
Contents
Director’s Remarks...............................................................................................................		          iii

In Brief	......................................................................................................................................		          vii

Inertial Confinement Fusion

Diagnosing Low-Mode (ℓ < 6) and Mid-Mode (6 ≤ ℓ ≤ 60) Asymmetries 
in the Post-Stagnation Phase of Cryogenic Implosions on OMEGA......................................	           1

Effect of Overlapping Laser Beams and Density Scale Length in Laser–Plasma 
Instability Experiments on OMEGA EP.................................................................................	           4

Optimization of Irradiation Configuration Using Spherical t Designs 
for Laser-Direct-Drive Interial Confinement Fusion...............................................................	           7

Validation of Ray-Based Cross-Beam Energy Transfer Models.............................................	         10

Diagnosis of the Imploding Shell Asymmetry in Polar-Direct-Drive Deuterium–Tritium 
Cryogenic Target Implosions on OMEGA..............................................................................	         13

Plasma and Ultrafast Physics

Quantitative Proton Radiography and Shadowgraphy for Arbitrary Intensities.....................	         18

Direct Measurement of the Return-Current Instability...........................................................	         22

Analysis Methods for Electron Radiography Based on Laser-Plasma Accelerators...............	         25

High-Energy-Density Physics

A First-Principles Study of L-Shell Iron and Chromium Opacity 
at Stellar Interior Temperatures...............................................................................................	         28

Volume 172
July–September 2022
DOE/NA/3856-1775

UNIVERSITY OF ROCHESTER
LABORATORY FOR LASER ENERGETICS

LLE Review
Quarterly Report



ii

Diagnostic Science and Detectors

High-Resolution X-Ray Spectrometer for X-Ray Absorption 
Fine Structure Spectroscopy....................................................................................................	     31

(Cd,Mg)Te Crystals for Picosecond-Response Optical-to-X-Ray Radiation Detectors.........	     34

Exact Solutions for the Electromagnetic Fields of a Flying Focus.........................................	     38

Laser Technology and Development

Methods and Apparatus for Comprehensive Characterization of Performance 
Attributes and Limits of Ultrafast Laser Optics......................................................................	     41

Design and Demonstration of the “Flow-Cell” Integrated-Flow, Active-Cooling Substrate 
for High-Average-Power Substrates........................................................................................	     44

Free-Standing Thin-Membrane, Zero B-Integral Beam Splitters............................................	     48

Education and Outreach

Petawatt Laser Systems...........................................................................................................	     51

LLE’s Summer High School Research Program.....................................................................	     54

2022 BEST Student and Teacher Research Program..............................................................	     57

Laser Facility

FY22 Q4 Laser Facility Report ..............................................................................................	     62

Groundbreaking for the LLE Building Expansion..................................................................	     64

Annual Reports

FY22 Laser Facility Report ....................................................................................................	     67

Education Summary................................................................................................................	     71

External Users’ Programs........................................................................................................	     79

FY22 National Laser Users’ Facility Program........................................................................	     83

FY22 Laboratory Basic Science Program...............................................................................	   126

FY22 LaserNetUS Program....................................................................................................	   156

Publications and Conference Presentations ................................................................	   162



iii

Director’s Remarks

C. Deeney

Director, Laboratory for Laser Energetics

The Laboratory for Laser Energetics (LLE) is funded primarily by the U.S. Department of Energy (DOE) National Nuclear 
Security Administration’s (NNSA’s) Office of Experimental Sciences Inertial Confinement Fusion (ICF) Program through a 
five-year Cooperative Agreement. The fiscal year ending September 2022 (FY22) comprised the fourth year of work under DOE/
NNSA Cooperative Agreement No. DE-NA0003856. The Laboratory is also sponsored by the New York State Energy Research 
Development Authority and other federal agencies such as the DOE Office of Science and the National Science Foundation. I was 
honored to become the fifth Director of LLE, succeeding Dr. E. Michael Campbell who retired in March 2022.

The year 2022 was exciting for the National ICF Program and LLE. Ignition was achieved at the National Ignition Facility 
for the first time, producing more energy out of the implosion than the input laser energy to the target. LLE has made many 
contributions to the pursuit of ignition, including laser technologies, diagnostics, simulation capabilities, physics understanding, 
and student education. Groundbreaking for the construction of a new $42M addition to the LLE Complex (funded by the University 
of Rochester) occurred in August 2022. LLE submitted a proposal to renew the Cooperative Agreement with DOE/NNSA 
for FY24–FY28.

