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Focussing laser light onto the surface of asmall target filled with deuterium
and tritiumimplodesit and leads to the creation of a hot and dense plasma,
inwhich thermonuclear fusion reactions occur. In order for the plasma

to become self-sustaining, the heating of the plasma must be dominated

by the energy provided by the fusion reactions—a condition known as a
burning plasma. A metric for this is the generalized Lawson parameter,
where values above around 0.8 imply a burning plasma. Here, we report on
hydro-equivalent scaling of experimental results on the OMEGA laser system
and show that these have achieved core conditions that reach aburning
plasmawhen the central part of the plasma, the hotspot, is scaled in size by
atleastafactorof 3.9 + 0.10, which would require adriver laser energy of at
least1.7 £ 0.13 MJ. In addition, we hydro-equivalently scale the results to the
2.15MJ of laser energy available at the National Ignition Facility and find that
theseimplosions reach 86% of the Lawson parameter required for ignition.
Ourresults support direct-drive inertial confinement fusion as a credible
approach for achieving thermonuclear ignition and net energy in laser fusion.

Inertial confinement fusion (ICF)? uses high power drivers such as  reactions. The D+T fusion reaction produces a helium ion (alpha par-
lasers**, particle beams or pulsed power’ toimplode millimetre-scale  ticle) with 3.5 MeV energy and a neutron with 14.03 MeV energy. The
payloads containing fusion fuels such as deuterium (D) and tritium  alpha particle carries approximately 20% of the fusion energy, provid-
(T) to high densities and temperatures, generating copious fusion  ingthe mainsource of plasmaself-heating. Laser ICF uses lasers as the
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driving energy source, either by directly illuminating the target (laser
direct-drive (LDD))* or indirectly via X-rays generated by laser illumina-
tion of a high-atomic-number enclosure surrounding the target (laser
indirect-drive (LID))’.

LDD ICF payloads are typically spherical and comprise a cryo-
genic deuterium-tritium (DT) fuel layer surrounded by an ablator
of moderate atomic number (Z=3-7), such as a carbon-deuterium
polymer, high-density carbon or beryllium. The laser light is incident
on the payload surface at intensities ~10" W cm™, which ablates the
surface of the shell and rapidly accelerates (at~-10” m s2) the remaining
payload inward to a velocity between 300 and 600 km s™. Eventually,
the unablated fuel shell converges by a factor of 10-30, amplifying
the pressure of the tenuous gas in the interior to the point where the
shell begins to decelerate. As it does so, the shell acts as a piston on
the interior gas, increasing its temperature to a few keV. This drives
mass ablationon theshell’sinterior as it comes to a halt, forming alow
density (30-100 g cm™) and high temperature (3-7 keV) hotspot, sur-
roundedbyadense (100-1,000 g cm) and low temperature (-200 eV)
shell. Theinertia of this shell is sufficient to confine the high pressure
(100-400 Gbar) hotspot for asubnanosecond duration, sufficient time
for fusionreactions to occur. If the appropriate conditions®™ are met
inthe stagnated configuration, the alpha particles deposit their energy
into the hotspot (alpha heating), leading to a runaway thermal insta-
bility known as ignition that substantially amplifies the fusion energy
outputoftheimplosion. Akey milestone onthe path toward ignitionis
thegeneration of a‘burning plasma’,in which the energy depositedinto
the hotspot by the alpha particles exceeds the compressionwork done
onthe hotspot. The burning-plasma state heralds the transition of the
fusion hotspotinto aregime where the feedback processesleading to
ignition are dominantand thus places a fusion experimentinaregion
where rapid increases in energy output become possible.

Demonstrating aburning plasmaand ignition are important mile-
stones on the path to the high gains (G = E¢,qion/Earive: » 1) NECessary for
inertial fusion energy, with gains over 100 being a likely requirement for
commercial viability. Achieving the burning-plasmastate and triggering
ignition requires an efficient transfer of energy from the driver to the
kinetic energy of the fuel (coupling efficiency n = KEg,e/Egriver)- The first
plasmas with significant alpha heating", with a burning plasma'>"* and
with an ignited plasma'* were reported by researchers at the National
Ignition Facility (NIF) using the LID approach to fusion. Owing to the
intermediate stage where laser lightis converted to X-raysinLID,ithasa
lower i7,20-25% of that exhibited by LDD™. LID targets are also more com-
plex than LDD targets, as LID targets require the fabrication of a metal
cylindrical enclosure (typically of gold or other high-atomic-number
metal) in which the target must be precisely centred. For commercial
inertial fusion energy applications, where minimizing the cost of the
driver and targets is of highimportance®, the advantages of LDD make
itamore attractive option for carbon-free energy production.

Although the 2.15 M) NIF is unique inits ability to conduct implo-
sions that can achieve significant alpha heating via LID" ™, it is not
capable of symmetric LDD DT-layered implosion experiments in its
present configuration. These experiments are instead carried out on
the 30 k) OMEGA Laser System. Owing toits substantially lower energy,
the fusion plasmas created on OMEGA are smaller (to maintain similar
energy density, the size of the fusion plasma Ryion ~ Elle:zer)' Conse-
quently, the plasma size is smaller than the mean-free-path A, of the
alphaparticles and meaningful alpha heating cannot occur. Therefore,
to assess the progress in LDD on OMEGA, we need to scale the results
on OMEGA to the laser energies demonstrated at the NIF. While a variety
of approaches of scaling to higher energy facilities have been investi-
gated, theapproach used here isaminimal-assumption theory known
as hydro-equivalent scaling™® ™,

Hydro-equivalent scaling assumes only that the hotspot condi-
tions demonstrated on OMEGA can be reproduced at larger scales
so that any increase in alpha heating is simply a result of the larger

size of the implosion. Therefore, in scaling up OMEGA results, the
hotspot pressure and shell density are kept constant, the hotspot
size is increased, and the hotspot temperature follows the Spitzer
thermal-conductionsize scaling. The result of the size scaling is robust;
the only new physics that needs to be considered is the stopping of
alpha particles, which is determined by A,. The general agreement
of various stopping power models” and the success of the various
alpha-heating models®'®in modelling the onset of the burning plasma
and ignition conditions at the NIF" ™ suggest that models for 1, are rea-
sonably accurate. The biggest uncertaintiesin hydro-equivalentscaling
arise when connecting the increase in size to the required increase in
driver energy, where hydro-equivalent scaling assumes that the cou-
pling efficiency 7 is scale invariant so that the incident laser energy
required scales as the hotspot volume. A detailed discussion on the
validity of hydro-equivalent scaling can be found in the Methods, with
simulation and experimental results in Extended DataFigs.1and 2 and
Extended Data Table 1; however, we stress that the hydro-equivalent
scaling theory used here does not assert that its results are achievable
onthe NIF as presently configured.

