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Abstract: Compared with state-of-the-art radio frequency accelerators, the gradient of laser wakefield
accelerators is 3—4 orders of magnitude higher. This is of great significance in the development of
miniaturized particle accelerators and radiation sources. Higher requirements have been proposed for
the quality of electron beams, owing to the increasing application requirements of tabletop radiation
sources, specifically with the rapid development of free-electron laser devices. This review briefly
examines the electron beam quality optimization scheme based on laser wakefield acceleration and
presents some representative studies. In addition, manipulation of the electron beam phase space
by means of injection, plasma profile distribution, and laser evolution is described. This review of
studies is beneficial for further promoting the application of laser wakefield accelerators.

Keywords: laser wakefield accelerator; six-dimensional phase-space brightness; beam quality
optimization

1. Introduction

In 1979, Tajima and Dawson [1] proposed the concept of laser wakefield acceleration
(LWFA) [2]. When a strong laser is incident on the plasma, the ponderomotive force dis-
lodges the electrons in the background plasma and then excites a wakefield to accelerate
the particles. Without the breakdown voltage limitation in the plasma, the acceleration
gradient of the LWFA can reach 100 GV/m, which is three orders of magnitude higher than
that of the conventional radio frequency accelerator. Therefore, it is of great significance for
the development of miniaturized particle accelerators. The nonlinear wakefield, called the
bubble, has a microstructure, and the accelerated electrons usually have only an fs-level
pulse length and a pm-level transverse size. In addition to being affected by the longi-
tudinal acceleration field, the electron beam also oscillates transversely in the wakefield,
which generates betatron radiation covering the ultraviolet to X-ray wave bands, whose
frequencies are related to the plasma frequency and electron energy. Gamma rays can also
be generated by inverse Compton scattering, caused by the interaction of the electron beam
with the laser beam. When the electron beam quality meets the high-gain free-electron laser
(FEL) conditions, it can be applied to the FEL [3-5]. These features make LWFA a potential
tabletop accelerator and radiation source.

LWFA has high requirements for laser intensity (~25 fs pulse length, 10'® W/cm?
power density). It was impossible to experimentally obtain a monoenergetic electron beam
for a long time, owing to the lack of a strong driving laser. In 1985, the introduction of
chirped pulse amplification (CPA) [6] led to the rapid development of ultra-intense and
ultra-short laser devices, providing a driving light source with relativistic intensity for
the excitation of the laser wakefield. In 2004, Faure et al., Geddes et al. and Mangles
et al. experimentally obtained 100 MeV level quasi-mono-energetic electron beams for
the first time experimentally, which were reported on the cover of Nature with the title
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“Dream Beam” [7-9]. LWFA ushered in a milestone breakthrough, marking the beginning
of miniaturized particle accelerators. An increasing number of groups have devoted
themselves to electron acceleration research based on LWFA. This research has entered a
period of rapid development concentrated on energy gain improvements [10], acceleration
stability [11], and electron beam quality optimization [12].

As a typical example, the group led by Leemans has carried out a lot of important work
in the promotion of electron beam energy and also enhanced the electron beam energy
multiple times [13-15]. The acceleration distance can be extended, and the maximum
acceleration energy can be increased by optimizing laser guidance [16]. In 2019, they used a
20-cm-long capillary [17] to guide the laser to maintain good focus and electron beams with
energy peaks up to 7.8 GeV [15]. These are the highest LWFA-based energy electrons that
have been reported internationally. In terms of electron beam stability, Osterhoff et al. [18]
used a cylindrical gas box 15 mm long and 250 um in diameter as a gas pool structure to
create a stable plasma profile distribution in 2008. An electron beam with a divergence angle
of ~2.1 mrad was obtained by continuous collection. The RMS (root mean square) energy
jitter from shot to shot was less than 2.5%, and the pointing jitter was less than 1.4 mrad,
which was the best result for stability reported at the time. In 2020, Maier et al. conducted
further experiments on the stability of LWFA [11]. They accurately measured the electron
beam energy drift and jitter with a combination of diagnostic methods, which provided
a basis for obtaining electron beam acceleration feedback and active control. According
to the correlation between the laser and electron parameters, the electron beam quality is
parameterized to enable loop feedback and fine-tuning of the accelerator, resulting in a
reproducible electron beam [19,20]. The continuous acquisition of 100,000 high-stability
electron beams within 24 h has realized the long-term stable operation of LWFA.

