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TOPICAL REVIEW — Ultrafast intense laser science
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Laser wakefield accelerators (LWFAs) are compact accelerators which can produce femtosecond high-energy electron
beams on a much smaller scale than the conventional radiofrequency accelerators. It is attributed to their high acceleration
gradient which is about 3 orders of magnitude larger than the traditional ones. The past decade has witnessed the major
breakthroughs and progress in developing the laser wakfield accelerators. To achieve the LWFAs suitable for applications,
more and more attention has been paid to optimize the LWFAs for high-quality electron beams. A single-staged LWFA
does not favor generating controllable electron beams beyond 1 GeV since electron injection and acceleration are coupled
and cannot be independently controlled. Staged LWFAs provide a promising route to overcome this disadvantage by
decoupling injection from acceleration and thus the electron-beam quality as well as the stability can be greatly improved.
This paper provides an overview of the physical conceptions of the LWFA, as well as the major breakthroughs and progress

in developing LWFAs from single-stage to two-stage LWFAs.
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1. Introduction

Particle accelerators have been widely used in science,
medicine, engineering, etc. The huge accelerators such as the
Large Hadron Collider have been built to explore the extreme
physics region. The smaller particle accelerators are the key
components of many particle-beam therapy facilities in hospi-
tals. The accelerated particles can also be converted into radi-
ation by synchrotrons, free electron lasers (FEL), etc. High-
quality electron beams are essential for these applications.
Take the FEL for example, the electron beams with 1 GeV
energy, 0.2% energy spread, several kiloampere (kA) current,
and 1 mm-mrad emittance are needed for the soft X-ray laser
output.

The acceleration gradient of the traditional accelerator
which uses the conducting electrodes or electromagnetic cav-
ity is limited by the electrical breakdown to be less than
100 MV/m. The laser wakefield accelerator (LWFA)[!! based
on the plasma has been considered as the newgeneration com-
pact particle accelerators. Its accelerating gradient!”) is on
the order of Ey = cme ), /e, where m. and e are the electron
rest mass and charge, @, = (47ne? /me)'/? is the plasma fre-
quency, and 7 is the electron density. In general experiments,
ng is usually at the 10'® cm~3 level, and the corresponding
Ey is at the 100 GV/m level. It is about 3 orders of magni-
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tude larger than the traditional radio frequency (RF) accelera-
tor. Compared to the kilometer-scale traditional accelerators, a
centimeter-scale LWFA is capable of providing the GeV-class
electron bunches, which is significant for many applications

[7-91 premsstrahlung

such as FEL,3-%! the Compton scattering,
radiation, [10-121 ggc [13.14]

Great effort has been made in improving the beam quality
and increasing the energy gain of the LWFA in the past decade,
leading to the great progress in this field. However, a single-
staged LWFA does not favor generating controllable electron
beams beyond 1 GeV since electron injection and acceleration
are coupled and cannot be independently controlled. Staged
LWFAs provide a promising route to obtain controllable multi-
GeV electron beams where the electron injection and accelera-
tion are decoupled, and thus the electron-beam quality as well
as the stability can be greatly improved.!>~??! In this review,
we shall summarize the key concepts of the LWFA and discuss
the breakthroughs in both single-stage and two-stage LWFAs.

2. Physics of the LWFA

When a relativistic femtosecond laser pulse propagates in
the plasma, electrons are expelled outward by its ponderomo-
tive force, while the ions keep still due to their large mass,
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forming a space charge field which drags the electrons back-
ward. For the electrons that cannot catch up with the laser
pulse, they will oscillate at the plasma frequency due to the
space charge force, which forms the wakefields behind the
laser pulse. The group velocity (vyg) of the wakefield is zero
while its phase velocity (vyp) equals the group velocity of
the laser pulse (vig) in plasma, which is lower than that in
vacuum. 123!