LDD experiments carried out with cryogenic targets on the 30 kJ
OMEGA laser have met several important milestones in recent years.
The primary metric of progressin LDDis theincreaseinthe generalized
Lawson parameter X, as parametrized inref. 6,17,
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wherepR, Y;,and MSD?g are, respectively, the areal densitying cm™, the

yield in units of 10' neutrons and the stagnated DT mass in milli-
grammes at the time of peak neutron production; x,., > 0.8 and 0.96
imply a burning plasma and ignition, respectively. Another metric to
measure progress toward ignition is the yield amplification due to
alpha heating,
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where Y, is the fusionyield of the implosion and Y, is the fusion yield
for the same implosion if it did not have alpha heating, that is, where
the hotspot is heated only by compression work. ¥ can be determined
in simulations by taking the ratio of yields from simulations with and
without alpha-heating physics enabled and in experiments using sur-
rogate implosions with substantially reduced or zero deuterium con-
tent’. ¥ and x,. are closely related as shown inref. 9; ¥ > 3.5implies a
burning plasma’ and Y in the range 15-25 implies ignition®.

In 2016, LDD implosions demonstrated core conditions which
when extrapolated torealizable NIF energies would be expected to have
Xnow = 0.6 and its yield doubled by alpha heating”*° and were expected
to produce upto-~125 kJ of fusion energy. In 2019, a data-driven statisti-
calapproachwas pioneered on OMEGA to enable predictive implosion
design'®, which rapidly tripled the fusion yield on OMEGA without
seriously compromising the areal density pR. These implosions were of
lower convergence and greater hydrodynamic stability and therefore
less demanding than previous designs. When extrapolated to realiz-
able NIF energies, these designs were expected to have x,,, = 0.74,
resultinginanexpectedyield amplification of -3 due to alpha heating
and fusion energies of up to~-500 kJ. Subsequently, this approach was
used alongside an innovative low-mode-symmetry* and fuel-purity*
control framework to identify, quantify and mitigate physical degrada-
tion mechanisms on OMEGA?, leading to increased repeatability and
control of experiments. A detailed discussion of the Statistical Model
canbe foundinref.24.

The current work, along with its companion paper® describe
the next milestones that have been achieved in LDD. The companion
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paper? discusses how the energy transfer to the hotspot plasma was
optimized on OMEGA to achieve hotspot fuel gain, in which the fusion
energy exceeds the internal energy of the hotspot fuel. This work
describes how cryogenic experiments on OMEGA have achieved core
conditions that hydro-equivalently extrapolate to aburning plasmaat
achievable incident laser energies. We first show that recent OMEGA
implosions have achieved core conditions that reach a burning
plasma when scaled hydro-equivalently in size by at least a factor of
3.9 £ 0.10, whichrequires adriver energy of atleast 1.7 + 0.13 MJ under
hydro-equivalent conditions. We then show that, at the maximum
realizable NIF energies of 2.15 MJ, these implosions hydro-equivalently
increaseinsize by afactorof4.2 and therefore extrapolate to aLawson
parameter of 0.86 + 0.02 with an extrapolated fusion energy output
ofuptol.6 £ 0.3 MJ. We thenshow that these extrapolated conditions
are well within the burning-plasmaregion; we describe the implosion
design changes from ref. 18 that enabled this result; and we finish by
describing the path toward hydro-equivalent ignition and high gains
for LDD.

Demonstration of ascaled burning plasma
Aburning-plasmastate is achieved when the cumulative alpha heating
of the hotspot up to the point of maximum fusion rate E, exceeds the
compressionwork E,4, done on the hotspot by the imploding shell up
to that point’, so that the burning-plasma parameter Q, is given by

Epay’

Qu 3

and Q, > 1 corresponds to a burning plasma. If the alpha particles
deposit most of their energy inside the hotspot’, then E, can be read-
ily obtained from the neutron measurements as

1
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where ripristhe DT fusion reactionrate, t,,,, is the time of peak neutron
production and Yy is the total yield from DT fusion reactions. In the
presence of large spatial asymmetries and/or small hotspot areal den-
sities (>0.2 g cm™), a large fraction of the alpha particles do not slow
down inside the hotspot and £, needs to account for the absorbed
fraction 6, of alpha particles. Both 6, and E,,, cannot be measured
directly from experiments and therefore, anumber of alternative met-
rics have also been devised as proxies for Q, viaa combination of ana-
lytic theory and simulations. The metrics considered here are
summarized in Table 1and include burning-plasma threshold param-
eters derived by Hurricane et al.'>**%, Christopherson et al.® and Betti
etal.’. Themetricsin Table1are then assessed viaaBetti-Williams (BW)
quasi-analytic, non-isobaric two-temperature model thatis described
inref.25, as well as one-dimensional (1D) simulations* that are tightly
constrained by acomprehensive suite of diagnostic measurements.
The Betti and Christopherson y, metrics were designed to remain valid
even in the presence of large asymmetries; nevertheless,
two-dimensional (2D) simulations® are used to verify this. Details on
the reconstruction process can be found in the Methods.

