
Vol.:(0123456789)

Reviews of Modern Plasma Physics            (2024) 8:24 
https://doi.org/10.1007/s41614-024-00158-3

1 3

REVIEW PAPER

Bright X/
‑ray emission and lepton pair production 
by strong laser fields: a review

Tong‑Pu Yu1   · Ke Liu1 · Jie Zhao1 · Xing‑Long Zhu2,3 · Yu Lu1 · Yue Cao1 · 
Hao Zhang1 · Fu‑Qiu Shao1 · Zheng‑Ming Sheng2,3

Received: 3 September 2023 / Accepted: 24 March 2024 
© The Author(s) 2024

Abstract
The advent of high-power ultra-short laser pulses opens up new frontiers of rela-
tivistic non-linear optics, high energy density physics and laboratory astrophys-
ics. As the laser electric field in the particle rest frame approaches the Schwinger 
field E

cr
= 1.3 × 10

18
Vm

−1 , the laser interaction with matter enters into the quan-
tum electrodynamics (QED) dominated regime, where extremely rich non-linear 
phenomena take place, such as a violent acceleration of charged particles, copious 
lepton pair production, and ultra-brilliant X/�-ray emission. Among them, X/�-ray 
emission based on the laser-plasma is generally characterized by large photon flux, 
high brilliance, small source size, and high photon energy, which can even annihi-
late into lepton pairs by colliding with photons. Though various schemes have been 
proposed for bright high-energy photon emission and lepton generation and accel-
eration, many predictions remain to be confirmed and thoroughly tested in experi-
ments. In this review, we introduce recent advances in bright X/�-ray radiation and 
lepton pair generation in the QED regime by the interaction of relativistic intense 
lasers with various plasma targets. The characteristics of the radiation and second-
ary particles generated via these schemes are summarized, and the experimental 
progresses are elaborated.
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1  Introduction

The combination of special relativity and quantum mechanics leads to the for-
mulation of quantum field theory (QFT). The DFT describes the behaviour of the 
most elementary particles observed in nature, including the electromagnetic phe-
nomena. When electrodynamics was extended into the quantum domain, it was 
quantum electrodynamics (QED) (Feynman 1949). Thus the QED is the relativis-
tic QFT of electrodynamics, describing mathematically all phenomena involving 
the light interacting with matter (Feynman 1985). Essentially, QED is the model 
for “elementary” processes in electromagnetic interactions, which has been 
considered as the most precise and stringently tested theory in physics (Venka-
taraman 1994) since it has been demonstrated extraordinary levels of agreement 
between the experiments and the QED predictions, e.g., for the measurement of 
the electron anomalous magnetic moment (Aoyama et al. 2012). Due to its suc-
cess, QED has been the prototype for other quantum field theories. However, such 
precision test of QED has been performed in the perturbative regime and this 
agreement becomes an open question in the non-perturbative regime of QED. For 
example, as the electromagnetic fields become sufficiently intense, e.g., in the 
strong laser fields, the interaction may become highly-nonlinear. Since the strong 
lasers possess the most powerful macroscopic electromagnetic fields on Earth, it 
thus provides us with a unique opportunity to probe the non-perturbative particle 
physics and even shed some light on the existence of dark matter and beyond-the-
standard-model physics.

The high-power laser plays a key role in strong-field QED research. Since the 
theory of stimulated radiation was proposed by Einstein in 1916 (Einstein 1916) 
and the worldwide first ruby laser was invented in 1960, the laser has become an 
indispensable tool in all areas like scientific researches, manufacturing, medicine, 
metrology, communications, and defense technologies, etc. In 1985, the chirped 
pulse amplification (CPA) (Strickland and Mourou 1985) technique was invented, 
allowing for the construction of compact TW (1 TW = 1012 W) laser systems in 
the mid-1980s. The advent of CPA enables for the first time the research on the 
physics of laser-plasma interaction at relativistic laser intensity, i.e., I > 1018 W/
cm2 , and pulse duration from 10 fs (1 fs = 10−15 s) to 1 ps (1 ps = 10−12 s). After 
decades of development, the laser power has been enormously improved to the 
petawatt (PW, 1 PW=1015 W) level. Nowadays, there have been many 1–10 PW 
high power laser facilities around the world, e.g., Vulcan (Danson et  al. 2004), 
the ELI-pillars (Lureau et al. 2020; Jójárt et al. 2023; Nejdl et al. 2022), SULF 
(Li et al. 2018), SILEX-II (Hong et al. 2021), GIST (Sung et al. 2017), CORELS 
(Sung et  al. 2016), just to cite a few. Moreover, several for 10–100 PW lasers 
are either under construction or planned, such as ELI-200 PW, EP-OPAL-75 
PW, SEL-100 PW, GEKKO-EXA-50 PW, and XCELS-200 PW (Danson et  al. 
2019; Turner et  al. 2022). The interaction of such high-power laser pulses with 
matter becomes highly-nonlinear so that particle creation/annihilation gets pos-
sible, which has been well formulated mathematically by QED. This can create 
extreme physical conditions possessing ultra-strong electromagnetic (EM) fields, 
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ultra-high energy densities and ultra-fast time scales, which can only be found 
previously in nuclear explosions and astronomical environments. The strong laser 
has provided unprecedented opportunities for studies on high energy density 
physics (Garanin et  al. 2021), laboratory astrophysics (Zhang et  al. 2016), and 
nuclear physics (Fu et al. 2022), and spawned many new interdisciplinary fields, 
such as attosecond and zettasecond science, next-generation accelerators (Tajima 
and Dawson 1979) and novel radiation sources including THz waves, mid-infra-
red pulses, high harmonics, X/�-rays (Corde et al. 2013), etc.

In this topical review, we first make a short introduction to the classical elec-
trodynamics. Then we introduce the QED by dividing it into two major catego-
ries: one is the linear QED and the other non-linear QED. In the subsequent 
chapters, we discuss the non-perturbative effects of the non-linear QED. Then we 
focus on the recent advances in bright X/�-ray radiation and lepton pair genera-
tion by strong laser fields. The characteristics of the radiation and secondary par-
ticles such as positrons, muons and pions generated via these schemes are finally 
summarized, and the experimental progresses are elaborated.

1.1 � Classical electrodynamics

Classical electrodynamics is the classical field theory of electromagnetic phe-
nomena, describing the interactions between electric charges, currents and fields. 
It treats the light as an electromagnetic wave. The most fundamental equations 
of classical electrodynamics are Maxwell’s equations and Lorentz force equation 
(Jackson 1998). The Maxwell’s equations

describe the dynamics of electric and magnetic fields with charges and currents, 
where E is the electric field, B is the magnetic field, � is the electric charge density, 
j is the electric current density, �0 is the vacuum permittivity, �0 is the vacuum mag-
netic permeability. The Lorentz force equation

describes the electromagnetic force on the charged particles, where q is the electric 
charge of the particle and v is the velocity of the particle.

According to classical electrodynamics, the accelerated charged particles can 
emit electromagnetic radiation, which is described by Liénard-Wiechert poten-
tials (Liénard 1898; Wiechert 1901; Landau and Lifshitz 1980; Jackson 1998)

(1)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

∇ ⋅ E =
�

�0

∇ × E = −
�B

�t

∇ ⋅ B = 0

∇ × B = �0

�
j + �0

�E

�t

�

(2)F = qE + qv × B
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or the 4-vector form

where R is the radius vector from the point where the charged particle is located at 
the point of observation, e is the electric charge of an electron, c is the speed of light 
in a vacuum, and uk is the 4-velocity of the charged particle. Thus the expressions of 
the electromagnetic field can be written as

where n is the direction of R , � = v∕c . Here, the first term of the electromagnetic 
field which is independent of acceleration is static fields, while the second term 
depending on 𝜷̇ is radiation field.

Since ones concern is more about the total radiation emitted by the charged 
particles, the angular distribution of radiation and its frequency spectrum can be 
derived further. The energy flux is given by the Poynting vector 
S =

1

�0

E × B =
1

�0c
|Ea|2n , where Ea is the radiation term of electric field. The 

power radiated per unit solid angle is

whereA(t) =
√

1

�0c
REa . The energy radiated per unit solid angle is

with A(�) = 1√
2�

∫ ∞

−∞
A(t)ei�tdt the Fourier transform of A(t) . Since t = t� + R(t�)∕c 

is the retarded time, the distance from the particle to the observation point 
R(t�) ≃ x − n ⋅ r(t�) , where x is the distance from the origin of coordinates to the 
observation point, r(t�) is the position of the particle relative to the origin. Omit the 
primes on the time for brevity, the energy radiated per unite solid angle per unit fre-
quency interval is given as (Landau and Lifshitz 1980; Jackson 1998)

(3)
� =

1

4��0

e(
R −

v ⋅ R

c

) , A =

�0

4�

ev(
R −

v ⋅ R

c

) ,

(4)Ai
= e

ui

Rku
k
,

(5)

E = − ∇� −
�A

�t

=
1

4��0

{
e

[
n − 𝜷

�2(1 − 𝜷 ⋅ n)3R2

]
+

e

c

[
n × [(n − 𝜷) × 𝜷̇]

(1 − 𝜷 ⋅ n)3R

]}
,

(6)B =∇ × A =
1

c
n × E,

(7)
dP(t)

dΩ
= |A(t)|2,

(8)
dW

dΩ
= ∫

∞

−∞

|A(t)|2dt = ∫
∞

−∞

|A(�)|2d� = ∫
∞

0

d2I

d�dΩ
d�,



1 3

Reviews of Modern Plasma Physics            (2024) 8:24 	 Page 5 of 60     24 

For a charged particle in relativistic circular motion, the radiation spectrum is 
(Schwinger 1949; Jackson 1998)

where K1∕3(�) and K1∕3(�) are the modified Bessel functions, 

� = (��)∕(3c)
(
1∕�2 + �

2
)3∕2 . Since it was first observed in electron synchrotron 

(Elder et al. 1947), this kind of radiation is called synchrotron radiation. As a typical 
example in laser-plasma community, the betatron radiation which has been exten-
sively investigated both in theory and experiments is actually a kind of synchrotron 
radiation and will be detailed in Sect. 2.1.

1.2 � Linear QED

The existence of anti-particles relates to the QED vacuum. In quantum mechanics and 
QFT (Weinberg 1995), the vacuum is defined as the state with the lowest possible 
energy, i.e., the ground state of the Hilbert space, which is finite and non-zero. QED 
vacuum is a state with no matter particles and photons. In QED vacuum, the electric 
and magnetic fields have zero average values but their variances are not zero, so the 
QED vacuum contains fluctuation (Milonni and Smith 1975), which are an essential 
and ubiquitous part of QFT. Even a single pair created by a super-strong laser field in 
vacuum would cause the fast development of an avalanche-like QED cascade (Fedotov 
et al. 2010; Elkina et al. 2011). The cascade rapidly depletes the incoming laser pulse 
and limits the attainable intensities of the laser. Conventional perturbative QED calcu-
lation is usually expressed as a series expansion with respect to the coupling constant 
(fine-structure constant) � = e2∕4��0ℏc ≈ 1∕137 , with ℏ the reduced Planck constant. 
Feynman developed a series of rules to draw diagrams and then to write down the 
mathematical expressions of QED processes. The Feynman diagrams of some lowest-
order QED processes are shown in Fig. 1.

Taking Compton scattering process as an example, as shown in Fig. 1a, b, it is the 
scattering of a high-energy photon after an interaction with a charged particle, usually a 
high-energy electron. The invariant matrix element can be written as following (Peskin 
and Schroeder 1995)

(9)d2I

d�dΩ
= 2|A(t)|2 = 1

4��0

e2

4�2c
|∫

∞

−∞

n × [(n − 𝜷) × 𝜷̇]

(1 − 𝜷 ⋅ n)2
ei�(t−n⋅r(t))dt|2.

(10)
d2I

d�dΩ
=

1

4��0

e2

3�2c

�
��

c

�2
�

1

�2
+ �

2

�2⎡
⎢⎢⎣
K2
2∕3

(�) +
�
2

(
1

�2
) + �2

K2
1∕3

⎤
⎥⎥⎦
,

iM = −ie2ε∗µ(k
′)εν(k)ū(p′)

[
γµ/kγν + 2γµpν

2p · k +
−γν/k

′
γµ + 2γνpµ

−2p · k′

]
u(p),

(11)



	 Reviews of Modern Plasma Physics            (2024) 8:24 

1 3

   24   Page 6 of 60

where �(k) and �∗(k�) are the polarization vectors of the initial and final state photon, 
k and k′ are the momenta of the initial and final state photon, u(p) and ū(p�) represent 
the initial and final state electron, p and p′ are the momenta of the initial and final 
state photon, the Feynman slash notation k∕ = �

�k
�
 , and �� is the Dirac matrix. The 

differential cross-section of Compton scattering with respect to the scattering angle 
can be expressed as

where � and �′ are circular frequencies of the initial and final state photon, � is the 
angle between the initial and final state photon, and me is the rest mass of the elec-
tron. This is the so-called (spin-averaged) Klein-Nishina formula (Klein and Nishina 
1929). One can calculate the cross-section of Breit-Wheeler process in the same 
way.

