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Generation of ultrahigh fields by microbubble implosion
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Breaking the 100-MeV barrier for proton acceleration will help elucidate fundamental physics and advance
practical applications from inertial confinement fusion to tumor therapy. A novel concept of “microbubble
implosion (MBI)” is proposed. In the MBI concept, bubble implosion combines micro-bubbles and ultra-
intense laser pulses of 102° — 10?2 Wem™ to generate ultrahigh fields and relativistic protons. The bubble
wall protons are subject to volumetric acceleration toward the center due to the spherically symmetric
electrostatic force generated by hot electrons filling the bubble. Such an implosion can generate an ultrahigh
density proton core of nanometer size on the collapse, which results in an ultrahigh electrostatic field to
emit energetic protons in the relativistic regime. Laser intensity scaling is investigated for accelerated
proton energy and attainable electrostatic field using MBI. Three-dimensional particle-in-cell and
molecular dynamics simulations are conducted in a complementary manner. As a result, underlying physics
of MBI are revealed such as bubble-pulsation and ultrahigh energy densities, which are higher by orders of
magnitude than, for example, those expected in a fusion-igniting core of inertially confined plasma. MBI
has potential as a plasma-optical device, which optimally amplifies an applied laser intensity by a factor of
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two orders of magnitude; thus, MBI is proposed to be a novel approach to the Schwinger limit.

Key words: Ultraintense ultrashort laser, relativistic protons, Schwinger limit, microbubble implosion, high-energy-
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1 Introduction

In the past quarter century, the chirped-pulse-
amplification (CPA) technique has increased the laser
intensity more than ten mil-lion times [1].
Consequently, diverse research via laser-matter
interactions has been pursued. Examples include fast
ignition [2-4] and high energy particle acceleration
for electrons and ions with respect to different
applications [5-8]. These studies have been
conducted under the relativistic electron regime [9],
corresponding to the laser intensity I with 10" < Ip
(Wem™) < 10%2. Utilizing laser fields is, however, far
from straightforward because of their rapid
oscillations. This presents a fundamental difficulty,
particularly when attempting to accelerate ions that
can then be used for a range of promising
applications. A common approach to circumvent this
difficulty is to first heat electrons in a laser-irradiated
target [10-14].

As the heated electrons expand, they generate a
strong electric field at the target surface that causes
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ions to accelerate [15-18]. For example, Coulomb
explosion is a well-known scheme for ion
acceleration [19-22], in which nm- to u m-sized
clusters are irradiated by an intense laser pulse to
blow off most of the electrons in a moment. The
remaining ions then begin to spherically expand due
to the strong Coulomb force. All these ion
acceleration schemes strongly depend on the laser
intensity applied on the targets. As well as the particle
acceleration, high field science such as vacuum
physics [23-29] is also important and fundamental
topics in high energy density physics via laser. In
quantum electrodynamics (QED), the Schwinger
limit, Es = m.’c*/eh~1.3x10" Vm’!, is reported as the
scale above which the electromagnetic field is
expected to create electron-positron  pairs
spontaneously, where m. is the electron mass, c is the
speed of light in a vacuum, e is the elementary
charge, and / is the Planck constant. The electric field
at the Schwinger limit corresponds to the laser
intensity I;~2.3x10” Wem™. To date, many studies
have focused on increasing laser performance with
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regard to power and intensity [30-33]. While the
threshold for electron-positron pair production may
be substantially below Eg for multiple focusing
pulses [34, 35], the current “distance” in the laser
intensity to the Schwinger limit is still roughly five to
six orders of magnitude away even by taking such
measures into account.

Recently we have proposed a conceptually new
approach to generate ultrahigh fields and resultant
high energy protons, which is referred to as
“microbubble implosion” (MBI), picture is illustrated
in Figure 1(a). Suppose that a spherical micron-sized
bubble, prepared artificially in a solid target, is forced
to implode when placed into a heat bath composed of
hot electrons (Figure 1(b)), which are actively
circulating in and outside of the bubble [36]. For
simplicity, the target is assumed to be pure hydrogen.

