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On December 5, 2022, an indirect drive fusion implosion on the National Ignition Facility (NIF)
achieved a target gain Gtarget of 1.5. This is the first laboratory demonstration of exceeding “scientific
breakeven” (or Gtarget > 1) where 2.05 MJ of 351 nm laser light produced 3.1 MJ of total fusion yield, a
result which significantly exceeds the Lawson criterion for fusion ignition as reported in a previous NIF
implosion [H. Abu-Shawareb et al. (Indirect Drive ICF Collaboration), Phys. Rev. Lett. 129, 075001
(2022)]. This achievement is the culmination of more than five decades of research and gives proof that
laboratory fusion, based on fundamental physics principles, is possible. This Letter reports on the target,
laser, design, and experimental advancements that led to this result.
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The quest for laboratory fusion and the possibility of a
nearly limitless source of low-carbon and low-radiation
energy likely began in the 1920s shortly after Harkins,
Perrin, and Eddington conjectured self-sustaining hydrogen
fusion as the primary system fueling the Sun [1–3]. This
idea was inspired by Aston’s discovery [4], using his newly
invented mass spectrograph, that four hydrogen atoms are
heavier than one helium atom. In 1928, Gamow [5]
developed the mathematical basis for quantum tunneling,
which allowed Atkinson and Houtermans [6] to make the
first estimates of the stellar fusion rate, supporting the
conjecture of self-sustaining fusion powering the stars. The
first example of human-caused fusion was made by
Oliphant [7] in 1933, and in 1939 Bethe [8] developed
the stellar nucleosynthesis theory of hydrogen fusion
powering the Sun. In 1946, Thomson and Blackman
[British patent 817681] proposed a fusion reactor using
a “Z-pinch” concept, and in 1957 Lawson [9] published his
famous minimum product of density ne and energy con-
finement time τe, required for self-sustaining nuclear fusion
ignition. The most ubiquitous example of self-sustaining
nuclear fusion in the Universe is stars, and the closest
example is our Sun, where gravitational forces provide the
natural confinement, compression, and heating required for
fusion. On Earth, these conditions occur in a thermonuclear
weapon. A fundamental obstacle to realizing a fusion
energy source has been the ability to control and heat a
plasma to the conditions required for ignition and to

confine the plasma at these conditions over long enough
timescales such that more fusion energy is produced than
was supplied to initiate the reaction.
Over the approximately hundred years since fusion was

discovered, significant research has been directed to
develop multiple nuclear fusion concepts. These concepts
broadly fall into two categories depending on the method to
confine the plasma. One method uses magnetic fields and
employs devices such as tokamaks, stellarators, and mag-
netic pinches [10]. The second method temporarily con-
fines the fusing plasma with the inertia of a surrounding
material and is, therefore, called inertial confinement, the
approach used in our experiment. Following the invention
of the laser in 1960, several authors proposed using lasers
to trigger nuclear fusion reactions [11–13]. Nuckolls
proposed an inertial confinement fusion (ICF) scheme that
utilized the radiative power of intense lasers to compress,
heat, and confine a reacting plasma [14]. ICF schemes have
since been extended to indirect drive [15], while laser direct
drive [16] and magnetic drive [17] are also being pursued.
An indirect drive implosion at the National Ignition

Facility [18–21] occurs by directing 1–2 MJ of 351 nm
laser energy to the inside surface of a high-Z element
cylindrical enclosure, a hohlraum (see Fig. 1), which
converts the laser energy to x-rays with a nearly
Planckian energy distribution and a peak temperature of
about 300 eV. The x-rays ablate the outside of a ∼2 mm
diameter high-density-carbon (HDC) capsule with a frozen
layer of deuterium-tritium (DT) fuel coated on the inside
and DT vapor in thermodynamic equilibrium inside the fuel
shell. Most laboratory nuclear fusion approaches use a 50-
50 mixture of DT fuel based on its high reactivity rate for a
given temperature. DT fusion produces 14.1 MeV neutrons
and 3.5 MeV alpha particles. Alpha heating and pdV (DT
plasma pressure × volumetric change) compressional work
is balanced by bremsstrahlung x-ray emission and thermal
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conduction losses leading to a minimum plasma temper-
ature of T ≈ Te ≈ Ti ¼ 4.3 keV for self-heating fusion in a
clean implosion where there are no additional sources of
power degradation. Ablation from the x-ray drive accel-
erates the remaining ablator shell inward, reaching a speed
of 380–400 km=s, compressing the cold DT fuel
1000–2000× in density and heating the inside vapor to
4–6 keV at minimum volume, a stage of the implosion
called “stagnation.” If the central hot spot ignites and if the
heating rate from fusion alphas exceeds the other losses in
the system, then fusion burn will rapidly expand into the
surrounding cold fuel. Following ignition, the DT temper-
ature increases to well over 10 keV.
In August 2021, an indirect drive DT implosion experi-

