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developing a femtosecond multijoule laser setup (like ICAN)
with a kilohertz pulse repetition rate and a high pulse contrast
on the picosecond scale. The obtained proton energy scaling
émax o< E"7 proves the possibility of using thin solid foils
irradiated by such a laser for nuclear applications. At the
same time, preliminary calculations show that it is necessary
to initiate detailed studies of the ion parameters that can be
achieved by using laser mechanisms of particle acceleration
from low-density targets. Even if these parameters are only
slightly improved, low-density targets may be advantageous
because of their lower sensitivity to the laser pulse contrast.
Here, the main practical goal is the development of nanopor-
ous targets having a good homogeneity and a density
comparable to the critical one.
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Plasma-based methods for electron
acceleration: current status and prospects

I Yu Kostyukov, A M Pukhov

Abstract. We present a short review of the current status of
plasma-based methods for electron acceleration. Plasma accel-
eration mechanisms are described, with an emphasis on the most
important experimental results and theoretical models. Some
new areas of research in plasma-based methods are discussed.
We also analyze future prospects for plasma accelerators and
their usage in electromagnetic radiation sources of high-inten-
sity.

Keywords: laser-plasma acceleration methods, laser pulse, electron
beam, self-injection.
1. Introduction

Charged particle accelerators are one of the most important
inventions of the 20th century. At the present time, accel-
erators are extremely important tools in the field of high-
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energy physics, expanding our knowledge about Nature and,
particularly, about the structure of matter. The most recent
impressive discovery, made with the accelerator, is the direct
experimental observation of the Higgs boson. This discovery
was a result of the collective work of many scientists at the
world’s largest accelerator complex at the European Organi-
zation for Nuclear Research (CERN) [1]. This complex is a
gigantic structure built around a circular accelerator with a
circumference of about 27 km. It should be noted that, during
the construction and operation of such a unique installation,
many scientific and engineering problems have been solved.
These problems were related to various aspects, such as
processing of the huge amounts of data, maintaining the
required vacuum in the accelerator, and constructing particle
detectors, etc. Possibly, the global hypertext project, known
now as the World Wide Web (WWW), started in 1989 as a
result of CERN’s intranet development [2]. Thus, the
advanced accelerator complexes are making a significant
contribution not only to fundamental physics, but also to
applied science, industry, information technology, etc.

Although the highest energy of accelerated electrons
(=~ 105 GeV) was reached at the circular accelerator LEP
(Large Electron—Positron Collider) at CERN [3], the most
promising accelerators are the linear ones. This is due to the
fact that radiative losses in a ring accelerator are much higher
than in a linear one. Since the electron rest mass is described
by the relation mc? ~ 0.5 MeV, where m is the electron rest
mass, and ¢ the speed of light, the relativistic gamma-factor
for accelerated electrons in LEP would be y ~ 2 x 10°. The
energy of accelerated electrons at the Stanford Linear
Accelerator Center (SLAC) reaches nearly 50 GeV, and the
length of the accelerator is approximately 3.2 km [4].

Electron accelerators are one of the most important parts
not only in lepton colliders, whereby high-energy physics is
studied, but also in sources of hard electromagnetic radiation
with high intensity: synchrotrons and free electron lasers
(FELs) in optical and X-ray ranges, as well as sources of
gamma-quants which are emitted from the electron beam as a
result of the Compton backscattering from the laser beam.
For example, part of SLAC is utilized in an X-ray free
electron laser (Linac Coherent Light Source, LCLS) [5].
There are approximately 26,000 different accelerators in the
world. Most of them are used in medical and scientific
applications, as well as in various industry domains — from
materials processing and the action upon biological objects to
performing diagnostics and structure analysis.

