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Definitions

* IFE=Inertial Fusion Energy
* ICF=Inertial Confinement Fusion

* Inertial "Confinement" is hardly confinement at all! Having
"inertial" mass, means, that for a given achievable force, that
there will be a finite time that it takes to move away a certain
distance, and disassemble:

* F=ma
S . pR32 R
2 T)R- T
* Other confinement:
. gravity/stars (pressure force balanced by g)
. Magnetic (pressure force balanced by B?)

* NIF= National Ignition Facility
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Coulomb barrier makes high temperatures

necessary for DT thermonuclear fusion
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What conditions are necessary: for: significant burn
up of the DT?

‘A( For inertial confinement: Teonp ™ _S
£y A
v The time scale for burnis:  Tpym ~ ~
R (ov) nz<OV> P <OV>
T [0AY%
conf
fburn ~ ~ IOR ( i)
burn Cs
This b.reaks when T, > T burn 80
including effects of burn depletion:
40
f pR me) 20
burn 2 I' (gm/cnT)
PR+ I'(T)(gm/cm”) 10
5
Thus ICF conditions ~  pR ~1g/cm’ 5 10 20 40

T =10 keV Ti(keV)
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Tremendous pressures are needed/to access this

regime at reasonable energy

P(Bar) =8 >*<108p(gm/cm3)Tl.(keV)

For ICF conditions: pR =1g/cm” PR ~10'°B —cm

T =10 keV
E ~ PV ~10’R(cm)*(J)!

E <100kJ = R~100um P ~1TB p~ 100 gm/cm’

R E
~C—~100ps Power~?~lPW

T

conf

How are such high pressures and high densities achieved?

Carefully tuned spherical implosions

MCH-5



There are two principal approaches to @

compression in Inertial Confinement Fusion

Indirect Drive

Laserr,lo/n beams orZ pinches used to
heat up a miniature oven called a
hohlraum and bathes capsule in x-rays.

Direct Drive

Lasers directly shined on capsule

Low-z
Ablator for
Efficient
absorption
’ Cryogenic
Fuel for

Efficient
compression

Both schemes rely on
spherical ablation with
pulse shaping results in a
rocket-like implosion of
near Fermi-degenerate fuel
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We generate pressure by ablation

Lasers N N S
or A Payload
X-rays of rocket
/V
Energy absorption region ™ Eiﬁ;iit

* Acceleration comes from particle momentum (classic rocket).

* Irradiance (W/cm2 = J/cm?3 * cm/sec) is balanced by outflow of
heated material

I - O'T4 ~nTc PablationVO ~ Pstangtag
xX—ray r s
4 P V R
ol 3.5 s 10 => 9%~ 10% = 0 -
Pablation ~ — ~ T;’ P 10 V 10 R 20
Cc ablation stag stag

T ~300eV (I 810" W /sz) This is like tak_lng a basketb_all
' and compressing it to the size

P ~100MB of a pea

ablation
MCH-7
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Summary of energy flow'in ICF implosions @

Driver energy E, l Assembled Thermal Energy

* Ear=muncEp

E. = coupled energy.

Ecri=ncEp

* Thermonuclear burn A

Thermal and

kinetic energy

* Dis - assembly

New/

K.E. =myEcpL. Exe=mn ncEp \/
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So what if we heated all of the DT to 10 keV? @

* In order for fusion to occur we need to heat the plasma ~ 10 keV
9
QFusi0n=3'3.1011‘]/g QlOkeV =1110 ]/g

Fusion Output

GAIN =

~ 300
Heating Input Journ

* Seems like enough!

* But in ICF we need to include the fuel assembly efficiencies n_ and n,

* Typically Direct Drive Indirect Drive
Ne 0.8 0.2
MH 0.1 0.2

* So, ICF must overcome inefficiencies of equation of order
0.08 (DD) or 0.04 (ID).

* So a volume heated DT assembly, which has a gain of 100, has an
actual target gain of 8 or 4. Considering the efficiency of turning heat
into electricity and electricity into driver energy this is way too low!