ment at the National Ignition Facility (NIF) at Lawrence
Livermore National Laboratory in Livermore, California
achieved a target gain of 0.72 (ratio of total yield energy to
total laser energy delivered to the target) and exceeded the
Lawson ignition criterion [22–24]. Simulations and ana-
lytic theory showed that further increases in the target gain
required increases in total areal density (ρR, the integral of
the mass density over a radial chord) and energy coupled to
the fuel, beyond what had been obtained with the current
target design [15]. Our hypothesis was that the fuel burn-up
fraction (defined as the fraction of DT fuel that has
undergone fusion) and the resulting yield could be

improved by increasing the coupled energy and, conse-
quently, the implosion kinetic energy; however, there was
also significant risk that ablator-fuel mix could preheat
much of the fuel [25], limiting the yield increase. Such an
implosion was subsequently performed on NIF in
December 2022 and achieved the highest ever target gain
of 1.5, exceeding scientific breakeven and the National
Academy of Sciences (NAS) definition of the ignition
threshold [26]. In this Letter and companion papers [27–
29], we describe the design, theory, experimental param-
eters, and observables of the first laboratory scale system
that used indirect drive to exceed scientific breakeven
where the pressure and confinement time required to
produce more fusion energy than supplied to the target,
or Gtarget > 1, was achieved.
Figure 2 shows a 3 orders of magnitude improvement in

target gain over 11 years of experiments starting with the
2011 implosions that first used 50=50 DT fuel in a CH
(plastic) ablator [30–32]. These advances were enabled
using experiments focused on subsets of the complete
system [33] and integrated experiments on cryogenically
layered targets [34] as well as theory and detailed radiation
hydrodynamic modeling to continuously improve the
implosion quality. While more details can be found in
Ref. [22], Appendix A summarizes the key steps from 2011
to exceeding Lawson’s criterion in a 2021 experiment.
Following the August 2021 result, a series of five similar

implosions, with the currently achievable small range of
uncontrolled shot-to-shot variations in laser delivery and
target quality, showed that residual low mode drive asym-
metries and mix could still degrade the performance by
factors ranging from ∼2 to ∼5, respectively [35].

FIG. 1. Left: schematic of the target and laser configuration
including the hohlraum. Bottom right: the HDC capsule and DT
fuel configuration. Top right: total laser power vs time and
radiation temperature Tr as a function of time. The HDC capsule
thickness was increased by ∼7% and the laser energy was
increased by ∼7.9% for N221204 (red line) compared to
N210808 (black line).

FIG. 2. Target gain vs calendar date. The horizontal labels mark
the beginning of each year. The color of the narrow target gain
bars represents different implosion designs, and the dashed
horizontal line represents the target gain ¼ 1 per the NAS
ignition criteria [26].
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Asymmetry in the compression primarily arises from
variations in laser delivery and the capsule wall thickness
uniformity [36,37], while mix primarily arises from hydro-
dynamic instability growth, seeded by capsule defects, such
as surface pits and debris as well as from the perturbation
induced by the capsule fill tube [38–40]. Details of the
relative capsule quality are given in the appendix of the
companion experimental paper [27]. These degradations
were identified as the primary cause of the observed shot-
to-shot variability in fusion yield that results from prox-
imity to the ignition threshold [41]. Together, implosion
asymmetry and hot spot mixing push the threshold for
ignition and high fuel gain to higher implosion kinetic
energy [28]. Radiation hydrodynamic computer models
Lasnex [42] and HYDRA [43], which employ highly
detailed physics descriptions of laser transport, radiation
transfer, hydrodynamics, thermodynamics, and nuclear
reaction processes [44–46], backed by theory, showed that
a modest increase in laser energy driving a thicker capsule
could decrease the sensitivity to low mode and mix
degradations and increase the confinement time and fusion
yield [27]. Initiated over six years ago, a focused laser effort
[47,48] based on earlier single quad tests [49] (a quad is a
group of four beams in a 2 × 2 configuration) is described
in Appendix B and allowed the NIF laser energy to be
increased from 1.9 to 2.05 MJ by September 2022.
The indirect drive target and laser configuration for experi-

