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Summary

1) What is shock ignition
2) The problem of hot electrons and
Experiments at PALS and Omega-EP

3) Roadmap to shock ignition

(many other experiments in several other facilities:
LIL, LULI, Phelix… Gekko…)
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NIF:nteresting results after

High-foot implosions (O.Hurricane, et al. Nature 2014) have
allowed entering a novel “a-heating regime”

the hohlraum13–16. Although the hotspot shape changes that result
from these wavelength changes can be predicted to some extent17, in
practice the precise wavelengths needed to achieve the desired (that is,
round) shape are found empirically. For N130927, the choice of
l23.5 2 l30 5 0.7 Å between the 23.5u and 30.0u inner-cone beams was
chosen for azimuthal symmetry control, with Dl23.5–outer 5 9.2 Å and
Dl30–outer 5 8.5 Å (the respective laser wavelength differences between
the 23.5u and 30u inner-cone beams and the outer-cone beams) used for
equatorial symmetry control (see Fig. 1 for beam angles). For N131119,
Dl23.5–outer 5 9.5 Å and Dl30–outer 5 8.8 Å. These wavelength choices
were critical for keeping the hotspot shape under control as the implo-
sion was pushed to higher velocities, because previous experiments had
already shown the tendency for the hotspot to deform into an oblate
toroidal shape when laser power was increased3. There are limits to the
amount of control that can be exerted over the hotspot shape just

through wavelength changes alone, and physical changes to the hohl-
raum may also be required in future experiments to maintain hotspot
(and fuel) shapes that will achieve the desired results.

We used a gold hohlraum of 5.75-mm diameter and 9.425-mm
length, which are typical values in most high-foot cryogenic D–T
implosion experiments (Fig. 1). The same hohlraum geometry was
used during the NIC for most of the low-foot shots. As is typical for
the high-foot series, the hohlraum was filled with helium gas of 1.6 mg
cm23 density (as compared with 0.96 mg cm23 for the NIC), the pur-
pose of which is to restrict and delay ingress of gold plasma from the
inside wall of the hohlraum, which can impede laser beam propaga-
tion. The plastic capsule at the centre of the hohlraum for N130927 and
N131119 respectively had outer-shell radii of 1.1315 and 1.1241 mm
and inner-shell radii of 0.9365 and 0.9303 mm (Fig. 1). Layered on the
inner surface of the capsule shell for N130927 and N131119 were 71.4
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Figure 1 | Indirectly driven, inertially confined fusion target for NIF.
a, Schematic NIF ignition target showing a cut-away of the gold hohlraum and
plastic capsule with representative laser bundles incident on the inside surface
of the hohlraum. b, X-ray image of the actual capsule for N130927 with D–T

fuel layer and surrounding CH (carbon–hydrogen) plastic ablator. c, X-ray
radiation drive temperature versus time for the NIC low-foot implosion and the
post-NIC high-foot implosion.

Table 1 | Measured and derived implosion performance metrics
Quantity N131119425 TW

1:9 MJ N130927390 TW
1:8 MJ

N13092725 N13092726 N130927 (sim.)

Y13–15 (neutron) (5.2 6 0.097) 3 1015 (4.4 6 0.11) 3 1015 — — 7.6 3 1015

Tion (keV) D–T 5.0 6 0.2 4.63 6 0.31 — — 4.2
Tion (keV) D–D 4.3 6 0.2 3.77 6 0.2 — — 3.9
DSR (%) 4.0 6 0.4 3.85 6 0.41 — — 4.1
tx (ps) 152.0 6 33.0 161.0 6 33.0 — — 137
P0x, P0n (mm) 35.8 6 1.0, 34 6 4 35.3 6 1.1, 32 6 4 — — 32
P2/P0x 20.34 6 0.039 20.143 6 0.044 — — —
P3/P0x 0.015 6 0.027 20.004 6 0.023 — — —
P4/P0x 20.009 6 0.039 20.05 6 0.023 — — —
Ytotal (neutron) 6.1 3 1015 5.1 3 1015 — — 8.9 3 1015

Efusion (kJ) 17.3 14.4 — — 25.1
rhs (mm) 36.6 35.5 34.4–42.3 35.7–36.0 32.2
(rr)hs (g cm22) 0.12–0.15 0.12–0.18 0.13–0.19 0.1–0.14 0.15
Ehs (kJ) 3.9–4.4 3.5–4.2 3.7–5.5 3.71–4.56 4.1
Ea (kJ) 2.2–2.6 2.0–2.4 2.0–2.4 2.0–2.5 2.8
EDT,total (kJ) 8.5–9.4 10.2–12.0 10.0–13.9 10.92–11.19 13.4
Gfuel 1.8–2.0 1.2–1.4 1.04–1.44 1.28–1.31 1.9

Lines 1–9 for columns 2 and 3 are directly measured quantities; others are derived from the data. Columns 4–6 show results from two data-driven models and simulation, respectively.
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the hohlraum13–16. Although the hotspot shape changes that result
from these wavelength changes can be predicted to some extent17, in
practice the precise wavelengths needed to achieve the desired (that is,
round) shape are found empirically. For N130927, the choice of
l23.5 2 l30 5 0.7 Å between the 23.5u and 30.0u inner-cone beams was
chosen for azimuthal symmetry control, with Dl23.5–outer 5 9.2 Å and
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the 23.5u and 30u inner-cone beams and the outer-cone beams) used for
equatorial symmetry control (see Fig. 1 for beam angles). For N131119,
Dl23.5–outer 5 9.5 Å and Dl30–outer 5 8.8 Å. These wavelength choices
were critical for keeping the hotspot shape under control as the implo-
sion was pushed to higher velocities, because previous experiments had
already shown the tendency for the hotspot to deform into an oblate
toroidal shape when laser power was increased3. There are limits to the
amount of control that can be exerted over the hotspot shape just

through wavelength changes alone, and physical changes to the hohl-
raum may also be required in future experiments to maintain hotspot
(and fuel) shapes that will achieve the desired results.

