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Transient bifurcation induced rocket acceleration leading to a relativistic bulk medium
induced by designed high-intensity lasers
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By exploring a different function of plasma regulated by nonlinear waves and their transient bifurcations, we
propose a boosting scheme for an object consisting of pure solid hydrogen medium irradiated by spatiotempo-
rally designed high-intensity lasers to nearly the speed of light. This is achieved by two processes. One is the
slow process via the formation of the shocklike structure in the medium and subsequent adiabatic compression
exceeding 20 times the solid density to a width narrower than the local Debye length. This results in the frozen-in
dynamics of the plasma regulated by the parameter ρe/γe ([electron charge density]/[electron relativistic factor]),
which tends to be spatially less sensitive through the cancellation between laser ponderomotive and relativistic
nonlinearities in a highly nonlinear regime. The other is the fast process of the transient bifurcation of the shock
to a soliton leading to an explosion, which splits the structure into two shock structures propagating in opposite
directions, i.e., one is boosted forward as the reaction of the other ejected backward as a fuel. The entire sequence
of the processes causing compression and explosion, leading to the acceleration of bulk medium, are found to be
highly stable and then robust without causing any serious instability even including the nonuniformity of laser
intensity associated with a tight laser focal spot.

DOI: 10.1103/PhysRevResearch.7.013119

I. INTRODUCTION

Relativistic rocket is a fascinating challenge of boosting an
object with finite mass and volume as an object (bulk medium)
consisting of a large number of atomic nuclei to the level
of the light speed c. The concept of the rocket is to release
high-pressure heated fuel and corresponding momentum from
the object at high speed, which creates a large reaction force to
boost the remaining part forward by gaining nearly the same
amount of momentum. A typical application is laser fusion
[1,2], where a spherical target irradiated with a nanosec-
ond high-power laser becomes a high-pressure plasma state,
causing outward ablation. As a reaction for conserving mo-
mentum, shock waves are induced, propagating inward, while
slowly compressing the target medium to higher density. A
different approach that boosts an object (a bulk medium) [3]
is proposed, where a high-power laser (microwave) is directed
toward a rear-mounted parabola reflector. The laser is then
reflected and focused back into free space, causing an ex-
plosive discharge and generating a shock, which strikes the
object and creates thrust. In both cases, lasers are utilized to
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deliver a large amount of photon energy to the object, creating
a high-energy density plasma state, whose dynamics, e.g.,
ablation, implosion, explosion, etc., produces a directed large
momentum.

Recently, with the discovery of chirped pulse amplification
(CPA) technologies [4–8], short pulse high-intensity lasers
that confine light energy to the order of femtoseconds are
being developed, reaching the intensity of 1021–22 W/cm2 (so-
called relativistic regime) at visible wavelengths. Such lasers
are known to have the capability to provide a strong impact on
a bulk medium, generating large amplitude nonlinear waves,
e.g., shock waves, as mentioned above, but at a much higher
level. In fact, such lasers have been used to accelerate ions
(either protons or heavier ions) to high energies of tens to
100 MeV/u, e.g., aimed at compact accelerators for medi-
cal applications. Recently, a method has been proposed to
realize wake-field acceleration of ions by moving the focal
spot of light to generate collimated quasimonoenergetic ions
of GeV/u [9]. Such significant progress and advantage of
laser technology remind us to use them to realize a relativistic
rocket. However, achieved maximum energies are still low
compared to the light speed, and more importantly, the num-
ber of accelerated ions remains low as long as the methods that
have been developed so far are used. Therefore, while taking
advantage of such short-pulse lasers, it is necessary to explore
a different scheme that can accelerate dense bulk medium
to near the light speed. Based on this idea, here we utilize
the above-mentioned CPA-based short pulse laser in a similar
intensity regime but with a careful selection of parameters
that regulate the interaction, e.g., laser pulse length and spatial
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shaping, and most importantly, the target material and spatial
configuration.

