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Optimizing an ICF experiment requires efficient traversal of a 
high (> 𝟏𝟎)  dimensional parameter space

Since experiments are costly, predictive tools must be used to search 

the design space. These tools must be 

1. Accurate

2. Fast

3. Easy to update with new experimental data
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The traditional tool for predictive modeling in ICF has been 
simulations, but they are not accurate enough to guide 
experimental design

Pros of using 

simulations

Cons of using 

simulations

• Encodes our best 

understanding of 

physics 

• Cheaper than 

experiments 

• Faster than experiments

• 1D LILAC < 5 hrs

• 2/3D 

DRACO/ASTER ~ 1 

month 

• Easier to diagnose 

• Can inspect 

intrinsic quantities 

(pressure, 

temperature) 

• They are not 

predictive

Simulated vs. Measured DT Yield for OMEGA experiments 
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Simulations can be made more predictive by incorporating 
historical experimental data in a statistical manner 
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If experiments are systematically perturbed, it is possible
to construct a predictive model from 1-D hydrocodes

Pulse shape + target specs

Predict experiment from 1-D simulation

Systematic and random nonuniformity seeds

𝑶𝐞𝐱𝐩 ≈ 𝑭𝐦𝐚𝐩 𝑶𝟏−𝐃
𝐬𝐢𝐦

Constant if systematic Neglect if experiments are repeatable

Existence of mapping relation requires repeatable experiments → only systematic nonuniformities.

𝑶𝐞𝐱𝐩 = 𝑭𝐞𝐱𝐩 𝑭𝐬𝐢𝐦
–𝟏 𝑶𝟏−𝐃

𝐬𝐢𝐦 , 𝑺𝟑−𝐃
𝐬𝐲𝐬

, 𝑺𝟑−𝐃
𝐫𝐚𝐧

Experimental observables → 𝑶𝐞𝐱𝐩 = 𝑭𝐞𝐱𝐩 𝑰𝟏−𝐃, 𝑺𝟑−𝐃
𝐬𝐲𝐬

, 𝑺𝟑−𝐃
𝐫𝐚𝐧

Simulated observables → 𝑶𝟏−𝐃
𝐬𝐢𝐦 = 𝑭𝐬𝐢𝐦 𝑰𝟏−𝐃, 𝟎, 𝟎 𝑰𝟏−𝐃 = 𝑭𝐬𝐢𝐦

–𝟏 𝑶𝟏−𝐃
𝐬𝐢𝐦
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Using the statistical framework, OMEGA neutron yields were 
tripled in just seven shot days 

80802

96806

Dataset spans a wide range of target dimensions, pulse shapes, phase plates, and material compositions
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Optimization of areal densities has also taken place, but 
predictive capability is lower

• Unlike the yield, 𝝆𝑹 is sensitive to fine details of pulse shape 

• 𝝆𝑹 can also very asymmetric, and more measurements are 

needed

• 𝝆𝑹 is also affected by hot electrons, which are likely not modeled 

or proxied correctly 

80802

96806
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The assumption of experimental repeatability can be 
estimated from the ion temperature asymmetry metric, and is 
shown to be a small effect 

70% of shots have < 10% degradation 

due to 𝚫𝐓𝐢

• 𝑻𝒊 is inferred from the width of 

the neutron spectrum 

• The spectrum is broadened by 

the thermal and bulk velocities 

of the reactants along the 

detector line-of-sight 

• Random target offset or beam 

mispointing/energy imbalances 

can lead to low mode 

perturbations 

• These low modes drive bulk 

flows in the neutron producing 

region, raising some inferred 𝑻𝒊
• The ratio of ion temperatures 

𝚫𝐓𝐢 =
𝐓𝐦𝐚𝐱

𝑻𝒎𝒊𝒏
acts as a proxy for this 

effect 
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Generating New Designs

____________

*V. Gopalaswamy et al., Nature 565, 581–586 (2019).

LILAC Transformation

LILAC Yield,

LILAC 𝝆R,

LILAC Ti,…

Experimental

prediction
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• trel =
R0

tbangvimp

• 𝚫IFAR =
IFAR2/3

IFAR5/8

The models strongly support decreasing the pulse length
with respect to the implosion time (𝑹𝟎/𝑽𝐢𝐦𝐩) and reducing

laser power after shock breakout to improve performance

We need to shorten the relative pulse length and increase power dip

and implosion velocity to increase yield. We also need to increase

the relative pulse length while controlling the adiabat to increase 𝝆𝑹.

Decreasing the drop in

power increases 𝚫𝐈𝐅𝐀𝐑
Long pulses typical of low-𝜶

designs have small 𝒕𝐫𝐞𝐥

____________

IFAR: in-flight aspect ratio
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Design changes from shots 80802 to 90288 incorporate
the models’ guidelines on effective design

• Increase target size and reduce
ice thickness → better coupling,
lower mass → higher vimp

Shot Yield 𝝆R

(mg/cm2)

Hot-spot

radius (𝝁m)

80802 3.2 × 1013 100 27

89224 1.2

× 1014

140 27

90288 1.55

× 1014

160 25
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New pulse shapes are being designed
to enhance performance on future shots 

Improvement from Shot 90288 Design #1 Design #2

Yield 10% 25%

𝜌𝑅 5% ~0%

____________

**D. Patel et al., BO5.00007, to be presented at the 

61st Annual Meeting of the APS Division of Plasma 

Physics, Fort Lauderdale, FL, 21-25 October 2019.

