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Abstract

Thanks to a rapid progress of high-power lasers since the birth of laser by T. H. Maiman in 1960, intense lasers have been
developed mainly for studying the scientific feasibility of laser fusion. Inertial confinement fusion with an intense laser
has attracted attention as a new future energy source after two oil crises in the 1970s and 1980s. From the beginning,
the most challenging physics is known to be the hydrodynamic instability to realize the spherical implosion to achieve
more than 1000 times the solid density. Many studies have been performed theoretically and experimentally on the
hydrodynamic instability and resultant turbulent mixing of compressible fluids. During such activities in the laboratory,
the explosion of supernova SN1987A was observed in the sky on 23 February 1987. The X-ray satellites have revealed
that the hydrodynamic instability is a key issue to understand the physics of supernova explosion. After collaboration
between laser plasma researchers and astrophysicists, the laboratory astrophysics with intense lasers was proposed and
promoted around the end of the 1990s. The original subject was mainly related to hydrodynamic instabilities. However,
after two decades of laboratory astrophysics research, we can now find a diversity of research topics. It has been
demonstrated theoretically and experimentally that a variety of nonlinear physics of collisionless plasmas can be studied
in laser ablation plasmas in the last decade. In the present paper, we shed light on the recent 10 topics studied intensively
in laboratory experiments. A brief review is given by citing recent papers. Then, modeling cosmic-ray acceleration
with lasers is reviewed in a following session as a special topic to be the future main topic in laboratory astrophysics

research.

Keywords: collisionless shock; compressible hydrodynamics; cosmic rays; equation of state; high-energy-density plasmas; intense laser;
magnetic turbulence; opacity experiment; particle accelerations; relativistic plasmas; turbulent mixing; wakefield acceleration; Weibel

instability

1. Introduction

Sixty years have passed since the realization of the laser by
T. H. Maiman in 1960. The laser is considered to be one
of the best inventions of the 20th century and continues to
develop in the 21st century. Inventions, combined with social
demands and scientific progress, can lead to unexpected new
research developments. Human imagination is a wonderful,
amazing thing. In 1962, when a 0.01 J short-pulse laser
became possible at last, a scientist was convinced that laser
fusion could be approached if its output was increased by
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a factor of 100,000 to 1 kJ, so he visited Maiman and
asked him about the possibility, to which Maiman replied
with confidence that it would be possible in the near future.
This story is very encouraging, when you are thinking about
something unexpected.

In 1964, around the time of the beginning of research
with short-pulse, high-intensity lasers and the birth of the
term ‘laser plasma’, Dawson published a paper discussing
the properties and potential applications of laser plasmas!'!.
In the paper, it is described that the high-intensity laser
is a simulator of astrophysics and could be used as a tool
to study physics related to collisionless shock waves in
supernova explosions and solar flares in the laboratory.
However, this paper did not provide an immediate impetus
for a simulated laser experiment for astrophysics research.
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At that time, we had no idea about what kind of plasma
the laser plasma itself was, and our hands were full simply
generating, measuring, and analyzing the plasma produced
by an intense laser. In addition, various nonlinear phenomena
such as anomalous absorption and parametric instability
have been observed in plasmas irradiated by lasers. We have
not, however, yet reached the stage of application to fusion
energy or astrophysics research, and remain at the level of
trying to understand the plasma itself. The application to
fusion energy had to wait for the first oil crisis in 1973.

1.1. Laser implosion is still fundamental science

Here, the first author would like to describe his personal
history of the proposal of laboratory astrophysics during the
time he was heavily involved in hydrodynamic instability
in laser implosion for fusion energy research in Institute of
Laser Engineering (ILE), Osaka University.

It was 1972 when Prof. C. Yamanaka established the
current ILE at Osaka University. He selected laser fusion
energy research as the main subject of the new institute.
Thanks also to the enthusiasm of the nation because of
the energy crisis, the 30-kJ, 12-beam laser facility Gekko-
XII was constructed in 1983 to demonstrate the scientific
feasibility of laser-driven implosion and fusion neutron pro-
duction. After a lot of implosion experiments, it became
clear that the hydrodynamic instability and turbulent mixing
were critical to prevent the spherical implosion of the fusion
fuel. The summarizing paper on the fusion performance and
the relation to the hydrodynamic instability and mixing was
published in 1988!%!.

Accidentally, it was at the time that the series of workshops
focusing on fundamental aspects of turbulent mixing in
matter acceleration in both compressible and incompressible
fluids started in 19881, The International Workshops on
the Physics of Compressible Turbulent Mixing has been
bi-annually organized internationally. This workshop was
initiated to aid in understanding the hydrodynamic mixing
demonstrated experimentally!*! and computationally!®! in
1984. The hydrodynamic instabilities and resulting turbulent
mixing in laser implosion dynamics are still full of open
questions as fundamental physics and we need more
time for research to control the laser-driven implosion
hydrodynamics.

During the first author’s undergraduate course, the first
oil shock happened, which motivated him to become a
researcher of laser fusion energy. As a graduate student, he
started theoretical research of the Rayleigh—Taylor instability
at the ablation front, but could not solve it theoretically.
Fortunately, he had a chance to challenge this problem with
computational methods in the USA. After publishing two
papers on the numerical solution and scaling formulal®’),
he was deeply concerned about the hydrodynamic instability
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and turbulent mixing of compressible fluids in laser-driven
implosion.

One day, he was invited by a famous astrophysicist to
give a seminar talk on laser fusion research. It was very
impressive that the professor appreciated our research into
challenging the hydrodynamic instability of implosion; how-
ever, he mentioned that ‘there are many challenging topics
in astrophysics even with the assumption of one-dimensional
geometry, so we have no time to get into such multidimen-
sional problems in this universe’. Of course, the first author
was disappointed to hear that, but a young faculty member
Dr. Nomoto in his group showed a strong interest in his
study of hydrodynamic instability. Dr. Nomoto is a specialist
of the ignition scenario of supernovae and studied the case
of Type-Ia supernova explosions, which are thermonuclear
explosion of a white dwarf (WD) in a binary system, when
the mass of the WD becomes Chandrasekar mass (1.4 solar
masses). He mentioned to the first author that the ignition
is not always at the center of the WD and even the surface
starts to ignite the thermonuclear burning wave. The multidi-
mensional hydrodynamics in the gravitational force (inertial
force in laser fusion) is essential to studying the physics of
supernova ignition.

It is surprising that this communication was done just
before the SN1987A explosion was observed. This was the
first supernova explosion to be seen with the naked eye
in the last 400 years, since the Tycho supernova in 1572.
This was a Type II supernova where the explosion is driven
by gravitational collapse in the massive star with a mass
of more than 8-10 solar masses. After a half year from
the observation, the first author received a phone call from
Dr. Nomoto saying that ‘Takabe-san, the experiment by God
has been done to let us know that supernova explosion is not
spherically symmetric and the X-ray observation suggests
the turbulent mixing is driven in the explosion phenomenon’.

1.2. The same physics controls the small implosion and huge
explosion

This supernova named SN1987A, the explosion of which
was observed in the southern hemisphere (distance is
160,000 light years) on 23 February 1987, taught us that the
study of fluid instability is not only a subject for laser fusion,
but also key to supernova explosion physics'®!. Supernova
explosions are the most spectacular phenomenon in the
universe, where elements heavier than helium are nucleo-
synthesized before and during the explosion and eventually
scattered into space by the supernova explosion. Billions
of years later, ejected material of this type became the
source of the formation of the Earth and the birth of life
and humans. This is a magnificent thought. The story of the
deep involvement of fluid instabilities in the determination
of the scale of supernova explosions has given us confidence
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Figure 1. The experimental neutron yield of deuterium—tritium (DT) fuel
implosion per 10 kJ laser energy is indicated with solid circles. The
neutron yields obtained with one-dimensional implosion simulations are
shown with B marks, where the values are the corresponding neutron yield
for all solid circle experimental data. The other three data sources are
obtained by including the k — e type turbulent mixing model in the one-
dimensional implosion code in the final stagnation phase. This indicates
how the turbulent mixing is serious in the final stagnation phase through
which the kinetic energy of imploding fluid is converted into the thermal
energy of DT plasmal?].

that laser fusion researchers are studying not only the world
of implosion plasmas in 1 mm space, but also explosions
of tens of thousands of kilometers of space in the universe.
This fact has reminded us of the importance of having eyes
wide open to the physics.

It is very clear that the urgent issue to be solved in two dif-
ferent fields in laser implosion and supernova explosion are
the same by just showing the two data: experimental neutron
yield in laser implosion and observational X-ray intensity
time evolution from SN1987A explosion. In Figure 1, the
experimental deuterium—tritium (DT) fusion neutron yield
per input laser energy of 10 kJ is plotted as a function of the
spherical glass shell thickness with DT fusion fuel gas inside.
The experimental data are plotted with the solid circles,
while corresponding one-dimensional implosion simulation
data are plotted with B marks'”!. It is seen that even at the
best agreement to the experimental yield, the experimental
yield is half of the one-dimensional yield. The discrepancy
increases as the aspect ratio decreases, namely through the
use of a thicker glass shell. This discrepancy is found to
be because of the Rayleigh—Taylor instability at the final
implosion phase. Including a turbulent mixing model in
the one-dimensional implosion code, we could reproduce
the experimental yield numerically as shown with the three
following marks. This is our understanding of the fatal
problem for laser fusion at the stage of the mid-1980s.
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Figure 2. The time evolution of hard X-ray emission flux as a function
of the day after the supernova SN1987A explosion. The observation data
are plotted with solid circles with error bars. The time history predicted
by one-dimensional supernova simulation is shown with a dashed line.
It is clear that the signals came earlier by 150 days than the prediction.
Such a long-time appearance of the X-ray was modeled with artificial
uniform mixing and mixing with a clumpy structure: long-wavelength
deformation. It is concluded that the clumpy mixing could explain the
explosion hydrodynamics. This is the serious start for supernova physics
to include three-dimensional effect as a standard model. It is noted that the
hard X-rays at 18-26 keV are generated after the Comptonization of the
gamma-rays generated by nuclear decay of created Ni in the central region
of the supernoval®.

In Figure 2, the observation data of X-ray emission from
SN1987A are plotted with solid circles with error bars as
a function of days. The data are taken by Japanese X-ray
satellite GINGA!’!. The hard X-ray of 16-28 keV stems from
the nuclear decay of °Ni predicted to be generated near the
center of SN1987A. As the optical thickness of the outer
layer is thick and decreases as the matter expands, it is
predicted to take about 1 year to be observed in the one-
dimensional explosion simulation as plotted with the dashed
line. However, GINGA satellite began to observe the X-ray
about 100 days after the explosion. Scientists considered that
the explosion is hydrodynamically unstable and the mixing
of inside and outside materials conveys the central °Ni
outer region relatively optically thin. Therefore, the effect of
Rayleigh—Taylor instability is modeled in one-dimensional
code to see the X-ray signal and it was found that the uniform
mixing plus clumpy spike—bubble model can explain the data
indicated as the solid line, not by uniform mixing.

Research collaboration started in the year of the SN1987A
explosion because of such clear similarity in different time—
space scales and the difference between implosion and
explosion. The collaboration was mainly among theory
and computation. During such collaboration, the first
author found that computer simulation scientists were not
convinced about the appropriateness of their basic equations
and numerical modeling. The astrophysics is difficult to
study experimentally and there are no ways to compare
simulations with any kind of model experimental data. So-
called verification and validation of sophisticated codes are


https://doi.org/10.1017/hpl.2021.35

impossible in astrophysics and there is no confidence in the
simulation results.

Having discovered this fact, we discussed a possibility to
perform a variety of model experiments with intense lasers.
It was initiated by the discussion to use a laser facility
to provide the data for the verification and validation of
the astrophysical codes. However, this initial small idea has
grown to the proposal of a new research field of astrophysics,
namely laboratory astrophysics. It should be noted that the
progress from a premature idea of code validation to the
new method of astrophysics study is thanks to the many
complaints from the laser-plasma scientists. What they com-
plained about was that they did not want to be slaves of
astrophysics, working just to provide the data for verification.
They argued that if we do something, it should be a new
creative action in the laser plasma community. That is, we
have to aim at finding physics in astrophysical phenomena.
This was the start of real laboratory astrophysics research.

In line with the above, the first author has listened to lec-
tures on supernova physics and held discussions directly with
many astrophysicists. He found that many related physics are
the same as those in laser plasma, and the only difference
is the scale of the space—time. Then, remembering a variety
of self-similar solutions especially in compressible hydrody-
namic phenomena, it is the starting point to make a physics
simple to try to find the key nondimensional parameters to
use high-intensity lasers to study astrophysics.

1.3. Laboratory astrophysics aims at the prediction of new
physics

The first author (H. T.) usually started his talks with the pic-
ture shown in Figure 3. Of course, it is initiated as the testbed
experiment for the validation of simulation codes applied
to astrophysics. However, even in the process of comparing
model experimental data with astrophysical simulation, we
can find new physics not modeled in the astrophysical sim-
ulation codes. This is also a new finding of laser plasma.
The third step shown in Figure 3 is ‘challenge’. A huge
diversity of fundamental plasma physics can be found in the
universe, so we should not restrict our attention to plasmas in
the laboratory. For academic development in plasma physics,
we need to always prepare young people with advanced
and challenging physics tasks. There is no way to avoid
the challenge of finding physics in the universe, which is
full of plasma physics. Finally, when laboratory astrophysics
reaches maturity, we hope we can predict new physics that
are beyond what has previously been imagined.

