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Following indirect-drive experiments which demonstrated promising performance for
low convergence ratios (below 17), previous direct-drive simulations identified a
fusion-relevant regime which is expected to be robust to hydrodynamic instability growth.
This paper expands these results with simulated implosions at lower energies of 100
and 270 kJ, and ‘hydrodynamic equivalent’ capsules which demonstrate comparable
convergence ratio, implosion velocity and in-flight aspect ratio without the need
for cryogenic cooling, which would allow the assumptions of one-dimensional-like
performance to be tested on current facilities. A range of techniques to improve
performance within this regime are then investigated, including the use of two-colour and
deep ultraviolet laser pulses. Finally, further simulations demonstrate that the deposition
of electron energy into the hotspot of a low convergence ratio implosion through auxiliary
heating also leads to significant increases in yield. Results include break even for 1.1 MJ
of total energy input (including an estimated 370 kJ of short-pulse laser energy to produce
electron beams for the auxiliary heating), but are found to be highly dependent upon the
efficiency with which electron beams can be created and transported to the hotspot to
drive the heating mechanism.
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1. Introduction

The convergence ratio (CR) of a capsule, a measure of its total compression, defined in
this paper by

CR = RI/RHS, (1.1)

where RI is the initial radius of the interior edge of the plastic capsule shell and RHS is the
hotspot radius at the time of maximum compression, is an important quantity in inertial
confinement fusion (ICF) research. Increasing CR (in the absence of instabilities) leads to
increased fusion yields, and as a result it is typical to aim for high CR values (the National
Ignition Campaign (NIC) at the National Ignition Facility (NIF) targeted CR values in
the range of 30 < CR < 40 (Lindl et al. 2014), while current NIF implosions target CR
values above 25 (Zylstra et al. 2021). However, implosions with high CR values are also
susceptible to increased hydrodynamic instability growth (Smalyuk et al. 2020). These
instabilities significantly degrade experimental performance, and overcoming them is one
of the key barriers to achieving ignition.

Reducing the CR is widely known to reduce instability growth (Haines et al. 2019),
and it has been observed numerous times that low-CR implosions demonstrate increased
agreement with hydrodynamic simulations (see Nishimura 2000; Meyerhofer et al. 2001;
Li et al. 2002; Lindl et al. 2004; Kato et al. 2008; Le Pape et al. 2014; Khan et al. 2016;
Haines et al. 2017). This was demonstrated recently at the NIF by Olson et al. (2016)
and Zylstra et al. (2018), where good agreement was observed between experiment and
simulation with indirectly driven low-CR wetted-foam capsules. The use of wetted-foam
layers is a significant advance, and allows unprecedented levels of control over CR by
controlling the initial temperature of the capsule (Walters et al. 2018).

Following these results, a one-dimensional (1-D) simulation campaign was conducted
by the authors of this paper (Paddock et al. 2021), which demonstrated that inertial fusion
energy (IFE) relevant gains could potentially be achieved using the direct drive approach
at low CR. In both that paper and this work gain is used as shorthand for ‘capsule gain’,
and is calculated as the produced neutron energy divided by the total input energy (in most
cases, the laser energy). As part of this work, a regime was defined based around limiting
CR, implosion velocity, in-flight aspect ratio (IFAR) and applied laser intensity. Instability
growth within this regime is expected to be low, and thus reasonable agreement between
simulation and experiment is predicted.

Section 2 describes progress to enable experimental verification of the previous work.
One aspect of this is the development of new implosions at 100 and 270 kJ of laser input
energy, extending the work in Paddock et al. (2021) to lower energies available currently
on both Laser Mégajoule (LMJ) and the NIF, and thus more suitable for experiments.
In addition, one of the key limitations discussed in Paddock et al. (2021) was that the
cryogenic temperatures required by the wetted-foam capsules are not currently compatible
with the direct-drive configuration proposed, due to the lack of cryogenic direct-drive
platforms at relevant facilities (Hohenberger et al. 2015). This is also addressed with
the development of new ‘hydrodynamic equivalent’ capsules, which allow the regime
described in Paddock et al. (2021) to be tested without the need for cryogenic cooling.
These capsules therefore present designs that could potentially be tested experimentally
on current facilities.

This work exists in the context of the recent result of a 1.3 MJ fusion yield at the NIF
(Bishop 2021). This is an important milestone towards addressing the ‘grand challenges’
of ignition and IFE (Nuckolls 2010) and a significant achievement, and suggests that break
even may be within reach in the near future. However, despite this success, there is still an
important and urgent need for techniques to reduce the energy required to achieve ignition.
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Tynan & Abdulla (2020) highlighted that the economics of a future low-carbon energy
system would likely require that IFE reactors are small (of the order of 100 MWe) in order
to be economically viable. This will likely necessitate smaller facilities and low drive
energies, highlighting the need for techniques to reduce the energy for ignition even in light
of this recent result. Consequently, §§ 3 and 4 of this paper identify potential techniques
that could hopefully soon be realised to enable increased fusion performance in the low
instability regime at lower energies.

Following results from Obenschain et al. (2020) highlighting the increase in IFE
performance that could be achieved by using argon fluoride (ArF) lasers, applied to shock
ignition ICF, § 3 investigates performance in the low-instability regime when using higher
frequency laser drivers. The optimisation process from Paddock et al. (2021) is repeated
at the 193 nm ArF wavelength, to ascertain the potential benefits of moving to such a
frequency (or similar high frequencies of Nd:glass lasers, such as the fifth harmonic
at 210 nm). A new two-colour implosion scheme is then presented. In this two-colour
approach, a series of initial pulses are applied by a conventional third-harmonic Nd:glass
laser, followed by a later high-power laser pulse from an ArF laser. Such a sequence
allows for thicker capsule shells and thus more fuel. This technique offers lower fusion
performance than a 193 nm implosion, but requires significantly lower ArF laser energies
(with the bulk of the laser energy being provided using conventional third-harmonic lasers
– a mature technology).

Finally, § 4 simulates the performance that may be possible when combining implosions
within this regime with auxiliary heating techniques. Electron energy is deposited into
the hotspot around the bang time of the implosion, simulating the effect of a heating
scheme proposed by Ratan et al. (2017) (following previous Vlasov–Maxwell simulations
performed by Norreys et al. 2021). Auxiliary heating schemes are an area of active research
and continue to develop (with, for example, recent demonstrations of channel formation
in plasmas confirming the feasibility of electron beam propagation through such a capsule
by Ceurvorst et al. 2016; Spiers et al. 2021), and could potentially play a key role in
developing IFE (Norreys 2021). The encouraging results discussed in § 4, along with
similar results previously shown for indirect-drive implosions by Norreys et al. (2021),
provide further evidence of the promise of such an approach.