The ion implosion continues until the ions become
compressed to a nanometer scale such that their radial
inward motion is halted by the resulting outward
electric field. This means further compression of the
original laser energy in space and time in the shape
of an extremely dense ion core, which leads to
generation of an ultrahigh electric field at the center.
This field is much stronger than the field that initiated
the implosion, and it causes a violent explosion of the
compressed ions, with resulting energies many times
higher than the energy gained during the implosion.
Below we construct a simple semi-analytical model,
which encapsulates the important features obtained
from multidimensional simulations. Not only can this
model easily visualize the underlying physics of this
novel phenomenon but also define the limiting
performance.
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Figure 1 — (a) Envisioned picture showing all of the main events of microbubble implosion (MBI), i.e.,
laser illumination, hot electron spread, implosion, and proton flash at the end.
(b) Schematic picture showing the core mechanism of MBI. Being filled with hot electrons in the bubble,
the bulk of the protons begin to accelerate toward the center in a spherically symmetric manner.

Phenomena such as converging shock waves and
sonoluminescence are similar to a bubble implosion.
Shock waves are observed in many branches of
physics. Although sonoluminescence is a relatively
new phenomenon in the acoustics field, Lord
Rayleigh proposed the basic idea (contraction of a
water bubble) over a century ago. The behavior of
bubble implosions reported in this study remarkably
differs. Extremely high temperatures and low
densities characterize the physical states of
collapsing converging waves at the center in shock
waves and sonoluminescence. By contrast, extremely
high densities and practically zero temperatures for
protons characterize bubble implosions.

2 Dynamics of Microbubble Implosion

2.1 One-dimensional hybrid simulation

Hot electron distribution in the bubble is the key
physical issue in MBI. We first conducted 1D hybrid
simulations, in which electrons and ions are treated as
an electrostatic field and particles, respectively.
Practically, the specific value of the ionization degree
in space, a = nio/ngy, results from the interplay between
the laser and the target material. Hence, it depends on
the external parameters such as the absorbed laser
energy and the target volume. The electron distribution
in the bubble is obtained by solving the Poisson
Boltzmann (P-B) equation, Vo = 4me[ne. exp(e ¢ /T¢)

29



Generation of ultrahigh fields by microbubble implosion

— ni], where ¢ is the electric potential and 7. is the
temporal electron density at the center. After
normalizing the P-B equation, the present system is
found to depend on a single dimensionless parameter
defined by A = Ro/Api, where Api = (Te/4mnioe®)"? is the
Debye length. As a function of A, the P-B equation is
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numerically solved to give ¢(r) and consequently ne(r)
under the appropriate boundary conditions. The
potential profile ¢(r) evolves over time in accordance
with the temporal ion density profile ni(r). The two
dimensionless variables, Ri/Ry and A, constitute the
analysis as control parameters.
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Figure 2 — (a) Initial density profiles of the electron and the ion normalized by the initial ion density,
respectively. (b) the electric field as a function of A. (¢) Ion trajectories obtained by 1D simulation under Ri/Ro = 2
and A = 0.5. The black curves correspond to initial radii, while the blue curves divide the innermost segment to better
observe the implosion dynamics. The labels, A — H, are to compare other physical quantities in the following Figures.
For the solid density, the normalized unit time corresponds to 3.4 fs. (d) Magnified view of the rectangle part in (c).

Figures 2(a) and (b) show the initial profiles for
the electron density n. (r) and the electric field,
respectively, obtained for different values of A and a
fixed initial ion density profile normalized by 7. The
electron profiles for A < 1 are rather flat over the
entire domain, while they conspicuously reduce in
the bubble with increasing A (>2). It is convenient to
normalize time ¢ and use the dimensionless quantity

wpiot instead, where wy,;o = /4mn;gZ2e? /m; is the

ion plasma frequency and m; is the ion mass.
Figure 2(c) shows the ion trajectories for the
entire time region under the bubble conditions of
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Ri/Ry =2 and A = 0.5. The black curves correspond
to initial radii with a constant increment of Ar =
0.04R, while the blue curves subdivide the innermost
segment to better resolve the implosion dynamics.
The labels along the time axis, A — H, are to compare
other physical quantities in subsequent figures.
Figure 2(d) shows a zoom-in of the rectangular in
Figure 2(c). Until time D, all of the ion trajectories
remain laminar, so that one curve does not intersect
another. However, upon the collapse (time E), the
innermost trajectory is strongly ejected radially
outwards and this is the phenomenon that we call the
proton flash. In Figure 2(d), the innermost seven
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trajectories in blue represent flashed protons and they
behave quite differently from the other trajectories.
These trajectories sharply cut across the other
trajectories, confirming that the flashed protons
quickly slide down a Coulomb potential that can be
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effectively viewed as quasi-static. These “runaway”
protons are emitted from a very small volume with r
~ 0.05R, due to an explosive acceleration under the
ultrahigh electric field that is generated by the
accumulated proton core at the center.
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Figure 3 — (a) Temporal evolution of the velocities of individual protons normalized by the maximum implosion
velocity vmi. (b) Overall view of the velocity profiles at the snapshot times A — H.
(¢) Density profiles normalized by the solid density at different times A — H. (d) Energy spectrum at time H.
The inset stands for the same data given in the main frame but in double-logarithmic scales.
The unit of the energy is chosen to be the maximum kinetic energy in the implosion phase. The two-humped
structure is attributed to the acceleration process at the singular behavior at the center

