
LLNL-CONF-679117

Probing Hotspot Conditions in
Spherically Shock Compressed
Matter

B. Bachmann, J. R. Rygg, J. Nilsen, A. L. Kritcher, D. Swift, L.
Divol, J. Gaffney, R. Hatarik, S. Khan, O. L. Landen, N.
Masters, P. Michel, S. Nagel, T. Pardini, G. B. Zimmerman, T.
Doeppner, G. W. Collins, R. W. Falcone, D. Kraus, R. W.
Falcone, S. H. Glenzer, J. Hawreliak, T. Kavka

November 9, 2015

57th APS Division of Plasma Physics
Savannah, GA, United States
November 16, 2015 through November 20, 2015



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



LLNL-PRES-XXXXXX 
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 

Probing	
  Hotspot	
  Condi/ons	
  in	
  Spherically	
  Shock	
  
Compressed	
  Ma:er	
  
57th	
  Annual	
  Mee-ng	
  of	
  the	
  APS	
  Division	
  of	
  Plasma	
  Physics	
  

B.	
  Bachmann1	
  
R.	
  Rygg1,	
  J.	
  Nilsen1,	
  A.	
  Kritcher1,	
  D.	
  SwiD1,	
  L.	
  Divol1,	
  R.	
  W.	
  Falcone2,3,	
  J.	
  Gaffney1,	
  S.	
  H.	
  Glenzer4,	
  
R.	
  Hatarik1,	
  J.	
  Hawreliak5,	
  T.	
  Kavka6,	
  S.	
  Khan1,	
  D.	
  Kraus2,	
  O.	
  L.	
  Landen1,	
  N.	
  Masters1,	
  P.	
  Michel1,	
  

S.	
  Nagel1,	
  T.	
  Pardini1,	
  P.	
  Sterne1,	
  G.	
  B.	
  Zimmerman1,	
  T.	
  Döppner1	
  and	
  G.	
  W.	
  Collins1	
  
1	
  Lawrence	
  Livermore	
  Na/onal	
  Laboratory	
  2	
  University	
  of	
  California,	
  Berkeley	
  3	
  Lawrence	
  Berkeley	
  Na/onal	
  

Laboratory	
  	
  4	
  Stanford	
  Linear	
  Accelerator	
  Na/onal	
  Laboratory	
  5	
  Washington	
  State	
  University	
  6	
  Czech	
  Academy	
  of	
  
Sciences	
  

November 16, 2015 



LLNL-PRES-xxxxxx 

We use spherically converging shock 
waves to reach high pressures >10 Tpa (100Mbar)	
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Shocked	
  Solid	
  Spheres	
  are	
  Hydrodynamically	
  Stable,	
  Unlike	
  
Imploding	
  Capsules 

Capsule implosions 
are prone to 
Hydrodynamic 
instabilities at each 
interface 

Converging 
shockwaves are 
self-symmetrizing 

Shock wave 
Ø  The shock wave keeps 

‘forgetting’ about past 
conditions: it is undergoing 
a damped oscillation 

Ø  We have a self-similar 
system 

SOLID SPHERE CAPSULE 
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What	
  happens	
  in	
  the	
  center? 

Self-Similar Solution for Density, Temperature and Pressure 

before stagnation 
after stagnation 

20 40ps 30 10 1ps 40ps 30 20 10 1ps 1ps 
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⇒  Convergence and reflected shock enhance ρ, T and P 
Where does this break down in a real implosion? 
What will limit the size and burn duration of the observable hotspot? 

see also Guderley, 1942 and 
 Atzeni & Meyer-Ter-Vehn: The Physics of Inertial Fusion 
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Self	
  similar	
  solu/on	
  for	
  imploding	
  shock	
  wave	
  has	
  2	
  “knobs”	
  that	
  
constrain	
  the	
  physics 

ρ => γ	



Ø  A small change in γ 
results in a large change 
in the final density/
compressibility 

Ø  A small change in ξ 
results in a large change 
of the Neutron yield 

⇒  Measuring the density & Neutron yield strongly 
constrains γ and ξ, thus the Equation of State 