Figure 1 shows how implosions on OMEGA have increased per-
formance from the best performers in ref. 18 (orange circles) by
increasing the energy coupling and transfer to the hotspot. The
ultra-high velocity (-600 km s™) liner implosions**° (magenta dia-
monds) focused on optimizing the fusion yield by maximizing the
energy transferred to the hotspot at the cost of convergence, reach-
ing the highest fusion yield recorded on OMEGA. However, since
these implosions have reduced convergence, they do not reach
the highest pressures and do not achieve a burning plasma when
scaled hydro-equivalently in size by x4.2. The ‘y-Optimization’
(blue squares) instead focused on optimizing x,., by increasing

Table 1| The burning-plasma metrics considered in this
work

Metric Condition

Qq Qy>1

Christopherson x, Xo>11

Christopherson F,, F,>07

Betti Xnoq Xnoa> 0.8

Betti ¥ Y =Yo/Ynoa > 3.5

Hurricane H, Hy =53 % 1025pRhs% >1

Q,>1and Christopherson’s metrics follow the methodology in ref. 8. Betti’s metrics can be
found in ref. 9. The modified Hurricane metric is described in ref. 12. These metrics are
assessed where applicable using 1D analytic models and 1D and 2D simulations constrained
by the suite of OMEGA diagnostics and hydro-equivalently scaled to 2.15MJ of incident laser
energy. Q, is the definition of the burning-plasma parameter from equation (3). F, is the ratio
of alpha-heating work to hotspot internal energy. x, and X, are the normalized Lawson
parameter from equation (1) evaluated with and without alpha heating, respectively. ¥ is the
yield amplification due to alpha heating from equation (2). pR,. is the hotspot areal density,
(ov) is the Maxwellian-averaged reactivity for the DT fusion reaction, T; is the average ion
temperature and v,, is the maximum velocity of the imploding shell.

the energy coupling while maintaining a high target convergence
and areal density, thereby maximizing x,.. and hotspot pressure
t0 0.195+ 0.005 and 78 + 7 Gbar, respectively, on OMEGA (Fig. 1b),
whichare their highest values to date. A schematic of the initial condi-
tions of one of these implosions, shot 104949, is shown in Fig. 2.

Hydro-equivalent scaling with the BW model

Scaling these higher convergence implosions hydro-equivalently to
2.15MJ of incident driver energy using the BW model gives
Xnoa = 0.86 £ 0.02 for the improved implosions (Fig. 1c), satisfying the
Betti x,,, criterion for burning plasmas. By construction, the Betti ¥
criterion is also satisfied. The BW model cannot self-consistently
account for alpha-heating effects, since it is scaled from implosions
lacking alpha heating; consequently, only the Betti y,,, and ¥ criteria
can be inferred using the BW model.

Hydro-equivalent scaling using LILAC and DRACO simulations
For a more sophisticated and self-consistent analysis, we turn to 1D
LILAC?*® and 2D DRACO¥ simulations. We show in Table 2 results for
one of the six experiments that exceed the Betti x,,, metric for burning
plasmas in Fig. 1c, shot 104949. The other experiments have similar
designs and results and the conclusions reached via this analysis will
apply to them as well. The 1D simulations are degraded by reducing
energy coupling and increasing coasting to reproduce the ion tem-
perature T, electron temperature T, neutron yield Y, areal density
PR, burnwidth 7, hotspotsize R;; and time of peak neutron production
tyangMeasured inexperiments (Table 2). The 2D simulations are instead
degraded by adding 2D asymmetry sources until the yield matches
experiments (Y,p/Y;p = 0.2-0.4). Details on the reconstruction process
can be found in the Methods.

The simulations are then hydro-equivalently scaled up in laser
energy withand without alpha heating to assess the metricsin Table 1
asafunction of y,... Figure 3 verifies that when the hotspot is x4.2 larger
(correspondingtoahydro-scaledincident driver energy of 2.15 MJ), the
best-performing OMEGA implosions which have x,,,, = 0.86 + 0.02 pass
allthe burning-plasma threshold metricsin Table 1, with the 2D simula-
tion results verifying that the relationship between x,,,, and the other
burning-plasma metrics in Table 1 remains valid even in the presence
of strong perturbations.

To assess the extrapolated fusion yield, we first use the LILAC
simulations to assess the yield amplification due to alpha heating
Y=5.8+0.7 at X,o = 0.86 + 0.02. We use LILAC to assess ¥(Xnoq)
rather than the analytic relation from ref. 9, as that relation has a
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Fig.1| Experimental and 1D model burning-plasma metrics. a, Average
measured neutronyields and areal densities for selected* OMEGA high-
performance experiments. b, OMEGA pressures and generalized Lawson
parameter ¥, for selected* OMEGA high-performance experiments, ¢, Pressures
and x,.« for relevant OMEGA high-performance experiments hydro-equivalently
scaled to 2.15 MJ of incident driver energy. Grey stars are the experiments from
ref.20 and orange circles from ref. 18. Magenta diamonds are the ultra-high
(>600 km s™) linerimplosions described in refs. 25,30 that were designed

to maximize fusion yield, while the blue squares are the enhanced designs
presented in this work designed to optimize y,... Orange-shaded regionsinc
correspond to aburning plasma according to the Betti x,,, metric. The dashed
lineinb corresponds to the ignition boundary when OMEGA experiments are

hydro-equivalently scaled to 2.15 MJ of incident driver energy. The dashed line
inc corresponds to the burning-plasma onset boundary. Inferred values come
from the BW model described in ref. 25 and the Methods. Error bars are one-
standard-deviation ranges representingin a, the precisionandinband c, the
precision of the measurements propagated through the model. The enhanced
designs presented in this work achieved higher neutronyields while maintaining
areal densities by increasing laser coupling efficiency. This hasincreased both
pressure and X, to the highest values achieved on OMEGA. The BW modelin ¢
suggests that six high-performance implosions now scale to aburning plasma
afterimprovements in performance fromref. 18.Inaand b, only alimited number
of high-performance OMEGA experiments are shown, to preserve the clarity of
the presentation.

singularity as x,., > 1 and is therefore not expected to be accurate as
Xnow > 1. Using hydro-equivalent scaling theory (Extended Data
Table1), the no-alphayield of the experiments with a x4.2 larger core
isestimatedas Y9" = (9.7 + 1.0) x 10 neutrons, and the extrapolated
fusion yield is then calculated as ¥ x it =16+03 MJ at a
hydro-scaled incident driver energy of 2.15 MJ. This represents an
approximately x2 increase over the implosions of ref. 18 extrapolated
with the sameincreasein coresize (Fig.4). While thisis short of expect-
inganetenergy gain from fusion, it isimportant to note that due to the
proximity of the scaled implosions to the ignition cliff, even slight
improvements in OMEGA performance will result in substantial
increasesinexpected fusionenergy, with gain expected when x,,,. > 0.9.

