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Shock-ignition effect in indirect-drive inertial confinement fusion approach
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Shock-ignition effect in indirect-drive thermonuclear target is demonstrated on the base of numerical simu-
lations. Thermonuclear gain (in relation to laser pulse energy) of a shock-ignited indirect-drive thermonuclear
capsule is obtained, which is 22.5 times higher than that at a traditional spark ignition of the capsule with
the same DT-fuel mass, wherein the shock-ignition laser pulse energy is 1.5 times less than the energy of a
laser pulse at traditional spark ignition. To implement the shock-ignition effect in indirect-drive target, a rapid
increase in radiation temperature is required over several hundred picoseconds at the final stage of thermonuclear
capsule implosion. The ability of such a rapid response of radiation temperature to variation in the intensity
of an x-ray-producing laser pulse is the main factor in the uncertainty of the degree of manifestation of the
shock-ignition effect in an indirect-drive target. This circumstance, first of all, requires experimental study.
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I. INTRODUCTION

The shock-ignition method [1,2] is capable to significantly
increase the energy efficiency in direct-drive inertial confine-
ment fusion (ICF). A distinctive feature of the method is to
provide a stronger separation of the processes of implosion
and stagnation of a thermonuclear capsule compared to the
traditional approach to spark ignition [3,4]. The latter is de-
signed for use in a single-step profiled laser pulse. The shock
ignition involves the use of a two-step pulse with a high power
spike at the end of the pulse, which is intended to generate an
ignition shock wave. The shock-ignition physics in relation to
the direct drive is being actively investigated. The first step
of shock-ignition pulse has the same behavior of temporary
power profiling as in the case of traditional direct-drive igni-
tion (see, for example, [5–7]). A submegajoule shock-ignition
pulse of third-harmonic Nd laser pulse intended to ignite
the target with, approximately, 1 mg DT-mass and 0.1 cm
radius should include the first step with gradually increased
power within a few nanoseconds from several TW to the
value of several tens of TW, which retains for the next several
nanoseconds. This part of the pulse, as in the case of the
traditional approach, is intended for slow low-entropy com-
pression of the target. The spike power increases very quickly
(in a few hundred picoseconds) to a value of 400–600 TW,
which maintains within the next few hundred picoseconds
[1,2]. The spike should provide the generation of a powerful
ignition shock wave with pressure of about 100–200 Mbar
[8–11]. The central ignition region (hot spot) is formed at a
high energy concentration as a result of the collision of one or
more diverging and converging shock waves.

To date, a large amount of knowledge has been accumu-
lated relating to the physics of shock ignition in the direct
drive scheme. Thus, the results of theoretical studies related
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to ignition shock wave generation, hot spot formation, hydro-
dynamic stability of implosion, role of laser-accelerated fast
electrons, and thermonuclear gain of shock-ignited target can
be found in [1,2,8–19]. In the experiments [20–30], several
aspects of shock ignition are investigated, such as ablation
pressure formation and fast electron generation driven by
laser pulse with spike intensity. This situation is due to the
current lack of a laser installation capable to provide ignition
of a thermonuclear target under direct spherically symmetric
irradiation with laser beams.

The only installation capable of igniting a thermonuclear
target is the NIF (LLNL, USA) [31] with the third-harmonic
Nd laser pulse energy of about 2 MJ. However, this installa-
tion is primarily intended for the indirect-drive thermonuclear
capsule [32,33] located inside a hohlraum in which the ini-
tial laser pulse is converted into a soft x-ray flux. The laser
beam focusing scheme is designed to use a cylindrical or
quasicylindrical hohlraum with two-way input of laser beams
inside through the end entrance holes. This focusing scheme
is not intended to provide spherically symmetric irradiation
of a thermonuclear capsule with laser beams in order to con-
duct experiments not only with indirect, but also with direct
irradiation.

In the experiments with indirect-drive targets on the NIF
facility, the appreciable results were achieved during the last
three years using the conventional spark ignition method. In
2021, the results of experiments were published [34,35], in
which the neutron yield of N = 4.8 · 1017 was recorded at the
laser pulse energy of about 1.9 MJ. The released energy of
DT reactions (fusion yield) is 1.37 MJ, which corresponds
to thermonuclear gain in relation to laser energy, i.e., the
ratio of the fusion yield to the input laser energy, GL = 0.72.
According to the data [36], the target ignition with a GL of
about 1.9 was achieved. On July 29, 2023 the fusion yield
was about 3.88 MJ. The neutron yield was about 1.4 · 1018.