ment N221204 (NIF shot notation beingNYYMMDDwhere
N ¼ NIF, YY ¼ year, MM ¼ month, and DD ¼ day when
the shot countdown began) that is the focus of this Letter is
compared with NIF shot N210808 in Fig. 1. In both cases,
the lasers are directed onto the inside of a 6.4-mm-diameter
and 11.24-mm-tall gold-lined depleted uranium (DU) hohl-
raum in four laser cones defined by their angle of incidence
(inner beams 23° and 30° and outer beams 44° and 50°, with
the angle specified relative to the vertical axis). The
hohlraum is filled with 0.3 mg=cc of pure He gas. The gold
lining on the inside surface of the uranium creates a lower x-
ray drive spectrum above 1.8 keV photon energy (as
compared to pure DU) and prevents DU oxidation. The
time-dependent laser power and relative power balance
between the laser cones are used to control the compression
and symmetry of the implosion, respectively. The 2.1-mm-
diameter HDC ablator capsule containing the DT fuel is
suspended in the center of the hohlraum between two 45-
nm-thickness tent Formvar membranes [50]. The capsule is
nanocrystalline HDC of mass 4.25 mg. Inside the capsule is
a 64.5-μm-thick layer of solid cryogenic DT fuel of mass
220 μg. The HDC capsule for N221204 uses the same inner
radius of 1.05 mm as N210808 but with a thickness increase
of ∼7%. The capsule typically contains a buried tungsten-
doped layer to shield the DT fuel from x-ray drive-generated
preheat, assisting with higher compression. For N221204,
the doped layer is ∼0.6 at.% tungsten as measured by x-ray
fluorescence, is 15 μm thick, and is positioned with 63 μm

of undoped HDC on the outside and 8 μm of undoped HDC
on the inside. The areal density of tungsten in the capsule for
N221204 is approximately 1.2× relative to prior experi-
ments. AppendixC provides details of themetrology used to
assess the target quality.
The increase in laser energy on NIF shot N221204 was

limited to a peak power of 440 TW (due to NIF optics
damage concerns); this allowed using a longer-duration
laser pulse as can be seen in Fig. 1. A design study
performed using HYDRA showed that this longer more
energetic pulse driving an ∼7% thicker (þ6 microns) HDC
ablator would increase the total areal density ρR at peak
compression by 15%–20%, increasing the DT fuel burn-up
fraction and improving the implosion robustness to deg-
radations compared to N210808 [27]. An adjustment to the
radiation drive symmetry was needed, since an extended
laser pulse allows more hohlraum wall plasma blow-in
which eventually impedes inner-beam laser propagation to
the hohlraum wall [51–53]. This was accomplished using
cross-beam energy transfer (CBET) [54] with wavelength
detuning between the inner and outer cones; minor adjust-
ments were also made to the detailed time-dependent laser
powers on all beams. The first test of this new design was
on shot N220919, which gave a 1.2 MJ yield even with an
oblate hot spot shape, due in part to restrictions on the
amount of wavelength detuning which could be safely
implemented in the first test. Benchmarking HYDRA
simulations [27] against this result showed that additional
optimization of CBET and the laser power pulse shape
could achieve a symmetric implosion and increase the yield
by ≥ 2.5×. This was implemented on the second test of this
design, NIF shot N221204, which resulted in 3.1�
0.16 MJ of yield and a target gain of 1.5, comparable to
the design predictions.
A novel “cognitive simulation” (CogSim) model [55]

was used to assess the 2.05 MJ capsule design and
predicted a 14-fold increase in the probability of achieving
ignition compared to N210808, with an average expected
yield of around 2.5 MJ. Experiment fielding variations in
implosion symmetry and target quality have traditionally
made performance predictions challenging, even if they can
often be understood through postshot modeling. The
CogSim model has enabled significant progress in this
by applying a statistical model for performance variations,
which is trained on a suite of previous NIF shots and then
applied to a proposed design with high-fidelity simulations
and machine learning techniques. This statistical model is
used to generate detailed distributions of the expected
experimental observables, as well as measures of perfor-
mance robustness, which can inform preshot expectations.
The N221204 shot marks the first application of the
CogSim approach prior to executing the experiment and
is the first shot for which a significant probability of
scientific breakeven was predicted.
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Stimulated Brillouin laser backscattering (SBS), which
reduces the laser coupling to the hohlraum and is a potential
source of laser optics damage [56], is estimated from the
NIF full-aperture backscatter (FABS) diagnostic [57] and
the laser drive diagnostic [58] to be 42� 11 kJ (one σ). The
SBS is observed early in peak power and is mostly on the
inner cones. Stimulated Raman scattering (SRS), estimated
from FABS, is 6� 1 kJ (one σ) and occurs throughout peak
power. The backscatter uncertainty includes both measure-
ment error as well as estimated quad-to-quad variations.
The fraction of total laser energy coupled to the hohlraum,
due to SBS, for shot N221204 is 98%� 0.6%. As shown in
Fig. 1, the longer pulse of N221204 reached a 2% higher
peak x-ray drive temperature as expected given the increas-
ing hohlraum wall albedo in time [59] and confirming no
significant late time backscatter losses. Only fast response
diode-based measurements are available for characterizing
the backscatter on high-yield experiments; streaked spectra
are not available.
A suite of x-ray and nuclear instruments [60] diagnose