1.1. Burning plasma parameter
Throughout this paper, the ‘burning plasma parameter’, Qtot

α , is used alongside gain as a
metric of capsule performance. A number of variations of this parameter exist, but the
version used in this work, the ‘total capsule burning plasma parameter’, is defined as

Qtot
α = 1

2
Eα

Etot
PdV

, (1.2)

where Eα is the alpha particle energy deposited back into the hotspot over the total
duration of the implosion, and Etot

PdV is the total work done on the capsule hotspot and
shell at the time of stagnation (maximum pressure) (Betti et al. 2015). The factor 1

2 is
used to approximate the absorbed alpha energy up to the bang time; it is assumed that
the thermonuclear burn is roughly symmetric in time around this point, and thus that the
alpha energy absorbed up to the bang time is roughly half of that absorbed over the whole
implosion, Eα. Therefore, Qtot

α compares the energy absorbed by the hotspot from alpha
particles generated in the fusion reactions (the alpha self-heating of the hotspot) up to the
bang time, with the external energy used to compress and heat the capsule.
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A value of Qtot
α > 1 therefore means that alpha heating is the dominant source of energy

and is used to define the ‘burning plasma’ regime – a key milestone on the path to IFE
(Christopherson et al. 2020). It is important to note that this quantity is distinct from the
‘hotspot burning plasma parameter’ Qhs

α , which replaces Etot
PdV instead with the total work

done on the hotspot only (i.e. neglecting work done on the shell), and is thus typically
twice as large (Betti et al. 2015). A rough estimate of the ignition threshold can also be
set as Qtot

α = 10, when the cumulative alpha heating at the bang time is ten times greater
than the work done on the hot spot and shell (Betti 2011). However, the exact meaning of
‘ignition’ is not widely agreed and this definition is not a commonly used one, so it is used
here only to give an estimate of progress rather than as a strict threshold.

The burning plasma parameter is a particularly useful metric for the auxiliary heating
simulations discussed in § 4. Whereas gain (which is a more conventional metric for IFE
applications) can change dramatically depending on the efficiency with which the heating
energy can be delivered (such as how efficiently electron beams can be produced), the
burning plasma parameter depends only on the energetics of the implosion itself. This
makes it far more robust for measuring capsule performance in cases such as this, where
these up-stream efficiencies are not known with high certainty.

2. Experiment-ready low-instability implosions
2.1. Reduced energy implosions

The lowest-energy capsule considered in Paddock et al. (2021) required a laser energy
of 0.8 MJ, which is towards the upper end of energies available on current facilities.
It is therefore desirable to reduce this energy. Doing so would make the capsule more
favourable for initial proof-of-concept experiments, avoiding some of the difficulties
associated with higher-energy experiments. It is also interesting to see how the
performance scales to smaller capsule radii.

As such, two lower-energy capsules were designed and simulated using HYADES,
following the process described in Paddock et al. (2021). For the first of these capsules, a
sub-300 kJ laser input energy was designed in order to be compatible with the current laser
energies available on LMJ (in order to produce a capsule that could be tested on either
that facility or the NIF). Because laser power is set by the capsule size and laser pulse
timings are varied in the optimisation, the laser energy is not finalised until the process is
complete. The resulting optimised implosions are described in table 1. A new high-energy
implosion at 2.8 MJ is also included, which was designed to add another data point in
the large gap between the 1.7 and 4.2 MJ implosions presented in Paddock et al. (2021).
In order to reduce the number of simulations required, the 1.7 MJ implosion was first
scaled to this energy using the hydrodynamic scaling relations t, R ∝ E1/3, where t and R,
are the implosion timings (including all laser timings) and capsule radii (including all
internal boundaries) respectively, and E is the laser energy (Nora et al. 2014). This scaled
capsule already had a good level of performance, and was then used as the starting point
for the optimisation procedure – significantly reducing the time and number of simulations
required to achieve the presented level of performance.

The conditions achieved in the shell and hotspot for the ‘270 kJ’ capsule can be seen in
figure 1, while the capsule structure and laser pulse sequence can be seen in figures 2 and 3,
respectively. As expected, the temperatures and areal densities achieved within the hotspot
and shell are considerably lower for the new low-energy wetted foam capsules than for the
previously presented implosions. In this paper, areal density is defined as the integral of
density against radius over the region of interest. This sums linearly, so that the combined
areal density of the shell and hotspot is the sum of the areal densities in these two regions
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Capsule label A B — C D —

Capsule name 100 kJ 270 kJ 270 kJ H.E. 0.8 MJ 1.7 MJ 2.8 MJ
Laser energy (kJ) 101 270 244 768 1710 2780
Gain 0.030 0.067 0.0094 0.19 0.75 6.1
Convergence ratio 15.7 15.7 16.0 16.0 15.8 16.0
IFAR 23.4 27.5 28.4 29.7 25.1 23.8
Implosion velocity (km s−1) 391.4 395.8 396.3 399.6 399.6 387.8
Max pulse power (TW) 43.26 84.79 84.79 173.00 292.38 389.36
Pulse 2 switch on time (ns) 1.10 2.20 2.70 2.60 3.60 4.20
Pulse 3 switch on time (ns) 3.00 4.60 4.90 5.60 7.80 8.80
Pulse 4 switch on time (ns) 3.60 5.50 5.80 6.80 9.50 10.90
Laser switch off time (ns) 5.80 8.50 8.50 11.00 15.00 17.65
Vapour/liquid boundary (mm) 0.6325 0.8950 0.9050 1.3050 1.6705 1.9275
Liquid/CD boundary (mm) 0.69625 0.976 0.980 1.3950 1.8200 2.1000
Outer radius (mm) 0.7125 0.9975 0.9975 1.4250 1.8525 2.1375
Vapour density (mg cm−3) 1.35 1.35 4.00 1.05 1.00 0.90

TABLE 1. Simulation parameters for the two new low-energy wetted-foam implosions, one new
hydrodynamic equivalent (H.E.) capsule and the new 2.8 MJ wetted-foam implosion. The 0.8
and 1.7 MJ capsules from Paddock (2021) are included for reference. The capsule labels A–D
refer to labels used in § 4. Gain is used here to refer to ‘capsule gain’, calculated as the neutron
energy emitted divided by the input laser energy.

individually. This is contrary to the definition used previously in Paddock et al. (2021),
where the areal density of the target was taken as a mass average over the region of interest
for the product of density and radius in each zone. The methodology used here produces a
reduced average value for the total capsule areal density than that used previously. On the
other hand, the areal density calculated for the hotspot (such as that seen in figure 5 of the
previous work) is similar for the two approaches. A second implosion at a further lower
energy, the ‘100 kJ’ implosion, was also designed and is included in table 1.

These designs provide implosions within the low-instability regime at more favourable
energy scales for experimental work, and at energies compatible with existing facilities.
However, because experiments using this approach are currently precluded by the lack of
suitable cryogenic platforms, room temperature ‘hydrodynamic equivalent’ capsules have
been developed.

2.2. Hydrodynamic equivalent capsules
The wetted-foam capsules presented in § 2.1 and in Paddock et al. (2021) consist of three
layers: a central void containing deuterium-tritium (DT) vapour, a deuterated plastic foam
wetted with liquid DT and a deuterated plastic shell. In order to enable implosions within
this low-instability regime at room temperatures, new ‘hydrodynamic equivalent’ capsules
replace the wetted-foam layer with a higher density non-wetted foam (containing no DT
in the foam layer). The structure of the 270 kJ wetted-foam capsule and its hydrodynamic
equivalent can be seen in figure 2 (while the laser pulse sequence for the two capsules is
displayed in figure 3). In the original capsule, the wetted-foam layer consisted of a low
density foam (∼25 mg cm−3) saturated with liquid DT, giving an overall layer density of
0.253 g cm−3. In the new capsule this layer is replaced with a higher density 0.253 g cm−3

foam, without any DT, to leave the overall layer density unchanged. Other than the density
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FIGURE 1. Areal density and ion temperature within the hotspot (a) and shell (b) for a
wetted-foam 270 kJ implosion in the low-instability regime, produced following the optimisation
process described in Paddock et al. (2021). The dashed black line represents the bang time (time
of maximum neutron generation).