The first or second period of the wakefield is generally
used for the electron acceleration. As shown in Fig. 1, each
period can be separated into two parts: the acceleration region
in the rear and the deceleration region in the front. In the one-
dimensional (1D) regime, an electron that is released in the
head of the period will slip backward with respect to the laser
pulse and wakefield initially and gain energy in the accelera-
tion region. It cannot be trapped if its initial velocity is so low
that it does not gain enough energy to stop slipping out of the
wake period. However, electrons with velocity higher than the
phase velocity vy, can get trapped inside the wakefield and
move forward with respect to it. Their acceleration process
will not cease until they enter into the deceleration phase of
the wakefield.!!]

(a) 500
—20 ¢ il
g 0 l ' 0
b \l
20 F
—500
1‘0 Qb 30 40
Z/um
400 » ; ; -
b
L / | )
E; 0 \ \\\_ U
g
> -/
: | /
~
o —400 vf
—800
0 10 20 30 40 50

Z/um

Fig. 1. (a) The 2D image of the longitudinal acceleration field of the
LWFA inside the first period. (b) The plot of the accelerating field E;
on the longitudinal axis of (a).

Dephasing length L is defined as the length that the elec-
tron must travel before it slips into the decreasing phase. Ac-
cording to Lu’s scaling law in 3D nonlinear regime.!”*! de-

phasing length is
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where o is the laser frequency, and R is the blowout radius.
The maximum energy gain limited by Ly is about
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For example, L4 and AE is about 4 mm and 500 MeV respec-
tively for the electron density n, = 3.0 x 10'® cm™3 and the
normalized vector potential of laser field a = 3. The Lgq and
AE increase with the decrease of the plasma density. How-
ever, higher initial energy will be required for the electrons to
be trapped since the phase velocity vy is higher in the plasma
with lower density.

3. Single-stage LWFA

The single-stage LWFA is defined as the LWFA where
electrons are injected and accelerated in the same plasma re-
gion. The simplicity of this structure makes it an ideal plat-
form for the validation of theories and the demonstration of
new advocated schemes. In the past years, most of the LWFA
experiments and simulations were carried out with such a
simple structure, and the beam quality of the single-stage
LWFA has been greatly improved. Quite a few of issues have
been proposed and solved in many aspects like the match-
ing between the plasma and the laser pulse,'?>-?%! the injection

32-35]

scheme,?7-3!1 the laser guiding,| etc.

3.1. Matching between the plasma and the laser pulse

Most of the LWFA electron beams achieved before 2004
were the poor-quality ones with large energy spread and

emittance. 3638 [25.26,32] ip

I Three distinguished experiments
2004 made people realize that matching between the plasma
and the laser pulse plays an important role in trapping and ac-
celerating the electron beam. This matching is embodied in
two aspects: (i) the matching between the plasma wavelength
and the laser pulse duration; and (ii) the matching between the
dephasing length and the interaction length.

Before 2004, the generation of the wakefield in most
LWFA experiments relied on the self-modulation of the long
laser pulse.[®3%! Its duration was longer than the plasma
wavelength so that both the injection and acceleration pro-
cess of the beam occurred inside the laser pulse. The elec-
trical and ponderomotive forces of the laser pulse would mod-
ulate the electron beam, leading to its poor quality. The beam
quality can be optimized if the plasma wavelength matches
with the laser pulse duration. The LWFA experiment car-
ried out by Faure er al. in 2004[?% proved this point first.
The duration and power of the laser pulse was 50 fs and
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7.6 x 10'® W-cm™2, respectively. When the plasma density
was between 6 x 10'8-7.5 x 10'® cm™3, the extremely colli-
mated and quasi-monoenergetic electron beam with a charge
of 0.5 nC and peak energy of 170 MeV was achieved. If
the duration was longer than 50 fs or the plasma density was
higher than 1.0 x 10'° cm™3, the electron energy distribution
became maxwellian-like with the 100% energy spread.