Methods for electron injection and electron phase-space manipulation have been
continuously proposed and improved, with the intent of boosting the quality of electron
beams based on LWFA. In 2006, Faure et al. first experimentally verified the colliding laser
pulse injection proposed in the early theory [21]. They also realized a flexible adjustment of
the electron beam peak energy by changing the collision position of the two pulses. Thus,
the electron beam was further optimized. The phase-space volume of the injected particles
can be controlled by adjusting the optical injection parameters, thereby controlling the
electron beam charge and energy spread. An electron beam with 200 MeV, 10 pC, and
1% relative energy spread was experimentally obtained [22]. Along with the theory of
ionization injection, in 2007, Oz et al. [23] took the lead in performing LWFA based on
ionization injection in experiments. In 2014, Xu et al. and Yu et al. [24,25] conducted research
on obtaining low-emittance electron beams based on two-color laser ionization injection.
Zeng et al. proposed an ionization implantation scheme, in which a triple-frequency
injection laser propagates co-linearly with the driving laser to obtain a low-energy spread
electron beam [26].

As mentioned above, it is difficult to describe the overall quality of an electron beam
using a single parameter. Drawing on conventional accelerators, we introduce the six-
dimensional phase-space brightness in units of A/m?/0.1% [12,27,28] to characterize the
comprehensive quality of the electron beam, which can be defined as the total bunch
charge divided by the product of the rms horizontal, vertical and longitudinal normalized
emittances be expressed as

Ip
Enx€ny0y-0.1%"

Bep = )
where Ip represents the peak current; €, and eny represent the horizontal and vertical
transverse emittance, respectively; and ¢, represents the RMS relative energy spread. High
brightness in the 6D phase space requires the electron beam to have a low energy spread,
low emittance, and high current, which results in high quality and provides guidance for
optimizing the electron beam.

In this review, we briefly examine an electron beam quality optimization scheme based
on LWFA. The analysis of the influencing factors indicates the direction of electron beam
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parameter optimization. The effects of the injection method, phase-space manipulation, and
improvements of electron beam parameters at different stages are discussed. In addition,
this review briefly discusses a portion of the outstanding work of related research teams on
LWFA and provides guidance for future electron beam quality optimization.

2. Emittance

Emittance, which is the area of transverse phase space occupied by a beam of particles,
as shown in Figure 1a, characterizes the transverse quality of the beam. It is necessary to
control the electron beam injection and acceleration in the wakefield by controlling the
profile of the plasma density and evolution of the laser pulse to obtain an electron beam
with low emittance. An increase in the electron beam emittance was suppressed, and
high-quality electron beams with low emittance were finally obtained by controlling the
evolution of the phase space to match the parameters of the wakefield.
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Figure 1. Transverse phase space distribution of electron beam: (a) definition of emittance, area (red
line) = emittance x 7; (b) phase space distribution of electron beam with different phase.

Beam density remains constant in the phase space according to the Liouville theorem.
Therefore, when particle beam density remains unchanged, the volume occupied by the
particle beam in the phase space remains unchanged during motion. The injected emittance
determines the lower limit of the final emittance for a mono-energetic electron beam,
while neglecting collective effects, such as space charge. The transverse wave breaking
threshold will be lower than the traditional one-dimensional wave breaking threshold
in two-dimensional or three-dimensional structures [29], which promotes the transverse
injection of the electron beam. The off-axis injected electrons maintain betatron oscillation
inside the bubble, under the influence of the transverse field. Collision ionization injection
reduces the influence of the transverse force. Two oppositely propagating ultrashort laser
beams with the same parameters were injected transversely, and the lasers were controlled
to collide precisely on the axis. The two trigger lasers were linearly polarized along the
z-axis, which reduced the transverse modulation of the electrons injected from the trigger
laser. The electron beam injection phase is controlled so that it enters the accelerated
focusing field quickly after injection to reduce the transverse divergence, and finally,
electrons with an emittance of nm rad level are obtained.

