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Fusion combines light nuclei into a heavier nucleus and
releases huge amounts of energy

/ 9
2H - Deuterium 4He — Helium A

% Neutron

Deuterium = / w)\

H E—m} Helium
bt

/¥

1.01 + 4.00 =
3H - Tritium neutron 5.01 AMU
2.01+3.02 = +17.6 MeV
5.03 AMU '

D+T — a(3.5MeV) +n(14.1MeV)

qusion =3.3x10" J/g
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The Coulomb barrier makes high temperatures
necessary for DT thermonuclear fusion

Fusion Rate vs. Temperature

10-18
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Atzeni and Meyer-Ter-Vehn
The Physics of Inertial Fusion

Yield = n; X n; X (6v) X Volume X time

The plasma also needs to be at high enough density and
confined for a long enough time...
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The Lawson criterion defines the conditions required to
achieve ignition

Assuming the plasma consists of deuterons and tritons of density n/2 each,
the rate of fusion processes (W) in such a hot dense plasma state is:

w=" (v
—40'17
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The Lawson criterion defines the conditions required to
achieve ignition

Assuming the plasma consists of deuterons and tritons of density n/2 each,
the rate of fusion processes (W) in such a hot dense plasma state is:

............. reaCtIVIty
: 2
Rate of fusion _n Fusion cross-  Relative velocity
processes W - Z (077:) section of the two nuclei
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The Lawson criterion defines the conditions required to
achieve ignition

Assuming the plasma consists of deuterons and tritons of density n/2 each,
the rate of fusion processes (W) in such a hot dense plasma state is:

............. reaCtIVIty
: 2
Rate of fusion _n Fusion cross-  Relative velocity
processes W = Z (UV;) section of the two nuclei

The particles in the plasma have Maxwell-Boltzmann distributed velocities
with an average kinetic energy of

3kpT
Ek: 5
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The Lawson criterion defines the conditions required to
achieve ignition

Assuming the plasma consists of deuterons and tritons of density n/2 each,
the rate of fusion processes (W) in such a hot dense plasma state is:

............. reaCtIVIty
: 2
Rate of fusion _n Fusion cross-  Relative velocity
processes W - Z (UV;) section of the two nuclei

The particles in the plasma have Maxwell-Boltzmann distributed velocities
with an average kinetic energy of

Kinetic energy E 3kBT

.k - 2 Boltzmann  Temperature
: constant
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The Lawson criterion defines the conditions required to
achieve ignition

Assuming the plasma consists of deuterons and tritons of density n/2 each,
the rate of fusion processes (W) in such a hot dense plasma state is:

............. reaCtIVIty
: 2
Rate of fusion _n Fusion cross-  Relative velocity
processes W - Z (U?) section of the two nuclei

The particles in the plasma have Maxwell-Boltzmann distributed velocities
with an average kinetic energy of

Kinetic energy E 3kBT

.k - 2 Boltzmann  Temperature
: constant

The energy produced per unit time (t) depends on the kinetic energy (Q) of
the reaction products and the rate of the fusion processes (W) and is given by

n2
E=W10Q = T (ov)TQ
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The Lawson criterion defines the conditions required to
achieve ignition

Assuming the plasma consists of deuterons and tritons of density n/2 each,
the rate of fusion processes (W) in such a hot dense plasma state is:

............. reaCtIVIty
: 2
Rate of fusion _n Fusion cross-  Relative velocity
processes W - Z (UV;) section of the two nuclei

The particles in the plasma have Maxwell-Boltzmann distributed velocities

With an average kinetiC energy Of ....... ,
Kinetic energy E, = 3kBT ~
k™ 9 Boltzmann  Temperature
' constant

The energy produced per unit time (t) depends on the kinetic energy (Q) of
the reaction products and the rate of the fusion processes (W) and is given by

2 Confinement Kinetic energy of the
Energy produced . _n time reaction products; for DT
E=WiQ = —(ov)Q = 17.6 MeV
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The Lawson criterion defines the conditions required to
achieve ignition

The ultimate aim in ICF is to produce energy, so the energy obtained from
the fusion process has to be greater than the energy to heat the plasma to

such temperatures
le
3nkgT < 7 (ov)TQ

12kzT
(ov)Q

Lawson criterion

nt >
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The Lawson criterion defines the conditions required to
achieve ignition

The ultimate aim in ICF is to produce energy, so the energy obtained from
the fusion process has to be greater than the energy to heat the plasma to
such temperatures
le
3nkgT < 7 (ov)TQ

12kzT
(ov)Q

Lawson criterion

nt >

In addition to the problem of confinement, the fusion particles have to
have enough kinetic energy for a sufficient number of fusion reactions to
take place. For DT fuel this implies a temperature of approximately 5 keV.