MCH-9



Burn must propagate to get high gain for ICF

Gain too low. Solution: heat a small amount of the fuel to high T and use
fusion a's to heat cold fuel to fusion temperatures.

Pressure equilibrium

Hot spot
Cold fuel
P 273 Ts Mgl
=3.3-107a( ) J/
Orp 1000gm / cm’ e

Note hot next to cold what happens if they mix?
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What gains should'we expect?

R
g, ot

T)c = coupling efficiency Tn = hydro efficiency
- 6+ pR

EDTI‘C-"fuel)
i G = ( — o - e f =G
Driver scale OepX lgn Margin Me MH b

4
NIF p: 1150><2 0.4) » (0.2) * (0.2) ~13
1-2 MJ '
: 4
NIFpp: 3’::2 . (0.8) + (0.1) * (0.2) ~26
e {104
HiY,p: - 1251:2 .+ (0.2) * (0.2)  (0.3) ~80
5-10 MJ
® 4
HiY pp: 22:2 . (0.8) * (01) * (0.3) ~120
20-00-0796-1835D 11/12/98
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Implosion symmetry is an important issue for

high convergence ratio targets

Small nonuniformity when outershell is at large radius

Becomes magnified when shell is imploded to a very small radius

Lower peak compression, temp | SR=(5V)t~3aVv g* <12r

Lower pR
. 0R_(8V|R
5= (]Y) F <1
oV

- <112 i% < 1/2 (conv. ratio)-1

50-00-0390-1725D 10/22/98
MDRAco
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Rayleigh-Taylor instabilities are a major

concern

Classical ICF

£
Gravity ﬁ // \\ R
Ablation-driven / ICF \\
acceleration capsule )\ \p

Ablator

RT growth ~e"t Worst A = AR d=19=

2 _2n 42 _2tp _ o [R
P12 = 20 ot _lR_Zn(ﬁ)

At stagnation time these perturbations lead to mix of cold fuel with hot
spot which can quench the burn and prevent the capsule from igniting
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Implosion Dynamics

3D calculations are used to assess capsule
performance in the presence of perturbations

Capsule simulations
have asymmetry and
fabrication perturbations

3D asymmetry inferred
from integrated
hohlraum simulation

Nominal “at spec”
perturbations on ice and
ablator in low, intermediate,
and high modes

=

140 ps before
ignition time

Ignition time

Plastic/DT + Hohlraum Stagnation
interface axis shock
60 g/cc density 400 g/cc density
isosurface isosurface

(different scale)
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The National Ignition Facility is a 192 beam laser
currently under construction at LLNL

40-00-0996-2100
14GHMnez
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L - .
NIF concentrates all the
energy in a football

stadium-sized facility
into a mm3

L)

192 Laser Beams

Energy = 1.8 MJ

Power = 750 TW

P : %



How NIF Works mg

The National Ignition Facility

' Deformable
mirror

Laser glass

Preamplifier
Flashlamps module

NIF-0201-00289



The first four NIF beams are operational and have
been used for a number of experiments

Quad 31b beamtubes View from inside the target
chamber
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LPI Hohlraums

NIF is steadily
developing a large

Hydro  range of experimental

i EQOS
capabilities
€ :
_%20: :
g ] ;
10: -
! e TS AT |
Time (ns)




\ =
NIF Fusion Target NW‘

The National Ignition Facility

Laser beams

NIF-0201-00292



An old NIF ignition design

Outer cone
(48° to 60°)

Inner cone
- (24’ 10 28°)

1 molce He+H2
e Window
~1 um CH

Thickness > 30 um

Surface finish < 0.08 um PTV

1.11
DU CH+0.25% Br+5% O
0.87 DT solid
DT gas
0.3 mg/cc

Absorbed energy 0.15 MJ
Yield 15MJ

Sn-Ns.n4Aad-1AnRN

500 —— 300
100 |- ~ i
Laser = —> 200 Ragdiation
power = {150 temp.
(W) 10— 100 (V)
j 50
o lLi | | | 0
0 5 10 15 20
Time (ns)

Critical issues tested on Nova

— Low SBS and SRS from the
hohlraum plasma
300 eV in a shaped pulse
X-ray drive symmetry 1%
Controllable hydrodynamic
implosion instability

R4 ine

MCH-2



This old viewgraph showed the plan as of 2 years E

ago. Several things have changed.