This report summarizes work conducted at LLE during FY22 that includes research on the ICF and High-Energy-Density 
(HED) science campaigns; laser, optical materials and advanced technology development; operation of the Omega Laser Facility 
for the ICF and HED campaigns, the National Laser Users’ Facility, Laboratory Basic Science Program, and other external users, 
including the newly established LaserNetUS supported by the DOE Office of Fusion Energy Sciences; and programs focusing on 
the education of high school, undergraduate, and graduate students.

•	 The Omega Laser Facility conducted 2110 target shots in FY22, close to the average annual number of shots since FY14 with 
nearly 60% of the shots performed for external users. These experiments are critical to LLE and the national community 
achieving progress in the ICF/HED Physics mission, in advancing science, and in training students.

•	 Mission Impact: All of the completion criteria for the 15 NNSA Level II milestones were achieved.

•	 Scientific Output: One hundred and one technical manuscripts were published in peer-reviewed scientific journals during FY22.

•	 Sixteen Ph.D. degrees were conferred on graduate students during 2022 whose primary research was performed at the 
Laboratory either as students of the University of Rochester or as students of other collaborating user institutions who performed 
experiments or worked with scientists at the Omega Laser Facility.

•	 One University of Rochester Ph.D. graduate (Alison Christopherson) won the American Physical Society Division of Plasma 
Physics Marshall N. Rosenbluth Outstanding Doctoral Thesis Award.
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•	 Radha Bahukutumbi, a Distinguished Scientist in the Theory Division, received the Leadership Award at the annual meeting 
of the Fusion Power Associates.

•	 Steve Ivancic, head of the Diagnostic Development and Integration Group, received a Defense Programs Award of Excellence 
from Lawrence Livermore National Laboratory.

Key technical highlights included:

•	 A series of high in-flight aspect ratio and high-velocity implosions on OMEGA produced yields between 2.6 × 1014 and 3.1 × 
1014, all above the previous yield record. The highest yield implosion, when corrected for 3He buildup using statistical model-
ing, would have produced a yield of nearly 1 kJ, roughly the same as the shell kinetic energy. These direct-drive implosions 
enable Ph.D. research on ICF and open opportunities for future ICF optimization.

•	 Layered DT implosions with silicon dopants performed significantly better (higher yields) than comparable targets without 
dopants, confirming that the dopant suppresses imprint while only modestly increasing the shell adiabat via x-ray preheat.

•	 The Lawrence Livermore National Laboratory (LLNL)/LLE Neutron Sources collaboration conducted a polar-direct-drive 
exploding-pusher experiment at the National Ignition Facility that produced a record laser-direct-drive (LDD) yield of  
1.6 × 1016 with a laser pulse of 1.6 MJ.

•	 The proof-of-concept for the LLE dynamic-shell ignition design, where pulse shaping dynamically creates a high-density shell 
with a DT wetted-foam target, was demonstrated using 3-D–printed foam capsules.

•	 Constrained by integrated implosion measurements, spectroscopic observables revealed that a density functional theory (DFT)-
based kinetic model developed by LLE scientists (VERITAS) reproduces a majority of the emission and absorption features 
observed in experiments, while the traditional collisional-radiative-equilibrium treatment with ad hoc continuum lowering 
does not, suggesting that self-consistent treatment of dense plasma effects is needed at very high pressures.

•	 In collaboration with LLNL, LLE scientists showed that diamond can precipitate from twice-shocked CH polymers (e.g., ICF 
ablators) in the presence of oxygen, nitrogen, and chlorine.

•	 An LLE–LLNL team conclusively demonstrated species separation in the release of strongly shocked CH, finding that the 
hydrogen ions carry 10 to 100× more mass than the carbon ions to large distances, confirming a hypothesis developed to 
understand the seeds of instability growth in plastic ICF ablators.

•	 Based on x-ray diffraction measurements of sevenfold compressed sodium, a team from LLE and LLNL observed the hP4 
electride phase at a pressure of 480 GPa and a temperature of 3000 K (a regime where core electron overlap was thought to 
stabilize against this phase), indicating that electride formation is possible on nanosecond time scales at high temperatures.

