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On Dec. 5, 2022 the National lgnition FaC|I|ty demonstrate
fusion |gn|f|gn in theylaboratgmy*for the first time
ANIF delivered 2.05 MJ of laser energy to a target, creating a

plasma with a temperature of-130 millia@ and producing
3.15 MJ of fusion energy
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On Dec. 5, 2022, the National Ignition Facility demonstrated
fusion ignition in the laboratory for the first time

- e' S .
rifically BU3%"
oug come s NIFE.
Fusion b"e.ag:\r\‘; pig leaps yet ¥ ouf; g‘z 1ab tap s ¢
]

ChnBO:-\Oa?\‘ Greene €he New York Times e nuC‘Iear fi u-;lilg;?er Step
says 80a]
M/p.; = e awanvout ¢ Scientists Achieve Nuclear Fusion e
E:eore{lc oy w“f:::ﬁ::nnu canve ™™ Breakthrough With Blast of 192 Lasers
just the first of man The advancement by Lawrence Livermore National Laboratory Y

1135-50“‘“*"@ researchers will be built on to er develo; sion ener: TODA

rssrchersvill b bl n o frterdevop oy HYS‘CS

Horetisaice A []  CJoss

i

5 5 : z 4\ e sz PO . c“.‘ty surpasse . .

;::'gﬁ::“ghx , | B yational g&:‘;’:s::n milestone Left to nght-
A LLNL Director, Kim Budil,

NNSA Administrator, Jill Hruby
U.S. Secretary of Energy, Jennifer Granholm

This achievement was the result of many generations of scientists and engineers working collaboratively around the w

towards fusion ignition!
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What are the major

) : What is the status of
types of inertial

ICF experiments at thé

What is fusion
energy and inertial

confinement fusion ? confinement fusion : , NIF?
schemes ? e
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What are the major
types of inertial
confinement fusion
schemes ?

What is fusion
energy and inertial
confinement fusion ?
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What is the status of '§
ICF experiments at the |
NIF?
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Fusion combines light nuclel into a heavier nucleus and releases
huge amounts of energy

/ 9
2H - Deuterium 4He 7 Helium A

% Neutron

Deuterium 4 > /J\

gt

1.01 +4.00 =
3H - Tritium neutron 5.01 AMU

201+3.02= 176 Mev
5.03 AMU

D+T ® a(3.5MeV)+n(14.1MeV)
Qtusion = 3.3 1011J/g
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The ingredients for the recipe of net fusion energy are:
Density, Temperature and Time

Density ( n) Temperature (T) Time ()

=N

Fusion Triple Product
NT >5x10%t m3keV s (for DT fusion)

w Lawrence Livermore National Laboratory
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The Coulomb barrier makes high temperatures necessary for DT
thermonuclear fusion

Fusion Rate vs. Temperature

10-15 ,
)
Coulomb __€ 2.2, 10-16 L
Barrier “ 4me R +R
0 “ta b 1017 L
Energy required to [ [
overcome Coulomb T 10718 B
: repulsion and bring ~ O TONHe
nuclei into contact ° 1019} Avoror ]
' , - V He® (D,P) He* -
~ 10-20 XT+T —
' ' : T+ Hed '
' IND : N N 1021 | ADDP)T J
. ; N b (D,N) He?
Deuterium  Tritium 10 = DR
Hyperphysics Temperature (keV)

Atzeni and Meyer-Ter-Vehn
The Physics of Inertial Fusion

Lign® .. (@9 qom00geOp

The plasma also needs to be at high enough density and
confined for a long enough time.
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There are at least three ways to achieve nuclear fusion

Gravitational Magnetic Inertial
Confinement Confinement Confinement

Density 10*x solid solid /108 103 x solid
Temperature 1 keV 10 keV 10 keV
Confinement time 10° years seconds 1010 seconds

Fusion Triple Product
NT >5x10%t m3keV s (for DT fusion)

@ Lawrence Livermore National Laboratory
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Inertial Confinement Fusion (ICF) relies on the inertia of the
target itself to provide confinement

Ablator

R ~ 1000 pm
ror = 0.25 g/cm?3

r Rpr~ 0.03 g/cm?

w Lawrence Livermore National Laboratory
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The idea of ICF Is to compress fuel to thermonuclear conditions

Ablator High-density
DT shell
35X

convergence

::> O

60pm
R ~ 1000 pm R ~ 30 pm
ror = 0.25 g/cm?3 ror = 700 g/cm3
r Rpr~ 0.03 g/cm? rRpr ~ 3 g/cm?2

Lawrence Livermore National Laboratory v
LLNL-PRES-XXXXXX ‘“N‘ '% 14




There are two different lasedrive schemes and the aim of both
IS to drive a spherical implosion

Direct Drive

‘ ' ' Laser directly irradiates
fuel capsule
~0'=

740>

Indirect Drive

Laser produces x-rays
inside a hohlraum, or
cavity, which irradiate the
fuel capsule