1.3 � Non‑linear QED

The success of QED largely rests on its perturbation theory, expressed in Feynman dia-
grams, which, however, also leads to predictions beyond the perturbation theory. For 
example, in the presence of strong EM fields, it predicts that electrons and positrons 
will be spontaneously produced, thus causing the decay of the fields. This cannot be 
understood in terms of any finite number of Feynman diagrams and hence is described 
as non-perturbative. The linear QED is perturbative but the non-linear QED includes 
both the perturbative and non-perturbative regime. Essentially, the QED processes in 
a strong EM field are very different from the perturbative ways. In perturbative QED, 
the rate of the n-photon process is multiplied by the factor �n , and the cross-section of 
the n-photon process should also be multiplied by In with I the intensity of laser field or 
by Zn with Z the proton number of atomic nucleus (Greiner et al. 1985; Di Piazza et al. 
2012; Hu 2020). Thus the perturbative calculation is inapplicable to the strong-field 

(12)

d�

d cos �
=

1

2�

1

2me

⋅

1

8�

(�
�
)
2

�me

(
1

4

∑
spins

|M|2
)

=
��

2

m2
e

(
�
�

�

)2[
�
�

�
+

�

��
− sin2 �

]
,

Fig. 1   Feynman diagrams of the 
lowest-order a, b Compton scat-
tering and c, d Breit-Wheeler 
pair production. The wave line 
represents photon, the solid 
line with the arrow following 
(against) the time evolution 
direction represents electron 
(positron). The time evolves 
from left to right

(a) (b)

(d)(c)
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case. With the upcoming PW-class laser facilities, one may measure non-perturbative 
QED in experiments and its transition from the perturbative regime to the non-per-
turbative regime. To describe this quantum non-linearity (Ritus 1985; Di Piazza et al. 
2012; Gonoskov et  al. 2022), the two gauge- and Lorentz-invariant parameters are 
introduced as follows,

where F
��

 is the EM field tensor, � is the Lorentz factor, Ecr = m2
e
c3∕eℏ is the 

Schwinger field (Schwinger 1951) by which an electron gains energy mec
2 across a 

reduced Compton wavelength 𝜆̄ = �∕mec . When 𝜒e > 1 or 𝜒
𝛾
> 1 , the QED pro-

cesses should not be treated perturbatively. For an electron in strong EM fields, �e 
represents the ratio of the field strength observed in the electron’s rest frame to the 
Schwinger field Ecr . Since a photon travels at the speed of light, it does not have a 
rest frame. For a photon with angular frequency � in strong laser fields to create an 
electron-positron pair, it must gain energy of ΔE = 2

√
p2c2 + m2

e
c4 − ℏ� ≈ m2

e
c4∕ℏ� 

from the fields during the pair formation time Δt ≈ mec∕eEeff  , where 
Eeff = �|E +

(
c2k∕�

)
× B| is the field effective magnitude with which the electron 

or positron acquires a transverse momentum of mec over the formation time. This 
process should be smaller than the vacuum fluctuation according to the uncertainty 
principle, which means ΔEΔt < � , or 𝜒

𝛾
> 1 (Bassompierre et al. 1995; Gonoskov 

et al. 2022).
The dynamics of a single electron or positron in the presence of an EM field is gov-

erned by the Dirac equation,

where A
�
 is the potential of the field, � is spinor wave function of electron or posi-

tron. If the field is a plane EM wave, the solution to Eq. (15) is called the Volkov 
state  (Wolkow 1935):

(13)
�e =

√
−

(
F
��
p�
)2

mecEcr

=
�

Ecr

√
(E + v × B)2 − (E ⋅ v∕c)2,

(14)
�
�
=

ℏ

√
−

(
F
��
k�
)2

mecEcr

=
ℏ�

mec
2Ecr

√[
E +

(
c2k∕�

)
× B

]2
−

[
E ⋅ (ck∕�)

]2
,

(15)[�
�
(p

�
− eA

�
) − mec]� = 0,

(16)
�p,s(x) =

�
1 +

ek∕A∕

2kp

�
up,s

2
√
Ep

eiSp(x),

Sp(x) = − p ⋅ x + f (�),
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where up,s is the free spinor with momentum p and spin s, A∕ = �
�A

�
 , x is the four 

space-time coordinate and � = k ⋅ x is the phase of the plane EM wave, f = f1 + f2 , 
f1 = ∫ k⋅x

�0
d�

eA⋅p

k⋅p
 , f2 = ∫ k⋅x

�0
d�

e2p2

2k⋅p
 . Described by Volkov states in the strong laser 

field QED, the electrons or positrons in the external fields are indicated by double 
solid lines in Feynman diagrams, called “dressed electrons” under Furry picture 
(Furry 1951), as shown in Fig. 2.

For example, the non-linear Compton scattering process 
e(p) + l�L(k) → e�(p�) + �(k�) becomes eV (p) → e�

V
(p�) + �(k�) in a strong field. Con-

sider a laser pulse described by the potential of a transverse plane wave modified by an 
envelope function g, the EM vector potential is

where the temporal pulse shape g(�) = 1

cosh(�∕�)
 denotes a hyperbolic secant pulse 

with width � and g(�) = exp(−�2
∕2�2

) denotes a Gaussian pulse. The polarization 
of the background field is described by ��

±
= �

�

1
cos � ± i�

�

2
cos � , with � = 0,�∕2 

denoting linear polarization and � = �∕4 for circular polarization. The S matrix can 
be written based on the Feynman diagram (Seipt and Kämpfer 2011, 2013; Seipt 
et al. 2016),

(17)A�
(�) = A0g(�)Re(�

�

+
e−i�),

(18)
S = − ie𝜓̄(p�)𝛾𝜇𝜖�

𝜇
eik

�
⋅x
𝜓(p)

= − ie(2𝜋)4 ∫
ds

2𝜋
𝛿
(4)
(
p� + k� − p − sk

)
M,

(19)M =T0C0 + T
+
C
+
+ T

−
C
−
+ T2C2,

(a)

(e)(d)

(c)(b)

Fig. 2   Feynman diagrams of a non-linear Compton, b non-linear Breit–Wheeler, c photon splitting and 
d vacuum birefringence processes in strong laser fields. The double fermion lines in e indicate that the 
process occurs in an external laser field
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where 𝜓̄ = 𝜓
†
𝛾
0 , �† is the hermitian conjugate of � , s parameterizes the momen-

tum transfer by means of momentum conservation p + sk = p� + k� , Tj denotes the 
transition operators

and dp(�) = ma0∕(2k ⋅ p
(
�
)
) . The dynamic integrals over the laser phase determining 

the amplitude of the process are

where f (�) = ∫ �

0
d��

{g(��
)Re(�

+
e−i�

�

+ �g(��
)
2
[1 + cos 2� cos 2�]} , and 

�
±
= dp(2�± ⋅ p) − dp� (2�

�

±
⋅ p) , � = d2

p
(k ⋅ p) − d2

p�
(k ⋅ p�) . Since dW =

|S|2
VT

dΠ , with 
dΠ denoting the final state phase space, the angular- and energy-differential photon 
emission probability is (Seipt and Kämpfer 2011, 2013; Seipt et al. 2016)

where dΩ = d�d� is the solid angle element about the emitted photon direction. The 
calculation is not easy because the integrals over the plane-wave field phase is com-
plicated. Thus, various numerical and analytical methods have been introduced to 
evaluate the integrals. For more details, please see the references (Mackenroth and 
Di Piazza 2011; Seipt et al. 2016; Fedotov et al. 2023).

1.4 � Nonperturbative effects in non‑linear QED

When the electric field in the electron rest frame approaches the critical field for 
QED, i.e., the Schwinger field Ecr = 1.3 × 1018 Vm−1 (Schwinger 1951), the interac-
tion between laser and matter enters into a QED-dominated regime, a largely unex-
plored realm both theoretically and experimentally. In this new regime, extremely 
rich non-linear phenomena such as the violent acceleration of electrons and ions, 

(20)T0 = ūp�𝜖∕
�up,

(21)T
±
= ūp� (dp�𝜖∕±k∕𝜖∕

�
+ dp𝜖∕

�k∕𝜖∕
±
)up,

(22)T2 =dpdp� (𝜖
�
⋅ k)ūp�∕k∕up,

(23)C0 =∫
∞

−∞

d�eis�−if (�),

(24)C
±
=∫

∞

−∞

d�eis�−if (�)g(�)e∓i�,

(25)C2 =∫
∞

−∞

d�eis�−if (�)g2(�)[1 + cos 2� cos 2�],

(26)
dW

d��dΩ
=

e2��|M|2
64�3(k ⋅ p)(k ⋅ p�)

,
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copious electron-positron pair production, ultra-brilliant X/�-ray emission, vacuum 
birefringence, photon-splitting, etc, are involved. These non-linear QED processes 
become important and provide unique opportunities for laboratory astrophysics 
(Remington 2005), including the �-ray burst, magnetospheres of pulsars creation, 
active galactic nuclei, and black-hole jets. As the emitted photon energy becomes 
comparable with the electron energy, the recoil during the photon emission signifi-
cantly alters the particle’s motion in the EM fields, a process known as radiation 
reaction (RR) (Blackburn 2020). In such ultra-intense laser fields, the emitted pho-
tons are capable of decaying into lepton pairs via Breit-Wheeler (BW) process and 
copious matter and antimatter can be generated in the form of electron-positron or 
muon pairs, forming the so-called e+e−� plasma or QED plasma (Masood 2019). 
Especially, the QED process and plasma physics are inseparable, which other-
wise is inaccessible on earth and exists only under extreme conditions, e.g., in the 
interstellar.

Until now, some of the QED predictions in weak field regime have been tested in 
experiments with even very high accuracy (Aoyama et al. 2012; Ohayon et al. 2022). 
In non-linear regime, the well-known pioneering experiment, E144 at SLAC (Bula 
et  al. 1996; Bamber et  al. 1999), measured the multiphoton absorption in Comp-
ton scattering and electron-positron pair production in electron-laser colliding but 
never reached the Schwinger field. On the other hand, QED cascades were also pre-
dicted to limit the attainable intensity of the laser and therefore severely hindered 
experiments at extreme field intensities (Fedotov et  al. 2010; Elkina et  al. 2011). 
Since many predictions remain to be confirmed and thoroughly tested in strong-field 
experiments, a number of schemes and experiments have been proposed based on 
high-power lasers as mentioned above. For example, SLAC is planning the E320 
experiment at FACER-II by colliding a 10 GeV electron beam with a 10 TW laser 
pulse, in order to observe the transition from the perturbative to the non-perturbative 
regime (Chen et al. 2022). The recent LUXE experiment has been also proposed at 
DESY in Hamburg to study the strong-field QED with a 16.5 GeV electron beam 
colliding with a 350 TW laser (Fleck and on behalf of the LUXE collaboration 
2022). Meanwhile, the PW laser facilities at BELLA has recently commissioned its 
second laser pulse transport line, enabling strong-field QED experiments (Turner 
et  al. 2022). This is undoubtedly an area of active research with a high challenge 
both in theory and experiments and new progresses up to and beyond the Schwinger 
critical field are highly anticipated (Yu et al. 2023).

2 � Bright X/
‑ray emission driven by strong laser fields

Röntgen first produced and detected EM radiation in a wavelength range known as 
X-rays, for which he became the first Nobel Prize winner in physics. This great dis-
covery pioneered X-ray imaging, paved the way for medical diagnosis, opened the 
physics revolution of the 20th century, and provided the testing tools for many major 
scientific discoveries. In 1900, Villard discovered � radiation while studying radia-
tion emitted by radium and in 1903 Rutherford named this radiation �-rays based on 
their strong penetration of matter compared to � - and �-rays. Different disciplines 
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have different definitions to distinguish X/�-rays, since they are overlapping in the 
electromagnetic spectrum. In the laser-plasma community, one generally distin-
guishes these two types of radiation by the wavelength (L’Annunziata 2003). With 
radiation shorter than some arbitrary wavelength, e.g., 10−11 m, we may call it �-rays. 
Otherwise, it is X-rays with lower photon energy.

Bright X/�-rays with high photon energy, high peak brilliance, short pulse dura-
tion, and small source size have become an indispensable tool in fundamental 
science, medicine and industry, opening new perspective for many cutting-edge 
applications (Gari and Hebach 1981; Corde et  al. 2013; Howell et  al. 2021). For 
example, in nuclear dynamics research, ultra-bright high-energy photon sources 
with pulse duration as short as attoseconds and photon energy as high as hard 
X-rays and even �-rays are required. High-energy �-ray sources enable it to image 
dense objects in high-resolution radiography that are not visible to low-energy 
X-ray sources. In addition, high-energy radiation sources with micron-scale sizes 
and fs-scale pulse duration allow higher resolution imaging. No matter short X-rays 
or �-rays, we can produce them in ultra-intense laser-plasma interaction via elec-
tron motion in strong EM fields (Lei et al. 2018; Magnusson et al. 2019), optical 
frequency conversion (Tecimer 2012; Popmintchev et  al. 2010; Peng et  al. 2021) 
or inverse Compton scattering (Seipt et  al. 2015; Li et  al. 2020; Lv et  al. 2022), 
which has been extensively investigated and demonstrated in experiments (Chen 
et  al. 2013b; Ma et  al. 2023; Petrillo et  al. 2023). It has been shown that, as the 
laser intensity increases to 1022 W∕cm

2 , the charged particles under the effect of 
such a high-intensity laser can acquire tremendous energy from the laser field and 
coherently radiate high-energy �-photons. The emitted �-photons with momenta 
comparable to the electrons will also recoil on the electrons, making the motion 
of electrons and ions changed significantly (Nakamura et al. 2012; Ji et al. 2014b; 
Blackburn et  al. 2014; Chen et  al. 2018). On the other hand, by colliding with 
another radiation source like the laser or microwave, these high-energy �-photons 
can annihilate into lepton pairs. Finally, the physical processes of high energy �
-photon radiation, dense electron-positron pair generation, and RR effect are cou-
pled and interplay with each other to become a special form of matter, i.e., e+e−� 
plasma, exhibiting significant QED effects.

With the upgrading of next-generation synchrotrons (Bilderback et al. 2005) and 
the construction of X-ray free electron lasers (XFEL) (Bostedt et al. 2016), bright 
radiation sources in the X-ray range are now available, with peak brilliance ranges 
of 1019−24 and 1027−32 photons∕s∕mm

2
∕mrad2∕0.1%BW , respectively. Synchrotron 

radiation and XFEL sources have been widely used in fundamental research, design 
and production of new materials, biology and industry because of their excellent 
performances. However, the large size and high cost of these large-scale facilities 
limit ones’ access to the sources. In addition, the photon energies of radiation emis-
sion by the XFEL and synchrotrons are usually limited to a few keV and a few hun-
dred keV, respectively. Although bremsstrahlung radiation, based upon the interac-
tion of hot electrons with solid targets, can generate �-rays in the MeV range, the 
resulting pulse duration is typically as long as ps, with up to hundred-� m size and 
hundred-mrad divergence. It is still challenging to attain collimated �-ray pulses 
with high brilliance and short duration, which becomes an outstanding problem.



	 Reviews of Modern Plasma Physics            (2024) 8:24 

1 3

   24   Page 12 of 60

Ta
bl

e 
1  

D
iff

er
en

t X
/ �

-r
ay

 so
ur

ce
s b

as
ed

-o
n 

la
se

r-p
la

sm
a 

in
te

ra
ct

io
n

1
 LG

 la
se

r
2
(P
h
o
to
n
ss

−
1
m
m

−
2
m
ra
d
−
2
p
er
0
.1
%
B
W

)

La
se

r i
nt

en
si

ty
 (W

/c
m

2
)

El
ec

tro
n 

de
ns

ity
 (c

m
−
3
)

Ph
ot

on
 e

ne
rg

y 
(M

eV
)

La
se

r2
ph

ot
on

 e
ffi

ci
en

cy
D

iv
er

ge
nc

e 
an

gl
e

Pe
ak

 b
ril

lia
nc

e2

3
.6
×
1
0
1
8

∼
1
×
1
0
1
9

0.
3–

2
-

4 
m

ra
d

3
×
1
0
2
2
@

0.
74

 M
eV

 (Y
u 

et
 a

l. 
20

16
)

4
.7
×
1
0
1
8

∼
1
.1
×
1
0
1
9

>
0.

35
–

∼
1
◦

1
×
1
0
2
1 @

10
0 

ke
V

 (P
hu

oc
 e

t a
l. 

20
12

)

4
×
1
0
1
9

3
.2
×
1
0
1
8

18
–

2.
5 

m
ra

d
1
.8
×
1
0
2
0
@

15
 M

eV
 (S

ar
ri 

et
 a

l. 
20

14
)

3
×
1
0
2
0

1
.1
×
1
0
2
3

0.
1

1
.2
×
1
0
−
4

∼
5
◦

3
.7
×
1
0
2
2
@

10
0%

 (W
an

g 
et

 a
l. 

20
19

)

2
.3
×
1
0
2
0

1
.1
×
1
0
2
3

0.
4

1
×
1
0
−
4

∼
2
◦

1
×
1
0
2
3
 (Y

i e
t a

l. 
20

16
)

1
4
.3
×
1
0
2
1

1
.6
5
×
1
0
2
1

34
0.

51
%

∼
1
1
◦

1
×
1
0
2
3
 @

1 
M

eV
 (Z

hu
 e

t a
l. 