•	 A decades-old discrepancy between theory and measurement on the shock-induced metallization of polystyrene was resolved 
using a new exchange correlation functional that properly captures the shock-induced dissociation of carbon and correctly 
predicts the band-gap closing behavior at 1 to 2 Mbar.

•	 New DFT calculations of Fe and Cr opacity at stellar interior densities and temperatures did not resolve the iron opacity 
“mystery” identified some time ago at Sandia National Laboratories’ Z Pulsed Power Facility. The new calculations showed 
good agreement with the measured Cr opacity but did not agree with Z’s measurements of the Fe opacity.



v

•	 Recent experiments showed that micron-scale x-ray radiography is possible for a wide range of flow visualizations at ultrahigh 
pressures using a new LLE-developed Fresnel zone plate imaging diagnostic.

•	 The first electron radiographs of a test object were acquired (in collaboration with Los Alamos National Laboratory) using a 
laser-plasma accelerator platform on OMEGA EP.

•	 The 13th Omega Laser Facility Users Group (OLUG) Workshop, held 27–29 April 2022 at LLE, attracted nearly 200 research-
ers from around the world. 

•	 The 24th Topical Conference on High-Temperature Plasma Diagnostics (HTPD), hosted by LLE in Rochester, NY, attracted 
370 registered participants. The HTPD conference showcased the latest in advanced instrumentation in the fields of magnetic 
confinement fusion, inertial confinement fusion, high-energy-density plasmas, space plasmas, astrophysics, and industrial applications.

•	 The 50th Anomalous Absorption Conference 2022 hosted and organized by LLE was held 5–10 June in Skytop, PA. Conference 
topics included theoretical and experimental studies in parametric instabilities, radiation hydrodynamics, particle acceleration, 
HED physics, short-pulse laser–matter interactions, and ICF.

•	 A classified report on the scope of applications within the Stockpile Stewardship Program for platforms that rely on LDD was 
submitted to the NNSA Office of Experimental Science, completing one of the milestones in the ICF five-year plan.

As the fifth Director working with the senior leadership team, we have set our vision to be “the leading academic institution 
advancing laser technologies, inertial confinement fusion, and high-energy-density science at scale.” I hope you agree that FY22 
met this vision.
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In Brief

This volume of LLE Review 172 covers the period from July–September 2022. Articles appearing in this volume are the principal 
summarized results for long-form research articles. Readers seeking a more-detailed account of research activities are invited to 
seek out the primary materials appearing in print, detailed in the publications and presentations section at the end of this volume. 

Highlights of research presented in this volume include:

•	 J. Baltazar et al. develop a technique to diagnose the low- and mid-mode asymmetries in the post-stagnation phase of a 
deuterium–tritium (DT) cryogenic implosion with the aim of relating the post-stagnation phase measurement to the shell 
breakup caused by an increase in beam overlap perturbations due to a lower Rb/Rt (p. 1).

•	 M. J. Rosenberg et al. analyze laser–plasma instability mitigation techniques for direct-drive inertial confinement fusion 
(ICF) by examining stimulated Raman scattering and two-plasmon–decay instabilities, assessing their dependence on 
density scale length and overlapping laser beam geometry critical to ICF ignition/fusion gain (p. 4).

•	 A. Shvydky et al. propose a new approach in producing uniform beam intensity distributions applied on a sphere for laser-
direct-drive ICF system configurations based on mathematical spherical t designs to find optimal beam configurations, 
targeting a reduction of spherical harmonics and nonuniformity modes (p. 7).

•	 R. K. Follett et al. develop a series of test cases for validation of ray-based cross-beam energy transfer (CBET) models 
against wave-based calculations. Comparisons between various ray-based models show that an etalon integral field recon-
struction with a coherent caustic correction and caustic gain truncation is the preferred ray-based CBET model, with equal 
to improved performance without increasing compuational cost (p. 10).

•	 T. R. Joshi et al. extend the application of the x-ray self-emission imaging technique to polar-direct-drive ICF implosions 
with cryogenically layered DT targets on OMEGA, diagnosing in-flight asymmetries (p. 13).

