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Obtaining a burning plasma is a critical step toward self-
sustaining fusion energy1. A burning plasma is one in which the
fusion reactions themselves are the primary source of heating in
the plasma, which is necessary to sustain and propagate the burn,
enabling high energy gain. After decades of fusion research, a
burning plasma state has been achieved in the laboratory. These
experiments were conducted on the National Ignition Facility, a
laser facility delivering up to 1.9MJ of energy in pulses with peak
powers up to 500TW; we use the lasers to generate x rays in a
radiation cavity to indirectly drive a fuel-containing capsule via
the x-ray ablation pressure, the implosion process compresses and
heats the fuel via mechanical work. We report upon these first
burning-plasma experiments; this state was created using a strat-
egy to increase the capsule spatial-scale2, 3 via two different implo-
sion concepts4–7. These experiments show fusion self-heating in
excess of the mechanical work injected into the implosions satis-
fying several burning plasma metrics3, 8, additionally a subset of
recent experiments appear to have crossed the self-heating bound-
ary, where fusion heating surpasses energy losses from radiation
and conduction. The resulting alpha-dominated plasmas provide
an invaluable platform to study burning plasma physics for the first
time.

Fusion research fundamentally aims to create a system that pro-
duces more energy than was required to create it, a necessary condition
for energy applications; in practice the fusion reaction must be self-

sustaining with self-heating overtaking loss mechanisms, termed ‘ig-
nited’ 9. Such conditions are reached in astrophysical objects including
the cores of stars, novae, and type 1a supernovae, and in thermonu-
clear weapons. Ignition in the laboratory requires heating the fuel to
incredibly high temperatures, where it becomes a ‘plasma’ and fusion
reactions readily occur, while also controlling energy losses. Several
approaches have been developed to heat and confine plasma over the
last several decades, with most pursuing deuterium-tritium (DT) fuel,
which is the easiest to get to ignition. The dominant approaches to
plasma confinement are ‘inertial’, an impulsive burn while the fuel is
confined by its own inertia, and ‘magnetic’, in which specialized con-
figurations of magnetic fields provide confinement to the charged par-
ticles in the plasma. In order for a DT fusion [D + T → α (3.5 MeV)
+ n (14 MeV)] plasma to become thermally unstable and ignite, it
must first obtain a ‘burning’ state. In this regime, self-heating from
α-particle deposition exceeds the external heating input into the DT;8

this ratio is denoted Qα where the self-heating is taken relative to the
heating power to the plasma, for inertial fusion this is the PdV com-
pressional work on the fuel and not the total laser energy. Qα > 1 is a
burning plasma.

A burning plasma state signifies a transformational change to the
energy and power balance in the DT plasma, opening up the potential
for rapidly increasing performance. In the impulsive case of inertial
confinement fusion (ICF)10, Qα can be stated either as a power during
burn, or as an energy integrated over the burn duration, while for the
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near steady-state operation of magnetic fusion energy (MFE), Qα is
a statement of power. Since α-particles carry 1/5 of the total fusion
energy per D + T reaction, Qα = Q/5, where Q is the total fusion
energy compared to the heating energy supplied [or in the MFE case,
stated in terms of total fusion power over heating power, e.g. the goal
of ITER11 is to reach Q ≈ 10 (Qα ≈ 2) while the record from the JET
tokamak12 is Q ≈ 0.67 (Qα ≈ 0.13)].

A burning plasma is distinct from other scientific milestones in in-
ertial fusion. Several years prior the first milestone of ‘fuel gain’13

(Gfuel > 1) was achieved14, in which the fusion yield exceeds the en-
ergy delivered to the fuel; this corresponds to∼ 12− 14 kJ of yield on
NIF. At 20-22kJ, the yield was approximately doubled by self-heating
feedback, termed ‘alpha heating’15. The next scientific milestone is
a burning plasma, as described previously; this is the scientific mile-
stone achieved in this work. No net energy gain, G, relative to the laser
energy is expected for a burning plasma. Because of energy losses in-
curred in achieving the required compressed state, ICF implosions must
achieve ignition before a net energy gain is possible. A net energy gain
would require fusion yields greater than the laser energy, 1.9 MJ. While
short of ignition or energy gain, a burning plasma (Qα > 1) is a new
physics regime for laboratory fusion1, 11, 16. Studying burning plasmas
will elucidate other new physics in this regime, such as self-heating
driven instabilities or kinetic effects in the plasma, which likely depend
on confinement approach.

In a tokamak, the predominant approach to magnetic confinement,
once the plasma discharge is generated by resistive heating, external
power sources, such as radio-frequency antenna, provide additional
plasma heating as the plasma is brought to fusion conditions. In
indirect-drive ICF, the way energy is delivered to the fusion fuel is dif-
ferent and much less direct. On the National Ignition Facility (NIF)17

192 lasers deliver up to 1.9 MJ of frequency-tripled light into a high
atomic number (Z) “hohlraum” (Fig. 1) that serves the purpose of an
x-ray converter generating a nearly Planckian x-ray bath, an approach
known as ‘indirect drive’18. The incident beam-by-beam laser pointing
and power in time are designed6 to generate a specific radiation tem-
perature (Trad) history (Fig. 1, lower left) inside the hohlraum with
sufficient uniformity in a way that is matched to specifics of the tar-
get geometry and desired final plasma state. The exposed surface of
a capsule at the center of the hohlraum absorbs ∼ 10 − 15% of the
x rays, causing the outer edge of the capsule (the ablator) to ionize,
generate high pressures of order hundreds of Mbar (1 Mbar = 1011

Pa), and expand away from the capsule – a process termed ablation.
A shell of cryogenic DT fuel is layered against the inside surface of
the ablator, which is in partial-pressure equilibrium with DT vapor in
the center of the capsule (Fig. 1 upper left). The inwardly-directed
acceleration caused by the ablation drives the capsule and DT fuel in-
wards upon itself (an implosion, shown schematically at the right of
Fig. 1) with enormous acceleration (∼ 1013 g’s) obtaining velocities
of ∼ 350 − 400 km/s in a matter of nano-seconds. Most of the cap-
sule absorbed x-ray energy (∼ 92− 95%) is consumed by the ablation
process, but as a result the DT fuel obtains significant (∼ 10 − 20 kJ)
kinetic energy (KE) inside a very small volume.

