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Laser-plasma interaction and shock-ignition in full scale ICF

• high intensity I0λ
2 = 1015−16 Wµm2/cm2 → strongly nonlinear regime

• high plasma temperatures 3− 5 keV → suppression of SRS
• greater role of SBS expected, although regime of inflationary SRS predicted

UNEXPECTED FINDINGS ! [PPCF 52 055013 (2010)]

◦ after initial phase SRS dominates

◦ SBS is suppressed by absolute SRS at
nc/4 and subsequent cascade at nc/16

◦ all laser absorption is by collective effects

◦ cavitation is a dominant mechanism for
laser-plasma interaction in SI

• Original analysis done in 1D for HiPER relevant parameters.

• Extended to 2D and scaled to parameters of OMEGA experiments.
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Temporal evolution of SBS and SRS, reflectivity

• SBS comes up first due to strong Landau

damping of SRS Reflected light - spectrum vs. time

• SRS excited at resonance point nc/4 (as absolute

instability) and producing ω0/2 backscattered light

• Convective SRS below nc/4 is probably responsible for

the signal 0.5− 0.7ω0

• SRS excited at resonance point nc/16 producing ω0/4

forward-scattered light (down the density gradient)

• Raman cascade could continue if

scattered light overcomes threshold

condition (k0Ln)4/3 (vosc/c)2 > 1

• Density perturbations & pump depletion

saturate SBS
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Cavitation, laser absorption and energy transport

Ion density near 1/16th nc - temp. evol.
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Thot ≈ 30 keV

• Absolute instability grows locally in time - pond. force expels electrons - ions

undergo Coulomb explosion - cavitation - trapped em. field in cavity

• Cavitation at nc/4 and nc/16 converts em. field energy into kinetic energy

• Absorption due to collective effects, rather than iB at high intensities
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OMEGA relevant simulations

Hydrodynamic profiles as initial conditions for PIC

1.21.00.80.60.40.2
10 2

10 1

100

x (mm)

n e / 
n c

 

 

Hydrodynamic simulation
Analytical approximation

a)

1.21.00.80.60.40.2
0

1

2

3

4 x 10 3

x (mm)
v i / 

c
 

 

Hydrodynamic simul.
Approx. high intensity
Approx. low intensity

b)

1.21.00.80.60.40.2
1.4

1.6

1.8

2

2.2

x (mm)

T e (k
eV

)

 

 

Hydrodynamic simulation
Analytical approximation

c)

1.21.00.80.60.40.2
0

0.5

1

1.5

x (mm)

T i (k
eV

)

 

 

Hydrodynamic simulation
Analytical approximation

d)

Growth rate & linear gain
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• Initial conditions taken from hydro. simulations, other parameters:

I = 1, 2.4, 8× 1015 W/cm2, λ = 0.35 µm, with and without Coulomb collisions

• SRS gain low but growth rate below nc/4 high - ¿absolute instability?

• SBS (high gain close to nc) may dominate unless limited by e.g. cavities or

pump depletion
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Low intensity (1015 W/cm2) - collisional vs. collisionless absorption

Total reflectivity
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Spectra of the reflected light
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• The LPI regime changes at lower intensities.

• Collisional absorption important - strong reduction of

the reflectivity from 70% to less than 40%.

• Absoprtion corresponding to the theoretical one

αabs = 1−exp

(
−
∫ νei(nc)

c (nenc )
2
(1−ne

nc )
−1/2

dx

)

• SBS dominates, SRS plays secondary role (< 5% in the collisional case).

• SRS strongest at quarter critical density corresponding to absolute instability.

