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Nonlocal effects on the shock-augmented ignition scheme of laser inertial fusion
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Shock-augmented ignition (SAI) has recently been proposed as a viable approach to optimize the shock
ignition scheme of laser fusion, which may substantially reduce laser power and intensity requirements and, as a
result, greatly inhibit the growth of laser-plasma instabilities. However, the nonlocal thermal transport effect,
which is believed to play a significant role in shock ignition, has not been considered in evaluation of the
SAI scheme yet. Here, by self-consistently including modeling of the space-time-dependent nonlocal thermal
transport into the radiation hydrodynamic simulations, we revisit the whole implosion and ignition dynamics
of SAI numerically and theoretically. We find that, due to the nonlocal effect, on the one hand, the time-delay
window between the igniter spike and the compression pulse in the drive laser for achieving high-gain fusion is
much broadened from about 0.45 to 0.7 ns, relaxing the difficulty of laser pulse shaping; on the other hand, both
the coast time and the fusion burn duration are significantly reduced by, respectively, 0.22 ns and 47 ps, in favor
of increasing the hot-spot pressure around the stagnation stage.
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I. INTRODUCTION

Laser-driven inertial confinement fusion (ICF) is based on
the spherical implosion of a small capsule driven by either
thermal x-ray ablation (indirect-drive in a hohlraum) [1–6] or
direct laser ablation (direct-drive) [7–10], where the spherical
capsule is constructed with an outer layer of plastic (CH), a
middle layer of deuterium-tritium (DT) ice fuel, and an inner
region of DT gas. Due to the adiabatic spherical compression
during implosion, combined with shock heating, the capsule
finally evolves into a high-pressure hot spot at the center
surrounded with a cold high-density fuel shell. Upon the stag-
nation stage, if both the compressed hot spot’s temperature
(T ) and the fuel shell’s areal density (ρR) are sufficient, the
central hot spot ignites and efficiently burns the surround-
ing dense fuel shell, creating net energy release, which is
so-called “ignition” [1,3]. A recent breakthrough at the Na-
tional Ignition Facility (NIF) using an indirect-drive scheme,
realizing both burning plasma and ignition with an energy
gain of G > 1 [1,5], has excited the global fusion energy
research community. However, in the indirect-drive scheme,
laser energy must first be converted into thermal x rays in
a gold hohlraum, leading to low-energy coupling efficiency
and a limited energy gain of about G < 15 [11]. This makes
the indirect-drive scheme less practical for future commercial
fusion energy applications.
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As the widely investigated scheme of direct-drive ICF,
shock ignition (SI) [12–17] uses a sharp rise (spike) in laser
power (intensity I ∼ 1016 W/cm2) at the end of the drive
laser pulse to launch a strong converging shock at the end of
the compression phase. The converging shock is subsequently
amplified in a collision with the rebound shock near the inner
surface of the preassembled fuel shell, bringing further com-
pression and heating of the hot spot and eventually resulting
in “ignition.” This additional shock compression and heating
reduces the implosion velocity required for ignition and also
reduces the susceptibility to Rayleigh-Taylor instability (RTI)
as less acceleration is required. It has been shown theoretically
[11,12] that SI has the potential for a low-ignition threshold
and a high-energy gain combined with increased robustness
to RTI. However, although the hydrodynamic advantages of
SI are clear, it requires a high peak laser intensity of I ∼ 1016

W/cm2, well above the thresholds of laser-plasma instabil-
ities (LPIs), which means that SI faces great challenges in
laser coupling efficiency reduction and fuel preheating by
suprathermal electrons due to LPIs [17–19].

Most recently, shock-augmented ignition (SAI) [20,21] has
been proposed as a viable approach to optimize SI, where
a steep reduction in laser power is introduced preceding the
sharp spike in power. The dip in the laser power precondi-
tions the ablation plasma with both the electron temperature
and the plasma pressure reduced, aiding shock formation
driven by the following laser spike. Therefore, the required
peak intensity of the drive laser (i.e., the maximum intensity
of the spike) can be substantially reduced to 1015 W/cm2,
greatly inhibiting the growth of LPI. However, the nonlo-
cal thermal transport effect arising from the existence of
the steep-temperature-gradient region in laser-ablated plasmas
[22–27], which is believed to play a significant role in the
direct-drive scheme, particularly in SI [7,16,28,29], has not
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yet been considered in Ref. [20] during evaluation of the key
condition and performance of the SAI scheme.