the key properties of the fusing plasma, including the
neutron yield and energy spectrum, spatially varying
neutron [61] and x-ray emission profiles, and emission
weighted temperature. These measurements have been of
fundamental importance for understanding and optimizing
the experimental response to changes in input laser and
target conditions and to the deliberate changes in the
implosion design. Additionally, the measurements are used
to infer key hot spot quantities such as the pressure, energy,
and areal density which are used to evaluate different

ignition criteria. These measurements and inferences are
listed in Table I for N221204 and a selection of companion
prior experiments. Both x-ray and nuclear instruments are
available on high-yield experiments.
The neutron energy spectrum encodes key information

about the neutron yield, emission weighted DT ion temper-
ature, velocity flow, and the areal density of the DT plasma
and remaining shell [63]. Two types of diagnostics measure
the neutron energy spectrum, a magnetic recoil spectrom-
eter (MRS) [64] and a suite of 4–5 neutron time of flight
spectrometers [65,66]. About 4% of the neutrons are
downscattered to lower energies by the surrounding
high-density fuel and shell as they escape. The down-
scattered ratio (DSR), defined as the ratio of the number of
neutrons in the energy range of 10–12 MeV to those in the
range of 13–15 MeV, is proportional to the ρR of the fusing
hot spot and surrounding DT fuel [67]. The MRS and three
zirconium nuclear activation foils [68], all of which have
been absolutely calibrated, are used to measure the yield of
unscattered neutrons. The total neutron yield is inferred by
correcting the unscattered number using the relationship
Yntotal ¼ Yn13–15 MeV

eð4�DSRÞ [62,63,69], which accounts for
DT fusion neutrons scattered out of the 13–15 MeVenergy
range. The resultant yield is 1.12 × 1018 � 0.06 × 1018

neutrons. In addition to the yield, temperature, and areal
density, two orthogonal neutron imaging diagnostics quan-
tify the spatial distribution of the neutron emission. An
independent method of estimating the yield, which is cross-
calibrated to previous yields and uses the increase in

TABLE I. Experimental parameters.

NIF shot N210207 N210307 N210808 N220919 N221204

Plaser (TW) 470 487 441 440 440
Elaser (MJ) 1.93 1.91 1.89 2.05 2.05
Drive Trad (eV) 304 306 307a 313 313
tcoast (ns) 1.09 1.26 0.93 0.89 0.78
Y total (MJ) 0.17� 0.01 0.14� 0.01 1.3� 0.07 1.2� 0.06 3.1� 0.16
TDT (keV) 5.66� 0.13 5.55� 0.11 10.9� 0.4 10.1� 0.2 13.1� 0.7
TDD (keV) 5.23� 0.16 4.87� 0.14 8.94� 0.4 8.7� 0.2 12� 1
DSR (%) 3.02� 0.16 3.39� 0.14 2.72� 0.24 3.06� 0.14 2.83� 0.17
V (105 μm3) 3.3� 0.3 2.7� 0.3 6.4� 0.75 6.7� 0.9 12.9� 1.5
tBW (ps) 137� 25 138� 20 89� 15 92� 20 75� 15
pHS (Gbar) 304þ39