Lawrence Livermore National Laboratory IN/ ‘YSﬁA 15
YA
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There are two different lasedrive schemes and the aim of both
IS to drive a spherical implosion

Direct Drive
‘ ' ' A ~8% efficiency
A Reduced laser-plasma
> o - interaction effects

Indirect Drive A ~4% efficiency

A Relaxed beam
uniformity
A Reduced

hydrodynamic
instability

Lawrence Livermore National Laboratory v z
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There are two different lasedrive schemes and the aim of both
IS to drive a spherical implosion

Direct Drive
A ~8% efficiency Fuel is Thermonuclear
‘ ' ' compressed burn spreads,
A Reduced laser-plasma Py blowoffin yielding many
- o - interaction effects rocket-like times the input
reaction energy

M ~
9

Indirect Drive ;

A ~4% efficiency Fuel core
. reaches 20x
A Relaxec! beam density of lead,
uniformity ignites at
: 100,000,000°C
A Reduced
hydrodynamic
|n3tab|l|ty I mage taken from fiMatter at Hi

Ener gy D edJnisof Rochester, 0
Laboratory for Laser Energetics

w Lawrence Livermore National Laboratory IN ‘YSﬁA 17
YA

LLNL-PRES-XXXXXX




The most efficient compression is spherical because the scaling
with a spherical geometry is the most favorable

Must exploit R® compression with spheres i R? or R* scaling with cylindrical
or planar compression is not adequate

[‘) .[“ ” ‘Y .[“ ” 'Y @) ) !Y
o o ” Y

In practice, a hollow shell has more surface area and is easier to push with a
given pressure than a solid sphere of the same mass

N

o~ - NP RI35
— -— — O~ 1000r
A
~ AN
/ : X
Goal: Convert shell kinetic energy to
compression energy to thermal energy gi) 0 O O O "O0MO
]

Lawrence Livermore National Laboratory
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The capsule must be compressed 35x in radius, or 40,000x In
volume

74 s
e

This is equivalent to compressing a
basketball to a peain 1 ps
while keeping it round

Keeping the implosion round requires a highly spherical
drive and extremely smooth capsules

L Lawrence Livermore National Laboratory INJAY % 19
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The most efficient compression Is isentropic, that Is, minimizes
entropy generation

From thermodynamics: P-V Diagram
QY YQi 0 Qw P, X —_—
0 QwYQI Q7Y \ Single shock
\ hugoniot

Minimize Minimize

1

1

1

|

I <+ Multiple

work needed <:> entropy LR

|

|

|

shocks

to compress generation

Fast implosions (~3e7 cm/s) are also important to impart more kinetic
energy into the shell, which ultimately increases the pressure

Lawrence Livermore National Laboratory v 7))
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Precision shaped pulses enable us to compress while minimizing
the introduction of entropy

Shell acceleration

~ 03 _ 350 - .

z Peak power & energy

= 300 - (velocity) .

£ 0.2 - S i

g E 250 Coast time

= 5 200 - nd (late time

GBJ 0.1 - % 2 shoc_k ablation

gc: g 150 (acceleration) pressure)
L 100 Picket

0.0 (stability)
4 50 | Trough
Time (ns) 0 (adiabat)

0 2 4 6 8 10 12 14 16
Time (ns)

Shocks are
launched into shell

Lawrence Livermore National Laboratory v
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Mixing of the ablator into the hot dense fuel can cause a significal
amount of energy loss, degrading performance

[
Rayleigh -Taylor AR ¢ \

- Low density attempts to
push high density

Q ' JJ "V -.J, “ g
w \

Evolution of RTI in two immiscible fluids Rayleigh-Tay |l or ifingerso in

Crab Nebula

Richtmyer -Meshkov

. .. Evoluti f Richt -
- Shock -driven vorticity o o e

Meshkov at the
interface of two fluids

Kelvin -Helmholtz
- Shear

Kelvin-Helmholtz roll-up
in clouds

@ Lawrence Livermore National Laboratory N “' 1 2
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Mix Is caused by hydrodynamic instabilities that grow at various
capsule interfaces

Rev. 5 capsule design

3D simulation at peak velocity

Ablator \ \=
195um
Ice 69 um

Hole 5 um Sidoping

at. #%

0.0%
1.0%

Ablation front

LR Fuel -ablator

doped /

Inner ice
surface

Clark et al., PoP 2011

Mixing of ablator material into the hot spot due to the

hydrodynamic instabilities can increase the
degrade capsule performance in ICF implosions

radiative cooling and

@ Lawrence Livermore National Laboratory
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Other asymmetries in the implosion shape can be caused
by engineering features in the target design

A . Distorted
symme_trlc implosion
X-ray drive

Inefficient fuel assembly

Engineering ATent o

features such Processed in-flight

3D full-res.
as capsule radiograph 400,000,060 zones
Support 1 month runtime
S nTento Simulated DT fuel at
stagnation
capsule

w Lawrence Livermore National Laboratory
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Ilgnition performance Is optimized around four key variables,
which we must carefully balance to create a burning plasma

a Adiabat Velocity V

High compression for
rRi trap alphas, and
confinement

PdV power to
heat hot spot

Efficient conversion
of implosion KE to
hot spot thermal
energy

Radiative cooling

M Mix Shape S

Lawrence Livermore National Laboratory N “’ Sﬁi 25
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What are the major
types of inertial
confinement fusion
schemes ?

