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Nuclear fusion milestone passed at US

lab
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By Paul Rincon
Scence Edroe, BBC Nows websit

o achievemert is the frst

Researchers at a US lab have passed a crucial milest
the way to their ultimate goal of achieving self-sustai
nuclear fusion

Hamessng fusion - the peocess that powers the Sun
peovide an unkmited and cheap source of energy

col

But 10 be viable, fusion power plants would have 1 prody
energy than hay consume, which has proven elusive

Now. a breakthrough by scientists at the Nasonal lgnion
{NIF) could boost hopes of scalng up fusior

NIF, based at Lvermore i Calformia, uses 192 boams fro
workd's most powerful laser 1o heat and compress a smal
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Laser fusion experiment extracts net energy
from fuel

Misstone s passed on the long road 1o fuslon energy
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12 Fetruary 2004
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1. Laser beam makes fies firt

Nature | 28 Febroary 2014

Marine reserves planned around
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Nature | 28 Febroary 2014

RNA activity mapped across
cols
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Ma'‘e scant stmulates female
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Trdgheitsfusion

Plasma Einschlussbedingung: Lawson Kriterium: nt = 104

Magnetic Confinement Fusion

Dichte = 1014 cm3
Einschlusszeit = 1 Sekunde

Inertial Confinement Fusion

Dichte = 102°cm?3
Einschlusszeit = 10 Pikosekunden

Bestrahlung Kompression Zentrale
der (Raketen- Zindung
Oberflache prinzip)




Einige Zahlen

Si74 TECHNISCHE
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n-t= 10" s/cm3 2>pR>1g/cm?

n: Particle number density [cm-]
p: density [g/cm?3]
1: Confinement time [s]

T: Temperature [keV]
R: compressed fuel radius

- Bei pR=3 g/cm?i.e. f,=30% Y=100 MJ/mg

-1 mg DT muss komprimiert werden zu 336 g/cm?

oder 1680 x Festkdrperdichte (0.2 g/cm3) fur pR=3 g/
cm2,




Um die enormen Anforderungen an die Symmetrie zu

TECHNISCHE
gewahrleisten wird in der ersten Kampagne die UNIVERSITAT
indirekte Zundung versucht DARMSTADT

NIF

TN W a e

indirect fuel capsule fusion .
e . C . fusion
lllumination compression ignition burn
by x-rays (200-1000 g/cc) (~ 10 keV)

backscattering

Zundung bedarf der Optimierung von:

laser * Hohlraum Design:

- Laserabsorption/ -propagation, backscattering
- Laser Konversionseffizienz in X-rays

- Hohlraum Re-emissionseffizienz (Wand+LEH
Wall Verluste)

High-Z

DT fueL hohlraum

capsule

mid(low)-Z- losses - Implosiondynamik der Kompression
fill slows X-rays - shock timing, EOS ablator studies
down wall - Kompressionssymmetrie der Kapsel
motio EH P y P
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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

Aufgabe: Verlassliche Zundung einer Fusionsreaktion mit Gain bei .
niedrigster moglicher Laserenergie e i
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NIF concentrates all S&&R -3
the energy in a football & .

stadium-sized facility
intoa mm3

g,&.*f’ . Matter
" ___, Temperature >108K
-+ ‘. Radiation
{ Temperature >3.5x10°K
Densities >10%g/cm?®

% Pressures >10" atm
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Eine von zwel Laserbays

NIF-0506-1195
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Targetkammer {3/=\ UNIVERSITAT
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The NIF point design has a graded-doped,
plastic capsule in a hohlraum driven at 285 eV

445 Laser Beams
50 x4 | (24 quads through each LEH
' ' arranged to illuminate two

Cryo-cooling
rings on the hohlraum wall)

Ring

-_x""-.

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

«—— Aluminum assembly sleeve

Capsule fill tube

/

Hohlraum Wall:
— U with liner of Au/B

Solid DT
fuel layer

S A-: _ﬂ-."

Hohiraum Fill
— He, ,H, ¢ at 0.7 mg/cm3

Laser Entrance Hole
(LEH) with window
(Ejocer = 1.2 MJ)

Urdl NEW-Hodirawm-013307 &
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Fabricated fully
instrumented DT

layering prototype
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The NIC is structured to develop a robust
burning plasma platform by the end of 2012 NI

2009 2010 2011 2012

Jd F M A M J J A S ONDIJ FMAMI J AS OND[lJ FMANJIJ AS ONDIJ FMAMI J AS OMND

— .