Design of the highest performance LDD
experiments

In this section, we describe the design modifications that led to the
substantial performanceimprovements described above. The perfor-
mance of anLDD implosionisastrong function of the energy coupled
to the payload®. Absorption of the laser driver in LDD experiments is
substantially degraded by cross-beam energy transfer (CBET)*, which
diverts energy away from the incoming laser beam into the outgoing
rays. For LDD, the outgoing rays that primarily divert energy through
CBET are those that refract around the target. Inref. 18, CBET was miti-
gated by steadily increasing the initial size of the target relative to the
beamsthusreducing the rays missing the target, though they still have
asubstantial reduction in laser absorption due to CBET (in the range
~75-95%). As explained in refs. 22,23, however, the size of the target
cannot beincreased indefinitely, as the overlapped beams apply their
illumination asymmetry onto the target and eventually drive perturba-
tions that compromise it.

To continue increasing absorption while mitigating CBET, we
increased the atomic number Z of the coronal plasma by addition of
asilicondopantto the ablator, enhancing collisional absorption. This
reduces the intensity of the pump rays and simultaneously increases
the temperature of the coronal plasma, both of which reduce the CBET
loss rate and increase absorption. Controlled experiments verified
these effects and found that the addition of Si dopant to the ablator
increased absorbed energy by -10% for the designs of ref. 18. However,
the higher Zofthe coronal plasma also reduces conduction efficiency

b
52 um SiO-dopeqy cy
= 20
42,5 pm =
DT ice g
g
3 10
a
orC | | |
0 06 1.2 1.8

Time (ns)

Fig.2|Initial conditions for the best-performing OMEGA shot 104949.

a, Adiagram of the target, with alarge DT gas void in the centre, aDTice layer, an
inner carbon-deuterium polymer ablator and an outer carbon-hydrogen (CH)
polymer ablator doped with silicon. b, The laser power history profile.

asnotedinref.32,increases theinitial mass of the target and increases
radiative preheat of the payload. Partial mitigation of CBET also allows
access to higher drive intensities and increases hydrodynamic effi-
ciency, but at the cost of increasing the vulnerability to perturbation
growthduetothe higheraccelerationandin-flight aspectratio (IFAR).
Higher intensities are also expected to amplify the two-plasmon decay*
(TPD) and stimulated Raman scattering®* (SRS) instability, but the
higher coronal temperature fromenhanced absorption was expected
to offset this™.

Finding the optimal tradeoff between these factors with alimited
number of experiments requires accurate predictive capabilities,
which are provided by the approach from ref. 18. The Z of the corona
isincreased by adding 5-7% atomic fraction Si dopant to the ablator,
and an additional layer of undoped plastic is inserted between the
doped ablator and payload to reduce the effect of radiative preheat
and conduction efficiency loss. The resulting changes in the design can
beseeninExtended DataFig. 3. As CBET mitigationis stronger, higher
laser intensities can be coupled efficiently to the target. This leads to
a higher drive pressure, which would increase the IFAR and increase
vulnerability to perturbation growth. In response, the total mass was
increased, keeping the IFAR constant. The laser pulse is modified ina
manner that keeps the coast time minimized, thatis, the time between
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Table 2 | Experimental and degraded LILAC results for OMEGA shot 104949

Source Y5r(10%) T (keV) T, (keV) PR(mgcm™)  1(ps) Ry; (um) thang (PS) Py (Gbar)  Xno
Shot 104949 (21£0.02) 4603 3.8+011 16015 70+5 2701 2,000£50 78+7 0.195+0.005
LILAC 2.3 46 36 150 72 27 2000 75 0.20

The 1D LILAC simulations are degraded to broadly match the observed core conditions. Error ranges represent one standard deviation. The simulations closely match the experimental results,
with simulated pressures and normalized Lawson parameter x,.., within the inference uncertainty. T; is the average ion temperature, T, is the average electron temperature, T is the time over
which neutrons are produced, R;; is the average radius of the 17% contour in X-ray images of the hotspot, t,,,s is the time of peak neutron production, P, is the average hotspot pressure.
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Fig.3 | burning-plasma metrics for hydro-equivalent reconstructions of
implosionin shot104949. a, Betti ¥, the amplification of yield due to alpha
heating’. b, Q,, the definition of aburning plasma®. ¢, Christopherson F,, the ratio
of the alpha-heating work to the hotspot internal energy®. d,e, Hurricane H, (d)
(ref.12) and Christopherson x, (e), the normalized Lawson criterion evaluated in
the presence of alpha heating® from Table 1 are shown versus the Betti x,,, metric’
(lower axis) and size scaling factor (upper axis) for hydro-equivalently scaled 1D
LILAC (blue circles) and 2D DRACO (magenta squares) simulations. The
orange-shaded region corresponds to a burning plasma for the displayed

metric, while the red-shaded region corresponds to ignition according

0 Xnoa = 1. The solid black line indicates the value of x,, = 0.86 + 0.02 for the
best-performing implosion (shot 104949) scaled up hydro-equivalently by x4.2in
size, corresponding to 2.15 MJ of driver energy. ¥ The dotted vertical black line
shows the minimum size scale of x3.9 at which the OMEGA experiments
extrapolate to a burning plasma according to the Betti x,,, metric. The LILAC
simulations are degraded to closely match shot 104949, while the DRACO
simulations are degraded with 2D asymmetries to have asimilar yield
degradation (Y,p/Y;p = 0.2-0.4) as in the experiments. A burning plasma is
expected within uncertainty for the scaled conditions of shot 104949 according
to all the burning-plasma metrics, even if the hotspot were highly perturbed. At
large values of X, the 2D alpha-on metrics are higher than expected as alpha
heating reduces the growth rate of instabilities®.

