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| was invited to write the perspective article at the
APS DPP conference in Spokane WA

A First in person conference since COVID

A NIF ignition achieved

A Exponential growth of private companies

A 4-part miniconference on DOE
PublicPrivate Partnerships
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64th Annual Meeting of the APS Division of Plasma Physics
Volume 67, Number 15
Monday-Friday, October 17-21, 2022; Spokane, Washington
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Monday, October 17, 2022 BM10.00002: DOE perspective on public-private partnerships
9:40AM - 9:50AM Scott C Hsu

Monday, October 17, 2022 BM10.00003: ARPA-E updates
9:50AM - 10:00AM Ahmed Diallo

Monday, October 17, 2022 BM10.00004: Commonwealth Fusion Systems path to commercialization
10:00AM - 10:15AM Dan Brunner

Monday, October 17, 2022 BM10.00005: Zap Energy: a Public-Private Partnership Success Story

10:15AM - 10:30AM Benjamin J Levitt, Brian A Nelson, Uri Shumlak, Clement S Goyon, Jacob T
Banasek, Simon C Bott-Suzuki, Glen A Wurden, Harry S McLean, Drew P
Higginson, James M Mitrani, Amanda E Youmans, Josh Brown, Bethany L
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Form national teams to develop conceptual
design and technology roadmap

Demonstrate physics basis
Increase TRL of critical technologies
Define regulatory framework
Identify possible site options

Perform preliminary design
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First laser constructed in 1960 KMS announces thermonuclea
neutrons in May 1974 fusion energy appeared imminent

. SILVER

(a) (b)
May 16, 1960: Theodore Nlaiman a physicist at Hughes Research

Laborat_ories in Malibu, Calif., constructs the first laser using a cylinder of
synthetic ruby measuring 1 cm in diameter and 2 cm long, with the ends

silvercoated to make them reflective and able to serve as a FRbrgt
resonatorMaimanuses photographiflashlampd & G KS f |
source.
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Fmsearch progress bay
@antrolled fusion Is even
mercially feasible
. Meanwhile, KMS, still strapped for cash, Is racing the AEC's
m scientisty o the anywers about fushon, with & budget less
ixth as big as the government agency’s.
1f some government or univrsily laboratory beats KNE
etical fusion plant, KMS might well be Jeft with little o show
) 1 etforts
To prepare ite upconiing report, the AEC sent a team of its
scientists 1o vitlt the KMS 1aboratory in Ann Arbor. Al-
fough most felt KMS'n cluims were overblown, many were
Impressed with ths KMS offort
4 When three of these mon were asked 1o bet on whether KMS
had achieved fusion (since that fact cannot be known), two of
fhem said they would bet ves
One of the sclentists, Dr. Everett Beckner of the AEC's San-
Bia Jab in Atbuguerque, NM., called the KMS experiment
Moretty damned remarkable, considering the company’s lim-
Yted resources.
S 11 KMS really did achieve fusion, AEC scientists believe the
shauld be abie to produce harder evidence of the reaction
e future by modifying its present experiments.
M5 officials — ever optimistic — predict they will accom-
that task witbin & matter of weeks
FUSION 18 NOT A NEW IDEA, since if already powers the
the stars, and thermonuclear bombs, The problem is that
y knows haw 1o control ft 10 make smaller amounts of
e O 0 COntinuous hasis
Jo achicve f 1wo atomy of deaterium or tritivm (both
s of hydrogen) must be held together under tremendous
iyt@dt and pressure until they combing (o farm an atom of el
§@n, The ny-product of this reaction is energy — thearetically
e enecyy in total than was required (0 cause the ceaction.
Gince ordinary water contains hydrogen there {8 as much
fuel in the world as there (s water n (he oceans. By one
ate, the average family's annual entrgy neods coold be
with the deuteeium In 1 23 gallons of water.
Present.day nuclear power plants run on fission process, (he
far@erse of fusion. In fission, A uranium atom is spiit into two
ler atoms, liberating energy in the proce
Irmtun Is theereticatty preferable (o fission for several rea-

08

— mainly because there {5 more water than uranium and

se fisslon reaction can get out ol control while the fusion

Metion is considered controllable.