Meanwhile, such a laser has the unique capability to sig-
nificantly modulate the produced relativistic plasma, which
influences the plasma frequency ωp ≡ (4πnee2/meγe)1/2 (ne:
electron density; e: elementary charge; me: the electron mass;
γe ∼ (1 + a2

0/2)1/2: the electron relativistic factor; a0: the nor-
malized amplitude of laser) and the collisionless electron skin
depth δe(= c/ωp) through the following two processes. One
is that the laser is reflected by piling up electrons forward by
the laser ponderomotive nonlinearity, causing a further denser
plasma layer in front. The other is that the laser penetrates the
plasma by expelling electrons aside or increasing the cutoff
density nc (= γenc0) by the relativistic nonlinearity [10,11],
where nc0 represents the nonrelativistic cutoff density defined
by nc0 = meω

2/4πe2 with ω = 2πc/λL. The former causes
shock waves [12–16] in the medium, a kind of nonlinear wave,
while the latter causes channeling [17,18].

To find such a scheme, we conduct a particle-in-cell
(PIC) based simulation for the interaction between the high-
intensity laser and solid hydrogen medium, taking the laser
pulse shape and the target geometry as key factors. As a typ-
ical example, we use τ = 20 fs (1/e) (Gaussian shape) with a
rising time of 10 fs, which is nearly the shortest laser pulse
width currently in development. As for the object irradiated
by such lasers, we choose a solid hydrogen medium (ne0 ∼
4.6 × 1022 cm−3) as the lightest object with a charge-to-mass
ratio of unity among all substances, which is preferable for the
present purpose causing a large acceleration. Such an object
has been developed by a cryogenically cooled technology
[19–22]. As the target geometry, we study two cases: one is
the slab geometry and the other is a rod (string) geometry
whose radius is in the same order as the laser wavelength λL.

In this paper, we propose a scheme to realize boosting a
bulk medium, whose density reaches the level of the solid
density, to the relativistic regime. In this scheme, due to the
ultrashort (τ ∼ 20 fs) laser irradiation to the solid hydrogen
medium, a peaked structure with a large amplitude (∼ 18ne0),
whose width is narrower than the local Debye length, is in-
duced. Then, an explosion of the structure is triggered by an
induced electric field reaching 200 TV/m, which produces two
shocks, i.e., one is a front shock boosted forward like a rocket,
and the other is a latter shock ejected backward as a fuel.
The front shock boosts the upstream bulk medium with the
solid density to the sub-GeV regime. This scheme stably and
robustly works for 0.5 × 1022 � I � 2 × 1022 W/cm2, where
the optimal intensity exists at I ∼ 1.0 × 1022 W/cm2.

In the series of simulations, we emphasize a parameter
defined by ρe/γe (ρe = ene), which directly affects ωp ∝
(ρe/γe)1/2, and then also δe ∝ (γe/ρe)1/2, which regulates the
propagation and attenuation of the laser field in dense plas-
mas. Here, ρe is normalized by ene0 in the following, so that
ρe/γe = 1 in the absence of a laser field. We refer to ρe/γe

as a frozen-in parameter [23] in the sense that ρe/γe tends
to be less sensitive to the laser ponderomotive and relativistic
nonlinearities in a high-intensity nonlinear regime. Namely, as
the laser intensity increases, both ρe and γe increase simulta-
neously due to the above nonlinearities, so that the numerator
and denominator in ρe/γe cancel each other. When ρe/γe

becomes small (ρe/γe < 1), the intense laser field tends to

penetrate the dense plasma by prolonging δe without sweep-
ing off electrons and to propagate as a flowing plasma. This
creates an extreme state in which highly compressed dense
plasma and intense laser fields coexist and propagate stably,
which is characterized as a function of a relativistic plasma.
This is in contrast to the case where a high-intensity laser
field is confined to a lower-density region surrounded by a
higher-density plasma above the critical density, which results
from a kind of structure resonance [24].

II. INTERACTION WITH HYDROGEN SLAB TARGET

Here, we study the case of two-dimensional (2D) slab
geometry, which is rectangular in the (x, y) plane and uni-
form in the z-direction, for the solid hydrogen medium.
Figure 1 illustrates three-dimensional (3D) images of ion (pro-
ton) charge density ρi, which also includes 1D distribution
views (see figure caption). Owing to the ultrashort (τ ∼ 20 fs)
and high-intensity laser irradiation and propagation in the
+y direction, a shocklike structure is generated, by which ρi