So in the case of a DT reaction with Q=17.6 MeV and an operating
temperature of a reactor of ~5-10 keV, the Lawson criterion becomes

nt ~ 10% — 101> s/cm3

. . "ql
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There are at least three ways to achieve nuclear fusion

Gravitational Magnetic Inertial
Confinement Confinement Confinement

Density 104 x solid solid / 108 103 x solid
Temperature 1 keV 10 keV 10 keV
Confinement time 105 years seconds 10-10 seconds

- - e
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ICF uses the inertia of the dense fuel itself to confine
the plasma before it blows apart under its own pressure

The confinement time (7) can be expressed
Ablator :
in terms of the sound speed cq:

) 1JR R—r4 2 4
T—Mop nrear

Cs
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ICF uses the inertia of the dense fuel itself to confine
the plasma before it blows apart under its own pressure

Ablator The confinement time (7) can be expressed
in terms of the sound speed cq:
o initial radius
. final radius
(7) = j “ R-r 412 d
T M TL'T' r
S density
mass of
fuel

LLNL-PRES-xxxxxx
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ICF uses the inertia of the dense fuel itself to confine
the plasma before it blows apart under its own pressure

Ablator The confinement time (7) can be expressed
in terms of the sound speed cq:
o initial radius
. final radius
R R —r
(1) =~ Mj Artr? dr
S density
mass of
fuel
p (R r4)R
. 4 Cg ( 3 4 )10
4531 PR3
R
= — ce = 2.7 x 107/T (keV) cm/s
4CS ;

T temperature

LLNL-PRES-xxxxxx
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Areal density, or pR, is a key performance parameter in
ICF

The number density n is related to the fuel density by n = p/m, so the
confinement parameter nr can now be expressed as:

nR  pR Areal density (pR) is
4c,  4Mc defined as the line-
averaged density:

nt =

R
pR = j p dr
0

Efficient burn requires nzto be well above the Lawson criterion. Using
nt~ 2x10'° s/cm3 leads to a first rough estimate of

pR ~ 3 g/cm?

. . e
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The idea of ICF is to compress fuel to thermonuclear
conditions

In the early days of fusion research, we
thought the whole fuel should be
compressed to fusion conditions at the
end of the compression phase

Volume ignition

T’p A

Tempcxm

Center r

This would take an unrealistically high Pfalzner, An Introduction
. to Inertial Confinement Fusion
driver energy!

. . ’QI
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The idea of ICF is to compress fuel to thermonuclear
conditions

In the early days of fusion research, we It turns out, that

thought the whole fuel should be (1) It takes more energy to heat fuel than to
compressed to fusion conditions at the compress it, and

end of the compression phase (2) The compression of hot material is more

energy-consuming than for cold material

Volume ignition

T’p A

Tcmpc1®

Center r

This would take an unrealistically high Pfalzner, An Introduction
. to Inertial Confinement Fusion
driver energy!
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The idea of ICF is to compress fuel to thermonuclear

conditions

In the early days of fusion research, we
thought the whole fuel should be
compressed to fusion conditions at the
end of the compression phase

Volume ignition

T,p A

Tcmpcx@

Center r

This would take an unrealistically high
driver energy!

It turns out, that

(1) It takes more energy to heat fuel than to
compress it, and

(2) The compression of hot material is more
energy-consuming than for cold material

Hot-spot ignition

T,pﬂ

Y — . — — — - .

\

Pfalzner, An Introduction
to Inertial Confinement Fusion

Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx

(24
NAYSE 2
National Nuclear Security Administration



The idea of ICF is to compress fuel to thermonuclear

conditions

Ablator

R ~ 1000 um
ppt = 0.25 g/cm?3

pRpr~ 0.03 g/cm?

