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Advances in laser/pulsed power drivers and related simulation, 

diagnostic, and other capabilities enable exciting new opportunities 

for scientific discovery 

2 

• “Science on (NIF, Omega, Jupiter, Z,…) science is  more than HED science” 

1492



2003 NRC Report on High Energy Density Physics 

defines HED science as P> 1 Mbar (1011 J/m3) 
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NIF-

0411-

2145

5.ppt 
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Advances in drivers, diagnostics, targets, and simulation are 

driving evolution of this field worldwide 

ORION (UK) HiPER (EU) 

Vulcan (UK) LMJ (France) 

SG-III (China) FIREX (Japan) UFL-2M (Russia) 

NIF Laser 
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The NIF and Jupiter lasers are the primary HED 

facilities at LLNL 
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NIF 

Large-scale facility for high energy 

applications 

Jupiter 

“Intermediate scale” facility ideal for 

student training 

1495
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Jupiter has operated as a user facility since 2008, with 

112 peer-reviewed publications through FY2012 
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COMET is used by NIF to calibrate and test 

diagnostics 

DANTE 

FFLEX SPBT 

DIXI GXD 

nTOF 
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NIF/Jupiter User Group meeting: Feb. 10-13, 2013; 

approx. 200 attendees, 16 countries 
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Overview of NIF and JLF user communities 

10 10 

Jupiter registered users 

(FY2013) 

459 registered users, 

including 117 students 

University 

Other 

LLNL 
LLNL 

International  

University 

Other national 

labs and Federal 

Private 

sector 

NIF User Group 

membership 

299 members total 

1500



Building Future 

Generations of HED 

Scientists 

Enabling 

Clean Energy 

Advancing 

Frontier Science 

NIF missions 
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Ensuring 

National Security 

1501



Keane - Reinke, Ohio State University, 4/30/13 12 

1502

NIF concentrates all 
192 laser beam 

energy in a football 
stadium-sized facility 

into a mm3 

Temperature >1 08 K 

Radiation 
Temperature >3.5 x 1 06 K 

Densities 



New NIF animation 052209 

2013-049951s2.ppt 
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From relativistic phenomena to ~ 1 eV condensed  

matter physics- NIF allows a wide range of experiments 

14 

Laser Targets 

Wide variety of 

pulse shapes,  

w/ few percent 

reproducibility 

and precision 

(1.855 MJ/533 TW 

exceeds specs) 

Photon and 

particle 

diagnostics w/ 

high spatial, 

temporal, 

spectral 

resolution 

Diagnostics 

Spherical, planar, 

machined 

perturbations, 

exotic materials,.. 

Simulation 

Experimental 

design via target 

and laser 

simulation tools 

NIF will also bring an unprecedented new capability-  

the ability to study burning plasma physics 
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2013-049951s2.ppt 
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2013-049951s2.ppt 18 
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Target 
Chamber 
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1509

In the Target 
Chamber 



NIF has met—and exceeded—its 1.8 MJ, 500 TW 

design specification 

• NIF Laser is operating 24/7 with 

exceptional reproducibility and 

reliability (99%) 

 

• The NIF has intrinsic capability to 

continue on this growth path for 

several more years 

 

 

   

The laser energy and power 

available for experiments have 

been steadily increasing 
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All systems required to 
field and diagnose a 
cryogenic ignition 
target on NIF are 

rational 



Sample ignition 

related platforms 
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Magnetic Recoil 
Spectrometer 

(MRS) 



DANTE 
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Gamma Reaction 
History (GRH) 
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1517

Advanced 
Radiographic 

Capability (ARC) 



FFLEX 
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Four Steps to Ignition 

 

29 29 
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Highlights of progress towards ignition 

30 
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Highlights of progress towards ignition 

31 31 
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We have made good progress towards achieving 

ignition conditions on the NIF 

500-800 g/cc 

50 g/cc 

150 Gbar 

Achieved 

1.3 g/cm 2 
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Hohlraum physics- fraction of laser energy coupled is 

~ 85%, and drive scales as expected 

Laser-hohlraum coupled energy Hohlraum drive vs laser energy 

33 

1523



Pressure scaling with velocity is as expected 

2013-049951s2.ppt 

Experiment progress 

Susceptibility to mix increases 

34 34 

Pressure and velocity in cryogenic layered implosions 

is approaching conditions required for ignition 

1524



The capsule starts at 2mm diameter 

~2 mm 

215 
µm 

2013-049951s2.ppt 

1.1 mm 
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120 µm 

The hot spot viewed in x-ray emission looks 

quite round 

2 mm 

215 
µm 

2013-049951s2.ppt 

Bang time 
DT shot N120716 
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Bang time – 600ps 