Shortly after the DT fuel acquires peak KE, the pressure (P ) inside
the implosion rises dramatically, to levels of many hundreds of Gbar
(1 Gbar = 1014 Pa), as KE is converted into internal energy (IE) in the
DT (a process termed stagnation). An ICF implosion is a pressure am-
plifier, sacrificing absorbed energy to achieve high energy density and
central pressures that are factors of thousands higher than the pressure
at the ablation front. The high central pressure is necessary because
only a small fraction of the NIF facility energy can ever be coupled
into the DT fuel and heating a large mass of DT fuel is energetically
costly, as reflected in the heat capacity of DT, cDT = 115 kJ/(mg·keV)
[9.9× 103 J/(kg·K)]. In these experiments the total fuel mass is∼ 200

µg and the hot-spot mass is ∼ 20 − 30 µg. Since high ion tempera-
ture (Ti) is also needed for fusion, as the fuel stagnates at the center
of the implosion, the DT forms a hot-spot from the fuel’s inner surface
and PdV work is done on the hot-spot generating very high ion and
electron temperatures in near thermal equilibrium (Ti ≈ Te ∼ 4 − 5
keV, 1 keV = 1.16 × 107 K, where Ti and Te are the ion and electron
temperatures). If the conditions of high temperature and pressure are
achieved, the hot-spot initiates copious DT fusion reactions and self-
heating further increases Ti.

ICF experiments demonstrated significant fusion performance en-
hancement from self-heating14, 15 several years ago, and more recent
advances19–21 generated experiments with ∼ 50 kJ fusion yields that
were close to the burning plasma threshold3. These experiments used
capsules with similar inner radii, between 0.91− 0.95 mm. Within the
maximum laser energy NIF can deliver, these previous designs were
limited in the energy coupled to the capsule, and thus in the fuel ki-
netic energy, by the ability to control the symmetry of the radiation
environment within the hohlraum, primarily due to the fact that an ab-
lated plasma bubble expands from where the outer beams hit the wall
(see Fig. 1) intercepting the inner beams and thereby suppressing drive
at the hohlraum waist22, 23. Two tactics have been employed to enable
symmetry control with more efficient hohlraums driving larger cap-
sules: adjusting cross-beam energy transfer between the outer to inner
beams4, 24, 25 by changing the laser wavelength separation (∆λ), and in-
corporating a pocket in the hohlraum wall at the outer beam location
to delay the bubble propagation5. These tactics have been used to de-
sign higher efficiency hohlraums that control symmetry; we use these
hohlraums to drive capsules that are ∼ 10% larger than prior exper-
iments to realize the strategy for achieving a burning plasma laid out
in Ref. 2. These experimental campaigns are known as ‘Hybrid E’
and ‘I-Raum’; the Hybrid-E campaign uses ∆λ exclusively while I-
Raum uses a combination of the pocket and ∆λ. Key data and analysis
supporting this burning-plasma analysis are given in accompanying pa-
pers: by Ross, Ralph, Zylstra, et al. (Ref. 7 on experiments), and by
Kritcher, Young, Robey, et al. (Ref. 6 on design simulations).

Four experiments with these new designs have been conducted
that have generated record performance on the NIF, with fusion yield
tripled from past experiments4, 19, 21 to a maximum ∼ 170 kJ26; the
experiments are referred to by a experiment number denoting the
date of the experiment (e.g. NYYMMDD, YY=year, MM=month,
DD=day format). N201101 and N210207 were experiments using the
Hybrid-E platform while N201122 and N210220 were experiments us-
ing the I-Raum platform. The experiments in November (N201101
and N201122) achieved much higher performance relative to past work
due to their increased scale and favorable implosion design parameters
yet each suffered from low-mode degradations; these low-mode asym-
metries were mitigated on the subsequent experiments (N210207 and
N210220) resulting in higher performance (see Refs. 6, 7).

On each NIF experiment a comprehensive suite of optical, x-ray,
and nuclear diagnostics measure key aspects of the implosion perfor-
mance. Key data are shown in Extended Data Table 1: the total fu-
sion yield in kJ, ion temperature (Ti, measured from DD reactions7),
hot-spot volume, and burn width in ps. For a full description of the
experimental data and changes between the experiments, see Ref. 7.
Analytic models, using these data, are used to infer characteristics of
the implosion process and hot spot including the pressure, hot-spot in-
ternal energy, implosion velocity and peak kinetic energy in the fuel
during implosion, PdV work done on the hot spot, and areal den-
sity of the hot spot in g/cm2. These quantities are required to eval-
uate the burning-plasma criteria. Most of these inferences are de-
scribed in Ref. 27 and the Methods; the implosion velocity (vimp)
can be inferred from the time of maximum neutron output (‘bang-
time’) and an implosion dynamics ‘rocket-model’ that is calibrated to
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Figure 1: (Center) A typical indirect-drive target configuration with key engineering elements labeled. Laser beams (blue) enter the hohlraum
through laser entrance holes at various angles. (Upper left) A schematic pie diagram showing the radial distribution and dimensions of materials
in diamond (high density carbon, HDC) ablator implosions. (Lower left) The temporal laser power pulse-shape (blue) and associated hohlraum
radiation temperature (green). (Right) At the center of the hohlraum, the capsule is bathed in x-rays, which ablate the outer surface of the capsule.
The pressure generated drives the capsule inward upon itself (an implosion) which compresses and heats the fusion fuel during the implosion
process.

near-neighbor surrogate experiments where the implosion trajectory is
tracked radiographically28, 29.

While it would be desirable to have a direct measure that indicates
a burning plasma, such a measurement is not yet known to exist, so in-
ferences from data must be used instead. Gfuel has a direct connection
to ignited fusion requirements and suggests a simple metric for assess-
ing a burning plasma fromGfuel = Y/EPdV,tot where Y is the fusion
yield and EPdV,tot is the total PdV work on the fuel (see Methods for
how this quantity is evaluated). Fig. 2a (also see Extended Data Table
1) shows a plot ofGfuel data from many DT implosions on NIF versus
the product pT 1.6τ where τ is a confinement time; this is a Lawson-
like criterion applicable for Gfuel (see Methods).

