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Vortex γ photons with intrinsic orbital angular momenta possess a wealth of applications in various
fields—e.g., strong-laser physics, nuclear physics, particle physics, and astrophysics—yet their gen-
eration remains unsettled. In this work, we investigate the generation of vortex γ photons via nonlinear
Compton scattering of ultrarelativistic electrons in a circularly polarized laser pulse. We develop a
quantum electrodynamics scattering theory that explicitly addresses the multiphoton absorption and the
angular momentum transfer mechanism. In pulsed laser fields, we unveil the vortex phase structure of the
scattering matrix element, discuss how the vortex phase could be transferred to the radiated photon, and
derive the radiation rate of the vortex γ photon. We numerically examine the energy spectra and beam
characteristics of the radiation, while also investigating the influence of finite laser pulses on the angular
momentum and energy distribution of the emitted vortex γ photons.

DOI: 10.1103/PhysRevD.109.016005

I. INTRODUCTION

Vortex photons are described by complex wave functions
with helical phases, and they carry intrinsic orbital angular
momentum (OAM) along the propagation direction [1,2].
Light beams with OAM have significant applications in
various fields including optical manipulation [3,4], quan-
tum optics [5,6], imaging [7,8], etc. Due to their new degree
of freedom, high energy vortex photons offer an alternative
approach for spin physics and promise to shed new light on
nuclear and particle physics [9,10]. Experimental oppor-
tunities introduced by vortex photons and their collisions
with ion beams are studied regarding existing and future
physics programs [11–14]. Vortex photons have also been
shown to reveal various quantum electrodynamics (QED)
effects in [15–18]. Currently, vortex photons from visible to

x-ray (eV ∼ keV) regimes have been generated utilizing
optical mode conversion techniques, high harmonic gener-
ation, or coherent radiation in helical undulators and laser
facilities [19–23]. However, the generation of vortex γ
photons (≳MeV) still remains a challenge, with most studies
considering Compton scattering to attain high energy and
OAM [24–28].
Ultraintense and ultrashort laser pulses [29–31] have

been demonstrated to generate high energy γ photons via
nonlinear Compton scattering (NCS) [32–35]. The spin
angular momentum (SAM) properties of emitted γ photons
have been revealed in theoretical investigations from
moderate to ultraintense regimes [36–39]. The generated
γ photon beam is shown to carry OAM as the collective
effect of the mechanical OAM of the individual photon
defined by L ¼ r × p [40,41]. Although these studies have
inspired rich mechanisms for the generation of vortex
beams with collective OAM in laser-plasma interactions
[42–47], the intrinsic OAM carried by these photons is still
missing from the picture. On the other hand, investigations
based on the spiral motion of charged particles in laser or
undulator fields have identified that photons in harmonic
radiation carry intrinsic OAM [48–50]. Recently, the
generation of vortex particles during a scattering process
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was found to be the result of a generalized measurement
over the final particle in the quantum picture [51]. Thus,
radiation of vortex γ photons should be investigated in the
full QED treatment to reflect the quantum evolution of the
electron, which is missing in classical trajectory-based
studies [26,28,50,52,53]. Moreover, strong lasers are
achieved by temporal compression, and the resulting finite
pulse shape alters the harmonic content of the NCS spectra
affecting angular momentum properties of radiated γ
photons [37,54].
During the NCS process, each radiation event turns

multiple low energy laser photons into a single high energy
final photon such that the angular momentum transfer
relation cannot be addressed if one only considers SAM.
Unfortunately, the standard QED treatment of the radiation
mostly investigates SAM as the only internal degree of
freedom affecting the process [55,56]. Thus, the theory fails
to grasp the angular momentum conservation property of
radiation events when the system respects rotational invari-
ance, which could be the case in circularly polarized (CP)
laser fields. Moreover, as the radiation under rotational
symmetry could be realized in upcoming intense laser-
based experiments [57–59], the vortex nature of strong-
field QED processes calls for detailed investigations.
In this study, we investigate the generation of vortex γ

photons with intrinsic OAM during the NCS process of
ultrarelativistic electrons and an intense CP laser pulse. As
presented in Fig. 1, a plane wave electron propagates along
the z direction, collides with a counterpropagating plane
wave CP laser pulse, and emits vortex photons. We develop
a vortex scattering theory within the framework of the
Furry picture of strong-field QED to describe the radiation
process. We derive analytical expressions for the wave
function of the radiated photon and the corresponding
radiation probability rate. Moreover, we conduct numerical
investigations to explore the energy spectra and beam
properties of the emitted vortex γ photon.
Our paper is organized as follows: In Sec. II, we present

our theoretical framework by unveiling the vortex phase

structure of the S-matrix element, obtaining the radiated
photon wave function, and deriving the differential prob-
ability for the radiation of the vortex γ photon. In Sec. III,
we present numerical results for the differential radiation
rate and the beam property of the vortex γ photon. We
conclude with final remarks in Sec. IV. Throughout, natural
units are used (ℏ ¼ c ¼ 1), the fine-structure constant is
α ¼ e2

4π ≈
1

137
with the electron charge e ¼ −jej, and the

electron mass is denoted as me.

II. THEORETICAL FRAMEWORK

Vortex states represent non-plane wave solutions to
respective wave equations. When expressed in cylindrical
coordinates r, φ, and z, a vortex scalar particle can be
described using the following wave function [60]:

ψϰmkzðr;φr; z; tÞ ¼
e−iðωt−kzzÞffiffiffiffiffiffi

2ω
p ψϰmðr;φrÞ; ð1Þ

with the wave form function

ψϰmðr;φrÞ ¼
ffiffiffiffiffiffi
ϰ

2π

r
e−imφJmðϰrÞ; ð2Þ

where Jm is the Bessel function of the first kind. Expression
(1) represents the Bessel vortex state, which is considered
as the eigenfunction of the z projection of the OAM
operator L̂z ¼ −i∂=∂φr with the corresponding eigenvalue
m. Therefore, a vortex scalar particle can be characterized
by its energy ω, longitudinal momentum kz, transverse
momentum ϰ, and the projection of OAM onto the z axism.
The vortex state could be written in terms of plane wave
states:

ψϰmkzðr;φr; z; tÞ ¼
Z

d2k⊥
ð2πÞ2 aϰmðk⊥Þ

e−iðωt−k·xÞffiffiffiffiffiffi
2ω

p ; ð3Þ

where the Fourier amplitude aϰmðk⊥Þ encodes a cone
structure with radius k⊥ ¼ jk⊥j ¼ ϰ in the momentum
space with a helical phase factor eimφk :

aϰmðk⊥Þ ¼ ð−iÞmeimφk

ffiffiffiffiffiffi
2π

ϰ

r
δðk⊥ − ϰÞ: ð4Þ

Similarly, the wave function of the vortex photon or
electron can also be expressed as a superposition of
corresponding plane wave states using the Fourier ampli-
tude aϰmðk⊥Þ, as is done in Eq. (3). Therefore, the
scattering matrix element Svortexfi involving such particles
is naturally connected to the conventional plane wave
scattering matrix element Splanefi through the Fourier ampli-
tudes in Eq. (4). In the subsequent discussion, we will begin
with the NCS S-matrix element for plane wave electrons

FIG. 1. Generation of vortex γ photons with intrinsic OAM in
NCS of the ultrarelativistic electron in the CP laser pulse. The
OAM of the vortex γ photon is l0n ¼ n − Λ0, where n labels the
corresponding harmonics and Λ0 is the γ photon spin. The vortex
state is represented by a cone in momentum space with the cone
angle θk0 and the azimuth angle φk0 of the momentum vector k0.
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and photons. Then, utilizing the results, we will proceed to
calculate the scattering process involving vortex particles.

A. S-matrix element for the NCS in the pulsed laser

The CP pulsed laser is modeled by the plane wave
background field:

AðϕÞ¼agðϕÞ

0
BBB@

0

cosϕ

sinϕ

0

1
CCCA¼ affiffiffi

2
p gðϕÞðe−iϕϵþþeþiϕϵ−Þ; ð5Þ

where ϕ ¼ k · x represents the laser phase with the wave
4-vector k ¼ ðω; 0; 0;−ωÞ associated with the laser photon,
gðϕÞ is the pulse shape function, and a ¼ ξ me

e is defined by
the dimensionless parameter ξ, which is related to the laser
intensity through ξ ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7.3 × 10−19I½W=cm2�λ20½μm�

p
. The

individual laser photons associated with the classical CP
plane wave background field in Eq. (5) carry SAM sz ¼ þ1
along the z axis. This can be seen by examining the
canonical SAM density E × A using classical fields cor-
responding to the laser field [61]. The representation of the
laser field with polarization vectors ϵμ� ¼ 1ffiffi

2
p ð0; 1;�i; 0ÞT

is introduced for later convenience when we define the
dynamical integral A�ðsÞ in Eq. (9).
We calculate the NCS process of an electron interacting

with a pulsed laser in the Furry picture [56], in which we
treat the interaction between the laser field and the electron
exactly, while considering the radiation perturbatively. To
describe the electron, we use the Volkov solution of the
Dirac equation in the laser field [62], which, after intro-
ducing some notations such as Ωp ¼ ωme

2k·p ξ, AðϕÞ ¼ aÃðϕÞ,
and kμ ¼ ωnμ, can be written as

ψp;λðxÞ ¼ ð1þ Ωp=nÃðϕÞÞup;λe−iSpðϕÞ: ð6Þ

The classical action of the electron in the laser field in
Eq. (6) is

SpðϕÞ ¼ p · xþ e
k · p

Z
ϕ
dϕ0

�
p · Aðϕ0Þ − e

2
A2ðϕ0Þ

�
;

¼ p · xþ αp⊥gðϕÞ sinðφp − ϕÞ þ βp

Z
ϕ
dϕ0g2ðϕ0Þ;

ð7Þ

where φp is the azimuth angle of the momentum vector p,
we have introduced the notations αp⊥ ¼ p⊥me

k·p ξ and

βp ¼ m2
e

2k·p ξ
2, and in the derivation of the second line,

we have assumed the slowly varying envelope approxi-
mation ∂

∂ϕ gðϕÞ ≪ gðϕÞ allowing us to approximateR
dϕgðϕÞ cosðϕÞ ≈ gðϕÞ sinðϕÞ [63]. Under the condition

of switching off the laser field (ξ ¼ 0), the Volkov state

given by Eq. (6) simplifies to the familiar wave function of
a Dirac spinor ψp;λðxÞ ¼ up;λe−ip·x, which describes a free
electron.
The leading order S-matrix element for NCS with plane

wave particles can be written as

Sfi ¼ −ie
Z

d4xψ̄p0;λ0 ðxÞ=A0�
k0;Λ0 ðxÞψp;λðxÞ;

¼ −ie
Z

d4xūp0;λ0 ½=ϵ0�k0;Λ0 þΩpΩp0g2ðϕÞð2n · ϵ0�k0;Λ0 Þ=n

þΩp0ÃðϕÞ=n=ϵ0�k0;Λ0 þΩp=ϵ0�k0;Λ0=nÃðϕÞ�up;λ
× e−iðp−p0−k0Þxe

−iαp0⊥
gðϕÞ sinðϕ−φp0 Þe−iΔβ

R
ϕ dϕ0g2ðϕ0Þ; ð8Þ

where A0μðxÞ ¼ ϵ0μk0;Λ0e−ik
0·x is the radiated photon wave

function, and Δβ ¼ ð 1
2k·p −

1
2k·p0Þm2

eξ
2. The familiar nota-

tions ψ̄ ¼ ψ†γ0 and =a ¼ aμγμ are employed. The momen-
tum 4-vectors for the incoming electron, outgoing electron,
and emitted photon are denoted as p ¼ ðε; 0; 0; pzÞ,
p0 ¼ ðε0; p0Þ, and k0 ¼ ðω0; k0Þ, respectively. The spin
indices for the initial (final) electron and the emitted photon
are represented by λ (λ0) and Λ0, respectively.
To obtain the energy-momentum conserving delta func-

tion, we perform a Fourier transform by rewriting the S-
matrix element as Sfi ∝

R
d4x ds

2π…e−isϕe−iðp−p0−k0Þx, which
leads to the following dynamic integrals:

A0ðsÞ ¼
Z

dϕe
isϕ−iαp0⊥

gðϕÞ sinðϕ−φp0 Þ−iΔβ
R

ϕ dϕ0g2ðϕ0Þ
;

A2ðsÞ ¼
Z

dϕg2ðϕÞeisϕ−iαp0⊥gðϕÞ sinðϕ−φp0 Þ−iΔβ
R

ϕ dϕ0g2ðϕ0Þ
;

