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Abstract:

It is believed that high energy particles in cosmic rays can be produced by the particle accelerated in
collisionless shock waves in supernova remnants through a process called diffusive shock acceleration (DSA).
However, observational astronomy has its natural limitation on further studying the physical mechanism.
Recently, it is reported that magnetized magnetosonic shock waves are successfully generated in LArge
Plasma Device (LAPD), providing a new platform for such researches. As the laboratory experiments have
advantages over the observational astronomy, I will discuss what we can do on LAPD to study the mechanism
of DSA.

A. Introduction

Collisionless shock waves can be defined as shock waves having length scale much smaller than the
collisional mean free path. Therefore, the structure formation and physical interactions inside must be
mediated through electromagnetic forces. In fact, the physics in these waves had been so poorly understood
that it wasn’t until 1960’s that people started to believe in and confirm their existence [1]. Despite the rich
physics developed ever since, the investigation of collisionless shock waves have mainly benefited from
theoretical modeling, simulations, space missions and astronomical observation. The reproduction of
astronomy-relevant collisionless shock waves in laboratory environment had remained a challenge until recent
years. In the past decade, the successful generation of strong collisionless shock waves through high-power
laser opened a new window to these researches [2-6]. Such method was also applied to the ambient plasma of
the LArge Plasma Device (LAPD) in University of California — Los Angeles to generate a collisionless shock
wave in magnetized laboratory plasma [7]. Due to its high reproducibility and controllability of plasma

parameters, LAPD is a promising device for studying magnetized collisionless shock waves.

Among the important physics in collisionless shock waves, particle acceleration mechanism has attracted
special interest. It is suggested that astronomical collisionless shock waves such as a supernova remnant (SNR)
can be the source of high-energy cosmic rays via the interaction between particle and the field. Theories of
acceleration such as diffusive shock acceleration (DSA) [8-13] have been established to explain how particles
can be accelerated to so high energy by the shock waves. However, the quantitative verification of the DSA
theories in real systems has mainly relied on astronomical observations. Though observational technology has
advanced a lot, its ex-situ nature brings obvious limitations on it. Therefore, in this report I will discuss the

potential research work that can be done on LAPD to help us understand the detail physics of DSA.



B. Collisionless shock waves and diffusive shock acceleration

1. Basic structure of collisionless shock waves

The typical structure of a collisionless shock is shown in Figure 1. A shock wave front moves from the
downstream region toward the upstream region. In the shock frame, it’s the medium flowing from upstream
region across the shock to the downstream region. From the strength of magnetic field, we can see that the
wave front contains a mildly surging foot, a fast-growing ramp, and one or more overshoots. It is obvious that
the field strength is amplified, both in mean value and fluctuation level, and the particles are accelerated in
the downstream region. There are also a small population of ions accelerated to high speed in the upstream
region, which are the ions reflected by the wave front. Much physics in the downstream and upstream region
far from the shock can be described by the magnetohydrodynamic (MHD) fluid model [1]. However, the

microphysics in shock itself often needs to be accounted by two-fluid or kinetic theory.
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Figure 1. The typical structure of a collisionless shock wave from a 1D PIC simulation [14]. The dots

represent ions distribution in phase space.

It should be noted that when studying collisionless shock waves, the orientation of the wave vector is an
important parameter. Different orientations can lead to totally different physics involved. It is obvious because
particle motion in a magnetized plasma is highly anisotropic. A perpendicular shock wave refers to the ones
propagating in a direction strictly perpendicular to the background magnetic field, while a quasi-
perpendicular shock has an angle between 45 and 90 degree. Similarly, a parallel shock propagates strictly
along the field direction, and a quasi-parallel one has the angle between 0 and 45 degree. For instance, Figure

1 describes a perpendicular shock.

Collisionless shock waves can also be classified by the wave speed. The Alfvenic Mach number of a
collisionless shock can be defined by the ratio of shock speed to local Alfven speed, My = ugs/V,. A
“supercritical” shock has M, > 2, and a “subcritical” shock has M, < 2. Figure 1 shows a shock in

supercritical regime. In subcritical shocks, the foot and overshoot structures are absent.