The efficiency of applying the shock ignition to the in-
direct drive target is a reasonable question. Especially so,
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TABLE I. Several experimental and numerical data relating to
shot N140520.

Experimental
data [38,39] LLNL simulation [40]

N140520 1D 2D

Laser energy (MJ) 1.764 1.76 1.76
Peak radiation temperature

TR (eV)
322 306

Fuel velocity (km/s) 367–387 375–397
Total DT neutron yield 8.98 · 1015 1.1 · 1017 2.1 · 1016

Neutron yield (kJ) 25.3 310 59.2
Gain of the target N140520

with respect to laser
pulse energy GL

0.014 0.18 0.034

because the calculations of [37] show that using the technical
characteristics of a NIF laser, it is possible to generate a
laser-induced x-ray pulse with peak power at the final stage
acceptable for the application of shock ignition.

In this paper, the effect of shock ignition is demonstrated
on the base of end-to-end simulations of the radiation hydro-
dynamics of the indirect drive target for the NIF conditions.
The second section contains the problem statement with jus-
tification of the target and simulation method selections. The
results of numerical simulation of shock-ignited indirect-drive
targets are presented in the third section.

II. PROBLEM STATEMENT

Shock-ignition effect is demonstrated for one of the tar-
gets proposed at LLNL in 2014–2018 for experimental and
computational studies of the traditional spark ignition of an
indirect-drive target. To mark this target and the laser pulse
intended for it, the experiment number N140520 is used,
according to the data of [38–40]. The choice of this exper-
iment was supported by the fact that the target and laser
pulse parameters had been described in sufficient detail in
[38–40]. The “research” target N140520 did not provide ig-
nition. This fact further stimulated applying a shock ignition
to this target. There are several data relating to the N140520
shot experiment, as well as to one-dimensional (1D) and
two-dimensional (2D) simulations of this shot presented, ac-
cording to [38–40], in the third and fourth columns of Table I.
According to the one-dimensional LLNL calculations, gain
of the target N140520 with respect to laser pulse energy was
only GL ≈ 0.18 (Table I). In experiments of those years with
laser pulse energy of about 1.7 MJ, the gain was GL ≈ 0.014,
which was 13 times smaller than the result of a 1D simulation.
One of the main reasons, in particular, was insufficient degree
of the minimization of a negative impact of hydrodynamic
instabilities on thermonuclear capsule implosion [41,42].

Below, parameters of the target and the laser pulse
N140520 are presented, according to the data of [38–40]. The
target N140520 is a cylinder hohlraum of 9.43 mm length
and 5.75 mm diameter, in the geometric center of which a
thermonuclear capsule is placed. The walls of the 30 µm thick
hohlraum are made of Au. A depleted uranium 7 µm thick

FIG. 1. The laser pulse used to irradiate the target in experiment
N140520 [36,37] is shown by a solid curve. The laser pulse for
irradiating a target with the same DT-fuel mass of thermonuclear
capsule at shock ignition is shown by a dotted curve.

layer is encapsulated from the inside of the wall at a depth of
0.7 µm. The two laser entrance holes of 3.1 mm diameter are
positioned at the hohlraum ends. The thermonuclear capsule
is a spherical shell with an outer surface diameter of 2.25 mm.
The outer layer of the capsule is the plastic ablator with a
thickness of 178 µm. The ablator of the capsule N140520 had
the layer doped by Si up to 2% by weight with a thickness of
51.6 µs, located on the side of the DT ice. The thickness of the
internal layer of DT ice frozen onto the inner ablator surface
is 69 µm. The density of the residual DT gas is 0.3 mg/cm3.
The laser pulse N140520 with an energy of 1.76 MJ and a
duration of 15 ns belonged to the “high foot” (HF) type. In
the last high-intensity part of the pulse with a duration of 3 ns,
the power was 393 TW. The dependence of pulse power on
time is shown in Fig. 1.

Numerical simulation of this work was performed using the
1D radiative hydrodynamic code RADIAN [43–46]. In this
code, the two-temperature hydrodynamic equations are solved
together with a radiation transfer equation in the multigroup
spectral approximation. Spectral optical constants are calcu-
lated according to the THERMOS database [47,48]. The real
equation of state take into account the kinetics of ionization
and cold pressure, as well as plasma heating by DT-reaction
α particles. The laser light is absorbed by the bremsstrahlung
mechanism.