HEE |ncreasing X

o

# Si-doped x-optimization
*

Gain > 1

Extrapolated fusion yield (MJ)

Burning
|_plasma

0 0.4 0.8

Ignition

Extrapolated Lawson parameter

Fig. 4 | Progress toward hydro-equivalentignition. We show the corresponding
increasein the extrapolated fusion energy at 2.15 MJ of incident laser energy for
cryogenic direct-drive implosions on OMEGA from 2015 to present and expected
trajectory for future experiments, pending affirming trials. Progress toward
hydro-equivalentignition is measured by the extrapolated Lawson parameter
Xnoa fromequation (1) inferred using the Betti-Williams model and extrapolated
using the hydro-equivalent scaling relations of refs. 16-18. Orange circles and
grey stars are the implosion series that culminated in those of ref. 18 and ref. 20,
respectively, while blue squares are the implosions described in this work. The
black dashed line shows the gain = 1boundary, above which the extrapolated
fusion energy exceeds 2.15 MJ (black dashed line), and the implosion produces
netenergy. Error bars show the one-standard-deviation range for the
experimentally measured uncertainties propagated through the Betti-Williams
model by Monte Carlo estimation. The orange-shaded region correspondstoa
burning plasma, while the red-shaded region corresponds to ignition according
torefs. 8,9. The green region is the path that future implosions are expected to
follow if they are successful in increasing .., with the upper and lower bounds
given by implosions thatimprove x,. only by increasing the yield and areal
density, respectively. If ., can be increased by ~5% to above 0.9, implosions are
expected to extrapolate to gain greater than unity, and if x,,,, can be increased by
~10% to above 0.96, ignition and several megajoule yields are expected.

the end of the laser driven acceleration and when the shell begins to
decelerate®’®, Despite the increase in mass, the final implosion velocity
ofthe Si-doped targets remains higher than the original design, lead-
ing to asubstantialincrease inyield (-30%). The various modifications
to the design are guided by the Statistical Model to keep constant the
yield degradation with respect to LILAC, allowing the gains made in
simulations tobereflected inexperiments. Theincreased coronal tem-
perature also reduced the TPD threshold proximity parameter, which
reduced hot-electron preheat and allowed the areal density to remain
constant in experiments despite the increase in radiative preheat.
The next step for the LDD programme on OMEGA is to achieve
hydro-equivalent gain and ignition. This will require increasing the
extrapolated x,., 10% above current levels. As .. > 0.96, the yield
amplificationwill sharplyincrease (Fig. 3a), and the extrapolated implo-
sionswill likely reach an extrapolated gain greater than 1before extrap-
olated ignition occurs (Fig. 4). Confidence in the hydro-equivalent
result will require more robust verification of the scaling behaviour
of implosion experiments between OMEGA and the NIF. A series of
direct-drive experimental campaigns are currently underway>>*
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to characterize laser-plasma instabilities, energy coupling and
hot-electron preheat at megajoule scale on the NIF to better under-
stand scaling and to quantify deviations from hydro-equivalency.
The most recent results® from this effort in point toward only minor
deviations from hydro-equivalence. Achieving hydro-equivalent igni-
tion and expectations of multi-megajoule yields based on OMEGA
experiments will require some combination of an increase of 50% in
the OMEGA fusion yield and an increase of 20% in the OMEGA areal
density. Upcoming experiments on OMEGA will attempt to achieve
this by subcooling the cryogenic layer to increase convergence inde-
pendently of target entropy and by using the small-spot SG5-650 phase
plates® toincrease laser intensity and ablation pressure above what is
presently used for high-performance OMEGA implosions. However,
even if hydro-equivalent ignition is achieved on OMEGA, the current
high performing designs will have an extrapolated gain less than 10.
Achieving higher gains in conventional LDD would be aided by miti-
gation of laser-plasma instabilities to increase ablation pressure and
reduction of the high mode imprint of the laser beamsto stabilize high
convergence implosions. Advanced target designs*®* and high band-
width solid-state*” or excimer* laser systems provide a path toward
mitigation of CBET**, TPD and SRS*, and laser imprint*°~*?, and these
designs and systems are under active investigation.
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Methods
Hydro-equivalent scaling
The 2.15MJ NIF is currently the sole facility in the world with the capa-
bility toimplode targets which can achieve significant alpha heating.
However, thelaser configurationand target delivery systems presently
available on the NIF make it incapable of carrying out symmetric LDD
experiments. Instead, these experiments are performed at the 30 kJ
OMEGA Laser Facility, whichis the leading symmetric LDD experimen-
tal facility in the world. As the OMEGA laser has -70 times less energy,
implosions on OMEGA cannot achieve conditions in which significant
alphaheating will occur, since the size of the fusion plasmaR,;is much
smaller than the alpha-particle mean-free-path A,. Therefore, we assess
progress in LDD by scaling the observed implosions on OMEGA up in
size, keeping intrinsic quantities such as hotspot pressure P, implo-
sion velocity or fuel entropy constant so that theincrease in alpha heat-
ing at larger scales is only due to the increase in size leading to R, > A,
and not inimplosion quality. This is an established method known as
hydro-equivalent scaling™® ™',

Theincrease insize canbe connected to arequired driver energy
(Eg4river), using the transfer efficiency n and hotspot energy £, where

Eps o Rﬁsphs o 17 (Edriver) Edriver ()]

so the energy required to produce a hotspot with radius Ry, at a fixed
pressure Py scales like

R

s

—_— (6)
n (Edriver)

Egriver
In hydro-equivalent scaling, we assume 7 (Egiver) = 7 does not
vary with E4;..,, so that the required driver energy scales like

Edriver Ras' )

For a given implosion design, there are a variety of 1D physics effects
which could affect the scaling of n with E,,,., either negatively (for
example CBET, TPD and SRS) or positively (collisional absorption®,
Knudsen-layer reactivity reduction*® or barodiffusion*). There are also
anumber of three-dimensional perturbation sources that affect ywhich
areunique to OMEGA and are notintrinsicto LDD such as the restriction
of ablator material to those which are amenable to diffusion filling, the
damageinflicted onthe ablator due to the diffusion filling process, the
large (-15 pum) mounting stalk, the 60-beam spherical geometry or the
laser speckle pattern. Many of these engineering features are different
on the NIF—for instance, the NIF uses a fill-tube filling process, which
does not damage the ablator and allows for advanced ablator materi-
als such as beryllium or high-density carbon, but also has 192 beams
arranged in a polar configuration.