P4 “diamond” shape clearly seen during the implosion 

~2 mm 

N121004 

215 
µm 

2013-049951s2.ppt 37 
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Bang time – 300ps 

~2 mm 

N121004 

215 
µm 

Early hot spot 

formation 

2013-049951s2.ppt 

P4 “diamond” shape clearly seen during the implosion 

38 

1528



~2 mm 

Bang time 
N121005 

Compton radiography for stagnated fuel: 

Promising results but improvements needed 

Preliminary 

analysis 

39 
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0 

-0.25 

+0.5 

+1.0 

Significant fuel rR asymmetry measured by neutron 

activation detectors (FNADS) 

2013-049951s2.ppt 

Detector 

locations 

• Average rR ~ 1 g/cm2 

• ~ 50% variations 

Motivates new 2D backlit imaging of the implosion 

Motivates Compton radiography for stagnated fuel shape 

g/cm2 
DrR 

rR map from neutron Activation Detectors 

(90Zr(n,2n)  89Zr) 

40 

1530



ARC 
3w NIF  

without ARC 

NIF Advanced Radiographic Capability (ARC) is 

needed to diagnose evolution of cold fuel shape 

41 

Predicted synthetic images of stagnated DT fuel 

Requires 50-100 keV X-rays 

ARC estimated accuracy in fuel rR ~ 5-10% over ~ 10µm resolution element  

~ 100 µm 

2013-050897s2.ppt 
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Yield correlates strongly with hot spot mix- 

ablation front instability growth appears to be the issue 

43 

Ablation front 

instability 

Mix radiates and 

cools hot spot 

Hot 

Cold 

DT yield vs ablator mix mass in hot spot 

2013-050897s2.ppt 
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Identifying the reasons for the deficit in pressure/performance and developing 

mitigation strategies is a key element of the go-forward experimental plan 

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 

44 
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• The NIF laser and targets have met the highly demanding specifications 

for accuracy and control required by the ignition point design (Rev5) 

 

• The hohlraum X-ray drive exceeded the ignition goal of 300eV accelerating 

implosions up to ~ 350 km/s (goal 370 km/s) 

 

• Fuel rR up to 1.3 g/cm2 were achieved (1.5 g/cm2 goal) 

 

• Nuclear yields are ~ 3-10X from alpha dominated regime  

— hotspot densities, pressures are ~ 2-3X lower than predicted/required 

 

• Performance deficit likely due to combination of low mode X-ray drive 

asymmetry/cold fuel shape, and higher than simulated hydrodynamic 

instability 

 

 

  

2013-049951s2.ppt 

NIF continues to make good progress towards 

achieving the conditions necessary for ignition 

Good progress is being made in developing new experimental 

capabilities to identify the key reasons for the deficit in hot spot 

density, pressure and yield 
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Recent data show that P4 asymmetry can be modified 

by extending the hohlraum length 

P4 shape at ~ 200 µm vs. hohlraum length 

Time dependence of P4 symmetry remains an 

important question 
46 
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Higher adiabat DT layered implosion 

performs closer to 1D 

adiabat ~ 2.3 

(preliminary 

Analysis) 

adiabat ~ 1.5 

1D 

CR ~ 40 

CR ~ 20 

CR ~ 30 

2013-050897s2.ppt 47 2013-050897s2.ppt 
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The principal issues and go-forward strategy were 

summarized in a Dec. 2012 NNSA report to Congress 

and the Science of Fusion Ignition Workshop Report  

  

We welcome and encourage the broader scientific community to engage 

In the ignition science program 

48 
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BASIC RESEARCH DIRECTIONS
for User Science at the National Ignition Facility

Report on the National Nuclear Security Administration – Office of Science 

Workshop on Basic Research Directions on User Science at the National Ignition Facility

Fundamental science on NIF was addressed most 

recently in a 2011 NNSA/Office of Science report 

49 
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NIF fundamental science program started in FY2009 

via existing collaborations 

50 

Equation of state/planetary interiors 

(UC Berkeley, Princeton, LLNL) 