In the experiment, laser energy is converted to thermal
x-ray radiation at the inner surface of cylindrical hohlraum.
1D RADIAN code simulations are performed for laser pulse
interaction with the inner surface of a spherical converter.
At the same time, input laser energy distribution inside a
spherical converter is determined by a comparison of the en-
ergy balance equations in cylindrical and spherical geometries
[44]. Iterations were made to improve the fit of 1D-model
simulation data to experimental ones. Varied in these itera-
tions was the laser energy incident on the inner wall of the
spherical hohlraum in order to reach a better match between
the radiation temperature Trad in the hohlraum cavity and the
experimental data or the simulation data obtained at the LLNL
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and published in [38–40]. By such a way it is established
that the equivalent spherical converter radius is equal to 3750
µm. Eventually, the RADIAN code simulation results are in
good agreement with the data of numerical modeling and
experiments published in [38–40]. The peak radiation tem-
perature of x-ray pulse of 322 eV, the maximum velocity
of capsule implosion of 364 km/s, the implosion time of
15.88 ns, the time-width of thermonuclear burn (at half-height
of the fusion energy release rate) of 142 ps, the DT-neutron
and fusion yields, respectively, of 1.7 · 1017 and 0.48 MJ, as
well as the gain GL of 0.27 were obtained in the RADIAN
code simulation with target and laser pulse N140520. In the
1D simulations LLNL accompanying the experiment [38–40],
the maximum value of the radiation temperature was 306 eV,
the maximum velocity was 397 km/s, the implosion time
was 15.97 ns, the DT neutron yield, the fusion yield, and the
gain were, respectively, 1.1 · 1017, 0.31 MJ, and GL ≈ 0.18. In
the experiments [38–40] neutron yield of 9 · 1015, maximum
radiation temperature—about 322 eV, maximum implosion
velocity—367–387 km/s, implosion time—15.91 ns, and
duration of target burning—111 ps were obtained. Such a
favorable result of comparison of RADIAN code data and
those of [38–40] for traditional indirect-drive spark ignition
became the argument to use RADIAN code for modeling the
indirect-drive shock ignition.

III. SHOCK IGNITION OF INDIRECT-DRIVE TARGET

The main requirement for modifying the target and the
laser pulse N140520 to demonstrate the shock-ignition effect
is maintenance of spike power at the level of about 400 TW
close to the maximum value of laser pulse N140520 shown
in Fig. 1. Such a condition allows assuming that the shock-
ignition pulse corresponds to the technical capabilities of the
NIF installation. Based on a series of optimization calcu-
lations, target and laser pulse parameters were determined
when a strong shock ignition effect is appeared. Next, the
abbreviation SI will be used for the target and the laser pulse
at shock ignition. The time dependence of SI-pulse power is
shown in Fig. 1. Up to 6.25 ns, the pulse coincides with the
pulse N140520. Further, the power of the SI-pulse is kept
100 TW for about 6.75 ns. Then, during 0.2 ns, the power
increases to a maximum spike power of 450 TW, which is
maintained for the next 0.75 ns until the end of the pulse.
The total duration of the SI pulse is 14.5 ns, which is 0.5 ns
less than the pulse N140520. The main difference between
the SI pulse for indirect drive and the SI pulse for direct drive
consists in spike parameters. In the case of indirect drive, the
spike power is approximately 1.5 times less, and the spike
duration is 1.5 times longer as compared to those for the case
of direct drive. The increased duration is due to the delay in
the x-ray pulse formation relative to the laser pulse, which is
determined, in particular, by the heat capacity of the hohlraum
wall [32,37].

The SI target differs from the target N140520 by thickness
(mass) of thermonuclear capsule ablator only. With the same
mass and inner surface radius of the DT layer, the ablator mass
is reduced by about 1.5 times as compared to the thermonu-
clear capsule of the target N140520. As a result, the thickness
of the shock-ignition target ablator was 118.5 µm. The ablator

FIG. 2. Temporal dependence of the internal radii of ther-
monuclear capsule (R−t diagram of capsule implosion), radiation
temperature in hohlraum (Trad, dashed curves) and energy flux den-
sity of x-ray pulse (Wrad, dotted curves) heating the capsule as
calculated by the RADIAN code of the N140520 target (a) and the SI
target (b) having the same mass of DT fuel. To the left of the R axis,
the initial positions of DT-ice and CH-ablator layers are shown. R−t
dependence of boundary between DT ice and ablator is shown by the
blue solid curve. The laser pulse is shown schematically by the black
solid curve.

thickness decrease corresponds to the decrease of ablation
rate according to its dependence on laser intensity I9/40 [32]
when the power of compressive part of the SI pulse (100
TW) is four times less compared to pulse N140520 power
(393 TW). The total energy of the SI pulse is 1.2 MJ, which
is approximately 1.4 times less compared to pulse N140520
(1.76 MJ). The capsule with ablator thickness of 118.5 µm
used in our numerical simulation of the SI target had the same
layer doped by Si up to 2 wt.% of 51.6 µm thickness as the
capsule of the N140520 target.

