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Photons have fixed spin and unbounded orbital angular momentum (OAM). While the
former is manifested in the polarization of light, the latter corresponds to the spatial
phase distribution of its wave front [1]. The distinctive way in which the photon spin
dictates the electron motion upon light-matter interaction is the basis for numerous
well-established spectroscopies that reveal the electronic, magnetic and structural
properties of matter. In contrast, imprinting OAM on a matter wave, specifically on a
propagating electron, is generally considered very challenging and the anticipated
effect undetectable [2]. Indeed, this amounts to transferring the phase of a classical
electromagnetic wave, defined within several hundreds of nanometres, to a quantum
particle localized within the few angstroms of an atom. In addition, the centre of
symmetry of irradiated atoms does not in general coincide with the axis of the photon
beam. In [3], the authors provided evidence of OAM-dependent absorption of light by
a cold trapped atom, located in the centre of the light beam. Off-centre excitation was
studied in [4]. Here we seek to observe an OAM-dependent dichroic photoelectric
effect, using an extended sample of He atoms. Surprisingly, we find experimentally,
and confirm theoretically, that the OAM of an optical field can be imprinted
coherently onto a propagating electron wave, and that this phase information survives
ensemble averaging out to macroscopic distances, where the electron is detected. We
also show that electronic transitions, which are otherwise optically inaccessible due to
selection rules, are essential for this process to occur. Our results reveal new aspects
of light-matter interaction and point to a new kind of single-photon electron
spectroscopy for accessing electronic optical transitions that are usually forbidden by
symmetry.

In our experiment, He atoms are ionized by XUV radiation, generated by a free-
electron laser (FEL) [5], in the presence of an intense infrared (IR) laser field, see Fig.

(2020).



51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

98
99

la. The FEL beam is in a fixed (right-handed) circular polarization state, opg;, = +1.
What happens if the IR field has a vortex phase profile carrying OAM? Is it possible
to observe a vortex-dependent dichroic effect that depends on the sign of the OAM,
even though the atoms are randomly distributed across the profile of the OAM beam?
This would be surprising: the atomic wave function is extremely localized on the
scale of the OAM beam’s waist, see Fig. 1b. Off-axis atoms experience the IR laser
field as an ordinary Gaussian beam [6] and atoms close to the optical axis, where the
OAM is well defined, experience a vanishingly small field [7]; besides, the fraction of
near-axis atoms is small. While the transfer of optical OAM to photoelectrons seems
unlikely, if it happens, it should involve a new type of non-dipole transitions [7,6],
related to the OAM-carrying vector potential, which could be used, e.g., to optically
induce orbital magnetization in molecules [8].

To investigate the possibility of observing a vortex-dependent dichroic effect on
randomly distributed electrons, we used an IR laser with adjustable right or left-
handed circular polarization (o = +1), and variable amount mgpyh of OAM,
where mgpy is a signed integer, called topological charge. The two light beams are
focused and overlapped with a gas jet of He atoms in a vacuum chamber equipped
with a velocity map imaging (VMI) spectrometer [9]. The velocity distribution of
electrons produced in the interaction volume is projected onto a 2D imaging detector.
For high enough IR intensities, the resulting photoelectron spectra, see Figs. 1c and
1d, show a main band, corresponding to direct (XUV-induced) photoemission,
together with a series of weaker rings, called sidebands, whose radius increment
(decrement) represents the energy acquired (lost) by the photo-emitted electrons upon
absorption (emission) of one or more IR photons. All bands depend on the polar angle
at which photoelectrons are emitted [10, 11]. They reflect the interplay between XUV
and optical fields during the photoionization process [12,13], providing information
on the transfer of light properties, e.g., angular momentum, to matter [14-17]. When
the two beams are circularly polarized and mgpy = 0, there is a few-percent
difference in the angular electron distributions for co-rotating and counter-rotating
XUV and IR fields, resulting in a dichroism contrast in the range 5-10% [18-21].

Now what happens if mgay = 1. The two VMI spectra shown in Figs. 1c and 1d
have been obtained for fixed IR polarization (g = +1) and alternate OAM (+# and
—h, respectively), with all other experimental conditions kept unchanged. The images
demonstrate that different topological charges result in qualitatively different
photoelectron spectra, attesting a clear OAM-dependent dichroic effect. This is a first
proof of the possibility to imprint virtually unbounded photon OAM on the matter
wave of a propagating electron.

