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Limitations in photoionization of helium by an extreme ultraviolet optical vortex
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Photoelectron angular distributions from helium atoms are measured using the circularly polarized extreme
ultraviolet (XUV) vortex produced by a helical undulator as the higher harmonics of its radiation. The XUV vortex
has a helical wave front and carries orbital angular momentum as well as the spin angular momentum associated
with its circular polarization. While the violation of the electric dipole transition rules has been predicted for
interactions between vortices and atoms, the photoelectron angular distributions are well reproduced by assuming
electric dipole transitions only. This observation can be explained by the localized nature of the helical phase
effect of the vortex on the interaction with atoms, and demonstrates that nondipole interactions induced by the
XUV vortex are hardly observable in conventional gas-phase experiments.
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I. INTRODUCTION

A photon beam having a helical wave front carries orbital
angular momentum (OAM) as well as the spin angular
momentum associated with its circular polarization. Since
the pioneering work by Allen et al. [1], the characteristics
of photon beams carrying OAM, which are usually referred
to as optical vortices or twisted light, have been investigated
both from the fundamental point of view, and for applicational
purposes, such as optical data transmission [2], manipulation
of small particles [3], coronagraphy [4], and high-resolution
fluorescence microscopy [5]. Until now, the production and
application of OAM beams have been mainly limited to the
visible and infrared wavelength regions, where photon beams
with helical wave fronts can be obtained using various optical
elements [6]. In contrast, only a few experimental studies on
OAM beams have been performed in the x-ray wavelength
regions [7-9], because it is generally difficult to fabricate
precise optical elements, necessary for producing helical wave
fronts, which operate at short wavelengths.

Recently, it was found that the nth harmonic off-axis
radiation from a helical undulator carries an OAM of (n — 1)k
per photon [10-13], as a result of the spiral motion of electron
which naturally emits an electromagnetic wave with a helical
wave front [14]. This suggests the possibility of directly and
efficiently producing a circularly polarized photon beam that
carries OAM over the whole wavelength range covered by
synchrotron light sources, from the VUV to hard x rays.
This novel feature of helical undulator radiation will allow
us to utilize OAM beams at short wavelengths, and may open
up new applications specific to the remarkable properties of
OAM carried by photon beams, as demonstrated at visible and
infrared wavelengths.

In exploring new applications of OAM beams at short
wavelengths, a fundamental understanding of the role of
the OAM in the light-matter interaction is crucial. In recent
years, several theoretical works have been reported on the
photoionization and photoexcitation of atoms by OAM-
carrying photons [15-19]. Differing from plane-wave photons,
a violation of the standard electric dipole selection rules is
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predicted for OAM-carrying photons, as a consequence of the
transference of the OAM to the internal degrees of freedom
of the atom [15,19]. In the x-ray regime, the use of electric
quadrupole transitions induced by the OAM was proposed
for dichroism experiments [20]. In contrast to these advances
in theory, to our knowledge, there has been no experimental
work on OAM light-matter interactions in the short wavelength
regime, owing to the technical difficulty of producing brilliant
and energy-tunable OAM beams. In this paper, we report the
experimental investigation on the photoionization of helium
atoms irradiated with a circularly polarized extreme ultraviolet
(XUV) vortex beam produced by a helical undulator and
discuss the limitations due to the experimental arrangement
for studying the specific features of the OAM light-matter
interaction. The interaction between OAM-carrying photons
and atoms is tested by measuring photoelectron angular dis-
tributions, which are characterized by the angular momentum
of the final state of the photoionization transition.

II. EXPERIMENT

The experiment was carried out at the undulator beamline
BL1U of the 750-MeV UVSOR storage ring. The storage ring
was operated in single-bunch mode, providing light pulses
with a repetition period of 178 ns. The stored electron beam
current was less than 1 mA. BL1U is a beamline originally
dedicated to light source development, using undulator Ul
which consists of twin APPLE-II type devices. The generation
of an optical vortex using the U1 undulator was already verified
in the UV wavelength region [12,13]. The XUV vortex can be
obtained by tuning the pole gap of the undulator magnets. We
measured photoelectron angular distributions from helium
atoms using the first, second, and third harmonic left-handed
circularly polarized radiation from the downstream part of the
twin APPLE-II undulators. For each measurement, the peak
photon energy of the corresponding harmonic in the undulator
radiation was set to approximately 30 eV. While the first
harmonic carries zero OAM, corresponding to plane-wave
photons, the second and third harmonics carry OAM of I/i per
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FIG. 1. Experimental setup used for the photoionization study of helium atoms using the XUV vortex. The XUV vortex generated by the
APPLE-II undulator is introduced into the interaction point without any optical elements. Photoelectron angular distributions are obtained from

the mapped electron image using the VMI spectrometer.

photon (I = 1,2), along with a spin angular momentum of7 per
photon associated with the left-handed circular polarization.