Given the large range of possibilities, we choose to forego making
any assumptions—positive or negative—on the scaling of  in favour
of keeping it constant. Consequently, the results presented in this
work are a statement about the quality of the implosions achieved
on OMEGA, by assessing the performance of these implosions if the
stagnated configurations were reproduced with identical quality at
larger energy scales that are achievable at present. During the process
of hydro-equivalent scaling to larger sizes by a factor S, we require
only that

« Thepressure P, of OMEGA implosions remains constant with S

« Thehotspot energy E,, increases as S°

« Thehotspot energy E, < S*> of OMEGA implosions increases as
the driver energy E ... (that s, there is no change in transfer
efficiency), so that Egy;y, < S*

In refs. 16,17, hydro-equivalent scaling theory is used to
derive the relationship between size or energy and the yield (Y,,.),

areal density (pR,,.) and X.... The scaling relations are all
parametrized as

Escaled )B’ (8)

Xscaled = XOMEGA X (
EOMEGA

Rscaled )Sﬁ, )

= Xomeca X ( R
OMEGA

where Xis the observable of interest, £ and R represent the energy or
sizeat whichthe observableis measured at OMEGA or inferred at some
scaled energy, and S is the energy scale exponent for the observable.
Alist of the relevant Sinferred by ref. 17 are reproduced in Extended
DataTablel.

Tobe certainthat theresults fromrefs.17,48 are applicable to the
implosion dynamics in this work, we also hydro-equivalently scaled
the 1D LILAC and 2D DRACO reconstructions of shot 104949. To scale
implosion simulations, we first run them at the OMEGA scale up to the
point where the laser drive ends. The simulation is then increased in
sizein ahydro-equivalent manner and continued at a variety of scales
with and without alpha-particle transport. Extended Data Fig. 2 shows
that the simulations act as expected in the absence of alpha heating,
following existing hydro-equivalent scaling theoryinref.17. Alist of the
relevant Binferred from the hydro-equivalently scaled LILAC simula-
tionsisalso reported in Extended Data Table 1.

Toexplore the validity of hydro-equivalent scaling theoryinexper-
iments, thereisalarge, active research collaboration®****”* exploring
laser-plasma interaction physics and how they vary between OMEGA
and NIF. In recent investigations into the scaling of hot-electron pre-
heat, Rosenberg et al.”® compared implosion experiments on OMEGA
and NIF, which were both driven with minimal beam smoothing*’ and
in a polar configuration®® These experiments increased energy from
~17 kJon OMEGA to -700 kJ on NIF by roughly 40 times, corresponding
toanincrease in Sto -3.5. They show that the integrated effect of SRS
atthe NIF scaleis similar to the integrated effect of TPD at the OMEGA
scale (SRS is the dominant mechanism at NIF and TPD at OMEGA),
verifying that hot-electron preheat (that is energy deposited into the
shell per unit mass) scales hydro-equivalently between OMEGA and
NIF.Rosenbergetal. also show measured in-flight trajectories from the
X-ray self-emissionimages of OMEGA and NIF implosions and find that
theimplosion velocities are similar, with NIF implosions being slightly
slower than OMEGA. The nuclear yield measurements from these
implosions can also be used to calculate an experimental value for 8
to compare to the hydro-equivalent theory. These data are reported
inExtended DataFig.1and Extended Data Table1and suggest that the
yield increase as implosions are scaled up in energy from OMEGA to
NIF is consistent with hydro-equivalent scaling theory. Nevertheless,
many open questions remain on the details of scaling physics between
OMEGA and NIF energies, and there is not yet a clear path to fielding
high-performance cryogenic implosions on the NIF due to the many
differences in the target delivery and laser beam properties between
NIF and OMEGA. However, these results provide experimental support
for hydro-equivalent scaling as a reasonable extrapolation method
from OMEGA to NIF energies.

Corereconstruction

OMEGA diagnostics. The stagnated core reconstruction process is
tightly constrained by acomprehensive suite of diagnostics available
on OMEGA. Neutronyields, fusion plasmaion temperatures and fluid
velocities® are measured via a suite of neutron-time-of-flight (nTOF)
detectorsplaced around the OMEGA target chamber that measure DT
and deuterium-deuterium (DD) fusion reactions. Areal densities are
measured by nTOF backscatter® and amagnetic recoil spectrometer™
(MRS) forward scatter diagnostic. Hotspot X-ray images®* are
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measured from the GMXI**, TRXI**, KB-FRAMED* and SRTe> diagnos-
tics, which view the core from various lines of sight. The fusion
burn duration and time of peak burn are measured by the Neutron
Temporal Diagnostic. Finally, the electron temperature is measured
by the SRTe diagnostic®. Owing to excellent symmetry control
on OMEGA?, the best-performing implosions considered in this work
show only marginal asymmetry signatures, with low variation in
the apparent ion temperatures measured from the width of the
14.03 MeV neutron spectrum®® (T; nax / Timin = 1.08 + 0.1) and areal
densities (pRmnax/PRmin =1.0+0.1) and low bulk flow velocities
(Vnuia/Ushen = 0.1 £ 0.1), as well as nearly circular X-ray images (ellipse
major-minor axis ratio~1.1+ 0.1).