As can be seen in Fig. 2a, most experimental series show a linear
trend between Gfuel and PT 1.6

i τ and have Gfuel ≤ 5. Whereas,
the Hybrid-E and I-Raum implosion series show a transition to a
super-linear trend between Gfuel and PT 1.6

i τ (as expected when self-
heating exceeds the hot-spot internal energy) and have Gfuel > 5.
The non-burning plasma regime is denoted by the gray shaded region
(Gfuel < 5). In this and the following figures, historical data from NIF
are shown from Refs. 4, 14, 15, 19–21, 31–33, labeled by the names of
those predecessor campaigns.

Fig. 2b shows the probable distribution of the Gfuel values plotted
in Fig. 2a, with the probability distribution in the inferred data quan-
tities included to evaluate the uncertainty (see Methods). For compar-
ison, we include a set of previous high-performing NIF experiments
from Refs. 4, 19, 21. The abscissa of Fig. 2b are NIF experiment num-
bers; while several experiments in years prior to November 2020 came
very close to the threshold of Gfuel = 5, only the experiments re-
ported here have so far clearly surpassed it (see Extended Data Table 1
for values, where the quoted likelihood is the fraction of the distribution
above the threshold).

Alternatively, comparing the total energy produced in α-particles,
Eα = Y/5, to the peak DT fuel KEfuel (see Fig. 2c) is another sim-
ple metric. Similar to Fig. 2b, Fig. 2d shows the probable range of
Eα/KEfuel, with normally distributed uncertainties in the input data
vs. experiment number for the eight highest performing DT experi-
ments on the NIF, where again only these four experiments clearly ex-

ceed Eα/KEfuel > 1 (see Extended Data Table 1 for values). Since
indirect-drive implosions have a small fraction of ablator mass remain-
ing at peak velocity it is important to point out that KEfuel is not the
total implosion kinetic energy at peak velocity, but because the stagnat-
ing shell is compressible and extended radially, only a fraction of the
ablator’s kinetic energy can be converted to internal energy before peak
burn and disassembly.

While Gfuel and Eα/KEfuel are suggestive metrics for an ICF
burning plasma, two more rigorous and more stringent metrics al-
ready exist in the literature3, 8. The burning plasma statement that “α-
deposition is the dominant source of plasma heating” is complicated
by the temporal nature of an implosion, where the PdV work on the
hot-spot that does the heating comes before the time of peak fusion-
rate, a consideration that is not analogous to MFE. Hurricane et al.
published a condition on velocity (vcond)2, 3 relative to the plasma con-
ditions, which we slightly modify (see Methods) to:

vcond(ρRhs, Ti) = 5.3× 1025(ρR)hs
〈σv〉
Ti

> vimp (1)

in units of keV, g, cm, and s. Here, ρRhs is the hot-spot areal density
and 〈σv〉 is the fusion reactivity.

To evaluate the Hurricane metric the hot-spot temperature and areal
density, and the implosion velocity are needed (see Methods). The
thermonuclear reactivity 〈σv〉 is a function of the hot spot conditions,
specifically the temperature; we use Bosch and Hale’s34 〈σv〉 evalua-
tion. Fig. 3a shows the experiments in hot-spot temperature and areal
density parameter space. Previous experiments are shown as points,
while these two experiments are shown as full probability distribu-
tions [red (N201101), blue (N201122), purple (N210207), and grey
(N210220)], with contours enclosing 80% of the distribution. In Fig.
3a a single contour of Eq. 1 for vimp = 385 km/s, representative of
these experiments, is shown. When evaluating the criteria each experi-
ment’s actual inferred velocity, with uncertainty, is used. These are the
first experiments to exceed the Hurricane criterion, as clearly shown by
the probability distributions in Fig. 3b. The likelihood of these four ex-
periments exceeding the criteria is 89% (N201101), 79% (N201122),
and 100% for both N210207 and N210220.
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Figure 2: Simple metrics for assessing a burning plasma. (a) total fuel gain versus Lawson-like parameter, Gfuel > 5 corresponds to the
burning plasma regime. (b) Probability distributions for Gfuel for high-performing experiments, in these plots the width of the shaded region is
proportional to the probability distribution and the solid lines mark the 16, 50, and 84 percentile of the distribution (c) Total alpha-heating energy
vs fuel kinetic energy, Eα/KEfuel > 1 corresponds to Qα > 1. (d) Probability distributions in Eα/KEfuel criteria for high performing
experiments

Eq. 1 should be roughly equivalent to the burning-plasma criteria
found by Betti, et al. (3.5× yield amplification and 0.5Eα/EPdV,hs >
1)8, but for completeness we use both. The first criteria by Betti et al.,
Yamp ≥ 3.5, is satisfied by our inferred yield amplifications given in
Extended Data Table 1, inferred with the prescription in Ref. 27 and
from 2-D simulations6 using HYDRA35. Two quantities are required to
evaluate the second Betti et al. burning-plasma metric. The alpha de-
posited energy (Eα) is straightforward as it is simply 20% of the mea-
sured total fusion yield (given in Extended Data Table 1), which is∼ 20
kJ for the first two experiments,∼ 33 kJ for N210207, and∼ 31 kJ for
N210220. The second input for this criteria is the PdV work done upon
the hot spot, which must be inferred – inferences prone to large un-
certainties in the presence of significant α-heating and bremsstrahlung
x-ray losses. We perform this inference two ways (see Methods), first
using an analytic hydrodynamic piston model36 of an implosion, and
second by extracting PdV work from the 2-D radiation-hydrodynamics
simulations that best match the experimental observables as described
in Ref. 6. These two estimates are used to estimate a range in hot-spot
PdV work and are both plotted in Fig. 3c compared to previous experi-
ments on the NIF, with a 1−1 line to denote the burning plasma regime
(above the line). Probability distributions for the metric quantity itself
are shown in Fig. 3d. From Betti’s criteria, with the experimental (sim-
ulated)EPdV,hs we assess 74% (0%) and 97% (2%) probability, exper-

iments N201101 and N201122, respectively, are in the burning plasma
regime. The difference in probability reflects the fact that the simulated
PdV work is higher and thus is more pessimistic for satisfying the cri-
teria, with the simulated values for these experiments being below the
burning plasma threshold. With improved performance, experiments
N210207 and N210220 are assessed to be in the burning plasma regime
with 100% confidence by both experimental and simulated methodolo-
gies. These correspond to an an inferredQα ∼ 1.4−1.6 for experiment
N210207, and Qα ∼ 1.3− 2.0 for experiment N210220.