−30 323þ33
−28 561þ61

−53 518þ76
−62 608þ56

−59
EHS (kJ) 15.1þ1.9

−1.5 13.5þ1.3
−1.1 54þ6

−5 53þ8
−6 118þ14

−12
ðρRÞHS (g=cm2) 0.32þ0.05

−0.04 0.35þ0.04
−0.03 0.44þ0.05

−0.04 0.42þ0.06
−0.04 0.44þ0.06

−0.05
Burn-up fraction (%) 0.24 0.20 1.77 1.60 4.33
Gfuel 9.8þ0.6

−0.9 8.1þ0.5
−0.7 73.4þ4.2

−6.6 65.8þ3.8
−5.8 172.8þ10.1

−15.3
Gcapsule 0.75� 0.05 0.69� 0.05 5.8 ∼5 12
Gtarget 0.09 0.07 0.7 0.57 1.5
GLCH 0.32–0.36 0.18–0.22 2.8 2.5 3.7
ITFXα

b
1.8� 0.2 1.9� 0.2 11� 2.2 12.6� 1.3 28.2� 3.7

aIndicates average over similar experiments.
bThe experimentally observable ignition threshold factor is ITFXα [62].
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measured x-ray emission from the ignition-reheated hohl-
raum, is also consistent with a 3.1 MJ yield [70].
Figure 3 shows the two-dimensional (2D) time-averaged,

spatial distribution of neutron emission from two views and
the 3D tomographic reconstruction of the neutron emis-
sivity (total neutrons emitted per unit volume) for three
experiments where the neutron yield increased by 20-fold
culminating in N221204 with a total fusion energy yield of
3.1� 0.16 MJ. Figure 3 and Table I show that, as the
fusion yield increases, the temperature and volume of the
reacting plasma increase by factors of 2 and 4, respectively.
The changes in temperature and volume are associated with
the increased rate of α particle self-heating sustaining and
initially increasing the temperature and reactivity as the hot
spot expands outward after peak compression [35]. The
dominant uncertainty in the fusion yield inference stems
from systematic, rather than statistical, uncertainty in the
measurement and detection hardware. As the yield
increases, the areal density of the system is emission
weighted to larger radii, which is why, for a given design,
the areal density decreases as the yield increases.
It is also instructive to check the scaling of the observed

burn-up fraction between N210808 and N221204 relative to
the simple expression [15] for yield limited by the disassem-
bly or explosion phase. The burn-up fraction ratio in the limit
of little DT depletion scales [22] as ðρR1=ρR2Þ

�
T1=T2

�
m−0.5,

where m¼7ð1–0.2lnhTiÞ=hTi0.2 is a good fit to the DT
relative reactivity between 5 and 20 keV [71] with hTi ¼
ðT1 þ T2Þ=2 and the subscript 1 refers to N221204 and 2 to
N210808. For the observedρR andT ratio of1.15� 0.03 and
1.35� 0.1, the predicted burn-up fraction ratio¼ 2� 0.25 is
close to the measured ratio of 4.3%=1.8% ¼ 2.3, suggesting

we are indeed close to the regime of all the exploding fuel
participating in burn. Here, we have used the N220919 ρR to
compare to N210808 for similar T and, hence, explosion
speed andusedTDD forT, since it is known to be less sensitive
tomotional broadening thanTDT [72]. Putting innumbers and
assuming burn is truncated after a 40% increase in radius, as
seen, for example, on N210808, at an average explosion
velocity ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kT=2.5Mp
p

, where Mp is the proton mass and
2.5 is the average atomic mass of DT, the expected burn-up
fraction ¼ 1 × 10−5ρRTn−0.5 (where n ¼ 7=T0.2) is also a
consistent 5% for the observed ρR ¼ 0.6 g=cm2 and
T ≈ 10 keV.
To further contextualize the energy gain and plasma

conditions obtained, it is valuable to use these measure-
ments to evaluate traditional metrics of power balance such
as the Lawson parameter. The Lawson criterion for ignition
[9] is a statement indicating the crossing of a tipping point,
namely, the threshold where plasma self-heating exceeds
cooling processes such that a rapid increase in plasma
temperature (T th) and fusion reaction rate is generated. In
Lawson’s original work, bremsstrahlung x rays were the
only loss mechanism considered, but, for ICF systems,
bremsstrahlung, electron heat conduction, and negative
pdV work, where p is the time-dependent hot spot pressure
and V is volume, on expansion [73–75] all counteract self-
heating. While Lawson was not considering implosion
fusion systems, his alpha-particle trapping case is appro-
priate for ICF with some generalization [76] that respects
the impulsive nature of ICF implosions. Both the plasma
thermal temperature and product of number density and
reaction time nτ must be sufficiently high for net power
production. Over the past two decades, a number of

