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In quantum-electrodynamics scatterings the transfer of angular momentum between initial and final states
can be resolved using the vortex scattering theory, where involved particles are described by quantum vortex
states with featured orbital angular momentum (OAM). Here we employ the vortex scattering scenario in
bremsstrahlung of a plane-wave electron by describing the final electron and photon in vortex states. We find
that, while the total cross-section and angular distribution of the vortex scattering scenario are consistent with
those from the ordinary plane-wave scattering, the final states in the former can gain non-negligible OAM values
even though the incident electron does not contain any OAM. Moreover, introducing the OAM degree of freedom
conserves the total angular momentum in polarized scattering. The dependence of the OAM on the opening angle
of the vortex state and the energy ratio of photon to electron are obtained. It is shown that the emitted photon

gains higher OAM at larger angles and energy ratios.
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I. INTRODUCTION

In quantum field theory, particle scattering processes are
usually interpreted by use of plane wave (PW) states as the
complete basis for field quantization. This theoretical frame-
work is extremely successful when energy and momentum
of the involved particles are the main focus. It also allows
for analysis of the spin-polarization properties during the in-
teraction [1]. However, since the PW states do not contain
intrinsic orbital-angular-momentum (OAM) information, it is
in principle not capable of describing the angular-momentum
(AM) of particles. In fact, spin-orbital coupling or the transfer
of OAM often exists in a large group of scattering processes,
especially when the initial particles are spin polarized. Such
problems cannot be fully resolved in the PW scattering frame-
work. Instead, one may switch to the basis that carry definite
quantum numbers of AM to obtain the scattering probabilities
or cross sections.

In 1992, optical photons with distinctive OAM numbers
were proposed (referred as vortex or twisted photon) in theory
[2] and later experimentally confirmed [3,4]. Subsequently,
low-energy vortex or twisted electron states with OAM have
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also been experimentally generated and applied to transmis-
sion electron microscopy (TEMs) [5-7]. These vortex light
wave or particles provide the OAM degree of freedom in ma-
nipulating light-matter interaction [8,9] as well as increasing
the signal-background ratio in probing the material properties
[6].

In the high-energy regime, it is pointed out theoretically
that particles described in the quantum vortex states take
certain OAM [10-12]. The role of angular momentum in
high-energy inelastic scattering is studied in various processes
[13-28]. The new effects of vortex states are studied by
changing the description of one or several particles in the
scattering process from plane-wave states to vortex states,
such as the difference between paraxial and nonparaxial cases
[29,30], scattering described by wave packets [31], study
of coherence length effect in collision [32], nonlinear quan-
tum effect of vortex electrons electromagnetic radiation [33],
the Vavilov-Cherenkov radiation emitted by twisted electrons
[34], observation of Larmor and Gouy rotation by vortex
electrons beam [35], vortex electrons characteristics under
external magnetic field [36], and some other effects [37,38].

In this paper, to reveal the effect of angular momentum
existing in QED scattering, we calculate the differential cross
section of the bremsstrahlung for a PW electron colliding with
a lead nucleus. We describe the final electron and photon in
vortex states, i.e., PW+nucleus— V4V (P-V bremsstrahlung)
and compare the differential cross section to the one from
the normal treatment where all particles are described by PW
states PW+nucleus—PW-+PW (PW bremsstrahlung). The
angular distribution of the outgoing electron and photon is
analyzed. By studying the OAM distribution of the scattered
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particles, we find that they gain non-negligible OAM values
even though the initial electron does not have any OAM. It
originates from the AM transferred from electron spin angular
momentum (SAM) to OAM such that the total AM is con-
served. The scalings as a function of different photon energy
ratios are further discussed.

II. THEORETICAL BACKGROUND
OF THE VORTEX STATE

The scalar electron wave function without spin satisfies
the Schrodinger equation. We discuss the scattering of high-
energy electrons and study the spin related properties, which
require that the electrons be treated in a fully relativistic man-
ner. Therefore, the electron state follows the solution of the
free Dirac equation (id — M)y = 0, expressed in spinors.