To clarify the underlying physics of OAM-dependent dichroism we developed a first-
principle theoretical model that accounts for all non-linear effects in light-matter
interaction (see Supplementary Material) and amounts to a numerical solution of the
three-dimensional, time-dependent Schrodinger equation for the lasers-driven atom,
and an averaging over the atoms ensemble in the lasers spots. Analytically, insight
into the important contributions is possible by considering a single atom centred on
the optical axis and a weak IR field. Ionization upon absorption of one XUV photon
with frequency wggy, followed by the absorption of one IR photon with frequency wig
is described by the two-photon ionization amplitude:

(f|Hine|v){v|Hi"|1s)
UE15+(1)FEL—EU+I:€.
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The electron is excited from the ground state |1s), having energy E, to the final state
|f), passing through intermediate states |v), having energies E,,. Both lasers propagate
in the same direction, which is taken as the quantization axis. The dipole transition
due to the FEL-atom interaction, mediated by HEEL, determines the angular
distribution of the (continuum) intermediate states |v), described by the spherical
harmonics Y;—1 ym=gpp, (Oks Pk), Where (9, @y ) are the polar and azimuthal spherical
angles specifying the electron linear-momentum (k) direction. The quantum numbers
l=1, m = opg, reflect the symmetry of the electric dipole operator. The
corresponding photoelectron distributions are shown in the middle part of Figs. 2a and
2b. The OAM is transferred to the electron via a continuum-continuum transition
through the action of the IR-atom interaction matrix element, ( f |Hilrlft|v). Hence, the
energy and angular distribution of the final state is encoded into the first outer (IR
absorption) or inner (IR emission) sideband. It can be shown (see Methods) that at
short distance, p, from the optical axis, H. can be decomposed into a contribution
stemming from the longitudinal electric field component [22], scaling as (p/
wp)IMoamM+IIRl - where w, is the waist of the IR beam, and another due to the
transverse field component, scaling as (p/w,)™oaml The interplay between photon
OAM and spin plays a crucial role: in the parallel case, i.e., for mgay = og = +1,
the longitudinal component scales as (p/w,)?, and the transverse component like
(p/wy). Near the optical axis, where (p/wy) < 1, the continuum-continuum matrix
element ( f |Hill§c|v> contributes with a dominant quadrupole transition, governed by
the selection rule Al = 2, Am = 2, leading to an asymptotic momentum distribution
proportional to Y3 3 (9, ¢). As shown in the top part of Fig. 2a, such a function has a
donut-like shape, extending in the transverse plane. In contrast, in the antiparallel
case, i.e., for g = —mgam = +1, a strong on-axis longitudinal component scaling
as (p/wy)? =1 is manifested, while the transverse component scales again as
(p/wy). Consequently, the latter can be neglected and the continuum-continuum
transition is dominated by a dipolar term, with the selection rule Al = 1,Am = 0,
which forms the electron density in the longitudinal direction, see top part of Fig 2b.
The different combinations of gjg and mgay we have considered in this work,
together with the selection rules for the corresponding transitions, are shown in the
inset of Fig. 2b.

The projection of the solution of the Schrodinger equation on above-threshold
continuum states yields the differential cross sections (DCSs) for a given electron
kinetic energy. Therefore, the calculated DCSs can be directly compared to the
sideband area, as a function of the polar angle, obtained experimentally using the
VMI spectrometer. However, in order to make this comparison possible, one needs to
move from the single-atom picture to the real-world ensemble average. For that
purpose, the problem is solved for atoms randomly distributed in the whole FEL and
IR spots and the results are then averaged. As shown in Figs. 3a and 3b, the average
does not substantially change the shape of the electron distribution when the spin and
OAM are parallel, while it has a quite evident effect when the momenta are
antiparallel. In the latter case, as shown in Fig. 3c, the calculated average DCS for the
first outer sideband shows a peak in the transverse direction (i.e., 9 = m/2), whereas
the single-electron DCS (Fig. 2b, top part) shows a minimum. However, as shown in
Fig. 3d, a clear dichroic effect is still visible. The insets of Figs. 3a and 3b show the
projection of the photoelectron distributions on the (ky, k,)plane. Such projections can

