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Fusion mit Laser und Teilchenstrahlen 
für die Stromerzeugung -  
Stand und Perspektiven 
!
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ONE-MINUTE WORLD NEWS

INERTIAL CONFINEMENT FUSION

By Jason Palmer 
Science and technology reporter, BBC News

The experiment focuses 192 high-power laser beams to a tiny target

A major hurdle to producing fusion energy using lasers has
been swept aside, results in a new report show.

The controlled fusion of atoms - creating conditions like those in our
Sun - has long been touted as a possible revolutionary energy
source.

However, there have been doubts about the use of powerful lasers
for fusion energy because the "plasma" they create could interrupt
the fusion.

An article in Science showed the plasma is far less of a problem than
expected.

The report is based on the first experiments from the National
Ignition Facility (Nif) in the US that used all 192 of its laser beams.

Along the way, the experiments smashed the record for the highest
energy from a laser - by a factor of 20.

Star power

Construction of the National Ignition Facility began at Lawrence
Livermore National Laboratory in 1997, and was formally completed
in May 2008.

The goal, as its name implies, is to harness the power of the largest
laser ever built to start "ignition" - effectively a carefully controlled
thermonuclear explosion.

It is markedly different from
current nuclear power, which
operates through splitting atoms -
fission - rather than squashing
them together in fusion.

Proving that such a lab-based
fusion reaction can release more
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Trägheitsfusion

Bestrahlung 
der  
Oberfläche

Kompression 
(Raketen- 
prinzip)

Zentrale 
Zündung Burn
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Magnetic Confinement Fusion   
 Dichte = 1014 cm-3      
Einschlusszeit = 1 Sekunde  

Inertial Confinement Fusion        
 Dichte = 1025 cm-3       
Einschlusszeit = 10 Pikosekunden

Plasma Einschlussbedingung:   Lawson Kriterium:   nτ = 1014
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Einige Zahlen

Bei ρR=3 g/cm2 i.e. fb=30%   Y=100 MJ/mg 
!
1 mg DT muss komprimiert werden zu 336 g/cm3 
oder 1680 x Festkörperdichte (0.2 g/cm3) für ρR=3 g/
cm2. 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Um die enormen Anforderungen an die Symmetrie zu 
gewährleisten wird in der ersten Kampagne die 
indirekte Zündung versucht

indirect!
Illumination!

by x-rays

fuel capsule!
compression!

(200-1000 g/cc)

fusion!
ignition!

(~ 10 keV)
fusion!
burn

High-Z 
hohlraumDT fuel 

capsule

mid(low)-Z 
fill slows 

down wall 
motion

laser

backscattering 

Wall 
losses

LEH 
losses

x-rays

Zündung bedarf der Optimierung von:!
• Hohlraum Design:!

- Laserabsorption/ -propagation, backscattering!
- Laser Konversionseffizienz in X-rays!
- Hohlraum Re-emissionseffizienz (Wand+LEH 
Verluste)!

• Implosiondynamik der Kompression !
-  shock timing, EOS ablator studies !

• Kompressionssymmetrie der Kapsel
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This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344

NIF

!6
Aufgabe: Verlässliche Zündung einer Fusionsreaktion mit Gain bei 
niedrigster möglicher Laserenergie
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NIF-0506-11956
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Eine von zwei Laserbays
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Targetkammer
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The NIF point design has a graded-doped, 
plastic capsule in a hohlraum driven at 285 eV

Hohlraum Wall:  
  – U with liner of Au/B  

Laser Beams  
(24 quads through each LEH 
arranged to illuminate two 
rings on the hohlraum wall)

Laser Entrance Hole  
(LEH) with window!
(Elaser = 1.2 MJ)

Hohlraum Fill               
 – He0.2H0.8 at 0.7 mg/cm3  

10!mm

Capsule fill tube

 
Graded-doped Be Capsule 
(CH and Diamond are 
alternates) 

Solid DT 
fuel layer

Cryo-cooling 
Ring

Aluminum assembly sleeve

°
°

°
°
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NIF hat bislang keine Zündung erreicht 
was ging schief? wo stehen wir?….

LLNL-PRES-645894 
This work was performed under the auspices of the U.S. Department  
of Energy by Lawrence Livermore National Laboratory under contract  
DE-AC52-07NA27344. Lawrence Livermore National Security, LLC 

APS DPP Meeting           QI3.00004 
 
Nov. 13, 2013 

Omar A. Hurricane 
Distinguished Member of the Technical Staff 

Progress Toward Ignition 
at the 

National Ignition Facility 
Presentation to 

European Physical Society Meeting 
Espoo, Finland 

July 1, 2013 
 

D. E. Hinkel 

LLNL-PRES-640041 
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2014 NIF performance

NIF hat seine Designparameter inzwischen 
weit übertroffen

alle drei Monate 
wird das bislang  
stärkste Lasersystem 
der Welt (NOVA) addiert
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NIF Tests erfüllen (und oft übertreffen) die Design 
Spezifikationen, die für die Zündung erwartet werden

!16

NIF ist das zuverlässigste Lasersystem das je gebaut wurde !
Jedes Experiment des Lasers ist exakt reproduzierbar
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The principal issues on ignition performance deficit 

Performance deficit likely due to combination of 
low mode X-ray drive asymmetry / cold fuel shape,  
and higher than simulated hydrodynamic instability 

  

Mix Fuel shape 

Vermutete Hauptgründe für das Versagen  
bei der Zündung   
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Einzeln wurde fast alle Anforderungen im  
Experiment erreicht
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New radiography capabilities used to measure low 
mode fuel asymmetry (Oct 2012 - Mar 2013) 

Ge  
(~10 keV) 