In 1998 in such emerging phase, the first author was given
a chance to present his personal thoughts on why I wish
to move to academic, fundamental research like laboratory
astrophysics from a purpose-oriented fusion energy research
at a big conference in Prague. The talk was given in front
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What is Laboratory Astrophysics ?

Test bed for Numerical Astrophysics
New Finding of Physics not Expected
Provide Challenging Plasma Physics
Prediction of new Astrophysical Physics
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Figure 3. The four steps of laboratory astrophysics are described. The
physics in both the laser plasma and astrophysical plasma is connected in
general with help of computer simulation.

of about 1000 researchers mainly working in magnetic and
laser fusion energy. The presentation is reproduced in the
Appendix posted at the end of this paper consisting of one
example of a history of change from purpose-oriented to
fundamental research.

There are two points of view linking laser-generated
plasma and astrophysics, that is, sameness and similarity.
One is that the physics are identical, and the other is
that the physical phenomena or dynamics are similar in
nondimensional time and space. Examples are as follows.

(1) Sameness of physics:

(a) equation of state; (b) opacity; (c) nuclear reaction.

(2) Physical similarity:
(a) dynamical phenomena of compressible fluids;

(b) nonequilibrium atomic processes; (c) radiant
energy transport

Class (1) is easy to understand. For example, a laser fusion
implosion experiment has achieved a plasma state compara-
ble to the temperature and density of the Sun’s interior. The
thermodynamic properties of such plasma are determined by
temperature and density. The thermodynamic properties of
astronomical objects can be studied in detail by generating
small pieces with a high-intensity laser and studying them in
the laboratory. This is also the case of radiation properties
such as emission and absorption spectra of X-rays.

Class (2) is an attempt to elucidate various physics of fluid
phenomena, atomic processes and so on by transforming
time and space scales to the power of 10-20 (10" — 10%°)
on the basis of the similarity law. It is widely possible
to reduce the phenomena to the time scale of the density
ratio (~10%%) from that in astrophysics to the phenomena in
nanoseconds in the laboratory. Therefore, as an example, the
author considered the hydrodynamic similarity between laser
implosion and supernova explosions to clarify the physics of
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Figure 4. The cover of the journal ‘BUTSURI’ in Japanese, indicating the
image of laboratory astrophysics. The top-left figure is a two-dimensional
hydrodynamic simulation of the SN1087A explosion with the initial condi-
tion of the most plausible progenitor. Hydrodynamic instability and mixing
are suggested. The top-right and bottom are the density and temperature
profiles from two-dimensional hydrodynamic simulation near the time of
maximum compression of the final stage of the implosion experiment with
a Gekko XII laser system.

hydrodynamic instability of the SN1987A explosion!'”!. The
origin of fluid instability and convective motion during
explosions, which had been a major issue in studying
SN1987A, was discussed with the knowledge of laser implo-
sion. At the same time, such activity is beneficial for both
research fields and a laser fusion guy started a collaboration
for researching the supernova physics''!!. We have also
published a proposal of this concept with the title of article
‘Laboratory astrophysics with intense lasers’ in monthly
journal of The Physical Society of Japan, one figure of which
was used as the cover of the journal as shown in Figure 411,
In the last 30 years, multidimensional simulation of core-
collapse supernova explosion has been studied intensively
and recent three-dimensional simulation gives explosion
scenario with hydrodynamic instability. A snapshot of three-
dimensional hydro-simulation is shown in Figure 5!'3].

1.4. Start of model experiments and many future topics

When SN1987A inspired the idea of laboratory astrophysics,
B. Remington initiated experimental activity at Lawrence
Livermore National Laboratory (LLNL). Therefore, we first
reviewed possible laboratory astrophysics experiments!'* !>,
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Figure 5. Three-dimensional simulation of supernova explosion. The
green surface is the surface of a shock wave propagating outward! 1.

At the same time, the first author summarized the
conceivable, expected laboratory astrophysics experiments
in a review paper from the angles of sameness, similarity,
and resemblance!'®’. Twenty years ago, the first author
explained the following themes. They were mainly
theoretical proposals.

(1) Hydrodynamics and shocks:

equation of state; strong shock—matter interactions.

(2) Hydrodynamic instabilities:
laser implosion and SN1987A; instabilities in three
phases in Type II supernova explosion; hydrodynamic
instability in Type la supernovae; ultraviolet (UV)
radiation-driven Rayleigh—Taylor instability causing
pillars of Eagle Nebula.

(3) Atomic physics and X-ray transport:
opacity and opacity experiment; hydrodynamics
of supernova remnants; nonlocal thermodynamic
equilibrium atomic processes in supernova remnants;
Vishiniac instability; stellar jets; photoionized
plasmas.

(4) Laser-produced relativistic plasmas:

relativistic electron production; a variety of physics
triggered by relativistism; positron creation by ultra-
intense lasers; model experiments with relativistic
electron—positron plasmas.

Most of such topics have been studied experimentally
as laboratory astrophysics research and its community has
become widespread in the last 20 years. In the following, we
would like to revisit the above three papers and briefly review
the progress by citing references, especially experimental
research, over the past 20 years. At the same time, we would
like to explain the topics that were not conceived of at that
time but have been actively studied by the community in


https://doi.org/10.1017/hpl.2021.35

the last 20 years. It is also important to point out that many
review papers have been published in the last two decades by
focusing on a variety of physics accomplished experimen-
tally and predicted theoretically, reflecting the growth of the
research community.

It is surprising to look at the rapid progress of this research
in the last two decades. To commemorate the 60th anniver-
sary of the birth of the laser, we have tried to briefly review
the 10 subjects where outstanding progress of experimental
results has been reported in the last two decades. It should
be noted that some of them have been awarded prizes by the
American Physical Society (APS) to recognize a particular
recent outstanding achievement in plasma physics research.

1.5. APS Dawson awards to laboratory astrophysics related
topics

John Dawson Award for Excellence in Plasma Physics
Research!'”!

(A) Hideaki Takabe, Hye-Sook Park, Dmitri Ryutov,
Steven Ross, Frederico Fiuza, Youichi Sakawa,
Anatoly Spitkovsky, Christoph Niemann, William
Fox, R. Paul Drake, Gianluca Gregori (2020)

‘For generating Weibel-mediated collisionless shocks
in the laboratory, impacting a broad range of energetic
astrophysical scenarios, plasma physics, and experi-
ments using high energy and high power lasers con-
ducted at basic plasma science facilities’.

(B) Alexander Schekochihin, Donald Lamb, Dustin
Froula, Gianluca Gregori, Petros Tzeferacos (2019)

‘For innovative experiments that demonstrate turbu-
lent dynamo in the laboratory, establishing laboratory
experiments as a component in the study of turbulent
magnetized plasmas, and opening a new path to labo-
ratory investigations of other astrophysical processes’.

(C) Andrew James MacKinnon, Chikang Li, Fredrick H.
Seguin, Marco Borghesi, Oswald Willi, Richard D.
Petrasso (2017)

‘For pioneering use of proton radiography to reveal
new aspects of flows, instabilities, and fields in high-
energy-density plasmas’.

(D) James Bailey (2016)

‘For extraordinarily thorough laboratory opacity mea-
surements of plasmas at realistic stellar interior condi-
tions that directly resolve outstanding questions about
solar structure, identify new theoretical challenges,
and propel a new generation of precision high energy
density experiments of direct astrophysical relevance’.

(E) Bob Nagler, Hyun-Kyung Chung, Justin Wark,
Orlando Ciricosta, Philip Heimann, Richard W. Lee,
Roger Falcone, Sam M. Vinko (2015)
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‘For creative and novel use of the hard X-ray free
electron laser to isochorically create high density plas-
mas and accurately measure the ionization potential
depression, and for new theory that addresses dis-
crepancies with long standing models and provides
stimulus for continued developments’.

The readers may be aware that the above awardees
(A)—(E) have played key roles in the advancement of
laboratory astrophysics as an attractive subject with maturity
and diversity. For example, the recipients in (C) have
developed the technology of proton radiography with
precision resolution. Without this measurement technology
the Weibel instability and magnetic turbulence in the work of
recipients in (A) cannot be measured to discuss the physics
of collisionless shocks. The recipients in (E) gave the answer
to a long-standing question in astrophysics. This has clarified
experimentally that the commonly used theory of ionization
potential depression in high-density plasma in astrophysics,
the Stewart—Pyatt model, is different from the experimental
data with the ionization and recombination dynamics of
aluminum solid heated by X-FEL.

1.6. Ten topics to be reviewed

In Section 2, the first author briefly reviewed the 10 topics
focusing on recent experimental accomplishment and the-
oretical status. In the 10 topics, we have focused on labo-
ratory astrophysics subjects regarding collisionless plasmas
produced by lasers, mainly on magnetic field generation
and turbulence. We have also reviewed the physics of high-
energy-density plasmas regarding the topics of equation of
state (EOS), atomic physics, and hydrodynamic phenomena
using high-pressure generated by intense lasers. It should
be noted that a special issue of recent activity on labora-
tory astrophysics was also published in this journal as the
‘HPLSE special issue on laboratory astrophysics’'®].
The subjects of the 10 topics are as follows:

(1) magnetic reconnection experiments;

(2) magnetic turbulence experiments;

(3) collisionless shock mediated by Weibel instability
and magnetic turbulence;

(4) modeling cosmic-ray generation stemming from
stochastic acceleration by nonlinearity of direct
interaction between relativistic laser and charged
particles;

(5) electron—positron plasma generation by ultra-intense
lasers;

(6) EOS experiment of high-energy-density plasmas
compressed by shocks from lasers;
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(7) opacity measurement of hot dense plasmas produced
by lasers;

(8) photoionized plasma experiment modeling blackhole
binary systems;

(9) blast waves generated by astrophysical explosions;

(10) hydrodynamic instability and the physics of turbulent
mixing.

In Section 3, the second author (Y. K.) wrote a review
of the present status of modeling cosmic-ray acceleration,
which is a challenging subject even as laboratory astro-
physics. Nonthermal energetic particles or cosmic rays are
ubiquitous in the universe. The diffusive shock acceleration
(DSA) and the first-order Fermi acceleration are considered
as standard theories for the acceleration of galactic cosmic
rays; however, the origins of extragalactic cosmic rays are
not well understood. A possible mechanism considered to
be operative in extreme astrophysical conditions is wakefield
acceleration of cosmic rays. In Section 3, we review the
wakefield acceleration in astrophysical context and discuss
possible verifications in laboratories.

Section 4 is devoted to a brief summary and outlook on
laboratory cosmology.

2. Brief review of the 10 topics in recent research on
laboratory astrophysics

The 10 topics briefly reviewed here can be roughly divided
into 2 categories: collisionless plasma; and collisional
plasma or plasma hydrodynamics. The former is rather new
topics and magnetic fields play an important role in many
cases. The collisionless plasma physics is more complicated
because of coupling between charged particles and electric
and magnetic fields. However, this diversity is essential
in astrophysics and the challenge of collisionless plasma
in astrophysics is becoming more attractive as academic
research into fundamental plasma physics. In the present
paper, focusing on the recent accomplishment with a variety
of lasers, mostly experimental results are reviewed. It is also
noted that the success of such experiments is thanks to the
rapid progress of diagnostic methods. Higher resolution of
time and space has made it possible to study, for example,
turbulent spectra of magnetic fields and time evolution of
fine spectra from ionizing and recombining plasmas. This
is also true for the velocity interferometer system for the
reflector (VISAR) in the EOS experiment in high-energy-
density physics (HEDP).

It should be noted that the authors have no space to
describe the historical progress of each topic and focus
instead on the most recent accomplishments. Therefore, we
do not refer to the papers in which the original idea or fist
experiment of each topic has been reported. The readers
are recommended to review the references to investigate the
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history of each topic if they are interested. We hope the
readers can obtain their own personalized history by reading
many papers in the references.

2.1. Magnetic reconnection experiments

The self-generated magnetic field in laser plasma has been
studied from 1970s and strong magnetic fields of the order of
megagauss (100 T) have been reported'”!. In the last decade,
this magnetic field has been used to study the physics of
magnetic reconnection by many groups. Particle acceleration
induced by magnetic reconnection is important for pro-
ducing the nonthermal particles associated with explosive
phenomena such as solar flares, pulsar wind nebulae, and jets
from active galactic nuclei (AGN). Laboratory experiments
have played an important role in the study of the detailed
microphysics of magnetic reconnection and the dominant
particle acceleration mechanisms'?"!. In particular, the well-
designed experiment on electromagnetic fluctuations dur-
ing fast reconnection was reported””'! and clearly showed
that the turbulent level of the field fluctuation is inversely
proportional to the reconnection time. This evidence from
magnetically confined plasma in the laboratory is critical
to explaining many observation data from solar flares, the
scale of which is huge whereas the reconnection time is
many orders of magnitude shorter than the reconnection time
resulting from the classical collisional process. So-called
anomalous resistivity is one of the key issues in magnetic
reconnection physics.

In the last decade, magnetic reconnection has been studied
with intense lasers by use of its dynamical effect, namely,
reconnection driven by plasma flows is easily reproduced.
Most of the cases are focused on the magnetic reconnection
in high-beta plasmas, which is very hard to set up in magne-
tized plasma in the laboratory. As the magnetic reconnection
is the physical process that charged particles gain kinetic
energy through the decrease of total magnetic energy in the
reconnecting system, the acceleration process is not as effec-
tive in high-beta plasma in general. It is, therefore, important
to clearly identify what unique and original physics we
can investigate in laser-driven magnetic reconnection com-
pared with the magnetically confined plasma reconnection
experiments.