• Raman cascade only in the collisionless case - close to the threshold.
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Absolute SRS and convective amplification of SBS

EM field energy density

collisionless - Absolute SRS collisionless - SBS flashes collisional - SBS flashes
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• Local increase of EM field confirms absolute SRS in the collisionless case

• Absolute SRS is weaker in the collisional case due to efficient damping

• SBS is seeded in denser plasma (n & nc/4) deeper in the target (1.1 mm)

• Convective amplification during about the first 0.3 mm of propagation

• Collisionless case - SBS takes all the pump energy - depletion & pulsation

• Collisional case - SBS weaker due to collisional damping of the incident and the

scattered light wave (comparable with SBS growth rate)

• Collisional case - SBS amplification zone shifts in a less dense plasma
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Where does absorption take place

Effective temperature Kinetic energy dens. increase Cavitation - ion density
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• Electrons along the whole profile are significantly heated in the collisional

simulation with sharp maximum close to nc/4.

• Mild increase in the effective electron temperature in the low density plasma

with sharp maximum at 0.7 mm in the collisionless case - cavities.

• Initial energy density of plasma, W0 = 3/2n0T0 and its increase at time 64 ps

(W (t)−W0) - significant absorption, which peaks in a higher density plasma.

• Cavities develop only in the collisionless simulation, where absolute SRS is

enough strong.
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Where does the absorbed energy go - collisional case

Electron energy dist. inst. Elns. into the target from nc/4 Ion energy dist. inst.
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• Absorption in the collisional case is 66% (28% collisionless case).

• The energy distribution of bulk electrons at 64 ps shows temperature increase

from 2 to 2.5 keV - this contains about 60% of the absorbed energy.

• Higher energy electrons (20 keV) may quickly leave the box - not observed in

the instantaneous distribution. Their flux recorded 40 µm behind nc/4 -

contains about 20% of the absorbed energy.

• About 20% of the absorbed energy is used for plasma expansion and ion

acceleration
∫ L

0
∂t(nimiv

2)/2 dx ≈
∫ L

0
v∂xPedx
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Transition to collisionless absorption (collisional simulations)

Reflectivity Spectrum of reflected light Elns. going into the target
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• After transient stage, reflectivity saturates 38, 36% - almost independent of I.

• Spectra of temp. integrated light similar like for 1015 W/cm2 - same physics

but different repartition between the collisional and collisionless processes.

• At highest intensity, even convective SRS below nc/4 is significant.

• Collisional absorption leads to heating of thermal electrons from 2.5 keV at the

lowest intensity to 3 keV and to 4 keV for higher intensities.

• With increasing laser intensity - 70% and 93% of absorbed energy is contained

in hot electrons.

• Hot electron temperature does not strongly depend on I - 20− 40 keV
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2D reduced simulations - cavities

• CPU-time limitations require reduced set-up

(shorter Ln, higher I & SRS part of profile)

• 2D simulation set-up:

◦ plasma: 160 µm × 103 µm; Te = 5 keV,

Ti = 2 keV; exp. profile scale length Ln ≈ 60 µm

◦ laser: I0λ
2
0 = 5 × 1015 Wµm2/cm2

◦ time ≈ 5 ps, plane wave versus full-speckle

• Cavity creation and disappearance is a

continuous process in the vicinity of nc/4,

cavities are not stable like in 1D.

• Disruption of plasma homogeneity on small

scale prevents SBS activity, where cavities are.

• The simulations are too short to reach

quasi-stationary state and predict the result of

competition SRS vs. SBS.
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SRS and 2-plasmon decay

Spectrum of ES field Spectrum transmit. light

2

that only very little of the incident laser penetrates be-
yond the quarter-critical density for up to ∼ 100 picosec-
onds, which justifies restricting the two-dimensional sim-
ulations to the low-density part [9]. Electron and ion
temperature are Te = 5 keV and Ti = 2 keV, respectively.
The normalized ion mass is mi/(Zme) = 3672. The laser
intensity is flat top with Ioλ