Fission has one distinct advantage today over fusion — selen-

have figured out how to sustain a fissian reaction.

PThe three basic requirements for practical fusion power have

fler been achicved simultancously. Those requirements are

mpressing the deuterium 2as, heatng it 1o 100 million degrees

pntigrade end maintaining these conditions Tong enough to

jreak cven, meaning gelting a8 much energy buck from fu-

bn as was pul in 1o trigger the reaction.

Pntil this break-even point has been reached, scientists won't

jow for sure whether controlled fusian power is even theoredi-

possible.

KMS, IN ANNOUNCING ITS LATEST results, clajms it com-

and heated the deuterium, using a laser and got a fusion
on — but n0t endugh energy to break even.

In such a microscopic reaction, the oaly way scientists can

t€rmine if there has been fusion is to count the number of

p@itrons (subatomic particles) released. Scientists agree that if

=
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May 1974

magnetica article o & plasma

While researchers produced fusion on 2 micrescopic scale
with this method years ago, oo ene has ever kept the reaction
Koing even for & second, the approximate breakeves point
using magnets sow available.

With %o many vears of failure behind them, a few magnetic
confinement researchers have simply given up on this method.
As Dr, Richard Morse of the AEC'S Los Alamos N, lsb puts
It: I guess of God had intended man to confine & magnetic
plasma, we'd done it by now

Using Jasers, a frozen peliet of desterium can be beated and
simultaneously compressed a billion times more deasely than
by using & magnet and deuterium gas

Although the pellet melts in & few billiooths of & second, the

THE QUESTION REMAINS

o

% (and converting tha syathet

Alth al different eneryy-con 0 pos-

sibikties exist, the penerally accepted approach is to make elec-
tricity

In the KMS vision, huge pipelines carrying syn natural

gas would crisscrons the giobe, powering everything from fur
naces ® awomotiles. Natural gas would be the major fuel of
the future.

company’s uherthedex elaim Is based, they say, on ity
Qiscovery of cheap witys (9 sphit water info ils compontnt parts,
Bydrogen and oxygen. Alsa, it sayy, the hydrogen-prodocing fu-
sion reactors will be basically simpler to build than eleetricity-
produciag ones.
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Al cloak of secrecy, does have the
ower, the

¢ taced with selentific skepticlsm, pmspects
soubtful. And, as the company’s

polite terms — without constant
ash, the KMS fusion project will die.

stons of outsl

MONDAY: KMS” financial prospects,

Blast Kills 32
WARSAW—(AP)—Methane
gas exploded at the Sil
lery In southwestern Poland
Friday killing 32 miners and
injuring 29

WOULD YOU LIKF
INFORMATION ON
IN 24 HOURS?
CALLS17-278-6745

| toured KMS in 1973 as an
undergraduate with a professor who
was a consultant

Maiman T. H. (1960). "Stimulated Optical Radiation in Rulgtlire 187(4736): 493494.



Overly optimistic 2D simulations led Nuckolls, Basov, & KMS T% HB!j

predict breakeven in late 70s and energy production in the 80

== Radiation
A N. G. Basoand O. NKrokhin in Proceedings of the Conference
on Quantum Electronics, Paris, 1963 ,}_

A Dawson, J. M. (1964). "On the Production of Plasma by Giant ",_
Pulse LasersThe Physics of Fluids7): 981987.

A Kidder, R. E. (1968). "Application of lasers to the production ot
hightemperature and hig¥pressure plasmaNuclear Fusion
8(1): 312.

A Kidder, R.E., Barnes, W\§AZER, A Odgimensional, Two
Temperature Hydrodynamic CoddCRI50583 (Jan.31, 1969).

A Nuckolls, J.I.. Wood, A. Thiessen and G. Zimmerman (1972).
"Laser Compression of Matter to Sugeigh Densities:
Thermonuclear (CTR) Applicationd&ture 2395368): 139142.