In studying magnetic field production and evolution in
plasmas, it is usual to start with the Faraday induction law:

ﬁ

— 0B
VX E =——o.
dt

ey

Equation (1) indicates that the appearance of the electric
field by charged particle motion induces the magnetic field.
Therefore, it is necessary to consider the equation of motion
of electrons and ions. As electron mobility is much larger
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than ion mobility, force balance of the electron fluid is
approximately satisfied. Taking account of the ion fluid
motion with velocity v, it is easy to obtain the following
equation from Equation (1):

— —
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Note that this is directly related to the vortex equation
shown later in Equation (9) in Section 2.10. The last term
in Equation (2) is the source term of the magnetic field and
is called the Biermann battery effect. The electron vortex
motion generates negative current in the form of a ring in
the vortex. This current generates the magnetic field.

Once the magnetic field is generated, it can be amplified
by the dynamo effect given as the first term on the right-
hand side in Equation (2). The velocity in Equation (2) is
the flow velocity of plasma fluid, namely ion fluid. When
the ion motion is perpendicular to the magnetic field, the
fluid motion stretches the magnetic field against the ten-
sion, consequently converting fluid kinetic energy to the
magnetic field. This is the well-known source of the strong
magnetic field of the Sun. Note that the vortex formation
in neutral hydrodynamics means the generation of magnetic
field in plasmas. Therefore, Rayleigh—Taylor and Richtmyer—
Meshkov instabilities always accompany magnetic field in
high-temperature plasmas.

A magnetic reconnection experiment was proposed and
performed by use of the B-field generated via the Biermann
battery effect””!. Two laser beams are focused in close
on a planar solid target to generate magnetic field as in
Figure 6°’1, Simultaneous optical probing and proton grid
imaging reveal two high-velocity, collimated outflowing jets
in the target normal direction and 0.7-1.3 MG magnetic
fields at the focal spot edges. Many experiments were con-
ducted following Ref. [22]. Such laser reconnection exper-
iments have recently been reviewed, for example, in Ref.
[23]. Proton backlight diagnostics now provide the special
distribution of magnetic fields. The time evolutions of proton
image and magnetic field are shown in Figure 71>,

The two magnetic fields expand because of plasma expan-
sion and collide with each other to start magnetic reconnec-
tion at the central line. Thus, this is pressure-driven magnetic
reconnection and the colliding velocity is of the order of
sound velocity. The reconnection induces electric field in the
target normal direction to accelerate particles. Integration
of Equation (1) over an area of the target normal plane
gives roughly the induced electric field E. The magnetic
reconnection reduces the total magnetic flux to generate the
electric field. This electric field accelerates electrons and
ions and they are called nonthermal particles. By a simple
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Figure 7. Proton backlight images and reconstructed magnetic field struc-
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dimensional analysis we can give a simple relation of the
non-thermal particle energy Ey:

L B W

Imml1T ¢

Ey = qEL=13x [MeV], 3)

where E is the induced electric field, L is the acceleration
distance and Vg is the reconnection velocity. It looks easy
to accelerate electrons to relativistic energy, because we
have B > 100 T and L ~ 1 mm, but the problem is the
reconnection velocity Vg (& ¢) in most experiments. The
relativistic magnetic reconnection with Vg /c ~ 1 and E >
mc? is most cases in astrophysics. Note that regardless of

any acceleration mechanics, Equation (3) for Vg /c =1 isa
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Figure 8. Result of a PIC simulation of laser-driven magnetic reconnection
phenomenon. The trajectories of electrons accelerated in the reconnection

zone are plotted with color, where the red shows higher energy of acceler-

ated electrons!?’].

measure of astrophysical objects of cosmic-ray acceleration
and it is called a Hillas diagram®/.

Through fully kinetic particle-in-cell (PIC) simulations,
the acceleration mechanisms in experiments with colliding
magnetized laser-produced plasmas were studied in two-
dimensional geometry by focusing the physics of particle
acceleration!’®!. The simulations observe three phases of
particle acceleration, Fermi acceleration in the initially con-
verging magnetized plumes, and X-line acceleration during
reconnection and further energization in contracting plas-
moids. The Fermi acceleration is first order and electrons
go back-and-forth in the reconnection region by magnetic
field. PIC simulation in three-dimensional geometry has
been performed to demonstrate particle acceleration in laser
reconnection experiments'”’!. The same kind of acceleration
physics has been found as in the previous case. The many
particle trajectories and their energies are plotted in Figure 8.
Most of the particles coming from the bottom are accelerated
in the narrow reconnection region and ejected to the top with
high energy (red color).

Relativistic-electron-driven magnetic reconnection was
demonstrated with the OMEGA-EP laser'?’]. Relativistic
electron acceleration is observed by increasing the
reconnection velocity Vr/c ~ 1 in Equation (3) by use
of ultra-intense lasers (>1018 W/cm?). An increase of
nonthermal electrons near 10 MeV is reported. In recent
experiment with Gekko and a micro-coil, on the other hand,
relativistic reconnection was demonstrated by increasing B
in Equation (3) with the coill®. Although a laser intensity of
10"-10'® W/cm? was used, the well-designed coil generates
a magnetic field of 3000 T. It is reported that power-law
energy spectra are observed for both protons and electrons
in the near-relativistic region.

The electron dynamics has been considered to be crucial to
the triggering mechanism of magnetic reconnections. Recent
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space missions have revealed this with in situ observa-
tions. However, it is highly challenging to observe global
imaging of magnetic reconnections in space plasmas. In
contrast, in astrophysical plasmas it is difficult to obtain
the electron-scale microscopic data although global imaging
with a telescope is common. Laboratory astrophysics allows
us to simultaneously obtain local and global information
of magnetic reconnections. We have investigated magnetic
reconnections driven by electron dynamics in laser-produced
plasmas. We apply a weak external magnetic field, where
the electrons are magnetized but the ions are not, that
is, only electrons are directly coupled with the magnetic
field**1. The plasmoid and cusp propagating at the electron
Alfvén velocity are measured with global imaging, which
strongly indicate the magnetic reconnection driven by elec-
tron dynamics'*’!.

Recently, the first local observations of magnetic recon-
nection driven by electron dynamics have been reported in
addition to global observations in laser-produced plasmas!*'!.
Collective Thomson scattering measurement provides the
local velocities of electrons and ions. It shows the pure
electron outflow is not accompanied by ion motion. At
the same time, the magnetic induction probe showed the
local magnetic field inversion corresponding to the plasmoid
propagation. The wavelet analysis of the local magnetic
field shows the whistler waves associated with electron-scale
dynamics. These results demonstrate the unique capability
of laboratory astrophysics: the simultaneous observations of
global structures, local plasma parameters, magnetic field,
and waves in a plasma in a controlled manner. The laboratory
astrophysics can be complementary to ongoing space and
astrophysical observations even for such magnetic reconnec-
tion physics.

2.2. Magnetic turbulence experiments

Magnetic field is ubiquitous in the universe and plays an
important role in studying astrophysics. The Biermann
battery effect is employed to explain the generation of
magnetic field in the early universel®’l. It is obvious that
the density fluctuation in the early universe accompanied
magnetic field fluctuation. The energy density of magnetic
fields in the universe is typically comparable to the energy
density of the fluid motions of the plasma, making magnetic
fields essential players in the dynamics of the stars, galaxies
and interstellar plasmas. The standard theoretical model for
the origin of these strong magnetic fields is through the
amplification of tiny seed fields via turbulent dynamo to the
level consistent with current observations. Laser experiments
have been performed on seeding by the Biermann
battery effect, almost stationary magnetic turbulence at
a stagnating point and the dynamo effect by the Oxford
groupl33341,
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Figure 9. Proton backlight image of the magnetic field generated by
Rayleigh-Taylor instability of a foil accelerated by laser ablation>],

Direct measurement of magnetic field evolution accom-
panying the growth of Rayleigh—Taylor instability at laser
ablation front has been reported in Ref. [35]. In Figure 9,
a proton backlight image is shown around the end of 2.4 ns
main laser irradiation. Many bubble-like structures near the
centers are the same as the ablation front bubble of the non-
linear Rayleigh—Taylor instability as mentioned previously.
Such magnetic field may affect electron energy transport.
In Ref. [35], it is concluded that the mean size of the
bubble D increases as (D) o gt2, which is well-known bubble
size evolution in the turbulent mixing as is discussed in
Section 2.10.

An experimental study of magnetic turbulence was per-
formed with the configuration and time evolution of plasmas
as shown in Figure 100, Plasma jets are designed to collide
at the center to allow almost stationary magnetic turbulence
evolving at the center, where a probe measures the magnetic
field. Note that the laser and target condition are the same in
both, right and left, but the Schlieren image looks different
because of technology. The jet head-on collision generates
a small-scale magnetic field by the Biermann battery and
the magnetic field is expected to alter the scale via nonlinear
coupling to settle down to a stationary state over time. The
power spectrum of the magnetic field energy, I = (B%), is
plotted to show that I; oc k=9 It is also pointed out the the
case of one jet results in I, oc k=11/3.

The dynamo effect has also been studied with a com-
plicated target using the OMEGA laser®*!. The advanced
precision computation has been done with the magnetohy-
drodynamics (MHD) code FLASH*®!. It is demonstrated
using laser-produced colliding plasma flows that turbulence
is indeed capable of rapidly amplifying seed fields to near
equipartition with the turbulent fluid motions. To generate
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Figure 10. Magnetic turbulence experiment driven by the Biermann bat-
tery effect in two colliding jets. Black is by Schlieren image!?].

magnetic field and turbulent hydrodynamic motion, each
plasma jet from both sides is modified to be turbulent by
passing through a grid before the collision of both plasma
flows. The X-ray emission in the colliding region is found to
have a power spectrum of Kolmogorov type k—/3, whereas
the power of magnetic turbulence is steeper than 1 ~ 5/3. It
is concluded that the energy equipartition was established as
Bnax < 430 kG, which leads to B?nax / (uopuf) < 0.5, where
pu? is kinetic energy of the fluid turbulence.

Plasma flows with different velocities in a collisionless
system induce Weibel instability and the magnetic field
grows exponentially from the thermal noise. As explained in
the following section, the magnetic field becomes turbulent
through magnetic reconnection and a nonlinear mechanism.
Using ultra-intense laser with 30 fs pulse, Weibel instability
is induced on the target plasma to be measured with another
laser beam!*). In this experiment, magnetic field is seeded
by the Weibel instability of electron motion and the magnetic
field become in turbulent state after the pulse. In Figure 11,
the time evolution of observed power spectra of magnetic
energy Q. = (Bj) is plotted a sufficient time after the laser
pulse. It is clear that [, oc k=2 is seen for a long time. This
power law is almost the same as in Ref. [33]. Regardless
of Biermann battery or Weibel instability, there should be
a physics leading to the power spectrum with k2. Note that
both mechanisms interplay in short-pulse laser plasmal®’!.
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Figure 11. Power spectrum of the magnetic field spatial profiles measured

at different pump-probe delays. The inset shows the power spectra derived

from two-dimensional PIC simulationst’].

It should be noted that the Biermann battery is the source
of magnetic field in MHD, where the fluid is assumed to be a
single fluid, whereas Weibel instability is possible in systems
with at least two fluids for cold plasmas. However, the two
different experiments concluded with the same turbulent
spectrum with k=2 power law. There should be the same
physics supporting the magnetic turbulence with such spec-
trum. It is well known that the Navier—Stokes equation allows
the Kolmogorov spectrum with power law k=>/3. It should be
noted that the energy flow is cascade in three dimensions,
whereas it is inverse cascade for two dimensions. In the
case of a magnetic field, magnetic reconnection is important
as a nonlinear process to induce always inverse-cascade
energy flow in two and three dimensions. It is challenging
to identify the power law and physics behind for magnetic
turbulence, because it may also affect the transport and
particle acceleration in the universe.

It is also important to study an MHD-type magnetic
instability generated by the return current in front of a
collisionless shock emitting highly relativistic cosmic rays.
This is called Bell instability and is expected to maintain the
magnetic turbulence necessary for DSA in the universel**!.

It is noted that an extensive review of magnetic turbulence
is given in Ref. [39].

2.3. Collisionless shock experiments

Most shock waves in astrophysics are not hydrodynamic
shock, but collisionless shock waves. The shock waves are
obtained mathematically as a jump solution of the stationary
hydrodynamic equation. Physical structure of the shock
jump region is determined by a dissipation mechanism.
The hydrodynamic shock structure is given by collisional
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Figure 12. Schematics for modeling astrophysical shock and counter
streaming plasmas. The black layer is the shock front. The green arrow
shows the velocity of shock front and the red is the flow in the compressed
region by the shock wave. In the frame moving with the shock front, the
flow velocities of the front and behind are shown as red arrows. The counter-
streaming plasmas can model such shock wave formation in both sides of
the plasmas. Laser ablation plasma is used to model the counter streaming
plasma situation.

viscosity, whereas the collisionless shock is due to plasma
flow reflection by a self-generated magnetic field. Magnetic
turbulence due to magnetic instability works as effective
dissipation to charged particles to form such a collision-
less shock structure. The collisionless shocks in the uni-
verse are roughly divided into nonrelativistic and relativis-
tic. High-Mach-number collisionless experiments are very
important relating to acceleration of cosmic rays around the
shock front. This acceleration mechanism is called DSA and
mainly applicable to the nonrelativistic shock case!*’!.

