damping associated with collisions. This auxiliary heating scheme can
be used on both direct and indirect drive laser facilities where the
increase in gain can be tested. There is potential for this heating
scheme to be used to augment low-convergence wetted foam implo-
sions to produce robust high-gain target designs for inertial fusion
energy applications (Refs. 69 and 70).

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the simulation codes
used and the data required to recreate the results. Tabulated values of
the results shown in Fig. 5 are also given.
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