FIG. 3. 3D reconstruction of the time-integrated emission-weighted neutron emissivity from two neutron images taken on each shot
from orthogonal lines of sight (image projections), for NIF shots (a) N210307, (b) N210808, and (c) N221204. The left color bar
corresponds to the 3D represented volume; the right color bar is for the 2D projections of this volume.
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different formulations of the Lawson criterion for ICF have
been developed that leverage different experimentally
measured and/or inferred quantities, excluding or including
T [62,74,77–82], the latter being more directly related to
the Lawson criterion in common use in magnetic fusion.
The fuel energy gain Gfuel (see Appendix A) is most
directly related to the Lawson triple product ∼pτT [83].
Capsule gainGcap ¼ Y tot=Eabs is yet another gain definition
and compares the total yield to capsule x-ray absorbed
energy Eabs, whose threshold of unity is at typically 10×
higher total yield than Gfuel. For indirect drive, Gcap is
generally a small fraction of Gtarget, while for direct drive
the two terms are synonymous. It is important to note that it
is possible to pass any of the alternate versions of Lawson’s
criterion for ignition without obtaining Gtarget > 1. Indeed,
ignition by these different formulations of Lawson’s
criterion was first achieved on NIF experiment N210808
[22] and confirmed by independent analysis [84].
It was shown in [22] that all of the various forms of

Lawson’s criteria in the context of ICF gave the same
qualitative conclusions about the ignition of N210808. So,
here we focus on data comparison to just one of the
representative criteria but the one that uniquely includes the
effects of high-Z mixing into the hot spot on the ignition
threshold. Framing ignition thermodynamically as a non-
polytropic process where an exponential and irreversible
jump in ðpVγÞfinal ¼ ðpVγÞinitial expðGLCHÞ occurs in the
DT hot spot volume due to significant alpha heating and
entropy generation over the moment of implosion stagna-
tion, one finds a condition that is naturally presented in the
parameter space of pτ and T which are familiar to
practitioners of magnetic fusion [82]. Namely,

GLCH ¼ ppeakτHðTÞ ð1Þ

with the criterion GLCH > 1 determining ignition. Here,
GLC represents “generalized Lawson criterion.” HðTÞ is a
complicated function of temperature and a parameter
related to bremsstrahlung x-ray enhancement due to
high-Z material mixing into the DT hot spot. The peak
hot spot pressure ppeak is inferred using the prescription in

[85]. Technically, the confinement timescale τ ¼
ffiffiffiffiffiffiffiffiffiffi
T=jT̈

p
j

in Eq. (1) is related to the second time derivative of hot spot
temperature at peak T, which is not presently measured on
the NIF, but under certain assumptions τ can be the same as
the measured burn width. This criterion, intermediate in
conservatism as reviewed in the companion articles [28,29],
is overplotted in Fig. 4, with the dashed curves representing
different plausible levels of enhanced radiative loss from
high-Z mix into the hot spot consistent with observations
[86]. N221204, and other igniting experiments, distinguish
themselves in Fig. 4 by increasing T at nearly constant
ppeakτ qualitatively consistent with expectations. Gain
values and ignition metrics are shown in Table I for the

NIF experiment N210808, the previous record, and
N221204.
In summary, the December 5, 2022 experiment on the

National Ignition Facility, N221204, was the first time that
fusion target gain was unambiguously achieved in the
laboratory in any fusion scheme. The demonstrated level of
target gain on N221204 of 1.5 times is a proof of principle
that controlled laboratory fusion energy is possible. Note
that Gtarget > 1 does not imply net energy gain from a
practical fusion energy perspective, because the energy
consumed by the NIF laser facility is typically 100× larger
than Elaser. The NIF laser architecture and target configu-
ration was chosen to give the highest probability for fusion
ignition for research purposes and was not optimized to
produce net energy for fusion energy applications. Further
improvements in yield are envisaged at NIF by further
increasing laser energy and improving hohlraum efficiency
[87] to drive larger targets [88] and by optimizing drive and
capsule dopant profiles [89]. Inertial fusion energy appli-
cations requiring advancements to the underlying scheme
require further development, such as laser energy usage,

FIG. 4. NIF DT shot data are plotted in the space of inferred hot
spot Lawson parameter which corresponds to hot spot peak
pressure times burn duration, pτ, and DD ion temperature, which
is the temperature T determined by the neutron-time-of-flight
spread of 2.5 MeV neutrons that come from deuterium-deuterium
fusion. The curves denote the ignition boundary per the GLC
equation described in the text assuming no mix (solid) and with a
multiplier of 1.5 and 2× on the radiative loss to account for
increased levels of higher atomic number mix (dashed curves).
Experiments N210808 and N221204 exhibit little mixing,

