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Above-threshold ionization of argon with ultrashort orbital-angular-momentum beams
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Light-matter interaction with laser pulses endowed with orbital angular momentum (OAM) raises a funda-
mental question about the nature of the transfer of this property of light to matter. In this work, a “reaction
microscope” is used for precise measurement of the momentum of ionized photoions and photoelectrons from
the interaction of Ar atoms with a linearly polarized, ultrashort (∼25 fs), moderately intense (1013–1014 W/cm2)
OAM carrying laser pulses. The angle and energy-resolved photoelectron spectrum is compared with the
photoelectron spectrum obtained from the interaction with the laser beams with no OAM at similar intensities.
No evidence of angular momentum transfer to the electrons from light is observed in our experiment.

DOI: 10.1103/PhysRevA.106.023103

I. INTRODUCTION

In the presence of a strong laser field an electron can be
easily removed from an atom or molecule with absorption of
multiple photons over the ionization threshold. This ioniza-
tion mechanism is known as above-threshold ionization (ATI)
[1]. Usually nonresonant ATI takes place through multipho-
ton absorption involving several intermediate virtual states
when the Keldysh parameter γ is greater than 1 [2]. Here
γ = √

Ip/2Up with ionization potential Ip and ponderomo-
tive energy Up = I0/(4ω2), I0 being the peak laser intensity
and ω the laser frequency in atomic units. Modulations in
magnitudes of the the momentum and angular distribution
of the photoelectrons emerging through this nonresonant ion-
ization process are understood as interferences between the
photoelectron “trajectories” [3,4]. As these trajectories occur
periodically across multiple laser cycles, peaks in the energy
spectrum with periodicity of h̄ω are expected. An associated
effect of strong field ionization is the Stark-effect shifting
of Rydberg states, which could be resonantly excited via
multiphoton absorption. So a different pathway to ionization
takes place through the absorption of a few more photons
following this excitation. This ionization process via reso-
nantly excited Rydberg states is known as Freeman resonance
[5]. The photoelectrons ejected through Freeman resonance
exhibit several substructures in the low-energy ATI peaks
in the kinetic energy and momentum spectrum. The angular
momentum quantum number of these resonant Rydberg states
are reflected through the angular distribution of these pho-
toelectrons [3,6]. Furthermore, an interesting radial fanlike
pattern is observed in the 3D momentum spectra below the
first-order nonresonant ATI peaks in several experimental and
theoretical calculations [3,7]. These fanlike radial patterns of

*vsharma@phy.iith.ac.in
†ramgopal@tifrh.res.in

near-threshold photoelectrons emerge from the interference
between trajectories of the low-energy electrons scattered
due to the combined atomic potential and the laser field,
also referred to as generalized Ramsauer-Townsend (GRT)
diffraction oscillations [8]. The rich features of ATI have been
studied in various conditions, experimentally and theoretically
[9–13]. Experimental studies on ATI including the effect of
wavelength [14], combination of wavelengths [15], intensity
and pulse duration [16], polarization [17], carrier envelope
phase [18], and initial spin and angular momentum state of
the bound electron [19] have showed how the ATI spectra are
closely related to these parameters.

Photon distributions can be endowed with an orbital an-
gular momentum (OAM) [20] along with the spin angular
momentum (SAM). The OAM carried by photons is closely
related to its spatial phase distribution, in contrast to its SAM,
which is related to the polarization. These special photons
distributions can be generated in several ways, such as spi-
ral phase plates, computer-generated holograms, integrated
ring resonators, etc. [21–23]. The availability of OAM beams
has opened up a wide range of experimental possibilities to
understand the influence of the OAM carried by the photon
beam [24]. Applications of such structured beams abound in
optical manipulation [25,26], astrometry [27], and microscopy
and imaging [28,29]. Experiments which probe the interac-
tion of OAM photons with pointlike particles (dimensions far
less than the wavelength) are few and portray the inherent
contradictions in understanding the transfer of the angular mo-
mentum of light to matter and if OAM is an intrinsic attribute
of light. Giammanco et al. [30] could not find evidence of such
transfer in dipole-allowed transitions [31] in a Rb gas cell, On
the other hand, in quadrupole electronic excitation of trapped
40Ca+ ions [32] modification of the selection rules is observed
at the strong transverse field gradients near the amplitude
nodes of the structured beams, interpreted as OAM transfer.