A typical example of nonrelativistic collisionless shock
is blast waves by supernova remnants (SNRs)*'l. Their
expansion velocities are around 10°—10* km/s (about 1% of
the light speed). Only intense lasers can produce such high-
velocity flow in ablation plasma in laboratory. It was pro-
posed to use counter-streaming ablation plasmas to generate
high-Mach-number collisionless shock waves to model colli-
sionless shocks observed as expanding shocks of SNRs!**#31,
A shock wave of an SNR propagates spherically and its
local view is as shown in Figure 12(a), where the shock
front propagates from the left to right. Behind the shock
front, the plasma is compressed and has flow velocity lower
than the shock front. The flow velocities are seen as in
Figure 12(b) in the frame moving with the shock front. In
the proposal of the counter-streaming plasma experiment,
the laser ablation plasmas are designed to produce two shock
waves propagating to both sides as shown in Figure 12(c),
where the red arrows are ablation flow and green arrows
are shock velocities. In Figure 12(d), a shock experiment
is schematically shown, where purple indicates multilaser
beams. Targets placed on both sides produce plasma flows
shown in white to generate dense shocked plasma in the
counter-streaming region. The increase of temperature and
density is measured at the central red point with Thomson
scattering diagnostics.
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Figure 13. A snapshot of density, current density and magnetic field
strength from a two-dimensional PIC simulation at the time when the shock
wave region with filamentary structure is formed around the center of the
figures. The density profile averaged in the y-direction clearly shows the
density change with the thickness of about 100-200 in the x-direction

In Ref. [42], it was concluded that only National Ignition
Facility (NIF) at LLNL can generate the collisionless shock
mediated by Weibel instability, because it takes a relatively
long time for the magnetic field to grow from the thermal
noise to the turbulent stage and in addition the structure of
shock wave is so gentle that relatively large-scale counter-
streaming plasmas should be produced to identify the shock
wave formation. A typical snapshot of a PIC simulation is
shown in Figure 13 at a time after the collisionless shock
wave is produced. In Figure 13*!, the number density of
ions, current density, and magnetic field strength are plotted
in the x—y plane, where the simulation starts with uniform
flow to the right and the right boundary is assumed to be
a perfect reflection wall. The simulation is to model the
plasma dynamics of the left half of Figure 12(c). Note that
such collisionless shock sustained by magnetic turbulence
induced by Weibel instability has its structure of filaments
in the shock front region. The thickness of shock wave is
about 200-300 in the x-direction as shown in Figure 13.

The Weibel instability starts to grow and evolve from the
left to right in the snapshot in Figure 13. As the linear growth
rate is larger for shorter wavelength in the y-direction, the
thin filaments grow first and the filament coalescence in the
later nonlinear phase can be seen toward the right direction.
This nonlinear evolution can be explained theoretically and
is reported in Ref. [44]. Its essential physics is due to the
nonlinear effect by magnetic pressure force and magnetic
reconnection. In Figure 14, a schematic of the current fil-
ament coalescence is shown before reconnection (left) and
after reconnection (right). This is a cut view of the three-
dimensional Weibel instability in the plane yz perpendicular
to the plasma flows in the x-direction. The force working
among the circular filaments are shown with red (attractive
force) and black (repulsive flow) due to Lorentz ¥ x 73>
force. As the attractive force works among the filaments
with the same directional current, the Lorentz force works

to reconnect the filaments to make thicker filaments.
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Figure 14. Schematics of the cut view of the nonlinear stage of Weibel
instability. The collisionless plasma flows perpendicularly to the figure
surface. In the nonlinear phase of Weibel instability, current filaments are
produced as in (a). Then, Lorentz force between the current and induced
magnetic field works as shown in (a). If the purple circle is the current
channel from the top to bottom direction of the figure, the force shown with
red is attractive force, whereas the force with a channel with the opposite
directional current in green is repulsive. As a result, the filaments become
larger by reconnection in a later time as shown in (b).

Filament Coalescence at NIF Experiment

300 w8 mm data®
we PIC simulation® |
— 400 === 5 mm data
£l 1
o (A(t)) x —=rox t ‘
8 300 (k(©)) - -4
- |
=_% 200 | .- - R - .
= | i _,
1 T )
00 - . %
V= 6.8x10%m/s
dt
2 3 4 5 6

time [ns]

Figure 15. Time evolution of measured and computational size of fila-
ments in the nonlinear phase of Weibel instability in the counter-streaming
plasma. It is found that the average size of filaments increases in proportion
to time with an effective speed of the value shown.

This filament coalescence has been demonstrated experi-
mentally as shown in Figure 151*!. It is clear that the mean
value of the filament size < A > increases linearly in time.
This is the so-called inverse cascade in the wavenumber k
space in the power spectrum. It is very different from the
conventional fluid turbulence showing cascade to reach the
Kolmogorov spectrum. A simple model equation is found
to explain such computational and experimental results'**!.
By modeling the growth of each mode with the amplitude
given by the reconnection process, the linear growth of the
filament size can be reproduced. It is also found that when
the thickness of typical filaments becomes almost equal to
the Larmor radius of an ion, the shock wave is formed.

The formation of collisionless shock wave and production
of nonthermal electrons by the DSA process have been
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Figure 16. Demonstration of the nonthermal high-energy electrons pro-
duced experimentally in the counter-streaming ablation plasma flow as
shown with two red lines in (a), whereas far fewer high-energy electrons are
measured in the case of single flow. This is indirect proof of the formation
of collisionless shock and particle acceleration, which is obtained in two-
dimensional PIC simulation as shown in (b)1*0).

demonstrated experimentally with the use of the NIF*0,

Figure 16(a) shows electron energy spectra measured in
the experiment. The data in blue is the result in the case
where the laser is irradiated only on one side. On the other
hand, two red lines are taken in the experiments where the
laser is irradiated on both targets to generate the counter-
streaming plasma flow. Figure 16(b) is the electron energy
spectrum obtained in the corresponding PIC simulation. A
power-law evolution of spectra typical to nonthermal particle
acceleration such as cosmic rays is obtained to explain the
NIF experimental result. The maximum energy is about
1 MeV, whereas it is known that SNR collisionless shocks
accelerate up to 10" eV. This difference of nine orders
is due to the difference of time scales of acceleration and
the strength of magnetic field. It should be noted that it
is not so difficult to extrapolate the model experiment to
the cosmic rays. It should be noted that such acceleration
is applicable to nonrelativistic shock case, whereas it is
not clear whether the same physics works for relativistic
collisionless shocks. We need some new acceleration physics
mechanisms for cosmic rays with energy more than 10" eV.
The laser model experiment for highly relativistic particle
acceleration in such regime is discussed in Section 2.4, but it
is not acceleration by collisionless shock waves.

The formation of nonrelativistic collisionless shocks in the
laboratory with ultra-high-intensity lasers has been demon-
strated by an international team ACSEL after about one
decade from the initial proposal. The microphysics behind
shock formation and dissipation and the detailed shock
structure have been analyzed, illustrating that the Weibel
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Figure 17. PIC simulations of the counter-streaming of relativistic pair
plasmas for laser-driven laboratory parameters. Magnetic field structure and
transversely averaged density profile (inset). The formation of a shock with
near-future laser systems: (a) 7 kJ; (b) 22 kJ4%1.

instability plays a crucial role in the generation of strong
subequipartition magnetic fields that isotropize the incoming
flow and lead to the formation of a collisionless shock, simi-
lar to what occurs in astrophysical scenarios. The possibility
of generating such collisionless shocks in the laboratory
opens the way to the direct study of the physics associated
with astrophysical shocks.

After the success of Weibel-mediated shock research, a
magnetized collisionless shock experiment is now ongo-
ingl*’!. Tt is expected that the shock formation time is shorter
than the Weibel case so that even with the OMEGA laser we
can expect shock formation.

A design to generate relativistic collisionless shock with
ultra-intense lasers is also proposed and it was computation-
ally studied in Ref. [48]. The relativistic collisionless shocks
are speculated to be source of ultra-high-energy cosmic rays
(UHECRs) with energy more than 10'° eV.

In astrophysics, relativistic collisionless shocks are usually
generated in electron—positron plasmas. Positron produc-
tion by ultra-intense lasers has been studied intensively, for
example, in Ref. [49]. Such pair plasma collisionless shock
formation requires the group of pair plasma larger than the
Debye length. With use of structured pillar-type targets and
enhancement of positron production from 10" to 10'% per
shotP", it is now almost possible to carry out relativistic col-
lisionless shock with use of counter-propagating electron—
positron beams produced from the rear of the two targets as
in the PIC result shown in Figure 1714,

In Ref. [51], a comprehensive theoretical model of rela-
tivistic collisionless pair shocks mediated by the current fila-
mentation instability was presented. The noninertial frame
is used in which this instability is of a mostly magnetic
nature, and describes at a microscopic level the decel-
eration and heating of the incoming background plasma
through its collisionless interaction with the electromag-
netic turbulence. This model compares well to large-scale
2D3V (two-dimensional in space and three-dimensional in
velocity space) PIC simulations, and provides an impor-
tant touchstone for the phenomenology of such plasma
systems.
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Figure 18. The observation data of energy spectra of cosmic rays updated
on December 2020. All results obtained in 19 observatories worldwide are
plotted with different colors. Most of the cosmic rays are protons and it
is clear that all data has the same power law below the knee and the ankle.
The power law shows some nonthermal acceleration physics in the universe.

The collision energy of the largest accelerator LHC is also indicated as a
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2.4. Stochastic particle acceleration and cosmic rays

Let us introduce the observation data of cosmic rays accumu-
lated in more than 10 observatories. It is updated regularly
and the last update in 2020 is shown in Figure 1852, All
data are from each observatory identified by color and name.
Most of the cosmic-ray particles coming from the space are
protons. The highest proton energy is about 1 J (~10" eV).
It is thought that cosmic-ray particles of around 1 GeV
stem from the Sun, up to 10'3 eV (1 PeV: so-called ‘knee’)
is mainly due to SNRs in our galaxy, and higher-energy
cosimic rays are from the outside of our galaxy. The physical
reason why the petaelectronvolt is critical for the source
to be galactic or not is that a proton with energy of more
than 1 PeV cannot be confined inside of our galaxy by the
diffusive property stemming from the background magnetic
turbulence. The figure also indicates how many particles are
observed per unit square and unit time.

The standard theory for explaining the generation of cos-
mic rays in the universe is the well-known DSA™’!. In this
model, a charge particle is confined by a magnetic field
before and after the collisionless shock wave surface and
reciprocates many times, and the energy gradually increases.
This is the acceleration mechanism seen in the PIC simula-
tion and speculated to be demonstrated experimentally with
NIF as shown in Figure 16. Therefore, energy increase via
one bounce AE is assumed much smaller than its energy E,

https://doi.org/10.1017/hpl.2021.35 Published online by Cambridge University Press

H. Takabe and Y. Kuramitsu

Inner Structure of an Active Galaxy

l—i Shock
0.1 lightyears

T

Relativistic Jet

Supermassive
Black Hole

Accretion Disk

Opaque ®rus
(Inner Regions)

Figure 19. Image of AGN jets from the central massive blackhole [from
Wikipedia].

AE/E < 1. This is the reason why it is called ‘diffusive’.
This model is very successful in explaining the power-
law spectrum over approximately 20 orders of magnitude
observed worldwide.

However, DSA has difficulty in applying it to the case
of relativistic shock waves. An accelerating particle has to
pass many times through a shock front that propagates at
almost the speed of light. Chen et al. proposed wakefield
acceleration in the relativistic regime, where a stochastic
wakefield generated by an Alfvén wave, for example, in
AGN jets in Figure 19, can accelerate particles via the
ponderomotive force of the wakel>*!. Note that Lorentz factor
of AGN jets is thought to be about 10-20. In Ref. [54],
the wake acceleration is modeled also by a diffusion-type
Fokker—Planck (FP) equation:

of p.t)

+00 Apz
= T / RCNE SRV

By assuming the transition probability density W is constant
and a stationary solution, the power law f(p) o< p~2 is
concluded.

A model experiment of stochastic wake field accelera-
tion has been carried out with relativistic lasers with field
strength ap > 1 (see Section 2.3). The details of the exper-
iment, analysis and results are given in Section 3 in this
review paper and a power-law spectrum with p~2 is obtained
for electrons in the range of 10— 100 MeV. It is challenging to
study the origin of cosmic rays with relativistic lasers and the
ponderomotive force of the induced wake field. Intuitively,
it seems that the energy conversion efficiency is small.
Recently, the first author proposed a new physics to explain
the cosmic-ray acceleration directly by the electromagnetic
wave field in a random system!>!.
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Regardless of whether it is an Alfvén wave or laser wave,
an electron oscillation becomes nonlinear even in a plane
wave, because the 7 x ? term becomes important. Then,
the electron motion becomes chaotic when an external force
or abrupt change of wave phase is loaded into the oscilla-
tion system as perturbation™!. If Ap by the perturbation
is small, Ap/p < 1, the electron distribution function is
approximately governed by the FP-type equation. However,
the increase of laser intensity and relativistic nonlinearity
becomes strong, and then it is necessary to consider a model
for the case Ap/p ~ O(1). As the FP equation is based on
Taylor expansion, it is called local diffusion in momentum
space. On the other hand, we have to consider the case for
nonlocal jump diffusion.

This nonlocal jump is known as Levy’s jumpl?. This
concept is widely used for anomalous transport and nonlocal
transport due to turbulence in real space. The change of dis-
tribution function by such nonlocal transport in momentum
space is modeled with the fractional FP equation (FFPE) in
the form

a o
f (p, 1) _p, 0
ot alpl¥

f®.0, ®)

where « is the fractal index and 0 < « < 2. The definition of
the operator is given in Ref. [55]. The FP equation is the case
o =2and W (Ap) is a Gaussian case. As the Gaussian decays
exponentially for large Ap, it is used for the probability
of local diffusion. It is known that with decrease of «, the
probability W (Ap) spreads wider with a power-law tail. For
the case of @« = 1, ¥ (Ap) x (Ap)’2 and Lorentzian solution
of Equation (5) is obtained>!:

1 .
)= ———5 xXp " (6)

aDt 1+ (%)

The distribution function after an acceleration time is shown
in Figure 20 to compare with that in Section 2.3. We have
assumed that the electrons are accelerated not by the wake
but by the laser field itself. As the diffusion in energy
space is not only nonlocal but also local, the distributions in
Figure 20 are shown for 100 % nonlocal to 1% nonlocal>>.
It is surprising to find that a few percent of probability
of nonlocal process agrees with the experimental energy
spectrum in Section 2.3.