Lawrence Livermore National Laboratory
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The idea of ICF is to compress fuel to thermonuclear

conditions
Ablator HIgh-dGﬂSlty
DT shell
35x )
convergence
>
60um
R~1000 ym R~ 30 um

ppt = 0.25 g/cm?3

pRpr~ 0.03 g/cm?

ppt = 700 g/cm?3

pRpr~ 3 g/lcm?

Lawrence Livermore National Laboratory
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There are two different laser-drive schemes

Direct Drive
' Laser directly irradiates
‘ ’ fuel capsule

> () =
<

Indirect Drive

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

. . [0
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There are two different laser-drive schemes

Direct Drive

‘ ’ = Reduced laser-plasma
g 0 =] interaction effects

74,

= ~8% efficiency

Indirect Drive = ~4% efficiency
/ Relaxed beam
uniformity

\ = Reduced
hydrodynamic
instability

. . ’QI
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There are two different laser-drive schemes

Direct Drive

47,

)«w
s

= ~8% efficiency

Reduced laser-plasma
interaction effects

Indirect Drive .

y
\

~4% efficiency

Relaxed beam
uniformity

Reduced
hydrodynamic
instability

Fuel is Thermonuclear
compressed burn spreads,
by blowoff in yielding many

rocket-like times the input
reaction energy
x4
Y e
. » /\
» «
. . </
o Y

Fuel core
reaches 20x
density of lead,
ignites at
100,000,000° C

Image taken from “Matter at High-
Energy Densities,” Univ of Rochester,
Laboratory for Laser Energetics

Lawrence Livermore National Laboratory
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The most efficient compression is spherical

Must exploit R3 compression with spheres — R? or R scaling with cylindrical
or planar compression is not adequate

Ar Ar pri Rinie \°
o gz AT ps | Prinat _ ( Rinic

3 PinitRinit 3 Pfinall\final Dot Rtinal
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

\ Y

~ ~ At/ R/35
- —_ —Q< 1000p
/4 N
Goal: Convert shell kinetic energy to
compression energy to thermal energy Ele?mp - Ecomp — heat

(v
NYSE 2
National Nuclear Security Administration
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The capsule must be compressed 35x in radius, or
40,000x in volume

basketball to a peain 1 us
while keeping it round

This is equivalent to compressing a

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

Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx
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The most efficient compression is isentropic

From thermodynamics: P-V Diagram
dU = Tds — PdV P, X —
PdV =Tds — dU : \\ Single shock
I \ hugoniot
Minimize Minimize | — it
- ultiple
work needed <:> entropy L%, shocks
: ¥
to compress generation | \
[
I
Po '_'_: —————— —
1 |
V, V,

. . al
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Shaped laser pulses are therefore used

Shell acceleration

Lo

|
g 0.3 7 350 Peak power & energy
= 300 (velocity)
£ 02 —
g E 250 Coast time
= = 200 d (late time
2 01 = 2 2™ SHoCK ablation
2 © 450 (acceleration)
& o _ pressure)
A LL Picket
0.0 100 stability)
O'T\ 4 50 Trough /_}
Ti adiabat
ime (ns) o_j\ ( ) | |
0 2 4 6 8 10 12 14 16
Time (ns)
Shocks are

launched into shell

LLNL-PRES-xxxxxx
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The most efficient implosion is fast

lon temp. (keV)

12

10

-

-

Hot spot _ 14— Cold main fuel _,
pr ~2-3 (g em~?) —

-

~={pr ~0.3 g cm~2)

b—

Hot spot pr

must exceed
—alpha particle
range

T VIR W N e, S B R
0 0.2 0.4 0.6 08 1.0

Normalized radius

Density g/cc

Implosion velocity for Fermi degenerate case

KE = —Mfuelvizmp ~ (ignition margin)XEfye; = 2Efye;

2
_ 4Efuel~ 7
= Vimp = /Mfuel ~ 3.6X107 cm/s

E:.ci determined by pressure equilibrium with
hot spot

Ablation pressure to generate implosion velocity

1

KE = EMfuelvizmp = PapiAV

= Pabl ~100 Mbar

AV corresponds to Ry, 2 R,/2
(useful area for compression)

Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx

NYSE »




