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Using highly resolved 3-D radiation-hydrodynamic simulations, we identify a novel mechanism
by which the deleterious impact of laser imprinting is mitigated in direct-drive inertial confinement
fusion. Unsupported shocks and associated rarefaction flows, commonly produced with short laser
bursts, are found to reduce imprint modulations prior to target acceleration. Optimization through
the choice of laser pulse with picket(s) and target dimensions may improve the stability of lower-
adiabat designs, thus providing the necessary margin for ignition-relevant implosions.

PACS numbers:

The 30-kJ OMEGA laser [1] is used to study implosion
physics and demonstrate the achievement of ignition-
equivalent conditions in energy scaled-down direct-drive
inertial confinement fusion (ICF) experiments [2]. These
experiments indicate that implosions of spherical-shell
targets can suffer from mass modulations imposed by
nonuniformities in the laser. These modulations can
be divided into groups of low (with Legendre modes
ℓ <
∼ 30) and high (ℓ >

∼ 30) modes based on mechanisms
of amplification during the target acceleration phase [3].
High-mode modulations can quickly grow because of the
Rayleigh–Taylor (RT) instability [4], whereas low-mode
modulations (which have sufficiently large spatial scales
and remain hydrodynamically decoupled) undergo the
relatively slow secular and Bell–Plesset [5] growths.

High-mode modulations are “imprinted” by laser
speckles. The imprint spectrum is formed during the
imprint phase (“Phase 1”) beginning with the laser pulse
and ending with a shock break out at the inner edge
of an imploding shell. In the following target accelera-
tion “Phase 2,” the spectrum evolves almost self-similarly
(see below) because of the ablative RT growth of the
modulation amplitude A0

ℓ
developing during Phase 1,

Aℓ(t) = A0

ℓ
exp(

∫
γℓdt), where γℓ is the growth rate [6, 7].

Apparently, imprint can be mitigated by reducing A0

ℓ
in

Phase 1 and/or γℓ in Phase 2.

High-performance implosions require shaped laser
pulses, like ramp pulses [8], resulting in low-adiabat (adi-
abat α = P/PF

<
∼ 3, the ratio of the pressure to the

Fermi-degenerated gas pressure [3]) and high in-flight as-
pect ratio (IFAR >

∼ 25, the ratio of the shell radius at
2/3 of the initial radius to the shell thickness [9]) im-
ploding shells. Such shells, however, were found to be no-
toriously unstable leading to degraded performance and
several techniques were proposed to fix this. It was sug-
gested [10] and experimentally verified [11, 12] that a low-
intensity laser pre-pulse can improve stability. Other pro-
posed smoothing techniques employ targets with a low-
density foam overcoat [13] and with corona pre-formed

by external x-rays [14] or formed by layers with high-Z
dopant [15]. Improved stability was predicted for strat-
ified shells [16–19]. Present-day experiments use picket
pulses, which achieve higher performance [20, 21]. This
advantage was attributed to a spatially varying adiabat
(“adiabat shaping”) that reduces γℓ in Phase 2 [21–24].
However, our work identifies an entirely distinct addi-
tional (and often dominant) aspect of the overall mech-
anism by which the burst structure of the drive reduces
A0

ℓ
prior to Phase 2.

In this Letter, a novel mechanism playing a dominant
role in imprint mitigation in ICF implosions driven by
picket pulses is described. This mechanism involves un-
supported shocks, which are produced by these pulses,
and rarefaction flows after these shocks. Rarefaction
flows play a key role in mitigating imprint because of
their known properties to supress areal mass modula-
tions [25, 26]. This mechanism can efficiently supress the
entire range of dangerous imprint modes ℓ >∼ 30 in Phase
1, consequently providing low seeds for the RT growth
in Phase 2. Adiabat shaping plays only a secondary role
by helping to reduce the growth of modes ℓ >

∼ 100 (see
Fig. 4 in Ref. [21]). Understanding the new mechanism
can lead to better strategies for providing the necessary
margin in direct- and indirect-drive [27, 28] ICF.

