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On Dec 5, 2022, fusion ignition was achieved at the 
National Ignition Facility in Livermore, California
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Applications of ignition include stockpile stewardship, 
IFE, and fundamental science

Stockpile Stewardship
Fundamental Science

Clean Energy
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We predicted a high probability of achieving gain > 1 
using data-informed uncertainty on the first-ever ICF 
experiment to achieve ignition

Prob. (ignition) 
= 48%

~confinement

Previous 
design

Laser energy
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We predicted a high probability of achieving gain > 1 
using data-informed uncertainty on the first-ever ICF 
experiment to achieve ignition

Prob. (ignition) 
= 48%

~confinement

§ ICF introduction

§ Pre-ignition – designing to improve 
performance

§ Ignition – first repeatability campaign

§ CogSim variability model and 
prediction of Dec 5, 2022 ignition shot

§ Predictions of new designs and 
potential applications in optimization 
and IFE

Previous 
design

Laser energy
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National Ignition Facility (NIF) is home to indirect-drive 
inertial confinement fusion (ICF) experiments

National Ignition Facility (NIF)
Livermore, California

Hohlraum Capsule

10 ns pulse

~10 DT (full scale) experiments per year
~ 2 MJ laser energy
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Fraction of the 2.05MJ delivered by laser is delivered to 
the fuel capsule, ultimately releasing fusion energy

Capsule

Zylstra et al., Nature 2020

Ablator
DT ice

~1 m
m

We need to get the fuel sufficiently hot and dense for sufficiently long time to ignite

Spark 
plug

fuel
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Achieving fusion ignition at the National Ignition Facility 
has a history spanning at least half a century
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Cognitive Simulation Team
• Large ensembles of simulations
• Neural network surrogates
• Experiments
• Bayesian inference
• Sparse Sampling
• Physics-informed prediction with 

data-informed uncertainty
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Before N210808, the main focus of the ICF experiments 
at NIF was to increase the yield and learn

Pre-ignition Ignition Applications

Focus on performance 
and learning
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We can identify major turning points by looking at a plot 
of thermonuclear output versus time

Plastic Capsules
 Pulse shape modifications improves hydrodynamic stability
 Alpha-heating demonstrated in 2013

No 
Tritium

“Low Foot”

“High Foot”

also shown. For this implosion, the symmetric, unperturbed
yield is simulated to be 3.3! 1016. Including the 2D hohl-
raum asymmetries only results in a "8! reduction in yield
to 3.9! 1015. The tent perturbation alone results in a 15!
yield reduction to 2.2! 1015. Surface roughness alone (not
shown) results in a 5! reduction in yield. As can be seen
from the insets, while the flux asymmetries strongly distort
the hot spot into a highly prolate shape, they do not result in
cold material deeply penetrating the hot spot. The tent per-
turbation on the other hand injects fingers of cold DT deep
into the hot spot resulting in nearly twice the yield degrada-
tion. Based on these results, the tent was evidently the domi-
nant perturbation for N120321. All 2D perturbations in
combination result in a 30! yield degradation to 1.1! 1015,
and finally the 3D simulation results in a 50! yield

degradation to 6.0! 1014. This is close to but still slightly
higher than the experimental yield of 4.2! 1014. Note that
there is almost a factor of two degradation in yield between
2D and 3D simulations for this highly perturbed implosion.

Fig. 4 shows the analogous implosion sequence as Fig. 2
but for the higher power low foot shot N120405. The charac-
teristics of the implosion sequence for N120405 are broadly
similar to those of N120321. With the increased acceleration
and convergence of this higher power implosion, however,
the growth of perturbations at the ablation front is magnified.
The defect caused by the tent perturbation has grown even
larger than in N120321 and the random surface defects have
grown into larger radiating spikes. In this case, the tent
defect cuts cleanly through the north and south poles of the
imploding shell roughly 150 ps before bang time and not