•	 J. R. Davies, P. V. Heuer, and A. F. A. Bott develop an electrostatic particle-in-cell (PIC) algorithm that was compared 
to algorithms for charged-particle radiography and shadowgraphy used in laser-plasma experiments, deducing a Monge–
Ampère code applied as first order, and a PIC code if the Monge–Ampère code fails or requires a subsequent, more-accurate 
inversion (p. 18).

•	 A. L. Milder et al. present first measurements of the threshold and linear growth rate of the return-current instability 
driven by electron heat flux, where characterization of the plasma conditions show that the return-current instability occurs 
concurrently with nonlocal transport (p. 22).

•	 G. Bruhaug et al. present a method to determine the resolution for laser-plasma acceleration electron radiography that in-
clude accounting for drive laser image distortions, quantifying plasma-generated electric fields in laser-ablated targets by 
measuring electron radiography image feature sizes, and estimating field strength needed to produce those features (p. 25).

•	 V. V. Karasiev et al. apply first-principles density functional theory to calculate optical properties (mass-absorption coef-
ficient and opacity) of Cr and Fe at stellar interior temperatures to explore whether ab initio calculations can resolve the 
disagreement between previous atomic physics calculations and measured data (p. 28).

•	 D. A. Chin et al. designed and built two extended x-ray absorption fine structure (EXAFS) flat crystal x-ray spectrometers 
(EFX’s) for high-resolution x-ray spectroscopy over a large energy range with flexible, on-shot energy dispersion calibration 
capabilities, enabling x-ray absorption near-edge spectroscopy measurements to be made on OMEGA (p. 31).
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•	 J. Cheng et al. demonstrate a promising candidate for ultrafast optical/near-infrared to x-ray radiation detector applications 
with a photodetector sensitive to both optical and x-ray picosecond pulses based on in-house grown cadmium magnesium 
telluride (Cd,Mg) Te single crystal (p. 34).

•	 D. Ramsey et al. derive exact solutions to Maxwell’s equations for the electromagnetic fields of a constant-velocity flying-
focus pulse and identified small differences to the paraxial solutions for a wide range of parameters, justifying paraxial 
solutions for many applications in many regimes, such as a spatiotemporal pulse-shaping technique (p. 38).

•	 K. R. P. Kafka, T. Z. Kosc, and S. G. Demos assess operational performance limits of optics and aspects required for the 
development of improved optic designs/reliable operational fluence limits for ultrashort optical performance characteriza-
tion beyond the standard laser-induced–damage threshold testing system specifications that only characterize the damage-
initiation threshold (p. 41).

•	 E. P. Power et al. design, simulate, fabricate, and test a prototype flow-cell, integrated-cooling substrate built using cordierite 
ceramic and demonstrate average power handling up to 3.88-W/cm2 absorbed power density with 54-nm peak-to-valley 
deformation in a sub-aperture test, with a <30 s observed mechanical stabilization time scale (p. 44).

•	 M. Romo-Gonzalez and R. Boni test a zero B-integral pellicle beam splitter composed of uncoated nitrocellulose, having a 
maximum reflectivity of ∼30% with negligible absorption in the near-infrared (p. 48).

•	 L. J. Waxer, J. Bromage, and B. E. Kruschwitz provide an overview of the various topics they wrote in the SPIE Spotlight 
series e-book on petawatt laser systems, introducing the reader to the laser science and technology underpinning petawatt 
laser systems and technological advances required for state-of-the-art high-intensity laser performance (p. 51).

•	 R. S. Craxton summarizes the 33rd LLE Summer High School Research Program (p. 54). Sixteen students were invited 
from Rochester-area high schools to participate in the lab’s state-of-the art research environment.

•	 T. J. Kessler, M. Romo-Gonzalez, and R. Ghosh report on the Broad Exposure to Science and Technology (BEST) Program, 
a research program designed to engage teachers and students from historically marginalized experiences in various aspects 
of science and technology that support LLE’s laser science and applications research (p. 57).

•	 J. Puth et al. summarize operations of the Omega Laser Facility during the fourth quarter of FY22 (p. 62).

•	 M. J. Shoup III highlights the groundbreaking and early days of the LLE building expansion (p. 64).

•	 This volume concludes with the FY22 Laser Facility Report, the FY22 Education Summary, and overviews of the National 
Laser Users’ Facility, Laboratory Basic Science, and LaserNetUS Programs.