Rarefaction flows are known to be neutrally stable
at the leading edge and unstable at the trailing (low-
density) edge oscillating with the local sound frequency
and amplitude growing in time [25, 26]. Areal mass in
rarefaction flows experiences decaying oscillations, indi-
cating that perturbations in density and pressure are lo-
calized at the trailing edge [29–32]. Figure 1 illustrates
the development of imprint modulations in imploding
shells compressed by supported and unsupported shocks,
which are produced by continuous and picket pulses, re-
spectively. The green area at the ablation front indi-
cates the location of modulations originating from laser
nonuniformities. These modulations can feed-through to
the shell (to the left) in the case of a supported shock
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FIG. 1: (a) Imprint modulations (the green area) localized
at the ablation front can feed-through to an imploding shell
compressed by a supported shock and (b) cannot do this in a
shell compressed by a unsupported shock.

FIG. 2: (a) The target and (b) the single-picket (in blue)
and no-picket (in red) laser pulses of 26 kJ each for OMEGA
cryogenic implosion designs.

[Fig. 1(a)] and cannot do this in the case of a unsup-
ported shock, which develops a post-shock rarefaction
flow [Fig. 1(b)]. As a result, imprint is only mitigated in
the latter case, in which modulations are localized near
the ablation front and moved away (to the right) with
the ablating mass.

To demonstrate the new mechanism, consider 3-
D radiation-hydrodynamic simulations using the code
ASTER [33] of two implosion designs, which assume
different laser pulses, but are characterized by similar
moderately low adiabat (≈3) and moderately high IFAR
(≈28) and demonstrate similar 1-D performance. These
designs assume identical targets consisting of a spherical
deuterium–tritium (DT) ice layer and a plastic [carbon–
deuterium (CD)] overcoat [see Fig. 2(a)] and use pulses
with a short picket or continuous foot before the main
pulse [see Fig. 2(b) in blue and red]. The higher intensity
of the picket compared to the foot results in adiabat shap-
ing [21], which reduces the RT growth of higher modes
ℓ >∼ 100 but does not affect the seeding [34] and growth of
lower modes we are interested in, see below. Simulations

show that imprint is not mitigated in the no-picket de-
sign resulting in its poor performance and substantially
mitigated in the single-picket one. Note that simulations
using these laser pulses and uniform-shell targets (all DT)
indicate that the described mechanism is independent of
the presence of material interfaces.

ASTER is an Eulerian hydrodynamic code implement-
ing on the spherical moving grid. It models the dynam-
ics of two-temperature (for ions and electrons) multi-
specious plasma and includes flux-limited multi-group
diffusion radiation transfer, flux-limited diffusion heat
transport for ions and electrons, simplified laser ray-
tracing with cross-beam energy transfer [35] and inverse
bremsstrahlung, selected nuclear reactivity, and tabu-
lated material properties. ASTER is characterized by a
low numerical noise suitable for studying linear and non-
linear broad-band modulations. Simulations assume the
OMEGA 60-beam illumination pattern, which introduces
distinctive low-mode ℓ = 10 and 18 features in modula-
tion spectra, and use the speckle-based model of imprint
[36]. They also apply three OMEGA laser-smoothing
techniques: distributed phase plates [37, 38], polariza-
tion smoothing [39], and smoothing by spectral disper-
sion [40]. Simulations well resolve modes ℓ up to ≃ 200,
while the resolution of higher modes can suffer resulting
in under-estimation of the amplitude (by a factor of ∼ 2
at ℓ = 400).

Firstly, consider the no-picket design, in which the shell
is compressed by supported shocks and imprint is not
mitigated in both Phases 1 [as illustrated in Fig. 1(a)]
and 2 (no adiabat shaping). Figure 3 shows the evolution
of the spectrum of areal mass modulations (normalized
to the shell average density and given in the units of mi-
crons) in this design at t = 0.2, 0.5, and 1.4 ns. Mass
modulations at t = 0.2 ns are directly induced by nonuni-
formities in the laser and have a dominant high-mode
component. At a later time, when mass modulations
evolve independently from laser nonuniformities (these
two decouple after t ≃ 100 ps), the spectrum evolves such
that modes in the range of ℓ ∼ 100 to 200 grow most ef-
ficiently and become dominant [see Figs. 3(b) and 3(c)].
This growth is in good agreement with predictions of the
imprint model in Ref. [41], in which modulations at the
ablation front feed-through to a shock-compressed shell
of uniform density and pressure. The late-time reduction
of the high-mode (ℓ >∼ 200) spectrum tail [Fig. 3(c)] can
be explained by a phase inversion causing by the abla-
tive Richtmyer–Meshkov instability (RMI) [42–44]. This
inversion is relatively slow because of the assumed laser
intensity profile and apparently inefficient for suppressing
the growth of modes ℓ <∼ 200.