During acceleration in the wakefield, the injected electron beam is not only affected by
the longitudinal acceleration field, but also by the transverse focusing and defocusing field.
Matching the particle beam to the focusing and defocusing field of the plasma accelerator
is critical for maintaining beam quality. While accelerated in the longitudinal direction, the
electron beam also oscillates continuously in the transverse direction, and its oscillation
frequency is related to the energy and longitudinal phase of the electron beam. Therefore, a
strong coupling exists between the longitudinal and transverse directions of the electron
beam during wakefield acceleration. This strong coupling causes the oscillation phase
of the electron to change with the longitudinal position, eventually leading to complete
decoherence. Phase decoherence is an important factor leading to an increase in electron
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beam emittance during the acceleration process. Generally, these effects are caused by a
non-zero energy spread or non-zero pulse length. It is necessary to construct a specific
plasma profile distribution and control the evolution of the laser pulse to control the
electron beam motion in the wakefield, such that the electron beam phase space matches
the wakefield and suppresses the electron beam emittance growth [30].

According to the Mathieu-Hill equation and the relationship between the Courant—
Snyder parameter states, the evolution of the beta function in a line-focusing system
follows a function. For a narrow electron beam (k,0; < 1) in LWFA, the electrons can be
approximately subjected to a linear transverse force [31-33], as follows:

e

K(r,z) = — P

0:E(r,z) , ()

r=0

where e and m represent the charge and mass of the electron, respectively. 7y represents the
Lorentz factor, c represents the speed of light in a vacuum, and E, represents the transverse
electric field. For a given K, the evolution of the beta function can be expressed as [30]

B(z) = /500052<\/Ez) + ﬁoleinz(\/E ), 3)

where B denotes the initial beta function. The formula shows that the beta function of the
electron beam in the normally focused channel oscillates between By and 1/(oK). When
the initial beta function value is K~1/2, the electron beam maintains the transverse size,
which can be called a matched electron beam. Similarly, for a given electron beam envelope
parameter, K can be tuned to match the electron beam by constructing a specific plasma
density profile. Matching the electron beam to the mean parameter K slows the betatron
oscillations, which also provides guidance for controlling emittance growth. When the
single stage is extended to multiple stages, the electron beam parameters can be adjusted to
match the channel and effectively avoid the increase in emittance caused by the nonlinear
coupling of lateral and longitudinal motions. In both theory and simulation [30,34-37],
the matched parameters can control the increase in electron beam emittance at the level of
several percent.

Similar to bubbles, the energy spread also results in an increase in the electron beam
emittance in the free space. When an electron beam passes through a magnet and is
subjected to a magnetic field with the same gradient, electrons with different energies
are focused and defocused. The energy spread causes a phase difference in the electron
beam transverse phase space, as shown in Figure 1b, which is also the main reason that the
projected emittance is greater than the slice emittance. Increasing the transport distance
or electron beam energy spread exacerbates the increase in emittance until saturation.
Therefore, it is necessary to design a compact beam transport line and strictly compress the
electron beam energy spread [38—40]. The scheme of controlling electrons to achieve a low
energy spread is described below.

3. Energy Spread

The final energy spread of the electron beam is affected by the initial energy spread and
inhomogeneous acceleration, which originate from the inhomogeneity of the longitudinal
acceleration field, beam loading, and phase slippage caused by the betatron oscillations.
The electrons injected at different times are affected by the acceleration field for different
durations, which means that the electrons in the head (those injected first) have higher
energy. Therefore, the electron beam initially appears as a negative chirp. Continuous
electron beam injection results in increased initial energy spread. Figure 2 shows a snapshot
of a bubble and the on-axis longitudinal field (white line) in the PIC simulation. During the
acceleration process, owing to the nonuniform longitudinal acceleration field, the energy
gain of the electrons in the tail of the beam gradually becomes higher than that at the head,
and the negative chirp evolves into a positive chirp. Therefore, energy spread compression
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is achieved by reducing the injection duration, as well as weakening the inhomogeneity
of the acceleration field and chirp compensation in the injection and acceleration stages,
respectively. The injection process plays an important role in the electron beam quality.
Several methods, including ionization [41,42], density gradient, and collision, are used
to trigger injection. There are also some improved injection methods, such as utilizing
Tesla-scale magnetic fields to control self-injection and an evolved electron beam to drive
plasma waves to achieve injection control. The following discussion will take an example
and examine its influence on the electron beam energy spread during the injection process.
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Figure 2. Snapshot of a bubble and the on-axis longitudinal field lineouts (white line) in the
PIC simulation.

