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Direct Drive ICF 
We need DIRECT DRIVE for future reactors

•  Higher gains
•  Smaller laser facilities
•  Simpler  targets  and  simpler  scheme  more  compatible  with  high-

repetition rate operation and requirements of fusion reactors

Unfortunately  Direct  Drive  is  prone  to 
un i formity  problems  and  hydro-
instabilities (Rayleigh-Taylor)

Possible Solution:
Decoupling compression and ignition
è Fast Ignition
è Shock Ignition
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Fuel assembly  is non isobaric 

Low velocity driveV~240 km/s 
Low AR  

80 TW, 250 
kJ pulse 

Ignition 
spike 

Shock Ignition 

•  Scheme proposed by by R. Betti, J.Perkins et al. [PRL 98 
(2007)] and anticipated by V. A. Shcherbakov [Sov. J. 
Plasma Phys. 9(2) 240 (1983)] 

•  A final laser spike launches a converging shock

•  The ignition shock collides with the return shock 
resulting in shock amplification and providing 
conditions for triggering ignition from central hot 
spot

•  RESULTS IN A NON-ISOBARIC FUEL ASSEMBLY

Divergent return shock during
the shell stagnation phase

Shock 
collisions

Ignition-
detonation

Shock spike convergence
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1)  The  compression  phase  does  not  need  to  provide  a  central  hot  spot; 
we can implode a thicker target (low AR) at lower velocity,  much less 
sensitive to hydro instabilities

2)  Non isobaric fuel assembly implies higher gains

In addition RT growth can also 
be mitigated due to: 

-  Strong  radiation  emission 
from  hot  plasma  produced  at  
shock convergence (mitigates 
RT growth at stagnation)

- Competition between 
Rayleigh-Taylor and 
Ritchmayer-Meskhov

Advantages of Shock Ignition



Effect of laser-plasma instabilities at intensities up to ≈ 1016 W/cm2. SRS, SBS 
and TPD. How they develop? How much light do they reflect? 

Hot  electrons  number  and  energy?  What  is  their  effect?  (usually  in  ICF  hot 
electrons  preheat  the  target  and  are  dangerous  …  Here  they  came  at  late 
times,  large  fuel  ρr,  so  they  could  indeed  be  not  harmful  or  even  beneficial, 
increasing  laser-target  coupling  in  presence  of  a  very  extended  plasma 
corona…)

Are  we  really  able  to  couple  the  high-intensity  laser  beam  to  the  payload 
through an extended plasma corona? Are we able to create a strong shock?

What  is  the  effect  of  magnetic  fields,  delocalised  transport,  delocalised 
absorption, thermal smoothing in the overdense region on shock generation at 
high laser intensity?

Unknowns of Shock Ignition

Besoins => diagnostics 

2 VISARs + SOP avec calibration 

Alignement cibles critique : utilisation du SYVIC 
=> Précision requise 50 !m 

Nécessité de connaître le temps zéro 
=> Fiducial ? 

Alignement des diagnostics face AR (VISAR et SOP) 
=> Fente des streaks sur diamètre de la & sphère 

Cible – partie plane 

Cible – partie sphérique 

VISAR, SOP 



A  variety  of  diagnostics  is  needed  to  allow  detecting  the 
complex physics involved in shock ignition

Diagnostics  for  shock  dynamics  (SOP,  VISAR,  X-ray 
radiography)

Diagnostics for hot electrons 

Diagnostics for the onset of parametric instabilities

Etc. etc.

Diagnostics for Shock Ignition

Experiments in planar geometry allow unrevealing much of the physics of shock 
ignition.  Experiments   have  been  done  in  European  Laser  Facilities  like  PALS, 
LULI, LIL, etc..

See	
   review	
   paper:	
   D.Batani,	
   S.Baton,	
   A.Casner,	
   S.Depierreux,	
   M.Hohenberger,	
   O.Klimo,	
  
M.Koenig,	
  C.Labaune,	
  X.Ribeyre,	
  C.Rousseaux,	
  G.Schurtz,	
  W.Theobald,	
  V.Tikhonchuk	
  «Physical	
  
issues	
  in	
  shock	
  igni<on»	
  Nuclear	
  Fusion,	
  54,	
  054009	
  (2014)	
  



 Diagnostics for Shock Dynamics

Shock chronometry 
(SOP: Streaked Optical Pyrometry)

VISAR (Velocity 
Interferometer System for 
Any Reflector)

Time resolved X-ray radiography 
(1D or 2D)



Pre pulse 1ω 

≤ 1014 W/cm2 
produces 1 keV 

plasma 

1016 W/cm2 

Launches a 
strong shock 

3ω or 1ω 
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Experiments at PALS - Prague

The PALS Iodine 
Laser
λ  =1.3 µm  
τ  = 300 ps  
3ω   λ =0.44 µm  
E ≤ 500 J

D.	
  Batani,	
  et	
  al.	
  “Genera<on	
  of	
  High	
  Pressure	
  Shocks	
  relevant	
  to	
  the	
  Shock-­‐
Igni<on	
  Intensity	
  Regime”	
  Physics	
  of	
  Plasmas,	
  21,	
  032710	
  (2014)	
  	
  

Backscattered light 

Hot electrons (Kα of Ti and Cu) 

Main beam at 3ω (0.4 µm)  

