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Fig. 1 Schematic of laser wakefield acceleration™”
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Fig. 2 Electric field on electron inside bubble. (a) Longitudinal electric field; (b) transverse electric field
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Table 1 Comparison of different electron injection schemes and performance parameters in laser wakefield electron acceleration

experiments

Parameter Self-injection”****) " Colliding injection”""")  Tonization injection*"*""* . .D?T‘l:ym,_,,;,‘;,‘J
injection
Normalized laser intensity a,>2.0 1.0<<a,<<2.0 1.5<<a,<<4.0 a,>1.0
Plasma density /(10" cm™*) 1-100 50-200 5-60 10-100
Common gas He He He+N,/0,/CO,/Ar+N,+0, He, H,, N,
Energy spread 3%-100% 5%-20% 1%-100% 0.3%-10%
Emittance /(mm-mrad) >1.0 1.0-5.0 =>0.3 0.2-3.0
Integrated charge /pC 10-300 15-30 5-500 1-200
Complexity Relatively hard Hard Easy Relatively easy
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Fig.4 Experiments for generation of ultralow energy-spread and high-quality electron beam based on laser-wakefield acceleration”.

]

(a) Schematic of experimental setup for high-quality laser wakefield electron acceleration; (b) shock wave distribution observed

by shadow method; (c) retrieved plasma density profile (solid line) from interferogram along dashed line direction in Fig. 4(b) and

evolution of laser beam in vacuum (dashed line) and in plasma (shaded area)
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Fig. 6 Particle-in-cell simulation results™”. (a) Evolution diagram of normalized vector potential, wakefield phase velocity, and plasma
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and near-matching stage (right shadow region); (b) evolution of electron beam energy and absolute energy spread; (c¢) chirp

degree fitted by electron beam and mean longitudinal field at its spatial location

0101002-7



#5145 F18/2024 1 B/ E#:

T WU AR BE R R U 5 A R 1Y
K, BFEABER T o B NIEAZ @R, TR
kBB H SR, LR RY TR T 2 R fE

PN

LA TR RE R R . LR AN 3 86 B AL R
JEIE Y, R Y L Ll Sk Y H R A7 T e A A
JE & 7(a)~(e) I o 3k F i o 3k 2 fiff e 7 3 %)
WK 7 [] 7E L E SIOK S5 PR B [ 7 Ca) FEL 7(F) ]
O 9 B KA TF IR U, S i R R AW
B AE AL T, 3O 5m 5k 38— 2
Af s 2 T8 B — N R A s S [ 18 7(b) 1, LR
T 0 W K EE 2 K 4.7 MeV /fs. 78 2 Wk #E i
T 38 37 T R 00 38 Ak, 1E W IRk B0 R T R £ B T R
) 25 0 B2 HB , Bk = A IE AR X RS B BRI
B, TR R S A H T SR A Ak T s A A7 B B {H
BB 7% —AE/NR Ik, 78 K424
T RV T v S0 W KRS 1T LA A 21 0.4 MeV /s,

Plasma density (1 x 108 cm™3)

4 6

z=2210 ym-

8
(b)

10

1300

[
(==l
(=R

(=)
(WwAD) %
Energy (MeV)

ﬁ"ositive

slope

—_
(=2
(=}

. Negative -200

slope

@

&
S
S

z=17720 ym+ 300
4200

(=3
(=]

L
(w/AD) 27
Energy (MeV)

(=)
B
S

, I'(um)

4-200
4-300

20 0

¢ (um)

0 -40

20
¢ (um)

S (=) e
S S S

[\
S

-
(=3
(=)

N
(e}
S

N
[=)
(=]

(=)
[
(=]

X IO 4 25 WA KR B O 11 TeVemm 'm0 76 W ik 2
FAP ARG B TR R RBERLE 2R W I Y) AfE

PPN

Ao BEA T AR A 3G N, H TR 2 B s 3 2
O B 1 R A D D IR B % LA A ML B

F AR A 2 (beam loading ) BN , I H.HL 7 5214 & A58 43
RZEIMEG R [ 7()ME 7(g) . EETEE
M 2, 75 B A 0 ) & v 2 & 4 betatron 8 # DL K
betatron ¥k % , 5 BCH + W 2 I7 /Y B ) 0 2R R —
A T A A X RE IO R A AE R N . A AE
B 528G 375 T fER N 817 MeV L i 4 16.6 pC LU
K RMS RRHLEE N 5% B 3, 5 S0 25 AR H W)
o ZALPIEE R B R A v BUREE 1 S B TR
Oy AR K OE R A R AL A E Ay 5, T DL
HRA T R RE S 2 WA Ik B, AR AR T A e R () H