(b)(a)

FIGURE 2. The structure of the 270 kJ wetted-foam capsule (a) and the 270 kJ hydrodynamic
equivalent capsule (b). The hydrodynamic equivalent capsule uses a higher density foam than
the original capsule, so that the density of the layer remains the same even though there is no
longer any DT present. The dimensions of the layers (and the vapour density) have also been
adjusted to re-optimise the capsule.

and presence/absence of DT, the foam used in the two capsules is equivalent. The 270 kJ
hydrodynamic capsule of table 1, along with hydrodynamic equivalent versions of the
0.8 and 1.7 MJ capsules of Paddock et al. (2021), were simulated using the 1-D radiation
hydrodynamics code HYADES (Larsen & Lane 1994).
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FIGURE 3. Temporal laser profile for the 270 kJ wetted-foam (solid blue line) and
hydrodynamic equivalent (dashed orange line) implosions. The same pulse powers are used in
both (0.245, 1.715, 12.01 and 84.79 TW), but the optimisation process results in these pulses
being applied at different times.

The details of the 270 kJ hydrodynamic equivalent capsule are included in table 1.
Replacing the wetted-foam layer has a significant impact on the fusion yield, as a large
proportion of the DT fuel has been removed from the capsule. However, the hydrodynamic
behaviour of the capsule is relatively similar, as the layer densities have remained constant.
After some re-optimising of the thicknesses of the different layers (while keeping the
overall capsule radius constant), the laser timings and the vapour density (as in the
optimisation presented in Paddock et al. 2021) were obtained and similar values for
CR, implosion velocity and IFAR to the original wetted-foam implosion were found.
These hydrodynamic equivalent implosions therefore also satisfy the four criteria for
low-instability growth identified in Paddock et al. (2021), and thus 1-D-like performance
is again expected.

The hydrodynamic equivalent capsules therefore provide a potential route towards
experimental verification of this low-instability regime. As they do not require cryogenic
cooling, they can be tested on current experimental facilities (in a polar direct-drive
configuration (Skupsky et al. 2004)). The experimental performance can then be compared
with the simulated results, and the level of agreement between experiment and simulation
in this regime quantified. If this agreement is high (the assumption upon which the work
in Paddock et al. (2021) was based), then this likely means that the criteria used for CR,
implosion velocity, IFAR and laser intensity are sufficient to ensure low-instability growth,
and thus that the higher gain results presented in Paddock et al. (2021) are also likely
accurate.

These capsules can also be adjusted for compatibility with additional requirements that
experimental facilities may have. For instance, it is possible to adapt the capsule to operate
using pure deuterium vapour in the place of pure DT (which has been required on recent
LMJ experiments). For the 270 kJ hydrodynamic equivalent capsule, substituting the DT
vapour for deuterium requires no further changes to the capsule than re-optimising the
vapour density until equivalent performance was obtained (found to be at 3.45 mg cm−3).
While the gain is significantly reduced (to 6.9 × 10−5), the key quantities of CR (15.9),
IFAR (28.2) and implosion velocity (399.9 km s−1) are largely similar. This highlights
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the flexibility of this new technique, and further demonstrates how the use of such
hydrodynamic equivalent capsules can allow experiments to verify the low-instability
regime identified in Paddock et al. (2021) under a wider range of experimental constraints.

3. High frequency and two-colour implosions
3.1. High frequency (193 nm) implosions

Performing implosions at higher laser frequencies offers a range of potential advantages.
Firstly, higher frequency lasers have an increased energy coupling with the plasma,
resulting in higher ablation pressures for the same laser intensity, I. The higher frequency
laser has a higher critical density and thus propagates further into the plasma, resulting
in more laser absorption and a higher density blow-off (Obenschain et al. 2020).
Furthermore, the lower wavelength permits higher laser intensities before the onset of
parametric instabilities (Montgomery 2016), enabling higher laser powers to be used for
equivalent instability growth.

Recent simulation work by Obenschain et al. (2020) demonstrated that significant gains
can be achieved at low laser energy using wavelength λ = 193 nm ArF laser drivers
when applied to shock ignition, leading the authors to highlight the potential role of
such lasers for IFE applications. In order to investigate these advantages further the
optimisation process performed in Paddock et al. (2021) was repeated, but the laser
wavelength specified in the simulation was set to 193 nm rather than the third-harmonic
wavelength previously used. The power of the applied laser pulse sequence was scaled with
the inverse of wavelength squared, in order to maintain a constant Iλ2 for the implosion as
in Paddock et al. (2021). The intensity for this purpose was calculated using the maximum
laser power and the initial capsule radius.

Other than this change to maximum intensity, and the change to the laser frequency
(which in HYADES requires only a change of the wavelength parameter in the input deck),
the nature of the implosion is unchanged from those described in § 2.1 and Paddock (2021).
The wetted-foam capsule consists of the same structure and composition, and a four-pulse
laser sequence is still used. The same parameters (internal capsule layer thicknesses, laser
pulse timings and DT vapour pressure) are again optimised, following the exact procedure
described in the previous work. This is one of the advantages of this optimisation campaign
– it is easily repeated to investigate similar implosions in a different region of parameter
space (in this case, using the higher frequency). The four criteria used in Paddock et
al. (2021) to satisfy the low instability regime were again satisfied, again suggesting
that instability growth should be minimal and the 1-D simulated results should provide
a reasonable estimate of performance. These results obviously are directly relevant for
potential future ArF facilities, but similar performance would be expected for similar high
frequencies (such as fifth harmonic Nd:glass lasers).

For a given capsule radius, using a higher frequency laser resulted in a larger implosion
energy. The higher power and increased coupling would lead to a larger implosion velocity
for a given shell thickness, but in this work the implosion velocity is limited to 400 km s−1.
As such, changes to the capsule/implosions (such as increasing the thickness of the shell)
must be made to keep the implosion velocity below this value. This results in an implosion
with higher power applied over a similar implosion time (since the implosion velocity has
remained constant), resulting in a larger total energy. Of course, this also corresponds to
a significantly higher yield/gain. The parameters used to achieve the best results for three
different capsule sizes are given in table 2. The larger shell is reflected in the low IFAR
values for these implosions. The performance of these capsules will be discussed in § 3.3.
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Implosion Type ArF Two-colour

Total laser energy (MJ) 1.59 1.91 4.55 1.69 2.10 3.12 4.27
Third-harmonic energy (MJ) — — — 0.92 1.82 2.75 3.96
ArF energy (MJ) 1.59 1.91 4.55 0.77 0.28 0.37 0.32
Gain 10.9 17.3 34.5 4.0 15.5 20.4 30.5
Convergence ratio 16.0 15.9 14.0 16.0 16.0 16.0 16.0
IFAR 11.3 10.5 8.5 16.1 20.4 23.8 23.4
Implosion velocity (km s−1) 390.7 398.9 360 391.1 399.9 396.4 391.6
Max third-harmonic power (TW) — — — 173 292 389 500
Max ArF laser power (TW) 464 572 967 274 463 617 792
Pulse 2 switch on time (ns) 3.90 3.50 2.50 1.95 3.00 2.70 3.50
Pulse 3 switch on time (ns) 7.10 7.50 8.90 4.35 7.80 7.20 9.10
Pulse 4 switch on time (ns) 8.85 9.25 10.80 8.05 9.40 9.10 11.10
2nd laser switch on time (ns) — — — 10.00 14.70 15.20 18.20
Laser switch off time (ns) 11.95 12.25 15.10 12.80 15.30 15.80 18.60
Vapour/ice boundary (mm) 1.072 1.210 1.435 1.230 1.645 1.933 2.210
Ice/CD boundary (mm) 1.200 1.340 1.780 1.360 1.818 2.100 2.374
Outer radius (mm) 1.2800 1.425 1.8525 1.425 1.8525 2.1375 2.4225
Vapour density (mg cm−3) 1.00 1.03 0.60 1.02 1.05 1.00 1.01

TABLE 2. Simulation parameters for the two-colour and high frequency implosions.