Creation beam at 1ω (1,3 µm)  
SOP 

CH Al 

SOP 

Cu 



 Shock chronometry

Stepped	
  target	
  (10	
  µm	
  Al)	
  
with	
  E(3ω)	
  =	
  245	
  J	
  
E	
  pre-­‐pulse	
  =	
  29	
  J,	
  	
  	
  	
  delay	
  prepulse	
  
500	
  ps	
  
D	
  =	
  20.2	
  km/s	
  	
  	
  
⇒ P	
  =	
  6.3	
  Mbar	
  

(Sesame	
  Tables	
  for	
  Al)	
  

603 ps	
  

496 ps	
  

The	
   measurement	
   of	
   shock	
  
velocity	
   provides	
   the	
   value	
   of	
  
shock	
  pressure	
  using	
  an	
  EOS	
  



Measured P at rear side much lower than ablation pressure at front side: 
Shock pressure undergoes a rapid decrease due to: 
      1) 2D effects during propagation
      2) Relaxation waves from front side when laser turns off

We run hydro simulations to match shock breakout time and find that a final pressure 
≤ 10 Mbar corresponds to P ≈ 90 Mbar during interaction. 

Due to impedance mismatch, it increases to 130 Mbar for Al and 210 Mbar for Cu. 

Target 
25 µm CH 
35 µm Al 	
  

0!
!
50!
!
100!
!
150!

 mean velocity µm    0        20        40        60 	
  

Shock chronometry for estimating 
the pressure 



2D Hydro simulations
Explanations ?  
 
Lateral energy transport in the 
overdense region due to the distance 
between absorption region and ablation 
front In our experiment the spot size is 
comparable to the distance between 
critical layer and ablation surface (≈40 
µm vs. ≈100 µm) 
 
Simulations with the same laser 
parameters but larger spot (≥ 400 µm) 
yield pressure ≈ 180 Mbar 
 
 
Lateral heat transport in the 
overdense region is important 
and reduces the shock pressure 
 

Initial ablation pressure ≈ 90 Mbar 
Still << estimation from scaling laws 
P ≈ (η I / λ )2/3 



Simulated	
  SOP	
  images	
  
	
  

“Effect	
  of	
  nonthermal	
  electrons	
  on	
  the	
  shock	
  forma<on	
  in	
  a	
  laser	
  driven	
  plasma”	
  Ph.Nicolaï	
  et	
  al.	
  Phys.	
  Plasmas,	
  22,	
  
042705	
  (2015)	
  

only 2.5% of laser energy was transferred to hot electrons.
The non thermal electrons heat the whole aluminum layer up
to its rear side. This effect is enhanced for a higher hot elec-
tron temperature. Figure 7(b) presents the time evolution of
the target rear side temperature. For the 50 keV hot electrons,
the rear side temperature increases up to 8 eV after 400 ps

and slightly decreases after that up to the moment when the
shock breaks through. This decrease is correlated with the
end of electron pulse combined with the rear side expansion.
The position of the rear side versus time is shown in Fig.
7(c). The hot electron preheat induces an aluminum layer
extension larger than 75%. The density decreases because of
this expansion and consequently the shock velocity increases.
However, the density dependence of the shock velocity, Ds,
varies as q!1=2 and does not compensate the thickness
increase. Assuming an isentropic expansion, the rear side
expansion velocity is 3 Cs, where Cs is the acoustic velocity
defined by the hot electron preheat. The breakout time
depends on the competition between both velocities. In the
present case, the apparent shock breakout time is delayed by
"100 ps ("20%) with only 2.5% of non thermal electrons.

Note that the similar effect of the target preheat on the
laser driven shock waves has already been reported in the
context of equations of state measurements.24 The preheat is
induced by the absorption of X-rays produced in the laser co-
rona region. However, using an aluminum or a plastic foil,
the preheat temperature at the rear side was very low and no
influence on the breakout times has been observed.

The non thermal electron preheat does not allow com-
pletely interpreting the PALS experiment where the breakout
time has to be delayed by "30%. Other processes need to be
taken into account such as the non local heat transport25 or
self generated magnetic fields,26 in a future interpretation on
this experiment.

CONCLUSION

In application to the shock ignition scheme, the non
thermal electrons may modify the shock formation and its
propagation. Their effects can be positive by enhancing the
shock strength6 but could be also detrimental. The competi-
tion depends on the range of these electrons with respect to
the areal density of the target. This range is function of their
energy spectrum, which depends on the laser plasma interac-
tion processes and is, to date, not perfectly established. In
this paper, we consider the hot electron temperatures 30 and
50 keV and the conversion factors from 1% to 20%. These
parameters are chosen according to the experimental21 and
numerical3,27 studies relevant to ICF conditions. We have
shown that the laser-driven-shock strength and the material
compression may decrease because of target preheat by non
thermal electrons. While the laser-driven-shock velocity
increases, the shock breakout time at the rear side may be

FIG. 6. Simulated SOP results for dif-
ferent amount of NTE. The time goes
down. The image on the right corre-
sponds to a change of NTE tempera-
ture from 30 keV to 50 keV.

