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Inertial Fusion Energy ScienceInertial Fusion Energy Science  

Target Physics
   Implosion hydrodynamics
   Ablation physics: LPI
   Hohlraum physics
   Heating physics: RLPI ,
   REB transport,  Ion acc.



 IFE Schemes IFE Schemes

 Inertial fusion consists of four main stages
1) Quasi-isentropic shell compression
2) Heating of a small portion of fuel
3) Fuel ignition at the moment of stagnation
4) combustion of the cold fuel in the shell

Conventional schemes
single shaped pulse

Alternative schemes
separate ignition pulse

Indirect 
drive

Direct 
drive

Fast ignition
cone

Shock 
ignition

Impact
Ignition
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OV/4-1 H.Aechi, IFE/1-2 Shiraga
P6-1 Johzaki, P6-2 Sephens,
P6-3Hegelich,P6-6Logan,P6-9
P6-12Nagatomo, P6-14Nakao,

IFE/1-1 
D.Meyerhofer
P6-5,P6-10Desai
P6-16Hora,
P6-17Kouhi

IFE/1-1 
D.Meyerhofer
P6-6,P6-7
P6-13Perkins

P6-4 Murakami
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Central ignition(two options): direct and indirect driveCentral ignition(two options): direct and indirect drive

direct drive with lasers indirect drive by X-rays

Better efficiency but:
 smaller ablation pressure
 parametric instabilities
 danger of preheat,
 hydrodynamic instabilities
 less symmetric implosion
 more beams are needed

Less efficient but:
 higher pressure
 more stable and
 more symmetric implosion
 less beams are needed

NIF (USA) and LMJ (France)
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2010.9.28. Integrate cryogenic
 target shot with all set of 
diagnostics
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OV/2-1 Lindl
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2009/9
Plastic target
with DHHe

3 gas











LLE, Rochester Cryogenic Implosion Experiment Results



OMEGA Cryogenic Implosion Plasma is comparable to JET



Short and intense
laser pulses, high
laser power are
required for all

schemes

Fast ignition consists of two steps: low entropy compression and high power ignition 

   fast electron injection through the laser-formed channel  Tabak et al. Phys. Plasma 1994

  fast electron injection through the gold cone       OV H.Azechi, IFE/1-1 D.Meyehofer

                      IFE/1-2 Shiraga,P6-1 Johzaki, P6-2 Sephens,P6-3Hegelich,P6-6Logan,P6-9P6-12Nagatomo, P6-14Nakao

  ion injection from the external source        p6   M.Hegelich, P6-6 G.Logan

  central hot spot heating with a shock       IFE/1-1 D.Meyerhofer p6-7 J. weave

    Impact ignition                                                                   p6 M.Murakami, p6-7

Alternative schemes for the inertial fusion energyAlternative schemes for the inertial fusion energy



LFEX:
World Largest Short Pulse Laser_
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X-ray pinhole camera observing
from the cone side (time
integrated)

X-ray streak camera (time resolved)

Ti
m

e 
(n

s)

Space (two images)

500µm

4. Results and issues

with filter

500µm



10-1

100

101

101 102 103 104

io
n 

te
m

pe
ra

tu
re

 (k
eV

)

laser energy on target (J)

η=
30
%

15
%

5%

3%

LFEX 5 psLFEX 1 ps

PW* 0.6 ps

However, coupling efficiency from LFEX laser to the compressed
fuel was estimated to be  3-5 %, much lower than expected.

η=
30
%

15
%
5% 3%

LFEX 5 ps
(30 deg cone)

LFEX 1 ps
(45 deg cone)

2002 exp’t
PW 0.6 ps
(30 deg cone)

104

105

106

107

108

101 102 103 104

DD
 n

eu
tro

n 
yi

el
d

laser energy on target (J)

→ IFE/P6-01 Johzaki
　 IFE/P6-12 Nagatomo

Neutron yield enhanced by up to 30-times

Experimental result Estimated ion temperature

η : coupling efficiency 



Electron acceleration in a preformed plasma may
enhance too-hot electron generation
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a few ns (FWHM)

main pulse
~ 1019 W/cm2

pedestal
1010 W/cm2 ?

Laser pulse shape

pedestal >1010 W/cm2 　
_　pre-plasma formed in cone
_　electrons accelerated in long-scalelength plasma
_　too-hot electrons generated
_　coupling efficiency reduced



Slope temperature of hot electrons was relatively high
compared with that obtained in the 2002 experiment.

scaling obtained in 
2002 PW experiment
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Ponderomotive scaling

Scaling by Pukov
(Assuming scale length L = 30 µm) 
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Result indicates existence of pre-formed long-scalelength plasma.