The experimental setup is shown in Fig. 1. To avoid possible
distortions of the helical wave front characterizing the XUV
vortex, we did not use any optical elements in the experiment.
The interaction point was placed at about 11 m downstream
from the undulator, where the sample gas was admitted as
an effusive beam from an aperture (diameter 300 pwm). The
central part of the photon beam from the undulator was cut
out by a 1-mm-diameter pinhole located at the center of the
photon beam, 0.5 m upstream of the interaction point. Since the
radiation power of the helical undulator is minimum on axis,
the pinhole position was adjusted to minimize the throughput
beam intensity by scanning the pinhole in the transverse
directions. The correspondence of the pinhole position to the
beam center was checked whenever the undulator and storage
ring parameters were changed. A pair of L-shaped knife edges
positioned at the entrance of the beamline and a four-jaw slit
downstream from the pinhole were used to suppress stray light
entering into the interaction point.

We calculated the spatial intensity distribution and flux
spectra of the photon beams at the interaction point using the
simulation code SPECTRA [21]. The calculation was performed
using the machine parameters of the UVSOR storage ring
(750-MeV beam energy, 17.5 nm rad emittance, and 5%
coupling) at 1 mA beam current. The left panels in Fig. 2
show the intensity distributions for 30 eV photons of the first,
second, and third harmonics. While the intensity profile of
the fundamental radiation forms a Gaussian-like distribution,
annular distributions dominate the higher harmonic intensities,
indicating their vortical nature. The nonzero intensities seen
at the centers of the higher harmonics are due to the finite
emittance of the electron beam. The intensity minimum
resulting from the phase singularity becomes clearer when
the electron beam emittance is much lower than the photon
emittance [10,12]. Flux spectra calculated for transmission
through a 1-mm-diameter pinhole are shown in the right panels
of Fig. 2. The photon flux at 30 eV is reduced drastically for
the higher harmonics, due to the cutout around the central
axis of the undulator radiation. The photon energy bandwidths
(FWHM) are estimated to be 2.2, 1.1, and 0.8 eV for the first,

second, and third harmonics, respectively. Fringe peaks are
observed below and above the main peaks at 30 eV, and their
contributions are larger for the higher harmonics.
Photoelectron angular distributions were measured by
using a velocity map imaging (VMI) spectrometer [22]. Pho-
toelectrons of about 6 eV kinetic energy emitted from helium
atoms were detected by a two-dimensional position sensitive
detector (PSD) having a detection area of 25 mm diameter. In
order to eliminate background signal from secondary electrons
emitted by photoion collisions with the electrode surface,
a time window synchronized to the light pulse frequency
was applied to the signals from the PSD. The raw images
observed for photoelectrons created by the XUV vortex
include non-negligible amounts of photoelectrons due to
bending magnet radiation. This contribution was estimated by
fully opening the pole gap of the undulator magnet to 200 mm
to completely suppress undulator radiation, and subtracting
the resulting signal from the raw images. After background
subtraction, the angular and kinetic energy distributions
of photoelectrons were obtained from the resulting images
using the onion-peeling algorithm [23], assuming cylindrical
symmetry around the light propagation axis (z direction).