Z2 ∼ 1.03� 0.02, while other experiments can exhibit higher
values depending upon capsule quality, fill-tube size, and hydro-
dynamic instability control. Data from the Hybrid-E series are
highlighted as red points, while earlier campaigns are shown in
other colors.
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shot rate, target robustness, higher fuel compression levels,
and cost. However, the result reported herein demonstrates
that it is possible to achieve a target gain greater than one in
a laboratory scale system. As this Letter was being
finalized, several repeats of experiment N221204 were
performed on NIF, shots N230729 and N230904, which
achieved Gtarget of 1.9 and 1, respectively.
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Appendix A: Historical summary of the ICF effort on
NIF.—Analysis of the first CH ablator [90] experiments up
to about 2013 identified degradations from highly elevated
levels of excess radiation loss resulting from mid- to high-
Z ablator material mixing into the fusing DT plasma [91].
Hydrodynamic instability was identified as the leading
cause of mix [92]. A factor of 10 improvement to the
implosion quality was made by lowering the ablation front
growth of capsule surface perturbations [93–97]; this
resulted in a target gain of 0.015 and a fuel energy gain of
≳1 [98]. The “fuel energy gain” Gfuel ¼ Y tot=EpdV for ICF
represents the ratio of total yield Y tot (17.6 MeV per DT
fusion) to the energy absorbed by the DT fuel and hot
spot on compression, EpdV [99,100]. As alpha particles
carry 1=5 of the total fusion energy per Dþ T reaction,
Gfuel > 5 marks heating dominated by alpha heating also
known as the burning plasma regime. From 2013 to 2016,
several new factors were identified as limiting the
achievable fusion yield. These included additional
hydrodynamic instabilities induced by the capsule surface
quality and support tent [101–106], time-dependent
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asymmetries [107–112] resulting in fuel areal density
asymmetry that is a signature of wasted kinetic energy
[113,114], and laser plasma interactions (backscatter)
decreasing the overall coupling [115–117]. Starting in
2014, two major developments occurred. First, the
discovery that reducing gas fill in the hohlraum resulted in
a great reduction in laser plasma instability (LPI) effects
[118], particularly the almost complete elimination of SRS
scattered light and associated hot electrons, and a 15%
increase in energy coupled to the capsule [119]. Second,
material science research and implosion modeling [120]
utilizing HDC ablators [121,122] began. Research in high-
density low-Z ablators from 1995 to 1997 had laid the
groundwork necessary for transitioning ablator materials.
By 2016, the HDC design was shown in NIF experiments
to overcome key limitations associated with plastic
capsules [123–127]. The higher density of carbon ablators
relative to plastic reduced the implosion time from 12–
16 ns [128] down to 7–8 ns for similar design adiabat
implosions. This reduced the amount of wall blow-in
plasma filling the hohlraum and combined with separating
outer cones and beam spots within a quad [127,129,130]
to reduce local intensities and hohlraum wall plasma
ingress [52,131] was synergistic with using lower
hohlraum gas fill and improved time-dependent symmetry
control [41,132,133]. By 2017, these improvements
doubled the target gain (0.03) and gave fusion yields
exceeding the amount of energy coupled to the imploding
HDC shell [134,135]. Theory [73,136] and detailed
modeling [137,138] indicated that increasing the diameter
of the HDC capsule by 10%–20% while maintaining the
implosion velocity, deceleration time, and symmetry could
more than double the fusion yield moving toward the
threshold of ignition [139]. Because implosion deceleration
time was fixed, this strategy was not true “hydroscaling.”
The larger capsule designs reintroduced CBET, a key
symmetry control capability first used in 2009 for high
gas-fill hohlraums [140], to low gas-fill hohlraums [54],
and varied hohlraum shape [141] as two methods for
controlling implosion shape symmetry. In 2021, both
methods resulted in a successful ∼3× increase in the yield
(∼170 kJ) and a target gain of ∼0.09. These implosions
were also the first to achieve a burning plasma [142,143]
in which the energy produced by alpha particle self-
heating exceeded the inferred compressional work done to
assemble the fuel.
Data, theory, and modeling indicated that the yield of this

series of implosions was being strongly impacted by a net
hot spot translational velocity [36,37,144–149]. To help
minimize this impact, three equatorial hohlraum diagnostic
windows were repositioned to improve radiation drive
symmetry [36,150]. Additionally, observations and model-
ing indicated that additional radiative loss from high-Z
contaminant ablator material injected into the hot spot by
the capsule DT fuel fill tube was a significant degradation