increases rapidly, as seen in Figs. 1(a) and 1(b). In Fig. 1(c), a
peaked structure of ions with ρi ∼ 18 is formed at y ∼ 0. The
localized positive charge of the ions generates a bipolar elec-
tric field Ey with an intensity of up to 200 TV/m. The structure
subsequently splits into two shocklike structures, where the
front shock is largely boosted in the +y direction as a rocket
by ejecting the latter shock in the −y direction as a fuel. This
mechanism yields a high-energy bulk medium over 100 MeV
within an extremely limited spatiotemporal scale of ∼ 1 µm
and ∼ 10 fs, as indicated by the arrow in Fig. 1(d). Finally,
the front shock propagating in the +y direction turns into a
soliton with no reflection of the upstream ions and then small
dissipation as shown in Fig. 1(e). In the following, we show
the detailed dynamics by using the 1D cross-sectional view of
(a) ρi for every 1.34 fs, (b) the longitudinal electric field Ey

for times picked up from (a), and (c) temporal evolutions for
ρip, which indicates the peak value of ρi (black solid line) and
position of y (blue dashed line) exhibiting ρip in Fig. 2.

A. Bifurcation dynamics of nonlinear waves

When the laser hits the surface of the hydrogen medium
at t = 32.2 fs, the laser ponderomotive force fPM starts to
push electrons forward, which induces the longitudinal elec-
tric field Ey exhibiting a positive monopole structure with even
parity around the surface. Then, the ion medium is accelerated
forward by Ey, which results in a quasi-1D shocklike structure
(brown). As shown in the inset in Fig. 2(c), the peak value of
ρi, which we define as ρip, exhibits an approximately expo-
nential growth ρip ∼ exp(γ t ) in two phases, i.e., the growth
rate γ1st ∼ 0.099/fs in the first phase (t = 36.2–41.5 fs) and
γ2nd ∼ 0.34/fs in the second phase (t = 45.5–50.9 fs), which
are connected through the stagnation phase. Due to the con-
tinuous compression of ρi, pushed electrons are pulled back
as a reaction. As a result, Ey tends to stagnate or slightly
decay (black), followed by the stagnation of ρip at t ∼ 44.2 fs.
Since fPM keeps working, Ey again increases (blue). These
steps exhibit a seesawlike relationship where the ion dynamics
and that of the longitudinal electric field are adiabatically
coupled, constituting a slow process. After t > 44.2 fs, the
similar seesaw dynamics are repeated, however, ρip does not
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FIG. 1. Three-dimensional (3D) images of charge density distributions of ions ρi at five different times (a)–(e) after the laser irradiation.
One-dimensional (1D) cross-sectional views averaged over x direction for (A) the ions ρi (black) and electrons ρe (blue) and the electron
relativistic factor γe = (1 + a2

0/2)1/2 (red), (B) the longitudinal electric field Ey (purple) and corresponding phase space distributions of ions
fpi(y, pyi ), and (C) electrons fpe(y, pye) in the y direction. ρi and ρe are normalized by the initial solid charge density ρ0 = ene0.

stagnate but keeps exponentially increasing up to ρip ∼ 18
at t = 50.9 fs (red). For t > 44.2 fs, the skin depth δe(=
c/ωp) ∝ (γe/ρe)1/2 is prolonged due to the rapid increase of
the laser electric field |Ex|, which allows the laser to penetrate
the compressed dense plasma. Consequently, the frozen-in
condition discussed above is established and stably sustained,
whose details are explained in the rod geometry (Fig. 5). From
t = 44.2 to 50.9 fs, the width in the y direction around the
peak of ρi is reduced one order of magnitude smaller from
δy ∼ 0.2 µm (blue) to δy ∼ 0.02 µm (red), leading to a singular
structure. Then, interestingly, from t = 44.2 to 50.9 fs, Ey

changes the topology from even parity to odd parity, which
causes an explosion explained in the following (b).