A�ðsÞ ¼
Z

dϕgðϕÞeiðs∓1Þϕ−iαp0⊥gðϕÞ sinðϕ−φp0 Þ−iΔβ
R

ϕ dϕ0g2ðϕ0Þ
:

ð9Þ
By defining the charge currents as

J 0 ¼ ūp0;λ0=ϵ�k0;Λ0up;λ; J 2 ¼ΩpΩp0 ð2n · ϵ�k0;Λ0 Þūp0;λ0=nup;λ;

J � ¼ 1ffiffiffi
2

p ūp0;λ0 ðΩp0=ϵ�=n=ϵ�k0;Λ0 þΩp=ϵ�k0;Λ0=n=ϵ�Þup;λ;

the S-matrix element can be written as

Sfi ¼ −ie
Z

dsð2πÞ3δð4Þðpþ sk − p0 − k0Þ
X

σ¼0;2;�
AσðsÞJ σ

¼ −ie
ð2πÞ3
ω

δð3Þðpþ s0k − p0 − k0Þ
X

σ¼0;2;�
Aσðs0ÞJ σ:

ð10Þ

Here, the laser photon absorption number s0 ¼ ε0þω0−ε
ω takes

continuous values, which arise from quantifying the num-
ber of absorbed laser photons with the central laser photon
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energy ω. It should be noted that laser photons have a broad
spectrum due to the finite pulse duration.

B. Vortex phase structure

Let us now exploit the azimuth angle dependency of the
S-matrix element, as it is crucial for the discussion related

to OAM. First, we need to extract the azimuth angle
contributions due to the multiple laser photon absorption
which is hidden in the dynamic integrals in Eq. (9).
This is achieved by employing the Jacobi-Anger relation
eiαgðϕÞ sinðϕþφpÞ ¼ P

n JnðαgðϕÞÞeinðϕþφpÞ and rearranging
the resulted summations, which leads to

A0ðsÞ ¼
X
n

Z
dϕeiðs−nÞϕ−iβ

R
ϕ dϕ0g2ðϕ0ÞJnðαp0⊥gðϕÞÞeinφp0

≡X
n

CðnÞ0 ðsÞeinφp0 ;

A2ðsÞ ¼
X
n

Z
dϕeiðs−nÞϕ−iβ

R
ϕ dϕ0g2ðϕ0Þg2ðϕÞJnðαp0⊥gðϕÞÞeinφp0

≡X
n

CðnÞ2 ðsÞeinφp0 ;

A�ðsÞ ¼
X
n

Z
dϕeiðs−nÞϕ−iβ

R
ϕ dϕ0g2ðϕ0ÞgðϕÞJn∓1ðαp0⊥gðϕÞÞeiðn∓1Þφp0

≡X
n

CðnÞ� ðsÞeiðn∓1Þφp0 ;

where Jn is the Bessel function of the first kind. At this point,
the S-matrix element is expanded into harmonics as follows:

Sfi ¼ −ie
ð2πÞ3
ω

δð3Þðpþ s0k− p0 − k0Þ
X
n

× feinφp0 ½CðnÞ0 ðs0ÞJ 0 þ CðnÞ2 ðs0ÞJ 2�
þ eiðn−1Þφp0CðnÞþ ðs0ÞJ þ þ eiðnþ1Þφp0CðnÞ− ðs0ÞJ −g: ð11Þ

It is important to note that the discrete number n labeling the
harmonics and the continuous number s0 denoting the
photon absorption number reflect the laser photon contribu-
tions during the radiation process. The discreteness of n is
associated with the fact that each laser photon, even with a
broad energy distribution due to the finite pulse shape,
contributes one unit of angular momentum originating from
the circular polarization of the laser. In the case of mono-
chromatic lasers [gðϕÞ ¼ 1], these two numbers coincide
(s0 ¼ n) as given by Eq. (B1).
Next, we can further unveil the azimuth angle depend-

ency associated with the initial (final) electron and the
emitted photon spins by expanding the usual bispinor and
polarization vector in terms of eigenfunctions of spin
operators in the z direction [10]:

up;λ ¼
X
σλ¼�1

2

e−iðσλ−λÞφpd1=2σλ;λ
ðθpÞ

� ffiffiffiffiffiffiffiffiffiffiffiffi
εþm

p
wσλ
z

2λ
ffiffiffiffiffiffiffiffiffiffiffiffi
ε −m

p
wσλ
z

�
;

ϵk;Λ ¼
X

σΛ¼0;�1

e−iσΛφkd1σΛ;ΛðθkÞχ σΛ ; ð12Þ

where θp and θk are the polar angles of the corresponding
momentum vectors. The Wigner’s d-functions are given
by [64]

d1=2σ;λ ðθÞ ¼
�
cos θ=2 − sin θ=2

sin θ=2 cos θ=2

�
ð13Þ

and

d1σΛ;ΛðθÞ ¼

0
BB@

cos2θ=2 − 1ffiffi
2

p sin θ sin2θ=2

1ffiffi
2

p sin θ cos θ − 1ffiffi
2

p sin θ

sin2θ=2 1ffiffi
2

p sin θ cos2θ=2

1
CCA: ð14Þ

The spin basis functions satisfy

ŝzw
σλ
z ¼ σλw

σλ
z ; ŝzχ σΛ ¼ σΛχ σΛ ; ð15Þ

with eigenvalues σλ ¼ �1=2 for the spinor and σΛ ¼ �1, 0
for the vector, respectively. The spinors are given by w1=2

z ¼
ð1; 0ÞT and w−1=2

z ¼ ð0; 1ÞT , and the vectors are given by
χ 0 ¼ ð0; 0; 1ÞT and χ� ¼ ∓ffiffi

2
p ð1;�i; 0ÞT . The corresponding

spin operators in the z direction ŝz are a 2 × 2 Pauli matrix
ŝz ¼ 1

2
σ̂z for the spinor and a 3 × 3 spin-1 matrix for the

vector [65].
With the aforementioned considerations, we can now

present the S-matrix element with the explicitly extracted
azimuth angle dependency:
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Sfi¼ ie
ð2πÞ3
ω

δ3ðpþs0k−p0−k0Þ
X
n;σ;…

eiðn−σþσλ0−λ
0Þφp0eiσΛ0φk0

× ½δσ;0ðδσλ0 ;σλG
↑↑
0 þδσλ0 ;−σλG

↑↓
0 Þ

þðδσλ0 ;σλG
↑↑
� þδσλ0 ;−σλG

↑↓
� Þ�δσλ;λd1=2σ0λ;λ

0 ðθp0 Þd1σΛ0 ;Λ0 ðθk0 Þ;
ð16Þ

where the notations are as follows:

G↑↑
0 ¼ δσΛ0 ;0½2σλf

ð2Þ
λ;λ0C

ðnÞ
0 ðsÞ

− 2ΩpΩp0 ðfð1Þλ;λ0 þ 2σλf
ð2Þ
λ;λ0 ÞCðnÞ2 ðsÞ�;

G↑↓
0 ¼ δσΛ0 ;2σλð−2σλ

ffiffiffi
2

p
Þfð2Þλ;λ0C

ðnÞ
0 ðsÞ;

G↑↑
� ¼ ½δσ;2σλδσΛ0 ;2σλ

ffiffiffi
2

p
Ωp0 ð2σλfð1Þλ;λ0 þ fð2Þλ;λ0 Þ

− δσ;−2σλδσΛ0 ;−2σλ
ffiffiffi
2

p
Ωpð2σλfð1Þλ;λ0 þ fð2Þλ;λ0 Þ�CðnÞσ ðsÞ;

G↑↓
� ¼ δσ;−2σλδσΛ0 ;0½Ωp0 ð−2σλfð1Þλ;λ0 þ fð2Þλ;λ0 Þ

þΩpð2σλfð1Þλ;λ0 þ fð2Þλ;λ0 Þ�CðnÞσ ðsÞ; ð17Þ

and

fð1Þλ;λ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0 þm

p ffiffiffiffiffiffiffiffiffiffiffiffi
εþm

p þ 2λ2λ0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0 −m

p ffiffiffiffiffiffiffiffiffiffiffiffi
ε −m

p
;

fð2Þλ;λ0 ¼ 2λ0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0 −m

p ffiffiffiffiffiffiffiffiffiffiffiffi
εþm

p þ 2λ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0 þm

p ffiffiffiffiffiffiffiffiffiffiffiffi
ε −m

p
:

The summation in Eq. (16) can eliminate the dummy
indices fσ; σλ; σλ0 ; σΛ0 g through the Kronecker deltas in the
S-matrix element, see Appendix A. By further considering
the relation φp0 ¼ φk0 � π supported by δ2ðp0⊥ þ k0⊥Þ, the
azimuth-angle-dependent vortex phase of the S-matrix
element can be revealed:

Sfi ¼ ie
ð2πÞ3
ω

δ3ðpþ s0k − p0 − k0Þ
X
n

eiðnþλ−λ0Þφp0MðnÞ;

ð18Þ

where the harmonic amplitude MðnÞ is given by Eq. (A1).
The phase factor eiðnþλ−λ0Þφp0 represents the complete phase
structure of the NCS S-matrix element in the transverse
plane, and the vortex structure can be inherited by the final
particles, allowing them to possessOAMas discussed below.

C. Wave function of the radiated photon

The outcome of a scattering process, also known as the
evolved state, is related to the initial state via the S-matrix
element [62]

Ŝjii ¼
Z XZ

f

jfihfjŜjii ¼
Z XZ

f

jfiSfi; ð19Þ

where, in our case, the initial state jii ¼ jp; λi and the final
state jfi ¼ jp0; λ0; k0;Λ0i ¼ jp0; λ0i ⊗ jk0;Λ0i. Note that
jp; λi, jp0; λ0i, and jk0;Λ0i are the initial electron, the final
electron, and the final photon eigenstates with momentum
and spin eigenvalues implied, respectively. After identifying
theS-matrix elementSfi ¼ hp0; λ0; k0;Λ0jŜjp; λi, the evolved
state of NCS can be expressed as

PR
p0;λ0;k0;Λ0 jp0; λ0i ⊗

jk0;Λ0iSfi. Therefore, the S-matrix relates the final electron
and radiated photon wave functions to each other, causing
them to become entangled. Thus, a specific choice of wave
packet for one of the final states directly affects the other
[51,66,67]. Moreover, the angular momentum transfer dur-
ing the radiation process assumes the rotational symmetry in
the transverse plane. Consequently, we project the final
electron onto the following wave packet form:Z

d2p0⊥
ð2πÞ2 bρ0 ðp

0⊥Þjp0; λ0i; ð20Þ

where the Fourier amplitude for the wave packet bρ0 ðp0⊥Þ ¼ffiffiffiffi
2π
ρ0

q
δðp0⊥ − ρ0Þ fixes the transverse momentum jp0⊥j ¼ ρ0

and integrates out the azimuth angle φp0 . The chosen wave
packet, which is connected to the vortex amplitude in Eq. (4)
as bρ0 ðp0⊥Þ ¼ aϰ0ðp0⊥Þ, indicates that we are selecting the
zero-vortex mode for the final electron state. However,
projecting the outgoing electron onto the zero-vortex mode
in the experimental setup presents a challenge. Nevertheless,
as will be clear in the next subsection, with the wave packet
choice in Eq. (20) for the final electron, one obtains the same
angular momentum transfer relation as in the classical
radiation picture [48,50]. The resulting expression for the
emitted photon wave function in momentum space is

Ak0;Λ0 ¼
Z

d2p0⊥
ð2πÞ2 bρ0 ðp

0⊥Þϵk0;Λ0Sfi;

¼ ie
2π

ω

ffiffiffiffiffiffi
2π

k0⊥

s
δðpz þ s0kz − p0

z − k0zÞδðk0⊥ − ρ0Þ

×
X
n;σΛ0

ð−1Þm0
neiðm0

n−σΛ0 Þφk0d1σΛ0 ;Λ0 ðθk0 Þχ σΛ0Mnðs0Þ;

ð21Þ
where Sfi is given in Eq. (18), and one could identify
the Fourier amplitude of a Bessel vortex mode from the δ-
function δðk0⊥ − ρ0Þ and the spiral phase factor eiðm0

n−σΛ0 Þφk0 as
in Eq. (4). The position space wave function of the emitted
photon is obtained via Aω0;Λ0 ðxÞ ¼ R

d3k0
ð2πÞ3 e

ik0xAk0;Λ0 , which

gives

Aω0;Λ0 ðxÞ ¼ ie
1

ω
eik

0
zz

ffiffiffiffiffiffi
k0⊥
2π

r X
n;σΛ0

ð−iÞm0
nþσΛ0d1σΛ0 ;Λ0 ðθk0 Þ

× eiðm0
n−σΛ0 ÞφrJm0

n−σΛ0 ðk0⊥rÞχ σΛ0Mnðs0Þ; ð22Þ

VORTEX γ PHOTON GENERATION VIA … PHYS. REV. D 109, 016005 (2024)