Drive Drive Temperature T,

Tuning Tritium-Free Tuning

Campaign
(Initial
diagnostics)

Layered tgts| THD Implosion Tuning

15t DT Implosion Tuning

Drive Enhanced coupling/scale up prep.
Tuning Optimized tuning &

Layered | capsule physics

DT Ignition Implosion Tuning
' THD Implosion Tuning

DT Implosion Tuning

A optics, targets &
diagnostics

Increase Ignition
Threshold Factor
(FY11 diagnostics)

Tuning

Enhanced design
& diagnostics

Layered tgts

DT Ignition Platform

131 |




NIF hat bislang keine Zundung erreicht
was ging schief? wo stehen wir?....

N

_NIF_

Update on the pathway to ignition

at the National Ignition Facility (NIF)

Presentation to

LANSA, Yokohama
April 23, 2013

Dr Mike Dunne
Program Director, Laser Fusion Energy, LLNL

Lawrence Livermore National Laboratory « National ignition Facility & Pholon Science

Tea swt cetrrad inde $e spboes o he U S Ougerteery of Traeogy by | sevescn  hvwrwom Seforwd Lbonrrsy st T omves OF AT M

The High-Foot Implosion Campaign
APS DPP Meeting QI3.00004
Nov. 13, 2013

Omar A. Hurricane
Distinguished Member of the Technical Staff

B Lawrence Livermore
National Laboratory

TECHNISCHE
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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

Lawrence Livermore National Laboratory ¢ National Ignition Facility & Photon Science

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

Quicklook for N140304-003-999
|_Abl_DT_HfootDU_S02
(March 4, 2014)

WCI
AT

ATEIRAT O

H. -8. Park, D. Casey, T. Ma, T. Doeppner,
O. Hurricane, D. Callahan, D. Hinkel, T. Dittrich
+ High-Foot team

Lawmerce Uvermone N3Sony Laoortonry




NIF hat seine Designparameter inzwischen

weit ubertroffen
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Yield (MJ)

300

250

200
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100

Yields versus laser energy for NIF geometry hohlraums n
Potential NIF performance at 2o e Y\ G DU
based on stored 1w energy ~ 200€V. " NF speciications (1.8 1831 500 TW).
° l
é:. - 2010 ’)’ |
Expected NIF performance at 2w —_— :é o P 4 ’
- with optimized conversion ————213.8 ARt
crystals and lenses g R
Band is |
. uncertainty in (SRR EEES
hr?h |I'aum 3w Energy at Target (MJ)
performance
- Expected NIF ;
performance at 3w :
/2014 NIF performance
. 250 eV ; alle drei Monate
: wird das bislang
270 g\. : i .
Trev) 4108 §g12ri§;r1\ts stirkste Lasersystem
300 eVesy-- P der Welt (NOVA) addiert
0 1 2 3 4
Laser energy (MJ)




NIF Tests erfullen (und oft ubertreffen) die Design
Spezifikationen, die fur die Zundung erwartet werden
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NIF surpassed its milestone of
1.8 MJ of 3w energy, 500 TW on target

Precision at NIF enables tuning and
reproducibility

July 5, 2012

‘ 5 1.855MJ i

5| Wolel  s2Tw :
N A= (final optic fluence

y WSSSS)  exceeding 9 Jiem?)

March 15, 2012 | 0" “
1.875MJ

Cluster@ -

1000 —————t—+—+—+—+—t+—+—+—+—+——+—+————
——Inner request
Inner TCC TW
——Quter request
100 | Outer TCC TW Bl
——Total request
E ——Total TCC TW
g 10 .
o

0 5 10 15 20
Time (ns)

NIF ist das zuverlassigste Lasersystem das je gebaut wurde

Jedes Experiment des Lasers ist exakt reproduzierbar




Vermutete Hauptgrunde fur das Versagen TECHNISCHE
DARMSTADT

bei der Zundung

Fuel shape Mix

fechnische Uneversade Darmstaat
Frof. Markus |
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Einzeln wurde fast alle Anforderungen im NIE_
Experiment erreicht

( Adiabat | o ~1.5 Vpr ~ 370 Velocity V
PRyt ~ 1.45 g/lcm? km/s
a~1.5 V ~ 350-370 km/s
R ~ 1.2-1.3 glcm? blator |
Trap > 300eV
DT .
AR
<100ng RMS hot spot shape < 10%
But variable But variable
CH mix in hot RMS hot spot

M Mix spot <100ng shape <10% Shape S




New radiography capabilities used to measure low
mode fuel asymmetry (Oct 2012 - Mar 2013)
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Pinhole 3 1 .
array 0 5 10 15 20 25 30 35

mm in detector plane

THD shot N121005

60-200 keV

30 ym
tilted Au Imploded THD fuel
wire scatters X-rays




otispotilooks quite round!

DT shot N120716
Bang time

~ 2 mm diameter

13JE/r = 2013-046423s1 L7



Mix

The capsule tent perturbs the implosion

Stalk-Mounted (~ 30 pm) Capsule
cecinll
I :\ .