20
18

)

4
.3
×
1
0
2
1

7
.6
×
1
0
2
3

50
0

10
%

∼
1
◦

1
.2
×
1
0
2
7
 @

5 
M

eV
 (W

an
g 

et
 a

l. 
20

18
)

4
.9
×
1
0
2
1

1
.2
−
6
×
1
0
1
9

30
00

>
1
0
%

∼
0
.3

◦

4
×
1
0
2
6
 @

1 
M

eV
 (Z

hu
 e

t a
l. 

20
20

)

5
×
1
0
2
1

3
×
1
0
1
9

30
2%

<
10

 m
ra

d
1
×
1
0
2
9
@

10
 M

eV
 (T

ho
m

as
 e

t a
l. 

20
12

)

5
.3
×
1
0
2
1

1
×
1
0
2
1

40
2%

∼
4
0
◦

1
.1
×
1
0
2
3
 @

1 
M

eV
 (H

ua
ng

 e
t a

l. 
20

18
)

1
.4
×
1
0
2
2

2
.2
×
1
0
2
3

78
1.

2%
∼
9
◦

1
×
1
0
2
2
 @

1 
M

eV
 (Z

ha
ng

 e
t a

l. 
20

21
)

1
5
×
1
0
2
2

1
.6
5
×
1
0
2
1

50
0

1
.8
%

∼
6
◦

1
×
1
0
2
4
 @

1 
M

eV
 (H

u 
et

 a
l. 

20
21

)

8
.6
×
1
0
2
2

0
.4
−
4
×
1
0
2
1

30
00

1
3
%

∼
1
1
◦

1
×
1
0
2
6
 @

1 
M

eV
 (L

u 
et

 a
l. 

20
21

)

1
×
1
0
2
3

1
.7
6
×
1
0
1
8

35
00

–
3 

m
ra

d
5
×
1
0
2
3
 (L

ob
et

 e
t a

l. 
20

15
)

3
×
1
0
2
3

4
.4
×
1
0
2
1

15
00

1.
4%

∼
2
2
◦

2
×
1
0
2
4
@

58
 M

eV
 (G

u 
et

 a
l. 

20
18

)



1 3

Reviews of Modern Plasma Physics            (2024) 8:24 	 Page 13 of 60     24 

As a newly emerging and rapidly developed light source, the plasma-based novel 
radiation sources covering a wide range of topics have received significant attention 
in the past ten years. Recently, several review papers have been already available for 
a complete review of X/�-ray radiation. Especially, Hadjisolomou et al. (2023) com-
pared several schemes for enhanced �-photon emission from various targets. In this 
topical review, we focus on the progress of high-energy photon radiation and lepton 
pair generation in strong-field QED regime, especially including but not limited to the 
advances by the authors in recent years. Table 1 presents the beam quality of different 
X/�-ray sources from several typical schemes based-on laser-plasma interaction. One 
sees that, depending on the laser intensity (from weak relativistic to ultra-relativistic) 
and plasma density (from gas to solid), the photon emission is a different case by case 
but betatron radiation in gas plasmas and inverse Compton scattering by solid targets 
have been demonstrated very efficient, which we payed more attention to in the fol-
lowing due to their potentials in brilliant light sources and subsequent QED processes.

2.1 � Betatron radiation

Batatron radiation as a kind of solution towards high-quality short pulse radiation 
source originates from relativistic electrons undergoing transverse betatron oscilla-
tions in self-generated quasi-static electric field in a wakefield (Wang et  al. 2002; 
Kiselev et al. 2004; Rousse et al. 2004). This is generally produced by a driven laser 
propagating in gas or near-critical density (NCD) plasma. When a relativistic laser 
pulse is incident into underdense plasmas, the wakefield can be excited under certain 
laser intensity (Lu et al. 2007) and the longitudinal field effect becomes as signifi-
cant as the transverse field. The electrons in the appropriate phase of the accelerat-
ing field can be accelerated to relativistic energies on the scale of a few millimeters 
by the wakefield, which is well-known as the laser wakefield acceleration (LWFA) 
(Tajima and Dawson 1979). At the relativistic high laser intensity, the LWFA enters 
the so-called bubble acceleration regime, in which an ultra-strong laser pulse dis-
places electrons in the plasma and forms a near-spherical region behind the laser 
pulse, driving strongly non-linear plasma wave to form an ion cavity or bubble (Puk-
hov and Meyer-ter Vehn 2002). The electric field in the bubble is up to hundreds of 
GV/m, which accelerates and focuses the energetic electrons injected into the rear of 
the bubble (Lu et al. 2007). The generated electron beam is usually characterized by 
an energy from hundreds to thousands of MeV, normalized divergence of several to 
tens of mm⋅mrad, and duration on the order of fs (Jansen et al. 2014). In addition, 
the off-axis electrons oscillate transversely as they are accelerated, radiating X-rays 
at a forward cone angle, i.e., betatron radiation (Esarey et al. 2002). Its characteristic 
frequency is �

�
= �p∕

√
2�e , where �e = (1 − �

2
e
)
−1∕2 is the relativistic Lorentz fac-

tor related to the normalized velocity of the electron �e . Here, �p =

√
4�npe

2∕me is 
the plasma frequency, and np is the plasma density. Betatron radiation has been con-
sidered as a unique source for high-resolution X-ray imaging in a compact laser-gas 
geometry. For example, a recent experiment assisted by the batatron radiation have 
successfully imaged, for the first time, a laser-driven shock wave in a silicon target 
via radiograph (Wood et  al. 2018). It indicates that the compact betatron sources 
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have practical utilities in high energy density physics experiments for imaging and 
diagnosis.

At present, the energy of electrons generated from laser wakefield can reach 8 
GeV (Gonsalves et al. 2019), which is very close to the grand goal of single-stage 
acceleration to 10 GeV and is a critical step towards multi-stage acceleration to 1 
TeV in the future. Based upon the LWFA-produced electron beams, fs-scale X/�-ray 
pulses in the energy range of keV to MeV can be generated via betatron radiation 
(Kneip et  al. 2008; Cipiccia et  al. 2011; Chen et  al. 2013a). The resulting photon 
sources have a typical peak brilliance of 1019−23 photons∕s∕mm

2
∕mrad2∕0.1%BW , 

and the total photon number is limited to 107−8 photons per shot with the laser-to-
photon energy conversion efficiency on the order of 10−6.

To enhance the betatron radiation, significant efforts have been steadily dedi-
cated, such as via stronger transverse oscillation of electrons in the wakefields (Ta 
et  al. 2008) and high-energy electron beam-driven plasma wakefields (Holloway 
et al. 2017; Ferri et al. 2018). However, it remains challenging to greatly improve 
the photon energy, energy conversion efficiency and brightness of �-ray emission. 
Since the dephasing length of the LWFA is Ldeph ∝ 1∕ne , low-density plasmas 
are believed to be more conducive to accelerating the bubble electrons to relativ-
istic energy and thus to attaining higher photon energies (Jansen et  al. 2014). On 
the other hand, high-density plasmas are beneficial for betatron transverse oscilla-
tion. This contradiction limits the number of the emitted photons to 107−8 and the 
photon energy to hundreds of keV. To overcome this dilemma, a two-stage plasma 
scheme has been recently proposed to combine the advantages of efficient electron 
acceleration in low-density LWFA and efficient photon radiation in relatively high-
density LWFA (Zhu et al. 2020). This was achieved by the use of a moderate low-
density plasma for high-energy electron acceleration combined with a relatively 
high-density plasma for efficient �-ray emission, as shown in Fig. 3. Multi-dimen-
sional particle-in-cell (PIC) simulations showed that the generated �-ray beam has a 
peak brightness of 4 × 1026 photons∕s∕mm

2
∕mrad2∕0.1%BW at 1 MeV and cutt-off 

energy of up to 3 GeV. It is also shown that the energy conversion efficiency from 
the PW laser to electrons and photons can be as high as 50% and 10%, respectively. 
As a consequence, the peak brilliance and photon number of the emitted �-rays can 
be improved significantly by several orders of magnitude compared with previous 
betatron radiation sources (Zhu et al. 2020, 2021).

Different from the normal betatron radiation, as the laser intensity and plasma 
density increases, the electrons can be accelerated directly by the laser pressure, 
which oscillates in the laser fields to emit high-energy X/�-rays, called betatron-
like radiation, a highly non-linear betatron radiation regime (Yu et al. 2013). A 
recent experiment demonstrated that the laser energy conversion efficiency to 
the X-rays emission as a PW laser pulse irradiates NCD plasma can reach 10−4 , 
which is nearly 1–3 orders of magnitude higher than the normal betatron source 
(Tan et  al. 2021). Instead of the single-stage NCD plasma configuration, a PW 
laser-driven two-stage NCD plasma scenario has also been proposed to enhance 
the betatron-like photon emission (Lu et al. 2021). It is shown that the electrons 
accelerated by LWFA in the first 0.3nc plasmas can be further accelerated directly 
by the evolved mid-infrared light after they enter into the second 3 nc plasmas, 
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where nc = me�
2
0
∕4�e2 is the critical density of plasma with �0 is the circular 

frequency of the driven laser. The resulting geometric brightness of the produced 
�-ray is two orders of magnitude higher than that of the uniform NCD plasmas. 
During the process, the RR effect plays a significant role in the electron dynam-
ics in these two-stage NCD plasmas (Guo et al. 2019). However, these electrons 
become “off-axis” gradually, making the photon emission highly divergent. A 
way to control the photon emission was proposed by Stark et al. (2016), taking 
advantage of a novel dense subject target ( 100nc ) with a NCD plasma channel 
( 10nc ) in the middle. In this scenario, the incident PW laser pulse drives a quasi-
static magnetic field of the order of Mega Tesla (MT) in the plasma. The mag-
netic field contributes to the continuous acceleration of electrons, thus enhancing 
the betatron-like emission. The application of this pre-fabricated hollow target 
with a relatively transparent channel can control the direction of the photon beam 
during the laser propagation, thus providing a possible solution for generating 
tens of TW-oriented MeV photon beams on the PW laser facilities.

Although the betatron-like radiation has an indubitable advantage of high flux and 
geometric brightness, it usually leads to a large beam divergence (Kneip et al. 2008; 
Huang et al. 2018). In recent years, the waveguides and nano-structured targets have 

Fig. 3   a Concept of extremely brilliant �-rays from a two-stage laser-plasma accelerator. b Three dimen-
sional (3D) simulation results of bright �-ray emission in this scheme. c The angular-spectrum and angu-
lar distribution of �-rays emitted. d The peak brilliance of �-rays as a function of the photon energy (Zhu 
et al. 2020)
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been introduced to improve the beam collimation (Wang et al. 2019; Yi et al. 2016; 
Wang et al. 2018; Yu et al. 2013). For example, Wang et al. (2018) used a sub-micron 
wire target to generate brilliant hundreds of MeV �-rays. In their configuration, the 
quasi-static electric and magnetic fields generated around the wires are responsible 
to drive the oscillations of wire surface electrons, resulting in the generation of ori-
ented ultra-intense �-ray beam. The corresponding photon brightness was predicted 
to reach 1027 photons∕s∕mm

2
∕mrad2∕0.1%BW at 5 MeV, which is second only to 

that of the X-ray free-electron laser, while the photon energy is three orders of magni-
tude higher than the latter. Such bright high-energy �-ray sources with photon energy 
in the MeV to GeV range are desired especially for many cutting-edge applications 
and scientific research (Mourou et al. 2006), such as imprinting quantum processes 
(ATLAS Collaboration 2017), exploring high energy particle physics (Badelek et al. 
2004), photonuclear physics, and laboratory physics, etc.

2.2 � Non‑linear compton scattering

Non-linear Compton scattering (NCS), as a non-linear version of inverse Comp-
ton scattering (Compton 1923), is known as an emission process of X/�-rays by the 
charged energetic particles scattering multiple low-energy photons provided by a 
very intense EM field, e.g., a relativistic laser pulse. The classic limit of the NCS is 
the so-called non-linear Thomson scattering or multi-photon Thomson scattering. 
NCS is capable of producing photons with energy comparable to the rest energy 
of parent particles and even higher, so that it has been widely used for triggering 
secondary processes such as lepton pair production, nuclear reaction and for explor-
ing non-linear QED. In the past decades, the NCS has been extensively investigated 
in various areas (Nakamura et al. 2012; Ridgers et al. 2012) and it has been shown 
commonly existing in �-ray bursts (MAGIC Collaboration. et al. 2019) and Sunyaev-
Zel ′dovich effect, underlying laboratory and astrophysical sources of high-energy 
X/�-rays.

NCS has been observed and measured in the well-known E144 experiments 
(Bula et al. 1996; Bamber et al. 1999), where a 46.6 GeV electron beam obtained 
from the SLAC linear accelerator collides with a TW laser with the dimensionless 
laser parameter a0 ≈ 0.4 . Recently, high-order non-linear scattering has also been 
observed in an experiment, where more than 500 near-infrared laser photons were 
scattered by a single electron into a single �-photon with energy up to several tens 
MeV. In both experiments above, however, the QED effect is weak since the non-lin-
ear quantum parameter, i.e., Eq. (13), is very small, i.e, 0.17 and 0.01 in the first and 
second case, respectively. Here, the non-linear quantum parameter �e compares the 
field strength observed in its instantaneous rest frame with the Schwinger field Ecr 
and describes how the QED effect matters during the scattering process. Recently, 
SLAC is planning the E320 experiment at FACER-II by colliding a 10 GeV elec-
tron beam with a 10 TW laser pulse (Chen et al. 2022). A similar scenario has been 
proposed in a recent LUXE experiment, which aims at performing precise meas-
urements of non-linear Compton scattering and BW pair production in the transi-
tion from the perturbative to non-perturbative regime (Fleck and on behalf of the 
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LUXE collaboration 2022). This can be achieved by means of electron-laser and 
photon-laser interactions with the 16.5 GeV electron beam of European XFEL and a 
laser beam of the power up to 350 TW. As the increase of the electron energy � and 
laser intensity I0 , �e increases accordingly and the photon emission becomes intensi-
fied, exhibiting detectable QED effects in experiments. This can be easily realised 
in intense laser-plasma interaction, where the electrons can be accelerated alterna-
tively to extremely high energies in length scales of less than several millimeters 
by a PW-class laser pulse. Taking a 300 TW laser and 1 GeV electron beam as an 
example, �e ≈ 0.56 and �

�
≈ 0.24 , which provides a promising way for copious �

-photon emission with a much smaller scale infrastructure as compared to the large 
synchrotrons. This scenario has also been proposed at BELLA center, which has 
recently commissioned its second laser pulse transport line, enabling strong-field 
QED experiments by a head-on collision of laser-driven GeV electron beam with 
the PW laser pulse (Turner et al. 2022).