A Brueckner, K. A. and S. Jorna (1974). "Laser-driven
fusion." Reviews of Modern Physics 46(2): 325-367

+ Blowoff =» Inward transported thermal energy
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One fluid model

Two temperature (electron, ion)

ldeal gas EQSons

ThomasFermi EOS for electrons
Inverse Bremsstrahlung laser depositio

Flux limited thermal conduction
Worse for long laser wavelength
n, p 1/_ (elcmd)

Electron preheat?

Industrial programs disappeared as magnetic and inertial fusion wa® 3@ars away

11/5/2024



An important US dichotomy: magnetic fusion primarily civilian i HB11
funding (DOE), ICF primariiefensefunding (NNSA) % o

KT g ihheaw N
B B e

DIIFD National Fusion Facility NIF

DOE is spearheading fusion energy effogt-E is still a small fraction
Fusion Energy Sciences Advisory Committee (FESAC) has similar bias



The High Average Power Laser (HAPL) Program: Develop S&

Fusion Energy with Laser Direct Drive (192808)

\

Government LabSs
. NRL

LLNL

SNL

LANL

ORNL

PPPL

SRNL

niversities
UCSD
Wisconsin
Georgia Tech
UCLA
U Rochester, LLE
UC Berkeley
UNC
Penn State Electroptics

54 p

General Atomics
L3/PSD

Schafer Corp

SAIC
Commonwealth Tech
Coherent

Onyx

DEI

190 HA

articipants, 10 students
9.

T for

PL meeting
Oct 2223, 2008
Madison Wi

Voss Scientific
Northrup

Ultramet, Inc

Plasma Processes, Inc
PLEX Corporation

APP

Research Scientific Inst
Optiswitch Technology
ESLI
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for most key components

Final Optics:
High Laser Damage Threshold
Grazing Incid Metal Mirro

R

10 M shots at
3.5 J/cnd
(not a limitl)

FYR AY YEyeg

Target Fabrication:
Mass Produced Foam Shells

Estimate Target Cost 16 ¢ each

\J

Target Engagement:
Glint system: accuracy 28 microns

Developing two chamber concepts

Engineered Wall

Ax5-\\$

Magnetic Intervention

*{

Polar
cusp(2)

Equatorlal
cusp



Electra Krypton Fluoride (KrF) Laser
Laser Energy: 300 to 700 Joules % HB11

SSSSSSSSSSSSSSSS

Repetition rate: up to 5 pulses per second
Continuous Runs: 1brsat 2.5 Hz (90,000 shots)

—

Diode Arrays

Mercury DPPSL >50 J of laser light (1051 nm) for >30(
shots in runs of 0.§2 h at a repetition rate of 10 Hz



IFE Roadmap from the Snowmass 2002 final report was
strongly influenced by HAPL & remains relevant

IFE Demo
(~1000 MWe)

—

Engineering Test Facility
(~150 MW,)
Power Technologies for Demo

HB11
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Phase lll Fusion
Energy Development

f

(NNSA/DP funded)

* National Ignition Facility
and ignition program

* Explore high-yield

Integrated Research
Experiment(s)

(Lasers and/or accelerators)

approaches

Supporting

nd target R&D

Phase Il
Performance
Extension

]

Accelerators
(inc. IBX)

Krypton Diode- Target
Fluoride pumped design &
Laser Solid-state technology
Lasers R&D
i) 3
Fast Ignitor Z-Pinches

No DOHunded IFE program was established

Phase | Proof
of Principle

Concept Exploration



NAS studied ICF targets and IFE in 2Q012,
final report in 2013

INERTIAL CONFINEM ENT AN ASSESSMENT OF THE PROSPECTS FOR
FUSION TARGETS

INERTIAL FUSION ENERGY

DOE chose to interpret the report as saying to wait until NIF achieved ignition before starting an IFE program
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fusion funding, thereby catalyzing private companies A

AAccelerating LovCost Plasma Heating and Assembly (ALPHA) $15M

Alnvestment in sheaflow stabilized minches led to Zap Enerqy2017
AResults from MagLIF @ Sandia and Rochester led to Fuse E2&g

ABreakthroughs Enabling Thermonuclear Fusion Energy (BEPAX)
A 18 projects including a follown for Zap Energy
ACFS; pulsed HTS central solenoid development
AHTS magnets also for Type One Energy (stellaratBeataFusion (mirror)
AArF laser developmermtNRL- LaserfusionX



& has increased gain to ~2.45 in subsequent shots.