The plane-wave function then takes the form of Eq. (1),
where E is energy and M is the rest mass of electrons. o
is the Pauli matrix. The unit momentum vector is defined as
kK = p/|p|- &° (s = £1 is the spin projection on the momentum
direction z-axis, called helicity usually) represent the two-
component basis spinors, such as

o) [}

which are orthogonal. In this paper, the relativistic units
¢ = h =1 are used. When PW states are used to describe the
scattering processes, helicity is usually introduced to distin-
guish polarization scattering [1]. However, because the PW
states do not contain OAM information, the discussion of
angular-momentum transfer or conservation of polarization
scattering becomes difficult.
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Vortex states were later introduced as another exact so-
lution of Dirac equation [25,39]. The vortex structure can

be formed by the superposition of plane-wave states in the
momentum direction perpendicular to the z axis of the prop-
agation direction: y3 (x) = [ V(P OV )P dp| dp, where
Un(p)) = \/Eli’”pl 8(p/, — p1)e™?» is the Fourier spectrum.
Due to the axisymmetric property of vortex states, it is usually
described in cylindrical coordinate system. The wave function
of electron vortex states can be expressed as follows [39]:
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Here p, and p, = (E* — M? — p})'/? are the z compo-
nent and perpendicular one of the electron momentum. The
transversal matrix reads
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Similarly, we construct the photon vortex states by employ-
ing the Bessel mode AJ & "(x) Ak, )A’\ OOk dK | dey .
Suppose that the vortex photon propagates along the z axis,
j and A = £1 are the projections of total angular momen-
tum (TAM) and spin on momentum direction z axis (we
call it TAM and helicity to simplify), respectively. k, and
ki = (w* —k})'* (o is the photon energy) are the photon
momentum parallel and perpendicular the z axis, respectively.
Here

Al
6k 7th

(7))
is the PW photon states, A ; K = fsz’ —L_§(K| — ky)eli is

the corresponding Fourier spectrum. So, the vortex photon
states can be expressed as [39]
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where ek ‘(%) represents the polarization vector and the

transverse function is defined by ©} (F) = Ju(ky r)e"? [J,(r)
is the first kind of Bessel function]. Equations (2) and (3)
contain intrinsic OAM information and thus can be employed
in resolving the AM-related physics in various scattering pro-
cesses.

Here we define a quantity / = j — X for the vortex photon.
It corresponds to the OAM projection number of photon on
z axis in a paraxial approximation, where j and XA represent
the TAM and spin projection of photon on the z axis. One
should notice that m and [ are not the eigenvalues of the
OAM operator L, but usually referred as OAM projection of
electron and photon on the z axis [10,20,28-31,35,40-42]. It
is clear that only s/2 + m and A + [ are the eigenvalues of the
corresponding operators of vortex electron and photon states,
respectively.

III. THE DIFFERENTIAL CROSS SECTION
OF THE P-V BREMSSTRAHLUNG

We assume that a PW electron propagates along the z
axis. After colliding with a stationary bare lead nucleus, the
outgoing electron and emitted photon are scattered forward
defined by the vortex states along the z axis, as illustrated in
Fig. 1(a). For comparison, Fig. 1(b) shows the process of PW
bremsstrahlung.

The S-matrix element of P-V bremsstrahlung can be writ-
ten as in the QED framework:

Sri=81+8
= —ie? / d*xd*y ¥ (O)[y"Ao(0)Sk (x — y)y A% ()

+ Y AL ()SE (x = )y AoV (), “
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FIG. 1. Kinematics of P-V and PW bremsstrahlung.

where 1;(y) represents the wave function of the incident

PW electron and v¢(x) represents the wave function of the

outgoing vortex electron. The electron propagator is defined

as Sp(x —y) = (‘21;’;4 y“fu;IM —P6=Y) and Ay = _4n\x\ is the

Coulomb field of the nucleus (for a lead nucleus, Z = 82).
Combining Egs. (1)- (4), we obtain

So = —ized - E)\/(E_,. —M)(E, — M)
(4 )’V 27 JoEE;
X /dcu qi —
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The derivations are carried out in cylindrical coordinate sys-
tem because of the axisymmetric nature of vortex states.
Matrices C; and C, have the following forms after calculation
(see Appendix A for details):.