B. Explosion dynamics equivalent to rocket
ignition and boosting

At t ∼ 50.9 fs, the singular structure resulting from the
bifurcation from shocklike to solitonlike structure explodes
as a fast process, which is in contrast to the slow process
mentioned above. This is because the width of the singular
structure δy ∼ 0.02 µm becomes shorter than the local Debye
length λde ∼ 0.08 µm, so that a large field Ey with odd parity is
induced due to a strong Coulomb force. Then, the solitonlike
structure splits into two shocklike structures propagating in
opposite directions at t = 58.9 fs [Figs. 1(d) and 2(a)]. The
front shock is boosted forward as a rocket by the reaction

of the latter shock ejected backward as a fuel [Figs. 1(d),
2(a), and 2(b)]. At the same time, the front shock boosts the
upstream ions forward, which leads to the high-energy bulk
medium in the relativistic regime. This boosting scheme is
clearly shown in Fig. 3, which shows the 1D cross-sectional
views of ρi and fpi(y, pyi ) at t = 50.9 and 58.9 fs. The soliton-
like structure (A), the front shock (B), the latter shock (C), and
the high-energy bulk medium (D) are indicated, respectively.
During the explosion process of the solitonlike structure with
momentum P0,(A), the latter shock is ejected backward with a
momentum Pls,(C) and the front shock gains a large forward
momentum Pfs,(B), while it is quickly transferred to the high-
energy bulk medium. Therefore, it is largely boosted forward
with a momentum Pr,(D) to the entrance of the relativis-
tic regime, where the conservation of relativistic momentum
[25], i.e., P0,(A) ∼ Pfs,(B) + Pls,(C) + Pr,(D), are approximately
satisfied. It is noted that the mass of the high-energy bulk
medium (D) is equivalent to the initial solid hydrogen and
reaches approximately 21% for the mass of the solitonlike
structure (A) in Fig. 3. The efficiency leading to (D) from
(A) is estimated as Pr,(D)/P0,(A) ∼ 44%, which corresponds to
almost half of the initial momentum P0,(A). This indicates that
an extremely large momentum transfer to the upstream bulk
medium is realized, which is larger than those transferred to
each front and latter shock. The detailed quantitative analysis
is given in Appendix B. Here, the front shock only plays a role
as a momentum transmitter to the high-energy bulk medium.
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FIG. 2. 1D cross-sectional view of (a) successive charge density of ions ρi for t = 36.2 − 100 fs and (b) corresponding electric field Ey.
(c) Temporal evolutions for the locations y (the peaked structure), yr (the boosted ion medium front), and ρip. ρi and Ey are averaged along the x
direction. (d) Temporal evolutions for accelerations a and velocities v of the shocklike peaked structure, and also those of bifurcated front and
latter shocks, (af s, v f s ) and (als, vls ), respectively after t = 50.9 fs, and also those of pushed upstream bulk medium, (ar, vr ) after t = 46.9 fs,
shortly before the explosion. The velocities are normalized by c. The velocities and accelerations are smoothed by using the Bezier curve.

Here, it is worth noting the maximum momentum of pro-
tons obtained by the present boosting mechanism. Under
the condition that the Hamiltonian is conserved for a given
electrostatic potential structure moving with a constant drift
velocity, the obtained maximum momentum of ions py. max can
be estimated. When we apply the model presented in Ref. [26]
to the present case, i.e., the drift velocity is vd = 0.21c and the
potential energy is eφ ∼ 61.4 MeV at t = 50.9 fs [Fig. 3(a)],
we get the momentum py. max ∼ 0.61 mic, which is close to

the value of 0.54mic [see pyi at y ∼ 1.3 µm in Fig. 3(b)]. The
detailed analysis is given in Appendix B.

C. Remnant dynamics by soliton and rarefaction waves
after explosion

However, a short time later (∼ 4.0 fs), at t = 62.9 fs,
the front shock propagating forward changes the topology
again to a soliton structure with Ey exhibiting a bipolar

FIG. 3. Two-dimensional (2D) images of ρi and corresponding phase space distributions of ions fpi(y, pyi ) at (a) t = 50.9 fs and
(b) t = 58.9 fs. The solitonlike structure (A), which initially moves in the +y direction, turns into the front shock (C) by ejecting the latter
shock (B) backward and the high-energy bulk medium (D) forward.
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FIG. 4. (a) The maximum density of ions ρi for different laser peak intensity I. (b) The value of the longitudinal electric field Ey associated
with the shocklike/solitonlike structure for different laser peak intensity I.

structure with even parity, which means the end of the boost-
ing. The soliton structure propagates stably with vfs ∼ 0.13c
[Figs. 2(a), 2(b), and 2(d)]. On the other hand, the latter shock
is absorbed into the rarefaction wave triggered at t ∼ 62.9 fs
from the sharp edge. The edge of the rarefaction wave propa-
gates in the +y direction paired with the soliton, which are
both remnants propagating with the local sound speed and
survive for a longer time in the medium after the explosive
event.