The most efficient implosion does not mix

Rayleigh-Taylor
- Low density attempts to
push high density

Rayleigh-Taylor “fingers” in

_ , imiscible flui
Evolution of RTI in two immiscible fluids Crab Nebula

Richtmyer-Meshkov E AR 2
. - S e

- Shock-driven vorticity

Evolution of Richtmyer-
Meshkov at the
interface of two fluids

Kelvin-Helmholtz
- Shear

Kelvin-Helmholtz roll-up
in clouds

Lawrence Livermore National Laborator N 8 34
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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

Ablation front

Undoped/

Fuel-ablator

4

Inner ice
surface

Clark et al., PoP 2011

Mixing of ablator material into the hot spot due to the
hydrodynamic instabilities can increase the radiative cooling and
degrade capsule performance in ICF implosions

. . e
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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 N IS&'% 36
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The OMEGA laser facility at the University of Rochester,
NY, uses the direct-drive approach

OMEGA Facility

60 laser beams
(351 nm)

« Up to ~30 kdJ of laser
energy

* Optimized for direct
drive illumination

. . 74
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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.

56 Gbar demonstrated so far.

(a) Early time (d) Peak compression

. Imprinting and shock
Laser drive

N Core-shell mix
Feedout

Propagating burn

Fusion neutrons, charged
particles, and x rays

Plasma formation

and Iu\cr—plu.\mu\

interactions
CH shell

Hot-spot ignition

Rayleigh-Taylor growth, —*
mitigation, and saturation

Shock convergence

Rayleigh-Taylor growth

Laser drive

(b) Acceleration phase (¢) Deceleration phase

Craxton et al., PoP 2015

Lawrence Livermore National Laboratory
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The 3D morphology of the direct drive implosion is one
of the main challenges

Stagnation Pressure vs. Fuel Adiabat

® 100
80
60
40
20

Hot-spot pressu

3-D ASTER simulations show effect
of errors in beam pointing, power
balance, and capsule placement

1-D LILAC Sims

!
2 E
i

0 - ™ 1-D Symmetric
< —
_ T 1024 N
< : 3-D Perturbed
I Data ;e g T )
[ 1023 : '
6, /8
- £ 1022 LS
2 a 6 2 OF
Z 21 ' :
o = P/Pg 10 L

2.4 2.5 2.6 2.7
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Magnetic drive ICF is being pursued at the Z pulsed
power facility at Sandia National Labs, NM

Z Facility

.\"_ }’rT—i
— ;:"-‘-‘
v M

......

« 80 TW peak electrical
power

 Upto~1MJ of
electrical energy

* Optimized for
magnetic drive

Lawrence Livermore National Laboratory
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In magnetic drive ICF, an axial current creates a JxB
force that is used to implode a gas-filled, pre-
magnetized target

~6mm_ Imposing an axi.al B-field
relaxes pr requirements
l
o < 20
3 .
m
= \
Drive Pressure % \
B 1,126\ g 10 [ggmG-cm |\
P =— =105 Mbar g :
87T o Q
[t
* Cylindrical convergence g
- Harder to achieve high pr = 0 |

o 0.001 001 01 1
* Thick liners (~500 um)
- Harder to achieve high velocity PR (g /cm?)

Rochau, IFSA 2017

. . ’QI
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The US is studying a form of magnetic direct drive
called Magnetized Liner Inertial Fusion (MagLIF)

Pre-Magnetize Preheat Compress

20 laser

& L

= o

£ 3

E 3

=

O

o0

B,=10-30 T - Laser Energy = 1-4 kJ * CR~35
« Inhibit e~ conduction « Ty~ 100's eV * pR~0.003 g/cm?
- Confine ao’s - Reduce required * P~5Gbar
« BR~0.5MG-cm

implosion velocity

Goal: demonstrate ~100 kJ DT-equivalent fusion yield

Lawrence Livermore National Laboratory NUYSE
National Nuclear Security
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The National Ignition Facility at Lawrence Livermore
National Lab, CA is the world’s largest, most energetic
laser, which uses the indirect-drive approach

D .":-._—: '-. . . = ‘-c‘ . :
< o / - :
= 192 Beams
= Energy: 1.8 MJ

= Power: 500 TW
(1,000x power of US electrical grid)

