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§ Major reviews of HED/ICF are nearly complete. 
— Highlighted importance of HED/ICF for Stockpile Stewardship Program today 
— Revalidated goal of high yield on a future capability
— Identified opportunities for increasing the program impact
— Importance of pursuing all 3 approaches (Laser Indirect, Laser Direct, Magnetic Direct)

§ Advances in measurements are leading to much greater understanding of Inertial Confinement Fusion 
implosions

§ LLNL assesses that we were about 2.5-3x in hot spot energy * hot spot pressure squared away from 
ignition at the time of the JASON review. 

§ Very recent (11/20) results have reach record performance

It is an exciting time for High Energy Density (HED) Science and 
Inertial Confinement Fusion (ICF) Research at LLNL!

The 2020 process has strengthened the community partnership in ICF
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In early 2016 the diagnostics on NIF had a limited ability to diagnose 3D 
aspects of implosions

§ Three scintillator based neutron 
time of flight (nToF) 
detectors (100ps precision)

• 17 FNAD’s (Legendre mode ≤ 2) 
processed by hand

§ 1 NIS 14.1MeV Lines of sight

§ 1 NIS Down-scatter line of sight

§ 2 lines of sight X-ray hot-spot 
shape + 1 spectroscopy LoS

1st Equatorial 
14.1MeV and DS 
Neutron Imager

Equatorial hot spot x-ray 
Imaging & Spectroscopy

Polar hot spot x-ray 
Imaging + limited 

Spectroscopy
Diagnostics 

around the NIF 
target chamber
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§ Five scintillator and Cherenkov 
nToF’s (20ps precision)

o 48 Real-time NAD’s (Legendre mode ≤ 4) 
read out in real-time 24/7

§ 3 NIS Lines of sight 3D 
reconstruction of neutron hot-spot

§ 2 NIS down-scatter lines of sight

§ 3 x-ray imaging lines of sight

§ Tungsten x-ray spectroscopy to 
characterize Te of mixed material

§ 1 LoS Compton Radiography

§ Crystal Backlit Imaging to measure 
mix at peak velocity

Key ICF diagnostics have been significantly advanced to 
greatly improve 3D diagnosis of implosions

1st Equatorial 
Neutron Imager

2nd Equatorial 
Neutron Imager

5 Quartz Cherenkov 
nToF lines of sight

Polar Neutron, x-ray 
Imaging & Spectroscopy 

(ISS)

RTNADS  yield uniformity map
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Routine 3D neutron and x-ray images reveal key 
features of the fusion hot spot

LLNL

reduced neutron 
production due 
to the fill tube 
perturbations

3D Reconstruction of 
14.1MeV Neutron 

Hot-spot

3D 
Reconstruction 
X-ray Hot-spot

jet from the 
fill tube

LANL
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concentration fractions of deuterium and tritium, respec-
tively. For equimolar D:T mixtures (fD ¼ fT ¼ 0.5), the
average cross section is approximately 0.79 b and the
probability of scattering is ð1 − PÞ ≈ 0.19 × ρR=ðg=cm2Þ.
On the NIF, a suite of neutron activation diagnostics is

used to infer the fluence of unscattered neutrons on over 20
lines of sight [18]. This measurement records the activation
of zirconium-90 atoms via the 90Zrðn; 2nÞ89Zr reaction,
which has a neutron energy threshold of 12 MeV and a
cross section that increases roughly linearly in the range 12
to 16MeV [19]. Scattered neutrons lose energy, reducing or
eliminating the probability of 90Zr activation. Because of
this, variations in ρR are encoded as inverse perturbations
in the map of detector activation. The sensitivity of the
activation cross section to neutron energy makes this
measurement also susceptible to the effects of hot-spot
velocity, directly via the Doppler shift and kinematic
focusing and indirectly via small changes in the scattering
cross sections. However, the independent measurement of
the hot-spot velocity from the nTOF diagnostics enables
one to correct the activation detectors for these velocity
effects and recover the variation due to scattering [14].
If scattered neutrons are assumed to be lost from
detection, the variation in areal density (ΔρR) can be
calculated from the variation in activation A relative to
the mean value hAi as

ΔρR ≈ −
MDT

σðn;DTÞ
ln
!
A
hAi

"
∼ − ln

!
A
hAi

"
4.64 g=cm2: ð2Þ

Figure 2(a) shows a representative activation map from
shot N180909 (Bigfoot series, producing 1.2 × 1016 DT
neutrons). After correcting for an observed hot-spot veloc-
ity of 94 km=s in the direction ðθ;ϕÞ ¼ ð95°þ8