FIG. 7. (a) Density (solid lines) and plasma temperature (dashed lines) after
200 ps for hot electron temperature of 30 and 50 keV. (b) Rear side plasma
temperature versus time and (c) rear side expansion versus time.
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“Improved”	
  CHIC	
  simula<on	
  code	
  	
  
Better description of absorption (from ray tracing to “thick” gaussian beamlets) [A.Colaïtis et 
al., PRE (2013)] 

Possibility of superimposing many beamlets reproducing the speckle structure of a realistic 
focal spot 

Real time treatment of parametric instabilities and resonant absorption. Calculation of 
back-reflected light and generation of hot electrons (using published scaling laws) 

Hot electrons coupling to hydro (using a reduced fast kinetic “M1” transport model [M.Touati, 
et al., New J. Phys. 16, 073014, 2014)]	
  

A.	
  Colaï<s,	
  et	
  al.	
  
«Coupled	
  
hydrodynamic	
  
model	
  for	
  laser-­‐
plasma	
  interac<on	
  
and	
  hot	
  electron	
  
genera<on»	
  PRE	
  92,	
  
041101(R)	
  (2015)	
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Experiments at LIL and LULI

•  LIL is the prototype of laser Megajoule LMJ
•  Irradiation at 3ω in long pulse (2 ns) up to 15 kJ
•  Random Phase Plates for Gaussian Focal spot
•  Laser intensity up to 4 1015 W/cm2



Experiment at LIL (and LULI)

1 ns  tS~1 ns  

I (W.cm-2 ) 

I1 

I2 

1 ns + 2 x 300 ps 

I (W.cm-2 ) 
I 

Two laser pulses 

1. wo pre-plasma 

2. with pre-plasma 

> 1.3 1014  

≈ 1015   

Two target geometries 

Hemispherical	
  target:	
  
Planar	
  shock	
  	
  
Reduced	
  losses	
  

Planar	
  target:	
  
Divergent	
  shock	
  	
  
Lateral	
  losses	
  

1)  Influence of preplasma 
2)  «Spherical effects» in plane geometry (e.g. absorption at oblique incidence) è PPD 
3)  «Flatten» the shock (better measurements based on X-ray radiography or VISARs) 
4)  Smoothing effects (preparing bipolar shock wave experiments) 

≈ 1015   

Main interest: LIL allows reproducing plasma scale-lengths typical of LMJ



Experimental	
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  data	
  
obtained	
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  and	
  (c)	
  
VISAR	
  with	
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  target.	
  (d)	
  shows	
  
extracted	
  shock	
  veloci<es	
  from	
  VISAR	
  
and	
  SOP	
  and	
  calculated	
  from	
  CHIC	
  

 

 
 

FIG. 2 (color online). Experimental shock propagation data obtained with (a) GOI, (b) SOP and (c) VISAR 
with a planar target. (d) shows extracted shock velocities from VISAR and SOP and calculated from CHIC.  
 

Given the error bars, numerical simulations are in fairly good agreement with experimental 
results. At early times, the calculated velocity seems slightly faster than what observed in the 
experiment. This slight disagreement could be explained by the blanking of quartz just after shock 
breakout, making data analysis more difficult. The shock breakout time into vacuum at the rear side 
of the quartz window, (t ≈ 11 ns) and the spatial shape of shock breakout on the VISAR image (plain 
lines in Fig. 2c) as well as the shape of the self-emission on the GOI image (dashed line in Fig. 2a) 
are properly reproduced by the simulations This means that, using the actual intensity distribution in 
the focal spot, the code correctly predicts the shock strength over the focal spot area as well as its 2D 
propagation. The experimental/numerical agreement in prediction of the shock dynamics and 
velocity for planar target is better than 3 %, indicating a good numerical treatment of laser-target 
interaction and ablation physics. This gives a good confidence in the capability of reproducing shock 
propagation in more complex geometry.  

 

 
 
FIG. 3 (color online). Experimental shock propagation data obtained with (a) VISAR and (b) GOI at t ~ 8 ns 
for an hemispherical target. Table (c) displays a comparison of data obtained from experiment and 2D 
hydrodynamic CHIC code for specific events indicated on the VISAR image in (a). 
 

Fig. 3(a) shows the VISAR image for a hemispherical target. The four specific events indicated 
on the figure relate to: the shock breakout into the quartz (A) and into vacuum (D) for the edge of the 
laser focal spot, outside the hemisphere; the shock breakout into the quartz (B) and into vacuum (C) 
for the focal spot center. Figure 3(b) displays a 2D image of the self-emission taken at t ~ 8 ns. The 
brightest round signal corresponds to self-emission in the axis of the hemisphere. It is centered on a 
weaker signal, corresponding to the self-emission from the shock generated by the wings of the focal 
spot. This also indicates that the laser was well centered on the hemisphere. Table 3(c) summarizes 
the times of these four events, from the experiment and the simulation. Despite the complex 
geometry and target design, we observe a good agreement (better than 3%), not only for the absolute 
times, but also for the shock shape. This is seen with the red and green lines on figure 3(a) 
representing the calculated shock front at shock breakout into quartz and into vacuum respectively 
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representing the calculated shock front at shock breakout into quartz and into vacuum respectively 

Velocity from expt data 

An accurate absolute 
calibration of the SOP 
and an accurate 
knowledge of quartz 
equation of state 
allowsr retrieving the 
shock velocity from 
SOP data	
  



Examples of results (VISAR) 
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     LIL: spherical shot, with pp