Several metrics for assessing whether these implosions created a
burning plasma state have been discussed and presented in Extended
Data Table 1 and Figures 2 and 3. In each case burning plasma like-
lihoods are calculated by propagating uncertainties in each quantity
through the metric (see Methods), shown in the figures with likelihood
values discussed and summarized in Extended Data Table 1. Quan-
titatively, we see that the first two (N201101 and N201122) are as-
sessed as likely being in the burning plasma regime by all metrics excpt
Betti’s when evaluated with the simulatedEPdV,hs; the most recent ex-
periments (N210207 and N210220) are overwhelmingly likely to have
passed this threshold. Qualitatively, our confidence in this conclusion
is further increased by the use of multiple independent metrics.

The achievement of a burning plasma state is key progress towards
the larger goal of ‘ignition’ and overall energy gain in inertial fusion.
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Figure 3: ICF-specific burning plasma metrics. (a) Criteria on temperature and hot-spot ρR established by Hurricane et al. (Ref. 3) (b)
probability distribution for experiments exceeding the Hurricane criteria, > 1 is a burning plasma. (c) Criteria on alpha heating and PdV work
from Betti et al. (Ref. 8), including estimates from data inferences (solid symbols) and from 2-D simulations (open symbols) (d) probability
distribution for experiments exceeding the Betti criteria, for these experiments distributions are shown for data-inferredEPdV,hs (blue) and using
2-D simulations (orange).

The record fusion yields reported here (∼ 0.17 MJ) are lower than
the input laser energy (∼ 1.9MJ), but are nearly equal to the capsule
absorbed energy (giving capsule gain, Gcapsule ∼ 0.7 − 0.8) and are
an order of magnitude greater than the input energy transferred to the
fusion fuel. Moreover, the total fusion power (5mPα) generated in
the two highest performing experiments are at petawatt levels (e.g. ∼
1.6± 0.2 PW for N210207).26

In the burning plasma regime, self-heating can overtake loss mech-
anisms, which include bremsstrahlung losses, thermal conductivity,
and negative PdV work upon expansion. Simple expressions for the
power balance terms are given in the Methods and values for the
four experiments are given in Extended Data Table 1. Here, we use
a bremsstrahlung enhancement factor fb ∼ 1.15 which is inferred
from the data37. The first two experiments have self-heating com-
parable to the radiation losses. An important new regime is when
self-heating is greater than both the radiation and conduction losses
(fαPα > Pb + Pe), a contour for this regime is shown in Fig. 3a by
the black dashed line. Experiment N210220 is close to entering this
regime, and we infer that experiment N210207 has entered this regime
for the first time with 82% likelihood. The level of alpha heating is still
short of that required for ignition26.

In order to achieve ignition, defined as a yield amplification
(Yamp ∼ 20−30) consistent with∼ 1 MJ fusion yield38, and then high
gain, further progress is needed 26. Fig. 4 shows these experiments in

the larger context of ignition, in the parameter space of hot-spot pres-
sure and energy (a) and in yield amplification versus a Lawson-like
parameter called the ‘ignition threshold factor’ experimentally inferred
(ITFX)18, 27, 39 for conditions without alpha heating (nα, b). Fig. 4b
plots this quantity as ITFX0.34

nα which is approximately equivalent to
χnα as defined in Ref. 8. Proximity to ignition can be gauged qualita-
tively in terms of the product P 2Ehs [equivalent to (ρRhsTi)

3], or in
terms of ITFXnα or χnα ∼ 1 representing ignition. Fig. 4a shows
contours of P 2Ehs relative to N210207 showing that this metric has
been improved by a factor of several from previous results. From Fig.
4 we clearly see that these four experiments are the closest to ignition,
but a further increase in ITFXnα from ∼ 0.6→ 1 is required.

As discussed in the accompanying Articles6, 7, these experiments
have clear and specific degradation mechanisms which can be miti-
gated for further improvement in performance. More generally, the
ICF program on NIF is pursuing several approaches that can enable
additional progress: reducing degradation mechanisms including low-
mode asymmetry40–42 and radiative losses from mix37, further increas-
ing energy coupled to the capsule4, 43, and improving compression of
the fuel44.

In conclusion, we have generated, for the first time in the labo-
ratory, a burning plasma state in which the plasma is predominantly
self-heated. This was accomplished using inertial fusion implosions
on the US National Ignition Facility; previous experiments here were
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Figure 4: These experiments in parameter space relevant for ignition. Left: Hot-spot pressure and energy. The product P 2EHS is representative
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just below the threshold for a burning plasma, we increased the capsule
scale relative to previous work, increased the coupling efficiency from
laser energy to the capsule, and controlled implosion symmetry using
new tactics. Four experiments have been conducted that have passed
the threshold for a burning plasma by several metrics, with especially
high confidence on the most recent two experiments. Additionally, the
highest performing experiment (N210207) is in a more stringent regime
where the self-heating surpasses energy losses from radiation and con-
duction. While these results are short of total energy gain from the
system due to the inherent inefficiencies of ICF, these experiments rep-
resent a substantial step towards this goal with record values of param-
eters that assess our proximity to ignition on NIF. Several promising
avenues for further increases in performance are identified and will be
pursued by the US inertial fusion program, in addition to novel physics
in the burning-plasma regime such as alpha-driven processes.
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Extended Data Table 1: Data, inferred metrics, and burning-plasma criteria for these four experiments. Percentages indicate probabilities. For
the criteria > 1 corresponds to a burning plasma except the first two, with the threshold given in brackets. Error bars formal ±1σ standard
deviations.