The quasi-analytic Betti-Williams model. Calculating ... from equa-
tion (1) requires knowledge of the mass of the deuterium-tritium por-
tion of the confining shell affected by the return shock. This quantity
cannotbe measuredinanimplosion and must instead be inferred from
other experimental measurements. This inference can be carried out
using simulations or analytic models constrained by experiments.
The companion paper ref. 25 describes a quasi-analytic, non-isobaric,
two-temperature, static Betti-Williams model; we provide a short
description here, as well. This is similar to the approachusedinref.12,
though the details differ due to the differences in diagnostic capabili-
ties between the NIF and OMEGA. Uncertainties in the model-estimated
parameters are obtained by Monte Carlo estimation, assuming the
uncertainties in the experimental inputs are normally distributed
and independent. We begin by noting that the fusion yield is given by

Yor = annT(ov)dth, (10)

where n;, nyand (ov)are the deuterium and tritium number density and

the Maxwell-averaged fusion reactivities of the DT fusion reaction,

respectively. These are averaged over space and time to obtain the

fusionyield. Assuming an ideal gas, equation (10) can be rewritten as
(ov)

Yor = f P’f;, fTF dvde, 1

wheref,,, f1, P;and T; are the deuterium and tritium number fractions,
ion pressure and temperature, respectively. We then assume that the
time dependence can be eliminated by assuming that the bulk of the
fusionreactions occur over ashort time scale compared to the hydro-
dynamic time scale, so that

Yor =AT/Pi2foT<(;_—Z> dv,

(12)

where tis the full-width at half-maximum of the neutron production
history and A is a constant to be determined. The spatial dependence of
equation (12) ishandled by assuming spherical symmetry and writing

each spatially varying quantity g(r) as
q(r) = qog(n), (13)

where g(r) is a non-dimensional shape function and q, is the value at
r=0forthe quantity g. Applying this to equation (12), we obtain

2
4mP; (ov), 5

Yor = AT— 21, 14)
i0
where/is anon-dimensional profile integral
1 A a
1= [ Boner» S Dr . (15)
0 IHG)

For theelectronic contribution to pressure and energy, we assume
the hotspot consists of only afully ionized DT plasma, so that
Pi 7-iO

= (16)
:De 7-eO

Te(n = Ti(r)

If we did not make this correction and had assumed that 7,=T,,
on average this would increase pressures by 10-15%, since in reality
Te< Tl _)Pe<Pirand SinceP:Pe+Pi' PBW<PequiIibrated'

To solve this system, we need to specify the profile functions for
electronandion pressure and temperature. One choice for the profiles
could be analytic, for example, the isobaric profiles from ref. 31. For
improved accuracy, we use profiles from LILAC simulations of each
implosion, instead of assuming that the pressure profileis flat (that s,
isobaric). This isimportant because the Mach number of the hotspot
(Vi/Veouna) » 0and cannot beignored for large (V; > 300 km s ™) implosion
velocities. Whenthe Mach number is large in the hotspot, the hotspot
pressure decreases monotonically fromits central value and isreduced
by 20-40% at the hotspot-shell boundary.

The constant A can be determined by rewriting equation (12) as

Yor = AtVpr, 17)

where Yy is the peak neutronrate. The constant A thenacts as a propor-
tionality constant for the integral of the reaction rate over time—for
instance, ifthe shape were purely Gaussian, A = y/ri/In (16) ~ 1.06.Since
thereactionrateisactually slightly non-Gaussian, we find A from LILAC
simulationsto be-1.1. Finally, the hotspot radius R, can be determined
from any of several X-ray imaging diagnostics which integrate over
different X-ray energy ranges. Inanideal scenario, R, would instead be
measured from neutronimages, as done at the NIF, but such adiagnostic
isnot presently available on OMEGA. Instead, to determine the optimal
choice of X-ray energies we post-process LILAC simulations of all 350+
cryogenic implosions since 2014 with SPECT3D (ref. 59) to generate
syntheticimages of each real diagnostic and find that using the highest
energy (-18-20 keV) X-ray image from the SRTe diagnostic provides
self-consistent results when the Betti-Williams modelis applied to these
simulations. Using high photon energy X-ray images as a proxy for
neutronimages is supported by observations on the NIFand OMEGA*®°
that the £, =15-20 keV X-ray emission region is consistent with the
spatial extent of the neutron emission. We choose the 17% contour of
theimages to remain consistent with previous work®?°, aswell as finding
that it both encloses 93-95% of the neutron producing region in high
implosion velocity LILAC simulations and has an acceptably low statisti-
caluncertainty (-0.5 pm standard deviation) in experiments.

Once the hotspot has been reconstructed using the Betti-Wil-
liams model, the hotspot mass and areal density can be evaluated by
integrating the hotspot density

prs(r) = 10, a8)
PRy = / pre(r)dr, 19)
My, = f Pr(dV, (20)

and comparing to the measured areal density to obtain the shell areal
density and mass

PRshet = PR — pRys, 21
Mipen = 4T[Ri2, PRspen | 1+ _1 + _1 s (22)
s Ashent 342
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where Ay, is the stagnation (that is, at minimum radius) aspect ratio
ofthe shell, estimated from LILAC so that the total massis

Mstag = Mhs + Mghenr- (23)

We note that while the aspect-ratio correction used hererequires
an input from a simulation and cannot be corroborated with experi-
mental evidence, itonly acts toincrease M, and reduce x,,,, compared
totheanalysisinref.12, whichis consistent with our analysis in the limit
ofinfinite aspectratio or aninfinitesimally thin shell. LILAC stagnation
aspect ratios are approximately 2 to 4, and we use an uncertainty of
+0.5inthe Monte Carlo propagation of uncertainties. This leads to an
aspect-ratio correction factor that canincrease My, by up to 60% for
very low aspect ratio, thick shells.