Figure 3(a) shows the velocity evolution of the
flashed protons and the surrounding protons,
normalized by the maximum implosion velocity vmi.
The blue and black curves correspond to those in
Figure 2(d). Upon the collapse (times D — F), the
velocity of the flashed protons drastically increases,
exceeding the maximum implosion velocity by a
factor of 2.0 — 2.5, which are simply squared to give
corresponding energy amplification by a factor of 4
— 6. This energy amplification for the flashed
protons is due to their sliding down the steep
Coulomb potential slope. The innermost protons are

the first ones to be reflected near the center. The
dynamics of the other protons that follow and that
are located a bit outwards is similar, but the
expulsion is slightly delayed and the resulting
energy amplification factor is smaller.

Figure 3(b) shows snapshots of the proton
velocity as a function of radius for times A — H in Fig.
2(c). For practical laser and target parameters, the
proton flash occurs over a very short time interval and
a very small volume corresponding to times D — F.
The flashed protons have a much higher velocity than
surrounding bulk protons, as can be seen in snapshots
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G and H. It should be noted that, at such later times,
a snowplow-like two-stream-structure is formed.

2.2 Three-dimensional Particle-In-Cell (PIC)
simulation

We performed 3D PIC simulations with an open-
source code EPOCH [37]. We employed such a
periodic boundary condition that a single bubble was
located at the center of a cubic plasma volume with
one side of L = 1200 nm and the minimum cell size
of 6 nm. For simplicity, laser-matter interaction was
not taken into account. Initially, the bubble of Ry =
300 nm was set to be empty, and a uniform charge-
neutral plasma surrounding the bubble was composed
of hot electrons with 7. = 10 MeV and cold ions with
density of nip = neo = 10*' em™.

Figure 4(a) shows the snapshots of bubble
implosion with the proton density distributions color-
coded. The pulsating behavior of MBI is robust
despite that the shrinking bubble is substantially
deformed into a squared shape due to accumulated
numerical errors under the Cartesian mesh employed
in the PIC code. Figure 4(b) shows the temporal
evolution of the proton energy spectrum. The
pulsation period is estimated to be T¢ye ~ 150 fs,
which indeed agrees with the interval between the 1st
(¢t ~ 70 fs) and the 2nd (¢ ~ 220 fs) proton flash.
Furthermore, throughout the explosion phase, the
maximum implosion energy of 230 keV is amplified
up to 1.4 MeV with an amplification factor of ~ 6,
which agrees well with the results observed in the 1D
hybrid simulation.
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Figure 4 — 3D PIC simulation of MBI. Initially, the bubble of Ry =300 nm is empty.

A uniform charge-neutral plasma surrounding the bubble is composed of hot electrons with 7. = 10 MeV and
cold protons with density of njp = neo = 10?' cm?. (a) Snapshots of the bubble collapse with the proton density
distributions being color-coded. (b) Temporal evolution of the proton energy spectrum for the same case as in panel
(a). The integers P assigned along the color bar in panel (b) indicate proton density nj such that n; = 10P cm>3eV-!.
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3 Generation of Ultrahigh-Energy-Density
Nanosphere

While PIC simulations can provide a
comprehensive physical picture by treating a lot of
particles, the dynamic range is limited because of the
fixed size of the cartesian cells. In contrast, molecular
dynamic (MD) simulations can treat the dynamics
over a much wider dynamic range, taking all binary
collisions into account, but because of that they are
limited to a much smaller number of particles.

Figure 5(a) compares the density profiles at the
maximum compression obtained by 3D MD
simulations and the 1D model. The fixed parameters

are Ro=1 nm and n;p = 5x10* cm™, assuming A <<1.