FIG. 2. Stagnation sequence from the 3D simulation of N120321 showing times from just before peak implosion velocity (410 ps before bang time) to the end
of the simulation (160 ps after bang time). In each rendering, the outer surface shows the ablation front as defined by 1/e! the maximum density at that time
and is colored by the electron temperature with the color scale on the lower left. The left half of each cutaway shows the ion temperature with the color scale
on the upper left, and the right half of each cutaway shows the density with the color scale on the right. The temperature color scales are fixed in time, but the
density color scale and the spatial scale change to follow the implosion in time. The dominating effect of the tent is evident at each time.
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a slight left-right asymmetry in the hohlraum x-ray flux. This
produces a strong jet of low density, hot spot plasma flowing
at a roughly 45! angle toward the lower left. As seen in the
final time rendering in Fig. 5, this jet breaks through the
dense shell via the weak spot formed from the combined
hohlraum flux asymmetries and tent perturbation. High ve-
locity jets of hot plasma have been inferred from neutron
time-of-flight (NTOF)47 data for several NIF shots and, inter-
estingly, are often inferred to be directed at an approximately
45! angel towards the south pole. The precise mechanism for
the formation of this jet and its potential signatures in NTOF
data are still under investigation, but it is notable that this
simulation reproduces this characteristic feature seen on
many NIF experiments. It is notable as well that this jetting

behavior is a uniquely 3D phenomenon that cannot be cap-
tured in 2D simulations.

Like Fig. 3, Fig. 6 shows the relative importance in
terms of yield degradation of the various perturbation sour-
ces in 2D simulations of N130927. In this case, the symmet-
ric, unperturbed neutron yield is simulated to be 2.0" 1017.
For N130927, the hohlraum flux asymmetries alone result in
a 20" reduction in yield to 1.0" 1016, while the tent pertur-
bation alone results in a 5" reduction to 3.9" 1016. This is
in contrast to the results for the low foot N120321. While the
tent was the dominant perturbation source for N120321, fol-
lowed by the hohlraum asymmetries, those roles have
reversed for N130927, and the large hohlraum asymmetry
appears to dominate. This change in relative importance is to

FIG. 5. Stagnation sequence form the 3D simulation of high foot shot N130927 using analogous renderings and color scales as in Figs. 2 and 4. Comparing to
Figs. 2 and 4, this high foot implosion is clearly much less perturbed. Although still present, the tent perturbation is much reduced, as is the impact of surface
roughness, and this implosion is more dominated by the low-mode asymmetry imprinted from the hohlraum flux asymmetries. Although the shell reaches sig-
nificantly lower densities than in the low foot cases, the simulation shows a much larger, hotter, and generally more robust hot spot, leading to a much higher
yield. Interestingly, in the last snapshot, the hot spot can be seen to disassemble by a strong jet moving to the lower left through the combined weak spot in the
shell formed from the low-mode asymmetries and the tent perturbation. Neutron time-of-flight diagnostics have shown evidence of similar jets in this and other
NIF implosions.
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Less Stable More Stable
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We can identify major turning points by looking at a plot 
of thermonuclear output versus time

Diamond Capsules
 Reduced laser-plasma instabilities with lower hohlraum gas fill
 Improved symmetry control with shorter laser pulse
 Alpha-heating demonstrated in 2017
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!
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We can identify major turning points by looking at a plot 
of thermonuclear output versus time

Burning 
Plasma

Larger Scale Diamond
 Capsule size increased relative to hohlraum (more efficient)
 Implosion symmetry maintained
 Burning plasma achieved in late 2020



14
LLNL-PRES-857423

We can identify major turning points by looking at a plot 
of thermonuclear output versus time

Lawson > 1
G = 0.7

Larger Scale Diamond
 Further improvements to hohlraum efficiency and implosion design
 “Threshold of ignition” in August 2021 with Lawson > 1, target gain = 0.7
 Repeat experiments demonstrated extreme sensitivity of design

HYSICAL
EVIEW
ETTERS

P
R
L

American Physical Society

12 AUGUST 2022

Volume 129, Number 7
Published by 

Published week ending

129

7

PRL 129 (7), 070401– 078002, 12 August 2022 (224 total pages)

Burning 
Plasma

Repeats



15
LLNL-PRES-857423

We can identify major turning points by looking at a plot 
of thermonuclear output versus time

G = 1.5

Larger Scale Diamond
 Laser upgrade (2.05 MJ) allowed for slightly thicker capsules 
 First shot got >1 MJ, showing more tolerance of capsule defects
 Ignition and gain 1.5 achieved in December 2022

Lawson > 1
G = 0.7

Laser Energy Input
(2.05 MJ)
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Experimental
measurement

Neutron yield 
DSR

Ion temperature
Hot spot velocity

Bang time
Shape
Radius

Indirect-drive ICF experiments are typically designed using 
integrated simulations and analyzed using capsule simulations