In this paper, we revisit the whole implosion and igni-
tion dynamics of SAI by self-consistently including modeling
of the nonlocal thermal transport effect into the radiation
hydrodynamic (rad-hydro) simulations. Since the electron
thermal transport in laser-ablation dynamics is not only
time-dependent but also space-varying, and strongly rele-
vant to the in situ plasma conditions [30–32], we implement
the space-time-dependent and multigroup Schurtz-Nicolaï-
Busquet (SNB) nonlocal electron thermal transport model
[26,27,33] into the rad-hydro code “FLASH” [34]. A series of
simulation results shows that, due to the nonlocal preheat-
ing, the fuel shell becomes no longer near-isentropic during
implosion, whose adiabat is increased by about 50%. More-
over, the compression shock velocity also increases and the
shock rebounds earlier, which induces the collision between
the rebounding shock and the igniter shock occurring at a
place farther away from the inner surface of the fuel shell.
These modifications of the implosion dynamics eventually
result in two key different evaluations of SAI. On the one
hand, the time-delay window between the igniter spike and the
compression pulse in the drive laser for achieving high-gain
fusion is much broadened from about 0.45 to 0.7 ns, relaxing
the difficulty of laser pulse shaping in SAI. On the other
hand, both the coast time and the fusion burn duration are
significantly reduced by, respectively, from 1.72 ns down to
1.5 ns for the former and from 90 to 43 ps for the latter, in
favor of increasing the hot-spot pressure around the stagnation
stage against radiation cooling and plasma expansion.

II. SIMULATION SETUP

The rad-hydro simulations are performed in the one-
dimensional spherical geometry for SAI. Figure 1(a) shows
schematically the implosion capsule design, which consists
of a 51-µm wall CH ablator, a 165-µm-thick DT-ice layer, and
a 1535-µm-radius DT gas with a mass density of 6.2 × 10−4

g/cm3. Meanwhile, the SAI pulse shape (the red line) with an
energy of 2.0 MJ and a wavelength of 0.351 µm is presented in
detail, which has a 3.6-TW foot and rises to a peak compres-
sion power of 365 TW, followed by a 0.7-ns dip at a power of
130 TW and a 0.9-ns igniter spike at a power of 510 TW. The
corresponding peak intensities of the compression pulse and
the igniter spike are respectively 0.93 × 1015 and 1.3 × 1015

W/cm2. The size of the simulation box is 3000 µm, divided
into 7200 cells and the time step is small enough (typically
∼10−14 s) to meet the Courant-Friedrichs-Lewy stable
condition and even resolve the electron-ion collision time. It
should be pointed out that the SNB model has included the
improvements in Refs. [27,33], such as modifying the Krook
collision operator and properly considering the electric field
correction to the mean-free-path, which basically eliminate
the overestimation of preheating in the original SNB model
[26]. For simulations with the improved multigroup SNB
model, 20 energy groups equal-spaced in logarithms are
selected, and more energy groups give identical results.
Furthermore, the simulation results are compared with
those by the same flux-limited Spitzer-Härm (SH) model as
Ref. [20] with the constant flux limiter f = 0.06, where the

FIG. 1. Schematics of the shock-augmented ignition (SAI) and
the nonlocal effects during the whole SAI dynamics. (a) The SAI
laser pulse shape with an energy of 2.0 MJ (red line), which has
a 3.6-TW foot and rise to a peak compression power of 365 TW,
followed with a 0.7-ns dip at a power of 130 TW and a 0.9-ns
igniter spike at a power of 510 TW. Inset: Implosion capsule with
the plastic (CH) ablator, which has a 1751-µm outer radius and a
1.39-mg total DT fuel mass. (b) The separated compression (upper
half, label 1) and ignition (lower half, labels 2 and 3) stages for SAI
(labels 1, 2, and 3 represent the order of the stages): in the compres-
sion stage, the DT fuel shell is compressed and accelerated by the
compression pulse, with the fluctuating arrows (right) representing
that the nonlocal thermal flux preheats the fuel shell; in the ignition
stage, the igniter shock (pink arrows) collides with the rebound shock
(black arrows), which generates a convergent shock (white arrows)
to further compress and heat the hot spot, with the nonlocal thermal
transport effect influencing the shock velocities and the position of
the shock collision.

simulating thermal flux is chosen as Q = min(QSH, fQfs ) and
Qfs is the free-stream thermal flux [35,36].