Power-law spectra of electron energy have also been
observed in the LFEX experiment in Osaka>®!. In Figure 21,
the experimental data of the electron energy distribution is
shown with red circles in log—log space. Comparing the flat
and power-law spectrum shown in blue in Figure 20, it can
be said that the red points in Figure 21 may be explained
by taking account of such nonlocal stochastic process owing
to the distorted relativistic laser field in ablating plasmas,
where the strength parameter is ay = 2.4 and the relativistic
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Figure 20. Electron distribution functions obtained from the linear combi-
nation of nonlocal and local diffusion models®!. In the heating model, the
blue line case is obtained with 100% nonlocal heating, whereas the orange
line is for 10% nonlocal and green is for 1% nonlocal heating.
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Figure 21. Electron distribution function obtained in the LFEX experiment
at Osaka (courtesy of S. Kojima)>°l.

nonlinearity has already been shown to be important>>!.
It is a very interesting proposal to study the maximum
electron energy and the power-law number of the nonthermal
electrons as a function of laser strength parameter ay, laser
pulse duration, and so on. It would be beneficial to study a
new physical mechanism of the acceleration of cosmic rays
in the universe, especially for UHECRs with particle energy
more than 10" eV (1 PeV). It is clear that the spectrum can
be reproduced with 50% local (Gaussian) and 50% nonlocal
(Lorentzian) acceleration. In this experiment, the strength
parameter is ap = 2.4 and relativistic nonlinearity already
became important.

This new mechanism could be seen in astrophysics. A
relativistic electromagnetic field is generated around pul-
sars. It is shown in PIC code that electromagnetic waves
are generated in front of a relativistic collisionless shock.
Although both are noncoherent waves like a laser, it is
reported that their strength is relativistic such as ag > 37
In addition, the electromagnetic waves have random phase
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because of filamentation instability, suggesting that electrons
are accelerated randomly with large phase jump nonlocally
in energy space™!.

2.5. Electron—positron plasma by ultra-intense lasers

Electron-positron pair plasmas are found in various extreme
astrophysical objects, such as pulsars, bipolar outflows,
AGN, and gamma-ray bursts (GRBs). Producing a pair
plasma with similar conditions in the laboratory is extremely
challenging but could significantly deepen the understanding
of these exotic objects. With the advances in high-intensity
laser technology, several methods for pair production
have been either demonstrated or proposed, with different
mechanisms dominating the physics in different regimes of
laser intensity.

It was first reported in Ref. [58] that the petawatt laser
at LLNL achieved laser intensity of over 10*° W/cm? and
generated electron—positron pairs from gold foils. It has
opened a new regime of laser—matter interactions in which
the quiver motion of plasma electrons is fully relativistic
with energies extending well above the threshold for nuclear
processes. Few megaelectronvolt electrons are produced in
ultra-intense laser—solid interactions. The generation of hard
bremsstrahlung, photonuclear reactions and preliminary evi-
dence for electron—positron pair production are shown.

A theoretical study has been reported to explain the phys-
ical process for the positron production in the experiment
with the use of the relativistic FP equation to the electrons
produced by the petawatt laser as well as the positrons
generated®’!. There are a few processes that create electron—
positron pairs. Two processes, the trident process and the
Bethe—Heitler (BH) process, are dominant. It is found that
the total positron yield increases logarithmically with the
increase of the laser intensity, and the resultant energy
distribution of the created positron is found to have a peak
near the energy of 1—2 MeV. Later it was demonstrated that
the group of electron—positron pairs is generated as a form of
beam due to the acceleration by the ambipolar field, which is
generated by the hot electrons escaping from the rear of the
solid target.

Although it has been theoretically studied since the 1970s,
the use of lasers as a valuable new positron source was not
demonstrated experimentally until the petawatt-class short
pulse lasers were developed. In 2008 and 2009, in a series
of experiments performed at the LLNL, a large number of
positrons were observed after shooting a millimeter-thick
solid gold target!®’. Up to 2 x 10'° positrons/shot ejected at
the back of approximately millimeter-thick gold targets were
detected.

The experimental results obtained on three different laser
facilities were reported in Ref. [49]. Directed laser-driven
relativistic electron—positron jets with up to 30 times larger
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Figure 22. Experimental data (blue with error bars) of positron numbers.
Others are computational results or models!*”1.

yields than obtained previously and a quadratic (~ E7)
dependence of the positron yield on the laser energy were
reported. This is shown in Figure 22, where all experimental
data are enhanced compared with poderomotive scaling,
owing to the higher hot electron temperature predicted by
Pukov. This favorable scaling stems from a combination
of higher-energy electrons due to increased laser intensity
and the recirculation of megaelectronvolt electrons in the
millimeter-thick target. Based on this scaling, first principles
simulations predict the possibility of using such electron—
positron jets, produced at upcoming high-energy laser facil-
ities, to probe the physics of relativistic collisionless shocks
in the laboratory.

The electron temperature largely determines the positron
yield from the BH mechanism, so a key to higher positron
production is the production of hotter electrons. In addition
to increasing the laser intensity, substantial enhancement
in electron energies can be obtained by manipulating the
laser—plasma interaction using a structured front surface
target®!). Substantial increase of hot electron temperature is
demonstrated with a Si array target as shown in Figure 23.
An enhanced number of positrons have been demonstrated
experimentally!®’!. Experiments using this type of setup have
produced up to 102 pairs/shot, which is the highest yield
reported to date by the use of lasers®’.

2.6. EOS experiments

EOS of highly compressed matter is an important ingredient
to study high-pressure physics, laser fusion, planetary
interiorl®% etc. High-intensity laser is now a strong tool
to study such EOS of a variety of materials by coupling
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Figure 23. Structured targets result in a dramatic increase in the number
and temperature of hot electrons[®%.

with new diagnostic methods developed in the last 20
years. Let us briefly describe the important progress of
the EOS experiment with intense lasers. The insulator—
metal phase transition at high density is a long-standing
question pointed out by Wigner—Huntington in 1935%°),
The high-pressure community has tried to realize a metallic
state by compressing solid/liquid hydrogen using a diamond
anvil cell (DAC). It is reported that the Wigner—Huntington
insulator—metal transition was experimentally observed with
DACI%%] Laser shock experiment has also challenged this
ground-breaking physics by decreasing the temperature of
the compressed state with tailoring of laser pulse shape.

In the last few decades, a new diagnostics VISAR and
a streaked optical pyrometer (SOP) to measure the shock
and piston velocities have been developed with use of the
Doppler shift of the irradiated laser for diagnostic pur-
posest®®%1 By use of this diagnostic technique, the shock
and piston velocities are measured precisely. Then, it is
possible to obtain the shock jump relation experimentally
with the jump relation:

— US
Pl—PoUS_Up,
Py =Py+ poUsUy,
1 1 1
er=€+P1—P)| ———|. (N
2 po P

With measured values of Us and U, for a single shock, the
thermodynamic state described by suffix ‘1’ after the shock
passage is given by Equation (7) for the values at initial
state ‘0’. This curve of density versus pressure is called the
Hugoniot curve.

In addition, several new facilities of X-ray free-electron
laser (XFEL) have opened as user facility and the coherent,
bright X-ray source is now available for clear imaging of
such laser-driven shock experiments. Combination of lasers
and XFEL is the new trend to make it possible to measure
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Figure 24. Artistic picture of EOS experiment with irradiation of many
laser beams (courtesy of LLNL).

the properties of laser-compressed matter under extreme
conditions!’"!.

Modern shock experiments are done not only with lasers
but also gas guns and Z-pinch facilities!”!. An artistic image
of the laser shock experiment is shown in Figure 24. To
achieve one-dimensional planar shock, many laser beams are
irradiated to obtain the wide surface to drive a shock wave.
For diagnostic purposes, a complicated sandwiched target
is used. In Figure 24, the target is designed to measure the
shock Hugoniot curve. The experimental data have inspired
the proposal of several theoretical models. Many modern
computations have been published to explain such exper-
imental data, for example, the density functional method,
quantum Monte Carlo analysis, and molecular dynamics'’*!.

The experimental result of the insulator—metal transition
of fluid molecular hydrogen was initially reported in exper-
iments with a gas gun'’’l. The experiment was designed so
that a shock wave reverberated held between Al,O3 anvils
to compress liquid H, or D, to pressures of 0.93—1.8 Mbar.
It was found that the resistivity decreases almost 4 orders
of magnitude from 0.9 to 1.4 Mbar and then plateaus to
1.8 Mbar.

This pressure of 1.4 Mbar for insulator-metal transition
is very low compared with the static experimental result of
5 Mbar demonstrated with DAC. Shock compression is also
used to clarify the critical pressure to change the insulator to
metal in fluid deuterium at relatively low temperature. The
experimental data are plotted in Figure 25 to find the phase
transition boundary curve!”*l. The black solid line inferred
by experimental data is the plasma phase transition and
the matter becomes conductive because of the increase of
thermal free electrons!’¥. The boundary with the black open
circles means the points where the band gap becomes about
2 eV, almost a semiconductor.

It was already mentioned that to obtain the dense matter
EOS in a wide range, we have to obtain experimental data
by changing the initial condition of density and/or pressure.
Using the shock wave transmitting from the quartz reference
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plate, the Hugoniot curves of the different initial density
and pressure have been obtained. The experimental data are
plotted in Figure 26! for hydrogen and deuterium for four
different initial pressures (density), 1 kbar (0.029 mol/cm?),
3 kbar (0.044 mol/cm?), 7 kbar (0.061 mol/cm?), and 15 kbar
(0.079 mol/cm?). The corresponding solid lines are theoreti-
cal from density functional theory with molecular dynamics
methods. It is seen that small change of the initial con-
dition of pressure and density alters the Hugoniot curve
substantially.

2.7. Opacity experiments

The stellar interior is characterized by high density and
high temperature and it is well known that the radiation
transport is important to transfer the nuclear fusion energy
toward the surface. Not only the transport but also the
structure of stars strongly depends on the atomic state of the
plasma, namely, so-called plasma opacity. Historically, the
opacity has been calculated theoretically, especially using
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computers. Intense laser and Z-pinch facilities have been
used for spectroscopic opacity experiments’"7%l, Inside of
stars, heavy elements such as iron are only found in small
fractions, while contributing significantly to the opacity. Iron
opacity has been studied experimentally and theoretically,
but there remains a big discrepancy as mentioned in the
following.

Iron contributes significantly to solar opacity: the
relatively large number of bound electrons makes iron more
susceptible to model uncertainty. It is found that opacity
models were accurate at 150—160 eV temperatures and 7 x
10 electrons/cm’, but the model predictions were lower
than the opacity data when the temperatures and densities
were increased to solar interior values as shown in
Figure 2711,

The higher-than-predicted iron opacity data account for
about half the increase needed to resolve the Standard Solar
Model discrepancy. However, the question remains: why are
the model predictions lower than our measurements? This
question is critical because, if the data are correct, our under-
standing of photon absorption in high-density matter must
be revised. This would have far-reaching consequences for
astrophysics and terrestrial science. For example, a widely
used method to estimate stellar ages depends on opacity, and
opacity revisions will therefore lead to substantial changes
in age estimates. Furthermore, if solar composition, opacity,
and helioseismology inferences are found to be consistent,
the soundness of the Standard Solar Model will be rein-
forced, but the composition and opacity used to model
other Sun-like stars must be revised. On the other hand, if
observations and solar model inputs cannot be reconciled,
possible modifications to the Standard Solar Model itself
would be necessary. A new theory, for example, has been
proposed to explain the enhanced opacity by taking account
of two-photon absorption effect’’!.

Of course, the opacity is one of the most important
elements to model stellar evolution. The consensus model
for a classical nova invokes a binary star system, with
accretion from a main-sequence star or evolved giant onto a
WD due to Roche lobe overflow. As hydrogen-rich material
is transferred to the WD through an accretion disk, the
temperature at the base of the accreted envelope rises until
it reaches ~ 2 x 10’ K, at which point the accreted fuel
undergoes fusion via the CNO cycle. A convective zone is
born and grows until an optically thick wind is launched,
giving rise to the observed classical nova. The launching of
the optically thick wind is primarily due to the presence of
the iron opacity bump. Accurate opacity of iron is essential
to compare observation light cure to a theoretical modell”®!.

2.8. Photoionized plasma experiments

It is very challenging to study photoionized plasma, because
it is hard to produce black-body radiation with radiation
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Figure 27. Opacity experiment: (a) a configuration of the experiment and (b) the resultant opacity spectrum of the experiment (black) and code (red)!”'.

temperature more than 100 eV in laboratory to ionize very
abundant atoms such as Si and Fe. However, such bright
radiation sources in X-ray regime have been observed in
the universe. The compact objects mean blackholes, neutron
stars, and WDs, and a binary system is made of such a
compact star and a normal star. The compact binary objects
emit strong X-rays with which the property of the objects can
be studied with use of the X-ray observation. To analyze the
observed X-ray spectrum, modeling of photoionized plasma
is essential and sophisticated codes have been developed.
Such simulation codes should be verified and validated via
comparison with appropriate experiments in the laboratory.