T, Hrp beam loading &M Al HE A hn 4 B F
BE 0 Y e 45 -

Charge (pC/MeV) Charge (pC/MeV)
0 3 6 0 3 6
T 420
(e) z=2210 ym ® z=3793 um | 140
N
17290 400} 1602
1-400 o 1805/
1-600 [
Q
1 10K 360]- 10K§
{5K 5K &
. 0K gég : . 0K g
€ z=5710 um | _100 (h) z="7720 ym . .
b % _____ 50 8
Y £t 2200 820
10K ggol 10K £
5K 5K §
s : 0K - s 0K 2
-22 215 -20 -205 780 222 215 20 -205 Z
¢ (um) ¢ (um)

Bl 7 T T rox P LA A el 1 R 3 4 A (SR, LA RS [ A2 i 0 A0 25 )3 s A Lo (a) o F 300 A b AE —

A AR R U 5 (b) G BOE AR I, T 0T — A GRE A 2 b 52 A 5 04 RN 3EE 3 5 (¢) beam loading 24 R I 45 1 T

TE I THT 8 S R A0 O R A/ B9 A X RE TRE 5 () B SR R A 5 (o) ~ (h) X I3 T 18T 7Ca) ~ () B8 A 23 18 3y g 27 DA K Jg 3
ORI 16) & 3%

Fig. 7

Snapshots of electron beam density distribution in 7oz plane, on-axis accelerating field lineouts (solid line), and phase space

dynamics of electron beam at different distances. (a) Electron beam stays in a highly nonlinear wakefield just after injection;

(b) sawtooth-like accelerating field with negative slope acceleration gradient is formed as laser defocuses; (¢) beam-loading effect

makes electrons maintain relatively small energy spread during final acceleration process; (d) electron beam approaches

dephasing; (e)-(h) corresponding phase space dynamics and locally amplified longitudinal wakefield for Fig. 7(a)-(d)
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. (a) Schematic of experimental setup;

(b) density distribution of measured tilted plasma slab via optical interferometry and shadowgraphy
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Fig. 14 Particle-in-cell simulation results™”

. (a) Plasma density distribution with tilted plasma slab; evolution of injected electron beam

and wakefield structures (b) before and (c¢) after introducing tilted plasma slab with corresponding electron energy spectra after

9.2 ps laser propagation shown on right; (d) transverse size and transverse oscillation of electron beam and partial electron

trajectory tracking without and with tilted plasma slab; (e) evolutions of peak energy and RMS energy spread of electron beams

when tilted plasma slab is placed at different positions with simulation result without tilted plasma slab shown by black curve
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Fig. 15 Experimental diagram of 4 MeV y-ray generation based on all-optical inverse Compton scattering by two laser pulses”
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Fig. 16 Experimental principle of all-optical inverse Compton backscattering X-ray source based on plasma mirror’”’
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Fig. 18 Experimental results of all-optical inverse Compton scattering driven by laser wakefield electron acceleration™’. (a) Typical
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(c) background radiation when film is placed at 2=10 mm; (d)-(f) corresponding photon distribution on detected system;

(g) horizontal and vertical intensity distributions of y-ray source and background; (h) y-ray source spectra produced by electron

beams with different energies
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bremsstrahlung background of film at z=6 mm shown by solid line; (¢) y-ray beam spot patterns of nine-grid filter at =0 mm
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undulators"*"". (a) Synchrotron radiation; (b) self-amplified spontaneous emission (SASE)
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Abstract

Significance The rapid development of ultra-intense and ultra-short lasers has provided unprecedented new experimental methods
and extreme physical conditions, made it possible to reach new frontiers of ultra-fast and intense interactions between lasers and
matter, and given birth to a large number of new principles, new phenomena, and revolutionary techniques. Plasma-based
acceleration driven by an ultra-intense and ultra-short laser may contribute to the emergence of new particle-acceleration technologies
and generation of novel ultra-fast radiation sources. These novel particle and radiation sources can provide new means and
opportunities for frontier interdisciplinary studies in areas such as high-energy particle physics, nuclear photonics, materials science,
and biomedicine, making it a hot spot and emerging field on the world scientific and technological frontiers.