III. THE COMPRESSION DYNAMICS

Figure 2 shows simulation results of the SAI compression
dynamics after taking the nonlocal thermal transport effect
into account. Figure 2(a) presents ∇lnP in the time-radius
plane during implosion, where we can see that the compres-
sion shock breaks out from the inner surface of the DT ice
shell at ∼10 ns and the compression stage lasts from 10 ns to
about 18 ns. The thermal flux and the mass density around the
fuel shell at 16 ns are exhibited in Fig. 2(b). We see clearly
that the fuel shell is significantly preheated after considering
the nonlocal effect, with the thermal flux approximately 5
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FIG. 2. The simulation results of the compression dynamics for SAI after taking the nonlocal thermal transport effect into account. (a) The
reciprocal of the pressure gradient scale length (∇lnP) during the implosion in the time-radius plane, where we can see that the compression
shock breaks out from the inner surface of the DT ice shell at ∼10 ns, with the compression stage from 10 ns to about 18 ns. (b) Distribution of
the thermal flux (red lines) and the mass density (black lines) at 16 ns for simulations considering the nonlocal effects (solid lines) compared
with that by flux limited SH model with f = 0.06 (dashed lines), where the preheating in the fuel shell and subsequent density reduction are
shown clearly. The positions of the density peaks represent the center of the fuel shell. (c) Distribution of the electron temperature around
the fuel shell at 16 ns, with the temperature of the fuel shell by nonlocal model (solid line) approximately twice of that by the flux-limited
SH model (dashed line). (d) Distribution of the adiabat α (blue lines) around the fuel shell at 16 ns, with the inset displaying the evolution
of the spatial-average adiabats 〈α〉 (green lines) from 14.6 to 18 ns. (e) Evolution of the implosion velocity of the fuel shell (black lines) and
compression shock velocity (red lines) before rebound by the nonlocal model (solid lines) and flux-limited SH model (dashed lines). (f) The
ratio 〈α〉non/〈α〉SH (red stars) between the spatial-average adiabats by the nonlocal model and the flux-limited SH model at the end of the
compression stage of 18 ns and the time interval δTrebound (black triangles) between the rebounding time of compression shocks by the two
models vary with the laser intensity from 0.93 × 1015 to 1.16 × 1015 W/cm2.

orders of magnitude higher than that in the case by using the
flux-limited SH model. Correspondingly, the compression of
the fuel shell is reduced and the peak density is almost halved
from 17 to 9 g/cm3. Meanwhile, due to the preheating, the
electron temperature of the fuel shell is nearly doubled, as
shown in Fig. 2(c), which further increases the entropy and
breaking the near-isentropic condition. As shown in Fig. 2(d),
the adiabat of the entire shell is increased by about 30%. And
the spatially averaged adiabat 〈α〉 is increased gradually with
time from 1.6 to 2.5 during the compression stage, unlike the
constant low-adiabat of ∼1.45 in the flux-limited SH model
( f = 0.06). In short, the near-isentropic condition for SAI
during the compression stage [20] is broken by preheating due
to the nonlocal thermal transport, which further leads to the
reduction of fuel shell compressibility.

Figure 2(e) shows the time evolution of the implosion
velocity of the fuel shell and the compression shock velocity
before rebound. We see that, comparing with those using the
flux-limited SH model, the implosion velocity (black lines)
is basically unaffected after taking into account the nonlocal
effect, but the compression shock velocity (red lines) is ob-
servably increased. Moreover, the closer to the capsule center
the place is, the more the increase of the shock velocity is.
This results in an earlier rebound of the compression shock
by about δTrebound ∼ 0.25 ns, whose value is even comparable

to the high-gain time window of ∼0.5 ns of SAI in Ref. [20].
Figure 2(f) shows the implosion dynamics for different com-
pression pulse intensities. We see that, on the one hand, the
spatially averaged adiabat at the end of the compression stage
(18 ns) is increased by more than 50% after considering the
nonlocal effect and this increase becomes more pronounced
when the compression pulse intensity increases. On the other
hand, the rebound time of the compression shock also be-
comes earlier when the compression pulse intensity increases.