E. Le Bel, X.  Ribeyre, J. Breil – visio CELIA/LULI du 27 mai 2014
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     LIL: experimental results

E. Le Bel, X.  Ribeyre, J. Breil – visio CELIA/LULI du 27 mai 2014

Estimation des pressions

Tir PL (W) I (1015W/cm2) Pa (scale law) P2D

# 8pp* plan 4.1012 3.0 119 90

# 9pp* sph 3.9 1012 2.9 117 115

# 10 sph 4.2 1012 3.1 123 120

# 11 plan 4.4 1012 3.2 126 105

# 12 sph 6. 1012 4.4 140 (70% abs) 140

* pp : avec prépalier

- Les pressions sont à considérer à la lumière du max de l’intensité sur cible, variant de 3.9 à 4.4 1015 W.cm-2 pour la 
série de tirs standard, et jusqu’à 6 TW pour le tir 12 Armageddon.

- Les tirs avec pré pallier ont des niveaux de pression inférieurs aux cas ayant un pulse 2 ns carré, étant les tirs ayant 
les plus basses intensités.

Pressures up to 140 Mbar.  
 
Agreement with scaling laws seems reasonable

Intensities up to 4.4 1015 W/cm2 (but this is the max in space and 
time in intensity distribution) 	
  



     Drawbacks of SOP / VISARS
VISAR and SOP become blind at very early time 
because the intense target preheating make the 
material (quartz) opaque

SOP is good for shock chronometry of stepped 
targets are used without a layer of transparent 
material (quartz) on the back 

In order to overcome this problem we tested the 
possibility of using time-resolved X-ray 
radiography as a diagnostics of shock dynamics	
  

 

 
 

FIG
. 2 (color online). Experim

ental shock propagation data obtained w
ith (a) G

O
I, (b) SO

P and (c) V
ISA

R
 

w
ith a planar target. (d) show

s extracted shock velocities from
 V

ISA
R

 and SO
P and calculated from

 C
H

IC
.  

 
G

iven the error bars, num
erical sim

ulations are in fairly good agreem
ent w

ith experim
ental 

results. A
t early tim

es, the calculated velocity seem
s slightly faster than w

hat observed in the 
experim

ent. This slight disagreem
ent could be explained by the blanking of quartz just after shock 

breakout, m
aking data analysis m

ore difficult. The shock breakout tim
e into vacuum

 at the rear side 
of the quartz w

indow
, (t ≈ 11 ns) and the spatial shape of shock breakout on the V

ISA
R

 im
age (plain 

lines in Fig. 2c) as w
ell as the shape of the self-em

ission on the G
O

I im
age (dashed line in Fig. 2a) 

are properly reproduced by the sim
ulations This m

eans that, using the actual intensity distribution in 
the focal spot, the code correctly predicts the shock strength over the focal spot area as w

ell as its 2D
 

propagation. The experim
ental/num

erical agreem
ent in prediction of the shock dynam

ics and 
velocity for planar target is better than 3 %

, indicating a good num
erical treatm

ent of laser-target 
interaction and ablation physics. This gives a good confidence in the capability of reproducing shock 
propagation in m

ore com
plex geom

etry.  
 

 
 FIG

. 3 (color online). Experim
ental shock propagation data obtained w

ith (a) V
ISA

R
 and (b) G

O
I at t ~ 8 ns 

for an hem
ispherical target. Table (c) displays a com

parison of data obtained from
 experim

ent and 2D
 

hydrodynam
ic C

H
IC

 code for specific events indicated on the V
ISA

R
 im

age in (a). 
 

Fig. 3(a) show
s the V

ISA
R

 im
age for a hem

ispherical target. The four specific events indicated 
on the figure relate to: the shock breakout into the quartz (A

) and into vacuum
 (D

) for the edge of the 
laser focal spot, outside the hem

isphere; the shock breakout into the quartz (B
) and into vacuum

 (C
) 

for the focal spot center. Figure 3(b) displays a 2D
 im

age of the self-em
ission taken at t ~ 8 ns. The 

brightest round signal corresponds to self-em
ission in the axis of the hem

isphere. It is centered on a 
w

eaker signal, corresponding to the self-em
ission from

 the shock generated by the w
ings of the focal 

spot. This also indicates that the laser w
as w

ell centered on the hem
isphere. Table 3(c) sum

m
arizes 

the tim
es of these four events, from

 the experim
ent and the sim

ulation. D
espite the com

plex 
geom

etry and target design, w
e observe a good agreem

ent (better than 3%
), not only for the absolute 

tim
es, but also for the shock shape. This is seen w

ith the red and green lines on figure 3(a) 
representing the calculated shock front at shock breakout into quartz and into vacuum

 respectively 

 mean velocity 
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(wire target)Short backlighter 
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Driver beam
(2ω, 2ns) 
 I ~ 1014 
W.cm-2
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IP (imaging plate)

     2D radiography with ps beam
Experimental set-up (LULI)



     Example of results

	
  
Radiography	
  of	
  a	
  target	
  composed	
  of	
  250	
  
microns	
  of	
  SiO2,	
  15	
  microns	
  of	
  Mo,	
  20	
  microns	
  
of	
  CH,	
  a	
  cylinder	
  of	
  500	
  microns	
  diameter	
  and	
  
250	
  of	
  height	
  (laser	
  side).	
  The	
  focal	
  spot	
  was	
  a	
  
Gaussian	
  with	
  400	
  microns	
  diameter,	
  energy	
  
(2ω)	
  =	
  409J,	
  pulse	
  dura<on	
  of	
  2ns.	
  