Supernova hydrodynamics- 

radiative effects 

(Univ. of  Michigan, LLNL) 

Examine EOS of compressed 

diamond, iron at pressures up to 50-

100 MBar 

Examine effects of radiation on 

growth of Rayleigh-Taylor 

instability 

1540



NIF has been used to “shocklessly”  

compress carbon to 50 Mbar 

51 

NIF can now recreate the most extreme planetary core 

states in the solar system 

Omega 

ramp 

Ramp compressed carbon on NIF to 50 

Mbar 

S
tr

e
s
s
 (

M
b

a
r)

 

50 

30 

10 

Compression 

1 2 3 

R.F. Smith, J.H. Eggert, D.G. Braun, J.R. Patterson-1, R.E. Rudd, R. Jeanloz, T.S. Duffy, J. Biener, A.E.Lazicki, A.V. Hamza, J. Wang, T. Braun, L.X. Benedict, P.M. 

Celliers, G.W. Collins 

1541



“Meanwhile 

scientists at the 

National Ignition 

Facility in 

Livermore, Calif., 

have squeezed 

diamond to 

record pressures, 

uncovering 

unexpected and 

exotic 

behaviors.” 

52 
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NIF issued a call for proposals for fundamental 

science experiments in FY2010 

FY2010 Call for Proposals 
NIF Science Technical Review 

Committee (TRC) (R. Rosner, Chair) 

NIF fundamental science call was the 

first general proposal issued by NIF and 

provided valuable insight and 

experience for implementing NIF 

governance in support of all missions 

Call for Proposals in 

two major areas: 

• Facility Time 

(44 letters of intent, 

40 full proposals) 

• Concept Development 

($100k maximum 1 year 

awards, 42 proposals) 

1543



Proposals selected in FY2010 call span an exciting 

spectrum of scientific questions 

LLNL UC Berkeley, Carnegie Institution 

Understanding the most 
energetic events in the universe 

Observing new states 
of matter (H) 

GSI/UC Berkeley Florida State University 

Probing the highest energy 
density states on Earth 

How do supernovae 
Explode? 

1544



Proposals selected in FY2010 call span an exciting 

spectrum of scientific questions (cont.) 

CEA/LLNL Osaka Univ./Oxford Univ. 

Large-scale behavior of matter 
in the universe 

Origin of ultra-high energy 
cosmic rays 

Oxford Univ./LLNL LLNL 

Novel phases of compressed 
diamond 

Synthesis of elements heavier 
than iron 

1545



Neutron flux in NIF imploded capsules is 

comparable to supernovae 

The high e, g  and n-flux in a NIF capsule might allow 

us to explore reactions on short-lived nuclear states 

Hot, Dense  

Short Duration 

Dt≈10-11 ps 

Reactions on 

excited states 

Charged-particle 

reactions 
r≈10-1000 g/cm3  

kT=1-100 keV 
≈1017-22cm-2 

High  

Neutron Fluence 

The NIF nuclear diagnostic team has obtained 

data from 58 “ride-along” experiments 
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Energy (MeV) 

 Four collectors mounted on a DIM 

Inferred low-energy neutron 

spectrum similar to that of stars 

198Au/196Au is also a rRfuel diagnostic 

196mAu 
196gAu 

198Au 

Energy (keV) 

1000 

0.0%

0.5%

1.0%
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DSR (10-12/13-15) 

Stellar 

Thermal 

Neutrons  

10-6            10-4           10-2           100 

Production of low energy neutrons  in ICF 

implosions is important for nuclear cross sections 

for astrophysics and ICF ρRfuel diagnostics 

HYDRA 

Calc. 

198Au produced by downscattered 

neutrons-gs counted in B151 

150 200 250 300 350 400 450 500 
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T + T  6He* 

0 MeV 

4He + n 
5He 

En=8.9 MeV 

n 

{ 

ToF [ns] 

P
M

T
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ig
n

a
l 
[V

o
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s
] 

N120904 CHTT (0.14% D) 

n 

The NIF NTOF-20 system has for the first time 

observed the sequential decay of the T+T system in 

a HED plasma   

6He level scheme 
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A tantalizing result: can we observe plasma effects 

on excited state populations? 