FI integrated experiment in 2010 is on going

Contrast in LFEX pulse is being substantially improved by introducing
・saturable absorber, and
・AOPF (amplified optical parametric fluorescence) quencher
for a few ns range, and
・reduced spectral ripples
for ps range.

The 2nd beam has been activated.
・1 kJ in 1 beam (2009)
　 → 2 kJ in 2 beams (2010)
・Beam profile improved toward
    10kJ/4beam operaion.
2-keV heating is expected in 2010.



Need reduction of pre-pulse and pre-plasma 

Electron driven fast ignition feasibility study at LLE, Rochester
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Shows hot electron divergence in resistive material
R.Stephens: IFE/p6-02

• Divergence lower than previous in Al
targets
– Low scatter from careful target

and pulse characterization
– ~30° from flat
– ~50° from inside cone tip
– Unaffected by ~10 mJ prepulse

• Hi-Z layers substantially impede
transport
– Transport reduced 2x for added

Au (8 µm) or Mo (14 µm) layer

Typical Kα image



A new fast ignition target design for FIREX-I
 IFE/P6-1 T. Johzaki, etal



Double cone
gap : 15 micron

CD shell

CH layer

1st prototype of double-cone target were prepared for
preliminary laser shot on FIREX

(IFE/P6-27 Honmma, Norimatsu)

50 μm



2D compression and radiography

Hot electron transport in hot dense plasmas:  HiPER WP10( D.Batani)
D.Batani, Y.Rhee, etal IFE/P6-09



Fast Ignition with H.E. Ion
LANL: B.M.H. Hegelich : P6-03



Shock ignition experiments on Omega facilityShock ignition experiments on Omega facility
      IFE/1-1  D.M.   LLE,       IFE/1-1  D.M.   LLE, UnivUniv. Rochester. Rochester

Shock-assisted implosions show increased
fuel areal densities and much better
symmetry

Hot electron generation and transport
remain the main issue

Shock ignition experiments on Omega: 4_ neutron yield, better convergence

Theobald et al Phys Plasmas 2008



Shock Ignition Target for NIF
TFE/p6-17 Perkins

After L.J.Perkin, R.Betti, etal, PRL,103, 045004 ( 2009)



Heavy ion fusion can use a variety of driver, focusing,
chamber, and target options    (IFE/P6-6 G.Logan)

HIF R&D effort mostly on the blue- type options in this chart.  Induction or

RF linac drivers with ~ 100 beams can apply to any target option.

Accelerator
•Induction Linac
•RF Linac
•RF Linac +
Storage Ring/
Synchrotron
•Induction
Recirculator
•Dielectric Wall
Accelerator

Target
•Indirect Drive,
Central Hot Spot
Ignition
•Indirect Drive,
Fast ignition
•Direct Drive,
Central Hot Spot
Ignition
•Polar Direct Drive
+ Shock Ignition
•Hydro Drive +Fast
or Shock Ignition

Chamber
•Thick-Liquid-
Protected Wall
•Thin-Liquid-
Protected Wall
•Solid Dry
Wall + Gas Fill
•Granular-Solid
Flow Wall

Focusing
•Ballistic, Neutralized
•Ballistic, Vacuum
•Self Pinch, 2-stage



Material distribution at initial time and just before injection
of the ignition beam, showing very small mix effects.

DT

Case

Void

Density

Temperature

Density and temperature
before and after

 the ignition pulse

Near term plans include sub-ns pulses for the
third ring of beams, seeking ρDT>100g/cm3,
& hollow ignition beam for shock heating.

ρ>30 g/cm3,
ρr>1 g/cm2



Reactor Technology  “beyond NIF&LMJ”

 Chamber
IFE/1-5 M. Pelrado (Spain) ,and P6-22 Juárez, R:
     Chamber dynamics, Neutronics, Materials, Safety for HiPER Facilty
P6-23 Alvarez, J.(Spain): The Role of the Spatial and Temporal Radiation Deposition

in Inertial Fusion Chambers
P6-24 Cuesta-Lopez, S.(Spain): Modeling Advanced Materials for Nuclear Fusion

Technology 
P6-25 Gonzalez-Arrabal, R.(Spain): Study of diffusion and retention of light species