3.2. Two-colour implosions
ArF laser technology is significantly less developed than Nd:glass, and the high laser
energies presented in § 3.1 would therefore be very challenging to achieve in practice.
As such, an alternate scheme is proposed where ArF lasers are used to supplement a
third-harmonic driven implosion. While the ArF laser energy requirements of such a
scheme are still large compared with the current standard, they are a significant reduction
compared with the energies discussed in § 3.1. This technique will be referred to as
‘two colour’, in reference to the two frequencies involved. A four-pulse third-harmonic
sequence (with a time profile of the form seen in figure 3) is first applied to a capsule.
Then at a late stage in the implosion, a high-power pulse of shorter duration is applied.
While the four-pulse sequence is already at the Iλ2 threshold, using a lower wavelength
for the late pulse enables a further increase in power. The use of multiple frequencies
has been demonstrated to reduce parametric instability growth (Follett et al. 2018), and
thus the Iλ2 condition is applied here separately for the two laser colours, given the
large difference in frequency between them. The other criteria from Paddock et al. (2021)
continue to be applied, meaning (amongst other conditions) that the implosion velocity is
at no point allowed to increase past 400 km s−1. Heavier shells are therefore used which are
accelerated to lower initial velocities, with the ArF pulse then further accelerating them
closer to the 400 km s−1 limit. An example laser profile can be seen in figure 4.

Applying two laser colours in this way has a variety of advantages. The bulk of the
laser energy is delivered by a third-harmonic Nd:glass laser system – a mature technology
that can already produce the energies required. The benefits of higher frequency lasers
(particularly the ability to use higher intensities while continuing to minimise parametric
instability growth) can be captured, but for significantly lower required amounts of laser
energy. Finally, the two-laser concept makes it a natural fit for the ‘zoomed focus’
technique (Kehne et al. 2013; Eimerl et al. 2014). In a standard implosion the laser
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FIGURE 4. Temporal laser profile for the 1.69 MJ two-colour implosion. A four-pulse
third-harmonic pulse sequence is applied, with a final high-power ArF frequency pulse applied
late in the implosion. These two frequencies are applied concurrently, until they are both switched
off at the same time.

is focused on the initial capsule radius, resulting in increased losses as the capsule
radius decreases throughout the experiment. The concept of the zoomed focus has been
demonstrated experimentally on the Nike laser, where the focus of the laser was changed
to a smaller radius part way through the implosion to reduce these losses (Kehne et al.
2013). The two-colour approach suggested here is a natural fit for such an approach, as the
second (high frequency) laser pulse (which is applied late in the implosion to an already
compressed capsule) could be focused at a smaller capsule radius than the original laser
pulse. This would capture the benefits of the zoomed focus technique, without needing
to change the focus of any given laser beam during the pulse. These losses (and thus the
benefit of the zoomed focus technique) are not observed in the 1-D HYADES simulations,
however, as the laser beams remain perfectly focused on the centre of the capsule for all
radii.

The structure and composition of the capsule and the nature of the four-pulse
third-harmonic pulse sequence are again unchanged from Paddock et al. (2021). The
addition of an extra laser pulse (at the higher frequency and higher intensity) adds
an additional optimisation parameter, in the time that the new pulse is applied. The
optimisation procedure (and criteria to be satisfied) are again unchanged, allowing the
effect of the two-colour implosion to be investigated with minimal additional work.

Table 2 shows the best achieved results within this regime for three different capsule
sizes. The larger laser powers again lead to thicker shells (i.e. thicker foam and ablator
regions), which in turn lead to lower IFAR values. This makes the capsule more robust
against Rayleigh-Taylor (RT) instability growth. However, it is worth noting the difficulty
in applying conventional RT growth rate equations to two-colour implosions. IFAR is
a continually evolving variable, but by convention the single IFAR value quoted is that
calculated when the capsule shell is at two thirds of the initial capsule radius. The RT
growth rate equations in Paddock et al. (2021) make some basic assumptions about the
form of the implosion, and can thus use this single IFAR value to estimate instability
growth. However, the time at which this value is recorded is before the second laser is
applied, and so the effect of this high-power pulse is not included in this value. Such pulses
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FIGURE 5. Gain for the third-harmonic (blue squares), two-colour (orange triangles) and ArF
implosions (purple pluses) against total laser energy (including both third-harmonic and ArF
lasers in the case of the two-colour results).

are a significant deviation from the assumptions the RT growth equations make on how the
implosion will develop, and it is thus not guaranteed that the IFAR values described here
can be used with such equations. Given that (a) these IFAR values are low even compared
with our restrictive upper limit of 30; (b) additional measures have been taken to minimise
instability growth; and (c) the additional pulse is applied late in the implosion (so any
higher growth rate will have a much reduced time over which it is applied), it is expected
that these implosions will still have low-instability growth. However, this highlights the
need for further study of such implosions, particularly simulations in higher dimensions
where RT growth can be measured.

3.3. Discussion
The gains of the third harmonic, ArF and two-colour implosions have been calculated,
and are displayed in figure 5. For a given laser energy the ArF implosions offer the
highest gains, with a substantial increase over the third-harmonic implosions. A gain
of 11 is achieved for around 1.6 MJ of total energy, an order of magnitude higher than
predicted for third-harmonic light. The two-colour implosions offer a reduced, but still
substantial, improvement compared with operating at the third harmonic. This approach
shows a gain of 4 for 1.7 MJ of total energy, around half that of the ArF result, but still
five times greater than the third-harmonic implosion (and significantly above breakeven
for under 2 MJ). As can be seen in table 2, the two-colour implosions have significantly
lower ArF energies than the single-colour ArF implosions. Increasing the energy to 2.1 MJ
sees the the gain of the two-colour implosions increase to 15.5, while requiring less
than 300 kJ of ArF energy. This approach therefore offers a way to benefit from the
increased performance available with ArF, but using far more modest high frequency
laser energies (although such an approach would require a facility supporting two laser
systems).

There is an additional expected benefit associated with operating the second laser
with a smaller focal spot. While this could not be simulated here, it could result in
the two-colour performance being closer to that of the ArF implosions. It can be seen
that there is significant variation in the proportion of energy provided by the ArF pulse,
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highlighting that further increased performance may still be possible in this regime (this
is a reflection of the increased number of variables to optimise over, making a more
thorough optimisation difficult to achieve). These results are intended simply as a first
estimate of the level of performance available using this approach, but the increase in
gain from the previous third-harmonic simulations demonstrates clearly the potential of
this technique. Considering also the single-colour ArF implosions, these results provide
significant support for the claims made in previous works about the benefits that operating
at higher frequencies could offer IFE research.

The burning plasma parameter Qtot
α has also been calculated for each of these implosions.