N201101 (Hybrid-E) N201122 (I-Raum) N210207 (Hybrid-E) N210220 (I-Raum)

La
se

r Peak Power (TW) 490 485 470 480
Energy (MJ) 1.89 1.82 1.93 1.78

D
at

a

Yield (kJ) 98.4± 2.7 106.2± 3.2 170.9± 4.8 160.6± 4.3
Ti (keV) 4.61± 0.14 4.65± 0.14 5.23± 0.16 5.13± 0.24

Volume (105µm3) 2.5± 0.2 2.5± 0.2 3.3± 0.3 2.2± 0.5
Burn Width (ps) 118± 6 137± 10 107± 13 135± 9

In
fe

rr
ed

Pressure (GBar) 319+23
−21 297+23

−20 339+30
−26 371+54

−48

Hot-spot energy (kJ) 12.2+0.9
−0.8 11.5+0.9

−0.8 16.8+1.5
−1.3 12.5+1.8

−1.5
Fuel K.E. (kJ) 15.9± 1.0 11.6± 0.87 15.9± 1.0 11.6± 0.7

PdV work (kJ, exp.) 9.5± 0.9 8.6± 0.8 10.6± 1.0 8.0± 1.5
PdV work (kJ, sim.) 12.2± 0.5 11.6± 0.5 12.1± 0.5 11.8± 0.5

Hot-spot ρR (g/cm2) 0.36+0.04
−0.03 0.33+0.04

−0.03 0.36+0.04
−0.03 0.36+0.04

−0.04

C
ri

te
ri

a

Yamp (exp.) [> 3.5] 3.5± 0.2 4.2± 0.3 4.7± 0.3 5.7± 0.5
Yamp (sim.) [> 3.5] 3.53 3.94 5.54 5.34

Gfuel [> 5] 5.8+0.3
−0.4 (98.7%) 6.7+0.6

−0.8 (99.5%) 7.8+0.7
−1.0 (99.9%) 11.7+2.0

−2.4 (100%)
Eα/KEfuel 1.28± 0.09 (100%) 1.78± 0.13 (100%) 2.12± 0.15 (100%) 2.72± 0.19 (100%)

vcond/vimp (Hurricane) 1.08± 0.07 (89%) 1.06± 0.07 (79%) 1.55± 0.13 (100%) 1.43± 0.11 (100%)
0.5Eα/EPdV,hs (Betti, exp.) 1.07± 0.11 (74%) 1.21± 0.12 (97%) 1.59± 0.16 (100%) 2.00± 0.36 (100%)
0.5Eα/EPdV,hs (Betti, sim.) 0.83± 0.04 (0%) 0.90± 0.05 (2%) 1.39± 0.07 (100%) 1.33± 0.07 (100%)

Av
e.

Po
w

er fαmPα (TW) 138+10
−10 119+13

−11 241+40
−31 184+18

−17

mfbPb (TW) 159+33
−26 137+29

−23 190+41
−32 166+31

−27

mPe (TW) 20+4
−4 21+4

−4 36+6
−6 26+6

−5
Prob. fαPα > Pb + Pe 0% 0% 82% 25%
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1 Methods
Terminology Definitions of commonly-used mathematical symbols
are summarized in Table 2.

Methods Table 2: Definitions for symbols used in this paper.

Symbol Definition
Qα Alpha heating divided by external heating of the

fuel, Qα > 1 is a burning plasma.
Q Total fusion energy divided by external heating en-

ergy, Q > 1 corresponds to fuel gain.
G Overall target gain

Gfuel Fuel gain, equivalent to Q in the ICF context.
Te,i Electron (e) and ion (i) temperature in the fuel
Ehs Energy in the hot spot

KEfuel Kinetic energy of the imploding fuel
EPdV,hs PdV work done on the hot spot
EPdV,tot PdV work done on all of the fuel
Eα Energy in all of the alpha particles 1/5 of the yield
vimp Implosion velocity of the fuel
Yamp Yield amplification, i.e. the multiplicative increase

in yield due to the fusion self-heating

Reproducibility Experiments subsequent to the ones described in this
paper have demonstrated the reproducibility of a burning-plasma state
on the NIF, with two additional experiments that have performance
comparable to the highest-performing experiments in this paper. These
newer experiments, N210307 and N210605, were conducted in the Hy-
brid E platform. N210307 repeated N210207 albeit using a capsule
from a different fabrication batch and produced a yield ∼ 145 kJ with
an experimentally-inferred Qα = 1.34± 0.07 from the Hurricane cri-
teria. Experiment N210605 reduced the ice layer thickness relative to
N210207 and resulted in a lower yield (135 kJ) but high ion tempera-
ture with Qα = 1.40 ± 0.10, again from the Hurricane criteria. This
additional experiments confirm that the burning-plasma state is repro-
ducible on NIF, full details and analysis on them will be presented in
future publications.
Inferred hot-spot conditions Hot-spot conditions must be inferred
from measured quantities using a model. The simplest hot-spot model
is to assume an isobaric volume of uniform conditions, as used in Ref.
14 between Eq. 2 and 3, in which case the hot spot number density is
given by

n = 1.2× 106

√
Y

〈σv〉Vhsτ
(2)

where Y is the fusion yield in J, 〈σv〉 is the fusion reactivity which
depends on the ion temperature (Ti), Vhs is the hot-spot volume
in cm3, and τ is the burn duration in s, for equimolar DT mix-
tures. The remaining hot-spot quantities follow from the inferred
density, including the pressure (P = (1 + Z)nkBTi with Boltz-
mann’s constant), hot-spot energy (Ehs = 1.5PVhs), and areal density(
ρR = (2.5n/Na) 3

√
3Vhs/4π

)
.