be directly compared to the experimental VMI images.
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For a more direct comparison with theoretical results, we collected data at low IR
intensity, enabling a straightforward interpretation of the VMI images by means of
first-order processes. The VMI image obtained for the case g = +1, mgamy = —1 is
shown in Fig. 4a, while Fig. 4b shows the corresponding theoretical prediction. The
qualitative agreement is very good. By acquiring data for different combinations of
the IR spin and OAM, we extracted the DCS for the first sideband, after Abel
inversion of the VMI spectra [23]. As a benchmark, we first considered the case
or = 1, with mgpay = 0 (i.e., standard, spin-dependent, dichroism). We obtained a
good agreement between experiments and theory, and results similar to the ones
reported in [21] (data not shown). Then, we focused on the cases wit h nonzero
OAM. Fig. 4c shows the DCSs for the cases oig = +1,mgam = +1 and gy =
+1,moam = —1, together with the OAM-dependent dichroism as a function of the
polar angle. Fig. 4d reports the corresponding theoretical predictions. The agreement
between experiment and theory is good: in both cases there is a clear OAM-dependent
dichroic effect, which is maximum, i.e., about (7.5 + 1.2)%, at about 9;, = /2 (for a
discussion on the evaluation of both statistical and systematic errors, see Methods). A
similar good agreement was found for switched OAM and switched polarizations, see
Figs. 4e and 4f, and for fixed OAM and switched polarizations, see Figs. 4g and 4h.
Note that in the former case nonzero dichroism is present at all angles, in the range 3-
7%, depending on the value of 9, while in the latter significant dichroism, about
(2.5 £ 1.3)%, is observed at 9, = m/4 and 9, = 31 /4.

Summarizing, we confirm that the spatial distribution of an optical field with vortex
phase profile can be imprinted coherently on a photoelectron wave packet that recedes
from atoms randomly distributed over the laser spot. The large dimension acquired by
the electron wave function during the two-colour continuum-continuum process is the
key for explaining the success of our experiment, in spite of the very different size of
atoms and OAM beam’s waist. Indeed, the OAM-carrying IR beam acts on the
electron wave function after the latter is inflated, following the XUV-induced atom
ionization. The propagating photoelectron wave can scan over the spatial topology of
the IR field, acquiring OAM. Instead, a direct ionization with XUV OAM photons
produces essentially OAM-independent photoelectrons [2]. The observed effect is
traced back to non-dipole transitions and to the transverse component of the light
wave. Larger dichroic contrasts may be expected by using a probe beam carrying
higher OAM, or by considering higher-order sidebands, corresponding to multi-
photon absorption. Our results explore new aspects of light-matter interaction and
point to qualitatively novel analytical tools, which can be used (e.g.) to study the
instric chiral structure of compex organic molecules.