−9 ; 171°
þ20
−26Þ,

the residual activation data showed variations in the range
%9%. (The velocity correction accounted for approxi-
mately 30% of the asymmetry in the raw activation data,
typical for this dataset.) A fit of first- and second-mode
spherical harmonics to the data demonstrated that the
dominant asymmetry was a mode-1 asymmetry with an
amplitude of 4.1%% 0.8% in the direction (87°þ13

−9 ,
142°þ26

−19 ) [20]. Using Eq. (2), this mode corresponds to
an areal density asymmetry of ∓ 0.19 g=cm2: one-third of
the average fuel ρR inferred from other diagnostics
(0.59 g=cm2).
Performing the activation analysis for the 2016–2018

NIF cryogenic experiments produces a similar pattern to
that observed in the velocity data. Figure 2(b) shows the
magnitudes and directions of the mode-1 asymmetries
inferred from the activation data, for shots with magnitude
greater than 2.5%. This set includes 12 of 18 HDC, 9 of 11
Bigfoot, and 7 of 15 CH implosions, comparable to the
number of implosions that presented significant hot-spot
velocities. The data again cluster by hohlraum window

design toward the same regions of azimuthal space as is
observed in the velocity data.
Figure 3 presents a more thorough comparison between

the magnitudes and directions of the hot-spot velocity and
activation asymmetry measurements. The inferred areal
density asymmetry [from Eq. (2)] normalized to the
average areal density is plotted in Fig. 3(a).The magnitudes
of the two signatures are observed to scale linearly across
the entire dataset: a best-fit slope of 39% ρR mode-1
asymmetry per 100 km=s hot-spot velocity matches the
data with a reduced χ2 metric of 0.3. The hypothesis that the
ðθ;ϕÞ directions of the hot-spot velocity and activation
mode-1 are the same is supported with reduced χ2 values of
0.7 and 0.6, respectively. These low values of the reduced
χ2 metric suggest that the measurement uncertainties are
likely overestimated. The comparison of the azimuthal
angle in Fig. 3(c) clearly shows the clustering of data points
into the range −20°≲ ϕ≲ 160°, and the denser clustering
of 2-window shots toward ϕ ≈ 90° in both diagnostics.
The striking coincidence of magnitude and direction in

these two independent nuclear diagnostic signatures across

(a)

(b)

FIG. 2. (a) Activation data (points) and best-fit map for Bigfoot
shot N180909. Data have been corrected for an inferred hot-spot
velocity (black × with uncertainty boundary). A dominant mode-
1 asymmetry is observed in the activation signal. (b) Uncertainty
in the inferred direction of mode-1 asymmetry for implosions
with mode-1 asymmetry above 2.5%. The amplitude of the mode-
1 asymmetry for each shot is shown in gray scale.
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Diagnosing shell asymmetry

second shot, a 10-μm Au wire was used, generating the
third BT − 50 ps radiograph in Fig. 2. The timing uncer-
tainty is 40 ps relative to the bang time of 7.60 ns, measured
by an x-ray streak camera [27]. The unattenuated signal-to-
noise (SNR) ratio per resolution element is between 160
and 200. The density, shown in Fig. 3(b), is reconstructed
by a forward unfolding procedure, in the 3D cylindrical
coordinates of the hohlraum, assuming front-rear sym-
metry, but allowing left-right asymmetry. The backlighter
source point spread function is included in the forward fit
algorithm, to avoid possible artifacts that deconvolution of
raw radiographs might introduce.
Figure 3(b) shows that the inner profile of the recon-

structed fuel near BT is conformal with the burn-weighted
primary neutron image (13–17 MeV) of the hot spot in
Fig. 3(a) [11]. Figures 3(b) and 3(c) compare the density
unfolded from Compton radiographs to the density
unfolded from full-integrated 2D simulations at the corre-
sponding times and including source size and 30-ps
temporal blur, performed using the HYDRA radiation hydro-
dynamics code [28]. The data and simulations agree on the
presence of greater shell density at the equator than at 45°
diagonals. In addition, the data exhibit a thin spot near the
north pole, attributable to a residual mode 1 drive imbal-
ance [25]. The direction and magnitude of this mode 1 areal
density asymmetry at BT [Fig. 3(b), center], −ð10" 1Þ%