Overconfidence in-2and 3D simulations hampered progress
Development of physical models, improved diagnostics, and

PHYSICAL deep analysis of data were required to finally reach the goal
REVIEW
LLETTERS
Energy (MJ] Yield (MJ)| Gain

8/08/2021 1.75 1.26 0.72

7/30/2023 2.05 ~3.88 1.9

10/8/2023 1.9 2.4 1.26

10/30/2023 2.2 3.4 1.55

212024 5.4 2.2 2.45

Published by
American Physical Society %s Volume 132, Number 6
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Ignition led to the IFE Basic Research Needs (BRN) workshop

Key Findings:
INERTIAL A Creating a new IFE program will require collaboration with MFE

/\ FUSIDN (B - > A v 4 o z
ENERGY AbLCQa RSY2yailNI A2y 3I2 AIYALAZ

Poc . S A Ignition and IFE were mostly funded by NNS¥as made U.S.

o FUBION ENEAGY !lC ENCaES l

G0KS NBO23IyAT SR £t SIRSNJ AY LCO9

A Publicprivate partnerships could greatly accelerate the
development of all fusion energy concepts

A Accelerating IFE will require a suite of dedicated, new, and
upgraded facilities to increase the rate of learning

A ICF computer models primarily reside in NNSA. An assessment
of how to access ICF codes should be carried out with NNSA.

A Improved diversity, equity, and inclusion are needed to
enhance the climate and culture

A The first three IFE STAR Hubs have recently been formed.
A STARFIRELLNL

‘ ENERGY S?ft‘:f h A RISE CSU
A IFECOLOR UR/LLE




JTce o

% / ENERGY Science Energy.gov/science

Milestone-Based Fusion Development Program
and beyond

Milestone Work Scopes

q

« Building resilient public-private partnerships that are Enablin Manufacturing I
equitable and provides a bridge to our public expertise and materials/tecﬁnology Readiness
know-how in FES Community |

Benefits

« FES PPP portfolio: Milestone, INFUSE, other PPP elements Foundational Plans |
are “seeds” for further development that must be (concept maturity) e
translated to a framework for collaborative participation on Maintenance |
fusion FM&T gaps and accelerated development I

Physics & Fuel Site & Cost
Hardware demos | Cycle Evaluation

Commercial Fusion Industry

Translate from FES to
PPP framework

.FPP and - M2 Commonwealth
R=AL/771 = = :
The Milestone Program will B FOAK /"[/.S'/D/}Vq\ 7w Fusion Systems
produce designs & data O P[:\I;ﬁ::e_ s
Consortium %) THEAENERGY Tokamak Energy

x Ay - Framework NCI; — ‘ EEEEED
A “TRL pull | corporaTioN | % B ENERGY

’e

-\ @ FES PPPs e
«Milestone | | | .’.L ONE
The Milestone Program will Supply chain Requires LPO, philanthropy K RESRIS Y ENERGY
not build fusion plants. incubation ! !

«TRL push nrivate eailitvy etc
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www.hbll.enerqgy



http://www.hb11.energy/
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LASER BORON FUSION

HB11 Energy was established to find a path to commercial
laser boron fusion. !

In its seed stage, 2020 - 2023, HB1I1 Energy led a global
network of academic partners investigating non-thermal
approaches to p-11B ignition.

I ' o

'hese efforts converged on proton

It ndn € : -~ ~
S 1 P IS T TS e [R Y pys
canadiaate 10r ignituon ana commerc

<o U Y 1 hact
aSt Ignition as the best

-_F:“_____
)

J

| fusion energy.

C
QO

—em e e m E

Seed milestones:

1) Demonstrated laser driven p-1‘iB fusion in
experiments, showing Q=0.01%.