III. RESULTS AND DISCUSSION

Figure 3 shows the background-subtracted images and
kinetic energy distributions of photoelectrons from helium
atoms measured for the first, second, and third harmonics,
corresponding to plane-wave photons (I =0), and XUV
vortices of [ = 1 and 2, respectively. The peak photon energies
of the undulator radiation are about 31, 32, and 32 eV for the
first, second, and third harmonics, respectively, as determined
from the peak energies of the kinetic energy distributions.
The photoelectron image for the first harmonic shows arc-
shaped structures corresponding to photoelectrons produced
by the main peak of the undulator radiation. The broadness of
the photoelectron structure is mainly due to the bandwidth of
the undulator radiation. The image shows a sizable intensity
inside the arc structure, which is attributed to low-energy
photoelectrons associated with the fringe structure seen in the
undulator spectrum. As the fringe intensities are larger for the
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FIG. 2. Simulation of the undulator radiation at the interaction point for the (a) first, (b) second, and (c) third harmonics. Left: two-
dimensional flux density plots in units of photons per second per 0.1% bandwidth (b.w.) per mm? for 30 eV photons. The intensity profiles
along the horizontal and vertical center axes of the two-dimensional plots are attached. The first harmonic corresponds to a plane wave. The
second and third harmonics correspond to XUV vortices carrying OAM of /i per photon with [ = 1 and 2, respectively. For the harmonic
radiation, the phase of the electromagnetic field changes according to the azimuthal angle around a zero-intensity minimum corresponding to
the phase singularity on the propagation axis. In the present study, the zero-intensity minimum associated with the phase singularity is blurred
due to the finite emittance of the electron beam. In the measurements, undulator radiation is cut out by a 1-mm-diameter pinhole. The cut out
areas are indicted by dotted circles. Right: partial photon flux obtained for the undulator radiation passing through the 1-mm-diameter pinhole.
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FIG. 3. Images and kinetic energy distributions of photoelectrons measured for the (a) first, (b) second, and (c) third harmonics from the
helical undulator. The peak photon energies of the undulator radiation are 31, 32, and 32 eV for the first, second, and third harmonics, respectively.
In the kinetic energy distributions, measurement and calculation results are plotted by solid red and dotted black curves, respectively.

higher harmonics (see Fig. 2), the photoelectron images for
the second and third harmonics show large intensities inside
the outermost arcs. In the right panels, the kinetic energy dis-
tributions are compared with the flux spectra weighted by the
photoionization cross section [24]. The experimental resolu-
tion of the VMI spectrometer AE/E = 20% (FWHM) is taken
into account by convolution with a Gaussian line shape. The
gross features of the experimentally observed kinetic energy

distributions are fairly well reproduced by the calculation, con-
firming the validity of the observed images. Discrepancies be-
tween the experiments and calculations are seen for the fringe
structures. This may be due to the fact that the nonsinusoidal
magnetic fields formed by the actual end structures of the
undulator magnets are not considered in the flux calculation.
For ordinary plane-wave light, the photon-atom interac-
tion at XUV wavelengths is well described by the dipole
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FIG. 4. Angular distributions of photoelectrons measured for the (a) first, (b) second, and (c) third harmonics from the helical undulator.
The peak photon energies of the undulator radiation are 31, 32, and 32 eV for the first, second, and third harmonics, respectively. The solid
blue curve in (a) represents a fit assuming electric dipole transitions. The dotted green curves in (b) and (c) show the angular dependence of
the photoelectrons expected for nondipole transitions induced by the OAM carried by the XUV vortex. The solid blue curves in (b) and (c)
represent fit results assuming both electric dipole and nondipole transitions.

approximation, since higher-order multipole terms are neg-
ligible [25]. Assuming the dipole approximation, the photo-
electron angular distribution for circularly polarized light can
be expressed as [26]

do o 1

E = E[l — EﬂPQ(COSQ):|,

where o is the cross section, 8 is the asymmetry parameter,
and P(cosf) is the second-order Legendre polynomial. The
emission angle 0 is defined with respect to the light propagation
axis. In contrast, according to the selection rule predicted for
the interaction between OAM-carrying photons and atoms
[15,19], one can expect that within the independent particle
picture, the quadrupole transition of the helium 1s electron
into the ed continuum (Al = +2, Am = +2) is allowed
for the / = 1 vortex, leading to a sin*0 dependence in the
photoelectron angular distribution, resulting from the square of
the Y, spherical harmonic in the wave function of the outgoing
photoelectrons. Similarly, the octupole transition from 1s into
the ¢f continuum (Al = 43, Am = +3) is allowed for the
| =2 vortex, and the photoelectron angular distribution is
expected to be proportional to sin®@, from the square of the
Y33 spherical harmonic.

Figure 4 shows the photoelectron angular distributions
obtained for the main peaks in the kinetic energy distributions.
The quadrants of each photoelectron image have been averaged
to improve the statistics. The angular distribution measured for
the first harmonic is well reproduced by the theoretical curve
for the electric dipole transition. From curve fitting we obtain
an asymmetry parameter of § = 1.96 £ 0.09, in agreement
with the theoretical value of § = 2 within the experimental
uncertainty. This result confirms the high reliability of the
present experimental and analytical methods for the study of
photoelectron angular distributions using circularly polarized
undulator radiation.