Radiography	
  used	
  K-­‐a	
  emission	
  from	
  a	
  V	
  
backlighter	
  target	
  irradiated	
  with	
  a	
  short	
  pulse	
  
(1ps)	
  with	
  energy(2ω)	
  =	
  22J,	
  4.7ns	
  amer	
  the	
  
shock	
  crea<on.	
  



  

LULI Radiography

I ~ 2x1015 Wcm-2     Conventional treatment

Abel inversion

Problems:
-  Very noisy
-  Assume parallel beam
-  Does not take into account source size



Filtered Abel inversion Direct Abel inversion 

Abel Inversion	
  



The previously cited 
problems result in 
not good 
reproduction of the 
density profile (not 
consistent with 
hydro simulations 
and with 
experimental 
measurement of 
shock velocity)	
  

Abel Inversion	
  



Cylindrical 
Target

t = 4.7 ns

Synthetic radiographies (DUED)	
  



Synthetic radiographies	
  

Comparison 
of 
measured / 
predicted 
transmission	
  



Hemispherical 
Target

t = 4.7 nst = 2.7 ns

Expt

Simul

Synthetic radiographies	
  



t = 2.7 ns 

Comparison 
of 
measured / 
predicted 
transmission	
  

Synthetic radiographies	
  



Transmission	
  rate	
  of	
  Ti	
  backlighter	
  
beam	
  	
  ~30	
  %	
  

     1D radiography with ns beam
X	
  ray	
  radiography	
  	
  for	
  
<me-­‐resolved	
  imaging	
  of	
  
shock	
  propaga<on	
  
Laser	
  GEKKO	
  Osaka	
  Univ	
  
	
  
	
  
Shock	
  produced	
  inside	
  	
  
Beryllium	
  target	
  (100	
  µm)	
  
	
  
	
  
Ti	
  foil	
  used	
  as	
  X-­‐ray	
  
backlighter	
  
	
  
Image	
  is	
  <me	
  resolved	
  by	
  an	
  
X-­‐ray	
  streak	
  camera	
  couple	
  to	
  
a	
  pin-­‐hole	
  



Space 

2nd	
  shock	
  front	
  

Spa:al	
  
backlighter	
  	
  
profile	
  

tim
e 

Space 
7,

8 
ns

 

100 µm 
Be target region 

1st	
  shock	
  
front	
  	
  

Radiography	
  image	
  (raw)	
  

3	
  spots	
  of	
  	
  
backlighter	
  	
  
beams	
  

     1D radiography with ns beam

The	
  knowledge	
  of	
  the	
  
spa:al	
  and	
  temporal	
  
profiles	
  of	
  the	
  X-­‐ray	
  
backligh:ng	
  source	
  allow	
  
for	
  image	
  deconvolu:on	
  



The image is normalized using spatial and temporal profiles of backlighter emission.

Average shock speed 19 km/s in agreement with hydro simulations

100 µm 
Be target region 

2,9	
  (ns)	
  

100 µm 
Be target region 

Radiography	
  image	
  (raw)	
   Radiography	
  image	
  (normalized)	
  

tim
e 

Space 

7,
8 

ns
 

10,7	
  (ns)	
  

shock	
  
front	
  	
  

tim
e 

7,
8 

ns
 

3	
  spots	
  of	
  	
  
backlighter	
  	
  
beams	
  

     1D radiography with ns beam



Experimental result vs simulation	


10,7 (ns) 

1st Shock launch 

Self-emission intensity 
on the front surface 100 mm 

0 (ns) 

2nd Shock launch 

7,8 ns 

10,0 ns 

2,0 ns 

Migration of irradiated surface 

1st shock front  
 19 km/s 	


2nd shock front 
 17km/s 	


2,9 (ns) 

Ti
m
e	
  
(n
s)
	


Intensity [arb. unit] 
Space 

The	
  code	
  CHIC	
  reproduces	
  the	
  hydrodynamics	
  of	
  this	
  experience.	
  



In	
  order	
  to	
  understand	
  the	
  physics	
  of	
  Shock	
  Igni:on	
  we	
  require	
  a	
  variety	
  
of	
  diagnos:cs	
  
	
  
Concerning	
  shock	
  dynamics,	
  SOP	
  and	
  VISAR	
  allows	
  reconstruc:ng	
  the	
  
chronometry	
  and	
  the	
  velocity	
  of	
  the	
  shock	
  (i.e.	
  to	
  infer	
  the	
  pressure	
  at	
  
any	
  :me)	
  	
  
	
  
However	
  they	
  might	
  be	
  blinded	
  by	
  the	
  intense	
  prehea:ng	
  associated	
  to	
  	
  
Hot	
  electrons	
  /	
  X-­‐rays	
  from	
  the	
  corona	
  /	
  strong	
  shock	
  precursor	
  
	
  
Radiography	
  allow	
  to	
  follow	
  shock	
  dynamics	
  and	
  to	
  measure	
  
compression.	
  However	
  care	
  must	
  be	
  taken	
  in	
  the	
  interpreta:on	
  of	
  
radiographic	
  images.	
  