In the strong field regime, pioneering theoretical investi-
gations [33,34] pointed out that the selection rules for the
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excitation and ionization of the atoms can be different for
beams carrying OAM than plane waves owing to the transfer
of OAM to the atomic system. Subsequent works have ex-
plored the angular distribution of the electrons emitted during
the course of photoionization by the OAM beams [35]. No
effect of the helical phase structure of the beam on photoelec-
trons emitted in the plane perpendicular to the propagation
direction of the laser beam was seen. In the perpendicular
direction, however, the electrons are found to carry signifi-
cant momenta [36] with distinct ATI peaks [37]. However, in
experimental conditions, with a cloud of atoms the measured
momentum distribution would be dominated by photoelec-
trons released in the most intense parts of the laser beam,
wherein negligible OAM transfer is predicted [38]. Yet in a
strong field-driven process like high-order harmonic genera-
tion from the interaction with OAM carrying laser pulse, each
harmonic was found to carry topological charge q�, where q is
the order of the harmonic and � is the intrinsic orbital angular
momentum carried by the fundamental driving beam [39–42].
The high-order harmonic helical beams are understood to
result from the far field interference of single atom sources
emitting with the phase characteristics of the driving laser
field. This highlights the need for coherent addition of the
single atom responses over the annular interaction region for
high harmonic generation [43]. However, in strong field ion-
ization, the single atom responses are added up incoherently
[44]. Experimental studies on strong field-driven ionization
using NIR OAM laser beams are sparse and very recent, typ-
ically involving assisted ionization from XUV [45] or visible
(400 nm) [46] radiation. The ionized electron wave packets on
the way to the detector interact with gradients in the electric
field of the OAM beam.

In this work, we consider laser pulses with the trans-
verse spatial structure represented by the Laguerre-Gaussian
functions LGp,�(ρ, φ, z, ω/c), also known as the Laguerre-
Gaussian modes. The functional form of the transverse spatial
structure of the Laguerre-Gaussian mode is written as

LGp,�(ρ, φ, z, ω/c) =
√
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where ρ=
√

x2 + y2, φ = arctan(y/x), k0 is the carrier wave
vector, w(z) = w0

√
1 + (z/z0)2 with w0 is the width of

the mode at z = 0, R(z) is the phase front radius, z0 is the
Rayleigh range, �G(z) denotes the Gouy phase, and L|�|

p are
the associated Laguerre polynomials. The indices p = 0, 1,
2,...and � = 0, ±1, ±2,...indicate the nonaxial radial nodes
and winding of the mode. This mode also includes a phase
factor of ei�φ giving rise to the discrete OAM of order �h̄ per
photon along the propagation direction [20]. The 3D momen-
tum distributions of the photoelectrons from the interaction
with moderately intense (1012–1013 W/cm2) OAM carrying
laser pulses, LG0,1, with a cold supersonic jet of argon gas
are precisely measured using a “reaction microscope.” These

distributions are compared with those obtained for beams
with Gaussian (lowest order Hermite-Gaussian, HG0,0) spatial
distributions at the same peak intensity levels. The comparison
between the momentum distribution of the photoelectrons
emerging from the interaction with plane wave laser pulse
and OAM carrying laser pulse shows negligible difference for
the resonant and the near-threshold electrons. In particular,
through partial wave analysis of the momenta, no new com-
ponents are observed. However, the yields for the nonresonant
ATI electrons from OAM laser beams are lower relative to
those obtained by HG0,0 beams, a possible consequence of the
increased ionization volume

II. EXPERIMENTAL SETUP

A Femtopower V (Spectra-Physics, Austria) laser gener-
ates 25 fs, 1 kHz, 5 mJ pulses at 800 nm, a fraction of which
is utilized on the atomic physics beamline. The polarization of
the laser beam is linear and is set parallel to the spectrometer
axis using a thin λ/2 plate (B-Halle, Germany). A thin f =
30 cm lens focuses the laser onto the supersonic argon beam
to a spot size (the diameter at half-maximum) of ∼30 μm (for
HG0,0) inside the chamber housing the spectrometer of the
“reaction microscope.”

A spiral phase plate (HOLO/OR Ltd.) is placed in the
beam path to effect a (partial) conversion of the input laser
beam Gaussian mode (HG0,0) to Laguerre mode (LGp,�). The
orbital angular momentum carried by the output beam is
� = 0.95, measured in an independent experiment by imaging
the beam profile using a single cylindrical lens and a camera
[47]. The spot size of the LG0,1 beam at the interaction region
in the spectrometer is measured to be ∼40 μm. The fused
silica-made spiral phase plates cause a dispersive broadening
of the transmitted pulse. A glass plate of similar thickness
of the spiral phase plate is introduced to incorporate similar
dispersive broadening in the HG0,0 beam path.

The “reaction microscope” used here is a coincident
ion-electron momentum spectrometer measuring all three-
momentum components of the charged particles [48]. Argon
atoms at a stagnant pressure of ∼0.5-1 bar are forced through
a nozzle of ∼30 μm diameter into vacuum, and hence the
atoms are accelerated to supersonic speeds causing an ef-
fective cooling of the internal motion. Two cone-shaped
skimmers of a ∼280 μm diameter are placed behind the noz-
zle and between the two pumping stages before the reaction
chamber to extract a geometrically well-defined and cold ar-
gon beam. The pressure in the reaction chamber is below 10−8