Some approximations were required for the variables in (1.2), to reduce dependence on
hotspot tracking (as the definition of hotspot used, given in Paddock et al. (2021), showed
some variation throughout the latter stages of the implosion). The total work done on
the capsule, Etot

PdV, was taken as the sum of kinetic and thermal energy within the hotspot
and shell. This energy was measured at the point when the thermal and kinetic energy
of the capsule are equal (during the deceleration of the shell, as the hotspot temperature
begins to rise). This gave a robust measurement of the total energy before fusion begins
to occur, at a time when the total energy is relatively constant (this behaviour is visible
in figure 8 in § 4.1, which discusses the energetics of these implosions around the bang
time in more detail). In addition, the deposited alpha energy over the full capsule (rather
than just the hotspot) was used as an estimate of Eα. It is expected that this absorption is
dominated by the hotspot (Christopherson et al. 2018), and thus that this is a reasonable
approximation.

It is clear from figure 6 that all of the two-colour and ArF implosions simulated
are well above the burning plasma threshold, and all but one (the lowest-energy
two-colour implosion) are above the Qtot

α > 10 approximate ignition threshold. Using this
threshold suggests that ignition occurs in this regime for significantly below 2 MJ for
the ArF implosions, at around 2 MJ for two-colour implosions and at around 3 MJ for
third-harmonic implosions. It is also clear that the 1.7 MJ third-harmonic implosion from
Paddock et al. (2021) is above the burning plasma threshold, again confirming the promise
of this result. The prospect of ignition at sub-2 MJ energies again highlights the potential
of higher frequency IFE research.

4. Auxiliary heating

In Paddock et al. (2021), it was noted that the areal density of the hotspot achieved
by the 0.8 MJ capsule exceeded 0.3 g cm−2, which is considered sufficient for ignition
(Lindl 1995). However, the ion temperature of around 3.5 keV that accompanied this
was too low for ignition to occur (Cheng et al. 2021). It was suggested that such
implosions would therefore be promising candidates for auxiliary heating schemes, where
additional mechanisms are used to increase the temperature around the time of maximum
compression. Such a scheme was described by Ratan et al. (2017), who proposed crossing
two relativistic electron beams inside the hotspot of an implosion. This method requires
a large hotspot, making it a natural fit with the low CR approach suggested here. This
approach is distinct from fast ignition due to the use of a conventional isobaric central
hotspot implosion before the addition of the electron energy, rather than an isochoric
implosion (Atzeni & Meyer-ter Vehn 2008). The fact that the energy is transferred at the
overlap of the two beams also means that the heating can be performed in the centre of
the capsule (unlike in fast ignition where the hotspot typically forms on one side of the
fuel, leading to greater energy losses). It could also be possible to use alternative methods,
such as shock ignition, to improve the performance of these low-instability implosions.
However, shock ignition requires much higher intensities to generate the large final shock,
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FIGURE 6. Approximate total capsule burning plasma parameter vs total laser energy for the
third-harmonic (blue squares), two-colour (orange triangles) and ArF implosions (purple pluses).
The lightly shaded region above Qtot

α = 1 represents the burning plasma regime, where the
energy deposited by the alpha particles up to the bang time exceeds the hydrodynamic assembly
energy of the capsule, while the darker shaded region indicates a rough threshold for ignition of
Qtot

α > 10.

and these would not be permitted under the Iλ2 restriction of the low-instability regime.
As such, this idea is not explored in this paper.

Simulating such a heating scheme is difficult, due to the nature of the simulation codes
available. In order to simulate a full ICF implosion, radiation hydrodynamic codes which
can simulate time scales over tens of nanoseconds are normally used. However, such codes
are incapable of simulating the mechanism for the auxiliary heating seen here due to
the disparate length and time scales involved (where overlapping electron beams drive
Langmuir waves in the plasma, and electron–ion collisions equilibrate this additional
energy into the ions over a time scale of a few picoseconds). In order to investigate
such a scheme, it is therefore necessary to use different types of simulation code to
calculate the heating process separately, and to somehow include these results into a
radiation hydrodynamic simulation to determine the effect it would have on the overall
implosion. Vlasov–Maxwell simulations performed by Ratan et al. (2017) investigated
the interaction between overlapping electron beams and a relevant plasma, demonstrating
that such a heating scheme does in fact drive an increase in electron temperature
(and subsequently ion temperature), with an estimated coupling efficiency between the
beam energy and the electrons in the background plasma of around 18 %. This was
simulated for a head-on interaction between the two beams, although it is expected that
alternative (such as orthogonal) configurations may increase this efficiency further.

This paper builds upon this work by performing 1-D radiation hydrodynamics
simulations in HYADES, to estimate the effect of such a scheme on a selection of capsules
from § 2.1 and Paddock et al. (2021). The heating mechanism was not simulated – rather,
electron energy was added artificially to the DT vapour regions at the centre of the capsule,
over a total period of 0.7 ps (constant heating for 0.5 ps, with a 0.1 ps linear ramp on either
side). This allows the effects of the auxiliary heating observed in the Vlasov–Maxwell
simulation to be roughly approximated in the hydrodynamic simulation, thus allowing
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the effect of such a scheme on the fusion performance of low-CR conventional hotspot
implosions to be roughly approximated.

The conversion efficiency between electron beams and hotspot estimated by the
Vlasov–Maxwell simulations suggests that the energy of the electron beams required to
cause such heating would need to be roughly five times greater than the deposited electron
energy in these simulations. It is notable that this value of 18 % is significantly greater
than typical hydrodynamic efficiencies for energy transfer between the laser input and the
hotspot (Campbell et al. 2017), which highlights how using auxiliary heating may offer
advantages over using lasers alone (although the efficiency of creating the electron beam
must also be considered). This is considered in § 4.4, where estimates are provided of the
energy required for such a heating scheme to be implemented, and thus the gain that would
be achieved.

The electron heating was simulated for four different implosions: the 100 and 270 kJ
targets discussed in § 2.1, and the 0.8 and 1.7 MJ capsules presented in Paddock et al.
(2021). Full descriptions of each implosion are given in table 1. For the purposes of clarity,
these capsules/implosions will be referred to as A–D, in order of increasing energy. The
applied laser energy in the simulations was not changed (i.e. simulations of capsule A
always used the laser settings described in § 2.1 and thus 100 kJ of applied ‘long-pulse’
laser energy, regardless of the electron energy deposited). The two lowest energy capsules
can also be compared with previous simulations of this approach for the NIF shot 160421
presented in Norreys et al. (2021). This implosion was a wetted-foam capsule with low
convergence ratio and a similar structure to the capsules simulated here, but was shot in
an indirect-drive configuration with a drive energy of ∼800 kJ. Indirectly driven capsules
typically have a coupling efficiency of approximately 1 % (Campbell et al. 2017), which
corresponds to approximately 8 kJ of energy being inserted into the hotspot. Direct-drive
implosions have higher efficiency, and typically lead to ∼5 times more energy being
deposited in the hotspot (Goncharov et al. 2016; Campbell et al. 2017). This suggests that
the indirect-drive capsule in Norreys (2021) would correspond to a direct-drive energy of
around 150 kJ, which fits between the two low-energy capsules considered in this work.