IV. THE IGNITION DYNAMICS

These modifications of the compression dynamics subse-
quently affect the ignition dynamics. Figure 3(a) presents the
mass density profiles (red lines) of the fuel shell by the non-
local model at 19.0 ns (solid) and the flux-limited SH model
at 19.3 ns (dashed) before the collision between the igniter
shock and the rebound shock. We see that, in comparison
with that using the flux-limited SH model, the rebound shock
collides with the igniter shock at a place farther away from the
inner surface due to its earlier rebound because of the nonlo-
cal effect. Thus, more fuel can be swept by the convergent
shock after the shock collision and further be compressed and
heated, which is beneficial for achieving the ignition condi-
tions. Meanwhile, the inset of Fig. 3(a) demonstrates that the
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FIG. 3. The simulation results of the ignition dynamics for SAI
after considering the nonlocal thermal transport effect. (a) Density
profiles (red lines) of the fuel shell before the occurrence of shock
collision by the nonlocal model at 19.0 ns (solid line) and the flux-
limited SH model at 19.3 ns (dashed line), with the corresponding
adiabats (blue lines) shown in the inset. (b) Evolution of the hot-spot
pressure (Ph, brown lines) and shell area density (ρR, green lines)
around stagnation with α-particle deposition turned off by the nonlo-
cal model (solid lines) and the flux-limited SH model (dashed lines).
The vertical dashed lines are on behalf of the moments of stagnation.
(c) Distribution of the electron temperature Te (red lines) and the
mass density ρ (black lines) in the hot-spot and dense fuel shell at
stagnation under the conditions of considering the nonlocal effects
(solid) or not (dashed) and turning on the α-particle deposition (with
stars) or not (without stars). (d) Evolution of the DT fusion power
(black lines) by the nonlocal model (solid) and the flux-limited SH
model (dashed), along with the final fusion yields (hollow triangles).
The fusion power is defined as the energy released by DT fusion in
unit time during the ignition stage.

adiabat of the fuel shell is still maintained at a high value due
to the preheating, which is not conducive for the shell com-
pression. Figure 3(b) plots the time evolution of the hot-spot
pressure (brown lines) and the shell area density (green lines)
around stagnation with the α-particle energy deposition turned
off. We see clearly that the stagnation (corresponding the
hot-spot pressure peak) is achieved much earlier from 19.92
to 19.7 ns and the coast time, which is defined as the time
duration between the stagnation time and the laser shut-off
time (18.2 ns), is reduced from 1.72 to 1.5 ns. Furthermore,
the stagnation pressure is distinctly increased, as the brown
lines show, by 18%, due to the contributions of more com-
pressed and heated fuel and reduced coast time, which can
help achieve the ignition threshold more easily [1]. However,
the peak areal density (ρRmax) is essentially unchanged af-
ter considering the nonlocal effect, as the green lines show,
which is the balanced result of more fuel compressed by
the convergent shock and higher adiabat reducing the fuel
compressibility.

Figure 3(c) shows the electron temperature Te (red lines)
and the mass density ρ (black lines) in the hot spot and dense
fuel shell at stagnation. We see that a higher-temperature hot
spot and a denser fuel shell are achieved owing to higher
stagnation pressure and more compressed fuel, where the peak
hot-spot temperature and the shell density both increase by

about 10%. Moreover, Figure 3(d) presents that the fusion
burning process becomes faster after considering the nonlocal
effect, releasing 120 MJ (see the solid triangle symbol) of
energy in a short fusion burn duration (with full width at half
maximum 43 ps), while the simulation with the flux-limited
SH model predicts a fusion yield of 115 MJ (see the dashed
triangle symbol) with a fusion burn duration of 90 ps. It is
worth noting that the reason that both cases achieve almost the
same fusion yields is that in both cases the achieved peak areal
densities of ρRmax ∼ 3.5 g/cm2 are similar, which determines
the maximum burn-up fraction of the DT fuel [θ ≈ 1/(1 +
7/ρRmax)] (in simulations it is about 26%, very close to the
theoretical estimation of 33%). In short, although the final
fusion yield for high-gain SAI design is almost unchanged,
the coast time and the fusion burn duration are both reduced
by the nonlocal effect, and the stagnation pressure is distinctly
increased, potentially lowering the ignition threshold.

V. TIME-DELAY WINDOW AND INTENSITY
RANGE FOR HIGH-GAIN SAI

Figure 4 shows the time-delay window between the igniter
spike and the compression pulse and the intensity range of the
igniter spike for achieving high-gain SAI, which determines
the experimental feasibility and robustness of SAI. Figure 4(b)
exhibits the quantitative fuel mass swept by the convergent
shock after the collision for a series of laser pulse designs
with different delay times partly shown in Fig. 4(a), with the
0.7-ns-dip setup defined as the zero point (corresponding to
the simulation setup for which the maximum fusion yield is
acquired). We see clearly that the shocked fuel mass (swept by
the convergent shock after the collision) in simulations using
the nonlocal model is obviously larger than that using the flux-
limited SH model, which is the result of the shock collision
occurring at a place farther away from the inner surface of the
fuel shell as shown in Fig. 3(a). When the delay time is chosen
as −0.3 ns, the collision almost occurs at the inner surface
for the flux-limited SH model, while a relatively high fuel
mass can be shocked and compressed for the nonlocal model,
as shown in the inset. Therefore, a for short delay interval
or a narrow dip, the nonlocal effect can effectively improve
the burning performance by providing more fuel. Figure 4(c)
depicts the corresponding yield curves as a function of the
delay time: on the one hand, the maximum fusion yield is es-
sentially unchanged as Fig. 3(d) indicates; on the other hand,
the time-delay window for high-gain SAI (G > 10) is signifi-
cantly broadened, from only 0.45 to 0.7 ns, which means that
there is a wider range of delays between two pulses for which
high gain is achieved. The broadened time window relaxes the
difficulty of laser pulse shaping, within the capabilities of a no
matter “full-quad” or “split-quad” scheme for the NIF [15].

