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1. Generation and Feasibility Validation of Rotating
Electron Beams

Rotating electron beams, which carry significant azimuthal
momentum, can be generated through various laser-driven
schemes. A straightforward method involves the interaction
of Laguerre-Gaussian (LG) laser pulses with plasma!-?!,
where electrons gain substantial azimuthal momentum from
the helical wavefront structure, resulting in hollow beam
profiles. For instance, the work by Hu et al. demonstrated
that LG laser pulses interacting with micro-droplet targets can
generate rotating relativistic electron sheets with azimuthal
momentum up to 40m.c. Here, m, is the mass of the
electron, and c is the speed of light in vacuum. These
electron sheets can achieve peak densities exceeding 1.5 X
1022 cm~2 at a radius of approximately 1 ym, with cutoff
energy reaching 340 MeV. LG laser-driven wakefields can also
produce rotating electron beams with hundred-MeV energy,
but the azimuthal momentum and charge are substantially
lower than the former direct acceleration scheme>#!. Beyond
the LG laser approach, multiple Gaussian laser pulses with
twisted pointing directions could alternatively generate such
beams®!. By transferring orbital angular momentum from
the twisted Gaussian beams to the plasma, electrons could
potentially acquire azimuthal momenta on the order of m.c
in strong axial magnetic fields exceeding 10 kT. Additionally,
a single Gaussian laser beam interacting with plasma lenses
could achieve similar beam-splitting effects!6].

To verify the feasibility of our scheme, we take the
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LG laser direct acceleration scheme for example and
perform spin-resolved three-dimensional PIC simulations
using SLIPs"!, We employ a left-handed circularly polarized
LG laser pulse with mode (1, 0), wavelength \g = 1 pm,
dimensionless peak amplitude ag = 45, carrier-envelope
phase ¢y = 37/2 propagates along the x-axis and is focused
onto a pre-ionized helium micro-droplet target with a radius of
Ao and density of 10n,.. Here, n. = 1.12 x 10%! cm ™3 is the
critical density for a \y = 1 um laser pulse. An electron sheet
exhibiting significant azimuthal momentum is successfully
generated, with its density and momentum distributions in the
yz-plane shown in Figure S1 (a).

Due to the short pulse duration of the electron sheet, a
single sheet cannot sufficiently interact with the coherent
transition radiation (CTR) field as it traverses the foil. Using
multiple electron sheets can significantly enhance the v-ray
emission. The leading sheets drive the CTR field, while the
following sheets emit ~ rays through interaction with this
CTR field. Such multiple electron sheets can be generated
by adjusting the laser pulse duration and CEP. For simplicity,
we consider two sheets separated by 1 pm interacting with
the foil to verify the generation of hybrid cylindrical vector
(CV) ~ rays. Here, the foil parameters are identical to those
used in the main text. Figure S1 (b) shows the initial density
distributions of the electron sheets and foil, where the sheets
propagate along the +x direction. The emitted ~y rays exhibit a
hybrid CV polarization with an average § ~ 70°, as shown in
Figure S1 (c). This is highly consistent with the y-ray structure
generated by the electron beam with p, = 40 m.c in Figure
2(a3). Since the angle-resolved distribution log;, (dN.,/d{2)
and polarization P, of the emitted «y rays exhibit cylindrical
symmetry [Figure S1(c)], their dependence on the polar
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Figure S1. (a) Electron sheet distribution log o (dNe /dady) in the yz plane
from LG laser-plasma interaction, where blue arrows indicate the transverse
momentum directions of electrons. (b) Initial density distribution of electron
beams and foil in the xy plane at z=0. (c) Angle resolved distribution
log;o (AN~ /d§2) (background heatmap) and average polarization P of the

emitted ~ photons with respect to the polar angle 6 and the azimuth angle ¢.

Here, d2 = sin #dfd, 0 is the angle between the photon momentum and
the +z-axis, and ¢ is the angle between the projection of the momentum
onto the yz-plane and the +y-axis. The superimposed double-headed arrows
indicate the average polarization direction, while their color represents the
degree of polarization P.. (d) Angle-resolved polarization degree P~ (blue)
and distribution d N /d@ (red) of all emitted -~y photons vs 6.

angle 6 is analyzed. The polarization degree of the emitted
v rays exceeds 40% for all polar angles, with an average
polarization degree of 45%, as shown in Figure S1(d). The
hybrid CV ~ rays are successfully generated using rotating
electron beams produced by the established LG laser-plasma
interaction scheme, thereby confirming the feasibility of our
method.

2. Effects of Bremsstrahlung and Bethe-Heitler Processes

During the beam target interaction, the Bremsstrahlung and
Bethe-Heitler processes may come into play. The cross-section
for an electron with kinetic energy Fy;, to produce a
bremsstrahlung photon with energy exceeding Ej is given

by oy = 1.1 x 1071622 [0.83 (£ — 1) — In 722 | em? .

Eyin Eyin
Conversely, the total cross-section for the Bethe-Heitler pair
. . 2
production process is opy = 2 Z%ar? (ln =1 — %9) for

£~ > m.c*Bl. Here, Z is the atomic number of the target, o
is the fine-structure constant, . and m, represent the radius
and mass of the electron, respectively, € is the photon energy,
and c is the speed of light in vacuum. In our scheme, the
low-Z target suppresses both processes, as their cross-sections
are proportional to Z2.

To ensure the reliability of our results presented in the
main text, we employ the 3D PIC code EPOCH to evaluate
the contributions of the Bethe-Heitler and bremsstrahlung
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Figure S2. Photon energy spectra from nonlinear Compton scattering (NCS)
and bremsstrahlung processes, respectively.
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Figure S3. Schematic of the beamline for cylindrical vector (CV) y-ray
measurements.

processes in the beam-target interaction. We perform
simulations using the parameters corresponding to Figure
2(a2). No Bethe-Heitler process is observed in the simulations,
which is attributed to the small cross section associated
with the low photon average energy and the low-Z target.
Figure S2 shows the photon energy spectra from NCS and
bremsstrahlung processes. It is shown that the bremsstrahlung
process contributes only 0.2% of the total photon number
and 5% of the total photon energy, which can be naturally
negligible as presented in the main text.

3. Diagnostics for CV ~ Rays

Given the spatially varying polarization structure of CV
7 rays, multi-angle measurements of local polarization are
required to reconstruct their polarization states. Figure S3
shows the possible experimental setup for detecting the
polarization structure of the generated ~ rays in our scenario.
After the beam-target interaction, the particle beam first
propagates through a dipole magnet to separate the charged
particles from the 7y rays. Subsequently, the ~y rays are divided
into multiple isolated beamlets by a multi-aperture collimator,
where each beamlet exhibits locally linear polarization. The
polarization direction and degree for each beamlet can thus be
measured, using established techniques such as Compton or
pair-production polarimetry®'!l. The polarization angle
relative to the radial direction is then determined. By
observing the variation of polarization angle with azimuthal
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angle, the polarization state of the hybrid CV ~ rays can be
uniquely identified.
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