Methods

Experiment. The experiment was carried out at the LDM beam line of the FERMI
FEL [5]. Right-hand circularly polarized XUV pulses at 28.5 eV (43.5 nm), with a
bandwidth of about 94 meV (0.05 nm) and a duration of about 100 fs were delivered
by APPLE II-type undulators, via the Photon Analysis Delivery and REduction
System (PADRES) [24]. The average pulse energy was 80+10 pJ, with a repetition
rate of 10 Hz. Active mirrors in Kirkpatrick—Baez configuration [25] focused the FEL
pulses to a spot size of about 10 um diameter (full width at half maximum). Taking
into account the theoretical overall transmission of all optical components in the
beamline (about 60%), average intensities up to 10'® W/m? were reached in the
interaction region [26]. Near IR pulses from a Ti:Sa laser (1.58 eV; 784 nm) were
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used, with variable (right and left-handed, ojg = +1) circular polarization, generated
using a combination of a half wave plate and a quarter wave plate, and variable
topological charge (mgam = +1), generated using a phase mask. The IR pulse
bandwidth was 13 nm (full width at half maximum) and its duration 175 fs. The pulse
energy was varied in the range 120-800 pJ. With a spot size of 60+10 um, and taking
into account optics efficiency and transmission, the intensity range at the sample
position was 0.5 - 4 x 10" W/m?. The highest IR pulse energy was used for the initial
optimization and to obtain a first evidence of OAM-dependent dichroism (see Figs. 1c
and 1d). Subsequently, a lower intensity (about 0.7 x 107 W/m?) was employed for
collecting the results to be compared with theoretical predictions. The IR pulses were
produced by splitting the FEL-seeding pulses, providing a very stable two-colour
synchronization. The FEL and the IR pulses were overlapped in time and space in the
centre of the experimental chamber. The spatial overlap was determined by visual
inspection of the images of both beams on a retractable Ce:YAG fluorescent screen.
The system is based on a commercial digital camera and two achromatic doublets in a
finite/finite-conjugate symmetric arrangement. The resolution of the optical system is
7 um, and a conservative estimate of the accuracy of visual overlap is 20 pum. The
spatial overlap was also checked periodically by seeking the local minimum of the
sideband signal while steering the IR beam. As for the case of visual overlap, a
conservative estimate of the accuracy of this procedure is 20 um. The temporal
overlap was controlled by a delay stage in the IR-laser delivery system and was
optimized using first a coaxial cable antenna and then directly the two-colour two-
photon signal. The VMI spectrometer includes a 75-mm diameter imaging quality
multichannel plate (MCP) stack + phosphor screen, with a sSCMOS camera for the
image readout. Its electron optics were set to work optimally for the selected kinetic
energies of He 1s electrons. A pulsed, supersonic He beam produced with a
commercial Even—Lavie valve (aperture 260 um) was used to provide sufficient gas
density (about 10'® atoms per m®) in the interaction region, allowing a shot-to-shot
analysis of the VMI spectra.

Data analysis. The sCMOS camera (2,560x2,160 pixels; 6.5 um pixel size) readout
acquired single-shot pictures of the two-dimensional projection of the electron
angular distribution [9]; only the central portion (900x900 pixels, corresponding to
the maximum data flow that the camera can handle at the full repetition rate of the
FEL) was acquired, corresponding to the full size of the phosphor screen. For low IR
energy, i.e., for strong suppression of the signal of sidebands higher than one (see for
example, Fig. 4a), these images were transformed into three dimensional momentum
distributions with full angular reconstruction of the electron emission, by applying an
Abel transformation [23]. The transformed images were then analysed by means of a
MATLAB script, allowing to calculate the photoelectron yield of the first sideband, as
a function of the polar angle. The analysis focused on the first outer sideband; the
inner sideband, though carrying the same information, is affected by the overlap with
the signal from the main band in the two-dimensional VMI image, leading to a higher
statistical error. Dichroism was calculated as the difference between the DCSs
corresponding to two specific sets of photon spin and OAM, normalized to the sum of
the maxima of the same DCSs. The statistical error on the dichroic contrast (see Fig.
4) was estimated by calculating the number of electrons at some representative polar
angles (i.e., $,=n/2, © /4, 3/2 n) of the ring corresponding to the first sideband of the

VMI images and assuming a Poisson-like error distribution. The number of electrons
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located at 3, = 1 /2 is typically of the order of 3.5x10°, giving an error of about 1.7%;
the number of electrons located at 3, = n /4 and §,=3/27 is of the order of 10°, giving
an error of about 3.2%. The uncertainty on the dichroic contrast, at a given §,, was

calculated by error propagation. The profile of the dichroic contrast is also affected by
a systematic error due to the lack of perfect reproducibility in the procedure for the
transverse alignment between the XUV and IR beams, which was carried out each
time, after flipping the OAM phase mask. As it was already mentioned, this procedure
has an estimated accuracy of 20 pum. Such an error is likely to be at the origin of the
small distortion in the profile of the dichroic contrasts shown in Fig. 4.