016005-5



where m0
n ¼ nþ λ − λ0 is inherited from the NCS S-matrix

element in Eq. (18). By applying the total angular momentum
(TAM) operator Ĵz ¼ ŝz þ L̂z to Eq. (4), it is found that
ĴAω0;Λ0 ðxÞ ¼ m0

nAω0;Λ0 ðxÞ. This implies that m0
n represents

the TAM carried by the vortex photon [2].
The phase factor eiðm0

n−σΛ0 Þφr encodes two kinds of spin-
orbit interactions (SOI): the intrinsic SOI of vortex light
[68] determining its OAM number l0n with three values
fm0

n − Λ0; m0
n; m0

n þ Λ0g [24], and the SOI of the radiation
dynamics where the SAM of electrons and laser photons
contribute to the emitted photon’s OAM. For an incoming
ultrarelativistic electron, the cone angle associated with the
radiation is estimated as θk0 ∼ 1

γ0
≪ 1 (where γ0 ¼ ε

me
is the

electron’s relativistic factor), and the Wigner function
simplifies to a Kronecker delta d1σΛ0 ;Λ0 ðθk0 Þ ≈ δσΛ0 ;Λ0 . This

allows for interpreting the wave function of the radiated γ
photon as the eigenfunction of SAM and OAM operators
with respective eigenvalues Λ0 and l0n ¼ m0

n − Λ0, which is
similar in optics where the TAM of a paraxial vortex light
splits into SAM and OAM [69,70]. Moreover, for the
radiation in moderate laser intensities (ξ ∼ 1), the electron
spin-flip channel (λ ≠ λ0) is negligible, resulting inm0

n ¼ n.
Consequently, the γ photon emitted from the nth harmonic
of the NCS corresponds to the vortex mode with SAM Λ0
and OAM l0n ¼ n − Λ0.
The relation m0

n ¼ n suggests that SAM of n laser
photons goes completely into the OAM of the emitted
single γ photon, which is a consequence of assigning zero
OAM to the final electron. In principle, the SAM of
multiple laser photons could contribute to both the final
electron and the γ photon, provided that a coherent
projection of the final electron onto a vortex mode is
performed. However, it should be noted that, currently,
there is no such control over the final electron in the
experiment. The wave function of the γ photon is related to
the electron via the S-matrix element [62,66,67], and
identifying the γ photon as a vortex mode requires extra
conditions over the final electron, which are missing in
classical theories.

D. Probability of radiation of vortex γ photons

To obtain the probability for vortex photon radiation, we
project the evolved photon state from Eq. (21) onto a basis
of OAM-sensitive detectors. This allows us to relate the S-
matrix for the generation of the vortex photon to the usual
plane wave NCS matrix element Sfi obtained in Eq. (16):

Svortexfi ¼
Z

d2k0⊥
ð2πÞ2 a

�
κ0mκ0

ðk0⊥Þ
Z

d2p0⊥
ð2πÞ2 bρ0 ðp

0⊥ÞSfi;

¼ ie 2π
ω

δðpz þ s0kz − p0
z − k0zÞδðρ0 − κ0Þ

×
X
n

i−mκ0 δmκ0 ;nþλ−λ0Mnðs0Þ; ð23Þ

where the Fourier amplitudes a�κ0mκ0
ðk0⊥Þ and bρ0 ðp0⊥Þ

correspond to the projection of the final photon and
electron onto the vortex and zero-vortex modes, respec-
tively. After employing the normalization convention for
final state particle wave packets as in [60], and including

the factors
ffiffiffiffiffiffi
1

2εV

q
,

ffiffiffiffiffiffiffiffiffiffi
π

2ε0RLz

q
, and

ffiffiffiffiffiffiffiffiffiffiffi
π

2ω0RLz
p

in the correspond-

ing wave functions, we can write the probability for the
vortex photon emission as

dWvortex ¼ jSvortexfi j2 RLzdp0⊥dp0
z

2π2
RLzdk0⊥dk0z

2π2
: ð24Þ

The differential rate for the generation of the vortex photon
with TAM mκ0 is

d2Wvortex

dω0dθk0
¼ e2

4π

k0⊥
ðkpÞðkp0Þ

X
n

δmκ0 ;nþλ−λ0 jMnðs0Þj2; ð25Þ

where a factor 1
πR from the normalization is replaced by

k0⊥ ¼ ω0 sin θk0 . Here, the angular momentum conserva-
tion imposed by the δ-function mκ0 ¼ nþ λ − λ0 indicates
that TAM of the radiated γ photon mκ0 receives contribu-
tions from the laser photon SAM n and electron spin flip
ðλ − λ0Þ. If we neglect the spin-flip channel (λ ≠ λ0) of
NCS for moderate laser intensities (ξ ∼ 1), we getmκ0 ¼ n,
which is consistent with the classical results of the
radiation from the spiral motion of a charged point
particle [48–50]. Note that in Eq. (24), there is a sum
over harmonics inside the square, and one should write

jPn S
ðnÞ
fi j2 ¼ jPn¼n0 S

ðnÞ
fi S

�ðn0Þ
fi j þ jPn≠n0 S

ðnÞ
fi S

�ðn0Þ
fi j. The

interference terms jPn≠n0 S
ðnÞ
fi S

�ðn0Þ
fi j arise due to the finite

duration of the laser, which causes the ponderomotive
broadening and, in turn, results in the existence of
different harmonics for the same radiation kinematics
s0 < n ≤ s0 − Δβ [63]. However, the interference terms
are eliminated by the Kronecker delta resulting from
angular momentum conservation in Eq. (25). In the case
of a monochromatic laser, the interference terms are
canceled out by the energy-momentum conserving delta
function, which contains the discrete harmonic label.