When a relativistic electron beam head-on collides with an ultra-intense laser 
beam, the electrons absorb multi-low-energy photons and emit high-energy �-pho-
tons propagating in the same direction as the electrons. The probability of NCS 
mainly depends on the quantum parameter �e and the latter is determined by the 
vertical component of the Lorentz force. When the high-energy electrons propagate 
in the same direction as the laser, the vertical component of the electric field E

⊥
 is 

almost canceled by � × B , which makes �e close to 0. In this case, the NCS gets 
inhibited. On the contrary, when the high-energy electrons propagate in the oppo-
site direction of the laser, the NCS is significantly activated, leading to prominent 
photon radiation. In the ultra-relativistic case with 𝛾 ≫ 1 , �e reaches maximum 
when the electrons counter-collide with the laser field, which can be approximated 
as �e ≈ 2�(E∕Ecr) . Therefore, it is preferable to employ two laser beams in NCS 
experiments with the first being the driven laser for generating high-energy elec-
trons and the second counter-propagating from the other side as a scattering beam 
(Gu et al. 2016; Li et al. 2017a). However, considering the experiment difficulties in 
constructing a head-on collision configuration and in detecting the emitted photons, 
one single laser or two crossed laser beams with certain angle are usually used as an 
alternative.

With a single laser, a smart all-optical Compton �-ray source was demonstrated, 
where the laser pulse drives a wakefield cavity first in the gas and then gets reflected 
by a mirror to collide with the trapped electron beam in the bubble (Phuoc et  al. 
2012). The experiment results show that the X-ray beams are generated in a broad-
band energy range extending up to a few hundred keV and with a high peak bright-
ness of 1021 photons∕s∕mm

2
∕mrad2∕0.1%BW at 100 keV. Recently, Gu et  al. 

(2018) propose a scheme for brilliant �-ray emission with a similar configuration. 
In their scheme, a laser pulse of 3 × 1023 Wcm−2 propagates tens of microns in the 
NCD plasma first and then gets reflected off the solid surface, being broken into 
several short high harmonics. When the captured electrons collide with the reflected 
attosecond pulses, the peak power of the radiated �-rays is as high as 0.74 PW, 
with brightness up to 2 × 1024 photons∕s∕mm

2
∕mrad2∕0.1%BW at 58 MeV. It 

has also been shown that high-power high-efficiency �-ray flash can be generated 
in multi-petawatt laser interaction with various solid targets (Nakamura et al. 2012;  
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Lezhnin et al. 2018; Hadjisolomou et al. 2023). The so-called �-flash mechanism, 
a kind of NCS was proposed to interpret the copious �-photon emission, which can 
then been applied for short-pulse electron-positron pair production by colliding the �
-flash with a secondary laser pulse (Kolenatý et al. 2022; MacLeod et al. 2023).

By using two laser pulses with the first for accelerating electrons to relativ-
istic energy and the other providing the field of a relativistically intense laser 
to scatter the electrons, many schemes have been proposed to enhance the X ∕�
-ray emission, as schemedically shown in Fig.  4. In theses scenarios, the gener-
ated photons can be detected and distingushed by deflecting the charged particles 
such as electrons, positrons, and ions, by using several magnets. For example, 
Thomas et  al. (2012) predicted not only a high peak spectral brilliance exceeding 
1029 photons∕s∕mm

2
∕mrad2∕0.1%BW with an approximately 2% energy conversion 

efficiency and a peak energy of 10 MeV, but also an angularly resolved radiation 
spectrum. The latter can server as a signature of QED effect. In another experiment, 
a similar setup has been reported but with a much lower laser intensity, where a nar-
row divergence �-ray beam is generated by Thomson scattering of laser-wakefield 
accelerated electrons with an intense laser pulse (Sarri et  al. 2014). It is demon-
strated that the maximum energy of the �-ray beam is of the order of 16–18 MeV, 
and its brilliance exceeds 1020 photons∕s∕mm

2
∕mrad2∕0.1%BW at 15 MeV.

We have also faced many theoretical problems in NCS, to name just a few, infra-
red behaviour (Dinu et al. 2012; Ilderton and Torgrimsson 2013), carrier envelope 
phase effects (Mackenroth et al. 2010; Seipt and Kämpfer 2013), spin and polarisa-
tion effects (King and Tang 2020; Tang et al. 2020), pulse shape and interference 
effects (Narozhnyi and Fofanov 1996; Boca and Florescu 2009), etc (Fedotov et al. 
2023). For example, the emission of soft photons via NCS in a pulsed laser field is 
in general infrared divergent. How to remove the divergence in a low-energy part of 

Fig. 4   Sketch of the experimental setup: a relativistic laser pulse is focussed at the edge of a gas cell to 
generate an ultra-relativistic electron beam. A second laser beam is incident on the electron beam with a 
certain angle to trigger the NCS process, so that copious high-energy photons can be produced along the 
electron beam propagating direction. These photons can be distinguished and detected by deflecting the 
charged particles using several magnets. The insect exhibits the typical energy spectra of �-photons by 
colliding a 200 or 400 MeV electron beam with a scattering laser pulse at 155◦ in experiments (Yan et al. 
2017a)
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a radiation spectrum becomes a critical issue (Dinu et al. 2012; Ilderton and Tor-
grimsson 2013). Another key problem for ultrashort laser duration is the carrier-
envelope-phase (CEP) effect, i.e., the relative phase between the pulse envelope and 
the carrier wave, which affects the angular emission range in the laser polarisation 
plane (Mackenroth et al. 2010; Seipt and Kämpfer 2013). All these have been chal-
lenges for theoreticians and hot research topics for researchers.

2.3 � Photon polarization in strong laser fields

Spin is an intrinsic property about angular momentum, which is carried by all ele-
mentary particles. Spin polarization is the degree to which the spin of a beam of par-
tiles is aligned with a specific direction. Since the cross-section of a specific reaction 
channel always depends on the spin orientation of the initial and final state parti-
cles, spin-polarized relativistic particle beams are ideally suited for exploring the 
detailed dynamics of particle physics, nuclear physics, astrophysics, etc. It is well 
known that each photon has a spin ±ℏ , and these spins of photons are aligned in the 
circularly polarized (CP) laser, so that a laser pulse of finite radius has a spin angu-
lar momentum (SAM). Polarized quasi-monoenergetic �-rays with photon energy of 
MeVs are ideal tools for studying the nuclear resonance fluorescence and the pari-
ties of low-lying dipole states of nucleus (Pietralla et  al. 2001). Polarized GeV �
-rays can be used as tagged-photon in meson photoproduction and decay (Akbar 
et al. 2017). In astrophysics, the polarisation signal of X-rays or �-rays could reveal 
information about the interactions of dark matter and neutrinos (Boehm et al. 2017). 
In high-energy physics, by employing polarized high-energy �-rays, it is shown that 
the required measurement time for vacuum birefringence could be reduced by two 
orders of magnitude (Bragin et al. 2017).

There are two main conventional methods of producing polarized X/�-rays. One 
is the linear Compton scattering between polarized laser and unpolarized electron 
beam (Bocquet et al. 1997; Omori et al. 2006; Howell et al. 2021). In this case, the 
formation length of the radiated photon is much larger than the laser wavelength, so 
that the polarization of the photons mainly depends on the drive laser. Though the 
interaction Hamiltonian Hint(x) = e𝜓̄(x)𝛾

𝜇
𝜓(x)A𝜇

(x) indicates the interaction occurs 
at a local point x, the real QED process takes place not in one point but in some space-
time domain, and the formation length is known as the longitudinal dimension of this 
domain (Baier and Katkov 2005). Because the scattering cross-section of the linear 
Compton scattering of electron and photon is small (d�/dE∼mb/MeV), the luminos-
ity of the polarized X/�-rays is much lower than that of the electron beams (Fukuda 
et al. 2003; Omori et al. 2006). Using high-intensity lasers can naturally increase the 
luminosity, but the NCS would dominate the interaction. The other is through the 
bremsstrahlung (Olsen and Maximon 1959; Abbott et al. 2016). When an electron 
beam passes through a thin metal foil, incoherent bremsstrahlung occurs under the 
action of coulomb field near the nucleus. This can produce CP �-rays, but the scat-
tering angle is too large to produce linearly polarized (LP) �-rays (Uggerhøj 2005;  
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Giulietti et  al. 2008). When an electron beam passes through a crystal, the nuclei 
causes periodic disturbances to the electron trajectory, resulting in coherent 
bremsstrahlung of the electron (Timm 1969). In the specific orientation of the crys-
tal, the �-ray radiation is linearly polarized. However, the damage threshold of the 
crystal limits the energy of the electron beams and thus the intensity of the radiated 
�-rays.

As an alternative, ultra-intense laser-driven �-ray sources can provide high-energy 
high-brilliance ultra-short polarized �-ray sources. It has been reported that the 
laser accelerated electron beams can generate high-energy polarized �-rays through 
bremsstrahlung, but the large energy spread and divergence angle limit the peak bril-
liance of the �-ray sources (Giulietti et al. 2008; Schumaker et al. 2014). Using cur-
rently available laser-accelerated GeVs electron bunches scattering off laser pulses 
of moderately relativistic intensities, the circularly or linearly polarized �-rays with 
polarization degree exceeding 78% or 91% can be generated in the weak non-linear 
regime (Tang et al. 2020). In this case, the probability of generating photons with 
different polarizations via the weak NCS process can be calculated as follows (Tang 
et al. 2020)

where �p = � ⋅ p∕m2 , s = � ⋅ k∕� ⋅ p is the light-front momentum fraction of the 
scattered photon, t = 1 − s and c = (k+ + q+ − p+)∕2�0 , � = � ⋅ x is the external-
field phase with wave vector � = �0(1, 0, 0, 1) satisfying �2

= 0 , � ⋅ a = 0 . Here, 
the light-front coordinates are used: x± = x0 ± x3 , x⟂ = (x1, x2) . It is convenient to 
express the photon polarization in terms of the eigenstates of the polarization opera-
tor in the background field (King and Tang 2020). For a LP background laser field 
with polarization either �1 = (0, 1, 0, 0) or �2 = (0, 0, 1, 0) , the eigen-polarization can 
be introduced in terms of the orthogonal basis

For a CP background laser field with polarization (�1 ± i�2)∕
√
2 , the eigen-

bases are replaced with �
±
= (�1 ± �2)∕

√
2 , where the sign +(−) denotes the left-

hand (right-hand) rotation of the polarisation. For the details of the function T(�j) 
in Eq.  (27), please see the references (King and Tang 2020). The polarization 
degree which varies from – 100 to 100% , is defined as P = (P1 − P2)∕(P1 + P2) 
( P = (P

+
− P

−
)∕(P

+
+ P

−
) ) for a linearly (circularly) polarised background.

When a0 ≫ 1 , the interaction between the drive laser and electron beams becomes 
strongly non-linear. The formation length of the radiation photon is much less than the 
laser length, so that the polarization properties of �-photons are mainly dependent on 
the electron spin. In the quantum radiation-dominated regime, the cross sections of 

(27)
Pj =

�

(2�)2
1

�2
p
�

1

0

s

t
ds� d2r⟂ � d� d��

×

[
T(�j)e

ic(�−��
)−i ∫ �

��

2p⋅a(�)−a2 (�)

2 �⋅p
d�

]
,

(28)�1 = �1 −
k ⋅ �1

k ⋅ �
�, �2 = �2 −

k ⋅ �2

k ⋅ �
�.
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NCS related to the electron spin were derived via the QED operator method in the local 
constant field approximation (LCFA) (Li et al. 2020)

where WR = �m∕
�
8
√
3��c

�
k ⋅ pi

�
(1 + u)3

�
 , u = �

�
∕

(
�i − �

�

)
 , �c the Compton wave-

length, �
�
 the emitted photon energy, �i the electron energy before radiation, � = k ⋅ r 

the laser phase, while pi , k, and r are four-vectors of the electron momentum before 
radiation, laser wave-vector, and coordinate, respectively. The photon polarization is 
represented by the Stokes parameters ( �1 , �2 , �3 ), defined with respect to the axes 
ê1 = â − v̂(v̂â) and ê2 = v̂ × â (McMaster 1961). The Stokes parameters and the 
electron spin-polarization vector in variables (F0,F1,F2,F3) include the spin proper-
ties. For the details of variables F0,F1,F2,F3 in Eq. (29), please see the reference 
(Li et al. 2020).

As shown in Fig. 5, multi-GeV CP (LP) �-rays with polarization of up to about 
99% (95% ) can be generated by a longitudinally (transversely) spin-polarized elec-
tron beam colliding with an arbitrarily (elliptically) polarized laser pulse (Li et al. 
2020). The photon brilliance is comparable to that of unpolarized multi-MeV �
-rays obtained in recent experiments (Sarri et  al. 2014). Meanwhile, the laser and 
plasma interaction can also generate highly polarized high-energy brilliant �-rays. 
For example, as the electrons in the plasma are pre-accelerated by the wakefield of 
the LP laser collide with the reflected laser pulse, brilliant LP �-rays with average 
polarization of about 70% and energy up to hundreds of MeV can be generated via 
NCS (Xue et al. 2020). It has also been shown that isolated ultra-short polarized �
-ray pulse can be generated in a head-on collision configuration of two laser pulses 
with a nanofoil. Full 3D PIC numerical simulations together with a proof-of-princi-
ple calculations showed that the polarization degree of �-rays of sub-fs ( ∼800 as) is 
up to 92% for photons of 250 MeV (Zhang et al. 2022).

(29)
d
2Wfi

dud�
=

WR

2

(
F0 + �1F1 + �2F2 + �3F3

)
,

Fig. 5   Scenarios of generating 
CP and LP �-rays via the NCS. 
a An arbitrarily-polarized (AP) 
laser pulse colliding with a lon-
gitudinally spin-polarized (LSP) 
electron bunch produces CP �
-rays. b An elliptically-polarized 
(EP) laser pulse colliding with 
a transversely spin-polarized 
(TSP) electron bunch produces 
LP �-rays (Li et al. 2020)
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2.4 � X/
‑ray vortex

A photon beam carrying angular momentum may provide new degrees of freedom 
(He et al. 2022), such as exploring the angular momentum transfer process between 
light and particles, and manipulating particle dynamics. High-energy �-rays with 
angular momentum play a unique role in astrophysics and particle physics. How-
ever, it is challenging to produce high energy vortex �-rays though vortex states of 
photons, electrons, neutrons, and neutral atoms have been experimentally produced, 
albeit at low energies.