If the interaction length between the laser pulse and the
plasma is longer than the dephasing length, the electron beam
would enter the deceleration and defocusing phase of the
wakefield before leaving the plasma region. This would in-
fluence both the energy spread and emittance of the beam.
The importance of the matching between them was pointed
out by Mangles e al.?®! in 2004. In their experiments, the

3 and

plasma density was controllable between 3.0 x 10'8 cm™
5.0 x 10!® ¢m—3, while the laser pulse was maintained with
the duration of 40 fs and the power of 2.5 x 10'®* W.cm™2.
When the density was lower than 7.0 x 10'8 ¢m ™3, no ener-
getic electrons were observed. This was mainly because no
electron has been trapped in such low density plasma. High-
quality electron beams appeared when the density was be-
tween 3.0 x 10'® cm™ and 5.0 x 10" ecm—3.

Fig. 2, the dephasing length is longer than the interaction

As shown in

length in this case (red region) so that the electron beam has
not entered the deceleration phase yet. When the density is
higher than 3.0 x 10" cm ™3 (blue region), the electron beam
enters into the decrease phase so that its peak energy begins to
decrease and its energy spread becomes 100%.
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Fig. 2. Plot of the dephasing length and the cold wave-breaking amplitude
versus plasma density. The dephasing length is longer than the interaction
length in the red region while shorter than it in the blue region.?°!

3.2. Electron injection scheme

A suitable injection scheme is essential for the optimiza-
tion of the beam quality. The requirement of electron injec-
tion is that the electron velocity is larger than the phase veloc-
ity of the wakefield. Many schemes such as the self-injection

scheme, 2740411 the density transition injection scheme, #>~44
the tunnel-ionization—injection scheme, [31.4546] and the col-

2947.48] have been brought up to

liding pulse injection scheme!
satisfy it.

The background electrons can be self-trapped when the
wake breaking occurs. Similar to the traditional RF accelera-
tor, there is also a limitation for the electric field of the non-
linear plasma wave, which is referred to as the cold relativistic
wave breaking field Ewg. When the wakefield amplitude ap-
proaches Ewg, the plasma density in the rear becomes singu-
lar and the wave breaking occurs. The electrons can be self-
trapped during this process, suppressing the further increase of
the wake amplitude. The stable self-injected electron beams
have been achieved experimentally recently. ']

The density transition injection scheme is also a self-
injection scheme in essence. In this scheme, a downward den-
sity transition is used to induce the local self-trapping. When
a laser pulse passes through such a downward density transi-
tion, the distance between the wake phase peaks and the laser
pulse would increase due to the increase of the plasma wave-
length at the lower density plasma. This would decrease the
phase velocity of the wake, leading to the self-trapping of the
background electrons. For the density transition that extends
over several hundred micrometers, 3] the energy spread of the
trapped beam is usually large because the injection process
may last a long period. Using a sharp downward density tran-

30,42,49

sition on the order of the plasma wavelength, ! ! by con-

trast, we can produce the electron beam with much smaller

1301 employed a sharp

energy spread. In 2010, Schmid et ar.
downward density transition for the electron injection. The
transition was formed by inserting a knife edge into a su-
personic gas jet. During the short pass of the transition, the
plasma wavelength increases greatly from the high-density re-
gion to the low-density one. A fraction of the background
electrons were rephased into the rear of the wake due to the
abrupt increase of the plasma wavelength. The electron beam
with tunable energy between 15 and 25 MeV and the energy
spread about 4% were achieved. The shot-to-shot fluctuation,
the energy spread, and the divergence of the electron beams in
the sharp density-transition injection scheme are smaller than
those of the self-injection case.

For the tunnelionization injection scheme, the mixed
plasma which consists of the low-Z atoms and the high-Z
atoms, such as helium and oxygen, are generally used. The
background electrons are ionized from the low-Z atoms and
the L-shell electrons of the high-Z atoms. The trapped elec-
trons are the K-shell ones of the high-Z atoms, which are tun-
nel ionized at the peak of the laser pulse. They are very easy
to be trapped since they are released inside the wakefield.