In	
  any	
  case	
  it	
  is	
  difficult	
  to	
  evidence	
  the	
  presence	
  of	
  successive	
  shocks	
  
following	
  the	
  first	
  one	
  

Conclusions	
  



S.Baton	
  (LULI,	
  Ecole	
  Polytechnique,	
  France)	
  
	
  
S.Atzeni,	
  L.Antonelli	
  (University	
  of	
  Rome	
  “La	
  Sapienza”,	
  Italy)	
  
	
  
E.Lebel,	
  Ph.Nicolai,	
  A.Colai:s,	
  V.Tikhonchuk	
  (CELIA,	
  Bordeaux,	
  France)	
  
	
  
E.Krousky,	
  O.Renner	
  (PALS,	
  Prague,	
  Czech	
  Republic)	
  
	
  
K.Shighemori	
  (ILE,	
  University	
  of	
  Osaka,	
  Japan)	
  
	
  
S.Brygoo,	
  C.Rosseaux	
  (CEA,	
  Bruyeres,	
  France)	
  

Many thanks to the main collaborators:	
  





Laser Megajoule	
  

Nd:glass
2 MJ
10 ns
160 beams

Goal:
Performing shock ignition demonstration experiments 

≥ 20% of shots will be allocated for civilian academic research 
oriented towards fusion for energy
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Beam position 

40 quads pattern : - uses quad splitting, defocusing and repointing (Polar Drive) 

 80 beams for compression + spike (PDD)   3.8 kJ,     

 80 beams for spike only (DD, tight focus)    0.75 kJ 

1 LMJ Quad 
formed from 4 
40x40 (cm) 
beams 

May be split 
and 
repointed on  
a sphere for 
optimal 
illumination 

Polar Direct Drive (PDD)

“combined”	
  approach:	
  no	
  beam	
  is	
  only	
  used	
  for	
  compression	
  

An	
  example	
  of	
  how	
  it	
  can	
  be	
  done…	
  



  300 Mbar demonstrated on Omega

pressure of !300Mbar (Refs. 4 and 12). If the classical model
is used for extrapolation, absorbed laser intensities of at least
!4"1015W/cm2 are required to launch sufficiently strong
shocks on the target surface. Another critical issue is that
laser–plasma instabilities play an important role. Laser–
plasma instabilities13 such as stimulated Brillouin scattering
(SBS),14,15 stimulated Raman scattering (SRS),16 and the two-
plasmon-decay (TPD) instability17,18 are of concern in an igni-
tion target design for two reasons: The instabilities generate
energetic electrons that might preheat the shell, thereby reduc-
ing the final core compression; they also might increase the
back-reflection of the laser light from the target, further
degrading the laser–energy coupling to the capsule.

The physics of laser-spike absorption, ablation pressure
generation, and hot-electron production are the major
unknowns in the SI concept. Dedicated experiments must test
the scaling of ablation pressure with SI-relevant spike inten-
sity since there are currently insufficient experimental data.
Only a few experiments have been performed to study laser-
driven shocks in a relevant intensity regime.19–21 However,
these experiments utilized planar targets that severely limit
the attainable ablation pressure because of lateral heat losses
from the laser spot. A spherical geometry would be more rele-
vant for SI and would minimize lateral heat losses, leading to
higher pressures. Experiments on LULI19 and OMEGA20

applied optical diagnostics to measure the shock-propagation
velocity in a planar quartz witness sample layer. The shock
breakout time at the target’s rear surface was used as a metric
to infer the peak ablation pressure on the laser-interaction side
by comparing the breakout time to predictions from 2-D radia-
tion–hydrodynamic simulations. Peak ablation pressures of
!40 Mbar were reached on LULI with 0.53-lm-wavelength
laser light at an intensity of !1" 1015 W/cm2 and !75 Mbar
on OMEGA with 0.35-lm-wavelength laser light and an
absorbed intensity of 1.2" 1015W/cm2. Experiments at the
Prague Asterix Laser Facility used the measured self-emission
of the shock after breakout to infer shock pressures of up to
90 Mbar for intensities <1016 W/cm2 and a 0.43-lm wave-
length (Ref. 21). Recent OMEGA experiments have been
more relevant to SI in terms of applying a spherical geometry
and higher laser intensities. OMEGA laser beams irradiated
solid plastic spheres at intensities well above 1015W/cm2. An
important finding was that the ablation and shock pressures
scale stronger than linearly with the laser intensity,22 in con-
trast to what is expected from the classical model.
Laser–plasma instabilities produce copious amounts of hot
electrons at incident laser intensities of >3" 1015 W/cm2, sig-
nificantly enhancing the shock wave.