Recently, Zhang et al. (2021) have proposed an all-optical scheme to produce bril-
liant �-ray beam with high angular momentum density in a laser-plasma configuration, 
as schematically shown in Fig. 6. In their scheme, a CP Gaussian laser with intensity of 
> 1022 Wcm−2 is incident onto a micro-channel target and a large number of electrons 
are pulled out of the channel wall by the laser electric field. These electrons can be 
accelerated to hundreds of MeV by the longitudinal electric fields generated within the 
channel. At the same time, the drive laser also transfers the SAM to the orbital angular 
momentum (OAM) of the electrons, so that the electrons carry away an extremely high 
OAM. Here the OAM of electrons and �-photons is calculated incoherently by

where Ne is the number of electrons and � represents the polarization state of the 
drive laser: � = 0 corresponding to the LP laser, � = ±1 corresponding to the right-
handed and left-handed CP laser, respectively. For the laser EM field, its total elec-
tromagnetic angular momentum and total electromagnetic energy can be expressed 
respectively as

(30)Le =
�
i

�r
⊥i × p

⊥i� ∝ 𝛿

√
2 − 𝛿2a0mec

2Ne∕𝜔0,

Fig. 6   Schematic of �-ray vortex generation from a laser-illuminated light-fan-in-channel target. A CP 
laser pulse is incident from the left and irradiates a micro-channel target. Electrons are extracted from 
the channel wall, travel along the channel, and are accelerated to hundreds of MeV. Later, the laser pulse 
is reflected by a light fan and an LG laser pulse is thus formed which collides head-on with the dense 
energetic electron beam with large angular momentum, resulting in copious �-photons emission (Zhang 
et al. 2021)
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Thereafter, the drive laser is reflected by the light fan target and is converted to 
a vortex laser with a phase factor of exp(il�) and highly pure (1, 0) mode. Here 
l is the azimuthal mode index and � is the angle of cylindrical coordinate sys-
tem. When the reflected vortex laser collides with the high-energy electron beam, 
NCS process is triggered, resulting in a �-ray beam with a peak brightness of 
1022 photons s−1mm−2mrad−2∕0.1%BW at 1 MeV and a peak instantaneous radia-
tion power of 25 TW. Full 3D PIC simulation results showed that the conversion 
efficiency of angular momentum from laser to photons was as high as 0.67% and 
the average OAM carried away by each backscattered photon was of the order of 
104 to 105 units of ℏ . However, it is noted that the resulting �-ray radiation is just 
an incoherent sum of individual non-vortex photons, so the large final beam OAM, 
defined with respect to the beam axis, is a collective effect of the beam as a whole, 
named beam angle momentum (BAM), not a manifestation of the vortex nature of 
each photon (Ivanov 2011, 2022).

Bright attosecond �-ray pulses with tunable angular momentum can also be 
generated via Laguerre–Gaussian (LG) laser-plasma interaction (Hu et al. 2021). 
For a CP LG laser pulse, its SAM makes a charged particle spin with respect to 
its own axis, while its OAM is able to drive the particle rotate with respect to 
the laser axis. Under appropriate conditions, both can be transferred to parti-
cles, which is a fundamental question from a relativistic plasma optics perspec-
tive. Recently, Zhu et al. (2018) proposed a novel scheme to produce attosecond 
multi-MeV �-ray pulses with tunable angular momentum by the interaction of a 
CP LG laser pulse with cone-foil targets. This scheme provided an all-optical, 
efficient three-in-one method for achieving laser focusing, electron accelera-
tion, and �-ray vortex radiation. In the laser-cone interaction, it was shown that 
a large number of background electrons can be periodically pulled out of the 
cone wall to form a dense attosecond electron train. In each bunch, electrons 
form a donut-shaped sheet with an ultra-short duration of 100 s as. Due to such 
specially structured laser fields, the electrons can be efficiently accelerated to 
hundreds of MeV and gradually form a series of annular electron bunches. Later, 
these high-energy electron bunches collide with the focused strong laser field 
reflected by the solid target and thus trigger the NCS process, generating high-
brilliance multi-MeV �-ray pulses with ultra-short duration and high beam angu-
lar momentum.

Though these proposed schemes may promise bright X/�-ray radiation 
with large OAM, however, they either require precise laser-beam collisions 
or ingenious target designs, posing a great challenge to experiments. First, in 
most experiments, there is a certain angle between the incident laser and the 
charged particle, resulting in head-on collision difficulty. Secondly, whether the 

(31)Llaser =�0 ∫ r × (E × B)dV = Lx + Ly + Lz,

(32)Elaser =
1

2 ∫
(
�0E

2
+

1

�0

B2
)
dV .
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high-energy electron beam is generated by a conventional accelerator or laser-
plasma accelerator, it has a certain divergence angle dependent on the non-linear 
effects of laser-plasma interaction. Finally, the delay control and alignment of 
multiple laser beams are also important issues that must be considered in future 
femtosecond laser experiments. To detail these issues, Liu et al. (2020) studied 
the effect of incident angle on the electromagnetic characteristics and energy 
spectrum of radiation generated by non-linear Thomson scattering. The analyti-
cal expressions of the electric field and energy spectrum of the radiation are 
derived based on the Lienard–Wiechert potential from the single-particle orbit 
theory (Taira et al. 2017). The results showed that the energy spatial distribution 
of the high harmonic radiation is annular, and the symmetry of the annular radi-
ation energy is greatly affected by the incidence angle, which may be related to 
the angular momentum of the vortex higher harmonic. These results will help to 
understand the experimental results of vortex X/�-ray and high-energy electron-
laser scattering in future.

2.5 � Radiation reaction

In the classical regime, the photon emission by high-energy electrons can be mod-
eled as incoherent synchrotron emission, also referred to as non-linear Thomson 
scattering (Thomson 1883). In this regime, RR is continuous, and each emitted 
photon carries away only a very small part of the emitting electron energy. Finally, 
the photon emission process can be considered as a continuous force acting on the 
emitting electron which turns out to be the classical RR force as described by Lor-
entz–Abraham–Dirac (LAD) equation (Lorentz 1904; Abraham 1905; Dirac 1938) 
and Landau–Lifshitz (LL) equation (Landau and Lifshitz 1980). As the energy of a 
single photon eventually becomes of the order of the energy of the emitting electron, 
the quantum nature of high-energy photon emission and its back-reaction can be 
only understood in a relativistic and quantum framework, that of QED, and strong-
field QED (Reinhardt and Greiner 1977). In this new regime, the photon emission 
becomes stochastic and the spectrum is no longer continuous with the photon energy 
probably larger than the emitting electron energy. The energy distribution and the 
transverse beam structure of the charged particles can be modified significantly, 
resulting in the beam broadening. These unexpected phenomena also provide some 
important experimental signatures for identifying the QED effects in strong laser 
fields, which has been extensively investigated in recent experiments (Wistisen et al. 
2018; Cole et al. 2018; Poder et al. 2018).

When a charged particle is accelerated or decelerated, it creates a radiation field 
that acts back on the particle itself (Landau and Lifshitz 1980). This is the Lorentz 
frictional force, which has been extensively studied and discussed with almost one 
century’s debate on this question  (Sokolov et  al. 2009; Hammond 2010; Tambu-
rini et al. 2010; Ridgers et al. 2012; Lezhnin et al. 2018). The motion equation of 
a single charged particle with a four-vector damping force gi is governed by Lor-
entz–Abraham–Dirac equation (Lorentz 1936; Abraham 1906; Dirac 1938; Landau 
and Lifshitz 1980)
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where ui = (� , p∕mc) is the four-velocity and Fik
= �iAk − �kAi is the electromag-

netic field tensor with Ai(k) being the electromagnetic four-vector and i(k) = 0, 1, 2, 3 . 

By expressing d2ui∕ds2 in terms of the field tensor of the external field acting on the 
particle, the Landau–Lifshitz equation is obtained (Landau and Lifshitz 1980),

Calculating the space components of Eq. (35), we can get the 3D expression of the 
damping force in the relativistic case with respect to the laboratory frame as

Equation (36) is very easy to incorporate into the PIC codes. We see the third term 
of the radiation-damping force in Eq.  (36) is proportional to �2 , which dominates 
over the preceding one ( ∝ � ). Thus, the motion equation of the charged particle in 
external fields can be re-written as

where re ≡ e2∕mc2 = 2.8 × 10−9μm is the classical electron radius. We thus obtain 
the ratio of the damping force to the Lorenz force f∕F ∼ �(E∕Ecr)�

2 in the relativ-
istic case. Taking a laser with a0 = 100 and electrons with �e = 750 for example, 
the damping force is comparable to the external Lorenz force so that RR should be 
taken into account in modeling laser-plasma interaction.

In a classical description, the electron travels on its worldline, radiating con-
tinuously as it is accelerated in the EM fields. The typical photon energy can 
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be written as 0.44�e�emec
2 . Obviously, as �e approaches 1, a single photon is 

capable of carrying off a significant fraction of the electron energy, so that the 
emission recoil on the electron must be taken into account. Here, the quantum 
description of radiation reaction differs from classical theory in two ways. First, 
quantum corrections to the radiated spectrum cut off the tail of photons with ener-
gies greater than that of the electron and include spin-flip transitions. The latter 
markedly increases the probability of radiating photons with energies comparable 
to that of the electron. These modifications indicate that the total radiated power 
becomes smaller than the equivalent classical power by a factor of g(�e) ∈ (0, 1) , 
with g(�e) = �

2
e
(1 − 5.953�e) when 𝜒e ≪ 1 and 0.5563�2

e
∕3 when 𝜒e ≫ 1 (Erber 

1966). The quantum radiation reaction is the influence of multiple photon emis-
sions from a charged particle on the particle’s dynamics, characterized by a sig-
nificant energy-momentum loss per emission (Wistisen et al. 2018). In the quan-
tum RR, the radiation losses are inherently probabilistic. In both the classical and 
quantum RR, the force of radiation reaction is directed antiparallel to the electron’ 
s instantaneous momentum, and its magnitude depends on the key parameter �e . 
More details about the classic radiation reaction and quantum regime as well as 
modeling them in the numerical codes can be found in the recent review by Black-
burn (2020). The relation between radiation reaction in QED and the emission of 
multiple photons with substantial quantum recoil has been well discussed in the 
reference (Di Piazza et al. 2010).

The second and more significant difference is the stochastic emission of photons. 
Here, the electron has only a probability to emit a �-ray photon of given energy, i.e., 
so-called “straggling effect”, where the electron may propagate a significant distance 
through the strong laser fields without radiating (Blackburn et al. 2014). Since the 
laser pulse has a spatial intensity profile, it is possible for the electron to reach the 
region of highest intensity at the center with losing much less energy than a classical 
electron. The �e of an electron that has straggled in this way will be boosted above 
that which could be reached classically. As the tail of the photon spectrum increases 
non-linearly with �e , straggling enhances the yield of hard �-rays (Blackburn et al. 
2014; Blackburn 2020).

When the radiated photon energy reaches the same magnitude as the energy of 
the electron itself, the electron energy loss is constantly transformed into electro-
magnetic radiation, leading to significant changes in the kinetic characteristics of 
the electron. For example, the plasma electrons can be trapped by the laser elec-
tromagnetic fields, forming a dense electron bunch and radiating ultra-brilliant �
-rays (Ji et al. 2014a). This is the so-called radiation trapping effect. In this case, 
the RR force becomes comparable in magnitude to the Lorentz force, rather than 
being a small correction. These have been extensively investigated in many sce-
narios (Zhu et al. 2015; Liu et al. 2016a; Zhu et al. 2016).

In experiments, the evidences of RR have been obtained by Poder et al. (2018) 
and Cole et  al. (2018). Here, the average energy loss of electrons and the evolu-
tion of the electron energy distribution as well as the spectral shape of the photon 
beams can be used to identify the RR, to measure the Gaunt factor of the RR force 
and the degree of the radiation stochasticity (Ridgers et al. 2017). As Fig. 7 shows, 
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the quantum RR model matches the experimental data better than the classical RR 
model. The best theoretical model of the experimental data is obtained by consid-
ering the RR effect and the semi-classical modification of the LL equation (Poder 
et  al. 2018; Cole et  al. 2018). With the upcoming of 10 PW-class laser facilities 
around the world, how to detect the signatures from the classic RR to the quantum 
regimes has been becoming a central issue.

3 � Lepton pairs generation by ultra‑intense lasers

Pair production is the creation of a sub-atomic particle and its anti-particle from 
a neutral boson, including creating an electron and positron, a muon and anti-
muon, etc. As the antiparticle of electron, positron plays a very important role 
in fundamental science researches and frontier technology developments, e.g., 
fundamental physics, laboratory astrophysics, materials science, and medical 
diagnosis (Musumeci et al. 2022). In 1930, Dirac (1930) proposed the existence 
of “anti-electron” which possesses the same weight but opposite charge of the 
electron and in the next year, Anderson (1933) experimentally revealed the exist-
ence of “anti-electron” and named it positron. With the development of QFT, 
Schwinger demonstrated the field strength required to generate electron-positron 
pairs in the vacuum is Ecr = 1.32 × 1018 V∕m . Such a strong field remains unat-
tainable in the laboratory. However, the field strength is not a Lorentz invari-
ant, and the critical field can be reached in the particle reference system when 

Fig. 7   Experimental evidence of RR. The correlation between the electron beam energy and the critical 
energy of the �-ray measured in four successful collisions (points), which are compared with the simula-
tions in quantum RR model (blue), classic RR model (orange), and no RR (green) (Cole et al. 2018)



	 Reviews of Modern Plasma Physics            (2024) 8:24 

1 3

   24   Page 28 of 60

energetic particles collide with a strong but non-critical field. Nowadays, such 
strong fields can be provided by either the coulomb fields of high Z nucleus or 
high intensity laser fields.

Positron beams are also indispensable for the construction of lepton collid-
ers, which would further benefit the QED study, precision quantum chromody-
namics (QCD) and beyond the standard model physics. It has been indicated by 
recent observations that the black holes and neutron stars produce vast amounts 
of electron-positron pair plasmas in astrophysical jets and large clouds of lepton 
pair plasma have been associated with neutron stars. In the study of quasar, the 
relativistic particles of the jet plasma emit synchrotron radiation when gyrating 
in magnetic fields. However, it takes further researches on the radiation power 
scaling laws and the fractional linear polarization to distinguish whether the jet 
plasma is the normal plasma consist of electrons and protons or a pair plasma 
consist of electrons and positrons (Wardle et  al. 1998). Thus, obtaining rela-
tivistic pair plasma in the laboratory to simulate high-energy astronomical phe-
nomena is a natural way to study astrophysics and explore outer space. In the 
area of materials science, positron annihilation spectroscopy (PAS) is valued by 
the industry as a non-destructive and highly sensitive detection technique on an 
atomic scale (Audet et al. 2021). Moreover, positron is also important as a probe 
in medical detection, such as positron emission tomography (PET), which is safe 
and sensitive and has been widely used in disease diagnosis, efficacy evaluation, 
and new drug development (Guedj et al. 2012). In this Chapter, we focus more 
on how to describe the lepton pair production in strong EM fields theoretically 
and how to produce the lepton pairs by ultra-intense lasers.

3.1 � Nonperturbative treatments for pair production from the QED vacuum

Scientists have used Einstein’s famous energy–mass equivalence, E = mc2 , to cal-
culate the transformation of part of the mass of nuclei into energy by nuclear fis-
sion or fusion reactions. QED predicts the reverse process can also be achieved 
by transforming the laser energy into mass. Over the past decades, in pursuit 
of experimental proof of transformation from energy to mass by QED is in full 
swing worldwide. Since Schwinger successfully described the process of gener-
ating electron-positron pairs in a static uniform electric field, various methods 
have been proposed to extend the field into space and time dependent. Here we 
first give a short review of the nonperturbative treatments for pair production in 
strong EM field. Meanwhile the pair production by ultra-intense laser interacting 
with matter including Trident process (Shearer et al. 1973), Bethe-Heitler (BH) 
process (Bethe and Heitler 1934), and Breit-Wheeler (BW) process (Breit and 
Wheeler 1934) are reviewed in Sect. 3.2 and Sect. 3.3. In Sect. 3.1, the natural 
units ℏ = c = 1 are used.