11B and used it to win a DoE INFUSE Grant

3) Published work defining a “hybrid burn” scenario with At the LFEX Laser facility in Osaka for an experiment testing B

fast ignition-like proton acceleration and non- fields in boron fuel, March 2023. Left to Right; Dr. Kasia Batani,
equilib rium burn in com presse d fuel. Dr. Marine Hault, Professor Dimitri Batani, Dr. Alessio Morace,

and Dr. Sergey Pikuz

Australian Government

Department of Defence
Science and Technolo




The Challengep-1'B reactivity less than DT alpha reactivity g HB11

ENERGY

below 200 keV; nuclear cross section negligible above ~5
Putvinski Fig 1 with S-W & Nevins P-B11
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S. VPutvinskj D. DRyutoy and P. NYushmanoy"Fusion reactivity of the

Y — Sigmav(m?>* MeV/
S

10-22. : — = YsigmavdtBH pB11 plasma revisitedNuclear Fusionjol. 59, no. 7, p. 076018, 2019
= YsigmavdtBHs
YsigmavddBH M. H. Sikora and H. R. Weller, "A New Evaluation of the T1B(pReaction
YsigmavdHe3BH Rates," Journal of Fusion Energy, vol. 35, no. 3, pp55838

Ysigmapb (Nevins)
YsigmavpbSW

A. Tentoriand FBellonj "Revisiting gl1B fusion cross section and reactivity,
and their analytic approximations,” Nuclear Fusion, vol. 63, no. 8, p. 0860C
100 200 300 400 500 2023/06/15 2023doi: 10.1088/17414326/acda4b.

11/5/2024 Ti (keV) 19

10—23
0



Target Gain determines laser & chamber size ﬁ‘ HB11
Limiting Gset by ICF burn physics

Laser Required for 100 MWe Power Plant

EAVAR VA
250 175
Chamber: ’ \\\\ \ \\\\ \
MW/m 2 Target “Gain” = Fusion Power OUT / Laser Power IN e \\\ \ \\\\\ \ 130
150 125 —
i
i E 100 \\\\ 100 E
[« =
1400 MW 2o 2 g
ﬁ Electricity Generator £ 50 075 =
(40%)
420 MW 0 0.50
-5 025
Power Lines
Laser -100 T T T T T T T 0.00
(7%) 0 50 100 150 200 250 300 350 400
10 MW 140 MW Target gain
T~ 14/56 = 25%
Laser Recirculating Power
MW. M/ ' | Start Here S 80% electrical conversion efficiency
: puise 40% electrical conversion efficiency

20



Alternate Fuels for Laser Fusion Energ @ Her AT —

HB11 Energy USA, Ltd
Pl: Tom Mehlhorn, Ph.D.

J—

PRISM EEINC@RIETIEN

Computational Sciences, Inc.

Prism Computational Sciences, Igor Golovkin
Voss Scientific, Dale Welch & Carsten Toma
University of Rochester, Adam Sefkow & PetrosTzeferzcos

A Innovation: Advances in fusion burn simulation codes and fuel

fabrication techniques enable the development of alternates to D-T for

laser fusion that are more aneutronic & reduce system complexity.

A Final Deliverable: Fuels containing boron, hydrogen isotopes, &
possibly He3 and lithium will be identified via simulation & evaluation

of fabricability, & tools tp be shared with alternative fusion community.

A Tie to Vision OPEN Goal:Laser fusion ignition has been demonstrated

& promises to provide GHGfree, abundant primary energy. Alternate
fusion fuels could reduce or eliminate problems with tritium in DT fuel
cycle, leading to a safer, more acceptable power plant.

A Impact: Ignition with D-T fuel has been demonstrated on the NIF, but
tritium is scarce, radioactive, requires cryogenics & creates 14 MeV
neutrons. Aneutronic a fuels could minimize & even eliminate these
issued if a burn space can be identified & the fuel can be fabricated.

A Risks: Little of no modern simulations & evaluations of alternate fuels
compared to person-millennia of research into DT.