Density gradient injection is a controllable injection scheme that was first proposed
by Bulanov [43]. He studied the wave breaking phenomenon generated in the region of a
slow-varying plasma density down ramp and then explored the conditions of the injection.
Subsequently, Suk et al. [44] conducted a theoretical study of the case of discontinuously
varying densities. The phase velocity of the wakefield decreased as the wavelength of the
plasma wave in this area increased. The magnitude of the reduction was proportional
to the distance of the wakefield from the driving laser and the gradient of the density-
down ramp. Electrons are injected when the wakefield phase velocity is smaller than the
electron velocity.

In 2008, Geddes et al. [45] obtained low-energy electron beams with only 0.17 MeV
energy spread based on density gradient injection. In 2010, Faure et al. also conducted
experiments on density-gradient injection [46]. They used an inclined auxiliary laser
beam to generate a plasma channel at an angle of 135° corresponding to the axis. The
inclined channel generates a relatively large density gradient, and the wakefield continues
to accelerate the injected electrons after the wave breaks. In 2013, Wang et al. adopted a
cascade acceleration scheme based on gradient injection [47]. Active control of the density
gradient is achieved by changing the distance between the two gas cells or the back-pressure
difference of the gas. The absolute energy spread introduced by the injection stage can be
effectively controlled in the experiment by changing the plasma density of the second stage
to lower than the conditions required for electron injection. As the plasma density of the
accelerating stage is further reduced, the size of the bubble becomes significantly larger,
causing the electrons initially injected in the second bubble to slip into the first bubble.
Through density control, the electron beam can be slipped to a better matched phase in the
first bubble and finally accelerated to 0.5 GeV, resulting in a significantly reduced energy
spread of approximately 3%.

The previously discussed methods are used to construct density gradients artificially,
by means of auxiliary lasers or the injection of gases with different back pressures. However,
these approaches make it difficult to construct plasma distributions with high-density
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gradients. During the interaction between the laser and gas, the evolution of the normalized
intensity of the laser also affects the size of the bubble and phase velocity of the wakefield,
owing to the effects of self-focusing and defocusing. When the plasma profile density
gradient was small, the wavelength change in the plasma wave was less affected by the
density. Compared to the influence of the evolution of the laser, the influence of the density
gradient on the wakefield phase velocity is not dominant. Therefore, it is difficult to achieve
low energy spread and high stability injection by relying only on the density gradient
constructed in this manner.

To improve the controllability of the electron quality, several research groups have
successively improved the method to construct specific plasma distributions. When super-
sonic gas was sprayed on a target, a shock wave with a density gradient was formed in the
local area. Based on this principle, different structural targets, such as blades, capillaries,
and steel wires [48-51], were used as nozzles to construct matching density distributions.
Similarly, the dual-nozzle structure [52] can also be used to construct a plasma density
falling edge. The upper and lower nozzles were used for gas injection. A high-density area
with an adjustable width can be generated by adjusting the relative horizontal positions
of the two nozzles. The second self-injection of the electron beam was suppressed by the
density peak, and the injection cut-off was effectively realized. In addition, the electron
beam passes through a wakefield with a negative energy chirp slope at the density down
ramp, that is, the low-energy electrons at the tail of the beam obtain a higher energy gain,
and the high-energy electrons at the head obtain a lower energy gain. This is beneficial
for the energy-spread compression of the electron beam in the bubble. In 2016, Wang et al.
used a double-nozzle structure to obtain a 530-580 MeV electron beam with an energy
spread of less than 1% [12]. It can be found that the energy spread of the electron beam
obtained by LWFA based on gradient injection is mostly at the level of several percent,
which cannot meet the relative energy spread at the level of several thousandths required
by the tabletop FEL. In the final analysis, the density gradient injection was still a wave
break injection [29,53,54], but the injection threshold reduction was controlled. Therefore,
the density gradient injection still has the disadvantage of wave-breaking injection, which
depends on the nonlinear effect of the wakefield.