to fusion yield and an inhibitor to ignition [39,40,151]. To
mitigate this, the diameter of the capsule fill tube was
reduced from 5 to 2 μm. To further reduce contaminant
mix, the quality of the capsule was improved, with capsule
surface pit and internal void characteristics reduced by an
order of magnitude relative to the 2021 capsules to
minimize the seeds for hydrodynamic mix [152].
In addition to these improvements, simulations showed

quantitatively [23] that the late-time ablation pressure could
be further optimized by reducing the laser entrance hole
(LEH) diameter from 3.65 to 3.1 mm without laser energy
loss [153,154], giving a 7% increase in radiation flux.
X-ray drive power loss out of the LEHs scales as σT4

rALEH,
where σ is the Stefan-Boltzmann constant, ALEH is the LEH
area, and Tr is the hohlraum radiation temperature
[155,156]. This extra efficiency was used to extend the
duration of the laser pulse, leading to a longer radiation
drive and higher peak ablation pressure at late time
[23,24,157,158], an effect understood to be essential to
maximizing stagnation pressure in ICF implosions
[113,159]. These improvements, together with improved
target quality, led to a target gain of 0.72 and exceeding the
Lawson criterion [22–24] on NIF shot N210808 on August
8, 2021.

Appendix B: NIF laser upgrades.—Operating NIF at
2.05 MJ (351 nm), 440 TW peak power (8% energy
increase compared to N210808) was made possible by
two main improvements in the ultraviolet (UV) section
of the NIF final optics assembly [47,48]. First, a new
fused silica debris shield was positioned between the
grating debris shield (GDS) and the final disposable
debris shield (DDS) on 128 beams. These new optics
protect the GDS from the ejecta and debris generated by
the laser from the DDS. Second, the installation of
target chamber debris-blocking metal shields was
deployed in strategic locations of the lower hemisphere
beams. These shields significantly reduce the amount of
target debris reaching the GDS. Both improvements
enable NIF to operate for the first time at elevated
energy (at fixed peak power) by limiting the GDS
damage initiation and rate and allow NIF to conduct
target experiments at 2.05 MJ (351 nm), 440 TW peak
power in a sustainable way within the maintenance
capacity of the optic processing facilities. In parallel, the
first modernization phase of the fiber-optics NIF front
end (known as master oscillator room) was completed in
December, 2021 (after N210808) from the oscillators to
the input of the pulse shaping systems. The upgrade
consisted of redesigning and replacing fiber amplifiers,
acousto-optic modulators, fail-safe systems to improve
performance, mitigate obsolescence, and increase ease of
operation. Of note, the reported laser energies had to be
corrected a few percent downward due to neutron back-
ground on the laser calorimeters. This modernization
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allowed more accurate and precise delivery of the NIF
laser energy (shown in Fig. 1) into the hohlraum.

Appendix C: Detailed capsule comparison between
N210808 and N221204.—Prior to target assembly, the
HDC ablator surface, interior, and thickness uniformity
are characterized. Holographic microscopy of the entire
shell surface revealed a total of 70 surface pits on the
N221204 capsule as compared to 269 surface pits on the
capsule surface for the N210808 capsule. For both
N221204 and N210808, no individual surface pit
exceeded a volume of 3 μm3. X-ray computed tomo-
graphy over a 5% sample of the ablator volume revealed
the presence of a single void ∼2 μm3 located 67 μm
below the ablator outer surface for N221204. The
capsule for N210808 contained two voids of sizes 3 and
4 μm3 located 50 and 72 μm, respectively, below the
ablator surface. In contrast to prior experiments, the
N221204 capsule contained a large number (> 400) of
inclusions in its interior. The capsule for N210808 was
found to contain 15 such inclusions. While the exact
composition and volume of the inclusions has not been
determined, fluorescence analysis shows that they are a
substoichiometric variation of tungsten carbide (less than
one W atom per C atom). Better volume quantification
is still in process. Capsule wall thickness nonuniformity
as measured by infrared thin film interference was
< 0.2 μm (< 0.25% of the wall thickness). Apart from
the large number of inclusions, the overall number of
surface pits and internal voids in the N221204 ablator
was smaller than typical for high-energy NIF
experiments. There were no significant differences in the
cryogenic DT ice layer quality [160] between N210808
and N221204.
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