We used a gold hohlraum of 5.75-mm diameter and 9.425-mm
length, which are typical values in most high-foot cryogenic D–T
implosion experiments (Fig. 1). The same hohlraum geometry was
used during the NIC for most of the low-foot shots. As is typical for
the high-foot series, the hohlraum was filled with helium gas of 1.6 mg
cm23 density (as compared with 0.96 mg cm23 for the NIC), the pur-
pose of which is to restrict and delay ingress of gold plasma from the
inside wall of the hohlraum, which can impede laser beam propaga-
tion. The plastic capsule at the centre of the hohlraum for N130927 and
N131119 respectively had outer-shell radii of 1.1315 and 1.1241 mm
and inner-shell radii of 0.9365 and 0.9303 mm (Fig. 1). Layered on the
inner surface of the capsule shell for N130927 and N131119 were 71.4

Shot
N130927

Au hohlraum 

Cryogenic cooling ring 

Laser
entrance hole  

Inner cone 

Laser quads 

Outer cone 

Low foot 

High foot 
N110914
4 shock  

 300 

 200 

 100 

T r
ad

 (e
V)

 

t (ns) 

 0.0  5.0  10.0  15.0  20.0 
 0.0 

N130927
3 shock  

a b

c

23.5° 23.5° 
30° 30° 

44.5° 44.5° 
50° 50° 

44.5° 44.5° 50° 50° 

30° 30° 
23.5° 23.5° 

50° 50° 

44.5° 44.5° 44.5° 44.5° 

23.5° 
30° 

44.5° 
50° 

44.5° 50° 

30° 
23.5° 

50° 

44.5° 44.5° 
D–T ice layer 

CH ablator graded 
2% Si doped 

2.263 mm 

Figure 1 | Indirectly driven, inertially confined fusion target for NIF.
a, Schematic NIF ignition target showing a cut-away of the gold hohlraum and
plastic capsule with representative laser bundles incident on the inside surface
of the hohlraum. b, X-ray image of the actual capsule for N130927 with D–T

fuel layer and surrounding CH (carbon–hydrogen) plastic ablator. c, X-ray
radiation drive temperature versus time for the NIC low-foot implosion and the
post-NIC high-foot implosion.

Table 1 | Measured and derived implosion performance metrics
Quantity N131119425 TW

1:9 MJ N130927390 TW
1:8 MJ

N13092725 N13092726 N130927 (sim.)

Y13–15 (neutron) (5.2 6 0.097) 3 1015 (4.4 6 0.11) 3 1015 — — 7.6 3 1015

Tion (keV) D–T 5.0 6 0.2 4.63 6 0.31 — — 4.2
Tion (keV) D–D 4.3 6 0.2 3.77 6 0.2 — — 3.9
DSR (%) 4.0 6 0.4 3.85 6 0.41 — — 4.1
tx (ps) 152.0 6 33.0 161.0 6 33.0 — — 137
P0x, P0n (mm) 35.8 6 1.0, 34 6 4 35.3 6 1.1, 32 6 4 — — 32
P2/P0x 20.34 6 0.039 20.143 6 0.044 — — —
P3/P0x 0.015 6 0.027 20.004 6 0.023 — — —
P4/P0x 20.009 6 0.039 20.05 6 0.023 — — —
Ytotal (neutron) 6.1 3 1015 5.1 3 1015 — — 8.9 3 1015

Efusion (kJ) 17.3 14.4 — — 25.1
rhs (mm) 36.6 35.5 34.4–42.3 35.7–36.0 32.2
(rr)hs (g cm22) 0.12–0.15 0.12–0.18 0.13–0.19 0.1–0.14 0.15
Ehs (kJ) 3.9–4.4 3.5–4.2 3.7–5.5 3.71–4.56 4.1
Ea (kJ) 2.2–2.6 2.0–2.4 2.0–2.4 2.0–2.5 2.8
EDT,total (kJ) 8.5–9.4 10.2–12.0 10.0–13.9 10.92–11.19 13.4
Gfuel 1.8–2.0 1.2–1.4 1.04–1.44 1.28–1.31 1.9

Lines 1–9 for columns 2 and 3 are directly measured quantities; others are derived from the data. Columns 4–6 show results from two data-driven models and simulation, respectively.
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O. Hurricane, APS DPP 
meeting (2013) 

High-foot growth-factor calculations and simulations are       
consistent with the expectation of less instability 

The high foot pulse set the imploding
shell on a higher isentrope α (nothing
to do with a-particles) because it
launches stronger shocks in the 
“foot” of the pulse

The best NIF implosions used the High-Foot laser 
pulse that drives stronger shocks in the “foot”

High-foot growth-factor calculations and simulations are consistent 
with the expectation of less instability

γ =
Akg
1+ kL

−βkvabl

Increase with a



Very recent results on NIF

LLNL-PRES-xxxxxx
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We	then	shortened	coast	time	to	600	ps (+10km/s)	
– symmetry	still	OK,	57kJ,	3X	alpha	heating

DT	N170827DT	N170601
Results report: N170601-002-999

Primary Image Reconstruction (90-315)

