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Abstract

Development of coherent X-ray source, especially X-ray free electron laser,
offers a new approach to reach strong X-ray field. High field laser physics will move
from optical to X-ray regime since the X-ray beam has high photon energy, high
intensity and ultrashort pulse duration. Till now nonlinear atomic and molecular
physics has been explored based on intense X-ray beam sources. It will move to
relativistic physics and Quantum Electrodynamics (QED) physics area with
increasing of X-ray intensity and brings new opportunities of innovative
investigations for particle acceleration and radiation, QED vacuum, dark matter
generation and vacuum birefringence. This review provides an overview of the wake
field acceleration, vacuum birefringence as well as axion generation and detection
based on strong X-ray laser field. Intense X-ray pulse will show unique potential both
for basic science and applicative proposes. Finally, an outlook on its future
development and perspectives of high-field X-ray physics is described.

The invention of chirped pulse amplification has led to generation of light
intensities in the relativistic regime (>10™ W/cm?). Laser-plasma interaction in this
regime motivates multiple disciplines such as laser-driven particle acceleration, laser
secondary radiation sources, strong-field physics etc. While petawatt (PW) lasers have
been established in various institutions, several projects of building 10 PW or even
100 PW lasers are proposed. However, pushing the laser power to the next level (EW)

confronts significant challenges. Current technology is approaching its limit on



producing large aperture size optics due to the damage threshold of optical material.
Alternatively, plasma is considered as a potential media to amplify or compress laser
pulses. This requires further validation in future studies.

In recent years, X-ray free-electron-laser (XFEL) has made significant progress
in producing high brightness light sources. Based on self-amplified spontaneous
emission (SASE) or self-seeding in undulators, XFEL provides the brightest light
source up to the hard X-ray wavelength. Major XFEL facilities include LCLS-1I in
USA, EuXFEL in Europe, SACLA in Japan, SwissFEL in Switzerland and
PAL-XFEL in South Korea. In China, a new facility SHINE consisting of a
high-repetition rate hard X-ray FEL and ultra-intense optical laser is under
construction. After implementing the tapered undulator in XFEL, the peak power of
X-ray pulses now reaches multi-terawatt. The pulses can also be compressed to
attosecond level.

Following this trend, it is expected that coherent XFEL will be able to generates
super strong light field, pushing strong-field physics to the X-ray regime. The
relativistic threshold for 1nm X-ray is about 10** W/cm?, which we believe will be
accessible in the near future. Such relativistic X-ray pulses are able to stimulate
relativistic dynamics in solid material, realizing high-gradient low-emittance particle
acceleration in solids. This may open a new path towards high-energy physics,
advanced light sources, fast imaging etc. In addition, the combination of strong
X-rays and ultra-intense lasers brings new opportunity in studying light-by-light
scattering in vacuum and detection of candidate particles for dark matter. The field of
strong-field X-ray physics is largely unexplored realm. In this review, we would like
to show a few key science cases brought up by high power X-rays and shed some
light on this important direction.

The ultra-intense coherent X-ray laser with wavelength from 100 nm to less than
0.1nm can interact directly with the nanostructured materials with solid density.
Beneficial from the ultra-intense field and ultra-high critical density, acceleration field
with gradient of TeV/cm can be stimulated in the nanometer scale and thus ultra-high

energy particle beams can be obtained. The available nanometer material technique



promotes such development. For example, the recent research reported that
high-repetition/few-attosecond high-quality electron beams can be generated from
crystal driven by intense X-ray laser. Besides electrons, ions including protons are
expected to be accelerated to ultra-high energy via target normal sheath or light
pressure acceleration mechanisms in a nanometer scale if the X-ray is intense enough.
It should be noted that ultra-high acceleration gradient is not the unique advantage of
the X-ray laser driven acceleration. One more important quality is the beam emittance
can be low enough because of the small size of the beam source. This is very
significant for ultrafast microscopy to achieve high resolution.

In classical physics, photon-photon interaction is prohibited in vacuum. However,
according to the QED theory, vacuum is full of quantum fluctuation, in which virtual
particle-antiparticle pairs emerge and annihilate in ultra-short instants. When excited
by strong fields, the vacuum fluctuation appears as a weak nonlinear medium and
allow photon-photon interaction therein, which is referred to as vacuum polarization.
Based on the effective field theory, the vacuum polarization can be described by
Euler-Heisenberg Lagrangian density, and then classical Maxwell equations are
modified. Vacuum polarization can induce some novel physical effects, including
vacuum birefringence, light-by-light scattering, vacuum diffraction, et. al. Up to now,
none of these effects has been verified by experiments under strong fields. XFEL is
regarded as a promising probe to explore these vacuum polarization effects. In this
paper, the research progress of vacuum polarization driven by strong fields are
summarized, the potential detection proposal using XFEL are discussed.