D. Effect of laser intensity I on the boosting scheme

In order to confirm the stability of the present boosting
scheme, we investigate the dependence of the laser intensity I
on the compression of ρi and the intensity of Ey across two
orders of magnitude from 1.0 × 1021 to 1.0 × 1023 W/cm2

for the same pulse width and shape. From the fact that
the entire sequence of present acceleration dynamics (com-
pression, and subsequent explosion and acceleration) occurs
within 1 µm from the solid surface as seen in Fig. 2, here,
for simplicity, we shorten the slab width in the y direction
from 5 to 1.6 µm (−0.8 � y � 0.8 µm), for simplicity Here,
Fig. 4(a) shows the peak charge density ρi, corresponding to
ρip in Fig. 2(c), which provides the maximum compression
rate, and Fig. 4(b) shows the peak value of Ey associated
with the shocklike/solitonlike structure for the different laser
intensity I.

For the former lower intensity case, the shocklike struc-
ture with monopole field Ey is induced. However, the laser
field hardly penetrates the dense plasma due to the relatively
lower laser intensity I, so that the frozen-in condition is not
established. Instead, the upstream ions are simply accelerated
by the shock structure. This is considered to be the accelera-
tion dynamics referred to as collisionless shock acceleration
(CSA). For the latter higher intensity case, the shocklike
structure is also induced, however, the laser fields penetrate
the dense plasma before ρi grows exponentially [up to 4 in
Fig. 4(a)], which leads to the establishment of the pressure
balance in the moving frame, i.e., the high-pressure bulk elec-
trons are sandwiched by the intense laser antinodes and laser

pushes them in the +y direction like a piston. This state shows
a resemblance with a kind of structure resonance [24], which
is in contrast to the frozen-in state. However, the intensity of
Ey is 50 TV/m [Fig. 4(b)] and the obtained maximum energy
of ions is at most several tens MeV even though the laser is
an order of magnitude higher. From these results, there is a
region of intensity I that the present boosting scheme works
for given pulse length and shape.

III. INTERACTION WITH HYDROGEN ROD TARGET

Here, we extend the study using the slab geometry to that
of a 2D rod, which is circular in the (x, y) plane and uniform
in the z-direction, with the radius R = 0.8 µm, which is
roughly the same as λL. Figure 5 illustrates 2D images for ρe

[Figs. 5(a)–5(e)] and ρi [Figs. 5(f)–5(j)], respectively, with γe

(white) and ρe/γe (orange). After the laser hits the target, ρe

exhibits a global distortion on the scale of R with broadband
turbulencelike fluctuation that contains multiple spiky
structures in front of the laser field. Figure 5(k) illustrates
the 1D profiles ρi at successive different times. Namely, the
peak value ρip also increases exponentially in two phases
with a period of stagnation at t ∼ 44.2 fs. The growth rates
of the first phase (t = 36.2–41.5 fs) and the second phase
(t = 45.5–49.6 fs) are estimated as γ1st ∼ 0.11/fs and γ2nd ∼
0.37/fs, respectively, which are similar levels as in the slab
case.

After the stagnation period, multiple spiky structures of
ρe [Fig. 5(b)] tend to coalesce near the center region of the
rod [Fig. 5(c)] along the concave structure of ρi [Fig. 5(g)].
Accordingly, ρi is evolved exhibiting a sheet structure in the
x direction whose length is 
s ∼ 0.4 µm (∼ 0.5 λL ), while
compressed to ρip ∼ 18 with narrowing the width in the
y direction at y ∼ 0 in Fig. 5(h). Note that the seesaw dy-
namics between ρip and Ey discussed in the slab case are
also responsible for causing a peaked sheet structure. Around
the time that ρip reaches the maximum value, Ey changes the
topology transiently from shocklike to solitonlike, followed
by an explosion causing two shocks. The former one is further
boosted as the front shock.
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FIG. 5. 2D images of charge density distributions of (a)–(e) electrons ρe and (f)–(j) ions ρi. The electron relativistic factor γe =
(1 + a2

0/2)1/2 (white) and the frozen-in parameter ρe/γe ∼ ω2
p (yellow) are also shown. γe and ρe/γe are averaged over −0.08 < x < 0.08 µm

in the x direction. (k) 1D cross-sectional view of successive charge density of ions ρi. (l) Temporal evolutions for the maximum proton energy
K at τ = 10, 20, 20 (supper-Gaussian), 40, and 60 fs with the same I. The pulse shapes for each case are also shown.