Scattered (90-315): 6..12 MeV

Composite Image of Best Pointed Pinholes (NIS Scattered)
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Results report: N170827-002-999

Primary Image Reconstruction (90-315)

Scattered (90-315): 6..12 MeV

Composite Image of Best Pointed Pinholes (NIS Scattered)
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N170419-001-999 Equatorial TI Analysis

Results Summary

May.  2, 2017 A. Pak, S.Khan, N.Izumi, T.Ma 2

Kapton Channel
Composition of 3 images
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Direct Drive ICF
1) The impact of hydrodynamic instabilities (Rayleigh-Taylor) is
the main obstacle to achieving ignition in indirect-drive inertial
confinement fusion experiments

2) For future reactors we need DIRECT DRIVE:
• 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 even more
prone to uniformity problems and hydro-
instabilities

Possible Solution:
Decoupling compression and ignition phases

è Fast Ignition
è Shock Ignition



ns adiabatic 
compression

Ignition 
spike 
(a few 

100 ps)

Shock Ignition
• Scheme proposed by R. Betti, J.Perkins et al. [PRL 

98 (2007)] and anticipated by V. A. Shcherbakov 
[Sov.J. Plasma Phys. 9, 240 (1983)]

• Thicker and more massive target
Lower implosion velocity V ≈ 240 km/s

Divergent return shock during
the shell stagnation phase

Shock 
collisions

Ignition-
detonation

Shock spike convergence

• A final laser spike launches a converging shock: at least 300 Mbar at the 
ablation front)

• The ignition shock collides with the return shock and provides the 
necessary amount of energy to trigger ignition from the central hot spot



(a) (b)1000

100 100

1000Unshocked

Y=0.
Shocked

Y=20 MJ

1) Since compression phase does not provide a
central hot spot, we can implode a thicker
target at lower velocity, much less sensitive to
hydro instabilities

2) Non isobaric fuel assembly implies higher gains

Advantages of Shock Ignition

Simulations by S.Atzeni

In addition RT growth can 
also be mitigated due to
competition between 
Rayleigh-Taylor and 
Ritchmayer-Meskhov

p

r r

Shock ignition is compatible with present-day laser technology J



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?

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

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 
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For more information:
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. T. Tikhonchuk
«Physical issues in shock ignition» Nuclear Fusion, 54 (2014) 054009



Difference between classical ablation pressure 
and hot electron driven pressure

S. Guskov, et al. “Ablation Pressure Driven by an Energetic Electron Beam in a Dense Plasma” PRL 109, 255004 (2012)



Summary

1) What is shock ignition
2) The problem of hot electrons and
Experiments at PALS

3) Roadmap to shock ignition
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Pre pulse 1w

≤ 1014 W/cm2

produces 1 keV 
plasma

Drive  3w or 1w

1016 W/cm2

Launches a 
strong shock

1014

1016

1015
Dt

t

IL

Experiments at PALS - Prague

The PALS Iodine Laser
l =1.3 µm t = 300 ps  E = 1500 J
3w   l =0.44 µm E ≤ 500 J

D. Batani, L. Antonelli, V. Tikhonchuk, J. Badziak, K. Jakubowska, Z. Kalinowska, T. Pisarczyk, M. Rosinski, 
G. Cristoforetti, P. Koester, L.A. Gizzi, S. Atzeni, A. Schiavi, M. Skoric, S. Gus’kov, J. Honrubia, J. Limpouch, 
O. Klimo, O. Renner, M. Krus, J. Ullschmied et al. “Progress in understanding the role of hot electrons for 
the shock ignition approach to inertial con nement fusion” Nucl. Fusion 59 (2019) 032012



Laser-Plasma Coupling in the Shock-
Ignition Intensity Regime

Backscattered light

Hot electrons (Kα of Ti and Cu)

Main beam at 1w or 3w

Creation beam at 1w (1,3 µm)

one beam to create the plasma : 1w, 300 ps - 50J, I ~ 1014 W/cm2, RPP Ø 300 µm   

one beam to launch the shock : 1w or 3w, 300 ps - 500 J, I ~ 1016 W/cm2, Ø 100 µm 

CHCu Ti

The CH layer simulates the low-Z 
material of the shell of a pellet.

SOP

CHAl

SOP

Cu

Shock target        Hot electron target

The Al layer is a standard material for shock 
measurements

Cu and Ti used as tracer layer for Ka emission



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 we find that a final 
pressure ≤ 10 Mbar corresponds to a maximum P ≈ 90 Mbar during interaction. 

Target 
25 µm CH 
35 µm Al 

mean velocity

Shock chronometry for estimating 
the pressure (PALS)

0!
!
50!
!
100!
!
150!

µm    0        20        40        60 



2D Hydro simulations

Explanations ? 

Lateral heat transport in the overdense 
region is important and reduces the shock 
pressure
(In our experiment spot size 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

Still simulations reproduce well the trend of 
data but cannot retrieve the expected 
pressure at 1016 W/cm2 (300 Mbar and not 
180 ! )

Initial ablation pressure ≈ 90 Mbar << estimation from scaling laws



What did we forget?