In 1D RADIAN simulation with the above described SI
target and SI pulse demonstrates the gain GL = 6.1, which
is approximately 22 times higher than the 1D gain at the
traditional spark ignition with the target N140520.

Figure 2 shows the time dependence of the internal radii of
thermonuclear capsule (R−t diagram of capsule implosion),
the radiation temperature in hohlraum (Trad), and the energy
flux density of x-ray pulse (Wrad) heating the capsule as calcu-
lated by the RADIAN code of the N140520 target [Fig. 2(a)]
and the SI [Fig. 2(b)] target. HF and SI laser pulses described
above also are schematically shown on these figures.
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FIG. 3. The time dependences of ablation pressure for the SI
target (the dashed curve) and target N140520 (the solid curve).

The time dependences of radiation temperature Trad and
x-ray energy flux density Wrad follow to the time dependence
of laser pulse. For the SI pulse during the period of spike
power growth from 13.25 ns to 13.45 ns, the values Trad and
Wrad monotonically increase from 212 eV and 3 · 1014 W/cm2

up to 274 eV and 5.6 · 1014 W/cm2. During the period of
constant spike power from 13.45 ns to 14.2 ns, these values
continue to grow to the maximum values of 324 eV and
1.1 · 1015 W/cm2.

The maximum radiation temperature is, practically, the
same as when the target N140520 is ignited using the tradi-
tional spark ignition approach (322 eV, as it was mentioned in
the previous section). The time delay of x-ray pulse maximum
formation with respect to the time when the spike reaches the
maximum power is about 0.75 ns. As already mentioned, it
is caused, in particular, by the heat capacity of the hohlraum
wall. Despite this, the increase in the x-ray energy flux density
during a spike action turns out to be steep enough to generate
an igniting shock wave.

Figure 3 shows the time dependences of the ablation
pressure for the SI target and target N140520. The pressure
actually changes with the laser pulse power (Fig. 1). The
maximum ablative pressure (100 Mbar) in the SI target is
1.4 times larger than in the target N140520 (70 Mbar). Thus,
the calculation results indicate the manifestation of a strong
shock-ignition effect at the approximate conservation of spike
power at a level of maximum power of laser pulse N140520
used in NIF experiments.

To demonstrate the SI effect, the numerical simulations
in this work were performed for the SI target with minimal
changes made compared to a specific indirect-drive spark-
ignition target. An important direction for further research
is the comprehensive optimization of both the parameters of
the SI target and the laser pulse. In particular, the important
issue is the sensitivity of the SI effect in an indirect-drive
target to spike parameters through the response of radiation
temperature to a rapid increase in spike intensity.

In the simulations presented in this paper, over the en-
tire duration of the spike, 0.95 ns (0.2 ns of which is the
duration of spike-intensity rise and 0.75 ns is the duration
of the constant maximum intensity), the time-average rate of

increase in radiation temperature is 118 eV/ns. The rate of
increase in radiation temperature exceeds the above average
value at the stage of increasing spike intensity (at a relatively
small radiation temperature) and is significantly lower than
this value while maintaining the maximum spike intensity (at
a high radiation temperature). In this case, the average rate of
growth of the relative radiation temperature (normalized to its
value at the beginning of the increase) is about 0.58 ns−1.

As compared to similar calculations of the radiation tem-
perature evolution, it is possible to use the results of paper
[37]. In that paper, during the spike with approximately the
same duration of 1 ns, of which 0.2 ns is the duration of the
spike-intensity rise and 0.75 ns the duration of the constant
maximum intensity, the average rate of radiation temperature
growth is 140 eV/ns with the average growth of the relative
temperature (normalized to its value at the beginning of the
rise) of about 0.8 ns−1.