As high-Z ions emit X-ray line emissions, they are good
targets to be observed to study the physics of very energetic
radiation source. Cygnus X-1 and Cygnus X-3 are a well-
known X-ray binary system!’’!. They are located around
7.4 kpc (20,000 lightyears) away; however, they emit very
luminous X-rays. A schematic of such a binary system is
shown in Figure 28. The companion star is a massive normal
star with very high-mass stellar wind to donate the matter to
the compact object. As a compact object such as a blackhole
absorbs the mass via strong gravitation, the matter of the
accretion disc continuously falls into the blackhole. During
the process of losing the angular momentum, the excess
energy heats the matter and the matter near the compact
object becomes extremely high-temperature plasma emit-
ting almost Planckian radiation. The radiation temperature
becomes almost 1 keV and the radiation photoionizes the
accreting plasma.

How the plasma is strongly affected by photoionization
in the atomic process is measured with the photoionization
parameter £ defined by

e ®)

£ = [erg-cm™'-s71],
where L is the total luminosity of the compact object and
R is the radius of the most X-ray emitting plasma region
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Figure 28. A compact binary system. Strong X-ray from the accretion disc
photoionizes the surface of a huge normal star'®’!,

of the accretion disc. The n. is the electron density to
measure the photorecombination. Equation (8) is a rough
estimation of the ratio of the photoionization rate to the pho-
torecombination rate. Note that the photoionization plasma
is realized when the condition & > 1 is satisfied in the units
of Equation (8).

A detailed analysis of the spectra from Cygnus X-3 has
been performed®'. The bright emission of He-like silicon
Ko line suggests the ionization parameter £ ~ 10> for the
Cygnus 3 binary system. It is also concluded that the density
must be higher than 10> cm™ in the region responsible
for most of the emission. The electron temperature obtained
from the energy balance relation is also calculated. It is about
20 eV at & ~ 10°. AGNs'®!! extremely far from our galaxy are
a strong X-ray source in the deep sky, and about 70% of X-
rays observed far from our galaxy are inferred from many
AGNS.

The photoionized plasmas are a model experiment of
X-ray binary systems, whereas there are several differences
owing to limit of laboratory plasma. One is the time depen-
dence of atomic state of partially ionized atoms, the second
is the expanding flow of plasma, and the third is optical depth
especially of line radiation transport. Of course, the radiation
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source such as more than 1 keV radiation temperature is
not yet possible in the laboratory. However, photoionized
plasma itself is an interesting subject from the view point of
the atomic process, opacity, line profile modeling, radiation
transfer and so on.

Photoionized plasma has been studied to look for better
coupling with the absorbing plasma in hohlraum targets,
where laser energy is converted into radiation energy to
be absorbed by fusion pellets in the hohlraum. In the NIF
ignition campaign, almost Planckian radiation with radiation
temperature 7, = 250—300 eV has been used for implosions
under the absorption of laser energy of 0.8—1.1 MJ®?. The
radiation continues for about 5 ns and it is expected that the
photoionized plasma is almost in steady state. On the other
hand, the Z-pinch machine is demonstrated to be an intense
X-ray source and proposed to also be applicable to studying
the physics of photoionized plasma in the universe!®*!.

Preliminary design and experiments of photoionized
plasma were reported for the cases with Z-pinch®®! and
laser-induced gold cavity!'®® radiations. The radiation
temperature is in the rage of 80-200 eV. The absorption
and emission spectra of such photoionized plasmas have
been studied. In addition, scalability to very low-density
plasmas in the universe was also discussed. Application
of such photoionized experiments to astrophysics has been
discussed internationally!®®! and The Z Astrophysical Plasma
Properties (ZAPP) collaboration has been initiated for
applying the Z-pinch for a variety of astrophysical model
experiments®’],

Precise experimental results were first reported for Z-
pinch photoionization plasma, where the Z-pinch radiation
spectrum was observed and the radiation temperature was
measured to be 165 eVI*®. Charge distribution of photoion-
ized iron plasma observed in the experiment is compared
with three different atomic process codes including pho-
toionization. Two of them are standard codes to analyze
the photoionization plasma emission spectrum compared
with X-ray satellite data, whereas the third is FLYCHK.
It is clarified that charge distribution is insensitive to the
iron plasma temperature for more than 150 eV under these
experimental conditions. It is speculated that compared with
AGN X-ray flux, the X-ray flux for contributing silicon
photoionization is almost the same as that obtained by Z-
pinch X-ray with 7, = 165 eVI*l.

In order to relate such laboratory experiments to the binary
system observations, higher radiation has been generated by
use of radiation from an imploded spherical target. By use
of the Gekko-XII laser system, 12 beams irradiate a target to
generate almost 0.5 keV radiation temperature. Total energy
of 4 kJ with pulse duration of 1.2 ns at green light (0.53 pm)
are impinged on a plastic target with the diameter 505 pm
and thickness 6.4 pm®’!. Although the pulse duration of the
radiation is 160 ps, it is enough to generate He-like silicon
with the density n. = 10°® cm~> located near the imploded
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core. Observation data from Cygnus X-3 and Vela X-1 are
compared with the experimental data for the line emissions
from He-like silicon'®!l. The line inferred as the forbidden
transitions only expected in low-density astrophysical plasma
is also observed. However, time-dependent simulation for the
experiment cannot reproduce this hump in spectrum. On the
other hand, this hump is generated in computations in Ref.
[92], although the strength of three humps is not reproduced.
This remains an open question.

The inter-combination line (1s?> 'S-1s2p 3P and 1s® 'S-
1s2p 3P) is strengthened by satellite lines from the Li-like
species which has similar energies. Namely, 1s>3p-1s2p3p
transition has energy around 1.855 keV. These are known as
satellite lines of Li-like ions.

Mancini et al.”’! have carried out sophisticated computer
simulation with Boltzmann code for free electrons. The
Boltzmann code is coupled with radiation hydrodynamic
code. It is shown that photoexcitation is very important to
control radiation cooling rate and the evaluated electron tem-
perature is found to be lower than predicted by CLOUDY and
XSTAR codes. In addition, the high-energy tail component
generated by photoionization affects the population of the
excited state enhancing the radiation cooling rate.

2.9. Blast waves of astrophysical explosions

Once a supernova explosion happens, the outward-going
shock wave starts to propagate in the surrounding plasma
while also heating the plasma. The heated plasma emits
radiation of a wide range of photon energy. In Figure 29,
the time evolution of radio emission of the expanding shell
formed by supernova SN1993J is shown between May 1993
(top left) and February 2000 (bottom right)”*l. During the
explosive death of a large star, the outer layers are propelled
outwards as the collapsing core rebounds. This supernova
was discovered on 28 March 1993. It is around 11 million
lightyears distant, in the constellation Ursa Major. Its relative
closeness allows observation by radio interferometry with
arrays such as the Very Large Array (VLA) and the Very
Long Baseline Array (VLBA). The expansion has deceler-
ated from 16,000 to 10,000 km/s.

A long-time evolution of the hydrodynamics after an
explosion of a supernova is modeled by a Sedov—Taylor
blast wave as a self-similar solution. However, it is the case
of a simplified solution of the hydrodynamic equation with
a central singular explosion source. It is known that the
radiation cooling induces the shock front instability, known
as Vishiniac instability. It is said that the turbulent image
of Tyco SNR is due to such instability. A model experiment
of the instability was performed with laser blast wave a
long time ago®!. A more precise experiment has been
performed to compare with the theoretical growth rate of the
instability!®!, and also on the stability of the bow shock! '],
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Figure 29. Time evolution of radio emission after the explosion of
SN19937141,

Optical imaging of blast waves and accompanying shocks
has been developed to investigate the blast wave dynam-
ics”’l. Thanks to XFEL facilities, it is now also possible
to obtain the image of shock waves propagating into solid
materials!’’l. The advancement of imaging technology is
very important to study, for example, the collision of two
blast waves!”®! and the effect of an external magnetic field on
the dynamics of blast waves'””!. A radiative blast wave is also
studied and compared with simulation!',

Collision of shocks and clumpy matter such as a molecular
cloud in space triggers star formation via active gravitation
interaction after the collision. As we see, for example, in
Ref. [101], shock and clump interactions generate vortex
motion to form a complicated density distribution after the
shock impact. A good example of the vortex formation is
hydrodynamic instability. An X-ray backlight method has
been developed to obtain a clear image of dense plasma
hydrodynamics. The growth of the instability due to the
vortices generated by the passage of a shock wave is shown
in Figure 30. Such a micro shock tube and X-ray backlight
technique is a very powerful method to study the physics of
shock—matter interaction in the laboratory.

It should be noted that controlled high explosion is used to
study the hydrodynamic instability driven by blast wave pas-
sagel!"’l. The size of gases is around 20 cm, much larger than
the laser micro shock tube of about 1 mm. The instability is
initiated by passing a Taylor—Sedov blast wave originating
from a controlled detonation through a perturbed and stably
stratified interface between two gases. The large ensembles
of time-resolved Mie scattering imaging have been mea-
sured. The analysis has been performed on the instability
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evolution between different gas pairs to demonstrate the wide
range of development and turbulent behavior that may occur
between different supernova layers.

Plasma jet formation and its application to astrophysical
jets have been studied since the early days. The laboratory
experiments of a well-collimated radiative jet with high
Mach number has been successfully created to mimic the
evolution of Herbig—Haro (HH) objects!'*!. It was found that
the radiation cooling effect within the jet and the outer rare
surrounding plasmas from the X-ray (>keV) photoionized
target contribute to the jet collimation. The local nonuniform
density structures along the collimated radiative jet axis are
caused by the pressure competition between the inner jet and
the outer plasmas.

On the other hand, such jets were placed in a custom-
designed solenoid capable of generating field strengths up to
5 T!941, Proton radiographs of the well-characterized B-field,
without a plasma jet, suggested an external source of trapped
electrons that affects proton trajectories. The background
magnetic field was aligned with the jet propagation direction,
as is the case in many astrophysical systems. Optical inter-
ferometry showed that magnetization of the plasma results
in disruption of the collimated flow and instead produces a
hollow cavity. This result is a topic of ongoing investigation.

2.10. Hydrodynamic instability and turbulent mixing

As mentioned in the introduction, hydrodynamic instabil-
ity was the first bridge between astrophysical plasma and
laser-produced plasma. When the material mixing in the
supernova SN1987A explosion was found by X-ray satellite,
the hydrodynamic instability of fusion capsule implosion
had been studied intensively as the most critical physics
preventing the spherically symmetric implosion dynamics.
The hydrodynamic instability and resultant turbulent mixing
have been studied for a three-dimensional core-collapse
system with computing in astrophysics!'* and theoretically,
computationally, and experimentally mainly in laser plasma
as reviewed in Ref. [105].

Shock waves generate vortices in nonuniform fluids and
plasmas. The vortex generation in plasmas directly relates
to hydrodynamic instabilities. It is easily understood by the
equation for vortex @ (= V x V):

VoxVP 4
AWV,

02 3

—=Vx(_u)><7)))+

©))

In Equation (9), the second term on the right-hand side,
the vector product of the gradients of density and pressure,
is the source term to generate vortices. This term is called
the baroclinic effect and is well known as the source to
generate vortices in the Earth’s atmosphere, which finally
become a typhoon or hurricane. In laser fusion and related
areas, it is known as the source term of hydrodynamic
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Figure 30. A micro shock tube with X-ray backlight diagnostics in a multibeam laser facility. Richtmyer—Meshkov instability growth is measured on the
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instability such as Rayleigh-Taylor and Richtmyer—
Meshkov instabilities and it is easy to see the physics
intuitively! %!,

It is informative to note the following similarity between
Equations (2) and (9). The vortex is the rotation of the
velocity and directly related to the vortex motion of electron
fluids in the case of plasma, w <= B. This is seen as
the same form of the first terms in the right-hand side of
Equations (9) and (2), namely the convection term. The third
term in Equation (9) and the second term in Equation (2) are
diffusion terms. Then, the second term in Equation (9) and
the last term in Equation (2) are the source terms. This means
that when hydrodynamic instabilities are induced in plasma
fluids, the magnetic field is also generated in general.

A supernova’s explosion is driven by a blast wave. It also
induces Rayleigh—Taylor and Richtmyer—Meshkov instabili-
ties. These instabilities cause strong mixing of matter in a
progenitor star. Such mixing is inferred to be the reason for
early observation of heavy mass elements synthesized in the
star before its explosion "],

Time evolution of a core-collapse supernova is shown in
Figure 3111, Owing to the core collapse at ¢ = 0, a proto-
neutron star is formed at the center and huge number of
neutrinos are emitted with total energy of about 10°* erg. In
the case of one-dimensional simulation, the absorbed neu-
trino energy is not enough to explode the star and the shock
wave disappears because of endothermic nuclear reaction. In
multidimensional simulations, it is found that the neutrino
efficiently heats due to the mixing effect, and the matter can
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Figure 31. Time evolution of the neutrino-driven explosion of a 15M star
as obtained in a multidimensional hydrodynamic simulation, visualized by
a mass-shell plot. The star collapses at t = 0 to generate a shock wave. The
shock is powered by neutrino heating! %%,

obtain enough energy to maintain the outgoing shock wave,
and the system explodes as shown in Figure 32.

Soon after the collapse, the shock wave accelerates the
matter and low-density region appears behind. This density
profile is unstable against the gravity and the Rayleigh—
Taylor instability becomes important. Owing to the defor-
mation behind the shock, the neutrinos can keep being
absorbed by relatively low-temperature materials. Therefore,
the mixing helps to enhance the absorption of neutrinos after
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Figure 32. A three-dimensional explosion simulation at about 0.5 s after
the core ignited. The bluish, almost transparent surface is the shock front
with an average radius of 1900 km (MPA)!108],

t =200 ms in Figure 31. Thus, the mixing is the key issue for
supernovae to be able to explode.