____________

*A. Lees et al., NO5.00003, to be presented at the 

61st Annual Meeting of the APS Division of Plasma 

Physics, Fort Lauderdale, FL, 21-25 October 2019.
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Understanding Performance 
Degradation Mechanisms on OMEGA
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The yields of the best-performing implosions appear
to be degraded by at least 2× with respect to 1-D

A ~2× drop in yield must be explained by 3-D effects.

𝒀𝟏−𝐃
𝐞𝐟𝐟 is the yield expected from a sphere of plasma with burn 
volume 𝑽𝐡𝐬, thermal temperature 𝑻𝐢, and areal density 𝝆𝑹𝐧.

𝐘
𝐎
𝐂
𝟑
−
𝐃
=

𝒀
𝐞
𝐱
𝐩

𝒀
𝟏
−
𝐃

𝐞
𝐟𝐟

𝒀𝟏−𝐃
𝐞𝐟𝐟 ≈ 𝟐. 𝟑 × 𝟏𝟎𝟏𝟒

𝑽𝐡𝐬
𝝁𝐦𝟑

𝟔.𝟓 × 𝟏𝟎𝟒

𝟎.𝟔𝟑
𝑻𝐢
𝐤𝐞𝐕

𝟒

𝟑.𝟖
𝑹𝐧
𝐦𝐠/𝐜𝐦𝟐

𝟐𝟎𝟎

𝟏.𝟕
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The yield prediction formula can be re-written as a series of 
degradation factors

𝒀𝒅𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐𝒏 =
𝒀𝒆𝒙𝒑

𝒀𝑳𝑰𝑳𝑨𝑪
=

𝑹𝒃𝒆𝒂𝒎

𝑹𝒕𝒂𝒓𝒈𝒆𝒕

𝟑

𝚫𝐓𝐢
−𝟏.𝟒𝒇𝑯𝒆𝟑

𝟏.𝟑 𝜶𝟎.𝟕𝒕𝒓𝒆𝒍
𝟑 𝑹𝒃𝒆𝒂𝒎

𝟎.𝟒

• Beam  geometry 

mode 

• CBET

Low Modes

• Laser 

mispointing

• Target offset

• CBET
Helium-3 

Buildup

High modes

• Surface Roughness

• Laser Imprint

Scaling in excess of 

hydrodynamic scaling
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Varying SSD shows minimal effect for the best-performing implosion.

Yield and 𝝆𝑹 do not degrade until SSD is <50%

Systematic experiments specifically identify

the effect of each degradation mechanism;

imprint is studied by varying SSD

____________

SSD: smoothing by spectral dispersion

____________

MRS: magnetic recoil spectrometer
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The ion temperature asymmetry parameter accounts for low 
modes, but is not typically a large effect 

• Due to bulk motion of the fusing 

plasma, the inferred ion 

temperature will be raised 

anisotropically

• 3D ASTER* simulations with 

systematically imposed 𝒍 = 𝟏
modes can be compared to their 

clean counterparts 

• Within the typical range of OMEGA 

ion temperature asymmetries, the 

yield degradation is well modeled 

by 𝚫𝐓𝐢
−𝟏.𝟒

• If the ion temperature asymmetry 

becomes very large, ASTER 

simulations indicate that an 

exponential fall off is more 

physical 
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Systematic low, mid, and high modes can
account for the 2× degradation of the yield

____________

D. H. Edgell et al., Phys. Plasmas 24, 062706 (2017).

S. P. Regan et al., this conference.
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• Tritium (half life 12.3 years) decays into 
helium-3, which remains in the gas 
phase at 40K 

• Extra mass due to He3 results in 
inefficient compression 

• Higher Z of He3 results in more hotspot 
losses 

• Total amount of He3 contamination a 
function of mass of tritium and time 
since the target was filled 

Helium-3 Degradation occurs from the decay of the tritium 
fuel 

____________

* A. Lees et al., in preparation for Phys. Rev. Lett. 

Typical Shot



21

Performance Scaling to Higher 
Energies
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Hydrodynamic scaling is used to
infer performance at higher energies

____________

*R. Nora et al., Phys. Plasmas 21, 056316 (2014);

*R. Nora, Ph.D. thesis, University of Rochester, 2015.

• Initially assumes  
symmetric illumination

• Polar-drive extrapolation
will follow
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This optimization process led to the higher 
hydrodynamically scaled performance to date 

• Since OMEGA is too low 

energy to ignite, performance 

metric is the expected 

performance at energies 

typical of the National Ignition 

Facility (1.9 MJ)

• Hydrodynamic scaling 

assumes that all the physics 

remains the same as the size 

increases

• Pressure, density, velocity, 

adiabat, intensity, etc. 

remain the same 

• 𝑬𝒍𝒂𝒔𝒆𝒓 ∼ 𝑹𝟑, 𝒕 ∼ 𝑹, 𝑷𝒍𝒂𝒔𝒆𝒓 ∼
𝑹𝟐
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Future Applications of Machine 
Learning for OMEGA 
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3D reconstruction of stagnated shell assembly can be 
realized through computer vision techniques 

Multiple Experimental Lines of Sight

3D Reconstruction

Stagnation Hydrodynamic Conditions

Detector Images/Spectra



26

• Power laws are:

– Simple

– Scale invariant

– Physically motivated 

• Power laws cannot model:

– Vector data (images, 

time series)

– Extrema, saturation, 

cliffs, etc. 

– Most experimental and 

simulation data have 

these features 

In order to capture higher order behavior and better 
incorporate all experimental data, we need to move beyond 
power laws

Solution: Neural Networks + 

Transfer Learning 
Identical Initial 

Conditions