Theoretical model. Within the single-active-electron approach, the time-dependent
three-dimensional Schrédinger equation was solved numerically on a fine space-time
grid (Ar=0.05 a.u. and At=0.025 a.u.), using an effective potential [27] and in the
presence of both laser fields. Our method relies on the representation of the wave
function in a spherical basis, i.e., using spherical coordinates r = {r, 9, ¢} relative to
atom’s core: ¥(r,t,b) = X Rimp(r, )Y (9, @). Here, | and m are the orbital and
magnetic quantum numbers, respectively, while R;,,(r) is the radial wave function
for the angular channel [,m and Y, ,, (19, ¢) are spherical harmonics. The parameter b
indicates the position of the considered atom relative to the (common) optical axes of
both laser fields. The initial condition is given byW¥(r,t - —oo,b) =
Risp(1)Y5,0(9, @), where Ry (1) is the radial wave function of the 1s electron in the
He ground state, at the shifted position b. The wave-function is propagated to a time
t = Typs, at which both laser fields are extinguished. Then, W(r,t, b) is projected

onto a set of continuum states |¢,£_)>, characterized by the asymptotic momentum k
doy _

(with direction {9y, @i }), to obtain the DCS, ie. o
k

2
|<¢,§‘)|tp(Tobs, b)>| , where dQ, = sin 9y, d9,doy.

Crucial is a proper description of the complete light-matter interaction Hamiltonian
operator which consists of two contributions: (i) HEEV(t) = Apg . (r — b, t) -p +
%AFEL(r — b, t)? describing the action of the Hermite-Gaussian FEL pulse and (ii)
N 1

i@ = 2 [p-Ar(r—b,t) + Ar(r — b,t) ' p + AR(r — b,t)*] = ®1r(r — b, t)
for the vortex IR field. Here, we introduced the momentum operator p,
while Apg (1, t), Ajr(r,t)and @z(1r,t) are the electromagnetic vector and scalar

potentials of the FEL and IR fields. The final DCS, which is compared to the
experimental VMI images, is obtained after averaging over N, randomly distributed
day
aqy’
The vector potential of the IR vortex field with photon energy Awig (Wave number
klR = OJIR/C) i giVen by AIR(T, t) = ABRGIRu(T)f(t)ei(klRZ_wIRt) + cC. C., where A{)R
is the amplitude and the transversal distribution function reads
_ (L0
u(r) = (W(z)
with p = rsind and z = r cos 9. Further, we introduce the beam waist wjg which
determines both the beam width W(z) = wig+/1 + 2z2/23, as well as the Rayleigh
range Zp = kjrpwik/2. The vector field is not solenoidal. Depending on the circular
polarization state (governed by €;gr = —O'IR[Gx + iaIRey] /N2, where €,and €, are the

atoms within the FEL spot, i.e., DCS;yta = NLAZ b

kIRPZZ _

m +1)tan"1z/z
247D (moam+1) /ZR

moamM®+

e "@e

2 .
)mOAM __p i
s
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Cartesian unit vectors) relative to the carried OAM, the emitted photoelectron may be
exposed to a strong scalar potential ®g(7,t) (action of a longitudinal field). The
( p )mOAM+GIR

e'*1RZ while the (transverse)
WIR

leading term scales as ®r(7, t)~kL
IR

moaAM
vector potential scales as Ajg(r, t)~ (WL) in the vicinity of the optical axis. As
IR

a consequence, in the parallel case, i.c., for mgay = ojg, the transverse contribution
of the interaction Hamiltonian H.X (t) dominates the continuum-continuum transition
to the side band energy. Indeed, under the present experimental conditions, (p/
wir) < 1 (wyg being in the um regime). Conversely, in the antiparallel case, i.e., for
Moam = —OR, the electric scalar potential dominates and leads to a dipole transition.
Writing the interaction Hamiltonian in terms of spherical harmonics, the nature of the
electronic transitions to the first side band, in the presence of the IR laser and for b =
0, becomes evident. The dominating first-order transitions, see inset of Fig. 2b, are
governed by the following selection rules, depending on the OAM and spin states of
the IR photon:

IR

(1) Moay = 0g = +1: |l =1,m =1) - |l = 3,m = 3), quadrupole transition
induced by the transverse component of the interaction Hamiltonian; rule:
Al =2, Am = 2;

IR

(i) moam =-—-or=+L:|l=1,m=1)-|l=2,m=1)dipole transition
induced by the electric scalar potential (longitudinal field); rule: Al =1,
Am = 0;