III. NUMERICAL RESULTS

A. Radiation rate of the vortex γ photon

The analytical results in the previous section hold for
optical lasers with the pulse duration τ ≳ 20 fs regardless of
the electron energy and the laser intensity as long as the single
photon emission along the collision axis is dominated. In the
following, we present numerical results where we assume
the electron energy ε ¼ 1 GeV, the laser intensity ξ ¼ 1, the
central laser photon energy ω ¼ 1.55 eV, and the pulse
shape gðϕÞ ¼ cos2ð ϕ

2Ncycle
Þ with Ncycle ¼ 10 (corresponding

to an optical laser with λ0 ≈ 0.8 μm, I ≈ 2 × 1018 W=cm2,
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and τ ≈ 26.7 fs). The results for monochromatic lasers are
presented in Appendix B. Figure 2 shows the radiation rates
of polarized vortex γ photons calculated via Eq. (25). We
present the energy spectra for a fixed angle in Figs. 2(a)
and 2(b). The nth harmonic corresponds to the vortex state
with TAM number m0

n ¼ n and OAM number l0n ¼ n − Λ0.
The transversal distributions for jAω0 ðxÞj2 in the inset feature
the doughnut shape of the photon with nonzero OAM.
Moreover, the ponderomotive broadening due to the finite
pulse shape would cause the nearby harmonics to overlap
[63], and one could find multiple OAM modes for certain
energy and polarization. This feature holds for awide rangeof
θk0 as seen from the angle-resolved spectra given in Figs. 2(c)
and 2(d),where thewhite lines stand for thekinematic relation
for the monochromatic laser. Each group of coordinates
ðΛ0;ω0; θk0 Þ represents an independent radiation event and
defines a coherent vortex state with fixed OAM.
Since vortex photons formed from radiation with

different θk0 overlap in the transverse position space,
we introduce an incoherent summation over θk0 in
Eq. (25) and obtain dWvortex

dω0k0⊥
≡P

n WðΛ0;ω0; l0nÞ, where

we have shifted from m0
n to l0n for the convenience of

discussing OAM. We then observe that γ photons with
definite energy and polarization ðΛ0;ω0Þ (marked by two
asterisks in the inset of Fig. 3) can be identified as a mixed
state of vortex γ photons with different OAM numbers
(see OAM distributions in Fig. 3). This could be explained
as follows. For the same energy, higher harmonics also

contribute, with an increasing θk in the summation,
bringing with them a large amount of OAM. In addition,
if we define the polarization degree for each harmonic as

Pnðω0Þ ¼ WðΛ0¼þ1;ω0;nÞ−WðΛ0¼−1;ω0;nÞ
jWðΛ0¼þ1;ω0;nÞþWðΛ0¼−1;ω0;nÞj, we get, for the polar-

ized vortex γ photon with ω0 ¼ 12 MeV, P1 ≈ 90.37%,
P2 ≈ −23.44%, P3 ≈ −74.16%, etc., which are different
from the results for the plane wave γ photon Pðω0 ¼
12 MeVÞ ≈ 58.95% (in the latter, all harmonics are
counted). We stress that such an incoherent nature of
the generated vortex photon is the crucial feature of strong
laser-based γ-ray sources. This new recognition of vortex
γ photons in turn calls for novel considerations with
regard to its applications in nuclear or particle physics
studies, in which the current assumption is that the
available vortex particles are in a pure coherent
state [9,10,24].

B. Beam properties of the vortex γ photon

To analyze the property of the vortex γ photon beam over
the whole energy range, we introduce OAM ratios of
polarized vortex photons in the beam as PðΛ0;ω0; l0nÞ ¼

WðΛ0;ω0;l0nÞP
n
WðΛ0;ω0;l0nÞ

. Corresponding numerical results are given

in Fig. 4 for laser intensities ξ ¼ 1 and ξ ¼ 5

(I ≈ 5 × 1019 W=cm2), and other parameters are the same
as those in Fig. 2. At low energy regimes below theCompton
edge, the first harmonic dominates the radiation; thus, the
corresponding γ photons carry nonzero OAM only for Λ0 ¼
−1 due to the relation l01 ¼ 1 − Λ0. As the energy increases,
the appearance of the peak in each harmonic indicates the
dominance of the corresponding OAMmode [see Figs. 4(a)
and 4(b)]. However, when the laser intensity increases, the
feature is only weakly preserved forΛ0 ¼ þ1 [see Fig. 4(c)].
The average OAM l̄0ðΛ0;ω0Þ ¼ P

n PðΛ0;ω0; l0nÞl0n carried
by the γ photon gradually increases with energy since more

FIG. 2. Radiation rates for the vortex γ photons with θk0 ≈
0.35 mrad for the first three harmonics for helicities (a) Λ0 ¼ þ1
and (b) Λ0 ¼ −1. Inset: transverse intensity distributions given in
arbitrary units calculated from jAω0 ðxÞj2 for ω0 taken at the main
harmonic peaks marked by asterisks. Angle-resolved energy
spectra in Eq. (25) for photon helicities (c) Λ0 ¼ þ1 and
(d) Λ0 ¼ −1; white lines stand for kinematic relations for
harmonics ω0

nðθk0 Þ in the monochromatic laser.

FIG. 3. OAM distributions of incoherent vortex γ photons with
energies ω0 ¼ 12 MeV and ω0 ¼ 19 MeV for helicities
(a) Λ0 ¼ þ1 and (b) Λ0 ¼ −1. Inset: power spectra of the emitted
polarized photons ω0dW

dω0 where two energies are marked by
asterisks with the same colors as in the OAM distributions. Note
that OAM values start from l01 ¼ 0 for Λ0 ¼ þ1 and l01 ¼ 2 for
Λ0 ¼ −1 because of l0n ¼ n − Λ0.
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harmonics contribute, while the lower harmonics is also
present due to the ponderomotive broadening caused by the
finite laser pulse. Our results indicate that the γ photons
radiated in a CP laser could possess intrinsic OAM inherited
from SAM of absorbed laser photons. This is missing in
previous studies [40–47], in which SAM and OAM of the
laser photons transfer wholly to the mechanical OAM
of the final γ photon and electron. Such differences in
understanding the angular momentum transfer relation in
NCS need to be resolved, especially when the single
photon emission is dominated as is assumed in this study.
These are most likely relevant for the intermediate regime
(0.1≲ ξ≲ 10), which is currently under investigation
[71,72] and available for future experiments [57].