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

Hot electrons may preheat the target material and induce a “preheat pressure” P*. 
This results in:
- Decrease of compression
- Increase of shock velocity (early shock breakout)
- Expansion of target rear side (delayed shock breakout)

The total injected energy is 6 PW/cm2, corresponding to the
sum of the electron and the laser contributions by simply
adding both beams. These graphs can be directly compared
with Figure 2. While the pressure maximum is higher than
with only the laser beam, the density compression is clearly
weaker. In fact, the plastic compression decreases with time,
while the pressure increases. This unexpected behavior is
due to the non thermal electrons, which preheat the target,
increasing upstream pressure P0. Although in all simulations
realistic equations of state have been used, this fact can be
explained by considering an ideal gas equation of state with
a polytropic index c. From the Rankine-Hugoniot equa-
tions,22 the post shock density reads23

q! ¼ q0

c þ 1ð ÞP! þ c & 1ð ÞP0

c þ 1ð ÞP0 þ c & 1ð ÞP!
: (4)

For a given laser-driven pressure P!, an increase of the
upstream pressure P0 reduces the shock strength and conse-
quently the compression. For c ¼ 5

3, given P! ¼ 2P0, yields
q! ¼ 3

2 q0, whatever the laser-driven pressure P! is. The
supra-thermal electrons in this example are continuously pre-
heating plastic in front of the shock, thus increasing P0 and
decreasing the compression.

Interestingly, despite the reduced shock strength, its ve-
locity is enhanced. Indeed, the shock velocity writes

Ds ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c þ 1ð ÞP! þ c & 1ð ÞP0

2q0

s

: (5)

By increasing the upstream pressure, one accelerates the
shock propagating through the target as shown after 200 ps
in Fig. 4. This effect of the target preheat by hot electrons

does not, however, allow to explain the results from the
PALS experiment showing a delayed shock breakout time.

The previous example corresponds to a conversion fac-
tor of 20%, that is a ratio 1:5 between the electron beam and
laser beam intensities. Figure 5 presents the density and pres-
sure after 200 ps for a conversion factor decrease from 10%
to 1%. Even a small amount of non thermal electrons, a few
%, modifies the shock compression in the plastic, due to a
non negligible preheat increasing the upstream pressure. The
copper heated by hot electrons expands and induces two
compression waves into aluminum and plastic layers. The
latter collides with the laser driven shock and the former
may induce a shock in the aluminum layer. At the same
time, the rear side of aluminum layer expands due to the
electron heating, even for a few % of conversion factor.

THE SHOCK BREAKOUT ANALYSIS

The SOP diagnostic records the visible emission from
the target when the shock reaches the rear side of the alumi-
num layer. This diagnostic has been simulated with a post-
processor. Figure 6 presents the simulated images of the SOP
signals obtained for runs where the non thermal electron con-
version factor was varied from 1% to 20% and their tempera-
ture from 30 to 50 keV. While the shock velocity increases
with the hot electron intensity, the shock breakout time also
increases up to the conversion factor of ' 5% and decreases
after. This effect is strongly enhanced if the non thermal elec-
tron temperature is increased from 30 to 50 keV. To under-
stand this unexpected effect, the target temperature induced
by hot electrons is presented in Fig. 7(a) for the case where

FIG. 4. (a) Density and (b) pressure profiles for different times. Both beams
come from the left.

FIG. 5. (a) Density and (b) pressure profiles after 200 ps for different
amount of non thermal electrons. The dashed lines pressure profiles corre-
spond to the case w/o laser.
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q! ¼ q0

c þ 1ð ÞP! þ c & 1ð ÞP0

c þ 1ð ÞP0 þ c & 1ð ÞP!
: (4)
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2q0

s

: (5)
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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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CH/Ti/Cu target        Without hot electrons              With hot electrons

Simulations with “improved” model
“IMPROVED” HYDRO SIMULATION CODES:
- Better description of absorption (PCGO: from ray tracing to gaussian beamlets)
- Real time treatment of parametric instabilities and resonant absorption
- Generation of hot electrons and coupling to hydro (simplified kinetic transport)

”Coupled hydrodynamic model for laser-plasma interaction and hot electron generation” A. Colaitis, 
et al. PHYSICAL REVIEW E 92, 041101(R) (2015)



PALS: accurate hot electron characterization

 
Fig. 1. Left) Image of the source Cu K-shell emission from the 1ω-irradiated 10-μm-thick Cu foil. 
Right) X-ray spectra emitted from Cu targets irradiated at 1ω and 3ω.  
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Table 1. HE characteristics at 3ω and 1ω irradiation deduced from this work. 
"
At the Omega EP facility of the University of Rochester, we are characterizing HE by X-ray imaging 
and spectroscopy and evaluating their impact on target preheating and shock dynamics by time-
resolved X-ray radiography (as in [7]). The plastic targets contain a Cu tracer providing Kα emission, 
monitored by imaging and spectroscopic diagnostics. In addition, it expands due to preheating induced 
by HE. 1D X-ray radiography, time–resolved by using a steak camera, allows simultaneously 
detecting the shock trajectory and the expansion of the Cu layer (Fig.2). Finally the addition of an 
external quasi-static magnetic field (MIFED device) affects trajectories preventing HE to penetrate 
deeply into the target, decreasing their effects and providing an additional diagnostics for HE. 
 