IR
(i) mouy=or=-Llll=1m=1)->¢a|ll=1m=-1)+p[l=3,m=-1)
(where a and f are complex coefficients), quadrupole transition induced by
the transverse component of the interaction Hamiltonian; rule: Al = 0,2,
Am = —2.
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Figure 1
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Fig. 1 | Experimental setup and first evidence of OAM-dependent dichroism. a,
Schematic representation of the experimental setup. The XUV light pulse is generated
using a FEL. It has fixed (right-handed) circular polarization, a spot size of about 10
um and intensity (at the sample position) of the order of 10'® W/m?. The infrared laser
beam has a spot size of about 60 um and a power density in the range 0.5 - 4 x 107
W/m?. It provides variable circular (right and left-handed) polarization and can be
made to carry a topological charge (mgam = *1). Helium gas is injected into the
experimental chamber (at room temperature) via a gas jet system. A VMI
spectrometer is used to determine the angular distribution of the signal generated by
the photoemitted electrons. b, Real-size XUV FEL (blue) and IR (red) spatial profiles
at waist position. He atoms are also represented as dots with exaggerated dimensions.
¢, VMI image obtained for high IR intensity (about 3 x 10'” W/m?), right-handed IR
polarization and positive topological charge (mgam = +1). d, Same as panel c, with
negative topological charge (mgam = —1).
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Figure 2
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a k.

Fig. 2 | Theoretical description of the imprinting of light OAM on the matter
wave of a single photoelectron released from a He atom. a, Ideal case of a single
He atom placed at the centre of the OAM vortex. The photoelectron wave is launched
by the VUV radiation (purple arrow), with right-handed circular polarization. This
gives rise to a donut-like electron distribution extending in the plane perpendicular to
light propagation. The photoemission process is assisted by an IR light vortex (red
arrow), carrying right-handed circular polarization (ojg = +1) and a positive
topological charge (mgay = +1, phase increasing clockwise). The vortex induces a
quadrupole continuum-continuum transition, which leads to a donut-like electron
distribution extending in the plane perpendicular to light propagation. For the
simulations, an IR intensity of 0.7 x 10'7 W/m? has been used. b, Same as panel a,
with mgapm = —1 (phase increasing counterclockwise). In this case, the vortex-spin
combination induces a dipole transition, resulting in an electron distribution stretched
in the direction of beam propagation. Inset: Selection rules for the different
combinations of polarization and topological charge considered in the present work.
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Fig. 3 | Theoretical description of the imprinting of light OAM on the matter
waves of photoelectrons released from a sample of He atoms. a, Sample of He
atoms placed at random positions b from the IR optical axis. The electron
distributions generated after sample’s interaction with the FEL and IR beams have
been found by solving the theoretical problem for different values of b and averaging
the obtained results. The parameters are the same as in Fig. 2a; in particular, g;g =
+1 and mgam = +1. Inset: projection of the photoelectron distribution on the (ky, K,)

plane. b, Same as Fig. a, with ojg = +1 and mgay = —1. Inset: projection of the
photoelectron distribution on the (ky,kz)plane. ¢, DCSs obtained by integrating the

signal of the first sideband of the projected distributions shown in the insets of panels
(a) and (b), as a function of the polar angle. d, OAM-dependent dichroism, defined as
the difference between the curves shown in panel (c¢), normalized to their sum.
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Fig. 4 | Experimental vs. theoretical photoelectron spectra and DCSs for
different combinations of IR spin and OAM.

a, Experimental VMI spectrum for the combination ogjg = +1,mgam = —1. b,
Theoretical VMI spectrum for the same combination as in a. ¢, Continuous curves:
experimental DCSs for the combinations ojg = +1,mgay = +1 and o =
+1,mgam = —1. Dashed curve: corresponding dichroic contrast. d, Theoretical
DCSs and dichroic contrast for the same combination as in C. €, Experimental DCSs
and dichroic contrast for the combinations ojg = +1,moam = +1 and o =
—1,mgam = —1. f, Theoretical DCSs and dichroic contrast for the same combination
as in e. g, Experimental DCSs and dichroic contrast for the combinations ojg =
+1,moam = +1 and gy = —1,mgam = +1. h, Theoretical DCSs and dichroic
contrast for the same combination as in ¢. For a discussion about the evaluation of
error bars, see Methods.
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