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Gamma-ray beams with a large angular momentum may affect astrophysical phenomena, which calls
for appropriate earth-based experimental investigations. For this purpose, we investigate the generation of
well-collimated γ-ray beams with a very large orbital angular momentum using nonlinear Compton
scattering of a strong laser pulse of twisted photons at ultrarelativistic electrons. Angular momentum
conservation among absorbed laser photons, quantum radiation, and electrons is numerically demonstrated
in the quantum radiation-dominated regime. We point out that the angular momentum of the absorbed laser
photons is not solely transferred to the emitted γ photons, but due to radiation reaction shared between the γ
photons and interacting electrons. The efficiency of the angular momentum transfer is optimized with
respect to the laser and electron beam parameters. The accompanying process of electron-positron pair
production is furthermore shown to enhance the orbital angular momentum gained by the γ-ray beam.
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Vortex light is an electromagnetic field that carries
orbital angular momentum (OAM). It has a spiral phase
ramp around a singularity and a Poynting vector resem-
bling a corkscrew, rotating about the propagation axis [1].
Recently, very promising concepts were developed to
upgrade near-IR vortex beams to very high intensities
[2–4]. Meanwhile, generating γ rays by Compton scattering
with intense laser pulses has been demonstrated in recent
experiments [5–8]. Both developments combined together
provide a possibility to generate γ-ray beams with very high
OAM using nonlinear Compton or Thomoson scattering of
twisted light off ultrarelativistic electrons.
In the ultraintense regime ξ ≫ 1, the coherence length of

the photon emission in the nonlinear Compton process is ξ
times less than the laser period T. As a consequence, the
electron during the emission of the γ photon experiences
the laser field as an almost constant field, rather than the
structure of the laser field that carries the information on
the OAM. Therefore, the emitted single γ photon in the
ultraintense regime is not twisted, i.e., not in a certain
angular momentum state. However, since the electromag-
netic fields of twisted light have spatial symmetry, different
electrons in the beam emit spatially correlated γ photons,
which results in collective OAM. Thus, the beam of
incoherent γ photons produced via the laser scattering
by a beam of electrons possess OAM with respect to the
propagation axis.
Gamma-ray beams with a total OAM could impact the

dynamics of rotating astrophysical objects. These kinds of
γ-ray beams are conceivable in an astrophysical environ-
ment [9–13]. For example, the radiation from an accretion
disk around a Kerr black hole experiences a well-defined

phase variation and polarization rotation due to gravita-
tional effects and therefore has both spin and OAM [9].
Another example is connected with radiation emitted by
luminous pulsars [14] and quasars, which propagate
through inhomogeneous surroundings, experiencing
behavior analogous to light propagating through a spiral
phase plate [15]. The acquired OAM of radiation can be
transferred to the incoherent γ-ray beam by nonlinear
inverse Compton scattering in the corona of black holes,
magnetosphere, and nebula of pulsars [12]. When the OAM
of γ-ray beams is absorbed by a nearby astrophysical
object, for example, by the magnetosphere of the
companion star in a binary star system, an extra rotation
can be imprinted on it, modifying the dynamics. For a
simulation of this type of phenomena in laboratory astro-
physics, γ-ray beams with a large OAM are required.
The emitted photons due to Compton scattering of the