Cr =M, + My + M3+ My + Ms

+ Mo)|p.=pj.th..q:=pstk—pi.E,=Erpi=q.> ()
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We define matrices X; and X»:

1
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Then,

—iZe’ V(Er —M)(E; — M)

Spyv=——"""0Er+w—E) ——
(4m)*2m VWEE|prllpil
x E71(Z) + To)E". (10)
Matrix 2| + X, takes the following form:
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% 3, = e SR 11
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where A, B, C, and D are the coefficients of the four matrix
elements (see Appendix A). The four Kronecker symbols
represent the TAM conservation corresponding to four spin

cases. For example, consider that both the incident and the
outgoing electron spins are up:

o< e[

the relationship given by the conservation law of TAM is
= (my + %) + j, and the corresponding term is A, ;.
According to Fermi’s golden rule, the scattering cross sec-
tion of P-V bremsstrahlung is as follows:

4 |Sp-v| ( )pr_kJ_deJ_dpfzko_dk
o = ]
14
AP Er—MYE —M
= =2 5w+ E; — E) ! 3(2’” )
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Comparing with PW states, vortex states not only carry
OAM information but also exhibit different momentum-space
structure. The angle of the PW particle is the emission angle,
while the one for vortex state corresponds to the opening angle
composed of z-axis momentum and vertical momentum, e.g.,
0, O in Fig. 1. Transfer the rectangular coordinate system
composed of p, and p, to the polar coordinate system com-
posed of 6 and E via E? = M?* + p + p? (w* = k] + kZ for
a photon), we have dpy1dps. = EfdE;d6; and dk,dk, =
wdwd6y, where 6; and 6, are the opening angles of outgoing
photon and electron following k; = wsin 6y, k, = wcos b,

prL=(Ej —M*)'*sinby, pp. = (Ef — M*)'/*cos0;. The
dlfferentlal cross section can be expressed as
Z2 3
do = 8(w+Ef—E)(Ef—M)(E M)
DrikL . s 5
m@ M(E) + 228" PdE b dwdy, (13)

2 . .
where @ = ;— is the fine-structure constant. Integrate £y with

the 8 function §(w + E¢ — E;). The incident electron propa-
gates the z axis [p; = (0, 0, p;,)], therefore
2o’ priky
(Ef — M)(E; — M)—5—
1Py |*1piz |

X |E7 (51 + $)&° Pdwdbidby g =g, (14)

do =

The differential cross section of P-V bremsstrahlung is
obtained. Equation (15) shows the differential cross section of
PW bremsstrahlung (see Appendix B for the specific calcula-
tion):

Z%03 k
do(PW) = S (B — M)(E; — M)—PL=L
7T |Pr1°|piz |
x |W*dwd6d ¢rdO; | g, —E,—o- (15)

By comparing the forms of two differential cross sections,
we notice that there is an additional angular integration in the
PW case because there is an angle between the electron and
photon emitted in the vertical plane. While for the vortex, it is
symmetric about the z axis and this angle has been integrated
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FIG. 2. Opening angles vs cross-section distribution. The first
column is the P-V bremsstrahlung case while the second column is
the PW case. The incident electron energy is E; = 5 MeV, different
rows represent different photon-energy values, / ranges from —20 to
+20. Red dashed arc curve in each figure is the kinematic transverse
momentum constraint curve (py; = k). The distribution of 0 is
shown in the upper-right corner of each figure.

when defining the vortex states. Meanwhile, the P-V case
has one more Kronecker symbol, representing the additional
angular-momentum restriction.

IV. NUMERICAL RESULTS AND DISCUSSION

The differential cross-section of P-V bremsstrahlung ob-
tained above can be numerically analyzed. Here we focus on
the OAM information and the opening angles. In particular,
we are interested in how the spin-orbit angular momentum is
transferred and distributed.