(H and He) in pure W and W-based materials
 p6-21T.Norimatsu(Japan): Chamber dynamics
IFE Driver
 [Laser]
 OV/5-1 S.Jacquemot(France): HiPER DPSSL
  IFE/1-4 C.Barty(USA): LIFE DPSSL
  P6-7 J.Weave(USA):  KrF
  P6-18 H.J.Kong(Korea):  DPSSL
[HIF]
  p6-6 G.Logan: HIB for FI and Shock Ig.
Target
 OV/5-1 S.Jacquemot(France)
 p6-19 M.kalal (Czech): Target injection/trucking
 p6-26 A.V.Hamza (USA): NIF targe fabricaion
 p6-27H.Homma (Japan) : Target Fabricaion









Protection of optic elements Protection of optic elements HiPER/ France



Reactor first wall: cyclic thermal stresses Reactor first wall: cyclic thermal stresses 

Modeling:
UCLA, Wisconsin,
Berkeley, ORNL

Cyclic heating:
Lasers – UCSD

•• Damage to armor from ions and cyclic thermal stress remains one ofDamage to armor from ions and cyclic thermal stress remains one of
the most critical issuesthe most critical issues

• The chamber is large so the wall remains below the melting point of W

• A coordinated R&D program was undertaken to study long-term damage

Helium:
IEC – Wisconsin
He beam – UNC

X-rays:
XAPPER – LLNL

 



IFE/1-5 M.Perlado
And related posters



First wall protection: chamber gas fillFirst wall protection: chamber gas fill



Target technology development Target technology development 
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• Commercially attractive

• Use of existing grid

• Passively safe

• Low price volatility

• Public acceptability

• Sustainable

• Carbon-free operation

• Non geo-political

• Timely delivery

Fusion energy “soon enough to make a difference”

NIF-0910-20157.ppt 43Dunne, presented to Curtis Carlson SRI International

• No enrichment
• No reprocessing
• No high level waste storage



Experimental setup for the Experimental setup for the wavefront wavefront dividingdividing
4-beam combination4-beam combination

PB1&PBS2, polarizing beam splitters; HWP1&HWP2, half wave plate; P1, P2&P3, 45 degr
ee prisms; BS, beam splitter; W, wedged window; FR1, FR2, FR3&FR4, Faraday rotators; C
1, C2, C3&C4, concave mirrors; PZT1, PZT2&PZT3, piezoelectric translators.

FR1

Amplified 
output

Input 
beam SBS cell 1

SBS cell 2

Reference 
beam

Nd:YAG laser 
oscillator

HWP2

PBS1

PBS2

BSCCD
camera

P1

P2

P3

W

M1

M2

M3

AMP 1

FR2AMP2

FR3AMP3

FR4AMP4

SBS cell 3

SBS cell 4

C1

C2

C 3

C 4

Phase control electronics

HWP 1

6 mm

1.5 mm

4-beam aperture

f = -50 mm

f = 200 mm

f = -50 mm

f = 200 mm

Feedback 
signal

PZT1

PZT2

PZT3

J. S. Shin, S. Park, H. J. Kong, and J. W. Yoon, Applied Physics Letters. 96.131116, 2010.



IFT is the leading developer of IFE target supply
processes and target related systems

Electrically steer targets - FTF or
other applications

Making foam or CH  shells

Coat shells with plasma polymer
and metallic layers

Permeation fill targets & layer in a
cryogenic fluidized bed

Inject targets (gas-gun
or electromagnetic)

Hit-on-fly demo for
target tracking

Beam
Steering

Hollow shell position error
 Last 30 drops 28 March 
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Target loading 
and charging 

Laser
alignment
source beam

Direct drive process steps have
experimental demo programs…

EWOD
(electrowetting-on-dielectric)

DEP
(dielectrophoresis)

Off On

Robotic assembly

P6-19 Kalal : proposing optical trucking with SBS phase conjugation mirror.  



NRL KrF Laser Driver





Concluding Remarks

• NIF started the cryogenic implosion integrate
experiment in 2010.9

• As for direct drive, LLE, Rochester demonstrated the
ignition scale area density: 0.3g/cm2   with D2
cryogenic targets.

• Integrated fast ignition experiments started at ILE,
Osaka. Understandings became higher. The most
critical issue is pre-plasma and electron divergence.

• Shock ignition became the 3rd ignition scheme.
Expected to be tested by NIF.

• IFE fusion technology R&D started world wide.
• In particular, the comprehensive R&D are

progressing in HiPER ( EU) and LIFE(US).
• In 1~2 years, the IFE research will start new era.