The so-called Livingston plot [6, 7] illustrates the fast
development of accelerators. Up to recent times, the electron
energy in accelerators had been exponentially increasing with
time. However, it is obvious now that the accelerator energy
growth rate is significantly decreasing. In order to reach a
higher particle energy, larger accelerator complexes need to
be built. For example, the International Linear Collider (ILC)
project assumes that for a lepton energy of 500 GeV a 40-km
long accelerator would be needed [8]. For petaelectron-volt
energy levels (1 PeV=10" eV), the accelerator dimensions
would be comparable to the size of the Earth— that is, would
have an astrophysical scale. An obvious way to decrease the
size (and possibly the cost) of accelerators, without changing
the resulting energy of the accelerated particles is to employ
higher accelerating gradients or stronger accelerating electro-
magnetic fields. The accelerating field strength in modern
accelerators is close to the technological limit, due to the
possible development of a multipactor discharge and accel-

erating gap breakdown. However, various research is being
carried out in order to develop new accelerating structures
and new materials that would prevent breakdown in strong
field regimes [9]. But it seems likely that standard accelerating
methods are not able to increase the acceleration gradient by
several orders of magnitude.

Recently, alternative methods for charged particle accel-
eration have become of great interest. These methods are
based on acceleration in plasma and laser fields and eliminate
the problem of the breakdown in accelerating structures.
Plasma-driven accelerating structures allow using electro-
magnetic fields with a strength that is several orders of
magnitude higher than in standard metal or dielectric
accelerating structures. The idea of applying plasma fields
for charged particle acceleration was proposed for the first
time in the USSR by Ya B Fainbergin 1956 [10]. Longitudinal
electric fields that can accelerate electrons are generated in a
plasma wave, which is excited behind the electron bunch
moving in plasma. The next important step in the develop-
ment of plasma acceleration methods was the work by
T Tajima and J M Dawson [11], where it was proposed to
use a laser pulse for plasma wave excitation.

Acceleration directly in laser fields is also of great interest,
particularly because of the fast development of laser technol-
ogies. At present, the intensity of a focused laser beam already
exceeds 102 W cm~2. The electric field strength at such
intensities amounts to ~ 0.3 PV m~!. This means that the
charged particle can be accelerated in such a field, reaching
the energy of 1 PeV after passing only 3 m. However, the
electric field in an electromagnetic wave is normal to the
propagation direction and its strength and direction change
periodically in spacetime, which makes it impossible to
perform sequential acceleration in such a simple system.
Various laser pulse configurations and initial electron
distributions have already been studied for a long time in
order to effectively accelerate electrons in a vacuum without
exploiting solid-state structures which can be damaged by
strong electromagnetic fields [12]. Another method consists in
using plasma which allows converting transversal laser fields
to accelerating longitudinal plasma fields. The acceleration
scheme proposed by Tajima and Dawson [11] is related to this
technique.

2. Plasma acceleration principles

Let us now briefly discuss the main principles underlying the
plasma acceleration. Plasma oscillations comprise electron
oscillations in plasma, which are excited behind a driver that
moves with a speed close to the speed of light in plasma. The
driver can be either a relativistic bunch of charged particles or
a laser pulse [13, 14]. In the first case, plasma electrons are
disturbed from an equilibrium condition by the electromag-
netic field of the bunch, and in the second case by the
ponderomotive force from a laser pulse. The ponderomotive
force, or the Miller force [15], pushes the charged particles
away from the region with a highly intense laser field. Ions,
due to their large mass (in comparison with the electron), can
usually be assumed to be at rest during either time intervals on
the order of a pulse length or /, /¢, where /, is the length of the
charged particle bunch. As a result of quasineutrality
violation, the regions with a strong longitudinal electric field
emerge in a plasma wave, and the plasma oscillation phase, as
well as the regions themselves, moves with the speed of the
driver. If we put a relativistic charged particle, which moves in
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the same direction as the driver does, in the accelerating field
region, it would propagate together with the wave for a long
time and would accelerate to high energies.

As an example, let us consider plasma wave excitation
with a short laser pulse. We will assume that the laser pulse
propagates along the x-axis with the speed vy and has a
Gaussian envelope. In this case, the normalized vector
potential of the laser field is expressed as

2 2
a(&) = agexp (—%—%) cos <w1t —Tj—f) ,
| I P

where ay = eAy/(mc?) is the normalized amplitude of the
laser pulse vector potential, /; is the laser pulse length, r| is the
laser pulse radius, wj is the laser frequency, and wpy is the
laser-wave phase velocity in plasma. In the linear regime
(ap < 1), the dependences of the electron concentration
perturbation and the longitudinal-field strength on the
traveling coordinate £ = x — vqt have simple forms
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where ny is the unperturbed plasma density, Ey = mcwy /e is
the characteristic electric field strength in the plasma wave,