It can be seen from Figs. 4(b) and 4(c) that the angular
distributions for photoionization by the XUV vortices do not

follow the sin*@ and sin®@ angular distributions expected for
nondipole transitions (dotted green lines in the figures), instead
showing dipole patterns. To estimate the weak nondipole
contributions to photoionization by the XUV vortex, we fit
the observed distributions with functions, Isin0 + I 0 sin%6
and Ipsin@ + Iosin®@ for the I =1 and I =2 XUV vor-
tices, respectively, which represent simple sums of the ideal
photoelectron angular distributions expected for the dipole
and nondipole transitions. From curve fitting the dipole and
nondipole components are determined to be Ip = 1.04 +
0.06, Io = 0.00 £ 0.07 and Ip =1.0540.02, Io =0.00 +
0.02 for the I = 1 and [ = 2 XUV vortices, respectively. The
photoelectron angular distributions are well reproduced by the
dipole components alone, and nondipole contributions are not
detected within the experimental uncertainty—of the order of
1072 relative to the normal dipole transitions.

This observation can be explained by considering the
characteristics of nondipole transitions induced by OAM.
As suggested by theoretical studies [15,19], the standard
electric dipole selection rules fail, and nondipole transitions
are allowed due to the OAM carried by the photon beam when
the interacting atom is positioned at the phase singularity.
This is because the nondipole transition arises from the
change of the electric field strength around the atom due
to the helical phase structure of the vortex. In the present
experimental configuration, the gaseous sample is supplied
by an effusive beam, resulting in helium atoms which are
uniformly populated throughout the 1-mm-diameter photon
beam. Thus the majority of photoelectrons come from helium
atoms not located at the phase singularity, since the photon
intensity increases in the radial direction. At distances far from
the phase singularity, the phase of the XUV vortex beam is
near constant across the atom, leading to an approximately
plane-wave field. Consequently, the photon-atom interaction
will be well described by the normal dipole approximation.
The helical phase effect on atomic transitions is predicted
to be significant only on a distance scale comparable to
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the wavelength of the radiation [17,18]. Thus we conclude
that while nondipole contributions must exist in the present
measurements, they remain hidden behind the dominant
dipole photoionization, and are undetectable even with the
small experimental uncertainties. Our result indicates that
nondipole interactions induced by OAM are not observable
in conventional gas-phase experiments using a synchrotron
light source.

We note further that a blurring of the phase singularity
occurs due to the finite emittance of the electron beam. The
XUV vortices used in the present experiment have nonzero
intensities on the axis (see Fig. 2). This spatial property results
from the incoherent overlap of the radiation from electrons
passing through the undulator, although the radiation from
each electron has a zero-intensity minimum and an individual
phase singularity. Thus the nondipole components will be
veiled by the electric dipole transitions, even for an atom
located precisely at the intensity minimum of the present XUV
vortex.

From the perspective of a single photon, one may consider
that the total OAM of the interacting photon-atom system is
not preserved in the present measurement, since the atomic
absorption of a photon with nonzero OAM results in a
normal electric dipole transition. This is essentially due to
the properties of OAM, which depends on the choice of
axis. The OAM of i carried by the photons is originally
defined with respect to the phase singularity of the vortex. For
atomic transitions, however, the effective OAM of the photon
should be defined with respect to the nucleus of the interacting
atomic system. Therefore, for an atom located far from the
phase singularity, the OAM of the photon is calculated for
the plane-wave field around the nucleus, giving zero OAM.
On the other hand, when the interacting atom is placed at
the phase singularity, the OAM of I/ carried by the photon
is preserved in the photon-atom system, allowing nondipole
transitions.

PHYSICAL REVIEW A 95, 023413 (2017)

IV. CONCLUSION

In conclusion, we have demonstrated the limitations in
photoionization of atoms interacting with an XUV vortex.
The atom-vortex interaction was dominated by normal dipole
transitions under the present experimental conditions: helium
atoms with a broad spatial distribution were ionized by an
XUV vortex of 1 mm diameter at about 30 eV photon
energy. Nondipole contributions were not detected within an
experimental uncertainty of the order of 102 relative to the
normal dipole transitions. The present result indicates that both
a photon beam with a single well-defined phase singularity and
the localization of sample atoms near the phase singularity
are required to selectively observe nondipole transitions. Such
an XUV vortex could be obtained by a diffraction-limited
storage ring [27] with an electron beam emittance less than
1 nm rad, much lower than the photon emittance in the XUV
region. Another candidate is the production of a coherent
optical vortex utilizing various schemes based on free electron
lasers [28,29] and on high-harmonic generation by ultrashort
laser pulses [30,31]. In combination with localized samples
prepared by atom trapping or laser excitation, the specific
features of the interaction between OAM-carrying photons and
atoms in the XUV and shorter wavelengths will be explored
in future experiments.
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