Experimental inputs

laser
target Integrated simulation

Low-res preshot 
predictions
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Experimental
measurement

Neutron yield 
DSR

Ion temperature
Hot spot velocity

Bang time
Shape
Radius

Indirect-drive ICF experiments are typically designed using 
integrated simulations and analyzed using capsule simulations

Experimental inputs

laser
target Integrated simulation

Low-res preshot 
predictions

Capsule inputs ~ degradations
• Hard to observe or simulate
• Explain performance

X-ray rive capsule

Capsule simulation

Hi-res postshot 
analysis

MixAsymmetry

We are using machine learning and Bayesian statistics to improve post-shot analyses and quantify uncertainties

Experimental
measurement

infer
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Experimental
measurement

CogSim team uses Markov Chain Monte Carlo method to infer 
capsule inputs that match the experimental data

Capsule inputs ~ degradations

NN surrogate

Surrogate 
predictions

P1 Asymmetry P2 Asym. 

Shock Timing

Forward model

Bayesian inference requires ~10^6 evaluations of the forward model, therefore we cannot use simulations directly

Train NN surrogate on ~30K sims

Neutron yield

DSR

Experimental
measurement

Neutron yield

DSR

infer

Capsule simulation

8D hypercube 
of inputs

Mix
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CogSim models include multiple inputs and outputs

Output Related to

Neutron yield Generated energy

DSR Confinement

Ion Temperature Cross-section

Hot spot velocity P1 degradation

Shape P2 degradations

Radius Compression

Bang time Timing

Capsule inputs ~ degradations Experimental / simulated outputs

Shock timing “Peak power” “Pulse length”

Mix

P1 (drift) P2 peak time P2 end time M-band 
multiplier

R
ad

ia
tio

n 
te

m
pe

ra
tu

re
 (k

eV
)
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Once the 1 MJ threshold was reached during N210808, a 
series of “repeat” experiments followed

Pre-ignition Ignition Applications

CogSim effort was to turn this new class of experiments into a quantitative model of the variability

N
eu

tr
on

s 
13

-1
5 

M
eV

N210808
1.3MJ

“Repeat” 
shots

2021 2022 2023

Focus on both higher gain 
and variability

Variations in:
• target delivery
• capsule quality



21
LLNL-PRES-857423

One part of our statistical model is inferred capsule inputs for 
individual shots

Capsule inputs ~ degradations

N
eu

tr
on

s 
13

-1
5 

M
eV Individual shots

2021 2022 2023

Predict individual shots

Distribution of simulation inputs for each 
shot, given the experimental data

𝑃! at peak

𝑃! at end 
of drive
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Using N210808 + repeats, we have built a statistical model of the 
variability

N
eu

tr
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s 
13

-1
5 

M
eV

N210808
1.3MJ

“Repeat” 
shots

2021 2022 2023

Predict variations for the entire design

The variability captures the shot-to-shot 
repeatability

Capsule inputs ~ degradations

𝑃! at peak

𝑃! at end 
of drive
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Using N210808 + repeats, we have built a statistical model of the 
variability

NN Surrogate

N
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s 
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-1
5 

M
eV

N210808
1.3MJ

“Repeat” 
shots

2021 2022 2023

Predict variations for the entire design

The variability captures the shot-to-shot 
repeatability

Capsule inputs ~ degradations

𝑃! at peak

𝑃! at end 
of drive

log10 yield 
13-15 MeV

DSR

Input variability projected 
into observables



24
LLNL-PRES-857423

Our method to estimate the variability has multiple 
advantages over the naive approach

DSR

log10 yield 
13-15 MeV

log10 yield 
13-15 MeV

Naive approach
• Fit 1D gaussian to the 

experimental yield

Our approach allows:
• Outputs to be non-Gaussian
• Multiple outputs: more detailed prediction
• Correlations informed by simulations rather than by experiments alone
• Physical interpretation (degradations can inform future designs)
• Extrapolations that are physically viable (constrained by simulations)
• Transfer to new designs to make predictions 
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The surrogate model of the simulations can be 
transformed to predict the output variability in new 
designs

Neural network surrogate

Transfer learned neural 
network surrogate

Inferred 
variability

Input 1

Input 2

Output 1

Output 2

N210808 
design

N221204 
design

Input 1

Input 2 Output 2

Output 1

New simulations
• A standard ICF surrogate in 8D requires ~30K 

simulations
• We may be limited to a two–week lead time to 

make predictions
• Solution: 