IV. CONCLUSION

Regarding the experimental feasibility of achieving spin-
to-orbital angular momentum transfer in NCS, one may try
to relax some of the theoretical assumptions. For example,
even the slightest deviation of the incoming electron from
the collision axis would cause significant OAM broadening
of the γ photon. However, an effective angular momentum
transfer relationm0

γ ≈ n can still be achieved by considering
the off-axis emission of the vortex γ photon. Moreover, the
infinite coherence length implied by the plane wave state of
the incoming electron could also be replaced with a finite
one. The most challenging requirement of projecting the
final state electron onto a vortex state with zero OAM can
also be eliminated if we prepare the initial electron with
transverse coherence and consider the off-axis emission of
the vortex γ photon. However, in these instances, the vortex
γ photons are emitted off axis and could potentially be in

“spatiotemporal vortex” modes [73]. A detailed discussion
of these scenarios requires additional study.
So far, it is clear that the spin-to-orbital angular

momentum transfer in NCS is a crucial point concerning
the generation of vortex γ photons. Although studies based
on the classical radiation theory predict the OAM of the
vortex γ photon in CP lasers [26], quantum treatment
becomes necessary to grasp the transverse coherence
condition on the electron for the γ photon to possess a
vortex mode.
In summary, we investigate the generation of vortex γ

photons in a CP laser pulse by employing a vortex
scattering theory in the Furry picture of strong-field
QED. We show that, when the final electron beam satisfies
a transverse coherence condition, γ photons corresponding
to NCS harmonics can be identified by vortex modes
with intrinsic OAM as a result of spin-to-orbital angular
momentum transfer during multiphoton absorption.
However, due to the intense laser, the generated γ photons
are, in general, in the incoherent mixed state of various
vortex modes. Furthermore, the attained OAM is deter-
mined by the laser photon absorption number, and high
OAM γ photons could be achieved by utilizing OAM of
vortex state electrons [74,75] and/or vortex lasers. Finally,
vortex γ photons may unveil new possibilities in strong-
field QED studies, besides their already envisioned appli-
cations in nuclear and particle physics related research.
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APPENDIX A: VORTEX PHASE
OF THE S-MATRIX ELEMENT

The final form of the S-matrix element with the vortex
phase explicitly extracted reads

Sfi¼ ie
ð2πÞ3
ω

δ3ðpþs0k−p0−k0Þ
X
n

eiðnþλ−λ0Þφp0MðnÞðs0Þ;

where the amplitude is given by

FIG. 4. OAM ratios PðΛ0;ω0; l0nÞ over energy spectra for
polarized vortex γ photons. Results are presented up to the tenth
harmonic (solid lines), and corresponding OAM values are
implied via l0n ¼ n − Λ0. The average OAM number l̄0ðΛ0;ω0Þ
is given by the gray dashed line.
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MðnÞðsÞ ¼ d1=2λ;λ0 ðθp0 Þd10;Λ0 ðθk0 ÞG̃↑↑
0 ðsÞ

þ e−i2λðφp0−φk0 Þd1=2−λ;λ0 ðθp0 Þd12λ;Λ0 ðθk0 ÞG̃↑↓
0 ðsÞ

þ e−i2λðφp0−φk0 Þd1=2λ;λ0 ðθp0 Þd12λ;Λ0 ðθk0 ÞG̃↑↑
�;1ðsÞ

þ ei2λðφp0−φk0 Þd1=2λ;λ0 ðθp0 Þd1−2λ;Λ0 ðθk0 ÞG̃↑↑
�;2ðsÞ

þ d1=2−λ;λ0 ðθp0 Þd10;Λ0 ðθk0 ÞG̃↑↓
� ðsÞ; ðA1Þ

with the following notations:

G̃↑↑
0 ðsÞ ¼ 2λfð2Þλ;λ0C

ðnÞ
0 ðsÞ − 2ΩpΩp0 ðfð1Þλ;λ0 þ 2λfð2Þλ;λ0 ÞCðnÞ2 ðsÞ;

G̃↑↓
0 ðsÞ ¼ −2

ffiffiffi
2

p
λfð2Þλ;λ0C

ðnÞ
0 ðsÞ;

G̃↑↑
�;1ðsÞ ¼

ffiffiffi
2

p
Ωp0 ð2λfð1Þλ;λ0 þ fð2Þλ;λ0 ÞCðnÞ2λ ðsÞ;

G̃↑↑
�;2ðsÞ ¼ − ffiffiffi

2
p

Ωpð2λfð1Þλ;λ0 þ fð2Þλ;λ0 ÞCðnÞ−2λðsÞ;
G̃↑↓
� ðsÞ ¼ ½Ωp0 ð−2λfð1Þλ;λ0 þ fð2Þλ;λ0 Þ þ Ωpð2λfð1Þλ;λ0 þ fð2Þλ;λ0 Þ�

× CðnÞ−2λðsÞ:

Note that in Eq. (A1), the azimuthal angle dependency will
be eliminated by considering the relation φp0 ¼ φk0 � π
supported by δ2ðp0⊥ þ k0⊥Þ. Therefore, the complex phase
factor eiðnþλ−λ0Þφp0 holds the only remaining azimuth angle
dependency of the S-matrix element.
We can also write a more generic form of the S-matrix

element with the azimuth-angle-dependent phase explicitly
extracted:

Sfi ¼ ie
ð2πÞ3
ω

δ3ðpþ s0k − p0 − k0Þ
X

n1;n2;σ;…

e−im̃pφp

× eim̃p0φp0eim̃k0φk0d1=2σλ;λ
ðθpÞd1=2σ0λ;λ

0 ðθp0 Þd1σΛ0 ;Λ0 ðθk0 Þ
× ½δσ;0ðδσλ0 ;σλG

↑↑ðn1;n2Þ
0 þ δσλ0 ;−σλG

↑↓ðn1;n2Þ
0 Þ

þ ðδσλ0 ;σλG
↑↑ðn1;n2Þ
� þ δσλ0 ;−σλG

↑↓ðn1;n2Þ
� Þ�; ðA2Þ

where we have introduced the notations m̃p ¼ n1 þ σλ − λ,
m̃p0 ¼ n2 − σ þ σλ0 − λ0, and m̃k0 ¼ σΛ0 . Comparing this
with Eq. (16), it is evident that Eq. (A2) also includes
the contribution from the initial electron. In the main text, it
is assumed that the initial electron propagates along the z
axis and has zero transverse momentum (θp ¼ 0).
Therefore, the initial electron does not contribute to the
azimuth angle phase in Eq. (16). Moreover, in Eq. (A2),
there are two harmonic labels present. This introduces an
additional factor to G through the integral definitions of

Cðn1;n2Þσ ¼ Cðn2Þσ ein1ϕJn1ðαp⊥gðϕÞÞ, where Cðn2Þσ is defined in
the main text. Using the expression in Eq. (A2), it becomes
possible to calculate various physics scenarios related to
vortex photon radiation during NCS processes. For exam-
ple, one can study triple vortex scattering or consider the

case in which the initial electron possesses transverse
coherency.