_ 2 /2 ;
w, = (4me*ny/m) '~ is the electron plasma frequency, and f7is
a coefficient which depends on the driver and plasma
parameters:
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Thus, during half of the plasma wave period T, = 2nc/wp,
the longitudinal force accelerates the electron, and during the
other half it slows it down. It follows from the expressions
obtained that the pulse length which is optimal for plasma
wave excitation has to be close to the plasma wave period. The
maximal accelerating field strength would be Ey [GV m™!] ~
\/n[101% cm=3]. For a plasma density of ngp = 10! cm~3, the
electric field strength in the plasma wave can exceed
Ey =300 GV m~!, which is several orders of magnitude
higher than the electric field strength in modern accelerators
(~0.01 GVm™).

The plasma wave is constituted not only by a longitudinal
electric field but also by transverse electric and magnetic
fields, and the electron is subjected to transverse forces as
well. In the linear approximation, the transverse force
depends on & as the sine, and on radius r linearly in the
vicinity of x-axis. During one half of the plasma wave period,
the transverse force is focusing for the electron, while during
the other one it is defocusing. However, the phase of the
transverse force is shifted with respect to the longitudinal
force phase by n/4. Therefore, only a quarter of the plasma
wave period is suitable for stable acceleration. During this
time interval, the longitudinal force will accelerate the
charged particles, and the transverse force will focus them
(Fig. 1).

If an electron initially finds itself in the accelerating
phase, then its energy would increase. In this case, the electron
speed can exceed the driver speed and, accordingly, the phase
velocity of the plasma wave. As a result, the electron can

Figure 1. (Color online.) Distributions of the longitudinal force acting on
the electron (red line), the radial force (blue line), and the electron
concentration perturbation (black dashed line). The position of the laser
pulse is marked by the red line. The regions which are applicable for
electron acceleration (Fy > 0, F, < 0) are indicated by grey color.

‘overtake the wave’ and leave the accelerating phase. This
means that the acceleration is limited by dephasing [13, 14].
Let us assume that y > g, where y=(1—v2/¢2)""? is the
gamma factor of the electron after being accelerated, and
_ 27,2y"1/2 ; ; . .
ra=1—wvi/c?) > 1 is the driver gamma factor. In an
ultrarelativistic approximation, we can write down the
relations: v~ ¢(1 —1/2y?), and vq =~ ¢(1 —1/273). In the
linear regime one has y4 ~ w;/w,, because the group velocity
of the laser pulse propagation in plasma is determined by
va = ¢(1 — w7 /2w7) with the assumption that the plasma
density is much less than the critical density: w_ < wf. Hence,
the dephasing length — the distance which an electron passes
while crossing the accelerating and focusing region—can be
estimated in the following way:

(nc/2wp) ¢ me
ldeph ~ ~— ~ P
v—1q wp wp ®

The energy increment that the electron will gain in this case
has the form

2
, w

AW = eEylgepn = me*nfyd = mcznf(—‘z> )
w
b

The smaller the plasma density, the higher the driver speed,
the dephasing length, and the energy that the electron
acquires during its acceleration.

While traveling in plasma, the driver spends its energy on
plasma wave excitation. Therefore, the electron acceleration
is also limited by the driver energy depletion. If the driver is a
short laser pulse (/; < 2mc/wp), the length that characterizes
the pulse energy depletion can be estimated as follows:
la = (2nc/wp)(0? /o) ag? [13, 14]. Let us note that the
driver propagation in plasma can also be accompanied by
other nonlinear effects (for example, the diffraction and self-
focusing of the laser pulse or Coulomb expansion of the
charged particle bunch). The influence of nonlinear effects
leads to a change in the driver parameters, which can limit the
particle acceleration, too.