Figure 4(d) shows the fusion yields as a function of the
igniter spike intensity [the specific laser shapes are shown in
the inset of Fig. 4(a)]: with the increase of the laser intensity,
the fusion yields increase first and then decrease, presenting
an intensity range for achieving high-gain SAI. The intensity
range is significantly expanded to high-intensity for the
nonlocal case, nearly 3 times wider than that by the flux-
limited SH model, which suggests the intensity requirement
for high-gain is significantly relaxed. In addition, the optimal
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FIG. 4. Time-delay window between the igniter spike and the
compression pulse and the intensity range of the igniter spike
for achieving high-gain SAI after considering the nonlocal effects.
(a) The laser pulse shapes with different time delays between the
igniter spike and the compression pulse, with the total laser energy
keeping 2.0 MJ and the igniter spike unchanged. The inset is the laser
shapes with different intensities for the igniter spike. (b) The fuel
mass shocked by the convergent shock after collision as a function
of the time delay, in simulations using the nonlocal model (red
cross) or flux-limited SH model (black inverted-triangle), with the
0.7-ns-dip setup defined as the 0-ns time delay. The inset presents
the density profiles before shock collision in simulations with the
time delay of −0.3 ns. (c) Thermonuclear energy yields as a function
of the time delay in simulations using the nonlocal model (red line)
or flux-limited SH model (black line), with the orange dashed line
representing the fusion gain G = 10, above which we define as high
gain. (d) Thermonuclear energy yield as a function of the intensity of
the igniter laser, with the orange horizontal dashed line representing
the fusion gain G = 10 (high gain) and vertical dashed lines on
behalf of optimal laser intensities corresponding to maximum yields.

laser intensity is shifted up ∼12%, from 1.34 × 1015 to
1.5 × 1015 W/cm2, which is reasonable because earlier shock
rebound requires faster igniter shock to match and collide at
proper positions. Note that for the igniter spikes with intensity
� 3.9 × 1015 W/cm2 in our SAI scheme, the negative impact
of LPI is much weaker, compared to the conventional
shock ignition scheme where the peak laser intensity
I ∼ 1016 W/cm2 is generally used. In our SAI cases, although
LPI may slightly scatter the incident laser and slightly reduce

the final fusion yield, its effect on the high-gain intensity range
can be neglected (the high-gain intensity range is reduced
by 7%; see details in the first section of the Supplemental
Material [37]).

In addition, RTI is generally thought to significantly affect
the implosion dynamics in direct-drive ICF. However, for SAI,
due to its relatively low implosion velocity, the growth of RTI
is greatly inhibited. Besides, the nonlocal thermal transport
effects in SAI mainly modify the temperature of the fuel shell
bulk and the place where shock collision occurs, which are
basically unaffected by RTI. Therefore, including RTI will
likely have little effect on the trends we have observed from
adding nonlocal thermal transport (see details in the second
section of the Supplemental Material [37]).

VI. CONCLUSION

In conclusion, we revisit the whole implosion and ignition
dynamics of SAI by self-consistently including modeling of
the nonlocal thermal transport effect into the radiation hy-
drodynamic simulations. We find that, due to the nonlocal
effects, the implosion performance of SAI is improved and
the laser shape requirement for high-gain fusion is reduced.
On the one hand, the time-delay window between the igniter
spike and the compression pulse for achieving high-gain fu-
sion is much broadened from about 0.45 to 0.7 ns, easier to
achieve in existing experimental devices such as NIF. On the
other hand, both the coast time and the fusion burn duration
are significantly reduced respectively from 1.72 ns down to
1.5 ns for the former and from 90 to 43 ps for the latter, with
the stagnation pressure distinctly increased, potential to reach
Lawson’s criterion [1] more easily (lower ignition threshold).
Therefore, after self-consistently modeling the nonlocal ef-
fects, SAI seems to be a more viable and promising scheme
for future high-gain ICF.
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