The microphysics involved in the collisionless shock waves, such as shock formation or particle
acceleration, have attracted much research attention (see [15] for review). Among them, a particularly
interesting topic is the mechanism of cosmic ray generation. It is believed that the collisionless shock waves
in supernova remnants (SNRs) can accelerate particles to such a high energy level as the cosmic rays we
observe [16]. The most accepted explanation of how cosmic rays are generated by shock waves is the DSA
mechanism, which will be briefly introduced in the following section. Nevertheless, it is noteworthy that DSA
might happen in a broader variety of shock waves than SNRs [13].

2. Diffusive shock acceleration and magnetic field amplification

DSA is a well-established concept of how particles are accelerated in collisionless shock waves. It is most
effective in but not limited to explaining the particle acceleration in parallel shocks. An introductive review

can be found in [13].

The concept is simple. When particles cross through the shock wave front, either from downstream to
upstream or from upstream to downstream, they will gain kinetic energy because of the difference in flow
velocity between the two sides. After crossing, the magnetic fluctuations can lead to small angle scattering
with the particles and thus isotropise the particles. A portion of the isotropic particle population can again
cross the shock wave front, increasing their kinetic energy again. After many times of shock-crossing, some
particles can gain very high energy. Such diffusion-like mechanism is how DSA, a.k.a. Fermi acceleration,
gets its name. The resulting particle distribution in momentum space will take the form of a power law:

f®@)~p~1
For the DSA process, the power q can be decided by the compression ratio r [17]:

y+1 r+2
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, where y = C,,/C,~5/3. We see that ¢ — 2 for shocks with high Mach number.
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However, there is a main challenge of this concept. When the particles cross a parallel shock wave and
enter the downstream or upstream region, they can easily escape along the field lines if the magnetic
fluctuation level is low. That is to say, there is only one chance of crossing for each particle. Therefore, we
need some mechanisms to amplify the magnetic fluctuations in the downstream or upstream region when the
accelerated particles enter. In a strongly fluctuating field, the particles are frequently scattered so that they are

not free to escape the region.

The mechanism of magnetic field amplification is a research field under intense investigation. The
simplest mechanism is that when the particle moves along the field line, the gyromotion excites Alfven waves
of wavelengths comparable to the Larmor radius. The left-hand polarized wave can be thus excited resonantly
in linear region until saturation when 6B/By~1. On the other hand, the right-hand polarized wave can also
be driven non-resonantly, but still grow rapidly when 6B/B, > 1. According to estimation, the PeV energy

level cosmic rays needs 6B/B, > 1 to be generated.



Besides the amplification of field in the Larmor radius scale, generation of cosmic rays also requires field
amplification in larger scales, or the “long-wavelength” regime. Proposed mechanisms include current-driven
stress tensor instability [ 18], ponderomotive instability [19], filamentation instability [20], firehose instability

[21] and pressure gradient driven instabilities [22].

C. Limitation of observational astronomy for DSA investigation

Supernova remnants (SNRs), especially the young ones, are known as a major source of high-energy
cosmic rays. Therefore, observational astronomy is the main approach of investigating DSA mechanism in
real systems. Radio-frequency observations can give the morphology information of the SNR, the shocks’
orientation, the magnetic field strength and polarization, and the energy spectrum of energetic electrons by
their synchrotron emission [23,24]. The optical observation can offer information on the acceleration of ions
through their emission spectrum [25]. The X-ray spectrum and gamma-ray spectrum might give information

on energetic electrons’ synchrotron emission [26] or other emission mechanism [27,28].