The ‘short-pulse’ laser energies required to produce the necessary electron beams for
the heating discussed in this section are significantly higher than those available at current
facilities. In fact, these energies are more comparable to estimates of the short-pulse energy
necessary for fast ignition schemes (Strozzi et al. 2012). However, recent developments
in the field of plasma beam combiners (Kirkwood et al. 2018a, 2018b) offer a potential
opportunity for significant increases in laser energies compared with current technologies.
Plasma beam combiners are plasma-based optical components which use nonlinear
scattering interactions between multiple input beams to produce a single laser output with
a much higher intensity than possible using conventional optics. This is an exciting area of
research, and one which creates a pathway for the laser energies described in this work to
be potentially realised in the near future (R.K. Kirkwood, personal communication 2021).
It is therefore hoped that, while the high short-pulse energies are currently a barrier to this
technique, developments in the field may soon address this concern.

4.1. Timing of electron deposition
Figure 7 displays the relative yield amplification caused by the deposition of 4 kJ of
electron energy in each of the four capsules, for a range of deposition times around
the bang times of the capsules without auxiliary heating. In this paper, relative yield
amplification is used to mean the fusion yield produced when auxiliary heating is applied
compared with the yield in the absence of auxiliary heating (rather than comparing the
yield when alpha self-heating is and is not included, as it is often used). It is clear that
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FIGURE 7. Relative yield amplification (compared with the capsules without auxiliary heating)
for capsules A (purple pluses), B (blue squares), C (orange upward triangles) and D (green
downward triangles) for 4 kJ of deposited electron energy. The electron energy deposition
occurred over 0.7 ps, and the time at which this began was varied relative to the bang time as
shown. The data for the 100 kJ capsule show significantly more variation than the others, likely
due to the lower yield of this implosion. The table indicates the laser energy, yield and gain for
each capsule in the absence of auxiliary heating.

there is an optimal window for heating to be applied for each capsule, and that this window
is earlier for larger capsule sizes. Additional simulations looking at yield amplification vs
deposition time for 20 kJ of deposited energy gave comparable optimal timings, suggesting
that these timings are independent of the amount of deposited energy.

Figure 8 shows the distribution of thermal, kinetic and total energy within capsule B
over this period, for both the capsule without auxiliary heating and for 20 kJ of deposited
electron energy. The total energy is initially flat (as expected), with the kinetic energy
being converted into thermal energy as the shell decelerates and the hotspot begins to heat
up. Shortly after this time the thermal energy and total energy begin to increase, as fusion
begins and energy feeds back into the system through alpha heating. The optimal time for
electron energy deposition (determined from figure 7) occurs just before the minimum in
kinetic energy (when the shell comes to a halt), and before significant fusion begins to
occur. This was found to be the case for each of the four capsules. This makes intuitive
sense as adding the energy to the hotspot before this point will make it harder to compress,
disrupting the implosion and reducing the density, while adding it later (once significant
amounts of fusion has occurred) means the deposited electron energy is lower relative to
the total energy of the system (and occurs once the burn has already started, so has less
of an effect). In the case when the electron energy is deposited, a sudden increase in the
thermal and total energies of 20 kJ is observed (corresponding to the injected energy). The
following increase in total energy due to alpha self-heating is then much more significant
than in the case without auxiliary heating, corresponding to an increased number of fusion
reactions.

4.2. Magnitude of deposited energy
Further simulations were then performed to investigate the effect of changing the amount
of deposited electron energy. The energy was deposited at the optimal time for each
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FIGURE 8. Combined total (black), thermal (blue) and kinetic (orange) energy for the shell
and hotspot for capsule B. The left plot shows this breakdown for the capsule without auxiliary
heating, while the right plot includes 20 kJ of deposited energy. The dashed lines represent the
bang time of the capsule without auxiliary heating (black), the bang time of the heated capsule
(red) and the optimal time for the deposition of electron energy (green).

capsule, as determined from figure 7. The results can be seen in figure 9. It is clear
that adding modest amounts of electron energy can significantly amplify the yield. The
relative amplification increases with decreasing capsule size (and thus laser compression
energy). This is as expected, as the deposited energy is greater relative to the hotspot
energy for smaller capsules (and the base yield is much lower). Even for capsule D
(the largest capsule), 10 kJ of deposited energy is sufficient to double the yield, while 60 kJ
of injected energy amplifies the yield by over 12 times. The results are particularly notable
for capsule A (the smallest capsule), where 10 kJ of deposited energy gives over 10 times
yield amplification, and 60 kJ amplifies yield by over 80 times. It is important to note that
these implosions occur within the regime identified in Paddock et al. (2021) and continue
to satisfy the four criteria outlined in that paper, meaning that they are still expected to
have low-instability growth and thus show reasonable agreement between simulation and
experiment.

4.3. Burning plasma parameter for heated capsules
Estimates of Qtot

α as a function of deposited energy for capsules A–D are displayed in
figure 10. In this case, the total work done on the capsule was recorded just after the
electron energy was added (slightly later than when the kinetic and thermal energies are
equal, the point for which the work done was measured in § 3.3). As seen in figure 8, this
remains a good estimate of the total energy of the capsule before significant alpha heating
occurs. However, measuring Etot

PdV in this way also ensures that the full deposited electron
energy is included in the estimate of Qtot

α . Otherwise, Qtot
α was calculated as in the previous

section.
The results in figure 10 again show the performance achieved by these capsules.

Capsules B, C and D are all shown to enter the burning plasma regime, for different
amounts of deposited electron energy. This suggests the possibility of sub-MJ burning
plasma (depending upon the efficiency with which the electron beams can be created and
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FIGURE 9. Yield amplification relative to the capsule without auxiliary heating as a function
of deposited electron energy for capsules A (purple pluses), B (blue squares), C (orange upward
triangles) and D (green downward triangles). The optimal time for electron deposition for each
capsule was used, as determined from figure 7.

FIGURE 10. Approximate total capsule burning plasma parameter vs deposited electron energy
for capsules A (purple pluses), B (blue squares), C (orange upward triangles) and D (green
downward triangles). The lightly shaded region above Qtot

α = 1 represents the burning plasma
regime, where the energy deposited by the alpha particles up to the bang time exceeds the
hydrodynamic assembly energy of the capsule, while the darker shaded region indicates a rough
threshold for ignition of Qtot

α > 10.

coupled to the hotspot). As noted previously, capsule D is already within the burning
plasma regime without any electron energy added. It can also be seen that capsule D is
nearing the rough ‘ignition’ threshold given by Qtot

α = 10 when auxiliary heating is used,
once again showing the potential of this technique.
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4.4. Discussion: estimating input energy and gain
The yield amplifications and capsule performance observed in previous sections suggest
potential increases to capsule gain, which could be of interest for IFE applications.
However, calculating the gain requires estimates of the input energy to the capsule. The
total input energy for such implosions consists of two components: the long-pulse energy
to provide the compression, which is measured directly from the simulations, and the
short-pulse energy required to generate electron beams of sufficient energy to provide the
energy deposition required for the auxiliary heating. As the short-pulse laser itself is not
included within these simulations the energy requirements for the heating are not known
with certainty. However, they can be approximated using best estimates for the relevant
conversion efficiencies from the current literature, in order to provide estimates of what
the gain of these implosions might be.

The energy deposited in the hotspot for the auxiliary heating is the value used in
HYADES, and represents the known starting point. The first required conversion efficiency
is the coupling between the electron beams and the electrons in the hotspot. This allows
for the calculation of electron beam energy that is required in the hotspot in order to
deposit the appropriate amount of energy. This efficiency was estimated in the previously
discussed Vlasov–Maxwell simulations by Ratan et al. (2017), and found to be around
18 %.