(i.e., bottom-heavy shell) is consistent with the
−ð12" 2Þ% mode 1 inferred using an array of neutron
time-of-flight detectors from the neutron downscattered
fraction vs angle upon exiting the fuel [29,30].
Figure 3(d) shows the reconstructed momentum field,

obtained by differencing between the BT − 10 ps and
BTþ 160 ps images recorded on the same implosion.
The reconstruction is possible because the relative position
of the two radiographs is known to better than 2 μm using
penumbra images of the two backlighter sources cast by a
3 × 3 array of apertures in-line with the radiography line of
sight. The momentum field assumes no overtaking (mix-
ing) of elements nor azimuthal motion, likely small as no
strong azimuthal mode 1 visible.
The density profiles on Fig. 3 show the evolution of the

density asymmetry through peak compression, with the
density progressively accumulating on the bottom hemi-
sphere. The equatorial lineouts in Fig. 4 show, in contrast to
the 2D simulations, a reconstructed density with lower
peak, less steep inner profile, and thicker shell near BT,
evidence of less fuel compression than expected, as also
shown in Figs. 5(c) and 5(d). This discrepancy persists
when comparing to 1D simulations or 2D simulations that
include a P1 asymmetry of similar magnitude as observed.
Hence, we posit that the less steep inner profiles, as
compared to simulations, are due to hydroinstability growth
of 3D bubbles and spikes at the fuel-hot-spot interface [31].
The higher-mode density nonuniformities apparent in the
reconstruction of the limb in Fig. 3(b) are a further indicator
of such perturbations. Figures 5(a) and 5(b) show that while
the average radius and equatorial areal density near BT
could match the data by invoking 40 ps level cross timing
error, no timing offset could make the 2D simulations in
Figs. 5(c) and 5(d) match the observed lower peak density,
thicker shell. We note that simulations including a P1 show
the same qualitative behavior as the top-down symmetric
2D simulations, therefore still in disagreement with the
data. We also note that the 45° lineout (dashed line in
Fig. 4) for the early radiograph, still relatively unaffected by
the onset of mode-1 asymmetry, is very similar to the
equatorial lineout, as are the corresponding metrics (open
circles in Fig. 5). Therefore, the departure from 1D
behavior cannot be explained simply by the onset of
asymmetries.

FIG. 3. (a) Left: Primary neutron image at BT; right: coordinate
system; (b) evolution of shell density reconstructed from Comp-
ton radiographs; and (c) from 2D simulations, including source
size and temporal blur; (d) interpolated density and momentum
field between BT − 10 ps and BTþ 160 ps.

FIG. 4. Solid lines: equatorial lineouts of density from data
(blue, with error bars) and from simulations (red). Dashed line:
45° lineout of density from data 50 ps prior bang time.

PHYSICAL REVIEW LETTERS 125, 155003 (2020)

155003-3

Diagnosing fuel at stagnationX-ray images of hotspot mix

Advances in understanding have led to improved target metrology, improved capsule selection, 
and improvements to the laser, enabling better implosion performance

New measurement capabilities enable improved understanding of fusion 
obstacles on NIF
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At the same time tremendous progress has been made in metrologizing and 
mitigating defects in diamond capsules

• Both pits and voids are of concern from 
a physics perspective
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Tremendous progress in metrologizing and mitigating these defects has been made 
over the last 2 years, experiments with improved capsules will take place in CY21



As part of the 2020 review, we have applied many different tools 
to infer our proximity to ignition, but all rely on extrapolation 

R. Betti, Phys. Plasmas 17, 058102 (2010)
B. K. Spears, Phys. Plasmas 19, 056316 (2012)
J. D. Lindl, Phys. Plasmas 25, 122704 (2018)
P. K. Patel, Phys. Plasmas 27, 050901 (2020)
P. T. Springer, Nucl. Fusion 59, 032009 (2019)
O. A. Hurricane, Phys. Plasmas 26, 052704 (2019)
D. S. Clark, Phys. Plasmas 26, 050601 (2019)
J. A. Gaffney, Phys. Plasmas 26, 082704 (2019)

§ Simple hot spot models (rr, T)

§ 3D post shot simulations scaled to ignition

§ Generalized Lawson Criterion, !!"
!"!"#/ 

simulation based scaling laws

§ Experimentally tuned Machine Learning 
models
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Our net assessment based on several metrics was that we must increase the 
energy in the hot spot and the pressure of the hot spot squared by ~2.5-3x
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LLNL’s assessment is that we were a 
factor of 2.5-3x below the ignition 
threshold in this metric at the time of 
the review

We’ve increased 𝐸!"𝑃!"# by ~30 since 
NIF experiments started and had a 
factor of 2.5-3X to go.

Energy Coupling
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Our net assessment based on several metrics was that we must increase the 
energy in the hot spot and the pressure of the hot spot squared by ~2.5-3x
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LLNL’s assessment is that we were a 
factor of 2.5-3x below the ignition 
threshold in this metric at the time of 
the review

We’ve increased 𝐸!"𝑃!"# by ~30 since 
NIF experiments started and have a 
factor of 2.5-3X to go.