In 2010, Clayton et al.®'! achieved the electron beam
with the maximum energy gain extending up to 1.45 GeV by
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combining the concepts of matched beam, self-guided prop-
agation, and tunnel—-ionization injection. The 60 fs, 110 TW
laser pulse was self-guided over a 1.3-cm-long gas cell with a
density of 1.5 x 10'® cm™3. The mixture gas of He and CO,
was employed in the experiments. 3D particle-in-cell (PIC)
simulations indicated that these accelerated electrons were the
K-shell electrons of oxygen. However, due to the continuous
injection of this scheme, the energy spread of the beam was
100%.

Several schemes!*>!1 that control the laser pulse evolu-
tion in the plasma have been proposed to improve the beam
quality of the tunnel-ionization—injection scheme. For ex-
ample, Xia et al.®®) proposed to shorten the injection pro-
cess by controlling the self-focusing of the laser pulse. With
the mixture gas density of 7 x 10'® cm™3, the energy spread
of electron beam was decreased from 100% to 24% when
the laser intensity was decreased from 9 x 10'® W.cm™2 to
6 x 10'® W.cm~2 (Fig. 3). Meanwhile, the electron beam en-
ergy and charge can also be controlled. The distance over
which the laser intensity was higher than the threshold of the
tunnel ionization was shortened by the lower initial laser in-
tensity, so that the quasi-monoenergetic beam was produced.
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Fig. 3. Energy spectra of the electron beams when the laser inten-
sity is (a, d) 6 x 10'® W.cm™2, (b, €) 7.9 x 10'® W-cm™2, and (c, f)
9x 1018 W.cm=2,1301

Energy (MeV)

Schemes that use the extra laser pulse to trigger the ion-
ization injection process inside the wakefield were demon-
strated via the PIC simulations.>~3 Bourgeois et al.[>! pro-
posed to control the electron injection into the second pe-
riod of the quasilinear wakefield by a collinear injection laser
pulse with a certain delay after the driving laser pulse. Yu

et al.*

I proposed a scheme that uses two lasers of different
colors for generating electron beams with ultralow emittance
(~ 10~% mrad).

For the colliding pulse injection scheme, >*°! one or two
more laser pulses are used to induce the injection process by
pre-accelerating electrons through the beatwave formed by
two colliding laser pulses. Similar to the tunnel-ionization—
injection scheme, the electrons are pre-accelerated inside the
wakefield, so that they are also very easy to be trapped. This
scheme has been proved by Faure ef al.!*! to have great ad-

vantage on the controllability of the beam energy and charge.

3.3. Laser guiding
For the plasma with a large amplitude electromagnetic
wave inside, its index of refraction can be expressed as
2
o W0 n(r)
202 noy(r)

n(r)=1

where n(r) is the plasma density, and y(r) %(H—a(r)z)l/2 is
the relativistic factor of the background electrons.!”) Both fac-
tors can be used to modify the profile 1 (r) transversely so
that laser pulse can be guided in the plasma.

For the laser pulse with intensity peaks on axis, the in-
dex of refraction is highest on axis and decreases radially
off axis. The relativistic self-focusing occurs naturally when
the laser power is higher than the critical power P.(GW)
~ 17.4(w/wp0)?. This condition was satisfied in many ex-
periments and the well-matched laser pulse could even be
self-guided for a long distance (~ cm).>-%% During the self-
guiding process, the laser intensity may increase significantly
due to the self-focusing effect. Laser pulse that is too weak for
the electron injection can be self-focused beyond the intensity
threshold of the self-injection or ionization injection. The first
experiment of long-distance self-guiding with a laser power
greater than 200 TW was carried out by Kneip et al.** in
2009. The laser pulse was self-guided for 1 cm and more than
30% of the initial laser energy was unchanged. Electrons were
self-injected with this self-focused laser pulse and 0.8 GeV
energy gain was achieved.
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Q
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8
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Fig. 4. Schematic experimental setup of the ablative capillary discharge
waveguide LWFA. 2] (a)—(b) Raw data recorded by the IP; (c)—(d) in-
tegrated spectra.