-  γ: adiabatic index 
-  ξ: shock strength parameter, 
 

ξ =
r / r0
t / t0

a

YN => ξ	



Observables are consistent with self-
similar solution 
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Shocked	
  Solid	
  Spheres	
  are	
  Hydrodynamically	
  Stable,	
  Unlike	
  
Imploding	
  Capsules 
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Shocked	
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  Spheres	
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Shocked	
  Solid	
  Spheres	
  are	
  Hydrodynamically	
  Stable,	
  Unlike	
  
Imploding	
  Capsules 

CD2 
sphere ⇒  Hotspot shape 
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⇒  Penumbral Imaging allowed to 
image the smallest hotspot 
(10µm (1/e) radius) with the 
highest resolution (1.5µm) on 
the NIF to date 

Bachmann et al., RSI 85, 11D614, 2014  
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Shocked	
  Solid	
  Spheres	
  are	
  Hydrodynamically	
  Stable,	
  Unlike	
  
Imploding	
  Capsules	
  –	
  ADD	
  RESULTS	
  tau,	
  R,	
  T,	
  YN 

Doppler-broadened Neutron 
time-of-flight signal 

CD2 
sphere ⇒  Hotspot shape 
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Bachmann et al., RSI 85, 11D614, 2014  
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Calcula/on	
  of	
  the	
  Hotspot	
  Density 

YN = 1.5 e9 (25% of total, from nTOF) 
R(17%) = 13.2 µm (from Penumbral Imaging) 
t=30ps (x-ray burn width) 
Tmean = 1.6 keV (from self-emission meas.) 

Yn,DD =
nD
2

2Vhs

∫
0

∞

∫ σ v
DD
dVdt

⇒  nCD2,m = 43 g/cc 

YN = 7e9 (total, from nTOF) 
R(17%) = 40 µm (from Guderley model) 
t = 47 ps (Neutron burn width – from Guderley) 
Tmean= 1.0 keV (from nTOF) 

⇒  nCD2,m = 45 g/cc 

•  Small change in γ results in 
large change of density 

•  Small change in shock 
strength results in large 
change of Neutron yield 

⇒  Measuring density & 
neutron yield strongly 
constrains the  
Equation of State 
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We	
  Constrain	
  the	
  Equa/on	
  of	
  State	
  of	
  CD2	
  at	
  Unprecedented	
  
Condi/ons 

Γ=	

 coulomb energy 
kinetic energy  

χ=	

 Interatomic spacing 
DeBroglie Wavelength 

ζ=	

 Interatomic spacing 
Bohr radius 

θ=	

 Thermal Energy                                  
Fermi Energy 

YX=50%: Contour containing 50% of 
the measured x-ray yield (from self-
similar solution) 

YN=50%: Contour containing 50% of 
the measured neutron yield (from 
self-similar solution) 

Phase Diagram of CD2 
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Can	
  we	
  Es/mate	
  the	
  Pressure? 

cs =
K
ρ
≅

γP
ρ

X-ray burn width: 30-40 ps 
X-ray emission radius: 13 µm 
⇒  Characteristic velocity (close to 

sound speed): 13µm/35ps=370km/s 
⇒  Compare Ion sound velocity:  

⇒  e-i equilibration time constant: 200 fs 

cs,ion = γZkBT /mion = 345km / s

Comparison of measured and  expected 
(self-similar model) self-emission 

⇒  Hotspot burn is limited by 
Hydrodynamic time scale 

⇒  P~3.4…3.9 
PPa (34 to 
39 Gbar) 
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Hotspot	
  State	
  Variables	
  Agree	
  Well	
  with	
  Purgatorio	
  EOS 

For the first time, nuclear reac-
tions have been used to cons-
train the Equation of State of 
matter at solar core conditions 

Purgatorio EOS surface (CD2) and hotspot state 
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C: maximum com-
pressibility in a self-
similar implosion 

Purgatorio 
EOS surface 