2
o = 5 × 1015 Wµm2/cm2

for a wavelength of λo = 0.35 µm. The transverse pro-
file of the laser intensity corresponds to a full speckle
with a full-width-half-maximum of FWHM ≈ 29 µm. For
comparison standard plane wave simulations were also
performed but will not be reported here. The intensity
was ramped up over a short time of the order of 50 ω−1

o .
Simulation times extend up to 2.5 × 104 ω−1

o . The large
simulation box together with mobile ions allows to show
the possible interdependence of various parametric in-
stabilities and at the same time is close to realistic ICF-
configurations. The plasma scale length is about a factor
3 smaller and the intensity about a factor 2 higher then
what is anticipated for HiPER-like SI-scenarios. This
allows to reduce the CPU-time requirements. Justifica-
tion comes from extensive full-scale one-dimensional PIC-
simulations which show that the cavitation mechanism
we are interested in is extremely robust. The threshold
intensity for TPD in an inhomogeneous profile is given as
Ith[W/cm2] ∼ 5× 1015Te[keV]/(Ln[µm]λo[µm]) [11] (the
more exact result of Simon et al.[12] differs only little).
The TPD-instability for the original parameters as well
as for the simulation parameters therefore takes place in
the regime of absolute growth such that activity is to be
expected only close to the quarter-critical density. The
characteristic electron-ion collision time at nc/4-density
is of the order of ∼ 7 ps. For the present conditions col-
lisions play no role in the saturation process.

A standard signature of TPD is considered to be the
generation of 3ωo/2-light [13]. However, a more distinc-
tive signature which allows more interpretation follows
from the k⊥-features of the electrostatic field in the trans-
verse direction [1] as is displayed in Fig. 1a. At early time,
3000 ω−1

o , two distinct branches can be seen: A parabolic
one extending from the quarter-critical density down the
density gradient describes the TPD-activity and an al-
most straight line of very small k⊥-values which stems
from stimulated Raman sidescattering (SRSs) under a
small opening angle. Approaching nc/4 the transverse
component ky becomes very small such that TPD and
SRSs are basically indistinguishable. For the duration
of the TPD-activity, the transmitted light shows a clear
signature at 3ωo/2 (Fig. 1b, see below concerning the
spatial structuring of the signal). For the present param-
eters the threshold values at nc/4 for SRS-sidescattering
[14] and TPD [12] hardly differ. Nevertheless the simu-
lation shows that the SRSs-branch in k⊥ is established
before TPD at t = 2600 ω−1

o as it is excited during the
time it requires the laser to reach nc/4. Indeed, in an
inhomogeneous profile the SRSs growth rate is roughly

0 0.5 1 1.5 2 2.5
x 104
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1

1.5

t [!o
−1]

FIG. 1: (color) (a) The perpendicular k-vector of the elec-
trostatic field as a function of the parallel coordinate at
times t = 3000 ω−1

o , 3400 ω−1
o , 4000 ω−1

o and 9400 ω−1
o (from

top to bottom). The quarter-critical density is located at
x ≈ 2300 k−1

o . The k⊥-spectra were evaluated over a repre-
sentative spatial region of width 100 k−1

o in the center of the
speckle. (b) Frequency-spectra of the transmitted light as a
function of the transverse location (central part of the speckle
only). The spectra is integrated from 4607 ω−1

o to 6073 ω−1
o ,

accounting for the distance of ∼ 1300 k−1
o the light has to

travel to reach the boundary of the simulation box where the
diagnostic is located. (c) The frequency-resolved reflectiv-
ity curve for the backscattered intensity I/Io at the center
of the speckle (blue: SBS-like 0.9 − 1.1 ω−1

o , red: SRS-like
0.0−0.9 ω−1

o ). From about 5000 ω−1
o onwards transmission of

the laser is around 15 − 20%.

given by γSRSs/ωo ∼ (1/21/3)(vosc/c)(ωp/ωo)
4/3, leading

to a characteristic e-folding time of 1/γSRSs ≈ 53 ω−1
o

compared to the laser transit time of ∼ 2300 ω−1
o . By

contrast one has γTPD/ωo ≈ (9/2)(ve/c)4(c/vosc) for
the small-β, finite-q limit (keeping only the dominant
term) with β = 9 v4

ek2
o/(voscω

2
o) and q = (k⊥/ko)

2. Here
vosc = eE/(meωo) is the oscillatory velocity of the elec-
tron in the laser E-field. This gives a characteristic
growth time of 1/γTPD ≈ 133 ω−1

o .