As mentioned previously, an electron beam with an energy spread of ~1% can be
experimentally obtained using the cascade acceleration scheme. Furthermore, the con-
struction of a multistage plasma distribution system to achieve further compression of
the energy spread through electron beam length compression has also been proposed.
However, cascade acceleration is usually complex to operate and requires high stabil-
ity of each part; thus, it is challenging to stably generate electron beams with ultra-low
energy spread. The increase in the energy spread in the acceleration stage was mainly
affected by the inhomogeneity of the longitudinal acceleration field (usually a positive
chirp). We can construct an appropriate non-uniform acceleration field (usually a negative
chirp) to compress the electron energy spread and solve this problem. In recent years,
researchers of conventional accelerators have designed special dechirp devices to remove
energy chirps [55,56]. Such devices can make the electron beam energy spread to a level of
a few thousandths. However, the dechirp devices used in conventional accelerators have
a low intensity, which is not suitable for high-energy chirped electron beams generated
in LWFA.

Drawing on the chirp compensation mechanism of conventional accelerators, the
concept of plasma dechirp device was first proposed in 2017. The basic principle is to use
the wakefield generated by an electron beam in the plasma (particle wakefield acceleration,
PWFA) to remove the energy chirp [57,58]. The longitudinal field excited in the plasma
by a positive-energy chirp electron beam causes the tail to decelerate more than the head.
After a suitable distance, the energy chirp of the electron beam is removed. In 2019,
D’Arcy et al., Shpakov et al. and Wu et al. each experimentally verified the concept of a
plasma dechirper [59-61].
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In addition to the external plasma dechirp device in the beamline, the wakefield
acceleration process uses a similar technology called energy chirp compensation [20]. The
difference between them lies in the generation of the dechirp field and interaction process.
Relativistic self-focusing plays an important role in the interaction between the laser and
plasma. When the laser power is sufficiently high, there will be enough critical energy
for the laser to self-focus. Usually, the laser self-focusing process can be used to extend
the laser transport distance and control the electron beam injection; however, the laser
defocusing process is rarely considered. Experiments and simulations have shown that
the laser defocusing process can degenerate the wakefield from a strong nonlinear state
to a weak nonlinear state under the matched parameters. In this process, the acceleration
field at the position where the injected electrons are located changes from a positive slope
to a negative slope, which effectively removes the positive chirp of the electron beam. By
introducing a density spike at a suitable position, Dopp et al. [62] achieved electron beam
energy spread compression from tens of percent to less than ten percent. In 2021, Ke et al.
used shock injection to generate 780-840 MeV, 2.4%0.—4.1%. energy spread high-quality
electron beams in the experiment [63], as shown in Table 1. A suitable plasma profile
distribution was constructed by adjusting the relative positions of the nozzles, such that the
electron beam could inject the bubble at an appropriate position before laser defocusing.
When the laser is defocused, the electron beam can interact with the formed dechirping
field and carry out an effective dechirping process. The effect of plasma density on laser
self-focusing and defocusing was used to control the acceleration field, and a high-energy
electron beam with ultralow energy spread was obtained.

Table 1. Summary of parameters from different laboratories, as discussed in the text.

Energy ! Energy Spread ! Charge ! Emittance !
Laboratory (GeV) (%) e (mm mrad)
SIOM 0.8 0.2-1.2 10-50 0.4
DESY 0.3 0.4 500 1.5/0.3
LBNL 7.8 0.2-1 25 0.3-1
LOA 1.1 3.1 120 NA

! The best parameters are listed when a laboratory has multiple experimental results, as discussed.