The density channel with a parabolic transverse density
profile n(r) which is minimum on axis can also be used to

guide the laser pulse. The methods to create such a channel

32,61

include the igniter—heater method, ! I the discharge method

1331 or ablative capillary,®?] etc. In

for the gas-filled capillary
the experiments carried out by Geddes in 2004, a 1.7-mm

channel was formed by two laser pulses (heater pulse, igniter
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pulse) that heat and expand the plasma on axis. This channel-
guided LWFA produced 86 MeV electron beams with energy
spread of +2% and charge of 320 pC. A much longer chan-
nel (~ 3.3 cm) was produced by Leemans et al.*3! in 2006
with the discharge method. A discharge was triggered through
the 3.3-cm-long sapphire capillary waveguide filled with hy-
drogen gas. The energy transmission of 40-TW laser pulse
was about 65%. The self-injected beam with 1 GeV energy
gain was achieved. The discharge method for the 4-cm-long
ablative capillary was demonstrated by Lu ef al.!%?! in 2011.
The discharge was triggered by a Nd:YAG laser pulse that
was focused onto a copper needle inside the capillary (Fig. 4).
The radial distribution of the plasma density was measured to
be a parabolic profile and the energy transmission was about
55%. Electrons were ionization injected and accelerated up
to 1.8 GeV (Fig. 5) with the oxygen-containing acrylic resin

capillary.
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Fig. 5. Measured single-shot electron beam energy spectra.l%?! (a)—(b)
Raw data recorded by the IP; (c)—(d) integrated spectra.

3.4. Phase-locking acceleration

Although the maximum acceleration gradient of the
LWFA is three orders of magnitude larger than the RF acceler-
ator, its gradient decreases sharply during the dephasing pro-
cess. The high acceleration gradient can be maintained if the
beam phase of the wakefield is locked during the acceleration
process. The energy gain limited by the dephasing length can
also be greatly increased.

Plasma tapering[®>%* has been proposed to phase-lock
the electron beam in the wakefield. The plasma density is in-
creased as the electrons slip forward with respect to the laser
pulse. Since the plasma wavelength is inversely related to
the plasma density, the beam phase inside the wake can be
possibly maintained (phase locking) if the plasma density is
optimally designed. The explicit expression for the density
taper!%! has been derived in the linear regime with a®> < 1.
The optimized energy gain without the consideration of laser
evolution can be much larger than the maximum energy gain
limited by dephasing length. In the nonlinear regime, however,
the effect of tapered plasma is greatly limited by the relativistic
prolonging of the plasma wavelength. (6]

Z (mm)

Fig. 6. Evolutions of the normalized amplitude a (solid green line) and
the peak energy of the phase-locked electron beam (solid blue line) as a
function of the distance z (mm).[67)

(a)
15

100

7 yWake front
1

)
Injectedd
beam

\

\
\
A

40 60
Z(um)
Fig. 7. Spatial and temporal evolution of the electron density on the

longitudinal axis of the wake along the laser propagation in the moving
simulation box. (a) Phase-locking case. (b) Dephasing case. 7]

In 2014, Li et al.!®’ demonstrated a phase-locking dy-
namics of the LWFA with an intensity-decaying laser pulse.
An electron beam with the maximum energy up to 1.8 GeV,
which is much higher than the dephasing limitation was ex-
perimentally obtained. The PIC simulations indicated that the
electron beam acceleration was accompanied with the laser in-
tensity decreasing process (Fig. 6). Since the nonlinear plasma
wavelength is proportional to the laser intensity, the plasma
wavelength was also shortened in this process (Fig. 7(a)),
which contributed to the phase locking effect of the beam
in the wakefield. Compared to the dephasing case that elec-
tron beam entered into the middle of the wake (Fig. 7(b)), the
phase was locked for the beam which was accompanied with
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an intensity-decaying laser pulse (Fig. 7(a)). The laser inten-
sity evolution for the perfect phase-locking acceleration in the
uniform plasma was also derived. This scheme may be very
important for the GeV or even TeV range LWFA because the
decaying of the laser intensity is unavoidable due to the pump
depletion effect in the long distance propagation.