As the laser field amplitude or the bunch charge increases,
the excited plasma wave becomes nonlinear [16]. In this case,
the dependence of E, on ¢ turns close to saw-like instead of
sine, and the electron concentration dependence on ¢ puts
itself close to a periodic sequence of delta functions. The
plasma wave period increases under these conditions. Finally,
as the laser field amplitude exceeds some threshold, the
plasma wave breaks and the strongly nonlinear regime
becomes possible (bubble regime for laser—plasma interac-
tion [17], and blowout regime for plasma—beam interaction
[18]). In this case, a spherical-like plasma cavity — bubble is
formed instead of a periodical plasma structure behind the
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Figure 2. (Color online.) Typical electron concentration distribution obtained by numerical modeling for (a) linear and (b) strongly nonlinear regimes of
interaction between the laser pulse and plasma. Darker grey color corresponds to higher electron concentration. Red color indicates the position of the

laser pulse.

laser pulse, and this cavity is almost free of plasma electrons
(Fig. 2). An important feature of this regime is self-
injection — the process of trapping plasma electrons by the
plasma cavity and accelerating them to high energies. As the
results of the numerical modeling show, the energy spectrum
of the accelerated electrons can be close to quasimonoener-
getic [17], which is very important for various applications.
The self-injection of plasma electrons into an accelerating
plasma structure is an important and useful phenomenon
which allows not using external injectors in plasma accel-
erators.

3. Experiments on the plasma acceleration
of electrons

The main experiments on laser-driven plasma acceleration
began in the middle of the 1990s. The typical scheme of such
experiments is quite simple. A strong laser pulse in a vacuum
hits the gas jet formed by a supersonic nozzle. The leading
edge of the pulse ionizes the gas, and the main part of the pulse
thus propagates in plasma. A bubble is formed behind the
pulse. It traps plasma electrons and accelerates them to high
energies. After leaving the jet, the electrons are deflected by
the magnet. The degree of deflection allows reconstruction of
the electron energy spectrum to be made.

The first experiments immediately evidenced the possibi-
lity of plasma acceleration. However, until 2004 the measured
spectra of accelerated electrons were close to thermal ones,
and for the most part the energy of the electrons did not
exceed several dozen MeV. Article [17] predicted the
possibility of achieving a strongly nonlinear regime with a
quasimonoenergetic spectrum of accelerated electrons. After
this article was published in 2002, many laboratories started
to work on experimental validation of this regime. In 2004,
three laboratories announced the observation of quasimo-
noenergetic electron bunch generation as a result of interac-
tion between strong laser pulses and gas jets [19-21].
Particularly, in experiments performed at the Laboratoire
d’Optiquée Appliquée (LOA, France), the energy of the
accelerated electrons reached 170 MeV with a spread in
energy near 20% [21].

The next important step was to exceed the energy level of
1 GeV for the accelerated electrons [22]. Experiments using the
laser setup at Lawrence Berkley National Laboratory (LNBL)
in the USA resulted in accelerated electron bunches with an
energy near 1 GeV, a 30-pC charge, and a spread in energy of
about 2.5%. In order to obtain a long dephasing length and
high energy of accelerated electrons, a laser pulse with a power
of 40 TW propagated along the plasma channel of 3.3 cm in
length and a relatively small density of ~ 4 x 10'® cm~3 of the
surrounding plasma. The presence of the channel ruled out
laser pulse diffraction and, apparently, increased the accelera-
tion length to a value close to the dephasing length.

At approximately the same time, LOA succeeded in
demonstrating a controlled injection of electrons into the
accelerating plasma structure by exploiting counterpropagat-
ing laser pulses [23]. The experimental setup was the
following. The main laser pulse propagated in a gas jet with
an amplitude of the laser field slightly lower than the self-
injection threshold, so the plasma electrons were not trapped
by the bubble. Another weaker pulse propagated towards the
main one. In the pulse intersection region, plasma electrons
were trapped into the cavity generated by the main pulse, and
were then accelerated in it. Since the acceleration length was
approximately equal to the distance between the pulse
intersection point and the end of the jet, the acceleration
length and the energy of the accelerated electrons could be
controlled by choosing the intersection point. Experiments
exhibited the possibility of generating electron bunches with
the energy tunable in the range from 50 MeV to 200 MeV.
Also, the control over self-injection was demonstrated by
choosing the plasma density profile along the propagation
direction of the laser pulse [24] and by introducing special gas
additives, which caused the emergence of free electrons as a
result of the ionization of inner shells of the additive atoms
directly inside the accelerating plasma structures [25-27].