 R= 196mAu (J=12) /196gAu (J=2) 

greater on equator vs. pole  

 Direct drive experiments 

with 134Xe proposed 

Xe control sample 

Rpole = 6.37% 

Requator = 

6.95% 
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The first LLNL-CEA  ablative Rayleigh-Taylor 

experiment was conducted on March 21, 2013 

4ns 

7ns 

24ns 

16ns 

0            10        20        30 
0  

20  

40  

P
o

w
e

r 
(T

W
) 

 

Time (ns) 

Laser setting 

Backlighter 

Sidelighter 

• Hohlraum 

background and 

backlighter signal 

level verified to be 

adequate 
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NIF collisionless shock experiment under 

development builds on results from Omega showing 

unexpected self-organizing stable field structures 

DIM90-78 

MACS 

DHe3 Proton 

probe source 

Ge 

doped 

CH foils 

100 kJ, 

3-5 ns 

NIC CPP  

Polar DIM 

CR39 

Design of NIF experiment 

N. Kugland et al., Nature Physics (2012) 

0 ns 

3.7 ns 

5.2 ns 

Images obtained at Omega 

via proton radiography 
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NIF will extend pair-plasma experiments to study of 

charge neutral systems (PI: H. Chen  (LLNL)) 

Bethe-Heitler process is dominant mechanism 

for production of e-/e+ pairs  

Pair number vs. laser energy 

Laser energy (J) 
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NIF pair-plasma experiments will be the culmination of 

a multi-year, worldwide effort 

2013-050913s2.ppt 

Titan laser (LLNL) 

1-10 ps, 100-350 J 

5-10 shots/day  

Omega EP (LLE) 

1-10 ps, up to 1.3 kJ 

5 shots/day  

Gekko (ILE) 

4 beams, 1 ps, ~1 kJ 

Shots in 2012  

NIF ARC (LLNL) 

1-50 ps, up to 10 kJ 

• 9 experiments conducted 

in the past year at Titan, 

Omega, Gekko, Orion (UK) 

• 3 published papers, 2 

submitted 

• 2 theses in progress 
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Streaked radiograph in 90-78 

 

Shock speed reaches   

220 km/s at r = 150 um 

We successfully fielded first NIF Gbar EOS fundamental  

science experiment in early January 2013 (N130103) 

Laser  

entrance  

hole (LEH) 
Gold hohlraum 

with He gas fill   

Solid CH sphere 

(2 mm diameter) 

Streaked 
Radiography 

X-ray Thomson Scattering 

Zn back- 
lighter 

50 mm Au 
shield 

5.75 mm 

184 laser drive  

beams (1.3 MJ) 

Gbar EOS 

Experimental configuration 

radius (mm) 

T
im

e
 (

n
s
) 

24 

22 

26 

28 

20 

Shock  

Front 

0 0.5 0.5 1.0 1.0 

Self 

emission 

N130103 
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First NIF Gbar EOS experiment demonstrated Hugoniot 

measurement at ~10x higher pressures compared to NOVA data 

• More detailed data analysis in 

progress  

 

• N130103 was cryogenic expt., 

previous data at ambient 

temperature 

 

• Need to increase hohlraum 

drive to reach Gbar pressure  

in ingoing shockwave 

 

Further experiments are planned this summer 

Absolute shock Hugoniot measurements 

for CH 

1 
Mass Density [g/cc] 

2 3 4 
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s
s
u
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G
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10-3 

10-2 

101 

10-1 

10-4 

100 (Polystyrene) 1 Gbar 

Physics Goal 

NIF data 

N130103 
Nova data 

R. Cauble et al.,  

PRL 1998  

Ozaki, PoP 2005  

Barrios, PoP 2010  

D. Swift 
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Summary: Science on HED facilities is growing rapidly 

worldwide- please join us! 

ORION (UK) HiPER (EU) 

Vulcan (UK) LMJ (France) 

SG-III (China) FIREX (Japan) UFL-2M (Russia) 

NIF Laser 

1556



67 

1557



NIF will be a leading center for experimental science 

• Leslie will provide this VG 

68 
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The shock front can be clearly identified for 

radii > 150 um 

69 

time 
Doeppner—Science on NIF Technical Review 

Committee,  Jan. 7-8, 2013 

Shock speeds up 

to 220 km/s at r = 

150 um, and up to  

260 km/s at shock 

convergence 

F_Gbar_Gbar_PQ_S01 (N130103) 
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The first university experiments  at NIF were conducted to study effect of 

radiative shock on supernova hydrodynamics 

Integrated experiment will be performed this FY 
70 

Hydrodynamics 

Radiative effects on the Rayleigh-

Taylor instability is relevant to 

core-collapse, red supergiant 

(Kuranz, Park et al) 

(SN simulation by Plewa) 

300 eV 

hohl 
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New results affecting planetary structure 

• Established solid-solid phase 

transition for the first time 

• Metallization above 6 Mbar – dynamo  

  effect possible in deep mantles 

• Unexpectedly large latent heats 

Jupiter/Omega results discovered a new solid-solid phase 

transition in MgO - effect on planetary structure 

Materials 

Stewart, et al. 