It is noted that a more precise mixing model is required
even in three-dimensional simulation. Turbulent mixing has
not been modeled in supernova simulation so far, although
it is important to advance the supernova explosion model. In
fact, in the radiation-driven fusion experiment with NIF, it
is reported that the mixing of fuel and capsule materials is
important and degrades the neutron yields drastically!'*-!"%!,
As shown in Figure 33, a clear correlation can be seen
between the decrease of neutron yields and radiation emis-
sion stemming from the mixed and heated atoms from the
capsule material. It is reasonable to conclude that the mixing
of atomic scale in the compressed and heated DT fuel plasma
prevents the final increase of the fuel temperature by the
pressure work. This is the most critical issue of the inertial
confinement fusion concept.

3. Cosmic-ray acceleration by wakefields

3.1. Introduction

The origins of comic rays have been a long-standing
unsolved problem since the discovery of cosmic rays in
the last century. More than half a century ago, Enrico Fermi
proposed his unique idea for the acceleration of cosmic
rays by moving magnetic clouds (Fermi acceleration)'!!!.
His original idea could not explain the observed cosmic-
ray spectra with nonthermal, power-law components up to
very high energies; however, this was overcome with the
applications of the Fermi acceleration to a collisionless
shock. In the presence of a collisionless shock, energetic
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Figure 33. DT neutron yield versus measured X-ray enhancement ratio

for the layered low-foot (blue) and high-foot (green) laser implosions with
NIF!1091,

particles or cosmic rays are efficiently accelerated by the
first-order Fermi acceleration or the so-called DSA!>!1131,
where the energy spectra of the accelerated particles
naturally show power-law dependence. The most eminent
feature of the DSA is the universality; in the presence of
strong shock waves, and this is often the case in the universe,
the spectral index is —2 independent of the plasma and shock
parameters. Taking into account the transport effects from
the acceleration sites to the Earth, it is widely believed that
the DSA explains the observed cosmic-ray spectra. It is
widely believed that the galactic cosmic rays are accelerated
by the DSA associated with nonrelativistic collisionless
shocks in SNRs. Therefore, a collisionless shock also has
central importance in cosmic-ray research.

Although the DSA is considered to be a standard accelera-
tion mechanism of cosmic rays within our galaxy, the origin
of extragalactic cosmic rays has been an open unsolved prob-
lem. It is known that the cosmic-ray spectrum changes its
slope at E., ~ 15.5, the so-called knee energy, and it is widely
accepted that the galactic cosmic rays are accelerated by the
DSA at SNRs!''I, It is still open how and where the cosmic
rays beyond the knee energies are accelerated; however, at
least the UHECRs are considered to be from oustside our
galaxy because their gyro radii are much larger than the size
of galaxy. A possible candidate of the cosmic-ray acceler-
ation is the wakefield acceleration in extreme astrophysical
conditions®”-!1>-1261  Wakefield acceleration was first pro-
posed in laboratory plasmas''?”), and its developments and
applications can be found in a recent review!'*®!. In the laser
wakefield acceleration, the strong ponderomotive force of an
intense laser pulse expels electrons in a plasma, resulting in
the formation of space charge or an electrostatic wakefield.
This is analogous to the wake created by a ship on the water,
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where the ship expels water on the pass. The perturbations on
the electron density can propagate as a fundamental electron
plasma wave or Langmuir wave. The phase velocity of the
wakefield is equal to the group velocity of the laser pulse,
which is again analogous to that the phase of the first wake on
the water propagates with the ship. Therefore, the wakefields
in laser-produced plasmas propagate at a velocity close to
the speed of light; once the electrons are injected into the
wakefield, they can be quickly accelerated to relativistic
energies.

The wakefield acceleration was first applied to cosmic-
ray acceleration in Ref. [116], where Alfvén wave or Alfvén
shock is considered. Purely stochastic assumption results in
the power-law energy distribution function with an index
of 2111 which is equivalent to the DSA. The wakefield
acceleration is longitudinal to the particle motion, that is,
synchrotron or cyclotron emission is irrelevant!'®, which
is inevitable in the DSA. Dieckmann et al. discussed the
wakefield induced by relativistic plasma flow in the rela-
tivistic shock upstream with one-dimensional PIC simula-
tions!!'®. The wakefield excitation by whistler waves has
been discussed analytically as well as numerically with one-
dimensional PIC simulation''”-'>?l. The wakefield excited
by Alfvén wave in the relativistic jet from an accreting
supermassive blackhole has been discussed analytically!'**!,
and the excitation of Alfvén waves has been confirmed
with three-dimensional general relativistic magnetohydrody-
namic simulations''?!. Lyubarsky!'"”! and Hoshino!'"”! con-
sidered the intense electromagnetic or light waves as pre-
cursor waves in relativistic magnetized shocks, which can
induce a wakefield using one-dimensional PIC simulations.
Iwamoto et al. extended the one-dimensional model to two
dimensions to address the multidimensionality of the precur-
sor wave propagationsl®’-'?#!231 By focusing on the wake-
field acceleration upstream, we have shown the universal-
ity of the power-law acceleration by a turbulent wakefield
with two-dimensional PIC simulations!'?*!?*~3!1" Most of
the acceleration models mentioned previously can account
for the origin of UHECRs with energies of approximately
10%° eV or more. However, it is hard to confirm the acceler-
ation scenarios with astrophysical observations. An alterna-
tive approach to verify the acceleration models is laboratory
experiment with intense lasers. In this section, we consider
the precursor electromagnetic waves in the astrophysical
collisionless shock discussed in Ref. [119] and possible
verification of the model in the laboratories!'?-13%1331,

3.2. Wakefield generation and acceleration in relativistic
collisionless shocks

In this section, we briefly review Hoshino’s model where
PIC simulations show the efficient particle acceleration by
the wakefield acceleration in the presence of a perpendic-
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Figure 34. The spatial transitions of physical quantities are plotted:
from top to bottom, the x- and y-components of ion velocity, the x-
and y-components of electron velocity, the x-component of electric field
corresponding to the wakefield, and the z-component of magnetic field
corresponding to the light precursor wavest!'*].

ular relativistic collisionless shock!!'"’!. Figure 34 shows the
results from the one-dimensional PIC simulation, where the
shock front is located at X ~ —400, indicating the sharp
transition of ion and electron velocity components. In the
relativistic perpendicular collisionless shock, the incoming
plasma electrons interacting with the shocked magnetic field
radiate large amplitude electromagnetic (light) waves (B;)
via the synchrotron maser instability!"*¥l, which can prop-
agate toward the upstream of the shock (X < —400). The
ponderomotive force of the light waves excites the wakefield
(Ey), and the wakefield accelerates the upstream electrons
and also ions. Note that the DSA requires the particles to
be repeatedly scattered back and forth of the shock front;
however, the wakefield acceleration operates upstream.

The spatial and temporal scales of a relativistic colli-
sionless shock are vast compared with the plasma scale
lengths. There are two important parameters governing
the wakefield acceleration in the astrophysical conditions:
the normalized wave amplitude ao and the frequency
ratio between the plasma and the light w,/wr. From the
simulation wp/wy~1/3-1/2 and ag ~ y,, where y; is the
Lorentz factor of upstream flow energy. The Lorentz factors
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of AGN jets and GRBs are y; ~ 10 and approximately 100—
1000, respectively, and, therefore, there must be intense
light waves in the upstream of such extreme relativistic
phenomena in the universe. One may argue that in the one-
dimensional system all the wave modes propagate in the
same direction; in reality, in multidimensions the precursor
light waves may propagate in arbitrary direction. This
leads to the lower wave amplitude and inefficient wakefield
excitation.

To address the multidimensionality of the precursor
light propagations, Iwamoto er al. have performed two-
dimensional PIC simulations of relativistic shocks in
electron—positron pair plasmas and electron—ion plas-
masl7> 1?4121 Figure 35 shows the relativistic perpendicular
shock in a pair plasma in the presence of relatively strong
magnetic field!'>* where the downstream is located on
the left-hand side of the simulation box in contrast to
Figure 34. Note that in a pair plasma, there is no Langmuir
wave because the electron and positron have the same
mass; there is no wakefield acceleration in the pair plasma.
Nevertheless, what they focus on here is the large amplitude
precursor wave excitation even in the two-dimensional PIC
simulations. Owing to the strong ponderomotive force of
the precursor waves, there are strong density fluctuations
seen in the upstream of the shock (see the top panel of
Figure 35). These filamentary structures are considered to be
excited via the filamentation instability, and to act as a wave
guide. This can be one of the reasons why the precursor
waves can be such large amplitude even in two dimensions.
When the background magnetic field is relatively weak, the
Weibel instability is operative. They also investigated the
competition between the synchrotron maser instability and
the Weibel instability and showed that the precursor waves
coexisted in the presence of the Weibel instability!'>*! (not
shown here). They also showed that the Weibel instability
could enhance the precursor waves!'>! (not shown here).

Large-amplitude precursor waves can be excited in the
relativistic collisionless shock even in multidimensions.
Iwamoto et al. have further extended their study in electron—
ion plasmas, where the wakefield can be excited and, thus,
the wakefield acceleration takes place. Figure 36 shows
a similar plot to Figure 35 but in an electron—ion plasma
with much larger computer resources!®’). In Figure 36, the
precursor waves in B, are clearly seen as expected from
the simulation results in Refs. [124,125]. As also expected,
in an electron—ion plasma the wakefield E, is excited and
the electron and ion heating can be seen in the upstream in
Figure 36.

Figure 37 shows the precursor wave energies against the
electron magnetization parameter from the one-dimensional
(blue) and two-dimensional PIC simulations (red) in pair
plasmas (solids lines; rescaled shown as dashed lines)
and in electron—ion plasmas (open circles). The electron
magnetization parameter is the ratio between the magnetic
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Figure 35. Relativistic perpendicular collisionless shock in a pair plasma:
from top to bottom, electron density (Ne), the electron density averaged over
y direction ((N.)), the z component of magnetic field corresponding to the
precursor waves (B;), the line profile of B, the x component of electric
field averaged over y direction corresponding to the wakefield ((Eyx)), and
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Figure 36. Relativistic perpendicular collisionless shock in an electron—
ion plasma: from top to bottom, the z component of the magnetic field
corresponding to the precursor waves (B;), the line profile of B, the x
component of the electric field corresponding to the wakefield (Ey), the
averaged E, over y direction ((E,)), and the x components of electron and
ion velocities. The shock front is located at x ~ 11001571,

field energy and the electron kinetic energy, defined as
O, = B%/ (4ny1N1mec2) = a)fe/wf)e, where B, y; and N;
are the magnetic field strength, bulk Lorentz factor and
the electron number density upstream, respectively, m. is
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Figure 38. Energy spectra of electrons in the upstream rest frame shown
in both logarithmic scales”’!.

the electron mass, c is the speed of light, and wc. and wp.
are the proper electron cyclotron and plasma frequencies,
respectively. The o, parameter is a major governing
parameter of relativistic shock dynamics. Although the
precursor wave energies in two-dimensional PIC simulations
are about one to two orders of magnitude lower than those
in one dimension in a wide range of o, it is considered
that the precursor waves are still intense in high-energy
astrophysical phenomena because ay o y;. Let us recall
that there are a number of relativistic shocks, for instance,
in ANG jets, gamma-ray bursts, and pulsar winds with
y1 ~ 10,100 — 1000, and 10°—107, respectively.

Figure 38 shows the energy spectra of electrons evaluated
at the upstream rest frame to compare with our upstream
model in numerical computations and in laboratory exper-
imentsl!20:129-133.1351 "1t ig clearly shown that the nonthermal
electron and ion acceleration (except for ions with g, = 0.1)
and the spectra are well represented with a power law with an
index of —2, consistent with our numerical and experimental
results also shown in the following.
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3.3. Wakefield acceleration in upstream and the model
experiment

In this section, we briefly review our numerical simula-
tions'"?"! and laboratory simulations''#%'*3! of the cosmic-ray
acceleration by wakefield. In the relativistic perpendicular
collisionless shocks, the precursor light waves excited via the
synchrotron maser instability propagate toward the upstream
as shown in the previous section. The precursor waves have
much larger spatial scales than the electron scales because
the astrophysical shocks are much larger than the electron
scales. We focused on the wakefield excitation and the elec-
tron acceleration in the upstream because it is still difficult to
experimentally simulate the relativistic shocks. By perform-
ing two-dimensional PIC simulations, a model experiment
of cosmic-ray acceleration by the wakefield induced by an
intense laser pulse was proposed, where the laser pulse is
substituted for the large-amplitude precursor light waves in
the astrophysical shocks!'>"), Here the background magnetic
field does not take into account that the background magnetic
field is essential for the precursor excitations, however, it
causes minor effects in the wakefield acceleration. We have
numerically investigated the effects of magnetic fields and
shown that the power-law spectrum with an index of -2 is
universally produced even in the presence of the background
magnetic fields!'*" (not shown here).