A more detailed inference is to use a one-dimensional profile in ra-
dius for temperature and density, maintaining the isobaric assumption.
A conduction-limited profile follows the expression45,

T (r) = Tmin + (T0 − Tmin)

[
1−

(
r

R0

)2
] 1

1+β

, (3)

where Tmin is the temperature at the boundary, T0 is the central tem-
perature, andR0 is the hot-spot boundary. β is the thermal conductivity

power law, 2.5 from classical Spitzer conductivity. Following Ref. 27
we use a lower value β = 2/3 which accounts for additional physics,
dynamical processes, and reproduces radiation-hydrodynamics simula-
tions. The density profile is then determined by the isobaric assumption
through P ∝ nT being constant. Tmin is taken as 1 keV leaving T0,
R0, and P as free parameters in the model; the data are compared to
synthetic data calculated from this 1-D profile with the model parame-
ters adjusted to minimize residuals. As in the 0-D model, the hot-spot
energy simply follows from pressure and volume while the areal den-
sity is the mass density integrated over the inferred radial profile.

In either dimensionality the model’s radius is matched to the ex-
perimental measurements, which take a contour of emission level, by
calculating synthetic emission images to calculate an equivalent con-
tour radius. The measurements include 2- and 3-D asymmetries, so an
equivalent spherical volume, and radius, are calculated using the modal
decompositions, where the emission contour measured from the equa-
tor (Req) and pole (Rpo) are

Req = P0

{
1 +

∑
`

δP` × P`(cos θ)

}
(4)

Rpo = M0

{
1 +

∑
m

δMm × cos(m[φ− φi])

}
(5)

Rhs =
ReqRpo
M0

(6)

where P0 and M0 are the average measured sizes from each view, δP`
(δMm) is the relative modal amplitude, often referred to as P`/P0 with
the nomenclature above chosen for clarity. P` are the Legendre poly-
nomials, and φm are the orientation of the azimuthal modes. Rhs is
the hot-spot radius as a function of both θ and φ, which is integrated
to obtain the volume. Here, the dominant parameters are P0, M0, and
δP2 which are given in Ref. 7.

Implosion velocity (vimp) is inferred using a rocket model of the
implosion46 constrained by both supporting experiments, especially in-
flight radiography, and the measured time of peak nuclear production
on each experiment. The inferred yield amplification given in Extended
Data Table 1 is a function of the measured yield, shell compression,
and fuel mass (mfuel); both the velocity and Yamp inferences use the
prescription given in Ref. 27. The fuel kinetic energy then follows
from 1

2
mfuelv

2
imp. Our techniques for inferring the PdV work done

on the fuel are discussed in the following section.
A comparison of inferred values using 0-D and 1-D models are

shown in Table 3. Inferred pressures are highly consistent between
these calculations, while hot-spot energies and areal densities are
higher in the 1-D model due to significant mass near the 1keV tem-
perature cutoff.
InferringGfuel Since, from the total fusion yield produced by a mass
(m) of DT, over a characteristic confinement-time, τ , is Y ∼ 5mPατ
(Pα = 8.2×1024ρ〈σv〉 in GJ/(g·s) being the specific DT fusion power
for a given mass density, ρ, of DT with reaction-rate 〈σv〉) and since
the internal energy in that DT is Ehs = cDTmTi, one can write30

Gfuel =
Y

EPdV,tot
≈

Y
Ehs

1 +
Efuel
Ehs

− q
10

Y
Ehs

(7)

with
Y

Ehs
≈ 4.6× 1026P

〈σv〉
T 2

τ (8)

where P is in Gbars, Ti in keV, and τ in s units. In Eq. 7, the total
energy delivered by PdV work, EPdV,tot, is determined from the hot-
spot and compressed, but cold, DT fuel energy at stagnation, Ehs and
Efuel, respectively at peak compression. The last term in the denom-
inator represents a correction for additional energy retained by self-
heating of the fuel from alpha-particle deposition but not then lost as
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Methods Table 3: Comparison of inferred quantities from 0-D and 1-D hot-spot models.

N201101 N201122 N210207 N210220
0-D 1-D 0-D 1-D 0-D 1-D 0-D 1-D

P (GBar) 319+23
−21 287+20

−18 297+23
−20 267+20

−18 33930
−26 310+27

−23 371+54
−48 337+43

−36

Ehs (kJ) 12.2+0.8
−0.8 16.8+1.3

−1.2 11.5+0.9
−0.8 15.7+1.3

−1.1 16.8+1.5
−1.3 23.0+2.1

−1.8 12.5+1.8
−1.5 16.9+2.3

−2.1

ρRhs (g/cm2) 0.36+0.04
−0.03 0.36+0.04

−0.03 0.33+0.04
−0.03 0.34+0.04

−0.03 0.36+0.04
−0.03 0.37+0.04

−0.04 0.36+0.04
−0.04 0.37+0.04

−0.04

bremsstrahlung. So, EPdV,tot ≈ Ehs + Efuel − qY/10, where q is
a “quality” factor, 0 ≤ q ≤ 1, measuring the ability of the implo-
sion to retain self-heating energy30. Here we use q ∼ 0.7, inferred
from simulations, and the factor of 10 results from 1/5 of the fusion
energy released as alpha particles and half of those produced up until
the time of peak fusion burn. Albeit generally arrived at in a different
fashion than above, the product P (〈σv〉/T 2)τ is Lawson’s9 parame-
ter for ignition. Fig. 2a uses the useful reaction-rate approximation
〈σv〉 ≈ 4.2 × 10−20T 3.6

i (in units of cm3/s for ion temperature range
3.5 < Ti < 6.5 keV) to simplify the abscissa.

An expression for the fuel gain is given in Eq. 7. The yield is
measured and the hot-spot energy is inferred as described in the prior
section. Precisely determining the cold-fuel energy from data is not
straightforward. For the purposes of this analysis we actually require
the total PdV work done on all the DT. This is at a minimum the fuel
kinetic energy and internal energy at peak velocity, which are both in-
ferred. This neglects any work done by the inflowing remaining ablator
material on the fuel on the fuel, which can occur in these implosions.
In this case the hot-spot energy is more than half the previous estimate;
in this scenario we assume equipartition between the hot spot and cold
fuel to evaluate Eq. 7.
Inferred PdV work The primary uncertainty in the Betti metric8 is in
the inference of PdV work on the hot spot, here we use three method-
ologies: two inferences using an analytic model, and a direct extrac-
tion of PdV work from simulations that match the experimental ob-
servables.