= Frequency tripled Nd glass
= Wavelength: 351 nm
= Pulse length: ~25 ns

> N e T K«




NIF concentrates the energy of 192 laser beams into a
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The interaction of the laser with the hohlraum plasma is
complex and highly dynamic

Lawrence Livermore National Laboratory N A'S&‘g 49
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The interaction of the laser with the hohlraum plasma is
complex and highly dynamic
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The principal challenge with compressing a capsule by
>30x convergence is controlling hydro-instabilities
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The principal challenge with compressing a capsule by
>30x convergence is controlling hydro-instabilities
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Ignition performance is optimized around four key

variables

o Adiabat

High compression for
pR — trap alphas, and
confinement

DT Ice

spot

Radiative cooling

v DT
" hot R, %

M Mix

\ heat hot spot
L\

\

Velocity V

PdV power to

H,

AR

HS

Efficient conversion
of implosion KE to
hot spot thermal
energy

Shape S

Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx
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We use a variety of platforms to tune the capsule shape,
adiabat, velocity, and mix

a Adlablt

K=

“HDT/DT"

M mix

Lawrence Livermore National Laboratory N A' 25 54
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Convergent ablator velocity

Symmetry capsule/

gniton mix. shape, yield

Mai




Current status: We recently demonstrated fusion yields
> 1e16, and fuel gains > 2

T < T p 10;
|{CJCHLF S T I . s ol
[ICH HF " 170827 \\\\\gnltion
"_JHDC SC 17060t TEeY 1
N N :%_ Sso \\\‘\\ SX
More 1018 r
fusion [
reactions o]
initiated o
Z 120460223 \\\\\\\\\
(o] “~L 130710 T~
S T~
"é 1015 , isosm o o .”‘m“ \\‘\-\1-\5\:
=2 151102 s 20980 ' 120417 120321 ]
— \\[}\ ’—D—‘ 1
D %ﬁiz \\\\\\\ 1 7
10 120718 150316 \\\‘~\12\X(
}—DTB% H1106?:08;D_‘—% 120720
D 120840405
ﬁ b 120412
14 ﬁo 120422 U
10 "¢ —

0.4 0.6 0.8 1.0 1.2 1.4
Fuel pR (g/cm 2)
More compression

If no further improvement were possible, would need ~ 2x energy in the fuel to

ignite: now we need to close the gap
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The NIF implosions in 2012 performed well below
expectations

1016_ ...... - ‘.. ‘ ............ - - _ * Drive asymrr.]et.ry an(j. .
PR PRSP hydrodynam|c |nstab|||ty were

suspected, but the exact

causes were unknown

S

2

>

c 15

o 10 R R S R, 1215 Ty T
: T D12%Z%%qq . 110914 - NIC o
é’ 1106 11?2%%] 2012 S

+130331-

120716
CoA08. 120306 e

110608

110826
D 120808, 1 120720,

120311 1204

ol T S — | Low-foot
SIS oa~15
0.6 0.8 1 1.2 14 1.6 1.8 2
Laser Energy (MJ)
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The lower convergence, more hydro stable high-foot
implosions resulted in higher performance limit

|| O CHLF| | | | o «  The HF implosions showed
10 i . CH HF . E . S . . 150211 409! 7 . .
; | ‘fgw g reduced susceptibility to tent
e R | imprint
.WI“' Highfoot ° However, symmetry swings
5 2015 | remained
2
>- '130710
c 15
o 10 Fo . . . - 130801 - - - - - 111215 . :
qg 3 = & M-”.‘i." Dnogm NIC
z S g™ 2012
130331 G602
D 120316 120718
111103 oo @
O i 0182258 08 120720
% 120311 1204@
H 120}gu:":zomz
’ ‘ ‘ ‘ a ‘ ‘ | High-foot
0.6 0.8 1 1.2 1.4 1.6 1.8 2 ~2 5
Laser Energy (MJ) o .
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We are also exploring ways of improving the coupling of
laser energy into the hohlraum

Smaller hohlraum Larger hohlraum
with high density fill with low density fill
/—

/—

t A

-

—

N
» Increased drive » Increased beam clearance
» Symmetry difficult to control » More x-ray drive smoothing
» LPIl dominated » Low LPI, more efficient
» Complicated physics, » Much simpler physics and
complicated symmetry symmetry

