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The first experiment to exceed the threshold for fusion ignition”
was conducted on Dec. 5th 2022, achieving a target gain of 1.5
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3.14 MJ of fusion energy produced from 2.05 MJ of laser energy
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Our program is focused on developing paths to higher target
gains and understanding the origin of variability in fusion output
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» Conducted 3 near repeat experiments of Dec. 5th

experiment

* Fusion yields of up to 3.88 MJ and target gains of

1.9X have been achieved.

« Target gain > 1 achieved 3 out of 4 times.

« A second approach has now also achieved target

gain > 1.

@ Lawrence Livermore National Laboratory
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Measurements! and simulations? are informing our understanding of
variability and how to make further improvements

Neutron emission evolution
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The Inertial Fusion Energy (IFE) community has drafted a Basic
Research needs document*

Public and private investment in IFE underway to begin to address the many challenges.

uL_ Lawrence Livermore National Laboratory ~ * https://science.osti.gov/fes/Community-Resources/Workshop-Reports N AV 2_5% 6
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There are several complementary approaches to ignition in
inertial confinement research

Laser Indirect Drive

Lindl,
Phys Plasmas 1995, 2014

Laser Direct Drive

Magnetic Drive

Craxton,
Phys Plasmas 2015

Slutz,
Phys Plasmas 2010

Double Shells

Montgomery,
Phys Plasmas 2018

b Lawrence Livermore National Laboratory
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Targets require state-of-the-art microfabrication precision

Gold lined uranium hohlraum In-situ radiograph of capsule with DT layer

I'i

Cryogenic (19 K)
0.3 mg/cc He fill

W N oR

Diamond Nanocrystalline Capsule
(High Density Carbon — HDC)

=~ 2 mm diameter,
smooth to 10 nm

We perform ~15 experiments with cryogenic DT fuel a year at full laser energy.

It takes ~1-2 days to grow the DT ice layer and 1 day to execute the experiment




TheNational Ignition Facility (NIF)iSShEMOrIHS Y nost energetlc lase
enabhﬁg;che study; ofiex ‘eme (“Q“d] o) ' |

192 Bé'ams, = | | % = Densities >10% g/cm?3

= 2.05 MJ Energy, 500 TW Power (300 MJ electric) = Pressures >10 atm
= Matter temperature >108 K = Number of Diagnostics  >120

Radiation temperature  >3.5x 10°K
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The NIF uses a laser driven high Z enclosure “hohlraum” to compress a
fuel pellet filled with DT fuel to achieve the conditions for ignition

Laser beams rapidly
heat the inside surface
of the hohlraum
creating x-rays

2.05 MJ of laser energy

i i V08 10
b Lawrence Livermore National Laboratory o "\, olls, et al, Nature, 1972; Lindl, Phys. Plasma, 1995; Haan, et al., PoP, 2011 NA )




The NIF uses a laser driven high Z enclosure “hohlraum” to compress a
fuel pellet filled with DT fuel to achieve the conditions for ignition

Capsule trajectory vs time

Laser beams rapidly The x-rays blow off the
heat the inside surface fuel capsule wall,

of the hohlraum accelerating the fuel

creating x-rays inward to 1 million MPH
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2.05 MJ of laser energy ~250 kJ absorbed by capsule
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The NIF uses a laser driven high Z enclosure “hohlraum” to compress a
fuel pellet filled with DT fuel to achieve the conditions for ignition

Laser beams rapidly
heat the inside surface
of the hohlraum
creating x-rays

2.05 M of laser energy

The x-rays blow off the
fuel capsule wall,
accelerating the fuel
inward to 1 million MPH

~250 kJ absorbed by capsule ~20 kJ given to the DT fuel

Central ‘hot-spot’ and
dense confining DT shell

The fuel is compressed
to 100x the density of
lead, its center heating
and igniting at
100,000,000° C
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The NIF uses a laser driven high Z enclosure “hohlraum” to compress a
fuel pellet filled with DT fuel to achieve the conditions for ignition