1) Run dozens of simulations at carefully 
selected locations determined by 
Stochastic Collocation 

2) Transfer learn the surrogate model to a 
new design

N210808 design

New design
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The variability model captures the experimental results 
for the shots with the N210808 (1.9 MJ) design
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Predictions of N221204 with the new 2.05MJ design 
indicate a significant increase in the probability of 
ignition

Shot Probability of ignition
N210808 7 %

N221204 48 %

Laser energy
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Subsequent shots with the 2.05MJ design validated the 
predictions

1.9MJ Drive

2.05MJ Drive
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Predicting ignition is just the beginning; our method can 
be applied in future design decisions

• Design optimization for higher gains in
• Stockpile stewardship
• IFE

Pre-ignition Ignition Applications

Our method can expand design optimization beyond performance and include variability
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Subsequent shots with the 2.05MJ design validated the 
predictions

1.9MJ Drive

2.05MJ Drive



31
LLNL-PRES-857423

Subsequent shots with the 2.05MJ design validated the 
predictions

50% most probable region



32
LLNL-PRES-857423

Our predictions could potentially be used to inform 
decision about future facility upgrades

Performance plateau may be 

reached after the facility upgrade

30,000 2D HYDRA 
simulations with varying 
drive, asymmetry, and mix

We have made a 
demonstration in this regime 
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Different point designs can be compared against each other in 
terms of the variability

Capsule inputs ~ degradations

Transfer learned 
surrogate B

Transfer learned 
surrogate C

Transfer learned 
surrogate A

Sim
ulations A

Sim
ulations B

Sim
ulations C

Inferred 
variability

Input 1

Input 2

Design A

Design B

Design C

Predictions A

Predictions B

Predictions C
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Our technique can estimate the variability in different candidate 
designs before they are tested experimentally

Design A

4𝛱 DSR [%]

log10 yield 
13-15 MeV

The variability model passed through 
transfer learned surrogate
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Our technique can estimate the variability in different candidate 
designs before they are tested experimentally

Design A
Baseline variability
Prob. (> 1MJ) = 0.94
Prob. ignition = 0.83

4𝛱 DSR [%]

log10 yield 
13-15 MeV

The variability model passed through 
transfer learned surrogate

Y25%         Y75%

2.8 MJ  7.3 MJ

Central 50%

Design A
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Our technique can estimate the variability in different candidate 
designs before they are tested experimentally

Design B
Less variability
Prob. (> 1MJ) = 0.96
Prob. ignition = 0.93

Design A
Baseline variability
Prob. (> 1MJ) = 0.94
Prob. ignition = 0.83

Design B

The variability model passed through 
transfer learned surrogates

4𝛱 DSR [%]

log10 yield 
13-15 MeV

6.0 MJ  9.9 MJ

Y25%         Y75%

2.8 MJ  7.3 MJ

Central 50%

Design A
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Our technique can estimate the variability in different candidate 
designs before they are tested experimentally

Design C
Design B
Less variability
Prob. (> 1MJ) = 0.96
Prob. ignition = 0.93

Design A
Baseline variability
Prob. (> 1MJ) = 0.94
Prob. ignition = 0.83

Design C
More variability
Prob. (> 1MJ) = 0.88
Prob. Ignition = 0.744𝛱 DSR [%]

log10 yield 
13-15 MeV

The variability model passed through 
transfer learned surrogates

6.0 MJ  9.9 MJ

Y25%         Y75%

2.8 MJ  7.3 MJ

1.9 MJ  8.6 MJ

Central 50%

Design A

Design B
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The variability could potentially be used as a robustness metric 
in the semi-automated design optimization loop

Experimental inputs

laser
target

Capsule inputs ~ degradations

Transfer learned 
surrogate B

Transfer learned 
surrogate B

Transfer learned 
surrogate A

Use variability as a metric in optimization

Use variability as a metric in optimization

Use variability as a metric in optimization

Predictions

Most 
robust

Inferred 
variability

Input 1

Input 2

C
A

B
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Our method to compute the variability could potentially 
be applied in IFE and MFE projects

~$300M 
into IFE

Fusion Industry Associates
The Global Fusion Industry in 2023

Ignition provides fresh impetus and the scientific foundation for inertial fusion energy
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We’ve formed an “IFE Collaboratory” to facilitate public-
private partnerships

• Living website: https://events.bizzabo.com/RFI-
IFE/home

• Collaboratory website lists capabilities
• Two Industry Days held 
• Currently developing ideas for “hubs” focused on 

jointly developing technologies of use to multiple 
institutions/companies/IFE approaches

The Collaboratory promotes fairness of opportunity for partnerships, and ensures strategic alignment with core missions  
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In October, we started a 3-year R&D project for 
developing targets for IFE

• What are the requirements for target 
production to reach the required gain?