vortex laser beam by an electron will be twisted if during
the photon formation the electron experiences the vortex
structure of the laser field. This will be the case if the
electron can be represented as a plane wave and the photon
formation length is comparable with the laser wavelength.
The latter takes place when the laser field parameter is not
large, ξ≡ eE0=ðmcω0Þ≲ 1 [16], where E0 and ω0 are the
laser field amplitude and the frequency, respectively, −e
and m are the electron charge and mass, respectively, and c
is the speed of light. The perturbative regime of Compton
scattering, ξ ≪ 1, when one laser twisted photon is
scattered off an ultrarelativistic electron into a twisted γ
photon, with a topological charge similar to the incoming
laser field is considered in [17–19]. The topological charge
of the emitted twisted γ photons can be increased using
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multiphoton phenomena in stronger laser fields. In the
classical regime x and γ rays with OAM have been
investigated theoretically by Thomoson scattering of laser
pulses with either orbital or spin angular momentum (SAM)
at a moderate nonlinearity with ξ ∼ 1 [20,21]. In stronger
laser fields with ξ ≫ 1 [4,22], not only the number of
scattered photons, but also the nonlinearity, is dramatically
increased, which may enhance significantly the OAM of the
emitted photon beam. Using the interaction of intense
twisted lasers with plasma, γ rays with a large OAM are
envisaged [23–25]. However, the twisted γ-photon emission
is not highly energetic in [23] and not collimated in [25].
In this Letter, we investigate the production of γ-ray

beams with a large OAM by Compton scattering of an
intense laser beam of twisted photons by ultrarelativistic
electrons in the quantum radiation-dominated regime
(QRDR) (see Fig. 1), i.e., when the radiation energy during
a laser period is comparable with the electron energy. To
this end, the angular momentum evolution of the quantum
radiation is calculated numerically with a semiclassical
method, where the electron dynamics in the laser field is
calculated classically and the photon emission and possible
further pair production via quantum electrodynamics with
the Monte Carlo algorithm in [26–28]. As a key result, a
high energy γ-photon beam with both very high OAM and
collimation is generated. In contrast to previous works
[17–21,29], we further demonstrate that, when the radiation
reaction is accounted for, part of the OAM and SAM of the
absorbed laser photons is transferred to the electron beam.
Moreover, the accompanying pair production process is
shown to cause a counterintuitive increase of the OAM of
the γ beam due to extra absorption of twisted laser photons
by secondary particles.
We consider interaction of an intense Laguerre-Gaussian

(LG) laser pulse (circularly or linearly polarized) with a

counterpropagating ultrarelativistic electron beam. Each
photon of a LGpl beam carries ℏσz of SAM and ℏl of
OAM [1,30], where l is the topological charge. The
interaction is in the QRDR [16] when αξχ ≳ 1 and the
quantum nonlinearity parameter χ ≳ 1, with fine structure
constant α, χ ≈ 2ðω0=mÞξγ, and the electron Lorentz factor
γ. The generated γ-ray beam with OAM is well collimated
in the regime γ ≫ ξ, with the emission angle θ ∼ ξ=γ [16].
The laser beam is described by a paraxial solution [31,32]
and parameters are chosen as ξ ¼ 120, λ0 ¼ 1 μm, χ ≈ 4,
l ¼ 1, w0 ¼ 2λ0, and ω0τp=2π ¼ 6. The electron beam,
with a length of λ0 and a radius of 4λ0, consists of 2 × 105

electrons with initial energy γ ¼ 104 and has a transverse
spatial Gaussian distribution with a width of σ⊥ ¼ 1.2λ0.
The total emission energy in the case of a linearly

polarized LG mode is shown in Fig. 1. The energy
distribution of the γ-ray beam has a ring-shaped intensity
profile, indicating that it carries OAM. The quantitative
evaluation of OAM is presented in Fig. 2 for two cases: a
LG laser pulse with circular polarization and a circularly
polarized Gaussian laser field with σz ¼ 1 (the results of a
linearly polarized LG laser pulse are presented in the
Supplemental Material [31]). The OAM of γ photons,
electrons, and positrons with respect to the z axis are
calculated with Lz ¼ xpy − ypx, where px and py are the
components of the linear momenta, and x and y are
the coordinates of the particles (for the γ photon it is the
emission coordinate, as the formation length of the photon
is well localized in this ultrarelativistic regime). The total

FIG. 1. Scheme for generation of a γ-ray beam with OAM. An
intense Laguerre-Gaussian laser beam of linear (illustrated in the
figure) or circular polarization counterpropagates with and
scatters off an electron beam. Electrons absorb multiple laser
photons generating a γ photon. The spin and OAM of laser
photons are transferred to the electrons and in this way to the
γ-photon beam. The radiation energy distribution is illustrated on
the screen.