A. Stability of the frozen-in parameter ρe/γe

Here, we found the change of frozen-in parameter ρe/γe

across the stagnation time (t ∼ 44.2 fs), after which the expo-
nential growth of ρip is rebuilt as seen in Figs. 5(f)–5(h). Here,
ρe is normalized by ene0 in the following, so that ρe/γe = 1
in the absence of a laser field. Namely, as the laser intensity
increases, both ρe and γe increase simultaneously, so that the
numerator and denominator in ρe/γe cancel each other. In
the first phase, e.g., at t = 40.2 fs [Fig. 5(f)], the condition
ρe/γe ∼ 1 is established since the laser field does not pene-
trate the semicircle including the concave region. However, at
t = 44.2 fs [Fig. 5(g)], which is the time that the second phase
starts, the condition ρe/γe � 1 is established, where the laser
field with γe,max ∼ 60 (∼ a0) starts to penetrate the denser
region of ρe (∼ ρep ∼ 20). After t > 44.2 fs [Figs. 5(h)–5(j)],
the location of the peaked sheet structures of ρe and ρi coin-

cides with that exhibiting the maximum value of the laser field
|Ex|, and then copropagates with each other quasicoherently
without causing scattering/thermalization [Figs. 1(c)–1(e) in
(C)], where ρe/γe is frozen to almost the constant value
around ρe/γe ∼ 0.1. This state is maintained with robustness,
which may result from the nearly constant nature of ρe/γe ∝
ω2

p ∝ 1/δ2
e in regulating the electromagnetic dispersion even

in the presence of strong laser fields. Supported by the stability
of ρe/γe, the front shock pushes the upstream bulk medium
forward, generating a high-energy component with the ve-
locity vr ∼ 0.57c (200 MeV) at t ∼ 60 fs, which is similar
dynamics to the slab case. Here, the velocity of the front shock
is boosted from v ∼ 0.23c to vfs ∼ 0.25c. This is because the
mass of the high-energy component is much smaller than that
of the front shock due to the limited mass of the rod structure,
so only a part of the front shock’s momentum is transferred to
the high-energy component.
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FIG. 6. The 2D cross-sectional views of ρi at intervals of 0.24 µm from z = 0 to z = 0.96 µm at t ∼ 49.6 fs, which is the time that the
explosion takes place.

B. Effect of pulse width τ on the boosting scheme

Figure 5(l) shows the temporal evolutions for the front en-
ergy corresponding to the high-energy component estimated
by that of a representative proton K as a measure of the
performance of the presented boosting scheme for different
shapes of the incident laser. The energy K for the present laser
of τ = 20 fs suddenly increases due to the boost of the front
shock by the explosion at t ∼ 50 fs and reaches 0.3 GeV at
t ∼ 70 fs, followed by the boost of the high-energy compo-
nent. After t > 70 fs, the high-energy component is further
boosted by the sheath field Ey induced at the rod surface,
leading to 0.44 GeV. For the super-Gaussian (SG) shape with
the same rising time of 10 fs, the growth rate of K is almost
the same as that of τ = 20 fs in t < 60 fs, indicating that the
rising time is a key to the present boosting scheme. For the
longer laser pulse of τ = 40 and 60 fs, no ignition takes place,
and it is less boosted [15]. The growth rate of K for τ = 20 fs
is approximately twice compared with those for τ = 40 and
60 fs, even though the pulse energy is less than half. The initial
formation of a shocklike structure fails for the shorter laser
pulse of τ = 10 fs.