Averaging over the initial-state spin orientations, summing
over the final-state spin orientations, the cross section as a
function of the opening angles or emitting angles for outgoing
particles is calculated according to Eqs. (14) and (15). The
numerical results are shown in Fig. 2, where the incident elec-
tron energy is E; =5 MeV and the outgoing photon energy
takes w = 0.1 MeV, w = 0.5 MeV and w = 1 MeV, respec-
tively. Here the ! of vortex photon ranges from —20 to +20.
Comparing between the two cases, we notice that both have
identical distributions under all three photon energies. This
indicates that the completeness of the P-V bremsstrahlung
theory is guaranteed after replacing the final PW states by
quantum vortex states.

To analyze the distribution structure under different pho-
ton energies, the relationship between electron and photon
angles from the perspective of classical kinematics is dis-
cussed. In our model, the nucleus is stationary on the z axis,
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FIG. 3. Angle vs cross-section spectrum of P-V and PW
bremsstrahlung. Panel (a) is the photon opening angle spectrum
while panel (b) is the electron case. E; = 5 MeV. The magenta and
blue lines represent the P-V cases with different / values. Black lines
represent the PW case.

the electron collides the nucleus along the z axis. When the
photon energy is relatively low, it is close to elastic scattering
where the transverse momentum is conserved (py1 = k).
We obtain the constraint relationship between the electron
angle and the photon angle: pysin€; = ksinf; which can
be written as [(E; — w)? — M?]'/2 sin 0r = wsin 6. Through
this constraint relationship and the value of one angle, we can
calculate the value corresponding to the other angle, shown as
red dashed arc curves in Fig. 2. The distributions in Figs. 2(a)
and 2(b) for w = 0.1 MeV show large cross-section values
around this curve. In addition, it seems that their exists a peak
where the divergence angles of electron and photon tend to
be equal. With the photon energy increasing from 0.1 to 1
MeV, the elastic-scattering condition is no longer well satis-
fied, the distribution gradually concentrates at smaller angles.
Both trends disappear at large photon energies, as seen in
Figs. 2(c)-2(f).

Figure 3 shows the more detailed opening angle distribu-
tion spectrum of final vortex particles vs photon opening-
angle distribution [Fig. 3(a)] and electron opening angle
distribution [Fig. 3(b)] (by integrating another angle) in the
PW and P-V cases with different / ranges. All six differential
cross-section lines reach maximum positions at small angles.
With the increase of angles, the differential cross sections de-
crease gradually. This distribution trend does not change with
PW or P-V and different /-ranges of the P-V.

The differential cross section in the P-V case with / =0
is below the PW value. The gap is narrowed when adding
the cross sections of three values [ = %1, 0. This implies that
although the PW case does not contain OAM information,
it is not a special case of P-V bremsstrahlung with OAM
equal to zero. In terms of the cross sections, the result of
the P-V scattering tends to converge to the PW case when
including more OAM modes. The results numerically prove
the completeness of the P-V bremsstrahlung theory again.

In the following, we show how the OAM is allocated
among the final vortex particles, which is unknown in the nor-
mal PW scattering picture. We take E; = 5 MeV, w = 1 MeV
and sum the spins of outgoing particles but consider the
polarization of incident electrons separately. Figure 4 shows
the OAM distribution of outgoing vortex photon and electron
at different opening angles. When calculating one angle, the
other angle is integrated from O to 7. In general, the cross
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FIG. 4. OAM distribution of P-V bremsstrahlung. Panels (a) and
(c) are the outgoing electron OAM m; and opening angle 6y vs cross-
section distribution, while panels (b) and (d) are the photon case /
and 0;. The other angle is integrated from 0 to 7. The polarization of
incident electrons is —1 in panels (a) and (b) while the one is 41 in
panels (c) and (d).

sections of both the vortex electron and photon decrease at
larger angles, which is consistent with the results in Fig. 3. The
OAM distribution patterns of the electron and photon are very
different by comparing Figs. 4(a) with 4(b) and 4(c) with 4(d).
The range of / carried by vortex photon is more widely dis-
tributed than that of the electron, especially for 67(6;) > 30°.
At an angle slightly larger than the maximum, the electron
my distribution presents a Gaussian-like distribution around
my = 0, while the photon [ distribution not only shows a
peak around / = 0, but also at [ = %2 on both sides. More
importantly, it can be found that the polarization of incident
electrons mainly offsets the m, and / distributions. When the
initial polarization is —1, my and / concentrate at 0 and +1
in Figs. 4(a) and 4(b); when the polarization is +1, m; and
! concentrate at 0 and —1 in Figs. 4(c) and 4(d). This offset
could lead to nonvanishing average OAM values, i.e., the final
particles can carry net OAM.