 
Fig. 2. Synthetic radiographies of the target with a Cu layer (Vanadium backlighter, 5.2 keV, space 
and time resolution 10 um  and  40ps) without HE (left) and with HE (showing expansion of Cu) 
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A typical 2D-resolved image of the Cu Kα emission pro-
duced by HE interaction with near-surface copper ions is pre-
sented in figure 2. This distribution of a time-integrated signal 
was recorded with a magnification of M  =  1.73 (imposed by 
dimensions of the interaction chamber) on x-ray film Kodak 
Industrex AA400, digitized with a scanner providing a spatial 
resolution of 5.3 µm and converted to incident photon fluxes 
with respect to the characteristic curve of the film and filter 
transmission. The size of the Cu Kα emitting area is given by 
a dimension of the focused laser beam (100 µm) and by the 
lateral range of the generated HE; its elliptical shape corre-
sponds to an oblique line of sight of the imager observing the 
target surface at an angle of 43°. The images were recorded 
with the crystal of quartz (4 2 2) spherically bent to a radius 
of 380 mm. The combination of Cu Kα radiation with the 
photon energy 8047.8 eV and the crystal interplanar spacing 
2d  =  0.154 14 nm results in the quasi-normal incidence con-
figuration of the imaging system with the central Bragg angle 
θB  =  88.15°. Taking into account the source-to-crystal dis-
tance of 300 mm and the circular crystal aperture of 24 mm, 
the range of photon energies reflected from the crystal sur-
face is limited to ∆Ei  =  3.86 eV which is comparable with 
the FWHM width of the cold Cu Kα1 emission (2.29 eV). The 

signal collected by the crystal obviously corresponds only to a 
fraction of the K-shell emission due to HE action. To remedy 
this, the recorded signal has to be corrected for a limited 
spectral coverage, i.e. the imaging must be complemented by 
information obtained via high-resolution spectroscopy.

The K-shell spectra were observed at an angle of 10° to 
the target surface by using the x-ray spectrometer equipped 
with the crystal of quartz (2 2 3) spherically bent to a radius 
of 150 mm. The spectrometer was aligned to cover the photon 
energy range of 7.9–8.5 keV and to provide the 1D spatial reso-
lution of 14 µm in a direction of the target normal. The spectra 
were again recorded on x-ray film, calibrated with respect to 
the dispersion relation of the experimental geometry used and 
cross-checked via tabulated dominant Cu K-shell transitions 
(Kα doublet and the resonance w and intercombination y line 
of He-like Cu). The signal was recalculated to an intensity 
scale with respect to a variable crystal reflectivity and trans-
mission through filters.

3. Interpretation of experimental results

The spectra shown in figure 3 demonstrate clearly the effect of 
the laser coupling parameter. Whereas at 1ω the laser-matter 
interaction results in an increased emission of inner shell elec-
tronic transitions in less ionized atoms (Kα1,2 transitions in 
single-ionized Cu II atoms overlapped by Cu III until Cu XIX 
emission), the 3ω Cu K-shell emission is governed by the 
resonance line transitions in highly ionized atoms and their 
satellites (so-called quasi-optical transitions). The comple-
mentary spectral structure observed between Kα and Heα 
lines belongs to the emission from Li- to Ne-like copper ions. 
The presence of these transitions in emitted x-ray spectra gen-
erally indicates an occurrence of suprathermal electrons with 
the energy above the K-shell ionization limit of the atom in a 
given ionization state. Detailed quantitative interpretation of 
these spectral features is complicated due to their depend ence 
on two factors: the HE production as a driving force and the 
presence of the heated, variable-temperature target material 
as a diagnostic medium [21, 22]. On the other hand, spectra 

Figure 1. Scheme of the x-ray experimental setup and 
complementary diagnostics used.
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Figure 2. Distribution of Cu K-shell emission from the 1ω-
irradiated 10 µm thick copper foil visualized by monochromatic 
imaging.

Figure 3. X-ray spectra emitted from Cu targets subject to 1ω and 
3ω laser radiation.
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given ionization state. Detailed quantitative interpretation of 
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Fig. 1. Left) Image of the source Cu K-shell emission from the 1ω-irradiated 10-μm-thick Cu foil. 
Right) X-ray spectra emitted from Cu targets irradiated at 1ω and 3ω.  
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Table 1. HE characteristics at 3ω and 1ω irradiation deduced from this work. 
"
At the Omega EP facility of the University of Rochester, we are characterizing HE by X-ray imaging 
and spectroscopy and evaluating their impact on target preheating and shock dynamics by time-
resolved X-ray radiography (as in [7]). The plastic targets contain a Cu tracer providing Kα emission, 
monitored by imaging and spectroscopic diagnostics. In addition, it expands due to preheating induced 
by HE. 1D X-ray radiography, time–resolved by using a steak camera, allows simultaneously 
detecting the shock trajectory and the expansion of the Cu layer (Fig.2). Finally the addition of an 
external quasi-static magnetic field (MIFED device) affects trajectories preventing HE to penetrate 
deeply into the target, decreasing their effects and providing an additional diagnostics for HE. 
 

 
Fig. 2. Synthetic radiographies of the target with a Cu layer (Vanadium backlighter, 5.2 keV, space 
and time resolution 10 um  and  40ps) without HE (left) and with HE (showing expansion of Cu) 
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with the crystal of quartz (2 2 3) spherically bent to a radius 
of 150 mm. The spectrometer was aligned to cover the photon 
energy range of 7.9–8.5 keV and to provide the 1D spatial reso-
lution of 14 µm in a direction of the target normal. The spectra 
were again recorded on x-ray film, calibrated with respect to 
the dispersion relation of the experimental geometry used and 
cross-checked via tabulated dominant Cu K-shell transitions 
(Kα doublet and the resonance w and intercombination y line 
of He-like Cu). The signal was recalculated to an intensity 
scale with respect to a variable crystal reflectivity and trans-
mission through filters.

