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Abstract

A relativistic electron in helical undulator emits an op-
tical vortex which carries orbital angular momentum. We
have made systematic studies to characterize the optical
vortex from a helical undulator at UVSOR-III. Patterns
resulting from inferences between two undulator radiation
carrying different angular momentums were clearly ob-
served. Diffraction experiments were carried out and
specific diffraction patterns due to the phase singularity in
the radiation center were clearly observed.

INTRODUCTION

An optical vortex, a light beam with a phase singularity
at the center of helical wavefront carries orbital angular
momentum (OAM) [1]. Since the discovery, extensive
studies not only on vortex of optical beam but also of
electron beam [2] and neutron beam [3] have been carried
out. These vortices are created by converting plane waves
using spiral phase plates, computer-generated holograms
and other devices. On the other hand, Sasaki and McNulty
predicted theoretically that synchrotron radiation from a
helical undulator is naturally optical vortex without any
manipulation [4].

The wavelength of n-th harmonics of synchrotron ra-
diation from a helical undulator is
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where 4,, 7, K and @ are period of the undulator, Lorentz
factor of the electron beam, deflection parameter of the
helical undulator and the observation angle from the ra-
diation axis, respectively. The intensity and phase distri-
butions of 2nd harmonic radiation calculated by means of
the computer code SRW [5, 6] are shown in Fig. 1. The
harmonics of radiation from a helical undulator exhibits a
ring shape vanishing intensity in the center (on-axis direc-
tion). The phase changes from 0 to 2w around the center, i.
e. the topological charge equal to one and the radiation
carries an OAM of 17. As described in ref. [4], the topo-
logical charge of n-th harmonics of a helical undulator
radiation equals to (n-1).

The first experimental verification was conducted by
Bahrdt, et al. at BESSY II [7]. They observed interference
patterns of radiation from two successive undulators: one
is tuned to 2nd harmonics and another is tuned to funda-
mental. The spiral pattern resulting from interference of
an optical vortex and plane wave supports the prediction
that the second harmonic radiation from a helical undula-
tor carries OAM.

At UVSOR-III, we have carried out systematic studies
on optical vortex with a helical undulator radiation [8].
Interference experiment between two undulators as
BESSY-II and a diffraction experiment using a double slit
was made. In this paper, we report on the latest experi-
mental results at UVSOR-III.
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Figure 1: Calculated intensity (left) and phase (right) distribution of 2nd harmonics from a helical undulator. The calcu-
lation is done using SRW, under condition of A =355 nm, 4, = 88 mm, y= 978, and K= 3.8.
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EXPERMENT

At UVSOR-III, an optical klystron consisting of two
APPLE-II helical undulators and a buncher is already
installed for FEL and coherent synchrotron light source
experiments. In contrast with the BESSY-II experiment in
the soft X-ray region (99 eV), we observed the radiation
from the helical undulator in the UV region. Therefore we
can make the optical vortex experiments using conven-
tional optical apparatus. The radiation from the undulator
is extracted directory (without mirror) through a quartz
window and is detected using a UV camera.

Although the emittance of UVSOR-III (7.6 nm-rad at
an energy of 500 MeV) is not so small as 3rd generation
light sources, it is the diffraction limited one in the UV
region. The nominal energy of the UVSOR-II is 750
MeV, however, we decreased the energy down to 500
MeV and 400 MeV to adjust the 2nd and 3rd harmonic
radiation from the helical undulator to the UV region. The
parameters for the experiment is summarized in table 1

Figure 2 shows an example of measured spiral patterns
from the interference of two undulators at the wavelength
of 355 nm. Fundamental wavelengths for the 1st (up-
stream) and the 2nd (downstream) undulator are tuned to
355 nm and 710 nm i. e. the wavelength of the 2nd har-
monic of downstream undulator is 355 nm. In order to
overlap the radiation from the two undulators, a band pass
filter with bandwidth of 2.2 nm-FWHM is used and the
expected longitudinal overlap is about 80 %. The spiral
pattern appears as a result of interference between a
spherical Gaussian wave and a spherical vortex wave with
different radius of curvature. We carried out a simulation
with the same condition as the experiment using SRW and
compared with the experimental result. As is shown in
Fig. 2 clearly, the spiral pattern is well reproduced by the
calculation.

We also demonstrated the phase singular property of
the radiation by Young’s double slit diffraction. The inten-
sity distribution on a screen of a double slit experiment
with a plane wave is
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where A, d, are the wavelength and distance from the slits
to the observation screen, and @ and x are the slit spacing
and the observation position on the screen in the horizon-
tal direction. In case of the optical vortex with a helical
wavefront, the intensity distribution is modified as:

I(x,y) o cosz(?g + A¢2(y)j (3)

where A¢(y) is the additional phase difference between
the two slit along the vertical direction [9]. An example of
simulation using SRW is shown in Fig. 3.

Tablel: Parameters for Experiment

< Electron Beam >

Beam Energy 500 MeV
Beam Current ~1mA
Natural Emittance 7.6 nm-rad

<Helical Undulator/ Optical Klystron >

Type APPLE-II
Period Length 88 mm
Number of periods 10+ 10
K Value ~4.8

<Detecting System>

Band Pass Filter

355 nm, 2,2 nm-FWHM

9.5 m from the center of
the optical klystron

Position of UV camera

Vertical Position

-6mm -4 -2 0 2 4 6
Horizontal Position

Figure 2: Measured (left) and calculated (right) spiral pattern from double undulator interference.
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The double slit interference experiment on helical un-
dulator radiation was carried out with almost the same
setup as the double undulator inference experiment, ex-
cept that only the 2nd undulator is used. The fundamental
wavelength of the 2nd undulator is tuned to 710 nm and
the 2nd harmonic radiation is selected by the 355 nm
band pass filter and detected by the UV camera placed 6.5
m from the center of the second undulator. In order to
reduce radiation from the bending magnets and edge
radiation, which smear out the diffraction image, a linear
vertical polarizer is used. An example of the experimental
results is shown in Fig. 3 with a SRW simulation. The
interference fringes are shifted from the left to the right
looking at from top to bottom. We also observed reversion
of the diffraction pattern by switching the helicity of the
helical undulator to invert the sign of topological charge.
The measured pattern was the mirror inversion of the
former one and is consistent with the SRW calculation.

SUMMARY AND OUTLOOK

We have made experimental studies on an optical vor-
tex from a helical undulator. The experimental results are
well reproduced by SRW calculations. However, these
experiments were limited to 2nd harmonic radiation
(topological charge equal to one) case. Actually we tried
some experiments on 3rd harmonic radiation, but no clear
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Figure 3: Measured (left) and calculated double slit pattern from 2nd harmonic radiation.
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evidence of higher topological charge could be obtained.
We think that the limitation is caused by weaker intensity
around the center region as increasing harmonic number.
We are thinking about another diffraction method which
is more sensitive to the topological charge. One candidate
is an experiment using a triangular aperture [10], with
which the number of a topological charge can be directly
measured.
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