Coppari, et al. 
71 
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• Ka emission follows hot electrons in wire 

• Find 2-temperature distribution required 

• Laser-to-hot-electron efficiency measured    

New results on fast ignition 
JLF results on hot electron production 

High intensity interactions 

72 
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The categorization in the 2009 Office of Science “Basic 

Research Needs” report provides an effective means to 

categorize HEDS research 

Major areas of technical interest: 

• High Energy Density Hydrodynamics 

• Magnetized High Energy Density 

Plasma 

• Nonlinear Optics of Plasmas 

• Radiation-Dominated Dynamics and 

Material Properties 

• Relativistic HED Plasmas and Intense 

Beam Physics 

• Warm Dense Matter 

• High-Z Multiply Ionized HED Atomic 

Physics 

• Diagnostics 
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Dramatic improvements in optical damage thresholds 

have been developed to enable high-energy opertions 

Improvement in damage initiation 

at 1.8 MJ, 3 ns 

Improvement in fused silica surface 

finish from 1997 to present 

NIF fluence 

distribution 

at 1.8 MJ  

─ 1997 

─ 2007 

─ AMP2 

─ AMP3 

Progress to produce 

today’s capability 

Can take us further 

2013-

049951s2.ppt 

Keane - Reinke, Ohio 

State University, 4/30/13 
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2003 NRC Report on High Energy Density Physics 

defines HED science as P> 1 Mbar (1011 J/m3) 

Log r(g/cm3) 
   -10                       -5                         0                       5                       10 
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Recent data show that P4 asymmetry can be 

modified by extending the hohlraum length 

Nominal length hohlraum 

-0.3 mm 9.4 mm +0.3 mm 

N121219 N121210 N121218 

+300 mm 

-300 mm 

X-ray drive symmetry must be controlled to the ~1% level 

2013-

049951s2.ppt 

Keane - Reinke, Ohio 

State University, 4/30/13 
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NIF has conducted nearly 1300 shots since start of 

operations in spring 2009 

Keane - Science on NIF 

Technical Review 

Committee, January 7-8, 

2013 

77 

2013-

046143s2.ppt 

Type Purpose Total 

Target shots- Stockpile Stewardship- Inertial 

confinement fusion 
  259 

Program data Stockpile Stewardship- HED science   145 

DOD and other national security     17 

Fundamental science     15 

Target shots- 

Capabilities 
Target diagnostics 

commissioning/calibration; Capability 

development; System qualification 

  191 

Laser shots Laser/optics performance and calibration   661 

Total (through 6/4/13)  1288 
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NIF fundamental science experiments 

78 

Topic PI Last PI Institution 

Carbon and Iron Equation of State 
T. Duffy/ 

R. Jeanloz 
Princeton/UCB 

Supernova hydrodynamics-  Radiative 

Effects (Rad SNRT) 
C. Kuranz Univ. of Michigan 

Novel phases of compressed diamond  
J. Wark/  J. 

Eggert 
Oxford/LLNL 

Nucleosynthesis and the s-process  L. Bernstein LLNL 

Rayleigh-Taylor instability and 

astrophysical implications (merged 

proposal)  

A. Casner/ V. 

Smalyuk 
CEA 

J. Kane LLNL 

Matter at ultra-high densities (merged 

proposal) 

P. Neumayer GSI 

R.Falcone UC Berkeley 

Hydrogen and methane at ultra-high 

pressures (merged proposal) 

R. Jeanloz UC Berkeley 

R. Hemley 
Carnegie Institution of 

Washington 

Diverging Supernova hydrodynamics T. Plewa FSU 

Astrophysical  collisionless shocks 

(merged proposal) 

Y. Sakawa Osaka University 

G. Gregori Univ. of Oxford 

Relativistic pair plasmas H. Chen LLNL 

2013-046143s2.ppt 
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