Pinhole 
array 

Gated images N121004    

Imploded THD fuel 
scatters X-rays 

60-200 keV 

30 µm 
tilted Au 
wire 

Gated 
MCP 

THD shot N121005 
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Preliminary data! 
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Die meisten Experimente zeigen noch 
Asymmetrie des hot spot 
reduzierte Effizienz des inneren Strahlen + P4

Lawrence Livermore National Laboratory LLNL-PRES-645894 
12 

X-ray Equatorial X-ray Polar 

Ma, Izumi, Khan, Pak of Shape Group Guler, Merrill, Grim, Fittinghoff of NIS Group 

Hinkel 2D Hydra simulation of N130812 

N130812 N130812 N130812 N130812 

Neutron 13-17 MeV 
(equatorial view) 

 

Neutron 6-12 MeV 
(equatorial view) 

scales in µm  

Lawrence Livermore National Laboratory LLNL-PRES-645894 
13 
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Erstmals gute Übereinstimmung mit den 
Rechnungen (YOC)

Lawrence Livermore National Laboratory LLNL-PRES-645894 
15 
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N130530: out of spec ice (large m=1 mode) 
N130802: longer +700 hohlraum 

Using a hohlraum drive that is 
"calibrated" to tuning experiments 
(shock, shape, trajectory, etc.) 

Plot from P. Patel 

Lawrence Livermore National Laboratory LLNL-PRES-645894 
19 
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Ytotal = 14.4 kJ 

Ehs = 3.5 – 4.8 kJ 
Phs = 129 - 150 Gbar 

Eα = 1.8 – 2.5 kJ 

ρhs = 34 – 49 g/cm3 

= 8.8-11.7 kJ 

Efuel = 5.8 – 6.8 kJ 
ρfuel = 442 – 462 g/cm3 

α = 2.2 – 2.6 

EBrems = 2.5 – 4.6 kJ 
τfuel = 0.7 – 1.3 

Eablator absorbed = 150 kJ 

Beginn der alpha-Teilchen Heizung 
wird sichtbar
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NIS zeigt Hotspot Form und Lage

13-17 MeV 

6-12 MeV 

primary  downscattered  
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Resultat seit der NATURE Veröffentlichung
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 Yield from fuel compression
 Yield from self heating

Lawrence Livermore National Laboratory LLNL-PRES-645894 
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 Yield from fuel compression
 Yield from self heating

NIC (Low-foot) 

High-foot N130927  [390 TW, 1.8 MJ] 
Energycompression  = 7.7 kJ 
Energyalpha_heating  =  6.6 kJ 

Plot from P. Patel 

Joint WCI/NIF Team: 
D. Callahan, E. Dewald, T. Dittrich,T. Doeppner, D. Hinkel, L. Berzak Hopkins, O. Hurricane, P. 
Kervin, J. Lee Kline (LANL), S. LePape, T. Ma, J. Milovich, J. Moody, A. Pak, H.-S. Park, B. 
Remington, H. Robey, J. Salmonson, NIF operations, NIF cryo, NIF targets, GA, LLE, & M.I.T. 

9.3 x 1015 n mit 11.5 kJ Kompression und 14.5 kJ Selbstheizung 
NIF betritt das Gebiet der Selbstheizungsdominierten Physik
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Weitergehende Ansätze

Verbessertes Hohlraum Design (Rugby Hohlraum) 
Optimierter Energietransfer äussere zu innere Strahlen -> Form der Implosion 
Optimierte Adiabate (zwischen 2.6und 1.5) 
Diamant- Ablator, dünnerer Ablator 
Optimierte, isobarische Zündung (e.g. mit 2ω) 
Double shell (non-cryo solution?) 
Elektronen Fast Ignition (mit oder ohne Cone) 
Protonen Fast Ignition (2016?) 

WARUM? 
• kleinere Infrastruktur;  höherer Gain;   
• Verbesserte Toleranz gegen Laser/Target Nichtidealitäten  
• Breitere Basis für Grundlagenforschung 
• Möglichkeit Tritium zu vermeiden (oder zu reduzieren) 

Für jeden Fall zu untersuchen: 
• Pros/cons 
• Facility (laser, targetry, delivery, reactor, waste) 
• Level of confidence 
• Compatibility between options (since confidence<1) 
• Required R&D plan
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Als Fast Ignitor wird untersucht: 
Elektronen, Protonen und Ionen, mit Konus und Schock-Ignition

Honrubia et al
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GIFI

MADEIRA_01

A

B

B

C
B AC

B

6.4 mm

Au beam window: 10 microns

Au lateral walls: 40 microns

Fusion capsule 0.14 cm of radius with 0.8mg of DTShort pulse laser beam

Conversion foil

Shield

Heavy ion beams
Bi+ at 3.5 GeV

Au 0.3 gr/cc
Be dopped with Au 0.02 gr/cc
Be 0.02 gr/cc

Foam converters
A)
B)
C)

10 mm

Fusion capsule is driven by thermal radiation  inside  a 
"hohlraum" target irradiated by heavy-ion beams

2-D Simulations: Gain~60, IFAR=18 Target

-  400 (250+150)kJ. Gain ~70

-  NIF 2D SSD

-  Modes l=4-100

-  Normal incid. ray trace

-  Thomas-Fermi EOS

-  no radiation

-  + 12-group radiation

-  500kJ

2D Simulations: Robustness to Laser Imprint Hydro

Instabilities Can be Assessed via the Ignition Window

2-D

2-D

1-D

Ignition Occurs Despite Large Nonuniformities in Ignitor Shock

Density
contours at
time of
shock
collisionReturn shock

Ignitor shock

Density
contours at
ignition onset
(T~6keV)

Gain~70

FSC
LLE
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