However, there are some limitations on observational approach when studying the DSA process. The first
limitation is obvious — we don’t have control of the astronomical objects. These researches are destined to be
case-by-case investigation. Although continuous observation might give a track of how physics changes with
the evolution of the system, a control of the parameters is not handy. Second, the large distance between
observer and the target not only makes the object small in view but also requires observation to take long time
to accumulate. That is to say, when studying the fluctuations of physical quantities, observational data might
have poor temporal and spatial resolution. Therefore, it’s also hard to study the correlation of fluctuations.
Third, no matter it’s radio frequency, optical or X-ray, observational data can only detect the photon emitted
from the target. It’s not easy or sometimes impossible to reconstruct the physical environment of the system
just from these emitted photons. Last, local measurement is hard to achieve in observations since data are

integrated along the line of sight.

Due to these limitations of the observational science, investigation of DSA mechanism needs a new
approach to test the physics models or simulation results. The recent breakthrough in reproducing astronomy-
relevant collisionless shock waves in laboratory devices might give an answer [7,28,29]. Among these devices,
LAPD offers a magnetized plasma environment, and has high reproducibility and controllability of plasma
parameters. In the following part, I will take it as an example to illustrate what these devices can offer, what

experiments can be planned and what the limitations on them are.



D. LAPD for investigating DSA

1. Current progress

In the first observation of a magnetosonic collisionless shock wave in LAPD [7], the background

hydrogen plasma of n; = 1.5 x 10m=3

was generated by electron emitters under magnetic field of 300 G.
A solid CoHy target is then shot by a 25 ns laser pulse of 200 J at 1053 nm. The exploding plasma cloud
generates a structure clearly shown in the magnetic field fluctuation strength measured by a B-dot probe. It
propagates along the perpendicular direction, forming a shock wave when x = 35 — 40 cm and dissipated
in x > 40 cm. The generated shock wave is collisionless (A,r,/L = 20), supercritical (M, = 2.2) and

magnetized (L/p, = 176). A parallel shock wave is planned to be generated in the future [30].
2. Experiments that can be planned

The highly reproducible magnetized plasma in LAPD offers a good environment to compensate the
limitations of observational researches in DSA mechanism. The controllability of the background plasma
parameters offers the possibility of systematically studying key physical quantities’ influence on the
mechanism. The fluctuations and their temporal or spatial correlation can be studied by e.g. inserting probes
into the plasma. The accessible measurements are not limited to the observation of photons, making it much
easier to measure relevant physical quantities such as magnetic fluctuations directly. The probe technology or
advanced laser diagnostics also allowed local measurements. In the following, I propose some experiments

that can be planned on the device to further understand the mechanism of DSA.
(1) Magnetic field measurement

As illustrated, the magnetic field amplification is an important mechanism in the concept of DSA. The
local measurement and the ability to resolve temporal change of magnetic field enable a detail investigation
of how the magnetic field gets amplified. For instance, the B-dot probe uses loops of wires to collect the
current inductively generated by the magnetic fluctuations. It gives temporal and spatial resolution of the field
fluctuations. If an array of these probe is placed, we can monitor the pattern of magnetic field fluctuations

around the shock waves.
(2) Velocity space measurement

The question of how particles get accelerated by a shock can be better answered by the investigation of
how the distribution function changes across the shock. Although 3D distribution function measurement is
still challenging in laboratory plasmas, we still have some tools to study at least the energy distribution. The
retarding potential analyzer can be used to find the distribution function of electrons [31,32] and ions [33-37]
locally. The ultra-compact plasma spectrometer (UCPS) [38] can offer a non-invasive approach of measuring
the particle distribution. The laser-induced fluorescence (LIF) is a non-invasive tool but can measure the local
distribution function of certain species of ions [39-49]. Although the most astronomical-relevant gas, hydrogen,

cannot be measured by LIF, the influence of ion mass might be investigated by changing the ions to the other
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species such as argon. These diagnostic tools will be useful to study the issue of a power-law spectrum of
particle momentum deviating from the g~ — 2 power [13]. Moreover, the advancing technology in

diagnostics can be applied to laboratories in the future.
(3) Particle injection

In plasma experiments nowadays, introducing different species of ions into a background plasma is a
common approach for investigating physics. The gas puffed into plasma, if not disturbing the original plasma
too much, can act as test particles to address the fundamental physics. Besides, ion or neutral beams injected
into the plasma can provide a population of particles homogeneous in the velocity space. By introducing
different species or energies of ions into an existing background plasma, we might be able to understand the

DSA mechanism better.
(4) Parameter scan

Perhaps one of the most powerful feature of laboratory experiments is the ability of controlling the
operational parameters. In a carefully designed series of experiment, we might even be able to scan a certain

plasma parameter while fixing the others.