The other key conversion efficiency required relates to how much short-pulse laser
energy is needed to generate and deliver electron beams to the implosion hotspot with
the required energy. Previous research has investigated how efficiently this process can be
performed due to its relevance for fast ignition, and have produced a range of estimates
for the efficiency with which these beams can be generated and transported (see Kemp,
Sentoku & Tabak 2009; Ma et al. 2012; Kemp et al. 2014). This topic is discussed in detail
in a recent review by Norreys et al. (2014). Two particular works are highlighted here. First
is that of Strozzi et al. (2012), who performed particle-in-cell simulations for an ignition
scale plasma. They estimated an overall laser to electron power conversion efficiency of
52 %, which they then coupled to a hydrodynamic code for fast ignition simulations. The
second work of particular note for this paper is that of Tonge et al. (2009). They also
performed particle-in-cell simulations, but observed that a significant fraction of beam
energy is absorbed by the weakly collisional background plasma that the generated fast
electrons must pass through in order to reach the hotspot. This led to them calculating
a lower conversion efficiency of 15 %. However, it is also worth noting that Tonge et al.
(2009) observed that the conversion efficiency increased with both laser power and the
time over which the laser pulse was applied for, and the maximum simulation time of
2.5 ps that was used in that work is significantly shorter than the 7 ps over which the
deposition occurs here.

In order to represent the range of uncertainty surrounding this efficiency, both the value
of 52 % calculated by Strozzi et al. (2012) and 15 % calculated by Tonge et al. (2009)
have been used in this work to produce estimates of the input energy. In each case, this
efficiency has been combined with the value of 18 % for electron beam to hotspot coupling
to estimate the total short-pulse energy required for the auxiliary heating, which has been
added to the long-pulse laser energy used in the simulation to calculate the total required
laser energy. These two sets of input energies have then been used to estimate the gain
corresponding to the two conversion efficiencies. These gain estimates can be seen in
figure 11.

The general trends are the same for both figures 11(a) and 11(b), but the results are
substantially more impressive for the higher conversion efficiency. In this case, break even
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FIGURE 11. Two estimates of capsule gain vs total input energy for capsules A (purple pluses),
B (blue squares), C (orange upward triangles) and D (green downward triangles). The total input
energy includes the long-pulse laser energy, along with the estimated short-pulse energy required
for the auxiliary heating. Both estimates assume that energy from the electron beams is deposited
into the hotspot with an 18 % conversion efficiency, but use different estimates for the efficiency
with which the electron beams can be generated from the short-pulse laser and delivered to the
hotspot. (a) Uses the estimate of 52 % from Strozzi et al. (2012) for this efficiency (giving a total
efficiency of 9.4 %), while (b) uses the value of 15 % from Tonge et al. (2009) (giving a total
efficiency of 2.7 %).

is achieved using capsule C for around 1.1 MJ of total input energy (using ∼350 kJ of
short-pulse laser energy to deposit 32 kJ of electron energy into the hotspot). This is a
significant result, given the low energy at which it is achieved. With increased auxiliary
heating energy for the same capsule, gains as high as 1.6 can be achieved for ∼1.45 MJ of
input energy (occurring for the maximum 60 kJ of deposited electron energy simulated),
while using capsule D gains of up to ∼3.5 are possible for under 2 MJ. While break even is
not achieved for the smaller capsules, the gains achieved at these energies still reach ∼0.8
at 900 kJ and ∼0.4 at 500 kJ for capsule B, and ∼0.35 at 500 kJ and ∼0.2 at 250 kJ for
capsule A. Given the trends seen in figure 11(a), it seems highly likely that a capsule with
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size between that of B and C (i.e. with a compression energy somewhere between 270 and
800 kJ) would achieve break even for under 1 MJ of total input energy.

It is also clear from figure 11(a) that, for a given energy, a smaller capsule with auxiliary
heating outperforms a larger capsule without (or with less) heating. This is to be expected
given the conversion efficiencies involved; the laser-to-electron beam conversion of 52 %
and electron beam-to-hotspot conversion of 18 % combine to give a total laser-to-hotspot
coupling of over 9 %, which outperforms the efficiency of ∼6 % typical for standard
direct-drive implosions. This means that the auxiliary heating technique is a more efficient
way of depositing energy than long-pulse irradiation, and thus better performance is
expected when a greater proportion of the given energy goes into auxiliary heating.
However, it is also clear that this does not continue indefinitely; the gain is seen to level
off in figure 11(a) for higher deposited electron energies (or in the case of capsule A,
eventually even reduce). This highlights the diminishing returns of this approach at higher
energies (likely because both high densities and temperatures are required for high fusion
yields, and at some point the density starts to become the limiting factor).

However, comparing figures 11(a) and 11(b) highlights clearly how the efficiency with
which the electron beams can be generated and transported to the hotspot significantly
affect the gain that can be achieved using the auxiliary heating technique. The lower
conversion efficiency seen in (b) results in only capsule D achieving break even in the
range studied, at around 1.9 MJ of total energy. It is worth noting that when using the
lower (15 %) laser-to-electron beam coupling efficiency, the total coupling efficiency drops
to 2.7 %, meaning that auxiliary heating no longer has an efficiency advantage over the
standard direct drive approach. This highlights how the viability of auxiliary heating is
intrinsically linked to the efficiency with which the electron beams can be generated and
deposited (although it is encouraging that, even for a low laser–electron beam coupling of
20 %, break even still occurs for under 2 MJ). Given that considerable uncertainty remains
about the precise value of these conversion efficiencies, further work is required to develop
these techniques in order to provide increased confidence on the potential of this approach
for IFE.

4.5. Discussion: comparison with indirect-drive and NIF results
These results can be compared with those discussed in Norreys et al. (2021), where
similar plots of yield amplification vs time and amount of electron energy deposition for
a single indirect-drive capsule were produced. While there are some minor differences
(the results in Norreys et al. (2021) demonstrate less dependence on the time of electron
energy deposition than observed here, and also a lower level of yield amplification than
would be expected), the change in yield amplification as a function of both time and energy
displayed in figures 7 and 9 are broadly similar to those described in Norreys et al. (2021).
Some differences are also to be expected, given the differences in capsule design (the
capsule in Norreys et al. (2021) had significantly lower yield and did not demonstrate
significant alpha heating) and simulation code used (XRAGE, compared with HYADES).
Together, these papers suggest that the auxiliary heating approach is applicable to both
direct- and indirect-drive configurations and can lead to substantial amplification of fusion
yields.

The auxiliary heating concept has application beyond the capsules considered in this
paper, and could be used more widely to amplify fusion yields. To demonstrate this, the
results from capsules A–D in this paper are applied to a series of previous NIF results. The
challenges with applying auxiliary heating (and the uncertainty around the exact efficiency
with which it could be applied) mean that these discussions are illustrative only, but they
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demonstrate the potential of this technique and provide motivation for further study of the
topic.

Capsule B in this work bears significant resemblance to NIF shots N190918, N191007
and N191110 (which at the time demonstrated record inertial fusion yields Zylstra et
al. 2021). It should be noted, however, that these implosions were targeting higher
convergence ratios of above 25, although the specific values achieved were not reported.
These NIF shots produced neutron yields ranging from 0.75 × 1016 to 2 × 1016 (compared
with 0.8 × 1016 for capsule B without auxiliary heating) and fuel kinetic energies of
∼15 kJ (also similar to capsule B), for ∼1.9 MJ of indirect-drive input energy. Based on
these shots, it was predicted that ∼3 MJ of laser energy would be required to achieve
MJ-level yields (Zylstra et al. 2021), with other estimates suggesting that an upgrade to
up to even ∼5 MJ may be required (Cheng et al. 2021; Zylstra et al. 2021). Assuming that
the similarity of these NIF capsules to capsule B means that they would demonstrate a
comparable response to auxiliary heating, it is estimated that applying auxiliary heating
would allow these implosions to reach the MJ level for significantly lower energies than
the 3–5 MJ otherwise predicted. For instance, a deposited electron energy of 32 kJ would
amplify the yield by twenty (as seen for capsule B in figure 9) for less than 350 kJ
of short-pulse laser energy (assuming the 9.4 % total conversion efficiency discussed
previously), achieving the targeted 1 MJ yield (since N191110 generated 56 kJ) for a total
input energy of 2.3 MJ.