What is fusion
energy and inertial
confinement fusion ?

What is the status of '§
ICF experiments at the |
NIF?
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In addition to the two laser drives, there Is a magnetic drive
scheme, for a total of three primary approaches to ICF

Laser Direct Drive Laser Indirect Drive Magnetic Direct Drive

Lawrence Livermore National Laboratory
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The OMEGA laser facility at the University of Rochester, NY, 1 %
the direct-drive approach |

OMEGA Facility

A 60 laser beams (351
nm)

A Up to ~30 kJ of laser
energy

A Optimized for direct
drive illumination

S

Lawrence Livermore National Laboratory \ J )
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The goal of experiments at OMEGA is to demonstrate and ¥
understand the physics of laser direct drive

30 kJ energy available on
OMEGA.

If laser energy was scaled up to
2 MJ, would the direct drive
implosions ignite?

Currently trying to demonstrate
this by reaching 100 Gbar
pressure.

~80 Gbar demonstrated so far.

(a) Early time (d) Peak compression

Imprinting and shock

Laser drive

Feedout Core—shell mix

Propagating burn

Plasma formation
and laser—plasma
interactions

Fusion neutrons, charged
particles, and X rays

A—Hot-spot ignition

Rayleigh-Taylor growth, —
mitigation, and saturation

Shock convergence
Rayleigh-Taylor growth

Laser drive

(b) Acceleration phase (c) Deceleration phase

E988611

Craxton et al., PoP 2015
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The 3D morphology of the direct drive implosion is one of the *
main challenges

3-D ASTER simulations show effect
of errors in beam pointing, power

Stagnation Pressure vs. Fuel Adiabat
balance, and capsule placement

<
& - J1-D LILAC Sims |
120 k
5 & E
— 100
o <> <:9 / g
n 20 (2) |
Q ""* ‘l_’ - 1-D Symmetric
8_ 40 Data < E 10 ™ 3-D Perturbed
¢ 20 S 1023 1 P
*a .l /8
T o ' £ 1022 Ny
2 4 6 3 @
Z 4021 '
o = P/Pg 10 T

24 2.5 2.6 2.7
Time (ns)
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Magnetic drive ICF Is being pursued at the Z pulsed power T

facility at Sandia National Labs, NM

Z Facllity

NS 7 R?“i*\
:V 74 8 :\“ -
27
e S SIS
; S‘,’f;
A 80 TW peak electrical
power
A Up to ~1 MJ of
electrical energy
A Optimized for a 0

magnetic drive

Lawrence Livermore National Laboratory
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In magnetic drive ICF, an axial current create$x®force that Is f
used to Implode a ga$lled, pre-magnetized target

Fuel
—>
~6 mm
Drive Pressure
82 /26
= —105(;L Mbar

ACylindrical convergence
- Harder to achieve high rr

AThick liners (<500 nm)
- Harder to achieve high velocity

(WY
o

Fuel Temperature (keV)

o

Imposing
relaxes

an axial B -field
rr requirements

N
()

[ 0.6 MG-cm

!

I'
||
\
|
\
]
|
1
1
|
.
1
[ |
i
]
]
]
1
[ |
1
1

0.001

0.01 0.1 1
PR (g/cm?)

Rochau, IFSA 2017
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The US Is studying a form of magnetic direct drive called f
Magnetized Liner Inertial FusiorMagLIF “

Pre-Magnetize Preheat Compress

- 2w laser

z
o o
g 3
E 3
>
Q
28]
A B,=10-30T A Laser Energy = 1-4 kJ A CR-~35
A Inhibit e- conduction A T,~ 1006s eV A rR~0.003 g/cm?
A Confine a6 s A Reduce required A P ~5Gbar
implosion velocity A BR~0.5MG-cm

Goal: demonstrate ~100 kJ DT -equivalent fusion yield

w Lawrence Livermore National Laboratory
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AMMBH . SEYAX HOH aW 9y SNHADengtiesn ¢2 t 234G HNINT

A Matter temperature >10 keV 108 K) A Pressures >10H |

A Radiation temperature >300S +3.5xd0Y 0 A Number of Diagnostics B M H 5
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amplifiers
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laser
beamlines

master oscillator: < PR LTS M & chamber







NIF in Star Trek: Into Darkness