Further relationship between OAM distribution and open-
ing angles is analyzed. We select three angle ranges of 0°-30°,
60°-90°, and 120°-150° to calculate the OAM distribution of
photon, as shown in Fig. 5. First, we notice that, at smaller an-
gles 0°-30°, the peak value is located at / = 0. When going to
larger angles 60°-90° and 120°-150°, secondary peaks appear
appear around / = £3, which becomes higher upon increas-
ing the angle. Comparing columns (1) and (2) in Fig. 5, the
slight asymmetry of the distribution is reflected by the average
! value marked by red solid lines in each figure. These offsets
discussed in previous section are also represented by red solid
lines that deviate from the zero value in the figure, which
show a high correlation with the polarization of incident elec-
trons. Average [ tends to offset in the opposite direction of
electron polarization. These reveal that the / distribution of
the differential cross section is highly related to the angle
and the incident electron polarization, which could be verified
experimentally by the detection of different azimuth angles
and the control of different polarization of incident electrons.
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I(photon)(h)
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FIG. 5. [ distribution over different opening angle ranges. Three
rows (a), (b), and (c) are 0°-30°, 60°-90°, and 120°-150°, respec-
tively. Both electron and photon angles are integrated follow the
specified range. Three columns (1), (2), and (3) represent incident
elections polarization of —1, +1, and 0, respectively. Red solid lines
mark the average [.

It is worth noting that, in combination with Figs. 4 and 5,
the OAM distributions under the incident electron polariza-
tion of —1 and 41 is symmetrical around / = 0. Therefore,
as shown red solid lines in the third column (3) of Fig. 5,
the [ is exactly zero after averaging over the initial electron
polarization. While spin-to-orbital transfer exists in either
case, finite OAM value appears when there is nonzero initial
angular-momentum. In this case, the initial electron should be
spin polarized.

In normal PW bremsstrahlung, since only SAM is consid-
ered, the TAM before and after scattering only calculating the
leading order Feynman diagram cannot be well handled [1].
This problem is naturally resolved when the final particles are
described by the vortex states. In P-V scattering, the SAM
of the initial particles will not only transfer to the SAM of
the final particles, but also to the OAM of the final particles.
The final TAM consists of SAM and OAM together, and the
difference between the initial and final SAMs can be exactly
offset by OAM.

Figure 6 shows the numerical results of angular momen-
tum before and after bremsstrahlung at different electron and
photon energies at the leading order of the Feynman diagram.
All projection numbers of OAM, SAM, and TAM are average
values. It can be seen that TAM (only SAM is considered here)
of the final states and the initial states in PW bremsstrahlung
are not equal. When the photon-energy ratio is relatively low,
the TAM difference before and after scattering is close to zero,
but the gap increases with the photon energy ratio is larger,
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FIG. 6. Numerical results of angular momentum before and after
bremsstrahlung. E; = 5 MeV, [ ranges from —10 to +10. Different
color lines represent different angular-momentum quantities marked
in figure. The solid lines indicates that the electrons polarization
is +1, and dashed lines indicate that the polarization of incident
electrons is —1.

denoted by the two black lines in Fig. 6. When the vortex
states are used to describe the final particles, part of SAM is
transferred to OAM, and TAM before and after in each spin
condition and each photon-energy ratio equals each other in
extremely high precision, shown as two overlapping gray lines
on the central axis in Fig. 6.