Since the results discussed in Zylstra et al. (2021) were published, a yield of 1.3 MJ
has been achieved on the NIF (Bishop 2021). This is a highly significant result, and
a key milestone in the quest for an IFE reactor. The yield of 1.3 MJ fits midway
between that of capsules C and D, suggesting yield amplifications with deposited electron
energy somewhere between the results for these capsules seen in figure 9. If the more
conservative amplifications of capsule D are applied to this implosion, this suggests that
the 1.3 MJ result could be doubled for 10 kJ of deposited energy, which (assuming the
same conversion efficiencies) would require just over 100 kJ of short-pulse laser energy.
While this is only a simple estimate that does not take into account the details of the
capsule, it certainly illustrates the possibility of auxiliary heating as a technique to amplify
fusion yields and provides possible motivation for researching this approach. If future work
confirms these findings (and the efficiency with which electron beams can be produced and
coupled to the capsule hotspots is confirmed to be high), it may be worth considering the
inclusion of a short-pulse capability in future NIF upgrades or alternative high-power laser
facilities.

4.6. Hotspot dynamics
The deposition of electron energy also causes some interesting behaviour within the
capsule hotspot, as shown in figure 12. In the HYADES simulations, electron energy
is added over 7 ps to those simulation zones corresponding to DT vapour at the start
of the simulation. This energy is added according to the zone masses, meaning higher
density zones receive a larger amount of energy. This injected electron energy causes a
sudden increase in the electron temperature as expected, and rapidly leads to an increased
ion temperature (due to the equilibration of the ions and electrons). However, there is a
region of lower ion temperature which propagates from the vapour/foam boundary towards
the centre of the hotspot, before disappearing. The addition of the electron energy also
corresponds to an increase in pressure, which propagates away from the vapour/foam
boundary in both directions, leaving behind a region of both reduced pressure and density.
This also causes a brief expansion of the vapour, followed by a rapid contraction.
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FIGURE 12. Electron temperature Te ((a), ranging between 0–20 keV), ion temperature Ti ((b),
0–10 keV), pressure P ((c), log scale, 100–500 PPa) and density ρ ((d), 0–100 g cm−3) in the
centre of capsule B, around the time of maximum compression, with the deposition of 20 kJ of
electron energy at 8.95 ns. Pressure is displayed on a log scale, while the other 3 plots are linear in
the third coordinate. High valued regions are coloured yellow while lower valued regions appear
as blue, as shown on the normalised colour bar. The white line across each plot represents the
boundary between vapour zones and wetted-foam zones.

A suggested explanation for this behaviour is as follows. The sudden addition of
energy to the vapour zones leads to a sudden increase in temperature and pressure
within this region. This same increase is not experienced in the foam regions. This
drives a shock through the foam from the vapour/foam boundary, and a subsequent
rarefaction wave through the vapour (explaining the movement of the boundary, the
increased pressure moving through the foam and the reduction in pressure, density and
temperature within the vapour). This shock continues until it encounters the high density
shell, which it reflects off. It then propagates back through the foam and vapour until it
reaches the centre of the capsule, driving the subsequent increase in pressure, density and
temperature.
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5. Conclusions

The 100 and 270 kJ capsules presented in § 2.1, including a new hydrodynamic
equivalent capsule at 270 kJ, provide the option for lower energy implosions within the
low-instability growth regime identified in Paddock et al. (2021). This is an energy
scale suitable for experiments at current facilities. These experiments promise to verify
the expected low-instability growth, agreement between simulation and experiment, and
1-D-like performance of the low CR regime. Success with these experiments would
significantly boost confidence in this regime, and thus also in the higher-energy implosions
presented previously in Paddock et al. (2021).

In addition, a variety of potential approaches to increase the IFE performance achievable
within the low-instability regime were demonstrated. Changing the wavelength to 193 nm
(achievable with ArF lasers) permits a further increase in laser power within the
restrictions set by the low-instability criteria, and is seen to significantly increase capsule
gain for a given energy. Using this approach, a gain greater than 10 is achieved for
under 1.6 MJ, demonstrating an order of magnitude improvement over the 0.75 gain
achieved in Paddock et al. (2021) for comparable third-harmonic energies. Two-colour
implosions, where a four-pulse third-harmonic laser sequence is supplemented with a
single high-power ArF pulse late in the implosion, were seen to also offer an increase
in performance over third-harmonic implosions for reduced ArF energies. The exact
performance and energy distribution between the two lasers varied, but results included
a 2.1 MJ implosion which achieved a gain of 15.5 using less than 300 kJ of ArF pulse
energy. This highlights a potential way to benefit from the increased performance achieved
at higher laser frequencies, while providing the majority of the energy using conventional
third-harmonic lasers.

Meanwhile, the auxiliary heating simulations presented in § 4 demonstrate how the
fusion yield within the low-CR regime can potentially be significantly increased. This
provides further motivation for the continued development of auxiliary heating schemes.
Yield amplifications of up to 80 times (relative to the capsules without auxiliary heating)
were observed in these simulations (with, as expected, the highest amplifications occurring
for the smallest capsules). These results support the findings of previous work that
demonstrated similarly high performance of such heating schemes for indirect-drive
implosions (Norreys et al. 2021). The fusion performance of the capsules was also
measured by approximating the value of the burning plasma parameter Qtot

α for the
simulated implosions. This showed that the three largest capsules all entered the burning
plasma regime (characterised by Qtot

α = 1) for under 50 kJ of deposited electron energy,
raising the possibility of achieving burning plasmas using this technique for sub-MJ
total input energies (depending on the values of the conversion efficiencies involved in
providing the heating). The largest capsule (1.8 MJ) entered the burning plasma regime
even without auxiliary heating, and the addition of the extra electron energy led to Qtot

α

values approaching ten, suggesting substantial quantities of alpha heating. This again
shows the promise of the implosions demonstrated in Paddock et al. (2021).

Two different estimates of the total gain for the simulated implosions were then
produced, reflecting the uncertainty within the current literature regarding the efficiency
with which electron beams can be generated and transported to the implosion hotspot. The
more optimistic estimate (based on an efficiency of 52 % for the generation and transport
of electron beams to the implosion hotspot, paired with the expected beam–plasma energy
coupling of 18 %) suggests that break even may be possible for total laser input energies
of 1.1 MJ. However, the lower estimate (replacing the 52 % value with a value of 15 %)
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required an energy of ∼2 MJ for break even, highlighting the dependence of this technique
upon a high conversion efficiency.

Overall, these results demonstrate a pathway first for the low-instability regime to be
tested experimentally, and secondly for the fusion performance within this regime to
be significantly increased with the application of additional techniques and approaches.
Paired with the results in Paddock et al. (2021), this work further highlights the potential
contribution of the low-instability regime to IFE research.
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