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Fig. 2 Schematic diagrams of the all-optical ICS experiment. (a) Scheme of single-laser with plasma mirror; (b) dual laser scheme
(arrows indicate the propagation directions of the laser, electron beam and radiation)
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Table 1  All-optical ICS experimental results

Brilliance /
. . Laser | . .
Experi- Laser Laser Electron Electron Photon (photonss ' Source
ulse ., Photon  Source )
Year mental  wavelength  a, energy . energy / charge/ energy mm e . divergence
duration i ., number  size /pm
scheme /nm /] /i MeV pC /MeV  mrad “per /mrad
s
0.1% BW)
18 [full
width at
. = 21 <3
by Single ) 0.05-  1X10"@ . half
2012+ 810 1.2 1 30 100 120 10 (FWHM .
beam 0.20 0.1MeV ) maxima
(FWHM)
]
5+3
[root 12.7
2013 Two beams 800 0.4 0.5 90 250 120 1.2 110" 107 mean '
(FWHM)
square
(RMS)]
~3Xx10"@
b e 0.13- 0.07- 0.07MeV/ 1.7X
2014"" Two beams 800 0.3 150 55+3 23 o . 6(RMS)
0.17 1.00 ~1X10"@ 10° (FWHM)
1 MeV
2014"" Two beams 400 — 0.45 35 400 53410 =9 — 3 X10° — <10
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Abstract

Significance  Inverse Compton scattering (ICS) sources can generate high-energy radiation and have significant
applications in various fields. In traditional ICS light sources, the electron beams are primarily sourced from storage rings.
Storage rings provide high repetition rate electron beams, operate stably, and allow for multiple collisions with lasers,
making it easier to achieve higher photon flux and enhance the average y-ray flux. However, storage ring-based ICS
devices cannot produce radiation with short duration, limiting their applications in ultrafast processes. In addition to
storage ring electron accelerators, there are linear electron accelerators capable of providing high-brightness electron beams
at high average currents. In recent years, with the continuous advancement of ultra-intense and ultra-short laser
technology, ICS devices combining linear electron accelerators with ultra-intense and ultra-short lasers have begun to
emerge. For example, the under-construction ELI-NP facility is based on this design and can generate X/y-rays with
shorter pulse widths, making it a highly promising source for ultra-short gamma radiation.

However, both storage ring-based ICS devices and linear accelerator-based ones are costly. Furthermore, their bulky
size limits their applications, particularly in desktop radiation sources. The progress in ultra-intense and ultra-short laser
technology has propelled the development of laser plasma accelerators, especially laser Wakefield accelerators. Laser
plasma accelerators offer a three-order-of-magnitude increase in acceleration gradient compared to traditional accelerators,
significantly reducing the size of accelerators. Laser plasma accelerators open up a new technological pathway for high-
energy radiation sources. Using electron beams generated by laser plasma accelerators for ICS enables all-optical inverse
Compton scattering sources (AOCSs).

The AOCS promotes the desktop applications of radiation sources and reduces their cost. Another prominent
advantage of AOCSs compared to traditional accelerator-based ICS devices is their ability to generate higher brightness and
ultra-short pulse y-rays. The novel AOCSs, with their unique advantages such as high energy, high peak brightness,
small source size, and quasi-monochromatic characteristics, have now become a crucial tool in many cutting-edge scientific
fields. While significant progress has been made in AOCSs, there are still some challenges. We provide insights for future

designs by summarizing past developments.

Progress The ICS sources have made significant progress in generating high brightness, high-energy, quasi-
monochromatic radiation, etc. The current all-optical ICS experimental schemes can be classified into two categories
based on the source of scattering beams. One is the single beam combined with a plasma mirror approach, and the other is
the dual-beam approach (Fig. 2). In the former, the scattering laser is derived from the driving laser reflected by a plasma
mirror, while in the latter, the scattering laser comes from a separate laser source.

AOCS is particularly suitable for generating high-brightness radiation. In 2012, the research team at the Laboratoire
d'Optique Appliquée in France first employed the single-beam approach combined with a plasma mirror to achieve self-
synchronized ICS, resulting in X-rays with energies of approximately 100 keV, a total photon count of 1X10°, and a
brightness of 1>X10”" photon+s™'*mm “+mrad “per 0. 1% BW (bandwidth). In 2014, Sarri et al. reported experimental
evidence of nonlinear relativistic Thomson scattering (TS) in dual-beam and head-on propagation conditions, resulting in
peak brightness of y-ray exceeding 1. 8X10* photon+s™'*mm™*+mrad *per 0. 1% BW at 15 MeV. In 2016, the research
team at the Shanghai Institute of Optics and Fine Mechanics, the Chinese Academy of Sciences, used a self-synchronized
all-optical Compton scattering scheme to produce quasi-monochromatic and ultra-bright MeV y-rays, with a brightness of
310 photon+s '*mm “-mrad “per 0.1% BW. In 2022, a research team from Peking University obtained radiation
with an estimated brightness of up to 10” photon+s™'*mm *mrad “per 0. 1% BW at 10 MeV.

AOCS is also well-suited for producing high-energy radiation. In 2014, Liu et al. produced gamma photons with

energies exceeding 9 MeV. In 2017, Yan et al. employed the dual-beam approach, utilizing ultra-intense lasers [a,(the
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magnitude of the normalized vector potential of the incident laser field)~12] and high-order (»>>500) multiphoton ICS with

electron beams to achieve y-rays with a critical energy of approximately 27. 9 MeV. In 2018, Cole et al. also used the dual-
beam all-optical ICS approach with high-intensity lasers (a;~24. 7) to collide with electron beams, resulting in y-rays with
critical energies exceeding 30 MeV. Due to the requirement for narrow-bandwidth X/y rays in multiple application fields,
researchers have focused on optimizing the monochromaticity of radiation. In 2014, Powers et al. reported tunable quasi-
monochromatic X-rays with energies ranging from 70 to 1000 keV by varying the electron energies. In 2015, Khrennikov
et al. achieved tunable quasi-monochromatic X-rays with energies ranging from 5 to 42 keV by controlling electron
energies. Additionally, generating high photon yields in radiation is crucial. In 2019, Lemos et al. employed a scheme
involving direct laser acceleration of electrons, followed by collision with a plasma mirror-reflecting high-energy electron
beam, to obtain X-rays with energies ranging from 80 to 250 keV and photon counts of up to 10"

From the radiation parameters obtained in recent years of all-optical ICS experiments, it is evident that source sizes
can reach the micrometer scale, and photon energies cover the range from tens of keV to tens of MeV. Photon yields range
from 10" to 10", and brightness can reach 10 photon+s™'*mm™*+mrad *per 0. 1% BW. Consequently, AOCS stand out
in terms of brightness, spatial distribution, and photon flux, possessing unique advantages in various application domains.
We summarize the design approach and outline relevant applications (Figs. 5 and 6) to serve as future application goals for
the design of ICSs.

Conclusions and Prospects Compared to traditional ICS devices, AOCSs offer several key advantages: smaller size,
lower cost, excellent spatial and temporal characteristics, and higher brightness. Therefore, AOCSs hold significant value
for various applications. While AOCSs show great promise, they are currently in the experimental exploration and
development phase and have not yet been widely deployed in large-scale projects. Enhancing the photon quality of AOCSs
to meet application requirements remains a pressing challenge for research teams. Furthermore, some unique features of
AOCSs are still waiting to be fully explored and exploited. If these issues can be addressed, AOCSs will bring new

opportunities to the development of multiple fields.

Key words ultrafast laser; laser plasma accelerator; all-optical inverse Compton scattering source; novel radiation source
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