To explain the anomalous negative-energy quantum states predicted by the Dirac 
equation (Dirac 1928), Dirac (1930) proposed the concept of the Dirac sea postu-
lated the electron vacuum as an infinite sea of electrons with negative energy, and 
the positron was conceived as a hole in the Dirac sea. The energy gap between 
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positive and negative energy level is 2mec
2 . The vacuum is stable without an exter-

nal field. With an ultra-strong field, there is a certain probability that a negative 
energy electron will tunnel into the positive energy to form an electron according to 
the quantum tunneling effect, leaving a hole with negative energy to form a positron. 
The pair production rate can be estimated by the transmission coefficient of quantum 
tunneling Pe+e

−

∼ exp(−�Ecr∕ ∣ E ∣).
Due to the existence of vacuum fluctuations, vacuum can be regarded as a polar-

ized medium. The effective action Γ[A] of strong electromagnetic field can be for-
mulated by using the vacuum–vacuum transition amplitude in a classical gauge 
field. Heisenberg and Euler (1936) first derived the one-loop effective Lagrangian 
describing the coupling of the static electromagnetic field with the electron vacuum 
loop, and corrected the Lagrangian of the electromagnetic field. Expanding the 
Heisenberg–Euler Lagrangian to quartic order (Dunne 2004), we obtain

Since the probability of a time-dependent state �Φ(t)⟩ = e−iEt��⟩ is 
P(t) = ⟨Φ(t)�Φ(t)⟩ = e−i(E−E

∗
)t⟨���⟩ = e2Im(Et) . If we consider the vacuum state 

decays spontaneously in a strong field by the creation of electron–positron pairs, the 
pair creation rate per unit volume and time is w = 1 − e2Im(Γ[A])

≅ 2Im(Γ[A]) (Stone 
1976; Greiner and Reinhardt 2009). Schwinger (1951) used the proper time method 
to calculate the imaginary part of one loop effective Lagrangian, giving the prob-
ability of pair production in the vacuum under the constant electric field E0,

Because of Schwinger’s contribution, the process of pair production from a vacuum 
in a strong field through the tunneling effect is also called the Schwinger mechanism 
or Schwinger effect. Since Eq. (41) has an essential singularity in the limit e → 0 , 
the Schwinger particle pair generation mechanism is a non-perturbation process 
which cannot be calculated by a series expansion in the coupling constant.

3.1.1 � Worldline instanton

Based on the Feynman path integral method, the worldline instanton technique has 
been used to study the perturbative and non-perturbative QED phenomena. Start from 
the worldline path integral expression of the Euclidean one-loop effective action for a 
scalar particle in an Abelian gauge background A

�
 (Schubert 2001), we have

(40)L =
1

2
(E2

− B2
) +

e4

360�2m4
e
∫ d4x

[
(E2

− B2
)
2
+ 7(E ⋅ B)2

]
.

(41)w =

e2E2
0

4�3

∞∑
n=1

1

n2
exp

(
−

n�m2
e

eE0

)
.

(42)Γ[A] = ∫
∞

0

dT

T
e−m

2
e
T ∫x(T)=x(0)

Dxexp

[
−∫

T

0

d𝜏

(
ẋ2

4
+ ieA ⋅ ẋ

)]
,
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where the functional integral ∫ Dx is over all closed space-time paths x�(�) which 
are periodic in the proper-time parameter � , with period T. Rescaling � = Tu , and T 
by m2

e
 (Affleck et al. 1982; Dunne and Schubert 2005),

where the approximation me

√
∫ 1

0
duẋ2 ≫ 1 of weak-field condition is used. The 

functional integral may be approximated by a functional stationary phase approxi-
mation. The worldline action

is stationary if the path x
�
(u) satisfies

A periodic solution of Eq. (45) is called a worldline instanton (Affleck et al. 1982; 
Dunne and Schubert 2005). The pair production rate is given by the imaginary part 
of the effective action

Back in 1982, Affleck et al. (1982) calculated the scalar electron-positron pair pro-
duction rate in a weak constant electric field. The method was extended to compute 
the rate of the monopole-antimonopole pair production rate in a weak external mag-
netic field by using an instanton method to Feynman worldline path integral. Kim 
and Page (2002) proposed that the instantons of quantum tunneling may be related 
to the pair production of bosons. They also have calculated the pair-production rates 
of bosons and fermions in static uniform and inhomogeneous strong electric field. 
The pair production in time-dependent and space-dependent electric fields were 
studied by Dunne and Schubert (2005) in detail. It was shown that temporal inhomo-
geneities tending to enhance the local pair production, while spatial inhomogenei-
ties tending to suppress it. Meanwhile, they also extended the worldline instanton 

(43)
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ẍ
𝜇√

∫ 1

0
du ẋ2
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(46)Im Γ[A] ∼ e−S.
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technique to spinor QED. Dunne and Wang (2006) extended the worldline instan-
ton method of computing vacuum pair production rate for spatially inhomogeneous 
external electric fields to the multi-dimensional case.

At thermal environment, the rate of pair-production process would be enhanced 
by the thermal photon bath, and the worldline instanton need to be corrected. 
The S instanton  (Gould and Rajantie 2017) and the worldline sphaleron  (Gould 
et al. 2018) were introduced to calculate the rate of pair production at non-zero 
temperatures. Brown (2018) found the pair-production rate is dominated by a 
new instanton that involves both thermal fluctuation and quantum tunneling at 
non-zero temperatures. Korwar and Thalapillil (2018) computed pair production 
rates in the presence of homogeneous, concurrent electric, and magnetic fields at 
finite temperature. Worldline instanton technique also has been used for studying 
the non-linear BW pair production and the NCS process (Degli Esposti and Tor-
grimsson 2022).

The WKB approximation can be used to seek the instanton solution from Γ[A] 
(Popov 1972a, b; Kim and Page 2002). WKB approximation is a semiclassical 
approach to investigate Schwinger pair production by solving the Dirac equa-
tion. Proposed by Jeffreys (1925), Wentzel (1926), Kramers (1926), and Brillouin 
(1926), WKB (or JWKB) approximation method can calculate the approximate 
solutions to the time-independent Schrödinger equation. The exact WKB analysis 
is an extension of the conventional WKB method. It was proposed and devel-
oped by Voros (1983), Dillinger et al. (1993), Aoki et al. (1995), Delabaere et al. 
(1997), Delabaere and Pham (1999). Its central idea is to apply the Borel resum-
mation technique to make the series well-defined. It also provides a powerful tool 
to investigate Stokes phenomena of WKB solutions quantitatively.

Yi (1995) studied the one-loop contributions to the WKB exponent tunneling rate 
of near-extremal magnetic black holes pair production induced by background mag-
netic fields.  Strobel and Xue (2014, 2015) studied the two-component case of a rotat-
ing electric field using the generalized WKB method and found that the pair creation 
rates of spinor and scalar QED are different even for one pair of turning points. Within 
the WKB approximation,   Di  Piazza (2014) constructed analytically single-particle 
electron states in the presence of a background electromagnetic field of general space-
time structure in the realistic assumption that the initial energy of the electron was the 
largest dynamical energy scale in the problem. Oertel and Schützhold (2019) studied 
electron-positron pair creation to spacetime-dependent fields by a WKB method based 
on the eikonal (or Hamilton–Jacobi) equationand applied it to the case of a spacetime-
dependent mass. Taya et al. (2021) identified the generic structure of a Stokes graph 
for systems with the vacuum pair production and showed that the number of produced 
pairs was given by a product of the connection matrices for Stokes segments connect-
ing pairs of turning points. By employing a generalized WKB approach,   Kohlfürst 
et al. (2022) studied the electron-positron pair creation by the EM field of two colliding 
laser pulses and found that the pair creation rate along the symmetry plane displayed 
the same exponential dependence as for a purely time-dependent electric field.
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3.1.2 � Quantum Vlasov equation

Quantum Vlasov equation (QVE) is a kinetic method which can be derived from 
the Dirac equation with Bogoliubov transformation  (Schmidt et  al. 1998; Alkofer 
et al. 2001). It is suitable to deal with the generating of electron-positron pairs in the 
time-dependent and spatially homogeneous electric field with negligible collision 
effect (Schmidt et al. 1999). Start from Boltzmann equation

where f (p, t) is the particle distribution function, x and p are the spatial coordinate 
and momentum of particle, C(x, p, t) is the collision term. When there is the crea-
tion or annihilation of particles, the source term S(x, p, t) describing the change in 
the number of particles must be added to the equation. Since the laser intensity of 
the state-of-the art is still far from the Schwinger field Ecr , the number of particle 
pairs produced is small, the collision term can be ignored. The Boltzmann equation 
is also known as the quantum Vlasov equation in this situation (Kluger et al. 1998). 
Based on equation df (p, t)∕dt = S(p, t) with the Schwinger source term S(p, t) , 
where f (p, t) is the particle momentum distribution function, p = (p

⊥
, p‖(t)) is the 

momentum of particle with longitudinal component p‖(t) = p‖ − eA(t) , the QVE 
can be expressed as (Schmidt et al. 1998; Xie et al. 2017)

where “+” (“–”) corresponds to boson (fermion) pair creation, and the transition 
coefficients

with g
+
= 1 for bosons and g

−
= 2 for fermions. Here 𝜔(t) =

�
𝜀
2
⊥
+ p2‖(t) , 

𝜀
⊥
=

√
m2

e
+ p2

⊥
 is the transverse energy. In the low-density limit and a constant 

electric field, the pair production rate given by Schwinger’s formula can be repro-
duced (Schmidt et al. 1998),

Equation  (48) is an integro-differential equation. For simplicity and convenience 
of numerical calculation, it is transferred into three coupled first-order linear dif-
ferential equations  (Bloch et  al. 1999). Using QVE to solve the electron-positron 
pair generating problem can not only obtain the generation rate, but also obtain the 
momentum distribution function and the number density of pairs. It is essentially 
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non-perturbative and incorporates non-Markovian effects in strong field pair 
production.

The plasma of electron-positron quasiparticle pairs creation in a standing wave 
was explored using a parameter-free QVE  (Blaschke et  al. 2006). They found the 
plasma vanished almost completely when the laser field was zero, leaving a very 
small residual pair density.  Hebenstreit et al. (2009) investigated the pair production 
from vacuum for short laser pulses with a subcycle structure and showed that the 
momentum spectrum of the created electron-positron pairs was extremely sensitive 
to the subcycle dynamics. Enhanced electron-positron pair creation by dynamically 
assisted combinational fields was investigated based on the QVE, and found that 
the high frequency assisted field will enhance pair production significantly (Abduk-
erim et al. 2012). The effects of laser pulse shape and carrier-envelope phase on pair 
production were investigated by solving QVE, and found that there exist the mul-
tiphoton processes and stabilization phenomenon in pair production for supercycle 
situation  (Abdukerim et al. 2013). The effective mass problem of electrons and pos-
itrons in a strong electric field was analyzed based on accurate numerical solutions 
of QVE (Kohlfürst et al. 2014). The momentum spectrum and the number density of 
boson pair (Li et al. 2014a) and electron-positron pair (Li et al. 2014b) production 
from vacuum in the combined electric fields were investigated. The pair production 
is strongly influenced by the multiple-slit interference effect. The pair creation in a 
sinusoidal frequency-modulated electric field was also studied by solving the QVE 
numerically  (Gong et al. 2020).

3.1.3 � Dirac–Heisenberg–Wigner formalism

The Dirac–Heisenberg–Wigner (DHW) formalism can be regarded as an extension 
of the Vlasov equation. As the phase-space correlation function for the Dirac vac-
uum in the presence of a simple field configurations, the DHW formalism was first 
derived by Bialynicki-Birula et al. (1991). The start point of DHW formalism is the 
equal-time density operator of two Dirac field operators in the Heisenberg picture,

where Ψ is the Dirac field operator, r is the center-of-mass coordinate, s is the rela-
tive coordinate, the factor before the commutator is a Wilson-line factor used for 
ensuring gauge invariance, A is the background field vector potential. The vacuum 
expectation value of the Fourier transformation of Eq. (51) with respect to the rela-
tive coordinate s gives the Wigner function

Decomposing the Wigner function in terms of the Dirac gamma matrix, we have 16 
Wigner components
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where � , ℙ , �
�
 , �

�
 and �

��
 are scalar, pseudoscalar, vector, axial vector and tensor, 

respectively, ���
=

i

2
[�

�, ��] . The 16 components satisfy a partial differential equa-
tion system which comes from the equation of motion. Solving the equation set, then 
one can get the particle momentum distribution and other observables (Bialynicki-
Birula et al. 1991; Hebenstreit 2011; Kohlfürst 2015; Xie et al. 2017). Theoretically 
speaking, the DHW formalism method can solve the pair production problem in any 
kind of external field. For spatially uniform time-dependent electric fields, the DHW 
formalism can be reduced to the quantum Vlasov equation (Hebenstreit et al. 2010).

The pair production in the homogeneous electric field was illustrated as an simple 
example of DHW  (Bialynicki-Birula et al. 1991). The Schwinger effect in the pres-
ence of space- and time-dependent electric field was performed with DHW  (Heben-
streit et al. 2010, 2011), and the time evolution of observable quantities such as the 
charge density, the particle number density or the total number of created particles 
were also calculated. Schwinger pair production in rotating time-dependent elec-
tric fields was explored by employing real-time DHW  (Blinne and Gies 2014). It 
was found that the electric field rotation generically enhances the pair production in 
comparison with LP fields. The characteristic momentum space patterns of the dis-
tribution function could serve as a decisive fingerprint of Schwinger pair production, 
if the QED successive cascade preserves a remnant of this pattern in the final state 
distributions of either electrons, positrons or photons. The effects of electric field 
polarizations on pair production were investigated with real-time DHW   (Li et al. 
2015). For a small laser frequency, the particle number density decreases with the 
polarization, while for a large laser frequency, the relation between them is sensi-
tive to the field frequency non-linearly.  Kohlfürst and Alkofer (2016) investigated 
the pair production in space- and time-dependent electromagnetic fields, especially 
the influence of a time-dependent, inhomogeneous magnetic field on the particle 
momenta and the total particle yield. Wigner function and pair production in parallel 
electric and magnetic fields for each Landau level was analytically calculated (Sheng 
et al. 2019). The effects of symmetrical frequency chirp on pair production have also 
been studied in detail using DWH (Wang et al. 2021a; Mohamedsedik et al. 2021; 
Wang et al. 2023).

3.2 � Generation of electron‑positron pairs with high‑Z solid targets

The theoretical calculations show that the current laser intensity is not strong 
enough to directly produce lepton pairs from vacuum, but scientists have been 
able to observe the pair production in indirect ways. The laser-plasma interaction 
with ultra-high laser intensity is extremely complicated and highly-nonlinear, but 
the theoretical methods reviewed above can only deal with some simple cases, 
e.g., a homogeneous or rotating EM wave, posing a great challenge to time- and 
space-dependent EM field. Fortunately, for a0 ≫ 1 and 𝛾 ≫ 1 , the laser field can 
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be considered as constant since the formation length of photon emission is propor-
tional to �0∕a0 and the external EM field is crossed with E⊥B , E = B , in the particle 
proper reference frame. Since the basic strong-field QED processes are formed on a 
length scale much smaller than the laser wavelength, the LCFA has been developed 
to deal with the strong-field QED processes analytically and numerically. LCFA has 
been implemented in almost all QED-PIC codes like EPOCH (Ridgers et al. 2014), 
and with some corrections and improvements allow us to compute these QED pro-
cesses in arbitrary EM fields under conditions where the local quantum non-linear 
parameter �e is large, e.g., in laser-plasma interaction at extremes. Assisted by high-
performance computers, numerical simulations of pair production in strong fields 
with LCFA have made significant progress in the past years.