We use the hydrodynamic piston model of an implosion described
in Ref. 36. This analytic model abstracts the implosion process using
opposed pistons to represent the imploding shell. In spherical geome-
try, the stagnation pressure from this mechanical work on the hot spot
is given by (Eq. 24 in Ref. 36):

Ppiston =
ρδRave v

2
imp

Rhs
(1− f2), (9)

where ρδRave is the average shell areal density, calculated from the
measured neutron ’down scattered ratio’ (DSR) using the relation
ρδRave ∼ 19.3DSR, vimp is the implosion velocity, and Rhs is the
average hot spot radius (which can be obtained from the volume, Vhs,
given in Extended Data Table 1). The factor f2 represents the effect
of mode-1 asymmetry and is a measure of the residual kinetic energy
(kinetic energy that is never converted into internal energy) in the im-
plosion.

From the piston pressure we obtain the hot-spot internal energy
(Ehs) from

Ehs =
3

2
PpistonVhs. (10)

In the absence of α-heating (which adds energy to the hot-spot) and
radiative x-ray losses, or when α-heating exactly balances x-ray losses,
thenEhs = EPdV,hs. For low yield amplification implosions (Yamp <
1.5), x-ray losses dominate over α-heating energy gains, so Ehs <
EPdV,hs. For higher yield amplification implosions (Yamp > 2), α-
heating energy gains start to dominate over x-ray losses, so Ehs >

Methods Table 4: Inferred hot-spot PdV work by different methodolo-
gies, ordered from smallest to largest estimates.

N201101 N201122 N210207 N210220

D
at

a Stag. Mass 9.5± 1.1 7.0± 0.8 9.5± 1.1 6.9± 0.8
Piston 9.5± 0.9 8.6± 0.8 10.6± 1.0 8.0± 1.5

Si
m

. 2-D (±0.5) 11.5 13.4 12.1 11.8
1-D 11.3 10.4 11.1 10.5

EPdV,hs. The estimated values for these four experiments are given in
Table 4 as the piston methodology.

We can also estimate the stagnated fuel mass in a similar fashion
using

mshell = 4πR2
hsρδRave, (11)

which allows us to then estimate the total mass that stagnates from
mshell+mhs, withmhs from the hot-spot inferences described earlier.
We then estimate the PdV work from

EPdV,hs = 0.73KEfuel
mshell +mhs

mfuel
, (12)

wheremfuel is the initial fuel mass. The factor of 0.73 is derived from
1-D simulations in which the imploding mass stagnates efficiently, and
we drop the residual kinetic energy factor f2 since the inferred shell
mass does not include non-stagnated material. This estimate leads to
smaller estimates of EPdV,hs than the first empirical estimate, and are
given in Table 4 as the stagnated mass estimate.

For analysis of previously published campaigns we use the simple
relationEPdV,hs ∼ (0.5−0.7)KEfuel(1−f2), this is easy to evaluate
with the available data and the factor 0.5−0.7 accounts for a wide range
of 1-D to 2-D/3-D behavior observed on past experiments. For compar-
ison, the proportionality constant inferred from the first methodology
(Eq. 10) is between 0.60 and 0.73 for our four experiments.

We also employ radiation-hydrodynamics simulations to estimate
the PdV work done on these implosions. The first simulation-based
methodology is to use 2-D simulations with degradation mechanisms
that match the observed performance, and interrogate the work done
upon the mass elements which form the hot spot to infer EPdV,hs.
The simulation methodology is described in Ref. 6, and the values
of EPdV,hs for this method are given in Table 4. The same fusion
performance can be generated with varying application of degradation
mechanisms that either degrade EPdV,hs or do not; an estimate of the
2-D simulation uncertainty of ±0.5 kJ is estimated by studying multi-
ple simulations.

A similar energy-balance analysis can be done with 1-D simula-
tions, in which the work done upon the hot spot is well defined with
a Lagrangian mesh. The 1-D simulations are tuned to match the mea-
sured yields, but are expected to overestimate EPdV,hs since they can-
not properly incorporate residual kinetic energy. This estimate is given
in Table 4 as an upper bound.

We have thus develop four methodologies for estimating EPdV,hs.
In the main analysis we use a combination of the empirical piston
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model estimate as the more pessimistic data-based inference, and use
the 2-D simulated EPdV,hs as the most robust computational descrip-
tion of the experiments.
Modified Hurricane metric At peak burn, the time-rate of change of
hot-spot volume, dV/dt, and therefore the heating-rate is nearly zero,
so time integration is needed. Mathematically, a statement of a burning
plasma appropriate for ICF is∫ tpf

0

Pαdt > −
∫ tminV

0

P

m
dV. (13)

where tpf is the time of peak fusion rate, and tminV is the time of
minimum hot-spot volume.

The integrals in Eq. 13 are easily approximated2 without knowing
the details of the actual implosion using the mathematical method of
Steepest Descent; assuming that the thermodynamic quantities of in-
terest, such as T, P, ρ, · · ·, are impulsive, being highly peaked around
the time of stagnation. Ultimately, the solution to Eq. 13, in terms of
only burn-average hot-spot areal density, ρRhs, Ti, and vimp is Eq. 1
after a correction to the original derivation.