C. Stability for 3D rod geometry

So far, we have studied 2D geometries assuming unifor-
mity in the z direction, while a case can be considered that
the medium irradiated by such high-intensity lasers loses sta-
bility in the z direction even if the laser is uniform, such
as kink and/or sausagelike distortions, which prevents higher
density compression before the explosion takes place. For this
purpose, here, we perform full 3D simulations, including the
freedom of distortion in the z-direction, by setting the solid
hydrogen medium of the same radius R = 0.8 µm with the
height of h = 2.0 µm using the periodic boundary condition.
In Figs. 6(a)–6(e), we show the 2D cross-sectional views of ρi

at intervals of 0.24 µm from z = 0 to z = 0.96 µm at t ∼ 49.6
fs, which is the time that the explosion takes place. It is found
that the similar sheet structure with the length of 
s ∼ 0.7 µm
is formed in the x direction, followed by the subsequent explo-
sion and acceleration at the same timing as those observed in
the 2D case [Figs. 5(h)–5(j)] without causing any significant
distortion with the order of 1 µm in the z direction. These
results indicate that the series of dynamics leading to the
explosion and acceleration are stable and robust.

IV. CONCLUDING REMARKS

In this work, we discovered a function of a relativistic
plasma dominated by the frozen-in condition that the pa-
rameter ρe/γe regulating the dispersion through the plasma
frequency ωp and electron collisionless skin depth δe weakly
depends on laser ponderomotive and relativistic nonlinearities
due to their cancellation in the highly nonlinear regime. This
makes it possible to create a different extreme state in which
highly compressed dense plasma and intense laser fields coex-
ist stably. By utilizing this state, we realized an explosion in
the solid hydrogen medium and boosting the bulk medium to
near the light speed aiming at a relativistic bulk medium. The
mechanism is found to work only in the hydrogen medium
with a charge-to-mass ratio of unity among all substances
in nature. When we use the solid deuterium slab/rod with
the same electron density as solid hydrogen, the shocklike
structure is not induced and the present boosting scheme does
not work. This is because the deuterium ions hardly follow the
electrons pushed forward by the strong ponderomotive force
due to their large mass. To explore the target with materials
heavier than solid hydrogen is key to expanding the range of
applications.
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APPENDIX A: NUMERICAL MODELING

Simulations are performed using the two-dimensional
(2D) version of the particle-based integrated code EPIC3D
[15,16,27]. The system has a dimension of Lx × Ly = 5.12 ×
10.24 µm containing 1024 × 2048 cells, and the coordinates
are set to −2.56 � x � 2.56 µm and −2.56 � y � 7.68 µm.
A cell size of 5 nm is used to resolve the nonlinear structures
in detail. To explain the fundamentals of a boosting scheme,
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a solid hydrogen slab is set, which consists of solid-density
hydrogen molecules with an electron density of ne(ρe0) =
4.6 × 1022 cm−3 ∼ 26.8 nc. The hydrogen slab occupies an
area of −2.56 � x � 2.56 µm and −0.80 � y � 4.20 µm,
with a slab length of 5.0 µm. Furthermore, a solid hydrogen
rod with a radius R = 0.8 µm is set, with the rod center placed
at (x, y) = (0, 0). The number of PIC particles used for the
ions is 60 and 280 per cell for the hydrogen slab and rod,
respectively. Fully ionized and collisionless plasma is used
as the initial condition. A linearly polarized laser pulse in
the x direction (plane wave), with a pulse width of τ = 20 fs
(1/e), is generated from an antenna located at y = −2.55 µm
(x = 0). The pulse propagates in the +y direction from t = 0,
with a pulse energy E ∼ 5 J. In this study, pulse width plays
an essential role in the collisionless shocklike structure and
resultant boosting, whereas pulse energy depends weakly on
these dynamics. The peak intensity of the laser pulse is set
to I = 1.0 × 1022 W/cm2, which corresponds to a0 = 69.3.
The laser parameters are based on the currently available laser
system with a contrast ratio of ∼ 10−9 [6,7]. For fields and
particles, a periodic boundary condition is employed in the
x direction and a transparent boundary condition is employed
in the y direction. As shown in Fig. 1, the 3D images for differ-
ent ρi are smoothened using fast Fourier transform processing.
The densities ρi and ρe, the electron relativistic factor γe, and
the field Ey are averaged in the x direction over −2.56 �
x � 2.56 µm and phase space distributions of ions fpi(y, pyi )
and electrons fpe(y, pye) in the y direction are averaged over
−0.08 � x � 0.08 µm. The momenta of ions pyi and electrons
pye are normalized by mic and mec, respectively.

