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DefinitionsDefinitions

• 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

• Other confinement:
• gravity/stars (pressure force balanced by g)
• Magnetic (pressure force balanced by B2)
• NIF= National Ignition Facility
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D + T Æ a + n
  3.5 MeV    14.1 MeV

QFusion = 3.3 ⋅101 1J / g
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Coulomb barrier makes high temperatures
necessary for DT thermonuclear fusion

Charged particle 
deposits energy locally

Neutral, escapes 
without depositing
energy
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What conditions are necessary for significant burn
up of the DT?
What conditions are necessary for significant burn
up of the DT?

† 

t conf ~ R
cs

† 

t burn ~ 1
ni sv

~ 1
r svR

† 

fburn ~
t conf

t burn

~ rR
sv
cs

Ti( )

For inertial confinement: 

The time scale for burn is:

† 

fburn =
rR

rR + G(Ti)(gm/cm2)

This breaks when
including effects of burn depletion:

   

† 

rR ª1g /cm2

T ª10 keV
Thus ICF conditions ~† 

t conf > t burn
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Tremendous pressures are needed to access this
regime at reasonable energy
Tremendous pressures are needed to access this
regime at reasonable energy

† 

P Bar( ) = 8 *108 r gm/cm3( )Ti(keV)

† 

P R ~101 0B - cmFor ICF conditions:

† 

E ~ PV ~ 109 R(cm)2 J( )!

† 

E <100kJ fi R ~ 100mm P ~1TB r ~ 100 gm/cm3

† 

tconf ~ R
cs

~ 100 ps

† 

Power ~ E
t

~ 1PW

† 

rR ª1g /cm2

T ª10 keV

How are such high pressures and high densities achieved? 
Carefully tuned spherical implosions
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There are two principal approaches to
compression in Inertial Confinement Fusion
There are two principal approaches to
compression in Inertial Confinement Fusion

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

Direct Drive

Indirect Drive
Low-z
Ablator for
Efficient
absorption

Cryogenic
Fuel for 
Efficient
compressionDT

gas

Lasers, Ion beams or Z pinches used  to
heat up a miniature oven called a
hohlraum and bathes capsule in x-rays.

Lasers directly shined on capsule
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We generate pressure by ablationWe generate pressure by ablation

• Acceleration comes from particle momentum (classic rocket).
•  Irradiance (W/cm2 = J/cm3 * cm/sec) is balanced by outflow of

heated material

Lasers
or 
X-rays

Energy absorption region

Payload
of rocket

Heated
Exhaust

Ix - ray ª s Tr
4 ~ nT cs

fi Pablation ~ sTr
4

cs

~ Tr
3.5

Tr ~ 300eV Ix- ray ~ 8 *101 4W / cm2( )
Pablation~ 100MB

† 

PablationV0 ~ PstagVstag

Pstag

Pablation

~ 104 fi
V0

Vstag

~ 104 fi
R0

Rstag

~ 20

This is like taking a basketball
and compressing it to the size

of a pea
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Summary of energy flow in ICF implosionsSummary of energy flow in ICF implosions

• Driver energy ED

• Ecpl = coupled energy.
• ECPL= hCED

• Thermal and
• kinetic energy

• K.E. = hHECPL .   EKE = hH  hC ED

• Assembled Thermal Energy
• EAF = hH  hC ED

• Thermonuclear burn

• Dis - assembly
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So what if we heated all of the DT to 10 keV?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

• Seems like enough!
• But in ICF we need to include the fuel assembly efficiencies hc and hH• Typically             Direct Drive Indirect Drive
     hc       0.8        0.2
     hH         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!

† 

GAIN = Fusion Output
Heating Input ~ 300 fburn

Q1 0 keV =1.1 ⋅109 J / gQFusion = 3.3 ⋅101 1J / g
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Burn must propagate to get high gain for ICFBurn 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
rTi

rHS rFuel

Hot spot

Cold fuel

QFD = 3.3 ⋅107a
r

1000gm / cm3
Ê 
Ë Á 

ˆ 
¯ ˜ 

2/ 3

J / g

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



MCH–12

Implosion symmetry is an important issue for
high convergence ratio targets
Implosion symmetry is an important issue for
high convergence ratio targets
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Rayleigh-Taylor instabilities are a major
concern
Rayleigh-Taylor instabilities are a major
concern

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

Ignition time140 ps before
ignition time

Plastic/DT
interface

Hohlraum
axis

Stagnation
shock

400 g/cc density
 isosurface 
(different scale)

