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September 29, 2013
NIF Breaks Yield Record and Reaches Scientific Breakeven

     At 5:51 this Saturday morning, we successfully completed our next Deuterium-Tritium (DT)cryogenic
layered fuel implosion experiment. All 192 beams delivered 1.82 megajoules of ultraviolet light into the Laser
Entrance Holes (LEHs) in the target. The peak power was 395 trillion watts. Excellent target diagnostic data
was obtained and data analysis has started.
     Initial indications are this shot provided a record neutron yield of ~5x1015 neutrons (~14 kJ), almost 75%
higher than the last record DT implosion yield.
     More importantly, the self-generated energy of this target exceeded the input energy of the imploding DT
fuel. This is called scientific break-even. The amplification of the yield by nearly a factor of two as a result of
“self-heating” is a clear demonstration of the mechanism that is needed to achieve ignition.
    Saturday’s shot was the latest in a series of carefully designed and incremental ignition experiments that
have increased the yield more than five-fold since the first high foot DT experiment in May of 2013. This
increase in yield has resulted both because the hydrodynamic compression energy going into the hot spot
has gone up, and because of yield boost due to the additional “self-heating”. This comes about because the
alpha particles, helium nuclei that are a by-product of the fusion process, deposit energy into the burning
core increasing the rate of burn. This feedback process – more alphas result in more yield producing more
alphas - is the mechanism that leads to ignition. This series of experiments has clearly demonstrated the
beginnings of this process.
     Two memorable quotes are from leading fusion researcher Riccardo Betti, University of Rochester, saying
simply, “Holy Cow!’ and from Omar Hurricane, this campaign’s lead scientist, “It's going to be a while before
the smile comes off my face”. I think that we all agree.
     The experiment is part of the ongoing “high foot” series of shots designed in a close collaboration
between LLNL’s NIF and WCI scientists. Some interesting facts are that the DT ice layer was nearly flawless
and all aspects of the laser and diagnostics worked as well as ever. There are many other interesting
aspects of this experiment that we will be reporting on as the
data is processed.

Stay tuned.
emoses
                                                                                      [Ed Moses, Associated Director at NIF]
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Best post-NIC shot (Ef  ≈ 10 KJ):
Total Yield: ET  ≈  18 KJ
 ET / Ef  ≈ 1.8
 ET / EL  ≈ 10-2

 ET / Eel  ≈ 3 10-5

Energy balance of NIC and post-NIC

Electrical energy:        Eel ≈ 600 MJ
Laser energy:               EL ≈ 1.8 MJ
En. delivered to fuel:   Ef  ≈ 6 to 12 KJ

Best NIC shots:
Total Yield: ET  ≈  2.5 KJ
ET / Ef  < 1/2
ET / EL  ≈ 1.4 10-3

ET / Eel  ≈ 4 10-6

α-yield:     Eα
  < 0.8 KJ       Eα

  / ET  < 1/3 
Eα

  / Ef  < 1/6       
Eα

  / EL  < 5 10-4        
Eα

  / Eel  < 1.3 10-6  

α-yeld:     Eα
  ≈  9 KJ           

Eα / Ef  ≈ 0.9     
Eα / EL  ≈ 5 10-3    
Eα / Eel  ≈ 1.5 10-5  

N
IF
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E

L En. content: EN >> 1GJ
Expec. yield: Ey ≈ 20 MJ
Ignition: Ey≈ EL ≈ 2 MJ *

*empirical def.
of IGNITION in the
1997 NRC report
on NIF: 
ET/EL≈ Eα/EL = 1 



From laser to fuel: 
how energy is lost

15%

13%

(10% SRS)
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NIC post-NIC

NIC implosion-yield experiments
May 2011 - September 2012



≈ 3 mm

≈ 5 mm wide



John Lindl, Otto Landen, John Edwards, Ed Moses, and NIC Team
Review of the National Ignition Campaign 2009-2012

Physics of Plasmas 21, 020501 (2014)
-72 pages-

NIC Team:
235 LLNL
    9 LLE
   11 LANL
     3 SNL
   16 GA
     7 MIT
     4 AWE
     4 CEA



192 NIF-beams arrangement

λ0 = 351 nm
John Lindl et al., PoP 21, 020501 (2014)