For the 3D3V simulation in the case of the rod target,
the system size is set to Lx × Ly × Lz = 5.12 × 5.12 × 2 µm
containing 128 × 128 × 50 cells and the coordinates are set
to −2.56 � (x, y) � 2.56 µm and −1.0 � z � 1.0 µm. A hy-
drogen rod with a radius of R = 0.8 µm and a height of h =
2 µm is located at the center of the simulation box, i.e., the
center of the rod is (x, y) = (0, 0) and the rod axis is parallel
to the z direction, with a periodic boundary condition in the x
and z directions, while a transparency boundary condition is
in the y direction.

APPENDIX B: DETAILED EVALUATION OF MOMENTUM
CONSERVATION IN THE SLAB GEOMETRY

In the following, we evaluate the momentum conserva-
tion in the relativistic regime by using Figs. 2(d) and 3.
At the moment of the explosion or shortly before (t ∼
46.9 fs), the upstream bulk medium is pushed forward with
a larger acceleration. Through this process, a new high-
energy component originating from the pushed upstream bulk
medium is established, which corresponds to the initiation of a
second boosting as shown in Fig. 2(d), which illustrates the
temporal evolution of accelerations a and velocities v for
various structures (details are in the figure caption). The

velocity v increases in the slow process due to the large
acceleration (t ∼ 36.2 fs), while it saturates to the maximum
value toward the time of the explosion (t ∼ 50.9 fs). Then,
v f s turns to decrease, while vr further increases, reaching
vr ∼ 0.47c (128 MeV).

The momentum P0,(A) (corresponding mean velocity v0 ∼
0.16c) at t = 50.9 fs is transferred to P f s,(B) ∼ 0.32P0,(A)

(v f s ∼ 0.11c), Pls,(C) ∼ 0.22P0,(A) (vls ∼ 0.096c), and
Pr,(D) ∼ 0.44P0,(A) (vr ∼ 0.35c) at t = 58.9 fs, which
roughly satisfies the conservation of relativistic momentum
[25], i.e.. P0,(A) ∼ P1st−rocket,(B) + Pfuel,(C) + P2nd−rocket,(D).
The velocities v0 and vls satisfy the Einstein velocity
addition law given by vls = (wa + v0)/(1 + wav0/c2) at
t = 50.9 fs, where wa is the relative velocity of (C) to
(A). Similarly, the velocities v f s and vr satisfy the relation
given by vr = (wb + v f s)/(1 + wbv f s/c2) at t = 58.9 fs,
where wb is the relative velocity of (D) to (B). From these
relations, wa = −0.065c and wb = +0.25c are estimated,
indicating that the latter shock is ejected to the −y direction,
while the high-energy component is boosted to the +y
direction.

Here, it is worth noting the maximum momentum of pro-
tons py. max obtained by the present boosting mechanism.
When the explosion takes place (at t = 50.9 fs), the electro-
static potential associated with the solitonlike structure (A)
moves in the +y direction with a drift velocity v = 0.21c. The
maximum momentum of protons py. max by the reflection of
such a moving electrostatic potential eφ is estimated by the
following relations based on the Hamiltonian dynamics [26]:

py,max

mic
=

βd B +
√

B2 + β2
d − 1

1 − β2
d

, B = eφmax

mic2
+

√
1 − β2

d ,

(1)

where mi is the proton mass and eφmax is the maximum
value of the electrostatic potential obtained by integrating Ey

from y = 0.99 µm to y = 0 in the −y direction [see the red
line in Fig. 2(b)]. Here, eφ(y = 0.99 µm) = 0 and Ey(y =
0.99 µm) = 0 are satisfied. The value βd is the drift veloc-
ity of the potential normalized by the light speed c. In the
present case, eφmax and βd at t = 50.9 fs are estimated as
61 MeV and 0.21, respectively. By substituting these values
into Eq. (1), py. max is estimated to be 0.61mic, which is close
to the maximum momentum of 0.54mic at t = 58.9 fs [see pyi

at y ∼ 1.3 µm in Fig. 3(b)]. Furthermore, for the condition that
the reflection of upstream ions takes place, the values eφmax

and βd must satisfy the following relation [26]:

βd < β∗ ≡
√

2
eφmax

mic2
−

[
eφmax

mic2

]2

. (2)

In the present case, β* is estimated to be 0.36c, which
satisfies βd < β∗, indicating that the reflection of upstream
ions should take place.
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