In Russia, experiments on laser-driven plasma accelera-
tion were performed at the Institute of Applied Physics of the
Russian Academy of Sciences (IAP RAS) in 2008-2010. The
subpetawatt laser system PEARL (PEtawatt pARametric
Laser) was commissioned at IAP RAS in 2006 [28]. In the
peak mode, the laser pulse energy reached 25 J with a pulse
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Figure 3. Electron concentration distributions (a)-(c) and accelerated
electron spectrum (d) obtained by three-dimensional numerical modeling
for the experimental parameters of the PEARL setup [29].

length of 46 fs, which corresponded to the power of 0.56 PW.
In order to perform the experiments, the laser system was
combined with a vacuum chamber completed with a focusing
system, nozzle for the gas jet formation, and an equipment for
laser radiation and electron beam diagnostics [29]. Electrons
with an energy of several hundred MeV were registered in the
experiments, and it was shown that there is a plasma density
range where the acceleration is effective [30]. The obtained
experimental data are in good agreement with the results of
three-dimensional numerical modeling by the particle-in-cell
method, using the QUILL code [31]. Figure 3 displays the
results of numerical modeling: the final electron concentra-
tion distribution and accelerated electron spectrum for the
PEARL experimental parameters.

The experimental findings on plasma acceleration at the
SLAC accelerator were published in 2007. A bunch of
relativistic electrons with an energy of 42 GeV was employed
as a driver exciting a plasma wave with the accelerating field
[32]. The bunch propagated in lithium vapor through a
distance of 0.85 cm. The leading edge of the bunch ionized
the gas and excited the plasma wave, wherein the electrons
from the trailing edge of the bunch were accelerating. As the
experiments have shown, some of the electrons from the rear
edge of the bunch doubled their energy —its value increased
to 85 GeV.

During the last several years, powerful new laser systems
have been put into operation. These systems have allowed
significantly increasing the energy of the accelerated elec-
trons. In 2012, the University of Texas laser system (laser
pulse energy < 150 J, and pulse length 150 fs) produced
quasimonoenergetic electron bunches with the energy of
about 2 GeV, =~ 63 pC charge, and a spread in energy near
10% [33]. The accelerated electrons were generated in a gas
cell which formed a plasma layer with a density of
~ 5 x 107 cm~3 and thickness of 7 cm during the interaction
with the pulse. Electron bunches with an energy on the order
of 3 GeV, several pC charge, and a rather broad distribution

were obtained at the APRI GIST ! petawatt laser system in
Korea (laser pulse energy 30 J, and pulse length 30 fs) [34].
Accelerating plasma structures were formed in two gas jets
with diameters of 4 and 10 mm, respectively. The first jet
generated relativistic electrons which were then additionally
accelerated in the accelerating plasma structure formed by the
laser pulse in the second jet. Finally, the BELLA (Berkley Lab
Laser Accelerator) petawatt laser system at LBNL generated
in 2014 a bunch of accelerated electrons with the energy of
4.2 GeV, 6 pC charge, and with a spread in energy of ~ 6%
[35]. The laser pulse power amounted to 300 TW. The
formation and acceleration of the electron bunch occurred
in a plasma channel of 9 cm in length and plasma density of
~7x 10" cm™3,

4. Theoretical models

The properties of plasma oscillations, including nonlinear
ones (before breaking), were theoretically investigated in the
pioneering work of A I Akhiezer and R V Polovin [16], where
the electric field strength at the instant of wave breaking was
calculated. The problem of exciting plasma oscillations by
electron beams was studied by Ya B Fainberg [36] and
J B Rosenzweig et al. [18]. The plasma oscillation amplitude
was calculated as a function of plasma and beam parameters.
One-dimensional analytical models describing the excitation
of linear and nonlinear plasma oscillations by short laser
pulses are presented in Refs [37-39]. These models were
generalized for the case of exciting plasma oscillations in a
plasma channel [40] and their excitation as a result of self-
modulation of long laser pulses in homogeneous plasma [41].