At late time (∼ 9400 ω−1
o ) the k⊥-spectra shows a

broad fragmented signal originating from the cavities (see
below, Fig. 3) in this area but neither TPD nor SRSs
is present anymore. The SRSs-branch has disappeared
at 4000 ω−1

o , and the cavities are fully established by
5000 ω−1

o allowing for a characteristic cavitation time of
a few hundred ω−1

o [15]. It is therefore conjectured that
the SRSs instability is responsible for the creation of the
cavities which subsequently kills the TPD-instability and
itself. This would agree with the 1D-simulations where
the creation of the cavities is attributed to standard SRS
as TPD can not develop in one dimension [9]. As Fig. 1c
shows SRS ceases at around 104 ω−1

o , coming back near
the end of the simulation, albeit in the low-density part
of the plasma profile where also SBS-activity is located.

• Clear observation of 2PD

• SRS sidescattering with small angle

Electron phase space
3

FIG. 2: (color) Blow-up of the parallel px − x (upper row)
and perpendicular py − x (lower row) electron phase space at
times 3100 ω−1

o (left column) and 4000 ω−1
o (right column).

The figures are color-saturated for low energies in order to
enhance fine structures at higher energy.

SBS is responsible for most of the reflectivity, has a
bursty nature and starts after SRS has gone down. SBS
is not implicated in the saturation of SRS in the region
close to nc/4.

This scenario is corroborated by the phase space struc-
ture as shown in Fig. 2. For the most unstable sit-
uation when the growth rate γTPD is largest, the k-
vectors of the two plasmons created are given by: k1,2 =
(ko/2)ex ± ∆k ± kyey with ∆k2 = k2

y + (ko/2)2 and
kx = ko/2 + ∆k. ex and ey are the unit vectors in
the parallel and perpendicular direction, respectively, in
concordance with the notation in the figures. Let us con-
sider the two extreme cases. Down the density gradient
near 2000 − 2100 k−1

o one has ky ≈ ko and as a con-
sequence for the two plasmons: k1a ≈ (1.6, ±1)ko and
k2a ≈ −(0.6, ±1)ko. Similarly one obtains in the vicin-
ity of nc/4: k1b ≈ (1, ±ε)ko and k2b ≈ −(0, ±ε)ko. One
has that ε # 1. Symmetry considerations allow for the
±-values for the transverse component of the plasmons.

Plasma waves are strongly damped close to the Landau
cut-off, in general taken as kpλD > 0.25. For the present
plasma parameters the kpλD-value is kpλD = 0.22 α,
where α is the modulus of the plasmon wave vector in
units of ko. These values allow to interpret the phase
space figures.

At time 3100 ω−1
o phase space activity is located

around 2180 k−1
o and is mainly due to SRSs, show-

ing a very small opening angle. For the later time,
4000 ω−1

o , additional features are present related to TPD
which swamp the SRSs-signature in the perpendicu-
lar phase-space figure. At the spatial location around
2000 k−1

o activity is due to the set of ka-plasmons having

FIG. 3: (color) The continuity of cavitation: ion density just
after TPD-activity ceases at 9400 ω−1

o (a) and at the end of
PIC-simulation at t = 2.5×104 ω−1

o (b) in the vicinity of nc/4.
(c) The transverse electromagnetic field Ey in the region of
nc/4 and beyond at 2.52×104 ω−1

o , showing the randomization
of the phase front (only the central part of the speckle is
shown).