APPENDIX B: VORTEX γ PHOTON RADIATION
IN MONOCHROMATIC LASERS

For the monochromatic laser case, after performing the
harmonic expansion and using SAM eigenfunctions for
electron and photon states, the S-matrix element is written as

Sfi¼N 0
NCS

X
n

δð4Þðqþnk−q0−k0Þeiðnþλ−λ0Þφp0Mn; ðB1Þ

where N 0
NCS ¼ ieð2πÞ4 and the amplitude reads

Mn ¼ d1=2λ;λ0 ðθp0 Þd10;Λ0 ðθk0 ÞG↑↑
0

þ e−i2λðφp0−φk0 Þd1=2−λ;λ0 ðθp0 Þd12λ;Λ0 ðθk0 ÞG↑↓
0

þ e−i2λðφp0−φk0 Þd1=2λ;λ0 ðθp0 Þd12λ;Λ0 ðθk0 ÞG↑↑
�;1

þ ei2λðφp0−φk0 Þd1=2λ;λ0 ðθp0 Þd1−2λ;Λ0 ðθk0 ÞG↑↑
�;2

þ d1=2−λ;λ0 ðθp0 Þd10;Λ0 ðθk0 ÞG↑↓
� ; ðB2Þ

with the following notations:

G↑↑
0 ¼ 2λfð2Þλ;λ0Jnðαp0⊥Þ − 2βpβp0 ðfð1Þλ;λ0 þ 2λfð2Þλ;λ0 ÞJnðαp0⊥Þ;

G↑↓
0 ¼ −2

ffiffiffi
2

p
λfð2Þλ;λ0Jnðαp0⊥Þ;

G↑↑
�;1 ¼

ffiffiffi
2

p
βp0 ð2λfð1Þλ;λ0 þ fð2Þλ;λ0 ÞJn−2λðαp0⊥Þ;

G↑↑
�;2 ¼ −

ffiffiffi
2

p
βpð2λfð1Þλ;λ0 þ fð2Þλ;λ0 ÞJnþ2λðαp0⊥Þ;

G↑↓
� ¼ ½βp0 ð−2λfð1Þλ;λ0 þ fð2Þλ;λ0 Þ − βpð−2λfð1Þλ;λ0 − fð2Þλ;λ0 Þ�

× Jnþ2λðαp0⊥Þ:

Note that the full expression of the azimuth-angle-dependent
phase in the transverse plane is needed to explore the vortex
mode of the NCS S-matrix element. If we perform harmonic
expansion alone, as is done in textbooks [62], we only get the
phase factor einφp0 , which is not enough to guarantee the
interpretation of harmonics as vortex modes, as certain
azimuth-angle-dependent phases are hidden in the electron
and photon spinor and polarization vector. Moreover, in
Eq. (B1), the photon absorption number in the δ-function
coincides with the harmonic number in the complex phase,
which is quite in contrast with the pulsed case.
After assigning the zero-vortex mode for the final

electron through bρ0 ðp0⊥Þ, the above S-matrix element
would produce the wave function of the vortex photon
in the following form:
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Ak0;Λ0 ¼N 0
NCS

ð2πÞ2
X
n;σΛ0

δðqzþnkz−q0z−k0zÞδðq0þnk0−q00−k00Þ

×

ffiffiffiffiffiffi
2π

k0⊥

s
δðk0⊥−ρ0Þð−1Þm0

neiðm0
n−σΛ0 Þφk0

×d1σΛ0 ;Λ0 ðθk0 Þχ σΛ0Mn: ðB3Þ

Unlike the pulsed laser case, there is a one-to-one corre-
spondence between the NCS harmonic mode and the vortex
mode. Thus,ω0 and θk0 would uniquely define the harmonic
content of NCS in the monochromatic laser case.
Therefore, in the monochromatic laser case, one just
identifies the harmonics as vortex modes, and the energy
spectrum of the radiation is the same for the plane wave γ
and the vortex γ emissions.
In the numerical calculations below, the electron energy

is ε ¼ 1 GeV, and the laser photon energy is ω ¼ 1.55 eV.
The difference between pulsed and monochromatic laser
cases concerning vortex γ radiation are shown in the energy
spectrum and the OAM content in Figs. 5 and 6. As is
shown in Fig. 5, the spectra of the first harmonic spreads
into the region where one expects the result of the second
harmonic. In Fig. 6, for the vortex γ photon with energy
ω0 ¼ 12 MeV, one observes contributions from the funda-
mental harmonic [see Figs. 6(a) and 6(b)] which is absent in
the monochromatic laser case [see Figs. 6(c) and 6(d)].
Similar OAM ratios of the polarized γ photons, as

defined in the main text for the pulsed laser case, can be
introduced here for the monochromatic laser case:
PðΛ0;ω0;l0nÞ¼ WðΛ0;ω0;l0nÞP

n
WðΛ0;ω0;l0nÞ

, whereWðΛ0;ω0; l0nÞ is obtained
from the radiation rate for the nth harmonic [76].
Corresponding numerical results are presented in Fig. 7.
Note the differences between results from the pulsed laser

in the main text and the monochromatic laser case
presented here: (1) the lower harmonics cannot spread into
higher harmonic regions, and the resulting average OAM
has a staircase pattern, while in the pulsed case a smooth
increment is observed; and (2) the monochromatic laser
case overestimates the OAM ratios due to the lack of
spreading of the lower harmonics.

FIG. 5. Radiation rate for the vortex photon with cone angle
θk0 ≈ 0.35 mrad for the first three harmonics for photon helicities
(a) Λ0 ¼ þ1 and (b) Λ0 ¼ −1. Asterisks correspond to the
monochromatic laser case, and solid lines correspond to the
pulsed case. The monochromatic results have been rescaled by a
constant factor to facilitate a better comparison with the pulsed
result.

FIG. 6. OAM distributions of incoherent vortex γ photons with
energies ω0 ¼ 12 MeV and ω0 ¼ 19 MeV for helicities [(a),(c)]
Λ0 ¼ þ1 and [(b),(d)] Λ0 ¼ −1, respectively. The first and second
lines correspond to pulsed and monochromatic laser cases,
respectively.

FIG. 7. OAM ratios PðΛ0;ω0; l0nÞ over energy spectra for
polarized vortex γ photons generated in the monochromatic
CP laser.
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