For studying the DSA process, background magnetic field strength B is an important parameter. It not
only changes the Alfven velocity V, = B,/ \/ﬁ and thus the Alfvenic Mach number, but also can possibly
change the fluctuation level §B/B,, which is a key quantity in DSA concept. On the other hand, by changing
the species of the background plasma or introducing different species of gases into a plasma, we might be able
to study the ion mass influence on DSA mechanism. The pulsed laser’s energy is also an important parameter
since it can change the strength of the shock wave. The angle between the shock normal and the background
field is also a crucial parameter in determining the dominant physics. Besides these, the parameter scan of
plasma density, electron or ion temperature, or even changing the magnetic field configuration to a non-

homogeneous one can all quantitatively test the theoretical model of DSA.
(5) Reconstruction of environment by modelling technology

In addition to all the possible experiments proposed above, it is also important to reconstruct the details
of experimental environment by modelling technology. It’s the same concept as how people reconstruct the
environment in astronomical objects via observational data. By these reconstructions, we might be able to

study even further details of each experiment.



3. Limitations of laboratory experiments

Despite many advantages of the laboratory experiments, it is also worth mentioning the limitation of

experiments. Some of them might be overcome, while the others are the intrinsic limitations of experiments.

(1) Different parameter ranges with astronomical objects

Not all the plasma generated in laboratory is relevant to the target astronomical system. Particularly, the
system such as SNRs can emit huge amount of energy, thus forming a very strong shock wave. In contrast,
the energy of a shock wave in laboratory is normally constrained by, e.g. the pulsed laser energy that can be
achieved. Besides, the magnetic field strength (~pG) in astronomical objects are often much lower than the
field in the laboratories (~100 G). Therefore, the analogy between target systems and laboratory plasmas needs
careful comparison by the scaling rules. For example, the key dimensionless parameters such as the magnetic
Reynolds number (R,,), the Alfvenic Mach number (M), etc, should be matched.

(2) Small length scale

Compared with the length scale of astronomical systems, the total span of the experimental devices is
normally limited. This means that the evolution of the shock wave might be terminated by the system itself
rather than the relevant physical mechanisms. Another problem of the small length scale is that the spatial

structure might be hard to resolved by diagnostics tools with finite length, such as probes.

(3) Limited measurement locations

Another limitation from the instrument is the limited location of the diagnostics. In astronomical system,
photons from the whole system can be accumulated. However, due to the mechanical support, vacuum sealing
and pumping demand, the available location for diagnostics are comparably few in laboratory devices. This

may lead to a poor spatial resolution of the data in some sense.

(4) Invasive diagnostics

Perhaps this is the most important issue of the laboratory experiments. Probes inserted into the plasma,
such as Langmuir probes, B-dot probes, Mach probes, etc., can disturb the plasma itself and lead to
misinterpretation of the measured data. This problem is especially serious when trying to collect data from a
low-density plasma. However, invasive approach is often more convenient and sometimes inevitable to be
used in experiments. Therefore, consistency check between invasive and non-invasive diagnostics, the
reduction of probe sizes and the estimation of resulting data before each measurement should be taken care
of. Of course, the improvement of diagnostic technology is perhaps the most essential way to solve this

problem.



E. Conclusion

In this report, I discuss how laboratory plasma experiments in LAPD might benefit the study of DSA
mechanism. Advantages and limitations of this approach, and concepts of suggested experiments are
mentioned. I believe that in the upcoming future, utilization of laboratory experiments would be a light-

shedding and indispensable part of these researches.
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