The fuel is compressed Fusion burn spreads

to 100x the density of rapidly through the
lead, its center heating compressed fuel,

and igniting at yielding many times
100,000,000° C the input energy

Laser beams rapidly The x-rays blow off the
heat the inside surface fuel capsule wall,
of the hohlraum accelerating the fuel
creating x-rays inward to 1 million MPH

3.14 M fusion energy
2.05 MJ of laser energy ~250 kJ absorbed by capsule ~20 kJ given to the DT fuel output on Dec. 51,2022
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In ICF, a dense DT fuel layer first compresses and heats a central
hot spot of DT plasma to the conditions for fusion to occur

Density Temperature
500 —
fuel laye
so0ff 90 6>
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b Lawrence Livermore National Laboratory *DT reactivity in temperature range of experiment scales approximately as T4 J/NJAY<9y 1




DT reactivity and o-heating rate are a strong function of temperature

Density Temperature Number of DT reactions in hot spot’
500 - y X npny Tar TV
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The hot spot temperature and yield depends on the competition
between heating and loss rates

Density Temperature Number of DT reactions in hot spot
500 - y X npny Tar TV
fuel laye
aoofl 90 &S
300 B & © DT temperature dependence / energy balance
=~ 0 42
200 < — Radiation Conduction
g 8 losses losses
< =
100 | - 50 | 2 ﬁ Cpr dt = Qg — Qraa. — Qcona. — Cpav
o-particle heating Compres.sive work
0 L] 0 / Expansion losses

-50 0 50
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When Q,, > all losses and dT2/dt? >0 a sustained

chain reaction occurs leading to ignition

& Lawrence Livermore National Laboratory *DT reactivity in temperature range of experiment scales approximately as T4 J/NJAY<9 16




Ignition is a threshold process where small changes in input
conditions can lead to dramatic changes in performance

Ignition threshold factor vs. yield amplification
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~2X changes in yield for 10% changes in Y,,, , or pR,,, o, @t onset of ignition
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The ignition result was enabled by using a 1.08X increase in
available laser energy to drive a ~1.07X thicker capsule

Design goal was to increase yield amplification by increasing pR, while maintaining coupled energy

Laser power vs. time
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gsoo :
2 200 -
O
a

100

— 1.9 MJ laser energy
0 . . ——2.05 MJ laser energy
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Capsule target diagrams™

—79.5 um = 85.4 um

~ 65 um - 65 um

N210808

(1.9 MJ of laser energy)

N221204
(2.05 M of laser energy)

Challenge is to achieve this increase in compression, while maintaining implosion symmetry (coupling)

& Lawrence Livermore National Laboratory

*Inner ablator radius 1050 pm JNJAY S04 18




Increases in x-ray drive and target quality enabled moving from a ‘burning plasma’ to
one in which a Lawson criteria for ICF was satisfied

, , . , . e . dv
Burning plasma is one in which a-particle deposition is largest heating source (Q, > P 20"

1.07X increase in hohlraum
efficiency + improved target quality

—
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Lawson like criteria for ICF satisfied when o-heating larger than all power losses & — > 0, 'V oz >0

& Lawrence Livermore National Laboratory N AV &S




Initial experiment with increased laser energy and thicker target gave significant fusion
yield despite having an asymmetric shape

1.07X increase in hohlraum 1.08X increase in
efficiency + improved target quality  laser energy / 1.07X
| thicker target
100 , 1 100 100
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. dv - ... . .
Asymmetries reduce rate and amount of PE work lowering ignition threshold factor and achievable yields
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Symmetry adjustment increased rate and amount of work done on reacting DT hot
spot leading to Ignition

1.07X increase in hohlraum 1.08X increase in Symmetry
efficiency + improved target quality  laser energy / 1.07X adjustment
| thicker target
100 100 100 100
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A 1.08X increase in laser energy increased the fusion yield by 1.5X-3X

& Lawrence Livermore National Laboratory INVSSE




Over last two years, we increased hotspot temperature, mass and volume to achieve
~20x yield via improved targets and designs, laser energy