The spectrum in Fig. 3(c) plotted for the end of Phase
1, the time of shock breakout at 1.4 ns, represents the
initial imprint amplitudes A0

ℓ
amplified during Phase 2.

In this phase, the spectrum evolves in a “self-similar”
manner, in which it is not significantly changed in the



3

FIG. 3: Spectrum of areal mass modulations from 3-D sim-
ulations of the design using the no-picket pulse shown in red
in Fig. 2(b): (a) t = 0.2 ns, (b) 0.5 ns, and (c) 1.4 ns.

shape but increases its magnitude. This is the result
of the ablative RT growth, in which the growth of high
modes ℓ >∼ 100 is reduced [45]. The self-similar evolution
ends when the dominant modes experience the nonlinear
RT growth.

The single-picket pulse compresses the shell by an un-
supported shock, which develops post-shock rarefaction
flow, as illustrated in Fig. 1(b), and shows apparently
different evolution of the spectrum (Fig. 4). While the
spectra in Figs. 3(a) and 4(a) looks similar, the later-
time evolution of the spectrum in Fig. 4 is character-
ized by relatively fast phase inversions of imprint modes.
These inversions can be observed as a dip in the spec-
trum, propagating with time from high to low modes.
This dip locates at ℓ ≃ 300 in t = 0.4 ns, ℓ ≃ 150 in
t = 0.6 ns, and ℓ ≃ 80 in t = 1.0 ns [see Figs. 4(b)-4(d),
respectively]. The inversion dip corresponds to sonic os-
cillations of areal mass, when the amplitude of a given
mode goes through the zero-point. The faster oscillations
of higher modes cause this dip to propagate in time from
high to low modes. The important consequence of the
inversions is that involved modes are reduced in the am-
plitude. These inversions and amplitude reduction are
indicators of decaying areal mass oscillations in rarefac-
tion flows discussed earlier. The ablative RMI likely af-
fects modes ℓ >∼ 200 by reducing them, as it does in the
no-picket design. It is difficult, however, to distinguish
this effect from the effect of rarefaction flows.

The spectrum in Fig. 4(e), like in Fig. 3(c), is plot-
ted for the time of shock breakout (1.45 ns in this case),
but it is substantially different from that in Fig. 3(c).
The amplitudes A0

ℓ
represented by this spectum take the

maximum at ℓ ≃ 30 and decrease toward higher ℓ modes.
These maximum modes continue to dominate in Phase 2

FIG. 4: Same as in Fig. 3, but using the single-picket pulse
shown in blue in Fig. 2(b): (a) t = 0.2 ns, (b) 0.4 ns, (c) 0.6
ns, (d) 1.0 ns, and (e) 1.45 ns.

and reach the nonlinear stage earlier than other high
modes. This is because the reduction in A0

ℓ
overcomes

the RT growth ∝ exp(
∫
γℓdt) at ℓ >∼ 30.

Figures 5(a) and 5(b) show density cross sections from
simulations of the no-picket and single-picket designs in
the end of Phase 2 and prior to the deceleration phase (at
t = 2.45 and 2.55 ns, respectively). The large-amplitude
RT density spikes and bubbles in Fig. 5(a) correspond
to dominant modes ℓ ∼ 100 to 200, which were devel-
oped to the end of Phase 1 [Fig. 3(c)]. These spikes and
bubbles produce a “broken shell,” in which the thick-
ness increases by a factor of ∼5 with respect to the 1-
D counterpart. The broken shell has an increased “ef-
fective” adiabat and, as a result, the shell stagnates at
the radius by a factor of 2 larger (≃40 µm vs. ≃20 µm
in 1-D). Such an undercompression results in a substan-
tial loss in performance: neutron yield Yn = 2.37 × 1013