3. Interpretation of experimental results

The spectra shown in figure 3 demonstrate clearly the effect of 
the laser coupling parameter. Whereas at 1ω the laser-matter 
interaction results in an increased emission of inner shell elec-
tronic transitions in less ionized atoms (Kα1,2 transitions in 
single-ionized Cu II atoms overlapped by Cu III until Cu XIX 
emission), the 3ω Cu K-shell emission is governed by the 
resonance line transitions in highly ionized atoms and their 
satellites (so-called quasi-optical transitions). The comple-
mentary spectral structure observed between Kα and Heα 
lines belongs to the emission from Li- to Ne-like copper ions. 
The presence of these transitions in emitted x-ray spectra gen-
erally indicates an occurrence of suprathermal electrons with 
the energy above the K-shell ionization limit of the atom in a 
given ionization state. Detailed quantitative interpretation of 
these spectral features is complicated due to their depend ence 
on two factors: the HE production as a driving force and the 
presence of the heated, variable-temperature target material 
as a diagnostic medium [21, 22]. On the other hand, spectra 

Figure 1. Scheme of the x-ray experimental setup and 
complementary diagnostics used.

pre-pulse
main pulse

x-ray
spectrometer

streak camera
interaction
chamber

target

diagnostic complex:
optical interferometry
laser backscattering
ion detectors
shock chronometry
crater analysis

x-ray film

detector

imaging
crystal

Figure 2. Distribution of Cu K-shell emission from the 1ω-
irradiated 10 µm thick copper foil visualized by monochromatic 
imaging.

Figure 3. X-ray spectra emitted from Cu targets subject to 1ω and 
3ω laser radiation.
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HE characteristics at 3ω and 1ω
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data 3w
average (with standard deviation) 
best fit with T=20 keV, e = 0.5%



Parametric Instabilities

Ø mainly dominated by  SBS

Ø ≤ 10 % inside lens cone
≤ 15 % outside

Reflectivity 

Nucl. Fusion 54 (2014) 054009 Special Topic

Table 1. Experimental parameters for the planar shock experiments.

Plasma creation pulse Spike pulse Delay
λL (µm) τ (ns) ∅ (µm) IL (PW cm−2) λL (µm) τ (ns) ∅ (µm) IL (PW cm−2) #t(ns)

LULI 0.53 2.0 400 0.07 0.53 2.0 100 1.0 1–2.4
PALS 1.33 0.3 900 0.01 0.44 0.3 100 10 0–1.2
OMEGA 0.35 1.5 900 0.2 0.35 0.5 600 0.5–1.5 1.5

Figure 21. Reflectivities in per cent of the spike beam within the
focusing cone as function of the spike intensity. The circle and the
square represent the total reflectivity from the LULI and PALS
experiments, respectively, while the diamonds (planar targets), the
triangles (spherical shells), and the crosses (spherical shells, with
phase plates) are from OMEGA. The data from spherical imploded
plastic shells are discussed in section 4.3.

• the backscattered energy of the spike (time-resolved SBS
and SRS reflectivities as well as time-resolved spectra);

• the hot-electron production;
• the shock velocities.

The reflectivity due to the parametric instabilities driven
by the spike beam as it propagates through the large plasma
have been measured. Figure 21 summarizes the measured
total plasma reflectivity (SRS and SBS) within the laser beam
cone obtained from three laser facilities. The backscattered
fraction of light is relatively low at LULI (the total reflectivity,
corresponding to the SBS and SRS, is limited to 15% at
maximum). At PALS, the total reflectivity was even lower
(possibly due to the shorter wavelength), always below 5%
in all cases and mainly dominated by SBS. The scattered
light outside the focusing cone was measured with a few
calorimeters and was about of the same order of that within the
cone lens, bringing the total reflectivity to !10%. Secondly,
variation of the delay between two beams, that is, the plasma
density scale length, did not affect the backscattered energy
in the PALS and LULI experiments. This appears surprising
because the conditions of interaction are expected to change
dramatically. In contrast to the PALS and LULI results,
a strong increase in the plasma reflectivity with the spike
intensity was measured on OMEGA. However, for planar
targets and intensities of up to 1.5 PW cm−2, a total reflectivity
within the focal cones of up to 6% was measured, which
is lower than in the LULI and PALS experiments. This

may be explained by multiple overlapping beams equipped
with distributed phase plates used on OMEGA. Lower plasma
reflectivity and better coupling is expected for smoothed laser
beam profiles.

Another set of experiments were performed with spherical
targets, which is discussed in more detail in section 4.3.
In those experiments, tightly focused beams were directed
onto an imploding plastic shell target. Most of the shots
were performed without beam smoothing in the spike beams
(triangles) and only a couple of shots were performed with
small-spot phase plates (cross). As expected, better coupling
is achieved with phase plates and a back reflection of a few per
cent in the ∼1 PW cm−2 range was measured for both planar
and spherical targets. Without phase plates and intensities
reaching ∼8 PW cm−2, the reflectivity strongly increased up to
36% (triangles), which is significantly higher than the PALS
results. Although a general trend of increasing reflectivity
with the spike intensity is seen in figure 21, the differences
between the experiments are not fully understood. They may
be due to differences in the target geometry and the laser
wavelength.

OMEGA experiments showed a strong increase in SRS
reflectivity with intensity and SRS dominated the back scatter
signal at the highest intensity [46]. Only a modest increase
in SBS reflectivity was observed with intensity. The SRS
data are in agreement with numerical simulations presented
in section 2.2 that also predict a large SRS signal [44]. In the
spherical target experiments, almost all of the backscattered
light was detected within the cone of the laser beam with
very little side-scattering. This is attributed to the strong
interaction of single high-intensity beams with the plasma
corona creating a channel through the underdense plasma up
to the critical density, which guides back reflected laser light
within a certain solid angle. In contrast, the planar OMEGA
experiments were performed with multiple overlapping beams
where channelling is not of importance and side scattering was
significantly higher. Preliminary analysis indicates that a few
per cent of the laser energy is scattered outside of the laser
cone.