A recent note from our colleagues at Los Alamos47 discovered an
arithmetic error in the derivation of the criteria as published in Ref.
3. The error is in going from Eq. 8 to Eq. 9 in Ref. 3 in which
the conversion to peak temperature (T0) to burn-averaged temperature
(Ths) should be, for n ≈ 4,

〈σv〉
T0

∣∣∣∣
T0

≈
(
n+ 1

n

)n−1
2 〈σv〉

T

∣∣∣∣
Ths

(14)

≈ 1.40
〈σv〉
T

∣∣∣∣
Ths

(15)

Additionally, we now believe that the inclusion of the alpha-stopping
fraction fα in Ref. 3 was inappropriate. When considering the temper-
ature evolution of a defined mass (e.g. the self-heating criteria in Eq.
20) this is necessary because fα is fundamentally the fraction of alpha
energy deposited into that mass. On the other hand the burning plasma
criteria is one on the energy of the hot spot,

Ehs = cDTmhsThs (16)

and alphas which escape the hot spot still contribute to its energy via
generation of additional hot-spot mass, as seen by examining the time
derivative of the above:

dEhs
dt

= cDT

(
mhs

dThs
dt

+
dmhs

dt
Ths

)
, (17)

= mhsfαQα +m(1− fα)Qα, (18)

= mhsQα. (19)

Therefore the inclusion of fα in a burning-plasma criteria is inappro-
priate. We note that not including a fα factor is consistent with other
criteria, e.g. Ref. 8. With these two modifications to the criteria pub-
lished in Ref. 3 we use a new criteria (Eq. 1). This modified criteria is
slightly more restrictive for the burning-plasma threshold in the regime
relevant to these experiments.
Model uncertainties for Hurricane’s metric The Hurricane metric3

depends on more quantities than the Betti metric, although these quan-
tities are more straightforward to infer than EPdV,hs. The metric re-
duces to Eq. 1 where ρRhs and vimp are inferred as described previ-
ously, and Ti is measured. 〈σv〉 contains some systematic uncertainty
from the evaluation used. Data uncertainties are well-defined for Ti
and in the inference of ρRhs and vimp, and are propagated as described
in the next section; the inferred ρRhs can also vary between models,
which will be discussed.

Eq. 1 depends on the fusion reactivity; in this work we use the
evaluation from Bosch and Hale 34. Recent publications have presented
alternative evaluations48 which differ by ∼ 2%. We note that the in-
ferred ρR ∝ 1/

√
〈σv〉 from Eq. 2, so the condition in Eq. 1 depends

on the reactivity as 1/
√
〈σv〉. fα is also weakly increasing with ρR,

leading to the condition being slightly less than square-root dependent
on 〈σv〉, so this criteria has < 1% uncertainty from the choice of 〈σv〉
evaluation.

The Hurricane criteria is sensitive to the inferred hot-spot ρR,
which can vary between models depending on the spatial dependence
of ρ. As shown in Table 3, the 0-D and 1-D hot-spot models agree quite
well. We also check these values using a 3-D reconstruction of the hot
spot density and temperature profiles [a yet unpublished method of L.
Divol, but briefly described in Ref. 37], for N201101 this gives a value
of ρRhs ∼ 0.36 − 0.38 g/cm2 to the 1 keV contour for N201101 and
ρRhs ∼ 0.35− 0.36 g/cm2 for N201122. These values are consistent
with the simple models described earlier.
Self-heating regime The hot-spot per unit mass power balance is:

cDT
dT

dt
= fαPα − fbPb − Pe −

P

m

dV

dt
, (20)

which describes the temporal evolution of the temperature (T ) in terms
of the balance of self heating (Pα) vs bremsstrahlung (Pb) and elec-
tron conduction (Pe) losses plus PdV work. Here, electron conduction
losses are calculated relative to a hot spot boundary that is defined rel-
ative to a fraction of the peak burn rate or a specified ion temperature.
Thermal conduction cools the hot spot while increasing the mass of
the hot spot. Since the fusion burn rate is more strongly dependent
on the temperature of the spot than its mass in the temperature range
achieved by compression alone, alpha heating must provide sufficient
heating for the hot spot temperature to increase in the presence of this
conduction into an increasing mass. Note that hot-spot volume change,
dV/dt, is negative on implosion increasing T . During expansion the
PdV term becomes an energy loss term. The bremsstrahlung loss can
be enhanced beyond the emission of clean DT by the presence of high-
Z contamination of the DT (i.e. mix), by a fraction fb. In Eq. 20 fα is
the fraction of alpha particles stopped in the hot spot, evaluated using
fits with modern stopping-power theory49.
Uncertainty analysis We perform uncertainty analysis for all hot-
spot quantities by propagating the normally-distributed uncertainties
in measured quantities through the 0-D and 1-D models described ear-
lier. The model input parameters are those that fully describe the sys-
tem, and are constrained by the measured yield, ion temperature, burn
widths (from both x rays and γ rays), and volume from the 17% con-
tour of neutron emissivity. Distributions of model parameters are gen-
erated using Markov Chain Monte Carlo (MCMC), calculated with the
tensorflow50 probability package. The log-likelihood function for
MCMC is defined by the measurements and calculated with the log-
likelihood function

−1

2

∑
i

(
mi − yi
δyi

)2

, (21)

which is summed over all observables (i) where mi is the model value,
yi is the measured value, and δyi is the uncertainty in the measurement.
This methodology produces full distributions of the model parameters
including any correlations, from the model parameter distributions we
generate full distributions of all hot-spot parameters, some of which ex-
hibit correlation, such as in the temperature and areal density required
to evaluate the Hurricane metric, which are partially anti-correlated
(evident in Fig. 3a). Other inferences, such as the implosion velocity or
kinetic energy, are treated with normally-distributed uncertainties that
are uncorrelated with the hot-spot inferences.
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Power balance relations In evaluating the power-balance relations
relevant to Eq. 20 we use the following expressions for the individ-
ual terms:

Pα = 8.2× 1024ρ〈σv〉, (22)

Pb = 3.1× 107ρ
√
T , (23)

Pe = 5.9× 103 T
3.5

ρR2
. (24)

In these expressions the specific powers are given in units of GJ/(g·s)
and thus are multiplied by the inferred hot-spot mass to obtain power.
ρ is the hot-spot mass in g/cm3, 〈σv〉 is the fusion reactivity evaluated
as a function of temperature in cm3/s, T is the temperature in keV, and
ρR is the hot-spot areal density in g/cm2. The self-heating power Pα
is multiplied by the fraction of alpha-particle energy deposited in the
hot spot (fα) using the evaluation published in Ref. 49; for all four
experiments fα ∼ 0.77− 0.80.
Data availability Raw data were generated at the National Ignition
Facility. Derived data supporting the findings of this study are available
from the corresponding authors upon request.
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