Since Anderson (1933) experimentally revealed the existence of “anti-electron” 
and named it positron, ones have found and proposed various methods for obtaining 
positrons. For the applications that only require slow positron sources such as PAS 
and PET, the positrons can be acquired naturally from the �+ decay of some radio-
nuclides such as 22 Na and 40 K, together with neutrinos. Positrons can be also gen-
erated by cosmic rays and �-ray flashes created by electrons accelerated by strong 
electric fields in the clouds. When high-energy positron sources are demanded, two 
major mechanisms are widely involved: (1) Trident process (Shearer et  al. 1973), 
where electrons collide with the coulomb fields of high Z nucleus to generate elec-
tron-positron pairs, e− + Z → Z + e+ + 2e− ; (2) Bethe–Heitler (BH) process (Bethe 
and Heitler 1934), where high-energy �-photons are first generated via bremsstrahl-
ung radiation when electrons hit a metal target, and �-photons then interact with the 
coulomb field of the high-Z nucleus to produce positrons, � + Z → Z + e+ + e− . In 
both processes, the high-Z solid target plays an important role, providing a strong 
coulomb field for interacting with the electrons. In the past decades, plenty of works 

Table 2   Positron generation with different laser intensities

Mechanism References Laser intensity ( W∕cm
2) Positron yield

BH and Trident

Nakashima and Takabe (2002) 10
20

4 × 10
10

Nakamura and Hay-
akawa (2016)

5 × 10
22

10
8

Audet et al. (2021) 2.5 × 10
19

7.2 × 10
3

Chen et al. (2015) 10
20

2 × 10
12

Jiang et al. (2021) 4.5 × 10
20

∼ 10
12

Liang et al. (2015) 1.9 × 10
21

∼ 10
10

Xu et al. (2020) 4.5 × 10
20

7.6 × 10
7

BW

Zhu et al. (2016) 3 × 10
22
(double) ∼ 10

11

Yasen et al. (2021) 4 × 10
23
(double) 10

8

Zhao et al. (2022) 4.5 × 10
22
(double) ∼ 10

11

SLAC E144
Bamber et al. (1999)

0.5 × 10
18 106 ± 14

RHIC experiments
Adam et al. (2021)

6085
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have been carried out theoretically, experimentally or numerically based on the 
above two mechanisms, as summarised in Table 2.

It is now convenient to acquire energetic electrons on both conventional accelera-
tors (Yakimenko et al. 2019) and laser-based accelerators (Gonsalves et al. 2019). 
As a result, the positron generation by seeded electrons via the Trident process 
or BH process are attracting increasing attention (Fig.  8). In terms of interaction 
manners, the designed schemes based on the Trident process or BH process can be 
divided into direct ones and indirect ones. In direct schemes, the Trident process 
and the BH process proceed simultaneously and both can produce electron-positron 
pairs when the ultra-intense laser interacts directly with the solid target, accompa-
nied by some other processes such as bremsstrahlung, transition radiation and laser-
ion acceleration. Since the scaling of the BH positron yield is expected to scale as Z4 
with Z the atomic number, a high-Z target, e.g., Au or Ta, is preferably employed in 
experiments. For example, in 1999, Cowan used an intense laser pulse with the focal 
intensity of 1020 W/cm2 to irradiate a metal composite target (Au+Cu) and detected 
103 candidate events(Cowan et al. 1999). In 2009, Chen et al. (2009) measured up to 
2 × 1010 positrons per steradian ejected out the back of mm thick gold targets when 
illuminated with 1 ps 1020 W/cm2 laser pulses. It was shown that the positrons are 
produced predominately by the BH process and have an effective temperature of 2–4 
MeV. In their following experiment in 2013, quasi-monoenergetic, beamlike posi-
tron jets were observed with energy of 4 to 20 MeV and a beam temperature of 
1 MeV, by irradiating a gold target with an intense picosecond laser pulse. With 
higher laser intensity of 1021 W/cm2 , Liang et  al. (2015) used a 100 J laser pulse 

Fig. 8   Feynman diagrams for the non-linear Trident, Bethe–Heitler, and Breit–Wheeler processes. The 
double fermion lines indicate that the process occurs in an external laser field
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from Texas Petawatt Laser to irradiate a metal platinum target and 1010 positrons 
are generated with the density of 1015 cm−3 . Although the positron generation cross-
section of the BH process is much larger than the Trident process, the total reac-
tion cross-section is not so different when multiplied by the cross-section of the 
bremsstrahlung. Nakashima and Takabe (2002) showed that the density of the target 
nuclei and the thickness of the target together influence which process dominates in 
the direct interaction process of high energy laser pulses and high-Z targets.

In the indirect schemes, the positron generation process can usually be divided 
into two steps, first using the laser-plasma interaction to obtain energetic electron 
beams, and then irradiating these electron beams onto high-Z targets to generate 
positrons. Compared with the direct schemes, the positron beam quality achieved 
in an indirect scheme can be controlled by adjusting the energy, density, and diver-
gence angle of the relativistic electron beams. In 2000, Gahn et al. used a laser pulse 
with an energy of 220 mJ and pulse width of 130 fs to interact with a gas-jet target to 
get MeV-level electrons, which were then collided with a 2 mm-thick Pb converter 
to generate 107 positrons (Gahn et al. 2000). In 2014, Sarri et al. also reported on the 
generation of a high-density and neutral electron-positron pair plasma in the labora-
tory, with a positron density up to 1016 cm−3 . This allows for collective effects to 
occur (Sarri et al. 2015). Most recently, Audet et al. (2021) experimentally obtained 
picosecond positron beams with energies tunable from 500 keV to 2 MeV and flux 
of the order of 103 through an indirect scheme.

3.3 � All‑optical schemes for generating electron‑positron pairs

Another important mechanism for positron generation is the Breit-Wheeler (BW) 
process (Breit and Wheeler 1934), where two high-energy photons collide (linear 
BW process): � + � → e+ + e− , or a high-energy photon interacts with multiple 
lower-energy photons (e.g., laser photons) to produce positive and negative electron 
pairs (non-linear BW process): n� + � → e+ + e− . The BW process can provide an 
all-optical method for converting light quanta into matter. Since the study of this 
process is of great scientific importance in QED researches, especially with the rapid 
development of PW laser facilitates, a large number of theoretical and numerical 
works has been carried out (Titov et al. 2012; Heinzl et al. 2010; Liu et al. 2016b; 

Fig. 9   Schemetic layout of the SLAC-E144 experiments (Burke et al. 1997)
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Lu et al. 2018; Luo et al. 2018). For experimental demonstration, the famous SLAC-
E144 experiment carried out in 1997 provided solid evidence for the non-linear BW 
process, where they used a 46.6 GeV electron beam obtained from the SLAC linear 
accelerator to collide with a laser and 106 ± 14 positrons were detected (Burke et al. 
1997; Bamber et al. 1999), as presented in Fig. 9. Although the experiments were 
successful, the positron yield and beam qualities were not very promising for sub-
sequent experiments or applications. One of the key factor that limits the positron 
yield is the laser pulse intensity employed in the experiments, which is around the 
relativistic threshold 1018 Wcm−2 . In 2010, Hu analysed the positron yield versus 
laser intensity in the SLAC experiments (Hu et al. 2010). It turns out that increas-
ing the energy of colliding electron beams can effectively lower the threshold of the 
laser intensity required for positron generation in a laser-electron collision scheme, 
however, the positron yield would not be satisfactory. In 2020, the STAR collabo-
ration successfully generated 6085 electron-positron pairs by using the Relativistic 
Heavy Ion Collider (RHIC), providing an experimental demonstration of the linear 
BW process (Adam et al. 2021). The observed features of the BW process present 
experimental confirmation of fundamental QED predictions. With the upcoming 
10–100 PW scale laser facilities such as ELI-200 PW, EP-OPAL-75 PW, SEL-100 
PW, GEKKO-EXA-50 PW, and XCELS-200 PW (Danson et al. 2019; Turner et al. 
2022), the laser intensity will be pushed toward 1024 W/cm2 which is sufficient for 

Fig. 10   Phase space distribution of laser intensity versus �-photon energy in the non-linear BW process. 
The x and y axis represent the laser pulse duration and pulse energy, respectively, while the blue lines 
indicate the corresponding laser pulse intensity at 1 � m focal spot. For comparison, some large laser facili-
ties are also marked in the figure. Here �-photon energy is represented by the red axis. Assuming a headon 
photon-photon collision, the corresponding quantum parameter �

�
 is shown by the red dashed lines
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copious positron generation via either the linear or non-linear BW process. Thus, 
experimental studies on the generation of electron-positron pairs via the all-optical 
BW process have attracted significant attentions around the world.

As mentioned in Sect. 1.3, the quantum parameter �
�
 determines the probability 

of electron-positron pair generation in a photon-photon collision, which can be calcu-
lated approximately by 𝜒

𝛾
= �𝜔0|E⃗⊥

+ k⃗ × cB⃗|∕(2mec
2Ecr) , where E⃗

⊥
 is the electric 

field perpendicular to the velocity of �-photon, k⃗ is the wave vector of the �-photon, 
and �ph is the wavelength of the photon. Assuming a headon photon-photon collision, 
we draw a picture of the �

�
 distribution in the phase space of laser intensity and �

-photon energy, as shown in Fig. 10. In this figure, the laser intensity is estimated by 
focusing the laser pulse at 1 � m spot and the �-photon energy is the required for copi-
ous electron-positron pair production ( �

�
≥ 0.1 ) via the non-linear BW process. For 

comparison, some large laser facilities with the designed parameters are also marked 
in this figure. One sees that, with the increase of laser intensity, the required photon 
energy is reduced for a fixed �

�
 . For example, for the upcoming 100 PW laser SEL 

with �
�
= 0.1 , MeV-class photon beams are sufficient for producing copious elec-

tron-positron pairs; for the VULCAN petawatt laser (Danson et  al. 2004), we may 
need 100 MeV-class photons to trigger the same lever pair production.

Overall, the positron generation schemes based on the BW process can be divided 
into three different categories according to the medium of interaction, i.e., solid, near-
critical-density (NCD) plasma and gas. To mitigate the BH and Trident process, the 
solid targets used in the BW-based schemes are mainly thin low-Z targets, such as Al 
and Sn, aiming at reflecting intense lasers instead of colliding with energetic electrons 
or �-photons (Ridgers et al. 2012). For example, Liu et al. (2017) proposed that by irra-
diating an 5 �m-thick Aluminum foil with a laser pulse at 2 × 1023 W/cm2 , 3.8 × 107 
positrons can be generated via the non-linear BW process. Although solid target usu-
ally demands only one laser pulse for copious positron generation, which largely sim-
plifies the experimental setup, the required laser intensity are much higher than the 
multi-beam colliding schemes. Chang et al. (2015) proposed a scheme for enhanced 
production of electron-positron-pair plasmas by using two 10 PW lasers at intensi-
ties of 1023 W/cm2 irradiating a thin solid foil from opposite sides. It was also shown 
that attosecond electron-positron pairs can be generated by a 10 PW laser irradiating a 
micro-wire target and colliding with a scattering laser pulse of the same intensity (Li 
et al. 2017b). For lowering the drive laser intensities, gas targets are often used to pro-
vide energetic electron beams via the LWFA. In a laser-gas interaction scheme, Lobet 
et al. numerically proved that 6 × 108 positrons can be generated via the BW process 
by using laser pulses of intensity of 1.6 × 1022 W/cm2 (Lobet et al. 2017). Since the 
positron yield not only depends on the laser intensity, but also is connected to the 
seeded particle numbers, one has proposed to use NCD plasma to increase the seeded 
particle numbers and enhance the positron generation. Recently, Yu et al. (2019) pro-
posed to generate two high-energy �-photon beams by two 10 PW lasers interacting 
with two individual NCD plasma channels. The obtained �-ray beams with a very low 
divergency then collide with each to produce copious electron-positron pairs through 
the linear BW process. Moreover, Duff et al. (2019) proposed a multi-stage mecha-
nism for electron-positron pair production. In the scheme, they irradiated a 10nc target 
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with a drive laser pulse ( 1 × 1023 W/cm2 ) at 1 �m to obtain collimated high-energy �
-photons; then the energetic �-photons collide with a super-intense laser pulse off-set 
from the central axis by a characteristic angle with the intensity of 4 × 1023 W/cm2 , so 
that the non-linear BW process is triggered and highly anisotropic electron-positron 
pairs are produced. Zhu et al. (2016, 2019) proposed that the focal spot laser inten-
sity can be increased by one order of magnitude in a NCD-plasma-filled double cone 
configuration, as schematically shown in Fig. 11. Full 3D PIC simulations indicated 
that high-energy, high-brightness �-rays and copious positrons can be obtained at an 
approachable laser intensity of 1022 W/cm2.

3.4 � Positron acceleration by ultra‑intense lasers

While many important breakthroughs have been made in the field of laser-driven 
positron sources, there are some specific issues that need further investigations. The 
first and foremost towards the electron-positron collider applications in high-energy 
physics is the positron energy, which should be boosted to above GeV. Unfortu-
nately, the energy and luminosity of the positron beams based on laser-plasma is 
far away from required. Since the laser wakefield acceleration works well for elec-
trons, it is natural to think of wakefield acceleration for positrons (Lee et al. 2001). 
However, this path is quite challenging because the LWFA does not work properly 
for positrons considering the fact that the positively charged particles are easily 
scattered off in the wakefield cavity. To address this issue, various approaches have 
been proposed to improve the positron beam quality in the wakefield, such as using 
plasma channels (Gessner et  al. 2016), vortex laser (Vieira and Mendonça 2014),  

Fig. 11   Dense electron-positron pair production in a double-cone configuration. Two counter-propagat-
ing 10 PW laser pulses are focused from two directions onto the NCD-plasmas-filled double-cone targets 
(purple). The quivering electrons in the ultra-intense laser fields experience large RR forces by emitting �
-photons, so that they are trapped in the laser fields. These trapped electrons perform extreme oscillations 
in the transverse direction and emit bright �-rays (red- and blue–yellow) around the laser axis. Finally, 
copious numbers of e−e+ pairs are created via the non-linear BW process (Zhu et al. 2016)
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positron beam (Corde et  al. 2015), asymmetric electron beam (Zhou et  al. 2021), 
and hollow electron beam (Jain et  al. 2015). In addition to the wakefield accel-
eration, one has also proposed to couple the positron production and acceleration 
together, such as using LG lasers to generate and accelerate positrons (Zhao et al. 
2022), using sheath fields to accelerate positrons (Yan et  al. 2017b), and using 
coherent transition radiation (CTR) to accelerate positrons (Xu et al. 2020), etc. For 
example, Xu et al. (2020) proposed to accelerate the positrons to 500 MeV by CTR 
together with an external 1 T magnetic field. Moreover, Kim et al. (2020) came up 
with a method to modulate the generated positron density, and found that the sheath 
field of a curved target can increase the positron density by an order of magnitude. 
Despite the successful acceleration and confinement of the positrons being achieved, 
the intense vortex laser or extra magnetic field required in these schemes poses big 
challenges to the present laboratory conditions.