Figure 22 shows an example of Raman backscattered
spectra obtained at PALS for three delays. According to the
formula (4) from the SRS spectral shift, the recorded scattered
light spectrum in the range from 680 to 720 nm (FWHM)
corresponds to plasma densities between 0.09 and 0.16 nc.
No sign of emission from the layer at nc/4 is obtained, and the
spectrum does not depend on the time delay between two laser
pulses. These features could either indicate a strong absorption
in the plasma corona or the spike beam FI and cavitation as
that predicted in [49], see also section 2.3. These processes
could partially decouple the spike beam from the dense plasma
implying generation of a lower pressure shock.
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PALS expt: conclusions
• At 3w, hot electron temperature of ~ 20 keV and an energy conversion ≤ 1%, have 

been measured

• Reflectivity ≤ 25 % mainly dominated by SBS

• At 1w, both hot electron temperature and energy conversion increase (T ~ 40 keV,
e ≤ 3%)

• Main source of hot electrons in our conditions is SRS

• Lateral heat transport in the overdense region is important and reduces the shock 
pressure

• CHIC simulations reproduced the hot electron characteristics at 3w and (with some 
modifications to the scaling laws) at 1w

• In order to reproduce experimental results it is essential to take the effects of hot
electrons into account self-consistently.
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Summary

1) What is shock ignition
2) The problem of hot electrons and
Experiments at Omega-EP

3) Roadmap to shock ignition
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• Omega EP
q Preliminary results from planar experiments on formation of strong 

shocks and hot electron effects on shock dynamics
Ø Experiment supported by EUROFusion …
Ø Collaboration experiment involving CELIA, JIHT, UPM, INO-CNR, UOY, RAL, LULI 

URome, UCanaria
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An experiment has been performed on OmegaEP to evaluate the effect of hot 
electrons on the hydrodynamic of a shock (planar geometry).

9

Line of sight shield

Interaction target:
500µm diameter cylinder
175µm CH, 25 µm Cu, 250 µm CH

Interaction beam:
1ns, 1250J, 150µm FWHM, no DPP
7×1015 W/cm²

Vanadium backlighter

2 or 3 backlighter beams:
3ns, 2400J, 400µm FWHM DPP

Toward X-ray framing 
camera in TIM 14

The shock is radiograph with a Vanadium 
backlighter and imaged on a framing 
camera.

Heat shield

Experiment done on OmegaEP to evaluate effect of hot 
electrons on shock hydrodynamic (planar geometry)

Drive laser

RadiographyKa emission
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Shock imaged using a  V 
backlighter and an X-ray 
framing camera  

I ≈7e15 



radiography images at several times allows to reconstruct the shock 
propagation inside the front CH. 

The shock shows an asymmetry 
due both to the angle of 
incidence of the laser beam and 
the effect of hot electrons. 

2D radiography images at several times allows to reconstruct the shock
propagation inside the front CH.

10

The shock show an asymetry. It is not 
yet determined if it comes from the 
angle of incidence of the laser beam
or from the effect of hot electrons.

Backlighter energy deposition
as seen from TIM14

2D radiography images at several times allows to reconstruct the shock
propagation inside the front CH.

10

The shock show an asymetry. It is not 
yet determined if it comes from the 
angle of incidence of the laser beam
or from the effect of hot electrons.

Backlighter energy deposition
as seen from TIM14

March Shot Day: 2D time-resolved radiographs
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Signal on IP of BMXS for shot 27785

• IP 8 to 15: see nothing.
• IP 1 to 4: see two temperature distribution ?
• IP 5 to 7: see hot electrons distribution !

χ" is used to deterime both HE temperature and energy:
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Hot electrons measurement with BMXS show a HE temperature of 25 keV and
an energy conversion of 5% compatible with CHIC predictions

For IP 5 to 7

Hot electron temperature and energy are 
measured using BMXS



Simulation woHE Simulation wHE

Synthetic radiographies with hot electrons show 
better agreement with experiment

radiography of the cylinder. Theses radiography 
beams were 3 ns square pulse (2400 J) with 400 
µm focal spot (with DPP). The target was 
imaged with a pinhole array into a framing 
camera, resulting in 16 two dimensional images 
of the shock propagation. However, due to the 
high sensitivity on the target alignment 
compared to the imaging pinhole, only 4 images 
per shot are relevant (one per strip). 
The Fig2 presents the qualitative comparison of 
the two synthetic radiography obtained from 
CHIC simulation with or without hot electrons 
with an experimental radiography from shot 
27785. All images are 1 ns after the beginning 
of the laser matter interaction. The simulation 
taking in account the hot electrons is in much 
better agreement with the experimental image, both for the shock position and the shock front 
contrast (which is characteristic of the expansion of the shock CH under the heating of hot 
electrons). The Fig3 presents the comparison of the experimental shock front position (from the 
radiographies of shot 27785 and 27786) with the simulated one (from the simulation with and 
without hot electron). The experimental data are in better agreement with the simulation taking 
in account the hot electrons, yet the shock velocity at later time, after 1ns, is less than expected. 
This could be due to a hot electron temperature or conversion efficiency lower than expected 
from the scaling laws. 
The measurement of these parameters 
using the BMXS data is challenging due 
to a large amount of signal on IPs 1 to 4 
due to the backlighter and the absence of 
signal on IPs 8 to 15. The Fig4 presents a 
chi square analysis of BMXS signal from 
IP 5 to 7 for shot 27785. This analysis uses 
Geant4 simulations of the BMXS IP stack 
and of the target Bremsstrahlung 
emission, separately. Also, one 
temperature Maxwellian distribution for 
the hot electrons is assumed. A 
temperature of 25 keV and a conversion 
efficiency of 5% is found, which is lower 
than initially expected. This measurement 
has to be confirmed with the K-alpha 
diagnostics and HXRD. If so, new 
hydrodynamic simulations have to be 
realized with these hot electron parameters to see if they are in better agreement with the 
experimental data. 
 