4. Current

Current, the ratio of electron beam charge to pulse length, is usually at the level of
KA in LWFA (it deals with the peak current). From the definition, the electron beam
current can be increased by increasing the electron beam charge or compressing the pulse
length [64]. The number of injected electrons in the bubble is positively correlated with the
laser intensity, according to the model established by Gordienko et al. [65,66]. However,
realizing a large amount of charge does not only guarantee an electron beam with high
current. More importantly, it increases the amount of charge injected per unit time. For the
qualitative analysis of the injection process, the phase velocity of the plasma wave in the
bubble can be expressed as [67]

a(p [y (4
ot 8 8
vy = — 2L = 4
ph 99 1+z—ct.& 1_|_Z;Ct.dﬂ ! @)
0z ky dz 2n, dz

where v, is the laser group velocity, z — ct is the longitudinal position in the co-moving
coordinate system, and 1, is the plasma density longitudinal distribution. The formula
shows that when 7, has a down ramp in the longitudinal direction, the relativistic factor of
the plasma wave can be effectively reduced. The wave break threshold decreases as the
plasma wave phase velocity decreases, making it easier for electrons to inject. With the
further increase in the density gradient, the wave break threshold decreases more, which is
beneficial to realize the high current of the electron beam. However, a decrease in plasma
density means a decrease in the number of cardinality that can be injected with electrons,
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which suppresses the electron beam current. Therefore, it is necessary to quantitatively
analyze [68,69] and optimize the density gradient to improve the electron beam current by
particle-in-cell simulation.

In the experiments, the current is difficult to increase, since the charge scales with
the pulse length under the same conditions. Continued injection results in a high-charge
electron beam accompanied by an increase in the pulse length. This will result in a more
significant difference in energy gain between the head and tail of the electron beam, which
increases the beam energy spread. Focused adjustment of the electron beam quality is
necessary for different radiation source requirements. As required for high-gain FELs,
its Pierce parameter should be greater than the relative energy spread of the electron
beam. Figure 3 shows the Pierce parameters for different currents and transverse sizes
based on specific electron beam and undulator parameters. Taking the transverse size
as 40 um, when the current increases from 5 kA to 15 kA, the Pierce parameter (upper
limit of relative energy spread) only increases from 0.4% to less than 0.6%, whose increase
is significantly smaller than that of the current. Wang et al. presented an experimental
demonstration of undulator radiation amplification in the exponential-gain regime [70].
The accelerated electron beam typically has a peak energy of ~490 MeV, with the energy
spread of approximately 0.5%, an average integrated charge of around 30 pC, and r.m.s.
divergence of approximately 0.2 mrad. Simulations show that the electron beam current
is approximately 5 kA. Although no emphasis has been placed on optimizing the current,
experimentally, the per-mille-level relative energy spread enables electrons to achieve
100-fold gain in the third undulator. Therefore, compared with high current, low energy
spread plays a dominant role. For those with less demanding electron beam energy spread,
such as betatron radiation, an increase in current intensity or charge is beneficial to obtain a
higher photon number [71,72].
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Figure 3. The Pierce parameters for different currents and transverse sizes.

5. Conclusions

With the continuous efforts of various research teams, LWFA has developed rapidly in
the past ten years, and the electron beam quality has gradually improved. The brightness of
the electron beam and radiation source based on LWFA have also been improved [63,73-76].
The tabletop FEL [70,77,78] based on LWFA was verified experimentally. Such proof-of-
principle experiments will expedite the development of future compact facilities with broad
applications. However, owing to limited high-field laser technology developments, insta-
bility in laser and plasma interactions, and acceleration field inhomogeneities, the current
electron beams cannot meet the application requirements in terms of performance and
repetition frequency. More theoretical and experimental research is necessary, including
the exploration of new injection methods, high-resolution diagnostic schemes, ultralong
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low-density plasma channel development, and machine learning to promote electron beam
performance optimization. It is necessary to continuously optimize the electron beam qual-
ity to meet its application requirements for various tabletop radiation sources [74,79-81],
so that the LWFA can be stably available and realize miniaturization acceleration. This
review briefly examines recent LWFA-based electron beam quality optimization schemes,
aiming to provide a complete and clear understanding of LWFA research, while promoting
cooperation and exchanges in interdisciplinary fields.
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