192
FulNIF/ €] |

m144, MoOre alals Dealll

% better symmetry

'©

> 8-fold 2-cone

g symmetry

£ 96 ‘

3 4-fold, 2- (3 4 ) iit:? Cryo capsules

cone /1\ * ‘e

symmetry ¢ ¥ % Ignition
12-quad hajfraums |

48 tst-cluste T ®

Full
bundle/—.
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Target Fabrication

The target is filled through a small fill-tube @

using a self-contained fuel reservoir

View of 2mm shell
through side hole

View of 2mm shell through
laser entrance hole

* Fuel pressure 2-3 atm
- ~5CiDT

- Capsule filled in target inserter by
temperature control on fuel
reservoir and hohiraum

Fill tube Laser Coolin
8 um I0entrance hole>Ne! | Shell ringsg

Fuel
chamber

. Coolin
Hohlraum Filltube | 44s g
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Target Design & Fabrication

gnition designs require cryogenic targets:
A hohlraum containing a capsule “layered™ with

1. Be w graded Cu . Surface Cryogenic hohlraums to shape

2. Be w constant Cu roughness: and maintain the fuel layer
2. CH w graded Ge ~10-100’s nm

«— Fill-tube
*~10 um OD
*~3 umID

Hole
*~3 um diam

solid D-T (B-layered)
+ thickness = 100 um
* rms roughness = 1-5 um

MCH-5



Ignition requires optimization of the energetics,
symmetry, implosion dynamics, target design and @

fabrication

« Hohlraum Energetics

— Laser absorption
— Stimulated scattering

— Conversion efficiency
to x-rays

— Albedo/X-ray
wall loss

* Drive Symmetry

— Measurement

— Control
(uniformity to 1% or
1 degree pointing)

 Implosion Dynamics

— Accurate measurement
techniques for shock timing

— Material studies (EOS, ablation
rate, etc. (Shock timing to 100 ps)

- Target Design and Fabrication

— Ablator choice (Be, CH, PIl)

— Capsules (smooth to 10’s
of nanometers)

— Cryogenic fuel layer
(smooth to ~1um)
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Why do we believe that ignition will work on E

NIE?

* Over 15,000 experiments on Nova, Omega and other facilities have
provided an extensive data base to develop confidence in the
numerical codes

* Benchmarked numerical simulations provide a first principles
description of x-ray target performance (except for laser-plasma
interactions)

* The Halite/Centurion experiments using nuclear explosives have
demonstrated excellent performance, putting to rest fundamental

questions about basic feasibility to achieve high gain

Halite/Centurion

Power

NIF Ignition

Nova, Omegaﬁ
Energy

MCH-7



NIF vs high-yield targets, show similar ignition

conditions but p scaling

e 1000
l Il iy ] bt 0.2 MJ NIF capsule
_______ (vield ~15 MJ)
12 e e — 300
.Y 7 g —200 ~~—=— 2.0 MJ capsule
s // —100 _ (yield ~1000 MJ)
% 81— \\\ // g
$ " —30 L
L= — — | o)
e \ 20 =
— \ a
L= —10
P
Y N 3
l Wiy e o
0.2 0.4 0.6 0.8 1.0

pr(g/em?) = [, p(r')dr

- Hot-spot temperature profiles and prare nearly
independent of size at ignition

- Smaller capsules must have higher density to achieve
the required hot spot pr~ 0.3g/cm?