a large opening angle. The plasmons kb close to nc/4
(∼ 2300 k−1

o ), have a much smaller opening angle and no
signature of backward travelling electrons is present in
agreement with the value of k2b. The forward-travelling
plasmon k1b has a kpλD-value of ∼ 0.22 and is below the
traditional damping limit of 0.25. It should be moder-
ately damped. k2a has a similar kpλD-value of ∼ 0.26
and its damping shows clearly in the negative px blob
in the phase space. By contrast the plasmon k1a has
kpλD ∼ 0.42 and will be very strongly damped. The
kpλD-value of k1a implies that TPD-activity takes place
is well above the traditional Landau cut-off value of 0.25
as seen by other authors [1] and in contrast to recent ex-
perimental data which stipulates that TPD is strongest
in the vicinity of the Landau cut-off [16].

Fig. 3 shows the ion density shortly after TPD has
ceased (a) and close to the end of the simulations (b).
Cavities are clearly visible and create strong density per-
turbations inhibiting any renewed TPD-activity. Simi-
lar cavities have been observed before, induced by SBS
only [15]. It is interesting to notice that the trans-
mitted 3ωo/2 light (Fig. 1b) shows a structure in the
transverse direction that can be related to the forma-
tion of filaments of size 5 − 6λo. Inspection of the
poynting vector (not shown here) shows that around
5000 ω−1

o the laser propagating in the low density part
(n < 0.2 nc) starts to filament, breaking into 4-5 large
filaments of size ∼ 30 λo, roughly in agreement with the
expected optimum value for filamentation for our plasma
parameters, λ⊥,opt = 46 λo, estimated from the formula
[17] k⊥,opt/ko = 23/4(me/mi)

1/4(n/nc)
1/4(vosc/2c)1/2 =

0.022 for an intermediate density value of n = 0.15 nc. At
this time already most of the light is backscattered and
only a small percentage traverses the region around nc/4.

• Electron heating due to:

◦ bursts of SRS - forward direction

◦ cavities localized around nc/4 - isotropic heating not too hot

◦ two plasmon decay - only transient and lasts short times

• At nc/4 SRS wins because 2PD has somewhat lower growth rate.

• 2D studies done so far do not contradict 1D results :

electron heating (not “too” hot, Thot ≈ 30− 50 keV) in low density ramp

& “long time” saturation of backscattering instabilities.
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Comparison with experimental findings

• General agreement with experiments in:

◦ Appearance of hot electrons at the intensity 1− 2.4× 1015 W/cm2

◦ Time integrated reflectivity of less than 35%
◦ SRS reflectivity at lower intensity 1015 W/cm2 is less than 5%
◦ Hot electrons are “not too hot”, Thot ≈ 20− 40 keV

• What can be measured to confirm or refute our findings:

◦ The spectrum of reflected light around the wavelength 0.7 µm may provide
important indication on absolute Raman scattering.

◦ Measurement of strong EM fields (via X-ray line from some higher Z tracer)
may give indications about the presence of absolute instabilities and the
cavitation process.

◦ Reflectivity measurements with temporal resolution (≈ 100 ps) may give
indications about the transient stage with large reflectivity and the
subsequent quasi-steady stage with large absorption, which is observed at
higher intensities.

◦ Importance of high electron temperature: progressive shift of the SRS
spectrum toward ω0/2
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Summary & Conclusions

• 1D kinetic laser plasma interaction studies predict up to 70% absorption

of the spike almost independent of intensity.

• High intensities

◦ Suppression of the SBS by strong SRS accompanied by cavitation.
◦ Absorption goes into hot electrons with temperature of about 30 keV

• Low intensities

◦ Suppression of the SBS by collisions.
◦ Efficient collisional heating of electrons.

• 2D simulations

◦ Confirm cavitation around nc/4.
◦ Early saturation of two plasmon decay due density disruption by cavities.
◦ Collisionless absorption by two plasmon decay, SRS and cavities - similar

electron temperature like in 1D.
◦ The most weak part is the short simulation time, we cannot be sure that

the asymptotic regime is attained.
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