In this paper, we demonstrate the generation of ablation
pressures of up to !400 Mbar in spherical strong-shock (SSS)
experiments on the OMEGA laser, which is an important mile-
stone for the SI concept. This is crucial to developing a robust
SI target design for the National Ignition Facility (NIF).23 The
SSS experiments investigate the strength of the ablation pres-
sure and the hot-electron production with overlapping incident
beam laser intensities of !2 to 6" 1015 W/cm2. The primary
observable is the timing of the x-ray flash from shock conver-
gence in the center of a solid plastic target. This information
is used in radiation–hydrodynamic simulations that are

constrained by the experimental results to infer the ablation
and shock pressures. The convergent geometry causes a large
enhancement of the shock strength in the center of the solid
target,24 achieving multi-Gbar levels. The results are therefore
also relevant to the development of a direct-drive platform to
study material properties under extreme pressures by placing
materials of interest at the center of the sphere and compress-
ing the sample material to Gbar pressures by the convergent
shock. Similar experiments have been proposed in indirect
drive on the NIF to measure the equation of state and opacities
of matter at Gbar pressures.25

The paper is organized as follows: Sec. II presents the
experimental setup including a description of the target, the
laser conditions, and the diagnostics. Section III describes
the experimental results from the x-ray emission, the hot-
electron characterization, and the laser backscattering.
Radiation–hydrodynamic simulations (presented in Sec. IV)
are used to infer the ablation and shock pressures. The paper
concludes in Sec. V with a discussion and an extrapolation
of the ablation pressure for the NIF target design.

II. EXPERIMENTAL SETUP

Figure 1 shows a schematic of the experimental strong-
shock platform. The 60 UV beams (0.351-lm-wavelength)
from the OMEGA laser26 are focused to a high intensity
(overlapping beam intensity of !6" 1015 W/cm2) on the sur-
face of a solid target. The beams launch a spherical shock
wave that converges in the center, heating a small volume (ra-
dius <10 lm) to temperatures of several hundred eV. At the
time of shock convergence, a short burst of x rays emitted
from the target is detected with an x-ray framing camera
(XRFC)27 and a streaked x-ray spectrometer (SXS).28 The hot
electrons are characterized from the measured hard x-ray
bremsstrahlung emission. Laser-backscatter diagnostics pro-
vide measurements of the absorbed laser power and the spec-
trally and temporally resolved optical emission generated by
laser–plasma instabilities.

FIG. 1. Schematic of the experimental OMEGA platform that is used to
study the generation of strong shocks and hot-electrons at shock-ignition-rel-
evant laser intensities. A spherical shock wave is generated in a solid target,
which converges in the center, producing a short burst of x rays that is
detected with a framing camera and a streaked spectrometer. The hot elec-
trons are characterized from the measured hard x-ray bremsstrahlung emis-
sion. The scattered laser light is measured temporally and spectrally
resolved at different locations around the target to infer information on the
laser–plasma instabilities and the total amount of absorbed laser energy.
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based on the OMEGA experiments, which is favorable for
shock ignition. The extrapolation of the ablation pressure as
a function of the absorbed laser intensity is given by
PaðMbarÞ ¼ 90 I1:2

15 (Ref. 22). The red point denotes the
required ablation pressure for the 700-kJ NIF shock-ignition
design presented in Ref. 12. Based on this extrapolation,
ablation pressures exceeding 800 Mbar are expected at
absorbed intensities of 6$ 1015 W/cm2, which would exceed
the required 600 Mbar by %30%. The current OMEGA
experiments were conducted, however, at a shorter density
scale length—about a factor of 3 shorter than required for
the 700-kJ NIF shock-ignition design. Further experiments
on the NIF are required to study the ablation pressure scaling
for longer density scale length.

In summary, peak ablation pressures of close to %400 Mbar
have been produced on OMEGA using small solid spherical
targets that were irradiated at high incident laser intensities
(up to 6$ 1015 W/cm2) in a regime that is relevant for shock
ignition. The strength of the shocks was assessed from the
timing of the x-ray flash produced from the shock conver-
gence at the target center. Large amounts of hot electrons
were produced that deposited their energy (up to 2.3 kJ) in
the target and significantly enhanced (by up to %50%) the
shock strength. Spectrally and temporally resolved measure-
ments of the backscattered light indicate that stimulated
Raman scattering appears to be the dominant generation
mechanism of the hot electrons. Measurements of the timing
and magnitude of the x-ray flash and the hot-electron fraction
demonstrate the enhancement of the shock strength from hot
electrons. The extrapolation of the OMEGA results to the
condition required for shock ignition on the NIF looks
promising.
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crystals are the Quartz 21–31, 2d spacing: 3.082 Å, for which
Bragg angle for CuK-a radiation at 8.047keV is 88.631 and the
quartz 203, for Ti K-alpha.

The quartz 21–31 for Cu is the most widely used because of the
relatively high ionization potential of the Cu K-shell (8979 eV)
that allows one to image the radiation produced by higher energy
electrons.

2.1. Spatial resolution

The main optical limitation to the resolution is due to
astigmatism aberration, which is always present when the source
is off-axis (see Fig. 2). The resolution is therefore dependent on
the Bragg angle, the optics diameter, and the magnification in the
following way:

s¼ ðMþ1Þð1%sinWBÞ
D
M

ð5Þ

where M is the system magnification and D the diameter of the
aperture in front of the crystal.

For a typical alignment setup, the optical resolution is &5mm
whence the measured value is often larger, typically between
10 and 20mm. This difference is explained taking into account the
crystal bending process. This process indeed introduces some
cracks in the crystal, resulting in a mosaic structure affecting the
spherical geometry.

Therefore the maximum allowed resolution is directly related
to the quality of bending; in case of an almost perfect bending,
a resolution of 3mm has been demonstrated.

3. Measurements

In this section we give some examples of measurements on the
fast electron beam using the spherically bent crystal.