FIG. 2. Angular momentum of γ photons (red dashed), elec-
trons (blue solid), and the absorbed laser photons (magenta dash-
dotted) in the (a),(b) circularly polarized Gaussian and (c),(d)
LG01 laser fields, with accounting for the pair production (right
column) and without (left column). The OAM of the created
electrons and positrons are shown by green dash-dotted and light
blue dash-dotted lines, respectively. The laser and electron
parameters are ξ ¼ 120 and γ ¼ 104.
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angular momentum absorbed from the laser is
Ln ¼ ðlþ σzÞnℏ, where n is the number of the absorbed
laser photons. The latter is calculated from the energy-
momentum conservation qþ nk ¼ q0 þ k0, where q, q0,
and k0 are the 4-quasimomenta of incoming and outgoing
electrons and the emitted γ photon, respectively. The
electron’s quasimomenta are estimated via their relation-
ship to the instantaneous electron momentum (see
Supplemental Material [33]).
We analyze the evolution of angular momentum

described in Fig. 2. In all cases, the angular momentum
conservation is fulfilled to good accuracy ðlþ σzÞnℏ≈
Le þ Lγ , with the total OAM of the final electrons Le and
that of the γ photons Lγ . Here, the initial OAM of the
electron beam vanishes; in the case with the pair produc-
tion, Le includes also the OAM of the created electrons and
positrons. The total number of absorbed laser photons due
to the γ-photon emission is calculated from energy con-
servation [33]; see the summary in Table I. The contribution
of SAM of electrons and positrons Lσ in the angular
momentum conservation is negligible and, therefore, is
not included. In fact, for the parameters of Table I, Lσ is at
most Lσ ¼ Ne−eþℏ ∼ 105ℏ, which is much smaller than
Le þ Lγ ∼ 1012ℏ. In QRDR, the absorbed OAM of the laser
photons Ln is not fully transferred to the emitted photon
beam but shared between the electrons and the emitted
photons. The OAM share of the γ-ray beam is
Lγ=ðLe þ LγÞ ∼ 70%. This is in contrast to the idealized
case of the electron interacting with a moderately strong
laser field [34], when ðlþ σzÞnℏ ¼ Lγ is fulfilled. The
sign of radiation OAM is determined by both the laser and
electrons’ angular momenta, contrary to the case of linearly
polarized LG at ξ ∼ 1, where it is opposite of the OAM
absorbed laser photons [20].
One should underline that the transfer of OAM is

determined by the total number of absorbed laser photons

during γ-photon emission, but not with the total energy
absorbed from the laser field during the interaction. In fact,
a part of the energy absorbed from the laser during photon
emission is returned to the laser pulse after the turn-off of
the laser field [35]. This ponderomotive energy transfer is
not accompanied with an angular momentum transfer.
The total energy absorbed from the laser field during the
interaction in terms of the photon number ñ can be
evaluated from the energy-momentum conservation involv-
ing the electron 4-momenta before and after the interaction
p and p0, respectively: pþ ñk ¼ p0 þ k0. The energy
difference corresponding to turn-on and turn-off is
Δn ¼ n − ñ ¼ ðξ2=2Þ½ð1=p0 · kÞ − ð1=p · kÞ�, which is
responsible for upshifting of laser frequency [35]. As
confirmed by Table I, the energy conservation is fulfilled
by the total number of absorbed laser photons during the
interaction ñ. Here, the OAM transfer is determined by the
number of the absorbed laser photons n due to γ-photon
emission.
A comparison of the cases of different laser fields in

Fig. 2 (see also the Supplemental Material [31]) shows that
a circular LG01 mode is more favorable for generation of a
γ-ray beam with a large OAM. For a linear polarized LG01

beam, the transverse electric field oscillates along the x
direction, resulting in an oscillating OAM Lz ≈ −