Figure 39 shows the time evolutions of the wakefield
acceleration, where an intense light (laser) pulse with larger
spatial scale than the electron plasma wavelength propagates
in an underdense plasma. At the early time in left pan-
els, relatively coherent wakefield is excited in Figure 39(g)
as the intense ponderomotive force of the laser pulse in
Figure 39(a) expels the electrons as in Figure 39(d). One
can see the longitudinal modulation in the laser electric
field in Figure 39(a) due to the back reaction of wakefield
excitation. In the center panels in later time, the longitudinal
modulation is more eminent, and the traverse modulation
can be seen in the leading edge of the pulse and behind.
This is also seen in the density fluctuations (Figure 39(e))
and equivalently in the wakefield (Figure 39(h)). Further as
time passes in the right panels, the light is more filamented
and modulated in Figure 39(c), resulting in more incoher-
ent density structure (Figure 39(f)) or turbulent wakefield
(Figure 39(i)). The acceleration can take place in each
wake: multiple injections and accelerations are evident in
Figures 39(j)-39(1). The acceleration is nonthermal from the
earlier time (Figure 39(m)) and clearly shows the power-
law acceleration with an index of -2 in Figures 39(n) and
39(0). It is known that a laser pulse with larger spatial
and temporal scales than the electron plasma wave scale
is self-organized to have a comparable scale to the plasma
wavelength via the self-modulation and the filamentation.
As the modulated and filamented part of the light wave can
excite the wakefield, a large-scale laser pulse can be regarded
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Figure 39. Wakefield acceleration due to an intense laser pulse with large spatial scale in a plasma: (a)—(c) the laser electric field, (d)—(f) the electron
number density, and (g)—(i) the wakefield are shown in two-dimensional space; (j)—(1) the electron momenta in the direction parallel to the laser propagation
(x) px are shown in terms of x; (m)—(0) the energy distribution functions of electrons are plotted in both logarithmic scales. The time passes from left to right

panels( 1201,

as part of the light precursor waves in the astrophysical
shocks.

As mentioned in the introduction, a power law with an
index of -2 is significant in astrophysics, because the index
of cosmic-ray spectra is considered to be —2 and the DSA
explains this well independently of plasma and shock param-
eters as long as the shock is strong. The universality of the
wakefield acceleration has been investigated analytically and
numerically in various conditions!?%1?%-13L.1351 " Figure 40
shows the energy distribution functions of electrons by
changing the two governing parameters in astrophysical
conditions as well as the pulse shape, which is also a
governing parameter in the laboratory wakefield accelera-
tion!"?"!. The self-modulation and filamentation can make
the wakefield turbulent, and in such a field the electrons are
nonthermally accelerated, resulting in a power-law energy
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spectra with an index of approximately —2 independent of
the laser and the plasma conditions as long as the laser
intensity is relativistic!'?®!'*’1, which are the cases of the
light waves excited in the astrophysical shock environments.
The power-law spectrum with an index of -2 owing to
the turbulent wakefield is also universal. Furthermore, as
discussed in the introduction there is no energy loss by
synchrotron emissions because the wakefield acceleration is
longitudinall''®!, Importantly, this model can be proved by
laboratory experiments; only the current and the future laser
facilities can provide such strong light sources. Laboratory
astrophysics provides an alternative, experimental approach
to study high-energy phenomena in the universe.

Ever since the discovery of cosmic rays, a number of
scientists in space physics, astrophysics and plasma physics
have intensively and extensively investigated the origins of
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Figure 40. Electron energy distribution functions show power-law spectra
with an index of -2 independent of (a) the normalized vector potential,
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shapel 291,

the cosmic rays for a century. However, on the mechanism
of the extragalactic cosmic-ray acceleration, only analytic
and numerical investigations have been carried out and there
is no way to prove them by observations. Our approach is
entirely different from the conventional space and astrophys-
ical plasma physics; scaled laboratory experiments with an
intense laser pulse are performed to prove the acceleration
model. There are two important governing parameters in
the wakefield acceleration, the normalized wave amplitude
and the ratio between plasma and light frequency, and the
numerical simulations predict the universality of the wake-
field acceleration as shown previously.

Figure 41(a) shows the schematic image of the experiment;
the preformed plasma is created with the implosion of
cylinder by Gekko XII laser, where the intense light pulse
or Gekko PW laser propagates through the plasma, and
the energy distribution functions of electrons are measured
with an electron spectrometer. Figure 41(b) shows the
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Figure 41. (a) Schematic of the experimental setup. (b) Energy distribution
functions obtained from the experiment! 321,

energy distribution functions with three different w,/wr
by changing the Gekko XII pulse energy. The measured
distribution functions clearly show the thermal components
and nonthermal tails represented with a power law with an
index of -2 independent of w, /wr, although there were only
three shots!'#>1331,

3.4. Summary and discussion

The wakefield acceleration in the astrophysical extreme
conditions has significant properties as (i) nonthermal accel-
eration of particles, (i) power-law spectra with an index
of —2, (iii) the universality, and (iv) efficient longitudinal
acceleration with the cyclotron and synchrotron emission
free. Properties (i)—(iii) are equivalent to the DSA or the
standard theory for cosmic-ray acceleration. Property (iv) is
superior to the DSA; the electric field of the wakefield is
much larger than the motional electric field E) ~ /c X ?,
and longitudinal. Most importantly, this can be verified
with laboratory experiments. So far, we have verified the
universality on one of the governing parameters w,/wr
though there were only three shots. In the future, by using
high-repetition ultra-intense lasers we will address the uni-
versality of power-law acceleration on the normalized wave
amplitude ay.

To fully understand the acceleration process of energetic
particles or cosmic rays, it is necessary to verify the relation
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between the observed distribution functions of particles and
the waves in the plasma. So far, this has only been possible by
in situ observations in space plasmas. For the extragalactic
cosmic rays, it is impossible to directly measure the local
wakefield, and we had to rely on numerical simulations. The
missing link is the wave observations. A coherent wakefield
has been observed directly!*°!. It is very challenging to
observe a turbulent or an incoherent wakefield. We observe
the density structures of electrons, such as the filaments in
the transverse directions shown in Figures 35 and 39.
Furthermore, as shown in Figure 38, there must be ion
acceleration by the wakefield. We will verify this with the
current and future ultra-intense lasers. This will complete the
verification of the acceleration model by laboratory experi-
ments, that is, we can conclude that the intense precursor
waves in the upstream of relativistic collisionless shocks
will universally produce power-law spectra with an index of
—2. Howeyver, this still relies on the numerical results of the
precursor excitation via the synchrotron maser instability. We
are planning to experimentally verify this with intense lasers.
Once we complete this, we can conclude that in the presence
of relativistic collisionless shocks, which is reality, there will
be universal power-law acceleration of cosmic rays by the
wakefield. This will be our long-term goal in this study.

4. Conclusion

This review started with a brief history of the birth of
the research field of laboratory astrophysics with intense
lasers. It was the dawn of laboratory astrophysics when
the supernova SN1987A was observed 33 years ago and
the Japanese satellite GINGA clarified that the supernova
explodes, while the matter inside is mixed to come to the
outer layer by hydrodynamic instability. At the same time,
the most critical issue of laser fusion was the physics of
turbulent mixing in implosion dynamics owing to the same
hydrodynamic instabilities: Rayleigh—Taylor and Richtmyer—
Meshkov instabilities.

The similarity of the physics prepared a bridge between
astrophysics and laser plasma, although the space—time scale
is hugely different. After the proposal of laboratory astro-
physics where intense lasers are used in laboratory to model
a variety of phenomena to be studied as astrophysics, inter-
national collaborations are initiated among theory, computa-
tion, laser experiment and astrophysics. Up to the year 2000,
many topics had been proposed in several review papers.

In the following two decades, it is awesome to have seen
that the physics topics have spread wider, especially to more
plasma-oriented topics. They are, for example, collisionless
shocks, magnetic field generation, stochastic acceleration
of cosmic rays, photoionized plasma, and EOS in giant
planets. It is typical that the subjects are basic physics of
nonlinear and kinetic plasma physics, and turbulence of the
magnetic field and hydrodynamics. In the last two decades,
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a typical development is the progress of diagnostics with
which we could perform challenging experiments. Thanks to
such progress, most activities have shifted from theory and
computation to real laser experiments.

In the present paper, topics of challenging experiments
have been briefly reviewed to introduce much progress to
laboratory astrophysics in the last two decades. Two topics
out of the 10 have been reviewed in detail in the sections
following the brief review. One of the topics is collisionless
shock formation via magnetic turbulence mediated by the
nonlinearity of Weibel instability in counter-streaming laser-
ablation plasmas. The review was given by focusing on the
experimental data. Note that this international project was
awarded the J. Dawson prize as distinguished research in
plasma physics by the APS in 2020.

The other topic is model experiments of cosmic-ray accel-
eration by turbulent wakefield driven by ultra-short laser
pulses. More than a century has passed since the discovery
of cosmic rays, whereas there is no direct evidence of
the physics of acceleration of particles. In particular, the
physics of ultra-relativistic cosmic rays thought to come
from outside of our galaxy is still an open question, and
any alternative ideas and model experiments are welcome to
clarify the physics of relativistic particle acceleration. Note
that nonthermal particle acceleration is common phenomena
for plasmas in laboratory, space and solar physics, up to
cosmology. In addition, the topics also provide laboratory
astrophysics research with a new challenge to chaos and
stochasticity in modern physics.

Finally, we would like to point out one new challenge for
laboratory astrophysics: it is better to say ‘laboratory cosmol-
ogy’. It has been studied theoretically in the last two decades
mainly by Chen ez al.!'*-1*8]. Cosmology has been developed
in the frame of general relativity, Einstein equation, with
micro physics of elementary particle physics, quantum field
theory (QFT) in curved space-time. The QFT has been
verified experimentally with the use of accelerators, whereas
they are the case only in flat space—time. Cosmology, such
as inflation theory, is heavily based on the QFT in the curved
space—time!**'4%1 " although there has been no experimental
evidence. It is impossible to verify this with accelerators.

Extreme lasers are the only tool to have a possibility
to carry out a model experiment to verify QFT in curved
space—time!'*®). We hope an analog of Hawking radiation
in blackholes would be a good start to explore this new
field!'*-14?1 We hope experimental papers will be published
on laser cosmology in the coming two decades.

Appendix: Fusion research and laboratory astrophysics

In the 1990s, laboratory astrophysics became the most attrac-
tive subject for me. I found that our knowledge on laser
implosion was still immature and we needed further deep
study on the physics, especially the hydrodynamic instability
and turbulent mixing!?. T was convinced of this conclusion
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after intensive research to analyze a lot of experimental data
obtained by Gekko-XII fusion implosion experiments!'**,
Laboratory astrophysics is an attractive new field for the
fusion community and others, because one can approach
the core physics of laser fusion by solving many unknown
physics in astrophysics. Laser fusion would take a long time,
and laboratory astrophysics attracts young peoples to commit
to the deepening of the related physics and technologies.

Unexpectedly, I had the opportunity to express such a per-
sonal idea in public. The International Congress on Plasma
Physics (ICPP *98) was held in Prague with a gathering of
about 1000 scientists. I was asked to give a plenary lecture in
this congress. I gave a talk about the status of laser fusion and
laboratory astrophysics''**!. Professor Marshall Rosenbluth
(Figure 42) was my next speaker. I was just about to leave
the stage when he came up and stood in front of me. He
said, ‘Are you going to stay until Friday, the last day of the
conference?’ It was Tuesday, and I replied ‘Yes’. Then he
said, ‘Well, I organize a panel discussion of “how fusion
research should be” on Friday and I ask you to present
your comment.” Later the chairman of ICPP asked me again
and he persuaded me that even my personal comment is
welcome. Finally, I decided to give my personal opinion for
10 minutes. I gave my talk with the hand-written picture
shown in Figure 43.

Until then, I had only presented my research results on
laser fusion at international conferences. However, I decided
to use this opportunity to express my honest feelings in
front of everyone. I made the following declaration in front
of fusion researchers around the world while displaying
Figure 43.

‘I will not go down the road to fusion energy only. It seems
like a desert road. I want to take a detour to plant and water
seeds in flower gardens, and enjoy the sight of beautiful
flowers blooming. This may seem like a side trip to you, but
to me, it is the shortest way to achieve fusion energy over the
long time. That is the path I would like to take from now on.’

After my 10-minute comment, the room was abuzz and
many complaints came in, as expected. Some Western

Figure 42. Professor Marshall Rosenbluth!'*>].
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FG: Flower Garden
(Garden for Academia)

Figure 43. My research strategy to aim at fusion energy in 1998. This is
shown at the stage chaired by Rosenbluth.

researchers said, for example, “‘Who do you think you're
getting paid by to do your research?’ But I rebuffed them by
saying, ‘This is my personal opinion and I am not speaking
on behalf of my institute.’

I made this declaration with confidence. I already prepared
to go my new way and made the declaration in front of the
world. On a plane back to home, a professor from UCLA
happened to get on the plane beside me and asked me
to shake his hand. He said, “Your story was excellent.” I
happened to be given the opportunity, and I cannot lie, so
I was honest about my feelings, and that is why I spoke up.

After the ICPP’98, the United States decided to withdraw
from the ITER program. The paradigm of fusion energy
development has shifted dramatically. In other words, the
paradigm shifted from a focus on the early realization of
fusion energy after the oil crisis to a focus on nuclear fusion
as the energy source that would support sustainable devel-
opment for humanity in the future. For long-term sustain-
able development, humanity needs energy to prevent global
warming. With the end of the Cold War, the perspective of
nuclear proliferation had become a very important factor.

Twenty years after Prague (Figure 44), I am convinced
that my declaration was correct. As already explained in this
paper, laboratory astrophysics has expanded its community
around the world and numerous theoretical and experimental
studies have been conducted. I believe that laboratory astro-
physics has grown to be a research field where young people
who wish also to pursue laser fusion can find challenging
subjects as a training ground for academic research. Let us
take a look in the following at a review of how specifically it
has evolved over the past 20 years from what was proposed
twenty years ago.
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Figure 44. The City of Prague and the Vltava river.
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