107 pr——rrr T
- 10° % ng T a)]
— 10% | e 1
i
‘E el 30-MD
= Y D Model
1 =
- .
fg 102‘5 ; Eq.(9)
< | 1D-farbidden
= 1 DZ‘E" e space Initial contiguration e
= F 4th layar ' 3
I‘g 1024 3 3" tayer la "h E
=t E gnd e 3
o [ i ilg= 1.2 Tmm ]
1 DE3 L 158 Jayer + o
Solid Inu- T
10921 density nuy :
G4 0.6 0B 9 E: 4 & B10 20

Radius (nm )

The inset shows the initial configuration of the
pseudo-particles used for the simulations, where we
took the innermost four atomic layers into account.
One thousand pseudo-protons are uniformly
arranged on each of the four layered spherical
surfaces [38] with an interatomic distance do = 0.27
nm. Each pseudo-proton carries a mass and charge
corresponding to about 10 real protons. The
electrons were treated as a uniform background.
Here, it should be noted that in the 3D MD
simulations, all binary collisions between the
pseudo-protons are precisely computed. This
feature is indispensable when evaluating proton
dynamics on such an infinitesimally small scale as
nanometer.
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Figure 5 — (a) Comparison of the proton density at the maximum compression between

the 3D molecular dynamic simulations and the 1D model. Fixed parameters are Ro = 1 nm and nj = 5x10?? cm?.

3

The curve labeled “3D-MD” is obtained using the innermost four layers as shown in the inset.
(b) Comparison of the electrostatic fields between the simulations and the model. The inset shows the proton
distribution around the center (color-coded in accordance with the distance from the center).

It is remarkable that the four atomic layers
eventually stagnate after imploding down to the
small radii < 6 nm. Upon the bubble collapse, the
particles scatter around the 1D minimum radius, »
= Fmin ~ 0.8 nm, by random collisions, and a
substantial part of them is further compressed into
an even smaller central volume (1D-forbidden
space). The characteristic time interval of proton
stagnation at the center is about 10 as. The
observed average proton densities inside the
sphere for » < 1 nm are roughly 10%® cm™ as
demonstrated in Figure 5(a). Meanwhile, the
maximum density predicted by the 1D model is

1.3x10%® cm™, which together with the overall
spatial profile agrees well with the simulation
result.

Figure 5(b) compares the electric field obtained
by the 1D model, with the 3D MD simulation. The
1D curve excellently reproduces the simulation curve
in the core volume for » < 6 nm. By contrast, for r >
6 nm, the simulation curve decays more swiftly than
the 1D curve according to the power law, Er~ 2. This
is because the almost all the protons are accumulated
in the core volume at the maximum compression. The
inset shows the hemispherical perspective view of the
protons distributed around the target center at the
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maximum compression, where distances of the
proton from the center are color-coded. To the best of
our knowledge, we do not know of any other
principles published in the literature to achieve such
unprecedented physical quantities on earth as the
compressed density on the order of 10° — 10° times
the solid density and the electrostatic field on the
order of 10'* — 10" Vm'.

4 Conclusions

We propose a novel concept, bubble implosion,
to generate an ultrahigh field to accelerate pro- tons
to relativistic energies. A simple model and 1D, 2D,
and 3D simulations comprehensively investigate the
dynamics of the bubble implosion. This phenomenon
is very likely to occur in reality. A stable implosion
shrinks to a nanometer size and achieves an
ultradense proton core, forming an unprecedentedly
high electric field and producing proton flashes. The
generation of an ultrahigh field is attributed to
spherical convergence to the center. Moreover,
Coulomb-imploded bubbles are robust and behave as
nano-pulsars repeating implosion and explosion to
emit energetic protons. Although the present paper
assumes pure hydrogen targets, a modified scenario
should be applicable to other hydrides.

Current laser technology 1is suitable to
experimentally identify bubble implosion by
observing proton emissions at relativistic energies,

which will be a major breakthrough to crack the 100-
MeV barrier. For such experiments, a uniform and
well-activated Coulomb field must be created inside
the bubbles by laser irradiation of micron-sized
bubbles embedded inside a solid target. We have
demonstrated in terms of the 2D simulation that a
symmetric bubble implosion can be achievable even
under a realistic condition of laser-matter interaction.
Consequently, the present concept should provide a
new platform to elucidate fundamental phenomena in
the fields of high-energy-density physics [39] and
astrophysics.

Microbubble implosion thus holds promise in
principle to achieve such an ultrahigh-energy-density
state of matter that is higher by orders of magnitude
than those expected in a fusion-igniting core of
inertially confined plasma. Introducing high-Z
materials to MBI as the target composition or a
surface coating are expected to achieve even higher
electric fields and resultant proton energies. MBI has
potential as a plasma-optical device, which optimally
amplifies the applied laser intensity by a factor of two
orders of magnitude.
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