 

Fig3: Shock front position measured on the 
radiographies of shot 27785 and 27786 
compared to the simulations with or without 
hot electrons. 

 

Fig4: Chi square analysis of the IPs 5 to 7 of BMXS 
for the shot 27785. The minimum gives a measured 
hot electron temperature of 25 keV and total 
energy of 65 J (5% conversion efficiency). 

For IP 5 to 7

110 km/s

150 km/s

Experiment

0.5 ns



Effect of the HE on the 
hydrodynamic:
• Faster main shock
• Expansion of shocked CH
• Expansion of the Cu layer

woHE wHE
Shock pressure in front CH ~100Mbar ~150Mbar
Shock breakout CH to Cu 1.82 ns 1.32 ns 

Shock breakout rear of Cu 2.25 ns 1.82 ns

woHE

110 km/s

Displaying the density in the (x,t) plan shows the 
effect of hot electron heating on shock dynamics

wHE

150 km/s

OmegaEP
laser
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200 µm of CH

175 µm CH facing laser

The measured 
expansion velocity 
of the copper layer 
is coherent with 
simulation

The expansion of copper layer due to hot 
electron heating has been clearly observed.

*+, ≈ 12 01/2
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!" spectrometry

• Two diagnostics measure the !"
emission from copper:
– ZNVH: Zinc Von Hamos, crystal 

reflection recorded on IP.
– HRS: High Resolution Spectrometer, 

recorder on CCD.

Simple / narrow line case

Broadened/split lines 
= WDM

HRS raw spectra near Cu Ka line

Changing beam 
energy and plastic 
overlayer thickness



Modeling by PrismSpect

Narrow line case Ni=8e22=Nsolid, Ne~ 3e23 cm-3, Thot=10 keV (1%) 

Shot #28406:
Te = 22(±5) eV 
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Broad lines case Thot=10 keV (5%), Ni = 8e22 = Nsolid, Ne~ 6e23 cm-3

Shot #28408 
Te ~70(±10) eV 

with definite contribution from
colder “surrounding” target area
(Te < 20 eV)

Modeling by PrismSpect
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Omega EP expt: conclusions
• Hot electron temperature of ~ 25 keV and an energy conversion of 

5%, i.e. a total energy of ~60 J have been simultaneously measured, 
in agreement with predictions from CHIC simulations. 

• CHIC simulations reproduced the shock velocity when the effects of 
hot electrons are taken into account. They predict an increase of 50% 
in shock pressure with hot electrons

• Synthetic radiographies roughly reproduce the shape of the shock 
front when hot electrons are taken into account

• The copper layer expands sur to preheating induced by hot electrons 
and a WDM state is produced which is in agreement with results from 
Ka spectroscopy
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Perspectives

Both PALS and Omega EP experiments show that:

• We need to develop and optimize diagnostics dedicated to study the 

dynamics of very strong shocks in materials preheated by hot electrons 

and for the characterization of hot electrons

• Modellisation of laser-plasma interaction and shock dynamics must self-

consistently take into account the effects of parametric instabilities, the 

generation of hot electrons and the effect they have on target (increase 

in pressure but also preheating-induced expansion). Such modelisation

requires developing and “tuning” advanced hydrodynamics codes
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Summary

1) What is shock ignition
2) The problem of hot electrons and
Experiments at PALS and Omega-EP

3) Roadmap to shock ignition
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Road map to shock ignition

How to approach the final goal of “Performing shock ignition 
demonstration experiments ” ?

Planar Geometry                      Spherical Geometry

“Physics” Issues:
- Parametric 

instabilities
- Role of hot 

electrons
- Shock Formation

“Hydro” Issues:
- Smoothing
- Hydro instabilities

“Physics” Issues:
- Parametric 

instabilities
- Role of hot 

electrons
- Shock Formation

“Hydro” Issues:
- Smoothing
- Hydro instabilities
- Implosion
- Uniformity control 

for implosion

Demonstration 
of Shock Ignition

Demonstration 
of PDD
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78.0�

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

Split
and repointed 
on a sphere 
For optimal 
illumination

Polar Direct Drive (PDD)

An example of how it could be done…

33.2�
49.0�

59.5�

120.5�
131.0�

146.8�
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How to approach  the final goal of “Performing shock ignition 
demonstration experiments” ?

Omega
SG-II

Road map to shock ignition

Gekko

Orion

Vulcan

PALS 
Phelix
LULI

NIF
SG-III 

LMJ/
PETAL
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Summary / Conclusions

l Interesting physics which needs to be understood and 
mastered

l SI can be demonstrated at NIF, LMJ or or the Shenguang-III 
laser facility in China in the next decade

l BUT development of a full programme relies on:
Scientific credibility: physics issues addressed using:
u “Smaller” facilities: PALS, ORION, Vulcan, LULI, Phelix, Gekko, 

Shenguang-II 
u intermediate-scale facilities: OMEGA, Shenguang-III P

l Support of EUROFusion has been, and is, important
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Thank you for your attention ! 
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