(13% of the 1-D value) and neutron-averaged areal mass
< ρR >n= 92 mg/cm2 (37%). Contrary to that, the shell
in Fig. 5(b) has strongly reduced high-mode modulations.
This reduction is entirely due to the perturbation-seeding
Phase 1. It translates into mitigating the effects of im-
print on the implosion: Yn = 8.40× 1013 (46% of the 1-D
value) and < ρR >n= 207 mg/cm2 (81%).
Implosion designs are optimized in 1-D by matching
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FIG. 5: Meridional cross sections of the distribution of density
(in g/cm3) from 3-D simulations of the designs using the (a)
no-picket and (b) single-picket pulses shown in Fig. 2(b) in
red and blue, respectively. The images are shown at t = 2.45
ns and 2.55 ns, respectively, corresponding to moments prior
to deceleration of the targets.

the laser pulse strength and timing and target dimen-
sions. Optimum picket designs showing the best 1-D
performance use low-energy first pickets corresponding
to very low-α implosions (α <

∼ 2). Such pickets, how-
ever, produce relatively weak leading shocks following
by also weak rarefaction flows (with reduced release ve-
locities), which can not sufficiently mitigate imprint be-
cause of a lack of suppression of the inward modulation
feed-through. Imprint is mitigated by stronger pickets,
which produce more powerful rarefaction flows, but, in
turn, increase adiabat and consequently reduce 1-D per-
formance. On the other hand, too strong pickets can-
not efficiently mitigate imprint because of shortening the
time separating the first picket and main pulse, so that
the spectrum inversion dip has no time to propagate all
the way down to ℓ∼30. Therefore, optimum 3-D implo-
sions require medium-strength first pickets. The opti-
mum picket strength was found in experiments and, for
the current OMEGA setup, corresponds to α∼3 designs.
It is worth noting that a rarefaction flow producing by
the first picket has a major effect on the imprint, which
is much less affected by other pickets in multi-picket im-
plosion designs. This conclusion is in a good agreement
with OMEGA experiments showing similar performances
of optimized α∼3 implosions using either single- or triple-
picket pulses of the same total energy.
To illustrate the importance of first picket strength,

consider simulations of two OMEGA shots 69236 and
77066 (α≈2 and 3, respectively), which use triple-picket
pulses shown in Fig. 6(a) and targets in Fig. 2(a). Fig-
ure 6(b) compares modulation spectra in the end of
Phase 1. Shot 69236 has the small-energy first picket
developing a weak rarefaction flow. As a result, imprint
modes experience phase inversion [note the dip at ℓ ≈ 80
in the spectrum in red in Fig. 6(b)], but modes ℓ ≃ 150
continue to grow and become dominant. The shell in the

FIG. 6: (a) Laser pulses and (b) simulated spectra of areal
mass modulations for OMEGA shots 69236 (in red) and 77066
(in blue), respectively. These spectra are taken at t = 2.04
and 1.81 ns corresponding to shells’ initial acceleration.

end of Phase 2 is broken and similar to that in Fig. 5(a).
This implosion suffers from imprint: Yn = 1.23 × 1013

(6.5% of the 1-D value), which agrees well with the mea-
sured Yn = (1.08±0.05)×1013. Note the apparent failure
of adiabat shaping in this implosion. Shot 77066 has the
higher-energy first picket and optimum timing of the in-
version dip, causing reduction of imprint modes down to
ℓ ≃ 30 [see Fig. 6(b) in blue]. This minimizes the effects
of imprint resulting in Yn = 9.78 × 1013 (72% of the 1-
D value). This simulated yield, however, is by a factor
of 2.4 larger than the measured one [46], indicating that
other reduction mechanisms are in effect.

In summary, 3-D ASTER simulations help to iden-
tify a novel mechanism that is responsible for mitigating
imprint modes ℓ >

∼ 30 in direct-drive implosions with
picket laser pulses. This mechanism involves rarefac-
tion flows developing by unsupported shocks. Rarefac-
tion flows can result in a decay of imprint modulations
during the imprint phase, consequently reducing seeds
for the RT growth at the following acceleration phase.
Adiabat shaping plays a secondary role, reducing the RT
growth of modes ℓ >

∼ 100. Optimization through the
choice of pulse shape and target dimensions may improve
the efficiency of the new mechanism. Simulations sug-
gest that beside imprint other effects, such as low-mode
nonuniformities coming from laser and target asymme-
tries, perturbations from stalk mount and surface defects,
and uncertainties in 1-D physics, can still remain a major
drawback to the achievement of ignition-relevant condi-
tions in direct-drive ICF [47].
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