3.1. Fast electron penetration depth

The fast electron penetration depth in target material can be
measured using multi-layer targets. The first layer is made by the
material we want to investigate, followed by a thin (1–2mm) Cu
tracer layer and finally by a quite thick (10mm) layer constituted
by the same material as the first one, in order to prevent signal
coming from refluxing electrons. Varying the thickness of the first
layer, it is possible to measure the fast electron penetration depth
integrating the K-a signal obtained for each overcoating thickness
and fitting it with an exponential function like

f ðxÞ ¼ Ae%x=l ð6Þ

with l being the penetration depth.
Coupling this measurement with a computational model, it is

possible to determine the fast electron average temperature [4].

3.2. Spreading angle and spatial information

Another very important feature for the fast ignition scheme is
the fast electron spreading angle. Indeed, only if the fast electron
beam is well collimated it will be possible to concentrate the
energy to a small spot to ignite the fuel. To determine this value,
it is necessary to measure the K-a spot size for different
overcoatings. Typical spreading angle values are 40–501.

The use of sophisticated targets, such as plain cone targets or
cone attached targets, requires very precise spatial information on
the laser interaction point inside the cone and on the fast electron
transport through the cone tip. The spherically bent crystal
allowed one to image the laser–cone interaction point and to
understand that high contrast lasers (2o) will interact deeper
inside the cone (see Fig. 3), leading to a better energy coupling
and resulting in a higher background electron temperature [5].

3.3. Laser to electrons conversion efficiency

Another important information is the total number of fast
electrons produced in the laser plasma interaction. To calculate
this value it is first of all necessary to determine the total number
of K-a photons produced:

NK ' 4pr2NcountsE
%1
Ka e%1: ð7Þ

where NK is the total number of K-a photons, r the distance
between the crystal and the source, Ncounts the total number of
counts measured by the detector (CCD or image plate), EKa the
number of counts corresponding to the energy of the K-a photon,
and e the quantum efficiency of the detector.

This value is related to the number of fast electrons reaching
the tracer layer times the K-shell ionization cross-section by the
following relation:

NK ¼
Z 1

EK

nCuDxoKsðEÞNe- ðxÞf ðE; xÞdE ð8Þ

where nCu is the number density of Cu, oK the fluorescence of the
K-shell, Dx the thickness of the Cu tracer layer, s(E) the K-shell
ionization cross-section, Ne%(x) the total number of fast electrons
reaching the tracer layer, and f(E,x) the normalized fast electron
energy distribution function.

We know from Section 3.1 that the number of electrons
reaching the tracer layer is related to the initial total number of

Fig. 1. Schematic of the spherically bent crystal in imaging configuration.

Fig. 2. Spherically bent mirror with off-axis source, the astigmatism results in two
focal points, the meriodional and the sagittal. The maximum resolution is obtained
in an intermediate point, corresponding to the circle of least confusion.
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Figure 4: Comparison between experimental (3! and 1!) and simulated ratio between Ti and Cu K↵ intensities.

Figure 5: Same as Fig. 4 but zoomed over the overlap area between experimental data at 3! and simulations.
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     LIL: backscattering
First conclusions:

• Low Backscattering:
≤ 5% of total laser energy 
≤ 8% of energy within Ø500 μm spot.

• Less energy backscattered with spherical 
targets (a factor of 2x in total, with NBI) 
and of  3x within the lens cone (f/8).

• Little differences with or without 
preplasma

• ≈1/3 SRS and 2/3 SBS within f/8, i.e. 
typically ≤ 3% SBS and ≤ 1.5% SRS (no SRS 
measurement by the NBI and about 1.5-2% 
of SBS out of the lens cone)
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Remarques)préliminaires):)
*
•*Peu)de)rétrodiffusion):)cela*recoupe*les*mesures*du*
LULI*(2010).*Au*total*dans*le*DRED*(f/8),*moins*de*5%*si*
normalisé* par* rapport* à* l'énergie* totale* sur* cible*
(dessin),* et* moins* de* 8%* si* normalisé* par* rapport* à*
l'énergie*dans*Ø500*µm.*
*
•*Sytéma&quement*moins*de* rétro*en*hémisphérique*
par*rapport*à*la*cible*plane,*d'un*facteur*de*2x*(au*total*
avec*NBI)*à*3x*(si*que*f/8).*
*
•* Peu* de* différence* entre* l'impulsion* carrée* ou* avec*
palier,*que*la*cible*soit*plane*ou*hémisphérique.*
*
•*Avec*10*kJ,*de*l'ordre*de*1/3*SRS*et*2/3*SBS*dans*f/8,*
soit*typiquement*≤*3%*SBS*et*≤*1,5%*SRS*dans*f/8*(pas*
de* mesure* SRS* en* imagerie* NBI).* Environ* 1.5/2%* de*
SBS/spéculaire*hors*cone.**

NBI%:%near%backsca/ered%imaging%(rétro*hors*axe,*3ω*seulement,*pas*de*mesure*SRS*hors*axe).*

Mesure*de*réflec&vité*Raman*(f/8),*Brillouin*(f/8*et*hors*axe)*des*&rs*ILP/LIL*:*moyennes*par*
type*de*cible/impulsion,*avec*~*10*kJ*incidents*
*