Pre-ignition Ignition Applications

Yield

Pr
ob

ab
ilit

y

Required 
gain

Variability
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We have made a physics-informed prediction with data-
informed uncertainty of the first ICF experiment with 
target gain>1

1.9MJ Drive

2.05MJ Drive
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One part of our statistical model is inferred capsule inputs for 
individual shots

Capsule inputs ~ degradations

N
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M
eV Individual shots

2021 2022 2023

Predict individual shots

Distribution of simulation inputs for each 
shot, given the experimental data

𝑃! at peak

𝑃! at end 
of drive

Experimental
measurement

NN surrogate

Surrogate 
predictions

Neutron yield

DSR



45
LLNL-PRES-857423

The model predictions match multiple experimental outputs 
within experimental error bars

Pr
ed
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tio

n
Pr
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Individual 
shots



46
LLNL-PRES-857423

We compare the variability in three experimentally untested 
designs

Thicker ablator, shock delay
KC1059 capsule, 2.05MJ laser

Shock merge
KC1059 capsule, 2.05MJ laser

New baseline
KC1059 capsule, 2.05MJ laser

§ KC1059 capsules available in 
mid-2023

§ Lower dopant level: 0.42% vs 
0.63%

§ 1 um thinner ablator Tr
ad

 [k
eV

]
Time [ns]

+200 ps +4 um 
(vs N221204-

KC1059)

Tr
ad

 [k
eV

]

Time [ns]

N221204

Transfer Transfer Transfer
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The variability model combines the individual single-
shot Bayesian analysis into one global input variability 
model

N210808

N211024

N211107

N211121

HYDRA Input ParametersExperimental Data

𝑃! at end of 
drive

𝑃! in Peak

Scaling and 
variability models 
are jointly informed 
by all shots

2

Global
Variability 

Model

Primary Neutron Image
+ yield, Tion, DSR,…

Bayesian 
Inference

𝜇! Σ!

𝑋" 𝑋# 𝑋$… Code
Inputs

Experimental shots realized at NIF

𝑦" 𝑦# 𝑦$… Simulated
Diagnostics
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Codes predict qualitative transitions; experiments 
approach the compressive ignition phase

Rapid burn-up before disassembly

Disassembling during 
neutron production

30,000 2D HYDRA 
simulations with varying 
drive, asymmetry, and mix

Our predictions could potentially be used to inform decisions 
about future facility upgrades
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Fusion has different applications and approaches

Types of Confinement Types of Inertial Confinement Fusion

Indirect Drive Direct Drive MagLIFMagneticGravitational

Inertial

Clean Energy Stockpile Stewardship

The Inertial Confinement Fusion and High Yield (ICF) 
Program supports the mission of the U.S. Department of 
Energy (DOE)/National Nuclear Security Administration 
(NNSA) to maintain a safe, secure, and effective nuclear 
deterrent by creating experimentally diagnosable platforms 
that access extreme temperature, pressure, and density 
regimes relevant to nuclear weapons performance.1 

Fundamental Science
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Gold 
Wall

192 NIF 
Laser Beams

Capsule

Laser 
Entrance Hole 

(LEH)

Hohlraum Cross-
Section

X-Rays

Capsule Cross-
Section

DT Vapor

DT 
Ice

“HDC”
(Diamond)

Ablator

Implosion Phases

Hot Spot Formation

Cold DT 
~1 kg/cm3

Hot Spot
~100 g/cm3 

~5 keV

<latexit sha1_base64="jagoy9kMexBwJgNUyLPEcwLsMdg="></latexit>

D+T ! n + ↵

Stagnation 
+ Burn

ExplosionAblation + Shell 
Acceleration

Indirect-drive inertial confinement fusion (ICF) adds a 
“hohlraum” (radiation cavity) to drive the capsule more 
symmetrically with x-rays
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There is a growing interest in estimating the variability 
in new laser-driven fusion designs

Pre-ignition Ignition Applications