Radiation-hydrodynamic simulations. 1D LILAC and 2D DRACO
simulations are run using CBET, nonlocal thermal transport, multi-
group radiation transport and first-principles equation-of-state
tables, as well as multigroup alpha-particle transport for the
alpha-onsimulations. The as-shot pulse shape and target specifica-
tions are used to initialize the simulations. As the 1D LILAC simula-
tions cannot have asymmetries introduced, it is degraded by
reducing absorption until its bang-time matches experiment, after
which pointitis degraded by increasing the coasting time. The 2D
DRACO simulations also have their absorption decreased until their
bang-time matches experiments, but are then degraded by adding
all known perturbation sources that can be modelled. This is insuf-
ficientto fully reconcile the observed yield degradation, so the laser
imprintis artificially increased as a stand-in for the effects of defects
in the ice and target until the yield degradation (Y,p/Y;p) matches
the experiment (Y,/Y1p). The simulations are postprocessed with
SPECT3D and IRIS® to produce synthetic diagnostics which are
compared to experiments.

The hotspot is defined as the region at the time of peak neutron
production within the neutron R17 boundary, that is where neutron
production

N = npny(ov) (24)
isgreater than17% of its peak value. In simulations, this choice of con-
tour value is chosen to remain consistent with ref. 8. For times other
than at peak neutron production, the fluid volume corresponding to
thisregionis tracked backward or forward. Thisistrivialin LILAC, asit
isalD Lagrangian code.In2D DRACO simulations, the non-convex R17
boundaryisreconstructed using an alpha-shape method and is tracked
viaadvection of boundary tracer particles with a predictor-corrector
method.

Data availability

Raw data were generated at the OMEGA Laser Facility. Derived data
supporting the findings of this study are available from the corre-
sponding author uponrequest and with permission from the OMEGA
Laser Facility.
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Extended Data Fig.1| DD fusionyields from D2 gas-filled CH ablator
implosion experiments on OMEGA and NIF. DD fusionyields from D2 gas-filled
CH ablator implosion experiments on OMEGA (diamonds) and NIF (circles), with
(magenta) and without (blue) a Ge-doped CH inner payload layer. The black lines
shows the expected yield of the NIF implosions for a range of energies according
to hydro-equivalent scaling theory for the CH (solid) and CHGe (dash-dotted).
The displayedyields and error bars are the median and 1standard deviation of all
the yields of implosions taken for each case, and the diagnostic measured value

and1standard deviation uncertainty if there was only one implosion for that case.

There were 4 NIF CHGe, 3 OMEGA CHGe, 2 NIF CH and 1OMEGA CH implosions.
OMEGA experiments are performed with smoothing by spectral dispersion®

(SSD) turned off and using a polar illumination scheme*® that mimics the
illumination scheme of the NIF. OMEGA experiments occurred at 17 kJ, whereas
the NIF experiments took place at 700 kJ, which corresponds to anincrease in
scale size S of approximate 3.5. When scaled down to OMEGA energies, the CH NIF
implosions would be expected to produce (1.42 + 0.12) x 10° neutrons, whichisin
good agreement with the (1.42 + 0.07) x 10° neutrons measured on OMEGA. The
CHGe NIF scaled down would be expected to produce (1.2 + 0.3) x 10° neutrons,
whichis slightly higher than the OMEGA yields of (8.4 + 0.8) x 10° neutrons. The
ion temperatures for the NIF and OMEGA implosions are similar and roughly 2
keV.These implosion results support the validity of hydro-equivalent scaling of
yields between OMEGA and NIF.
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Extended DataFig. 2| LILAC and DRACO no-a stagnation metrics for
hydro-equivalently scaled implosions. LILAC (blue circles) and DRACO
(orange diamonds) no-a (that is, without alpha heating included in the
simulations) stag- nation metrics for hydro-equivalently scaled implosions.
a) DTYield Y, b) areal density pR, c) Pressure, d) Hotspot Energy and e) the
normalized Lawson parameter X, all versus the hydro-equivalently scaled
driver energy (lower axis) and size scale factor (upper axis). Note that both

horizontal axes are logarithmic. The solid black line indicates the change in

the stagnation metrics according to scaling theory in Refs. 17,18 (Extended
DataTable1). Thereis good agreement with scaling theory for all the key
observables, indicating that the simulations have been correctly scaled, and
that the scaling theory remains valid for the moderate adiabat ( - 5) implosions
which are the best performers on OMEGA, even in the presence of substantial 2D
perturbations as expected from prior work*.
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Extended DataFig. 3 | Design changes and corresponding effect onimplosion
dynamics from'® and this work. a,b) The outer section of the pure CD ablator
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in (a) was replaced with a 5-7% silicon-doped CH ablator, and the ice thickness

was slightly increased. (c) The pulse shape and various aspects of the simulation

dynamics from LILAC post-shot simulations. Shot #90288 (the highest

performer from'®) isinblue, and shot 104949 is in magenta. The pulse shape is
shortened and the intensity is increased from #90288. Due to the siliconin the

Absorption
fraction

TPD threshold
proximity

o
©

0.0 0.5 1.0

1.2
0.8
0.4
0.0

Normalized time

0.0 0.5 1.0

Normalized time

outer ablator, CBET is mitigated, and the higher intensity first spike has the same
absorption fraction, while the fixed intensity second spike has higher absorption.
This results in a substantially higher maximum velocity (from 466 to 510 km/s) for
thessilicon doped implosion, despite the larger mass of the ice and ablator layers.
Theincreased temperature of the coronal plasma due to silicon also reduced the
threshold parameter and activity of the two-plasmon decay (TPD).
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Extended Data Table 1| Hydro-equivalent scaling coefficients for key implosion metrics

Observable | Ynoa | PR | Phs | Bha | Xnoo
LILAC Reconstruction of 104949 | 1.42 | 0.36 | 0.00 | 1.00 | 0.34
Simulations of Refs.[17, 18] | 1.43 | 0.34 | 0.00 | 1.00 | 0.34
Experiments of Ref.[38] | 1.42+0.02 | | | |

Hydro-equivalent (HE) B from Eq. 8 based on the scaled LILAC simulations in Extended Data Figure 2, Refs. 17,18 and the experiments in Ref. 38 shown in Extended Data Figure 1. The two
simulation-based methods are in agreement with each other, and the yield scaling from the experiments of Ref. 38] are in good agreement with theory. Y, is the DT Yield (without alpha
heating), pR is the areal density, P, is the hotspot pressure, E, is the hotspot energy, and X,,., is the normalized Lawson parameter.
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