1.07X increase in hohlraum 1.08X increase in

o ) _ Symmetry
efficiency + improved target quality  laser energy / 1.07X adjustment
| thicker target
100 100 100 100
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2.2 X Increase in Temperature

4.3 X Increase in Mass

4 X Increase in Volume

New burning dynamics = increases in temperature, mass, and size of hot spot all driven by increases in the alpha heating rate

Lawrence Livermore National Laboratory IN VN SSE »
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Increase fusion yields will be pursued multiple approaches with
the near term (1-2 year) goal of 10 MJ

Increased laser energies and powers

g 700 I 2.2 MJ (+15%), 450-500 TW (FY23)
2.6 MI (+40%), 500 TW

— 600 D 3.0 MJ (+60%), 450 TW

~ - 2.6 M, 600-650 TW (+25%)
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Increase fusion yields will be pursued multiple approaches with
the near term (1-2 year) goal of 10 MJ

Increased laser energies and powers
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Higher efficiency radiation
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Increase fusion yields will be pursued multiple approaches with
the near term (1-2 year) goal of 10 MJ

Increased laser energies and powers

700 I 2.2 MJ (+15%), 450-500 TW (FY23)
2.6 M) (+40%), 500 TW
600 D 3.0 MJ (+60‘V:), 450 TW

2.6 MJ, 600-650 TW (+25%)
500/

L Higher

400 filament%}ion§rj§.
300

200
100

Power on target (TW)

o ’ Higher surface damage risk

Higher efficiency radiation
cavities

0 0.5 1 1.5 2 2.5
Energy on target (MJ)
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Higher compression / more
stable implosions
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foot

2 4 6 8
time (ns)

Ignition provides fresh impetus and the scientific foundation for inertial fusion energy
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Fusion Energy Sciences Basic Research Needs 2022 identifies
priority research opportunities for IFE

Goals for 4 key research areas identified

1) Target Physics and Ignition
Target gain ~50

2) Driver and Target Technologies
Rep. rate ~10 Hz, high efficiency, low cost

3) Fusion Power Plant Integrated Systems
Tritium breeding / 1st wall

4) Cross Cutting:
Theory and Simulation
Artificial Intelligence and
Machine Learn
Workforce



https://science.osti.gov/fes/Community-Resources/Workshop-Reports

The concept for an IFE power plant includes a target, driver, chamber,
target / fuel production, and a turbine to generate electricity

TARGET FACTORY
To produce low-cost targets rapidly

Toh tDEIVEFI " 0 Tritium fuel and
O heat ana compress the ! waste cycles

target to fusion ignition

= FUSION CHAMBER
To recover the fusion energy
from the targets

E. M. Campbell, and W. J. Hogan, Plasma STEAM PLANT
Phys. Control. Fusion 41 B39 (1999) To convert fusion heat into electricity

. . (930!
L Lawrence Livermore National Laboratory N Av ‘f.% 27




The concept for an IFE power plant includes a target, driver, chamber,
target / fuel production, and a turbine to generate electricity

Working backwards — example case:

TARGET FACTORY

To produce low-cost targets rapidly Electrical Power (GWe) 125
.. DRIVER 5 Tritium fuel and Sub-system efficiency (%)" 20
target o fusion ignition | waste cycles Fusion Power (GWth)* 25
- FUSION CHAMBER L R
To recover the fusion energy Fusion yield / shot (MJ) 200
from the targets Repetition rate (Hz)* 12.5
Target gain* 65
S Laser energy (MJ)* 3
: Average Laser Power (GWe)*  0.25
E. M. Campbell, and W. J. Hogan, Plasma STEAM PLANT
Phys. Control. Fusion 41 B39 (1999) To convert fusion heat into electricity Laser efficiency (%)’ 15

@ Lawrence Livermore National Laboratory * Yet to be demonstrated N ‘V 2_0% 28




The concept for an IFE power plant includes a target, driver, chamber,
target / fuel production, and a turbine to generate electricity

Working backwards — example case:

TARGET FACTORY

To produce low-cost targets rapidly

E Electrical Power (GWe) 1.25
o eat a?gwoﬂq et : Tritium fuel and Sub-system efficiency (%)* 50
target to fuslon‘?gnltion : waste cycles Fusion Power (GWth)* 2.5
: ' FUSION CHAMBER B *
y To recover the fusion energy Fusion yield / shot (MJ) 200
from the targets Repetition rate (Hz)* 12.5
Target gain* 65
SN Laser energy (MJ)* 3
Average Laser Power (GWe)*  0.25
E. M. Campbell, and W. J. Hogan, Plasma STEAM PLANT
Phys. Control. Fusion 41 B39 (1999) To convert fusion heat into electricity Laser efficiency (%) 15

Near Term Goal: Develop target design with gain of ~15 to be able to test components at scale at integrated test facility

@ Lawrence Livermore National Laboratory * Yet to be demonstrated N ‘V 2_@% 29




§, U.S. DOE has launched public-private partnership milestone program and
7 an IFE Science & Technology Accelerated Research (IFE-STAR) program

IFE-STAR Program: 45 M$

Milestone Program: 46 M$
“Within five to 10 years, the eight awardees will resolve “The objective of IFE-STAR is to provide an IFE
scientific and technological challenges to create framework that leverages expertise and capabilities
designs fora fusion pilot plant that will help bring . across national laboratories, academia, and industry to
advance foundational IFE S&T using integrated and

fusion to both technicaland commercial viability.

]
L

M. Commonwealth %
W Fusion Systems Tokamak Energy

self-consistent solutions as outlined in the BRN report

AN
one

ENERGY

#\Princeton
Stellarators

'. 50

A= AL/
FUSION ZAP ENERGY

@ Lawrence Livermore National Laboratory




Many challenges remain, but there is proof that with sustained effort,
we can accomplish challenging things together

Target gain

10

2012 20132014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year
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Time resolved x-ray emission shows a rapid change in DT plasma emission

volume as fusion yield and target gain increase

N210307
,5100
Fusion yield:
YRS
0.14 M) QO 0
N
Target gain:
get gain (%_
0.07 -100
N210808
Fusion yield: c 100
1.33m1 S
.8 0
Target gain: (%
0.7 -100

At =-26 ps At =1 ps At =54 ps
a)
‘- \ I ; ‘-
[V o™
-y e -
At = -84 ps At = -54 ps At =52 ps
b) S ”
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Rapid expansion of the plasma, while neutron emissivity continues to rise
direct evidence of alpha heating overcoming expansion losses

N210307 At = -26 ps At =1 ps At =54 ps 90 I I ’ 135 ru';J
_100[3) € N210808 (1.33 MJ) +
Fusion yield: g " - A 801 o N210307 (0.14 MJ) L’
0.14M g g -_ - =70 L *
Target gain: (% o Age i 3558 > € Ji
007 100 0.8 g ‘;J"’ 60 +
062 = A
2 - 50 -~ X '_‘_"", B + 015 MJ
N210808 i - g4 ps At=-54ps  At=52ps 047 8 -- i S
100 ' o, = 40 T
Fusionyield: ¢ b) 023
=
1.33 MJ % . 0 & 30 |
Target gain: § ‘ < 20 : . :
8 :
0.7 100 -200 -100 0 100
Time (ps)

Cpr E = Qu — Qrada. — Qcona. — Cpav

Can use x-ray and nuclear emission data to examine the DT power balance



Near term goal (1-2 years) is to push towards 10 MJ of fusion yield, target
gain of ~5

NIF has 2023 e
nhot yet Routine | JEENDHN S
MJ-yield
reached its operatio  jiseEtéEty
fu " s and ,? e / : \ s
potential Sustainment and Power

2.6-3 MJ Laser Energy

Longer term — Upgrades to laser + facility to enable 10’s of MJ.

1 - A. Moore, “Diagnosing Inertial confinement ignition”, 2 — K. Humbird, “Predictions of Performance Variations in .
& Lawrence Livermore National Laboratory Oct. 18th 10:57 am Inertial Confinement Fusion Experiments at the National NA‘S’:@% 36
lenition Facility”, Oct. 18th 11:14 am Nuctoar
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