A compromise to both the small acceleration gradient of traditional radio-fre-
quency (RF) accelerators and the limited injection charge of laser-plasma accel-
erators is to use terahertz fields for particle acceleration (Xu et al. 2020). It has 
been shown that THz pulses can achieve approximately 100% acceleration of 
the injected particle beam and maintain essentially constant energy spread (Hib-
berd et  al. 2020). Since the laser accelerators for positrons still face the chal-
lenges of limited injection charge, energy dispersion, and quick dephasing, the 
larger amount of injected charge and longer acceleration length that come along 
with THz-driven particle accelerators should benefit significantly the positron 

Fig. 12   a Schematic diagram of the multi-stage THz-driven positron acceleration. Initial injected b posi-
tron and c electron beam density distribution in the y–z plane. d Transverse electromagnetic field distri-
bution in the x–y plane. (Zhao et al. 2023)
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acceleration. Moreover, it has been proved that the transition radiation field 
could help in confining the particle beams (Sampath et al. 2021). Recently, Zhao 
et  al. (2023) proposed a possible multi-stage positron acceleration scheme for 
high energy positron beam acceleration and propagation, as indicated in Fig. 12. 
In the scheme, strong coherent THz radiation is generated when an injected elec-
tron ring beam passes through one or several solid targets. Multi-dimensional 
PIC simulations demonstrated that each acceleration stage is able to provide 
nearly 200 MeV energy gain for the positron beams. Meanwhile, the positron 
beam energy spread can be controlled within 2% with a well-maintained beam 
emittance. This may promise many potential applications in laboratory physics 
and high-energy physics.

Since positron constraint is a key issue in the positron acceleration, Zhao 
et  al. (2022) proposed to collide an LG drive laser with a Gaussian scattering 
laser inside an NCD plasma column, as indicated in Fig. 13. Due to the unique 
structure of the twisted laser pulse, the positrons are well confined by the radial 
electric fields and experience phase-locked-acceleration by the longitudinal 
electric field. Full 3D PIC simulations demonstrated the generation of dense 
sub-femtosecond quasi-monoenergetic GeV positron bunches with tens of pico-
coulomb (pC) charge and extremely high brilliance above 1014 s −1 mm−2 mrad−2 
eV−1 . Recently, Sugimoto et al. (2023) discovered a simple regime where NCD 
plasma irradiated by a laser of experimentally available intensity can self-organ-
ize to produce positrons and accelerate them to ultra-relativistic energies. In the 
regime, the acceleration field is the plasma field generated by the charge sepa-
ration of the leading electrons and ions, rather than the laser itself. With a 10 

Fig. 13   Schematic diagram of quasi-monoenergetic positron bunches generation by twisted lasers in the 
NCD plasma. The scheme is divided into three stages: (I) The LG drive laser is incident onto the NCD 
plasma from the left-side, accelerating electrons to multi-GeV energies. (II) Copious �-photons are gen-
erated via the NCS process when the electron bunches collide head-on with a time-delayed scattering 
laser pulse. (III) Prolific electron-positron pairs are generated via the non-linear BW process, which are 
further compressed and accelerated via the phase-locked-accelerations (Zhao et al. 2022)
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PW-class lasers at 1022 W/cm2 , the regime predicted the generation of GeV posi-
tron beams with a divergence angle of around 10◦ and a total charge of 0.1 pC.

3.5 � Positron polarization in strong laser fields

Positrons have two possible spin values: ±ℏ∕2 , with different probabilities 
depending on the state amplitudes. Since spin-polarized positron beams can 
reveal information about the independent degree of freedom, they have impor-
tant applications in various fields, such as investigating the internal structure 
of matter, searching for new physics beyond the standard model and studying 
spin phenomena at material surfaces. Several physical processes can affect the 
polarization of particles, such as spin precession described by the Thomas–Barg-
mann–Michel–Telegdi (T-BMT) equation (Bargmann et  al. 1959), the radia-
tive spin-flip (Sokolov-Ternov effect) (Sokolov and Ternov 1964), and the spin-
dependent magnetic field gradient force (Stern–Gerlach force) (Wen et al. 2013). 
Currently, most schemes for generating polarized electrons or positrons are 
related to the radiative spin-flip, which occurs when an electron or positron emits 
a high-energy photon and its spin aligns in the opposite/same direction of its 
magnetic field. The general view is that constructing an asymmetric laser field, 
such as elliptically polarized or two-color linearly polarized laser pulses, is the 
key to realize polarized beams.

The generation of spin-polarized positron beams has been extensively inves-
tigated. These studies can be classified into three categories. The first category 
relies on the radiative spin-flip of positrons in storage rings under tesla-level mag-
netic fields. After emitting photons through synchrotron radiation in a magnetic 
field, positrons may undergo spin-flip. The probability of positrons transitioning 
to the state where their spin is oriented in the same direction as the magnetic field 
is higher. But the saturation is not complete and the degree of polarization can be 
described by the formula (Sokolov and Ternov 1986):

(54)�(t) = A(1 − e
−

t

� ),

Fig. 14   Scheme of generating polarized positron beams via the BH process by polarized �-photons 
(Omori et al. 2006)
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where A = 8
√
3∕15 ≈ 0.924 is the limiting degree of polarization (92.4%), and � is 

the relaxation time

where H0 is the Schwinger magnetic field, and H is the magnetic field. However, this 
method is quite time-consuming (Liu et al. 2022) due to the weak magnetic field of 
synchrotron radiation.

The second category utilizes the BH process to produce polarized positrons by 
irradiating high-Z targets with CP high-energy photons or pre-polarized electrons. 
For instance, Omori et al. (2006) proposed a two-quantum processes for polarized 
positron beam generation, i.e., inverse Compton scattering and electron-positron 
pair creation. As shown in Fig. 14, a right-hand polarized laser pulse scatters off 
relativistic electrons and generates left-hand polarized �-photons, which then 
hit a tungsten plate and create polarized positrons. Finally, they obtained short 
polarized positron beams with an intensity of 2 × 104 e+∕bunch and a polarization 
magnitude of 73 ± 15 ± 19% . However, this method suffers from low conversion 
efficiency of the BH process [ ∼ 104 positrons/shot (Song et al. 2022)] and insuf-
ficient brightness of the current available circularly polarized photons.

The third category involves non-linear QED processes when strong laser fields 
with an intensity exceeding 1 × 1023 W∕cm2 interact with plasmas. In this case, 
electrons can radiate � photons, which then annihilate into e−e+ pairs via the BW 
process (Reiss 2004). Recently, using QED-PIC simulations, Song et  al. (2021) 
demonstrated that polarized positrons can be generated by two counter-propagat-
ing LP laser pulses with peak intensity of 8.9 × 1023 Wcm−2 impinging on a thin 
foil target. Subsequent simulations also indicated that when the laser pulse is suf-
ficiently strong (with intensity exceeding 1024 W∕cm2 ), a positron beam with high 
spin polarization rate can be directly generated when a single laser pulse inter-
acts with plasma, as shown in Fig. 15 (Song et al. 2022). By using a foil target 
with micrometer-scale-length pre-plasmas, a positron beam with a polarization 

(55)� = A
4��0ℏ
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Fig. 15   Schematic for producing polarized positrons by irradiating a foil target with an ultra-strong LP 
laser beam (Song et al. 2022)
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rate higher than 30% , a charge larger than 30 nC , and a flux of 1012 sr−1 can be 
obtained.

In addition to the two schemes by directly irradiating solid targets with lasers, 
Liu et al. (2022) also proposed a scheme to trap and accelerate polarized positron 
beams using plasma wakefields. In this scheme, polarized � photons are generated 
by seed electrons colliding with a bichromatic laser, and they split into electron-
positron pairs through the non-linear BW process. They obtained a high-quality 
polarized positron beam with GeV energy, an partial positron polarization above 
70% and a divergence angle of around 20 mrad. They also found that the polariza-
tion of intermediate � photons significantly affects the pair yield and polarization 
degree.

3.6 � Generation of muon pairs

The muon, an unstable elementary particle in the standard model of particle physics, 
was first detected from cosmic radiation in 1936. A muon is similar to an electron 
with an electric charge of −e and a spin of ±ℏ∕2 , but with a much larger mass. Since 
muons are much more deeply penetrating than X/�-rays, muon image can be used for 
much thicker materials and objects, e.g., cargo containers, to detect shielded nuclear 
materials and explosives. Most importantly, precise measurements of muon anoma-
lous magnetic moment (Gorringe and Hertzog 2015) and rare muon decay investiga-
tion provide irreplaceable ways of searching the new physics beyond the standard 
model.

Since muons have a larger mass and greater energy than the decay energy of 
radioactivity, they are usually not produced by the radioactive decay, but in great 
amounts in high-energy interactions with matter, in particle accelerator experiments 
with hadrons, and in cosmic ray interaction with atmosphere. These interactions 
usually produce � mesons initially and the latter almost always decay into muons. 
However, the natural muon source, driven by the cosmic ray, just has a flux of 104 
m −2min−1 at sea level. Such a low flux leads to low beam density, undesirable for 
many potential applications as mentioned above. On the other hand, the RF-based 
artificial muon factories, e.g., ISIS-RAL (Hillier et al. 2018), PSI (Foroughi et al. 
2001), J-PARC (Nagae 2008), TRIUMF (Wright et al. 1992), etc., typically demand 
a kilometer-scale ion accelerator to achieve a proton beam with energy above 100 
MeV and complex beam compression facilities to focus the muon beam. They have 
become increasingly expensive and huge in size. Thus, new methods of generating 
dense and short muon sources are in high demand.

Recently, the successful production of GeV electron beams based on laser accel-
erators has provided an alternative method. For example, Titov et  al. (2009) pro-
posed a table-top configuration for muon generation with a PW laser. They divided 
the processes into two cases. In the first case, the muon pairs are produced in the 
interaction of bremsstrahlung photons within the electric field of high-Z nuclei via 
� + A → A + �

+
�
− . This process is analogous to the well-known BH process and 

the yield of muon production is defined by
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where A is the atomic weight, NA is Avogadro’s number, �A denotes the target density, 
d��A→�

+
�
−A is the elementary cross section of the muon production in the elemen-

tary �A interaction, and d�
�

[
Ee(l),E�

]
∕dE

�
 is the angular-integrated bremsstrahlung 

cross section. For the gold target with A = 197 and ZA = 79 , the electron energy 
versus target length is Ee(l) ≃ E0

e
exp

(
−l∕l0

)
 , where l0 ≃ 0.306 cm. Meanwhile, the 

electron beam absorption in the target may be accounted for by a linear dependence 
Ne

(l) ≃ Ne
0

[
1 − l∕Lmax

(
E0
e

)]
 with Ne

0
 is the initial beam intensity and Lmax stands for 

the maximum distance traveled by the energetic electrons.

(56)

dN�
+
�
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NA�A

A ∫
L

0

dl∫ dE
�

NA�A

A
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+
�
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(
E
�

)
,

Fig. 16   Schematics for producing highly directional GeV muon pairs using a laser wakefield accelerator 
(Rao et al. 2018)

Fig. 17   Sketch of the proposed laser-driven muon source. An ultra-intense laser pulse impinges on the 
CH target and then accelerates the protons to about 800 MeV with the beam charge up to tens nC . The 
protons propagate forward and interact with the graphite converter target, while the carbon ions diffuse in 
space. Pions are thus produced via the proton-nucleus inelastic collision, which can decay immediately 
into muons and neutrinos due to the weak interaction. Finally, copious surface muons are produced at the 
rear of the target while the pion beams can continuously radiate muons in flight (Sha et al. 2022)
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In the second case, the muon pairs are produced in the direct interaction of ener-
getic electrons with nuclei via e + A → e� + A + �

+
�
− , which is so-called trident pro-

cess. The yield of muon production can be expressed as (Titov et al. 2009):

where d�eA→e��+
�
−A is the elementary cross section of the muon production in the 

elementary eA interaction.
After estimating the muon pairs yield by Eqs. (56) and (57), about 5 × 103 muon 

pairs can be produced via 20 pC laser-driven electron with energy of 10 GeV 
impinging 1-cm-thick gold target (Titov et al. 2009). Following this work, Rao et al. 
(2018) have demonstrated numerically the feasibility of a mm-scale, sub-100ps-
duration bright muon source driven by 100 pC laser wakefield electrons with an 
energy of 10 GeV, as shown in Fig. 16. Such muon source is promising in elemen-
tal analysis, muon catalyzed fusion ( �CF), proton charge radius measurement, high-
order harmonics generation, muon radiography and tomography.

Recently, Wang et al. (2021b) proposed prompt acceleration of an injected low-
energy muon beam in a plasma wakefield driven by a laser-accelerated electron 
beam. Full 3D PIC simulations showed that a muon beam can be accelerated from 
275 MeV to more than 10 GeV within 22.5 ps in the wakefield. Sha et al. (2022) also 
proposed a novel scheme for obtaining an unprecedentedly dense and short muon 
source by combining the laser-ion accelerator and a conventional beam-converter, 
as shown in Fig. 17. With full 3D PIC simulations and Geant4 (Agostinelli et  al. 
2003) simulations, it was shown that when the laser-driven proton beam irradiates 
the converter target, pions can be first generated, which then decay into a muon and 
a muon neutrino due to the weak interaction, i.e., �+

→ �
+
�
�
 and �−

→ �
−
�
�
 . In the 

process, it is however very difficult to analytically calculate the cross section of pro-
ton-nucleus reactions due to the prohibitive number of open channels (Braun-Munz-
inger and Stachel 1987; Bungau et al. 2013; Bertini 1969). It is finally shown throng 
linear interpolation of the cross section that a mm-scale, several-nanoseconds-dura-
tion surface muon source with a yield of ∼ 106 per shot, and a tens-micron-scale, 
tens-picoseconds-duration flying pion beam with a yield of ∼ 109 per shot can be 
achieved by using the 100 PW-class lasers via our scheme. These unique properties 
make the muon beams promising to improve the spatial resolution of �SR experi-
ments in small samples and the temporal resolution of muon imaging radiography 
and tomography, together with the sensitivity to rare muon decay investigation.

4 � Conclusion

The development of ultra-short high-power lasers has carved out new scientific fron-
tiers, such as relativistic plasma physics, advanced particle accelerators, and strong-
field QED physics. Among them, copious high-energy photon emission accom-
panying the charged particle acceleration in ultra-intense electromagnetic fields 
has attracted increasing attention due to their unique features such as high flux, 
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high brightness, and high photon energy. Understanding whether and how strong 
laser fields and QED effects can generate charged particles and radiation sources 
that compete with those based upon conventional accelerators is critical, which is 
not only fundamentally interesting but also essential for their applications. In this 
review, we introduce recent advances in bright X/�-rays radiation and lepton genera-
tion in the QED regime by the interaction of relativistic laser with various plasma 
targets. The characteristics of the radiation and secondary particles generated via 
these schemes are summarized, and the experimental progresses are elaborated.

Though significant progress has been made in the strong-field QED, there are 
still many predictions to be confirmed, many schemes to be demonstrated in experi-
ments, and many experimental issues to be settled. The quest for experimental dem-
onstration of the conversion from energy to mass by QED has become in full swing 
worldwide. The upcoming 10–100 PW lasers together with the high energy acceler-
ators around the world would open up new opportunities for strong-field QED phys-
ics and related applications.
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