Dark matter is one of the puzzles in contemporary physics, till now, we still do
not know what particles they are composed of. Axion is a spinless massive
hypothetical boson that was proposed as the solution to strong CP problem. They are
particles beyond the standard model and have extremely weak interaction with the
standard-model particles like photon, and hence raise a significant obstacle to its
detection. Therefore, axion and axion-like-particles (ALPs) are a kind of promising
candidates of dark matter. In this paper, we summarize the research progress of axions

and ALP detection, including detecting the axions sources from universe, the



production and detection of artificial axions and ALPs. It is shown that XFEL is a
potential detecting tool for the artificial axions and ALPs under strong
electromagnetic fields.

XFEL provides coherent ultrafast X-ray beam to explore particle acceleration
and radiation, QED vacuum, dark matter generation, vacuum birefringence and so on.
Probing these dynamics requires different X-ray diagnosis, which will include the
measurement of polarization purity, spectrum, pulse duration and focal condition,
respectively. The X-ray polarization purity has been improved to 10™° level using 6
reflections based on channel-cut silicon crystal and it will efficiently probe the
vacuum birefringence. The pulse duration of isolated X-ray pulse in FEL reaches as
short as 200as, which allows to probe ultrafast electron dynamics. A new self-seeding
scheme using the Bragg reflection in SACLA is developed to reach the narrow
spectrum of 3eV, 10 times smaller than the current SASE scheme. Therefore, the fast
development of X-ray diagnostics will finely characterize X-ray beam itself and offer
a unigue tool understand the underlying phenomena for different applications.

The peak intensity of coherent X-ray beam will reach relativistic in future. One
possible way is CPA technology, which is well developed in near infrared intense
laser system and may produce ultrahigh intense attosecond X-ray pulse. High field
X-ray laser physics will open new opportunities both for basic science and

revolutionary application.
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Fig. 1. Schematic of Shanghai high repetition rate XFEL and extreme light facility (SHINE).
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Fig. 2. Coherent X-ray beam generation based on relativistic laser pulse: A foil works as a
compressor to single cycle from optical laser pulse with pulse duration of several tens
femtoseconds®®). When the compressed laser pulse reaches a solid target surface, single X-ray

attosecond pulse is produced based on relativistic oscillating mirror scheme!®4.
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Fig. 3. (a) One-loop contribution to the vacuum polarization diagram; (b) diagram of

photon-photon scattering.
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Fig. 4. Ellipticity of the XFEL beam when it head-on collides with 100PW laser pulsel*".
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Fig.5. Schematic design for the proposed QED vacuum birefringence experiment™"-.
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Fig. 6. Schematic three-dimensional setup for four-wave mixing, the signal is scattered in the
interaction of three incident light beams (two incoming beams (in blue), an assisting one (in
red)) 8 491,
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Fig. 7. Schematic design for four-wave mixing using strong laser and XFEL probe, Laser and
XFEL are travelling backwards and forwards along the x-axis, and polarized in z and y
direction, respectively. The scattered photons are emitted in the oblique angle of 6. The

composition of all the scattered photons forms a scattering ring.
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Fig. 8. Vacuum bright and dark diffraction fringes resembling the characteristic double-slit
pattern, the crosses indicate the prediction of the classic formula for minima, which is

consistent with the vacuum diffraction.
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Fig. 9. Experimental setup of high-purity polarization state of X-rays!**®.
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Fig. 10. Schematic of the experimental setup for terahertz-field-driven X-ray streak camera™®),
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Fig. 11. Angular streaking resolves the X-ray pulse structure via angle-dependent kinetic energy
changes of photoelectronst*?® .
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Fig. 13. Schematic drawings of the setup concepts for hard X-ray single shot spectrometers!*!,

HAfH FEL 3B FEIB/TH A SASE B, HAgiE e —K
1072—1073. FTEIEI GNP O RAEWRRIE R107%, (HRXR SR LRI
THH . Hib, BFN R PR A B IA 58 X 't self-seeding #Ex0, JLJE
AP AETTRME 14 Fros. Si (111 YIRS 4K SASE ke i stk TER—
ANPhF Bk (seed pulse), Si (111) DIRE SR 56 BEONBCE UK, PRAE T F-7 ik
AEL T IR AR 22 1 ps, Bl Ja BRSO 3 5 0 7 ik b 22 1) 5 BRI

o



AT Tkl ] DATE S5 — 3540 BOSR 5 P O B, ELGH Oy 2 eV 199,
M5, B EAC IR G R, 4 X G S R IA2 0.6 eV,

Side view _
Ua-Us Si(111) Steering ut1-uz1
5 ) e e channel-cut magnets ) B s s
R crystal
Electron bunch j\SASE XFEL -~ ' Seeded-XFEL
- - N A he s A A
s Seed pulse -
N Y N I |
Si(111) channel-cut Steering
Top view crystal magnets
| N\
- S | —1
E
Magnetic chicane >
10m
25 m 5m 55m

B 14 self-seeding #5207 2k 7 22143
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