P
iyipxi,

as shown in [31]. However, the final OAM for linear LG01

mode is much less than that for circular polarization. This is
because the absorbed photon number nðtÞ ∝ aðtÞ2 [33] and
circular polarization provides a more steady and larger
absorption of twisted photons. Further, due to the spatial
structure, the circular LG01 mode has three times larger
energy than the circular Gaussian mode for the same ξ, and
ℏ more OAM in addition to ℏSAM per photon, which
results in larger OAM transfer (see Table I).
For the chosen parameters ξ ¼ 120 and γ ¼ 104, the

quantum parameter is rather large, χ ≈ 4, and the pair
production effect is not negligible. Our results in Fig. 2
demonstrate the counterintuitive role of pair production.
Even though the energy of the γ beam decreases due to pair
production, the OAM of radiation shows an unexpected
growth. For example, in the case of circular LG01, the
total OAM of the γ beam grows up from 9.46 × 1011ℏ to
2.02 × 1012ℏ (see Table I).
To explain the changes of the OAM induced by pair

production, energy and OAM spectra in the case of circular
LG01 are shown in Fig. 3. It can be seen from Fig. 3(a) that
a well-collimated γ-ray beam is generated with a spreading
angle θ < 0.05 rad (90% of the γ-photon energy is con-
centrated within this angle). Pair production causes a
depletion of hard photons in region I, while emission of
pairs contribute to an increase of low energy photons in
region II, as shown in Fig. 3(b), because the created
electrons and positrons have lower energies, lower χ values,
and emit lower energy photons. Because of the lower
energy, the created electrons and positrons oscillate within

TABLE I. OAM (in units of ℏ) and energy changes (in units of
mc2) of electrons and photons after the interaction, according to
Fig. 2. Left and right subcolumns correspond to without and with
pair production, respectively. Subscripts e and γ denote charged
particles and emitted photons, respectively, n is the number of
absorbed laser photons due to the γ-photon emission, ñ≡ ΔEe þ
Eγ=ℏω0 is the laser energy change described by a photon number,
Nγ is the γ-photon number, and l̄ is the average topological
number.

Circular Gaussian Circular LG01

Le þ Lγ 3.61 × 1011 7.57 × 1011 1.28 × 1012 2.86 × 1012

Lγ 2.4 × 1011 4.72 × 1011 9.46 × 1011 2.02 × 1012

ΔEe þ Eγ 5.31 × 105 1.06 × 106 1.02 × 106 2.25 × 106

Eγ 1.65 × 109 1.54 × 109 1.8 × 109 1.67 × 109

n 3.93 × 1011 6.69 × 1011 7.33 × 1011 1.35 × 1012

ñ 2.19 × 1011 4.38 × 1011 4.21 × 1011 9.29 × 1011

Nγ 3.51 × 106 4.86 × 106 4.29 × 106 6.69 × 106

l̄ 6.74 × 104 9.6 × 104 2.19 × 105 2.99 × 105
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a larger angle θ ∼ ξ=γ with respect to the axis of the
electron beam, as shown in Fig. 4(a), and emit γ photons
with larger angular spread; see the increased angular
spreading due to pair production in Figs. 3(b) and 3(d).
As the OAM per unit power is inversely proportional to θ,
as shown in Fig. 3(h), the increase of emission in a large
angle by pairs lead to an increase of OAM for region II, as
shown in Fig. 3(g). While the increase of OAM in region I
is roughly counteracted by photon number depletion. A
clear increase of the angular spreading due to pair pro-
duction in the large OAM regime can be seen in Fig. 3(f).
Therefore, the angular redistribution caused by pair pro-
duction results in the increase of OAM for the total γ beam.
Intense femtosecond vortex light with a few to a hundred

millijoule has been experimentally generated at infrared
wavelength [2,3]. Meanwhile, amplification of twisted
laser intensities by 2 orders of magnitude is shown in
plasma with stimulated Raman backscattering [4]. With
these advanced techniques and possible further