The accelerating electric field of a laser-driven plasma wakefiled can reach 100 GV/m, which is more than three orders of
magnitude higher than that of a traditional electron accelerator. A high-energy GeV electron beam can thus be produced over a
centimeter-scale acceleration length, thus greatly reducing the scale and cost of the accelerator. The electron beams produced via laser
wakefield acceleration also have the advantages of an ultrashort pulse duration and inherent high-precision synchronization with the
driving laser. In addition, by designing an appropriate and effective scheme, the electron-injection and acceleration processes can be
optimized to produce high-quality and high-energy ultrafast electron sources with ultrahigh brightness comparable to that from a
traditional accelerator.

Laser-wakefield-driven electron beams can be used as low-cost and desktop femtosecond radiation sources such as for betatron X-
ray radiation, inverse Compton scattering, bremsstrahlung radiation, and undulator radiation. These novel radiation sources usually
have high brightness, good collimation, a femtosecond pulse duration, and energy tunability, covering a wide spectral range from
extreme ultraviolet to gamma rays. Therefore, research in this area is occurring around the world, and this is an important research
topic for high-field laser physics and new accelerators. Such laser wakefield acceleration and novel radiation sources are thus of great
scientific significance for the development and application of synchrotron radiation, free electron lasers, and high-energy particle

physics.

Progress After nearly 20 years of development, great progress has been made in both experimental and theoretical studies on laser-
driven plasma acceleration. It is now transitioning from laser acceleration to laser accelerators. On one hand, the energy gain of laser
wakefield electron acceleration has been significantly extended to 7.8 GeV. On the other hand, the specific qualities of the accelerated
electron beams produced via laser wakefield acceleration, such as the energy spread, divergence, emittance, and stability of the
electron beam, are also being optimized to a great extent. However, the comprehensive performance has to meet higher requirements
for practical application, and there are still many key scientific issues and technical difficulties that need to be further explored and
solved in the future. In particular, the energy spread of the electron beam is usually on the order of several percent, and such a large
energy spread has greatly hindered its practical application. In order to obtain more stable and brighter high-energy electron beams,
the electron injection and acceleration in the plasma wakefield should be accurately controlled and optimized to minimize the energy

spread and divergence, which can also improve the application performance of novel radiation sources. Therefore, the basic principles
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and parameter characteristics of a plasma wakefield driven by a femtosecond intense laser are first briefly introduced. The mechanisms
and characteristics of different electron injection methods are then analyzed and compared (Table 1). Second, based on the research
results and progress made by our group in recent years, the schemes and technologies for exploring energy chirp control in a plasma
wakefield with a structured plasma profile are summarized and analyzed in relation to the generation of ultrahigh-brightness electron
beams with an ultralow energy spread at a per-mille level (Fig. 5). Third, we discuss how these high-quality electron beams are used
to produce novel radiation sources and greatly improve their application performance, including enhanced betatron X-ray radiation
(Fig. 9), quasi-monoenergetic all-optical self-synchronized Compton scattering y-rays (Fig. 18), and free-electron lasing in an
undulator (Fig. 22). Some of the progress in other related frontier research fields is also discussed in relation to laser wakefield
electron acceleration and novel radiation source generation. Finally, the prospects for a laser wakefield electron accelerator and its

further practical applications are outlined.

Conclusions and Prospects A high-quality electron beam source and novel radiation source based on laser wakefield acceleration
have the advantages of a compact size, easy tuning, small source size, femtosecond pulse duration, high brightness, good
collimation, and high-precision synchronization control, which can provide new methods and tools for frontier interdisciplinary
research such as high-energy particle physics, nuclear photonics, materials science, and biomedicine. Although significant progress
has been made in the past decade in improving the quality of an electron beam such as its energy spread and six-dimensional
brightness, the wakefield accelerator is still in a very early phase in view of the energy spread and stability of the electron beam,
especially for electron beams with energy levels below 100 MeV or above 1 GeV, when compared with traditional accelerators. This
dilemma is mainly limited by the scalability and stability of the existing schemes. The key issue or challenge facing the wakefield
acceleration community is to devise more effective schemes to generate electron beams with an ultralow energy spread (0.1%
0.01%), ultralow emittance (~1 pm-+mrad), high repetition rate, and stability. Benefiting from the rapid and continuous development
of ultrashort pulse laser technology in terms of the repetition rate, waveform control, and stability of the high-power laser, it is
believed that the qualities and brightness of these high-energy ultrafast electron beams will be further improved by advancing the
existing schemes, which will further facilitate the development of novel radiation sources. All these advances will greatly promote the
continuous development of high-quality laser wakefield electron accelerators and their practical applications in the years to come.

Key words laser optics; laser wakefield; electron acceleration; energy chirp; betatron radiation; inverse Compton scattering; free-

electron laser
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