3.5. Single-stage LWFA with petawatt laser facility

As mentioned before, the final energy gain of the LWFA
is generally limited by the dephasing length. Without the
phase-locking effect, the electron density on the 10'7 cm™3
level is needed for the energy gain well beyond 1 GeV.
Petawatt (PW) ultrashort laser facility is necessary for the elec-
tron injection and laser guiding in such a region. (8]

In 2013, Wang et al.!%’! demonstrated the 2 GeV quasi-
monoenergetic electron acceleration with the Texas Petawatt
laser. A 7-cm-long gas cell filled with pure helium was used
in the experiments. When the plasma density was adjusted
between 4 x 107 cm™3 and 6 x 10'7 ¢cm™3, a 2-GeV elec-
tron beam with energy spread about 10% and divergence of
0.6 mrad was achieved. The PIC simulations showed that en-
ergy gain up to 10 GeV was possible if the focusing quality of
this laser facility could be further optimized.

4. Two-stage LWFA

Although the LWFA can provide the accelerating gradi-
ent up to ~ 100 GV/m, its final energy gain of one stage is
generally limited by the dephasing length, which is only about
several hundreds of MeV at the density of 10'® cm™3 level.
Since electron injection and acceleration are coupled and can-
not be independently controlled in a single-stage LWFA, it
does not favor generating controllable electron beams beyond
1 GeV. The cascaded electron acceleration schemel!>!7-21]
has been brought up to solve this problem, just like the ac-
celerating stages in the traditional electron accelerators which
are hundreds or thousands of meters long. The key issues
for efficiently obtaining high-quality e-beams in the cascaded
LWFA schemes rely on the control and optimization of the
electron seeding phase relative to the accelerating field in the
next stage. Furthermore, the matched self-guided propagation
in the second LWFA has also to be satisfied. The ability to
stage together multi-LWFAs is of vital importance for eventu-
ally building practical laser wakefield accelerators of 10 GeV
class and higher energy.

4.1. Two-stage LWFA based on ionization injection scheme

In 2011, Liu et al.l'7] first realized a two-stage accelera-
tion scheme based on ionization-induced injection. In this all-
optical cascaded LWFA, two different stages were employed
(Fig. 8). Electrons were tunnel ionization injected in the first
stage of a 1-mm-long He/O, mixture gas. At the density of

7 x 10'8 cm™3, the beam energy of the firststage LWFA was
about 40 MeV (Figs. 9(a)-9(c)). This low-energy beam with
the Maxwellian spectrum was further seeded into a 1-mm-
long acceleration stage of the pure He gas (2.5 x 10'® ecm™3).
When the laser power was 48 TW, its peak energy was in-
creased to 83 MeV, and the energy spread was decreased to
9% (Figs. 9(d) and 9(e)). The peak energy was further in-
creased to about 200 MeV by increasing the thickness of the
second gas cell to 3 mm (Figs. 10(a) and 10(b)). A 0.8-GeV
quasimonoenergetic electron beam with the energy spread of
25% was achieved (Fig. 10(c)) when the driving laser power
was 45 TW.
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Fig. 8. Schematic of experimental setup for the cascaded LWFA.!'7]
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Fig. 9. Single-shot electron beam spectra from the single-stage LWFA
(a)—(c) and the two-stage LWFA (d)—(e). The thickness of the second
stage is 1 mm.['7]
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Fig. 10. Single-shot electron beam spectra from the two-stage LWFA
with 3-mm-thick second stage. The laser power on the target is (a)
50 TW, (b) 48 TW, and (c) 45 TW.[17]

The similar scheme was also demonstrated by Pollock e?
al."'81 The first stage was a 4-mm gas cell filled with the mix-
ture gas of He and N,. Its energy spread was large due to the
continuous ionization-induced injection. By adding the sec-
ond 8-mm-long gas cell with the pure He, the peak energy was
increased from about 120 MeV to 460 MeV, and the energy
spread was reduced to 5%. Unlike the experiment carried out
by Liu, the electron densities of the two stages in this experi-
ment were similar (3 x 10'® cm™?), which may be beneficial
for the maintaining of the beam phase as seeded into the wake-
field of the second stage.