In experiments at the NIF facility, the shortest rise time of
the laser pulse intensity is about 1 ns [49]. In experiments on
spark ignition with a HF laser pulse [50], the rate of radiation
temperature growth in a sufficiently heated hohlraum at the
stage of rapid increase in laser pulse intensity over the period
of 8–9 ns was about 60 eV/ns. Simulations using the RA-
DIAN code under the conditions of the above experiment at
the same stage of laser pulse growth gives a similar radiation
temperature rise rate of about 80 eV/ns [44]. At the same
time, the rate of increase in relative radiation temperature
(normalized to its value at the beginning of the increase) in
the experiment is about 0.6 ns−1 [50], which is a value close
to the average rate of increase in relative radiation temper-
ature in the calculations of the SI ignition target using the
RADIAN code (0.58 ns−1). The rapid increase in radiation
temperature over several hundred picoseconds at the final
stage of thermonuclear capsule implosion is the main factor
in the uncertainty of the degree of manifestation of the shock-
ignition effect in an indirect-drive target. The ability of such
a rapid response of radiation temperature to variation in the
intensity of x-ray-producing laser pulse, first of all, requires
experimental study.

A comparative presentation of RADIAN code results for
the SI target and target N140520 is presented in Table II.

Shock ignition leads to a hot spot with significantly higher
values of maximum ion temperature of 15 keV and areal
density of 0.32 g · cm−2 compared to traditional spark ignition
approach, when these values are 5 keV and 0.11 g · cm−2 only.
Moreover, for thermonuclear capsules of the SI target, this is
achieved at the SI laser pulse energy 1.5 times less than the en-
ergy of laser pulse N140520 despite the SI capsule and target
N140520 having equal DT-fuel masses. As a result, the shock
ignition provides efficient burning of a compressed thermonu-
clear capsule with thermonuclear gain of 6.1 and DT-fuel
burnout of 12.6%, whereas these values for the target and laser
pulse N140520 are, respectively, 0.27 and 0.88% only.

IV. CONCLUSIONS

A simulation and theoretical demonstration of a pos-
sibility to effectively use shock-ignition approach to
indirect-drive thermonuclear capsule with a pulse of laser-
induced x-ray pulse is presented. The numerical simulations
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TABLE II. Several results of RADIAN-code simulations for the
SI target and target N140520.

Target
SI target N140520

Laser pulse energy (MJ) 1.2 1.76
Laser pulse duration (ns) 14.5 15
Released energy of fusion reactions (MJ) 7.34 0.480
Maximum radiation temperature in

hohlraum (eV)
324 322

Time of thermonuclear target implosion (ns) 15.55 15.88
Neutron yield 2.6 · 1018 1.4 · 1017

Thermonuclear gain relative to laser energy 6.1 0.27
DT-fuel burnout in fusion reactions (%) 12.6% 0.88%
Areal density of DT fuel at the moment of

maximum compression of the capsule
(g · cm−2)

0.88 0.39

Areal density of DT-fuel hot spot with
average temperature exceeding 4.5 keV
at the time of maximum compression of
the capsule (g · cm−2)

0.32 0.11

The maximum ion temperature in DT fuel at
the time of maximum compression of the
capsule (keV)

16 5

The maximum ion temperature in DT fuel
during the thermonuclear burning (keV)

48 15

of indirect-drive targets with thermonuclear capsules of the
equal DT-fuel masses justify that shock-ignition provided
the thermonuclear gain 20 times greater, and at the laser

pulse energy 1.5 times lower as compared to traditional
spark ignition.

An important circumstance is the fact that shock ignition of
indirect-drive target can be carried out while maintaining the
spike power at the level of the maximum power of laser pulse
(400 TW) as used in the traditional spark ignition scheme.

In this work, the SI effect is demonstrated based on 1D
simulations. An important direction for further theoretical
research in this area is to study the degree of hydrodynamic
stability of the SI scheme based on 2D and 3D simulations.
Another important issue is to study the robustness of the SI
indirect-drive scheme versus laser pulse timing and establish
SI laser pulse timing windows, as it is a study in direct-drive
SI approach. The ability of rapid increase in radiation temper-
ature over several hundred picoseconds at the final stage of
thermonuclear capsule implosion is the main factor in the un-
certainty of the degree of manifestation of the shock-ignition
effect in an indirect-drive target. This circumstance requires
experimental study.

The demonstrated potential of increasing the energy effi-
ciency of indirect drive target due to the use of shock ignition
indicates the relevance of further research in order to conduct
the experiments in this area.
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