50-00-0590-0107C 9,

If we can achieve ignition on NIF we are confident we will be able to
get high gain with more energy. MCH-8



IFE: The big picture

1. Target factory
To produce many low-cost targets

2. Driver Q
To heat and compress the
target to fusion ignition

3. Fusion chamber
To recover the fusion energy
pulses from the targets

Focusing
element

4. Steam plant
To convert fusion heat into electricity

A power-plant driver would fire about five targets per second to
produce as much electricity as today’s 1000-megawatt power plant

MCH-9



IFE reactor: general requirements

Reactor
Driver|_ MoP GnpPy Walls and
Mo Turbine
Ny

Pour - T]TGT]DPIN

f Pour
(I'f) POUT

By =fP,=fnGn,P,
= fn,Gn, =1
1

We want f<Z' With n, =0.4= T]DG > 10

MCH-10



IFE Reactor: Representative numbers for a 10%
efficient driver

Pour - T]TGT]DPIN

Reactor
Driver|_ MoP GnpPy Walls and

Mo Turbine

r 0.03 Gy, pp— 0

[] 6 MJ
PN @5Hz
+ 1.3 GW
f I:)OUT
03 GW 0.3 GW

(I'f) POUT

1.0 Gy,
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How can 600 MJ be contained?

— 600 MJ has the energy equivalent mass of 1 /7 of a ton of TNT !

— Q: Shouldn’t that easily destroy the target chamber?
— A: No, because it is momentum / impulse that leads to damage:
- For our reactor scenario:
-Ppr=MV=(2Em)12=(2x6108x5.4106)12=80kgm/s

« For TNT, Q;yt=Eqni/ My =4.2102J /KT =4.210° J / kg
* Powt = (2 Eqny Myyr ) Y2 = (2 Qyy) V2 Mpyr = 2.9 10° Moy,

- So the momentum equivalent mass of TNT can be found by setting
Prnt = Ppr = 80 kg m /s. This gives mq ;=29 gm =1 firecracker !

— Protecting the first wall from neutron damage introduces more mass.
This leads to many fascinating engineering issues.
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Detailed designs with, more than adequate gain

have been designed for Heavy lon Fusion

Capsule .
(Be ablator) Au-foam radiator
-‘ ) / Au-foam radiation case
He-ggs fill Gaussian ion beams
A _F ; Foot pulse beams

Main pulse beams

2.7-mm “effective”
beam radius

2-D LASNEX
; : - calculation produces
G =130 at 3.3 MJ

05-00-0998-18628 11/5/98 MICH-13
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IFE Power Plant Concepts

HYLIFE-I|

HYLIFE-1I is an IFE
power plant that uses 2
heavy-ion driver. The
chamber uses liguid
jets of Flibe (2 fluarine,
lithium, beryllium
mioltemn salth o leﬂ:t
the fusion chamber
from newtrons. This
resulis in long lifetime
companents, reduced
maintenance costs and
low environmental
im]:!:u:l.

Sombrero

Sombrero is 2 fusion
chamber concept for
direct-drive laser fargeds.
The chamber ifar mght)
is made of low-activation
:a.rbm—:nm'pmi!m The
Hmvi.nﬁ ceramic caalant
is shown in green. The
power plant shown
uses a diod e-pumped
solid-state laser driver.
A KrF gas laser could

also be used with the —— X
Sumbrero chamber. i : =5 Cross-section of the
5 : . SOMBRERD Chamber
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The fast ignitor approach can lead to higher gain

Conventional ICF Fast Ignitor

Fast —
injection
of heat
T

p
'\ N r

; >
Shock heated central spot ignites Fast-e~ heated side spot ignites
a high density cold shell a lower density, larger uniform

Pyg = P, = ap >° fuel ball Pyg >> P,

Advantages of Fast Ignitor
» Fast Ignitor implosions are less stressing: (mix, convergence, ...)
» Lower p = more mass to burn (E, ~ o M_p2?) = Higher Gain

50-00-0397-0426A ' MDR
20MDR/jco 10/9/98 MCH-16