4.2. Two-stage LWFA based on density transition injection
scheme

In addition to the two-stage LWFA with the ionization-
induced injection scheme, the one with the density transition

injection scheme was also proposed and demonstrated.[?%-21,70]

1,9 the seeding

In the experiments carried out by Wang et a
phase of electrons into the second stage was controlled and op-
timized by controlling the densities of the two stages. When
the first stage (9 x 10'® cm™3) was used alone in the exper-
iments, the low-energy beams with the peak energy of about
30 MeV and the energy spread of about 15% were obtained
(Figs. 11(a) and 11(b)). The energy gain was increased to
about 310 MeV when the second stage was filled with the low
density gas (5 x 10'® cm™3) (Fig. 11(c)). The energy spread
was also decreased to about 10%. As the plasma density was
decreased to 3.5 x 10184 x 10'® cm ™3, the energy gain was
decreased to 200 MeV while the energy spread was increased
to 50% (Figs. 11(d) and 11(e)). This was mainly because the
seeding phase which was at the bubble base when the den-

3

sity was 5 x 10'® cm™ was moved toward the middle of the

bubble. Electrons were inefficiently accelerated in this case.
When the density was further decreased to 2.5 x 10'® cm™3
(Figs. 11(f) and 11(g)), the bubble size in the second stage
would almost be doubled so that the trapped beam in the sec-

ond period of the wakefield in the first stage were seeded into

the first period in the second stage. Due to such an optimiza-
tion of the seeding phase, the beams with energy of 0.53 GeV
and energy spread of 3% were achieved in this case. By
lengthening the second stage from 2 mm to 5 mm, the peak
energy of the beam was increased to 1.3 GeV (Fig. 12). The
underlying mechanism was demonstrated by Deng et al.[*!]
through the PIC simulations.
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Fig. 11. Electron beam spectra from the single-stage LWFA (a)—(b) and

the two-stage LWFA (c)—(h). The plasma density of the second stage
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Fig. 12. Single-shot electron beam spectra from the two-stage LWFA
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4.3. Two-stage LWFA with petawatt laser facility

The cascaded electron acceleration with PW laser pulses
was also carried out and the energy gain up to 3 GeV is
achieved in 2013 by Kim e al.”??) A 4-mm-long gas cell
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with pure helium of 2 x 10'® cm™3

was used in the injec-
tion stage and a 10-mm-long gas cell with pure helium of
0.8 x 10'"® cm~3 was used in the acceleration stage. The 400-
MeV electron beam was achieved from the injection stage
alone, and the energy gain was further increased to 3 GeV
by adding the acceleration stage. No electron was accelerated
from the acceleration stage alone at this density. The diver-
gence and charge of the beam was about 4 mrad and 80 pC,

respectively

5. Summary and outlook

This paper briefly reviews the recent remarkable pro-
gresses on both single-stage LWFA and two-stage LWFA. The
experimental energy spread has been decreased to less than
3%, and the energy gain has been increased up to 3 GeV. Al-
though there is still a long way to go for applications, for ex-
ample, the quality of the LWFA electron beam is still not good
enough to replace the traditional electron beam in the FEL,
more and more exciting progress has been achieved by dif-
ferent research groups all over the world. Recently, the elec-
tron beams with energy up to 4.2 GeV, 6% energy spread, and
0.3 mrad divergence have been produced by Leemans et al
with a 0.3 PW laser facility. Nevertheless, the quality and sta-
bility of the LWFA electron beams can be greatly improved
if the design of the two-stage LWFA is further optimized, for
example, the optimization of electron injection, seeding phase
in the second stage, and the long-distance stable propagation
of the laser pulse. The ability to stage together multi-LWFAs
is of vital importance for eventually building practical laser
wakefield accelerators of high-energy electron beams beyond
10 GeV, whereby the electrons are repeatedly accelerated by
the laser field in a manner similar to radio-frequency acceler-
ators.
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