60 g/cc density 
isosurface

Implosion Dynamics
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The National Ignition Facility is a 192 beam laser
currently under construction at LLNL
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The first four NIF beams are operational and have
been used for a number of experiments

View from inside the target
chamber

Quad 31b beamtubes
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An old NIF ignition designAn old NIF ignition design
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NIF target dates
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more inner beams
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Pre-ignition cryo

Cryo capsules

Full NIF

8-fold 2-cone
symmetry

4-fold, 2-
cone
symmetry

1st cluster

 Ignition

This old viewgraph showed the plan as of 2 years
ago. Several things have changed.
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The target is filled through a small fill-tube
using a self-contained fuel reservoir

• Fuel pressure 2-3 atm
• ~ 5 Ci DT

• Capsule filled in target inserter by
temperature control on fuel
reservoir and hohlraum

Target Fabrication

Hohlraum Fill tube Cooling
rods

Fuel
chamber

View of 2mm shell through
laser entrance hole

View of 2mm shell
through side hole

ShellLaser
entrance hole

Cooling
rings

Fill tube
8 µm ID Shell
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solid D-T (b-layered)
• thickness ≈ 100 mm
• rms roughness ≈ 1-5 mm

Ablators (priority order):
1. Be w graded Cu
2. Be w constant Cu
2. CH w graded Ge

Surface
roughness:
≈ 10 - 100’s nm

 Cryogenic hohlraums to shape
   and maintain the fuel layer

DT gas
0.3-0.5 mg/cc

Fill-tube
• ~10 mm OD
• ~3 mm ID

Hole
•~3 mm diam

Target Design & Fabrication

Ignition designs require cryogenic targets:
A hohlraum containing a capsule “layered” with
DT ice

Ignition designs require cryogenic targets:
A hohlraum containing a capsule “layered” with
DT ice
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Ignition requires optimization of the energetics,
symmetry, implosion dynamics, target design and
fabrication

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

•  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, PI)
—  Capsules (smooth to  10’s
      of nanometers)
—  Cryogenic fuel layer
      (smooth to ~1mm)

•  Hohlraum Energetics
—  Laser absorption

—  Stimulated scattering
—  Conversion efficiency

to x-rays
—  Albedo/X-ray

wall loss
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Energy

Power

NIF Ignition

Nova, Omega

Halite/Centurion

Why do we believe that ignition will work on
NIF?
Why do we believe that ignition will work on
NIF?

• 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 
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NIF vs high-yield targets show similar ignition
conditions but r scaling
NIF vs high-yield targets show similar ignition
conditions but r scaling

If we can achieve ignition on NIF we are confident we will be able to
get high gain with more energy.
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IFE: The big pictureIFE: The big picture



MCH–10

IFE reactor: general requirementsIFE reactor: general requirements

PIN POUT =  hTGhDPIN

Driver
hD

hDPIN GhDPINTarget
G

Reactor
Walls  and

Turbine
 hT

(I-f) POUT

f POUT

PIN = f Pout = f hTGhDPIN

fi f hTGhD = 1
f <

1
4We want   .     With hT ª 0.4 fi hDG ≥10
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IFE Reactor: Representative numbers for a 10%
efficient driver
IFE Reactor: Representative numbers for a 10%
efficient driver

PIN POUT =  hTGhDPIN

Driver
hD

hDPIN GhDPINTarget
G

Reactor
Walls  and

Turbine
 hT

(I-f) POUT

f POUT

0.3 GW

10% 100 43%

1.3 GW

0.3 GW

1.0 GW

3 GW0.03 GW
¤ 6 MJ
@5Hz
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How can 600 MJ be contained?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:
-  pDT = mv = ( 2 E m ) 1/2 = ( 2 x 6 108 x 5.4 10-6 ) 1/2 = 80 kg m /s

• For TNT,  QTNT = ETNT / mTNT = 4.2 1012 J / KT = 4.2 106 J / kg
• pTNT = ( 2 ETNT mTNT ) 1/2 = ( 2 QTNT) 1/2 mTNT = 2.9 103 mTNT

• So the momentum equivalent mass of TNT can be found by setting
pTNT = pDT = 80 kg m /s.  This gives  mTNT ª 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 Ion Fusion
Detailed designs with more than adequate gain
have been designed for Heavy Ion Fusion
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The fast ignitor approach can lead to higher gainThe fast ignitor approach can lead to higher gain