With a powerful enough laser pulse, the interaction with
plasma undergoes a strongly nonlinear regime: the plasma
wave behind the pulse turns over and, instead of a periodical
structure, a plasma cavity — bubble emerges with almost no
electrons inside (Fig. 2b). A one-dimensional description is
not applicable in this case, because the bubble is a three-
dimensional structure. Moreover, due to the crossings of the
electron trajectories, the hydrodynamic approximation does
not hold true either, and a kinetic plasma description is
needed. These circumstances, together with strongly non-
linear plasma dynamics, make the theoretical description of
the strongly nonlinear regime a very complicated issue.
Therefore, the first theoretical models for the description of
this regime were based on a phenomenological approach [42],
which, notably, allowed calculating the field distribution
inside the bubble and analyzing the dynamics of the electrons
accelerated in it.

It follows from the results of numerical modeling that the
shape of the cavity evolves slowly, and it is close to spherical.
Then, assuming that the cavity is a spherical electron ‘hole’
with motionless ions inside, which moves with the speed of
light in plasma along x-axis, one can calculate the spacetime
distribution of the electromagnetic fields inside the cavity:

2 2
mw: x — ct maog y
Ec=—t>"—— E=-B.=—2L~<
X e 2 ’ y z e 47
2
mw; z
E.=B,=—""°.
- 4 e 4

! Advanced Photonics Research Institute (APRI), Gwangju Institute of
Science and Technology (GIST).
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Figure 4. Spatial distribution of the electromagnetic field: (a) E, and
(b) B,—inside the bubble at the time moment /iy = 25¢/w,. The
numerical modeling results are shown with the solid line, and the analytical
results with the dashed line. The strength of the fields is normalized to the
quantity mcawy /|e|. The coordinates x and z are presented in ¢/w;, units.

The strengths of the electric and magnetic fields inside the
bubble are linear functions of coordinates and time, the same
as in the case of, for example, field strengths inside a charged
ion ball moving with the speed close to the speed of light.
However, the strength of the longitudinal electric field is
negligible in the case of an ion ball. This difference is
connected with the fact that ions inside the bubble are
motionless, i.e., the current, caused by the particle motion,
is absent. The predictions of this simple phenomenological
model are in a good agreement with the results of three-
dimensional numerical modeling by the particle-in-cell
method, using the VLPL (Virtual Laser Plasma Lab) code
[43] (Fig. 4). It is worth noting that the particle-in-cell (PIC)
method allows modeling the laser—plasma interaction vir-
tually ab initio, by solving relativistic equations of motion for
several hundred million quasiparticles, modeling real plasma
particles, and solving Maxwell equations for electromagnetic
fields [43].

If we know the bubble field distribution, the dynamics of a
relativistic electron trapped by the bubble can be analyzed.
The electric field in the rear part of the cavity accelerates
electrons, and slows them down in the front part. The energy
that an electron acquires after crossing the rear part of the
cavity is expressed as

AW = me? (raprp/€)’* 7
2

where v, is the gamma factor of the bubble, which coincides
with that for the laser pulse, and r,, is the bubble radius. If the
electron is not located exactly on the x-axis (y =z =0),
transverse focusing forces act on it and their amplitude
increases together with the distance from the axis. As a result
of the influence of these forces, the electron, while accelerat-
ing, undergoes transverse betatron oscillations around the x-
axis. The betatron oscillation frequency takes the form
wp = wp(Zy)fl/z, where y is the electron gamma factor.
Because the frequency decreases, as the electron energy
increases during acceleration in the bubble, the betatron
oscillation amplitude decreases as well [42].

A simple phenomenological model also allows estimating
the plasma bubble parameters, for which the plasma electron
self-injection into the cavity takes place [44, 45]. The
predictions of the model discussed are in qualitative agree-
ment with the predictions of other models investigating the
influence of plasma parameters on self-injection: (1) plasma
density jumps along the cavity propagation direction [46, 47],
(2) cavity shape evolution [48, 31], and (3) ionization of atoms

of a special gas additive inside the bubble under the action of
the laser field [27]. However, it should be noted that the
phenomenological self-injection model is relatively hard to
use for the direct analysis of experiments and results on
numerical modeling in a broad parameter range. The
problem is that there is no simple analytical model yet that
connects the plasma cavity parameters with the laser pulse
parameters. Moreover, the laser pulse evolution itself in
plasma in a strongly nonlinear regime is a complicated and
insufficiently studied phenomenon.