Moreover, Fig. 6 indicates that the OAMs carried by pho-
ton and electron are positively correlated to the proportion of
photon energy (see two red and two blue lines). All these
values are reversed when switching the polarization of the
incident electron (solid lines vs dashed lines). When the po-
larization is averaged, these distributions are smoothed out to
zero. Therefore, both the final electron and photon carry zero
OAM values if the incident electrons are unpolarized, which
means that the OAMs of final particles originate from the po-
larization of the incident electron rather than the distribution
between the final two particles. It reveals the channel through
which SAM of the initial electron is transferred to OAMs of
the final electron and photon.

The OAM obtained by final photon and electron as a func-
tion of the incident electron energy is summarized in Fig. 7,
with photon-electron energy ratio fixed at w = 0.40E;. We
find that the absolute values of / and my gradually converge
to 0.5 when E; changes from 5 MeV to 1 GeV. These results
indicate that the OAMs transferred to outgoing electron and
photon are positively correlated to both the incident electron-
energy and photon-energy ratio. The revelation of the physical
picture in the highly relativistic regime has enlightenment for
the possible experiments in electron accelerator laboratories.

V. CONCLUSION

In this paper, we first used the constructed vortex states
wave functions to calculate the differential cross section of
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FIG. 7. Numerical results of angular momentum with different
incident electron energies. w/E; = 40%, [ ranges from —10 to +10.
Two color lines represent two angular-momentum quantities marked
in figure. The solid lines indicates that the electrons polarization
is +1, and dashed lines indicate that the polarization of incident
electrons is —1.

P-V bremsstrahlung which the initial electron is described
by plane-wave states and the final electron and photon are
vortex states in the QED framework. By analyzing the four
Kronecker symbols appearing in the cross section, we ob-
tained the relationship between SAM and OAM before and
after scattering, which is consistent with the conservation law
of total angular momentum. Furthermore, we analyzed the
angular distribution characteristics of the final particles by
numerically calculating the cross section and comparing it
with the classical PW bremsstrahlung. We found that, due to
the OAM information carried by the vortex wave functions,
it naturally shows the OAM distribution of the final particles,
which cannot be revealed by ordinary PW bremsstrahlung. In
theory, the final electron and photon can also carry OAM after
polarized PW electron scattering. Finally, it is shown that the
P-V bremsstrahlung naturally satisfies the conservation law of
total angular momentum, and the characteristics that SAM can
be transferred to OAM under different photon energy ratios
are obtained. These properties related to angular momentum
could bring new information for further exploration in various
scattering processes in the field of nuclear physics and particle
physics.
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APPENDIX A

Some mathematical formulas and specific expressions in the theoretical derivation are shown below.
In a cylindrical coordinate system, e~'7* can be expanded as follows:

. .9 . o
e P — pipzzTip tEann(pJ_r)emG ll’l¢[,’
n

1
cos ¢, = —

For integer order Bessel functions of the first kind:
J_a(x) = (_l)n]n(-x)-

Integration of the twofold Bessel functions:

1
/ drro(poro(@ur) = —8(ps — g1,
pL
, 1
/ A PI (1) = (<1 =B — ).
1
/o / / I+1 1
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1

1
[ A G i) = D~ k)
i
Integration of the triple Bessel functions:

S(p. k. q) = / Ay (PP (Gr) (k)

=————cos (nd(p, k) — (m —n)Z(k, q)),
2mAerap g i

where Z(a, b) represents angle between a and band Aerag p . represents the area of the triangle formed by a, b, c.
The matrices in Eq. (6) and Eq. (7) are as follows:
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All these matrices Egs. (A9)-(A20) have the same Kronecker symbols at four locations, combining Eqs. (8) and (9), we have

Ab,,, —i Bb,,, —i_q
_ my,—j my,—j
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1
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where A, B, C, and D can be obtained by numerical calculation.

APPENDIX B

The S-matrix element for PW bremsstrahlung is

Spw = —ie? f d*xd*y ¥ O™ (0)SF(x — y)y"Ao(y) + ¥ Ao (0)SF(x — WA WI1Y:()
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The S-matrix element can be written as follows:
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The differential cross section is
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d*k = ki dk,dk,dO, = w*dwd S = sin G’ dwdOcd Py, (B3)
d3pf = pfldpfldpfzdef = \/Wsin 9fEdefd9fd¢f. (B6)
Finally, we have
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