Recent (11/20) experiments have 
closed the gap, but analysis is 
ongoing
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§ HYBRID-E & I-raum
implosions achieve record 
performance putting them 
closer to the ignition regime

§ Both benefited from 
improved understanding, 
target fabrication and 
metrology of diamond 
capsules

§ Both have significant 
features that degraded 
performance

HYBRID-E
on Nov. 1

I-raum
on Nov. 22

HDC & Bigfoot
55kJ in 2017

By building on this improved understanding and improved targets 
we’ve recently obtained record NIF yields

910-950um

1050um -
1100um

1000um
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HYBRID-E
on Nov. 1

I-raum
on Nov. 22

HDC & Bigfoot
55kJ in 2017

By building on this improved understanding and improved targets 
we’ve recently obtained record NIF yields

910-950um

1050um -
1100um

N201101-001 Equatorial TI Analysis

Results Summary

Nov.  2, 2020 A. Pak, S.Khan, N.Izumi, T.Ma 2

Kapton 456 µm            Channel
Composition of 44 images

FILTER_A Kapton 456 µm           
FILTER_B Al 50 um

Brightness (PSL)

P0 (µm)

P2/P0 (%)

P3/P0 (%)

P4/P0 (%)

RMS_P0 (%)

RMS_P0_P2_P4 (%)

132012 +6143/−17389

34.92 +0.22/−3.85

35.56 +1.29/−12.96

-1.64 +5.78/−4.18

-5.83 +4.54/−5.84

19.30 +0.89/−4.29

9.23 ±1.28

Neutron     X-ray
2nd neutron
axis

Fluence comp Down 
scatter image (Volegov, 
Casey)

Geppert-Kleinrath

We will have additional opportunities to test these platforms in the spring

1000um

§ HYBRID-E & I-raum
implosions achieve record 
performance putting them 
closer to the ignition regime

§ Both benefited from 
improved understanding, 
target fabrication and 
metrology of diamond 
capsules

§ Both have significant 
features that degraded 
performance
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We’ve organized our program around these 3 goals while awaiting 
feedback from the NNSA 2020 review and the JASON review

Enables
Reduce the gap to ignition while advancing our predictive capability

Understand the limits 
of coupling 

Advance simulation 
tools

Increasing pressure of 
stagnated fuel

Increasing energy of 
stagnated fuel

Improving predictive 
capability

Hohlraum Model

Capsule Model

Understand the limits 
of compression

Goal
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• U.S. has made major investments in world leading 
capabilities, significant investments now in other countries

• Pursuit of Inertial Fusion Energy has played a key role in the 
history of this program

• IFE has very different risks/rewards compared with MFE
• IFE, like MFE, is a multi-decadal endeavor, requires 

innovation to enable economical energy source. Program 
would greatly add to our
• Scientific capabilities 
• Innovation
• HED research foundations
• Workforce development

• Having no effort means we are unprepared for 
breakthroughs either in the US or elsewhere

• Strong support from stakeholders
• Rep-rated drivers are a key enabling technology with many 

potential spin off benefits (e.g. HAPLS Rep-rated PW laser)

1. Target, fuel, recycling

2. Reactor

3. Driver

4. Balance of plant

Separable 
components

We are delighted to see inertial fusion energy recognized as an 
important goal in the recent planning process
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EUV Lithography commercial systems demonstrate many of the 
elements of an eventual IFE powerplant

EUVL IFE

High Average Power laser 40 kW 10.6 µm 10-30 MW  200-500 nm

High Rep Rate Targets 30 µm tin 50 kHz Ignition target 10 Hz

Harsh Environment (X-rays and 
Debris)

250W x-ray, 5 mg/sec, 
vacuum/gas

200 MW x-ray, 800 MW 
neutron, 10 g/sec

Long Lifetime Optics Gigashot Gigashot+

Dozens now operating ($120M 
per) 
5M+wafers made
25+year development timeline
Advances in: 
Laser, targets, x-ray optics,debris,  
precision alignment, …….



§ Major reviews of HED/ICF are nearly complete. 
— Revalidated importance of HED/fusion ignition on path to high yield for Stockpile Stewardship 

Program
— Identified opportunities for increasing the program impact
— Importance of pursuing all 3 approaches (Laser Indirect, Laser Direct, Magnetic Direct)

§ Advances in measurements are leading to much greater understanding of Inertial Confinement Fusion 
implosions

§ LLNL assesses that we were about 2.5-3x in hot spot energy * hot spot pressure squared away from 
ignition at the time of the JASON review. 

§ Very recent (11/20) results have reached record performance

It is an exciting time for High Energy Density (HED) Science and 
Inertial Confinement Fusion (ICF) Research at LLNL!

The 2020 process has strengthened the community partnership in ICF