Larger hohlraums with lower gas fill give us better symmetry control and lower laser-plasma
interaction effects
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HDC implosions with low LPI have yields similar to
high-foot, but using ~half the laser energy
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Lower density helium gas fill in the
hohlraum largely eliminated laser
plasma instabilities

The highest performing HDC
implosions are driven fairly
symmetrically

Additional benefit - hohlraum also
now more predictable

Simulations in 2D including a
model for the fill tube reproduce
observed yield
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With improved symmetry, large-scale hydro features are
becoming more evident

X-ray image of hot spot Nuclear Activation maps
(gas-filled HDC)
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We currently know of two major factors preventing
ignition — others may be found

Asymmetric Distorted Inefficient fuel
x-ray drive implosion assembly

+

Engineering “Tent”
features such

Processed in-flight Simulated DT fuel at
as capsule radiograph stagnation
support
“Tent”

capsule

But there are important knowledge gaps (e.g. cannot see the

shell or cold fuel at stagnation) and the model is not perfect
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Tent and asymmetry are predicted to conspire to limit
capsule performance - relative contribution depends on
design

1D 3D, including 3D, including all
low modes perturbations

1D 3D low-res, 30 full-res.

500 rones 7,000,000 rones 400,000,000 zones
1CPU 1336 CPUs 6144 CPUs

3 minutes runtime 1 day runtime 1 month runtime

Post-shot simulation of N120405
D. Clark et al., Phys. Plasmas 23, 056302 (2016).

We must rely on simulations to unravel the complex physics of our experiments
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Simultaneously achieving high compression and high
neutron yield is very challenging

||CJCHLF
[ZICH HF

More
fusion
reactions
initiated

Neutron Yield
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What is the typical energy flow for an ignition
experiment?

energy
delivered

1.3 MJ
(100%)
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What is the typical energy flow for an ignition
experiment?

energy
delivered

1.3 M
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What is the typical energy flow for an ignition
experiment?

Fuel gain

%
@ 5‘

Hot spot fuel

energy
delivered

1.3 M)
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What is the typical energy flow for an ignition
experiment?

Fuel gain

TN
@ Q‘

3
g
o/

Hot spot fuel

energy
delivered

1.3 M)

Renormalized to look at capsule energy

Capsule gain
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What is the typical energy flow for an ignition

experiment?
Fuel gain
Hot spot fuel ".~‘/
3kJ -

energy
delivered

1.3 M)

Renormalized to look at capsule energy

Capsule gain

Ignition
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We are making considerable progress toward ignition
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~Alpha-heating < 12 x E, 0 (2017)
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110x E (end of 2012)
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1/100x E (start of experiments in 2009)
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Temperature x Density x Confinement of DT
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Inertial Confinement Fusion is a very challenging,
but promising approach to fusion ignition

= Experiments are ongoing in the three main schemes of ICF: Laser
Indirect-Drive, Laser Direct-Drive ICF, and Magnetized Liner ICF

= Performance on the NIF so far:
— ~3Xyield from alpha-heating
— Fuel gain > 2
— Still need better control of the symmetry of the x-ray drive and
engineering features

If no further improvement were possible, would need roughly ~ 2X
energy in the fuel to ignite.

In ~2012 that number was about ~10X more energy while early
experiments were ~100X, so we are making progress.

Our job is to figure out how to close the rest of the gap!
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Opportunities at NIF

= The NIF Discovery Science
Program supports a wide variety
of fundamental science
experiments

https://lasers.linl.qov/for-
users/nif-user-group

= Summer Scholar Program
http://students.linl.qov

= Jobs
http://jobs.lInl.gov

http://lasers.linl.gov

Collisionless
astrophysical shocks

Nonrelativistic shocks (e.g. SNRs)
f /’

P

Turbulent dynamo
B field amplification

Relativistic shocks (e.g. GRBs)

Stellar and Big Bang
nucleosynthesis

istory of the Universe
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Concept for an ICF power plant

Target «

Injection et Fabrication
. Lithium
Y Blanket
M o Heat Transfer

Tritium Fuel |
Cycle

12 meters

" Turbine
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