Laser power 
delivered 
vs time
and

its influence 
on implosion
parameters

John Lindl et al. 
PoP 21, 020501 (2014)

energy delivered along 20 ns
in 4 peaks (4 shocks)
with a foot of 10 ns between
the first two peaks

NIC 4-shocks, low-foot pulse:



Beam-to-beam energy cross transfer and balance (1) 

P. Michel et al.
Tuning the implosion symmetry of ICF targets 
via controlled crossed-beam energy transfer
PRL 102, 025004 (2009)

P. Michel et al.
Symmetry tuning via controlled crossed-beam 
energy transfer on the National Ignition Facility
PoP 17, 056305 (2010)

J. D. Moody et al.
Multistep redirection by cross-beam power 
transfer of ultra-high power lasers in a plasma
Nature Phys. 8, 344 (2012)



Beam-to-beam energy cross-transfer and balance (2)

John Lindl et al. 
PoP 21, 020501 (2014)



John Lindl et al., PoP 21, 020501 (2014)

Capsule layers
1 

m
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α-range ≈ 0.3 g/cm2 
GLC @ 4 keV: ρr > 1 g/cm2

ablation
                compression
                                         stagnation
                                                               burnout & confinement

100 Mbar ---------------- 300 Gbar

≈ 100 µm

370 Km/s
mean speed 



Major NIC drawbacks

Parametric instabilties
Energy loss

Fuel pre-heatingHot electrons

Poor YieldHydrodynamic instabilities
Mix

Non-uniform compression Hot-spot shaping

SRS & TPD

Rayleigh-Taylor & Richtmyer-Meshkov



Energy loss

15%
(10% SRS)



[preprint 2014]

Hot electron generation -> fuel pre-heating.1



Hot electron generation -> fuel pre-heating.2
John Lindl et al. 

PoP 21, 020501 (2014)Au K-α

bremsstrahlung



Mixing in the hot-spot
studied 

by X-ray spectroscopy

P. Regan et al. (2013)
LLE Univ. of Rochester
& LLNL 

Mixing of pl ast ic ablator ma ter ia l,  

doped wi th Cu and Ge dop ants ,  

dee p in to the hot spo t of ignit ion-s cal e in erti al 

conf ine ment fus io n impl osions by hydrod ynam ic  

instab il it ies  is  diagn osed w ith x-r ay spec tr oscopy  

on the Na tiona l Ign it ion Faci li ty.  

The amount of hot-s pot mix mass is det ermined  

fro m th e absolute bright ness of the emerg ent  

Cu an d Ge K-sh el l em ission. Th e Cu and Ge  

dopants plac ed at dif fer en t ra di al l oca tio ns in t he  

plas ti c abl ator show the abl at io n front  hydro dyna mic  

instab il it y is prim arily respons ibl e for  hot-sp ot m ix.  

Low neu tron yi elds  and hot -spot m ix mass are o bserve d. 



Hot-spot shaping
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Hurricane recipe:

1. high-foot, 3-shocks, 15-ns
2. improved beam balance
3. mini-quenched DT layer
4. higher He fill density
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“post-Nature” progress.1
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Depleted Uranium 
(DU) hohlraums
T. Doeppner et al., PRL
submitted 2015



“post-Nature” progress.2
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10-15% thinner ablator
Higher implosion veloc.
T. Ma et al., PRL 2015
in publication

proved to be
safe from

instabilities
& mixing

175 µm

165 µm

175 µm

175 µm

same yield
with less

laser energy
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“post-Nature” progress.3

10-15% thinner ablator
& DU hohlraum

still not published

175 µm

165 µm

0 5 10 15 20 25

“post-Nature” progress.4

Full quenched 
solid DT layer

still not published

DU

Au



FUEL ENERGY BALANCE
best shot till Aug. 19, 2014

shot n.o 140304

-> high-foot
-> 3-shocks
-> DU hohlraum
-> full-quench



41
years
later…