The next important step that helped to overcome the self-
inconsistency of the phenomenological model was made in
Ref. [49], where the dynamics of the plasma electrons moving
in the electron layer around the bubble were added to the
model. This electron layer screens the bubble field in plasma
outside the bubble. With the assumption that the electron
number density in the layer is constant in the transverse
direction, the equation which describes the bubble shape
was derived. The generalized model also allowed taking into
account the influence of the electron bunch, trapped by the
bubble, on the shape of the bubble itself.

An alternative approach to describing the strongly non-
linear regime was proposed in Ref. [50], where it was suggested
to take advantage of the similarity and dimensional methods
and not to analyze the details of the inner processes that are
responsible for the laser pulse and bubble dynamics. This
approach in the limit of ¢ > 1 showed that the interaction is
governed by the parameters S = ng/(an;) and IT = f/r;. In
this case, by applying numerical modeling for various laser—
plasma parameters, one can obtain, for example, an estimate
for the characteristic energy of accelerated -electrons:
W= 0.65mc2(P|/Prel)1/211/21, where P is the laser pulse
power, 4, is the laser radiation wavelength, and P, =
m?c3/e? =~ 8.5 GW is the relativistic self-focusing power.
The model based on the similarity method allowed connect-
ing through simple relations the parameters of the accelerated
electrons with the initial laser—plasma parameters. Predictions
made in the framework of this model turned out to be in good
agreement with the results of 3D PIC numerical simulations.
One should note that the models resting on the similarity
methods, and the phenomenological model were generalized
for the case where the laser pulse propagates not in homo-
geneous plasma, but in a deep plasma channel (the plasma
density in the central part of the channel is close to zero) [51].

5. Alternative laser
and plasma acceleration schemes

Recently, various schemes of lepton colliders based on
plasma-driven accelerators have been discussed [52, 53]. The
main disadvantages of laser—plasma accelerators, which limit
their applicability in lepton colliders, are low energy conver-
sion efficiency and low repetition rate in modern powerful
laser systems. As a result, the overall energy conversion
efficiency and repetition rate of laser—plasma accelerators
turn out to be several orders of magnitude lower than those
for conventional accelerators. Therefore, great attention is
paid to the search for new laser schemes where these
disadvantages could be overcome. One such scheme, which
has been actively investigated lately, particularly in the
framework of the ICAN project [54], is based on the
synchronized operation of a large number of fiber lasers,
which can operate with a high average power. Modern
technology development allows performing the coherent
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Figure 5. (Color online.) (a) Electron acceleration schematics in a standing
electromagnetic wave with plasma elements. Structures with over-critical
plasma are indicated by grey color. (b) Regions with accelerating electric
field (indicated by red color).

combination of pulses from a large number of lasers through
fast feedback. The principles of coherent pulse combination
were demonstrated by the example of 64 fiber lasers [55]. It is
important to note that the combination process can be
controlled. This makes it possible to obtain complicated
laser field distributions which can be used in charged particle
acceleration.

Notably, the laser field strength can be several orders of
magnitude higher than that of the plasma fields excited by the
laser radiation. Therefore, charged particle acceleration by
the laser fields themselves has been of great interest to
scientists for a long time. As was mentioned in Section 1, it
is hard to directly use the laser-wave transverse electric field,
which periodically changes its direction, for acceleration.
However, it was shown in Ref. [56] that by invoking ICAN
technologies and dense plasma structures the charged
particles can sequentially be accelerated with a laser field at
long distances to high energies.

Let us assume that a periodical dense-plasma structure is
placed in the field of a standing electromagnetic wave formed
by two counterpropagating plane waves (Fig. 5a). The vectors
of the wave are parallel to the y-axis, and the electric field is
parallel to the x-axis. The periodical structure along the x-axis
consists of vacuum gaps and layers of dense plasma, which is
opaque to the electromagnetic wave. The thickness of the
gaps and layers is the same and equals half of the laser
wavelength 4. An aperture is made inside the dense plasma
layers, so the accelerated charged particle can move freely
through the layer. Such dense plasma layers can be formed for
a short time by fast ionization of solid-state layers in a
superstrong field of an electromagnetic wave.