1.B Transformative Advances #3387-2878

ARPAE funds: $1.60M
Cost share: 20%

* Novel physics
of Debye sheath
proton acceleration

» Same driver and
fuel assembly options

*Larger laser
focal spot-easier
to produce

« Simpler proton
energy transport
by ballistic focussing
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o Radiation, Te=T;
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100 200 300 400 500 600 _ 700
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—— Radiation, Putvinski
—— Fusion, Putvinski
¢ Fusion, simulated
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2
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For Internal Use Only

Metric State of the Art Proposed Target
Fusion ignition temperature 10 keV (DT) M50 keV (HBXXX)
% of reactions producing 14 MeV neutrons 100% (DT) M5%
Cryogenic cooling & protection required 100% (DT) none¢ noncryogenic fuel
Suprathermal enhancement of reactivity few % (DT) up to 20%
Tritium breeding required 100% (DT) no

Notice: This Summary Slide Contains Confidential, Proprietary Information T Do Not Release



Xcimer Is developing 10Mlass lasers that could be relevant to HB:
Selected to be participate in the DOE Milestone PPP Program ($:

https:// xcimer.energy
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Conner Galloway Alexander Valys Giovanni Greco Susana Reyes, Ph.D. Tom Mehlhorn, Ph.D.
CEO, Founder President, Founder SVP. Engineering VP Chamber and Plant Design
Michael Tobin
Brent Gill Doug Weidenheimer Cyrus Herring, Ph.D. Andrey Mironov, Ph.D
Chief Operating Officer Director of Pulsed Power Director of Laser Engineering Director of Experimental Science
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Dennis Douglas, Ph.D. Dan Bauer J. Gary Eden, Ph.D. Alison Christopherson,
Director of Optics Head of Talent VP Optical Physics Ph.D

Head of Target Design

® XEC Locations

Denver, CO
Redwood City, CA

) @ Partner Locations
Gary Sobolevskiy

General Counsel

Bedros Afeyan, Ph.D.

William Krupke, Ph.D.

Paul Hoff, Ph.D.

Joseph Mangano, Ph.D.

Allen Offenberger, Ph.D.

Los Alamos National Laboratory (Los Alamos, NM)
Lawrence Livermore National Laboratory (Livermore, CA)
Oak Ridge National Laboratory (Oak Ridge, TN)
Savannah River National Laboratory (Jackson, SC)
Naval Research Laboratory (Washington, DC)
Laboratory for Laser Energetics (Rochester, NY)
Massachusetts Institute of Technology (Cambridge, MA)
General Atomics (San Diego, CA)

Westinghouse (Cranberry Township, PA)



XCIMER
Xcimer’s Path to Multiple 10s of MJs

KrF laser amplifiers Raman beam combining Brillouin pulse compression
>Tus and >10 J/en¥ o >Tus and >1000 J/cn¥ 7 >1ns and >1000 J/cn¥
gas laser media NLO in neutral gas NLO in neutral gas

Longer pulse length allows larger, Spatially concentrates laser energy Temporally compresses laser energy to
lower cost amplifiers to very high fluence nanoseconds, at very high fluence
Prior work buy: Prior work buy: Prior work by:

> Thermo-Electron Corp > Avco Everett > |mperial College

> Avco Everett > \Western Research > Radiophysical Research Institute

> LANL > Rutherford Appleton Lab (RAL) > LLNL

> NRL > Lincoln Labs > LANL

> LLNL



Xcimer’s baseline design for the proposed intermediate 4 MJ facility
operates at high adiabat (a«~6) and is predicted to achieve a gain of ~ 65

Mitigates “laser imprint” (non- Direct drive offers ~“10x the energy
uniformities in the beam) coupling efficiency of indirect drive
Indirect Drive _ Direct Drive  22mm Laser power

Lo iy Laser spots

‘ l I I I « Laser spots Zﬁﬂ —_‘h (pulse P2 to P7)
\

o e ) =i

4 um Lead .1‘ Laser spots -/ ® - [AY ™ wolpg 2
I U 200 |‘|
P2 |

100

‘gw! ! U 5 10 15 Ns

/
1-2 mm LiPb or FLiBe

(pulse P1) (pulse P2 to P7)
260 M) ~250 Mbar ~ 380 km/s 3mg 1.6 g/cm?2

C.Thomas et al, under review



ion on th

laser fus

This

75 $/MWh to 40 $/MWh

$1.5B TCC to $3.5B TCC

~200

Target Gain:

Laser Efficiency: ~7%
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