Ablation fr?_'i__————k\

instability

Tent-Mounted (~ 100 nm) Capsule
L TR

Mix radiates and
cools hot spot

Sy




Die meisten Experimente zeigen noch
Asymmetrie des hot spot
reduzierte Effizienz des inneren Strahlen + P4

TECHNISCHE
UNIVERSITAT
DARMSTADT

... IS Mother Nature trying to tell us the right answer
with these toroidal hot-spots?




Erstmals gute Ubereinstimmung mit den TECHNISCHE
Rechnungen (YOC) DARMSTADT
1— . . . . . " Beginn der alpha-Teilchen Heizung
I 130812 ] LF | . -
S Sl | | o HE | wird sichtbar
130710 N130530: out of spec ice (large m=1 mode) 1
. N130802: longer +700 hohlraum . 20 — High-foot ‘
oo " 18- B = Low-foot
B
O 01l -5 Using a hohlraum drive that is ] 16} $ = Range of Eprtotal
g : "calibrated” to tuning experiments | N130927
o (shock, shape, trajectory, etc.) ¥
S
I r—D:mS 120213 % 12
120821 120311 5 O T_,
= o N130812 <3‘3\e\55
0.01L 120422 .g 8l ’ e@/\}\/ ,\!(e\d
'_|120405 - ‘(\/6/ - ; 6‘\0(\
= 6r (<
0 2 4 6 8 10 12 14
CH mix fraction (at%) Plot from P. Patel 4 N13071 P
27 N130501
0 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

Compression yield (kJ)

E, = 150 kJ

blator absorbed ~
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13-17 MeV

M downscattered

M primary

e

13-17 MeV (red) overiaid on 6-12 MeV/ (biue)
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6-12 MeV




. . i y% TECHNISCHE
Resultat seit der NATURE Veroéffentlichung L onwersi

@ DARMSTADT

i

30 ' ' 1 1 1 1 1 1 L [ T [ [ [ [ [ [ [ [ [
Yield from fuel compression
Yield from self heating
251 7
9.3 x 10"> n mit 11.5 kJ Kompression und 14.5 kJ Selbstheizung
NIF betritt das Gebiet der Selbstheizungsdominierten Physik
20 7

Yield (kJ)
o
|

N130927 [390 TWV, 1.8 MJ] High-foot
Energycompression =7.7 kJ \
107 Energyalpha_heating = 6.6 kJ X . : i —
B+ NIC (Low-foot) — —
OO OTOITNMANLO™LIOMNMO O rOANAMNANOOONOOO ™ rOONANMNOANOO
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Weitergehende Ansatze sl
DARMSTADT

Verbessertes Hohlraum Design (Rugby Hohlraum)

Optimierter Energietransfer aussere zu innere Strahlen -> Form der Implosion
Optimierte Adiabate (zwischen 2.6und 1.5)

Diamant- Ablator, dunnerer Ablator

Optimierte, isobarische Zundung (e.g. mit 2m)

Double shell (non-cryo solution?)
Elektronen Fast Ignition (mit oder ohne Cone)
Protonen Fast Ignition (20167)

WARUM?

 kleinere Infrastruktur; hoherer Gain;

» Verbesserte Toleranz gegen Laser/Target Nichtidealitaten
* Breitere Basis fur Grundlagenforschung

» Moglichkeit Tritium zu vermeiden (oder zu reduzieren)

Fur 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

I I INABTLE My Karnphyss
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Als Fast Ignitor wird untersucht:
Elektronen, Protonen und lonen, mit Konus und Schock-Ignition

TECHNISCHE
UNIVERSITAT
DARMSTADT

Short pulse laser beam

Channeling concept

Fusion capsule 0.14 cm of radius with 0.8mg of DT

Au lateral walls: 40 microns

Au beam window: 10 microns

Heavy ion beams
Bi+ at 3.5 GeV

Hole

u agm 6.4 mm
boring { \ Ignition
10 Foam converters ; .
ps A) Au 0.3 gr/cc h '
. ! 10 mm i
B) Be dopped with Au 0.02 gr/cc | \’,
C) Be 0.02 gr/cc / ,
o0 i) L
400 o  |lgnitor shock|-
NIF has the capability and precision necessary to perform - 50 % } )
ignition studies M / 1
2 0 O 18 mFo:I%rgzs:;t;;ssrggﬁr;gga Precison a:;:l;::caigilﬁtsytuning n 40 Density
)
— — 5 contours at
% % £ time of
= = 0 ™ shock
— — . .
collision

-200

+ Careful pulse shaping: & ~85% of the capsule shell areal density (nt) required for ignition

+ Neutron yield: within a factor of ~5 of significant a-heating

20 30 40 50 60
R {microns)

+ Prospects: HDC ablator, higher adiabat implosion, simpler implosion, improved hohlraum

-400
400 400 -200 0 200 400

y /m 2 (um)

200 0 200
Z (um)

400 —
~400

Honrubia et al
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