Let the relativistic charged particle move along the x-axis.
Since the speed of the particle is close to the speed of light, at
one half of the laser wavelength the particle finds itself in the

accelerating field, while at the other half it is in the
decelerating field (Fig. 5b). If the decelerating part of the
particle trajectory would coincides with the dense plasma
layer, where the field is absent, the particle will only be
influenced by the accelerating electric field. In order to
increase the acceleration efficiency, the standing electromag-
netic wave can be generated locally in the region where the
accelerated particle resides, by coherent combination of
pulses from an ICAN laser. As the results of numerical
modeling show [56], the electron can be accelerated in this
configuration to energies of 200 GeV at distances of about
10 cm, which is much higher than the acceleration gradient of
even high-gradient plasma accelerators.

Another plasma acceleration scheme has been actively
discussed lately in the framework of the AWAKE (Advanced
Wakefield Experiment) project, coordinated by CERN. In
this scheme, a bunch of relativistic protons, generated in, for
example, the Large Hadron Collider (LHC) at CERN, is
planned to be used as a driver exciting a plasma wave [57].
One of the advantages of the proton driver is its ability to
travel long distances (several kilometers) without significant
variation. In this case, by using rarefied plasma, a long
dephasing length can be provided. As estimates show [58],
the accelerated electron energy can reach several TeV. This
setup also inherits the LHC advantages: a high repetition rate
of accelerated particle bunches and high efficiency (in
comparison with that of laser—plasma accelerators). Among
the problems of such a setup is the electron injection into the
plasma wave and the absence of short proton bunches needed
for effective plasma wave generation. In order to solve the
latter problem, the plasma wave is planned to be excited by a
long proton bunch in the self-modulation regime, when the
bunch, as a result of developing modulation instability,
separates into a periodical sequence of short bunches [59].

6. Conclusions

During recent years, plasma acceleration methods have
demonstrated impressive progress. The accelerated electron
energy in experiments with laser pulse drivers has reached
4.2 GeV, and in experiments with an electron beam driver it
has more than doubled, reaching 85 GeV.

At the present time, other promising plasma acceleration
schemes are also being discussed, in which the role of the
driver would be played by the proton bunch or the laser field
of the ICAN laser.

It should be noted that relativistic electrons produced as a
result of laser—plasma interaction can effectively generate
electromagnetic radiation. For example, electrons due to
betatron oscillations, which they experience while being
accelerated in a plasma cavity, emit broadband electromag-
netic radiation in the X-ray range [60—-62].

As experiments have shown [63-65], an X-ray radiation
source based on the betatron mechanism can provide a
brightness which is comparable to that of third-generation
synchrotrons. The high efficiency of the electromagnetic
radiation generation by electrons in the plasma cavity is
caused by the large value of the transverse forces bending
the trajectory of the accelerating electron. The strength of
these forces is several orders of magnitude higher than the
strength of the corresponding forces in conventional radia-
tion sources, which emerge during the particle motion in the
magnetic fields of the ondulators. Laser—plasma X-ray
sources, which have advantages over synchrotrons, such as
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small dimensions and ultrashort pulse durations, can be
utilized in medical researches, as well as in investigations
associated with nanotechnologies and materials science.

The effective generation of electromagnetic radiation is a
positive factor for radiation sources, but it leads to large
radiation losses during particle’s acceleration. These losses
become especially significant for high electron energies. The
electron dynamics in plasma accelerators with the radiation
reaction force taken into account were studied in papers [66—
69]. Particularly, paper [69] reports that in the limit of high
electron energy the unlimited increase in the radiation
reaction force stops due to a decrease in the beam radius as
a result of nonlinear electron dynamics under acceleration in
the presence of the radiation reaction force.

Despite the success achieved in plasma methods of
electron acceleration, a series of unsolved problems limits
the broad application of plasma accelerators. Among the
disadvantages of these accelerators, one can distinguish the
low energy conversion efficiency discussed above, the low
repetition rate of modern powerful laser systems, and an
insufficiently low spread in energy of accelerated electrons.
The last fact prohibits using plasma accelerators in X-ray free
electron lasers (XFELSs). It is believed that the employment of
laser—plasma accelerators can sufficiently decrease the dimen-
sions and the cost of modern powerful sources of coherent
X-ray radiation and gamma-ray radiation. Also, there is still
no sufficiently full self-consistent theory for laser—plasma
interaction, which would take into account various non-
linear and kinetic effects, such as electron self-injection into
accelerating plasma structures.
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