improvement, such as multistaging, petawatt class twisted
lasers used in our scheme can be realized in near future. A
well-collimated γ-photon beam can then be generated with
a brightness of about 6.4 × 1022 photons=s=mm2=mrad2.
The average OAM per photon emitted within the angular
spread of Δθ ≈ 0.05 rad is 2.7 × 104ℏ. Our scheme can
produce γ-ray beams with GeV photons, i.e., with photon
energy ∼10 times higher than the copropagating scheme
[23] in a much smaller angular spread (∼10 times smaller
than the all-optical scheme [25]).
We point out that the OAM of incoherent radiation in the

ultrarelativistic QRDR is the property of the whole beam,
rather than the property of single photons. If the initial
beam contains Ne ¼ 2 × 1010 electrons, the total OAM of a
γ-ray beam within θ > π − 0.05 rad is Lγ ≈ 1.9 × 1016ℏ.
The OAM of radiation can be largely increased by using a
more intense laser field [see Fig. 4(b)], however, at the
expense of its collimation [33].
The collective OAM of a γ beam can have a mechanical

impact for dynamics of astrophysical objects. For instance,
the γ jets emitted by a pulsar can be absorbed by the
magnetosphere of the companion star in a binary system,
and if they carry OAM, the absorption could disturb the
rotation of the magnetosphere. We may estimate this effect
taking into account that the pulsar luminosity at 1 GeV
photon energy is around 1035 erg s−1 [14]. The OAM
provided by the γ jet during the interaction time τ can
be estimated via the number of photons Nγ as Lγ ∼ 2Nγℏ ∼
1038τℏ [31]. Assuming that the γ jet with an opening angle
θ ∼ 10−2 rad interacts with part of the magnetosphere of its
companion star at a distance d ¼ 107 cm, the interaction
region can be regarded as a plasma disk with radius
R ∼ dθ ∼ 105 cm. The additional rotation frequency
induced by the γ jet with OAM can be estimated as
ΔΩ ∼ ðLγ=ℏÞðr2p=R4Þðmc=mpÞλc ∼ 10−12τ s−1, with the
proton radius rp and the proton mass mp [31]. The
significance of the disturbance of the rotation induced
by the γ jet can be evaluated by comparing it with
the pulsar’s glitch parameters. For instance, the glitch
duration of the Crab pulsar is about 10 days (∼106 s)
during which the pulsar frequency change is about

FIG. 3. Radiation energy log10½dε=dω=dΩ� rad−1 (a),(b) and
OAM log10½dLγ=dΩ=dω� (e),(f) distributions for circular LG01

mode, without (a),(e) and with pair production (pp) (b),(f).
(c) Radiation spectral distribution with (blue solid lines) and
without (red dashed lines) pair production. (d) Angular dis-
tribution of radiation in regions I (ω > 103.2) and II
(100.3 < ω < 103.2). (g) OAM vs photon energy, and
(h) OAM per radiation energy dL=dε≡ ðdLγ=dΩÞ=ðdε=dΩÞ
vs θ, with (solid blue lines) and without pair production (red
dashed lines) ξ ¼ 120, γ ¼ 104, OAM is in units of ℏ, and
energies in units of mc2.

FIG. 4. (a) Angular distribution of initial electrons (solid) and
secondary electron and positrons (dashed). (b) Total OAM vs ξ,
with χ ¼ 4, Ne ¼ 2 × 104.
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ΔΩglitch ∼ Ωpulsar10
−8–10−6 s−1 [36]. From our estimate

above, we obtain ΔΩ ∼ 10−6 s−1 at τ ∼ 106 s; i.e., the
disturbance of the rotation induced by the γ jet is compa-
rable to the pulsar’s glitch parameters.
Concluding, we showed a possibility for generation of

well-collimated γ-ray beams with a large OAM in the
ultrarelativistic quantum radiation-dominated regime,
employing incoherent Compton scattering of twisted light
by an electron beam. In contrast to the low intensity regime,
each γ photon is not in a certain OAM state, but the total
γ-ray beam carries a large angular momentum with respect
to the beam axis. Such beams can have applications in
laboratory astrophysics.
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