mbar. The spectrometer consisting of a series of parallel plates
coupled with a resistor chain is placed in the reaction chamber
and used to accelerate the ions and electrons to their respective
detectors placed opposite each other. The laser pulses with
polarization parallel to the spectrometer fields are focused
into the jet, causing ionization. The ionized ions and electrons
are accelerated by ∼1.5 V/cm electric fields and confined by
∼10 G magnetic fields, which allow us to collect the electrons
with the maximum transverse momentum up to ∼0.4 a.u. with
a 4π solid angle. The detector is a microchannel plate fol-
lowed by a delay line-type position sensitive anode (Roentdek
GmbH, Germany) to provide 2D position and flight time of
each of the ions and electrons in a list mode fashion. With the
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FIG. 1. 2D photoelectron momentum distribution with horizon-
tal axis pz being parallel to the laser polarization direction and the
vertical axis being the transverse momentum in a plane perpendicular
(pr) to the laser polarization direction. The photoelecteons emerge
from interaction of argon with HG0,0 beams at (a) 90 TW/cm2 and
(b) 105 TW/cm2 intensities. Vertical cuts (near ∼± 0.6 a.u.) show
regions where the spectrometer has no resolution in the transverse
direction. The lower panels (c, d) are projections of the above mo-
mentum distributions along pz. The vertical lines are to identify the
start of the plateau region electrons.

time-of-flight and position information, one can have the
complete momentum distribution of the above-threshold ion-
ization. The average ion/electron count rates (∼100–500 Hz)
were such that, statistically, less than one ionization event
occurred per laser pulse interaction. Under these experimental
conditions the measured momentum resolution obtained from
the sum of the longitudinal component (along the spectrom-
eter axis) of the ion and electron momentum is ∼ ± 0.06
a.u. The electron spectrometer resolution along this axis is
estimated to be ∼ ± 0.01 a.u. The transverse momentum res-
olution is estimated as ∼ ± 0.05 a.u. [49]. Each data set for
different intensities of HG0,0 and LG0,1 is recorded for 6 h.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the 2D momentum distribution
of the photoelectrons emerging from the interaction of argon
atoms with HG0,0 beams at intensities of 90 TW/cm2 and
105 TW/cm2, respectively.

The corresponding 1D electron momentum distributions,
pz, projected to the axis parallel to the laser polarization axis
are plotted in Figs. 1(c) and 1(d). The laser peak intensity is
estimated by identifying the beginning of the plateau [marked
by straight lines in Figs. 1(c) and 1(d)], which indicates the
maximum drift momentum the electron can gain from the
laser field classically, 2

√
U p [7]. Here Up, the ponderomotive

energy, is the cycle-averaged quiver energy of a free elec-
tron in the laser field. A Gaussian fit to the 1D distribution
of the drift momentum of the direct electrons is overlaid
as an empirical aid to distinguish the direct electrons from
the rescattered photoelectrons. The point of deviation of the

FIG. 2. Same as Fig. 1 showing the photoelectrons emerging
from the interaction of argon atoms with LG0,1 beams at (a, c)
90 TW/cm2 and (b, d) 105 TW/cm2.

fit from the experimental data is consistently chosen as the
maximum drift momentum of the direct electrons 2

√
U p. The

estimated uncertainty of the calibrated laser intensity is less
than ±5%. The vertical and horizontal axes in Figs. 1(a) and
1(b) show the longitudinal (pz along the spectrometer axis)
and transverse electron momenta (pr perpendicular to the
spectrometer axis) in a range from −0.6 to +0.6 a.u. and 0.0
to +0.6 a.u., respectively.

Three major segments can be distinguished from the
2D photoelectron momentum spectrum shown in Fig. 1(a).
The photoelectrons with higher momentum (|p| � 0.3 a.u.)
highlighted by a dashed semicircle show an anisotropic dis-
tribution peaking at |p| = 0.37 a.u. A similar structure, albeit
with lower counts, is seen at |p| = 0.5 a.u. The energy dif-
ference between the two peaks of ≈1.55 eV suggests these
electrons to be due to nonresonant ATI. Two dashed semi-
circles, highlighting the photoelectrons with |p| ∼ 0.26 a.u.
and ∼0.22 a.u., exhibit several ringlike structures with an os-
cillatory pattern. These are indicative of resonance-enhanced
ionization via intermediate Rydberg states of the argon atom,
that is, Freeman resonances. The solid semicircle demarcates
low-energy photoelectrons with |p| � 0.17 a.u. These low-
energy photoelectrons form a fanlike structure, similar to the
GRT interference fringes.

The 2D-momentum distributions of the photoelectrons
recorded for the interaction of argon atoms with the LG0,1

beams show similar distributions as observed in the interac-
tion with HG0,0 beams (see Fig. 2). The intensity regime of
the LG0,1 laser pulses is matched to the intensity regime of the
HG0,0 beam by appropriately choosing the power, confirmed
by checking the beginning of the plateau in the ion momen-
tum distribution. The three major segments corresponding to
near-threshold ionization, resonant, and nonresonant ioniza-
tion processes are highlighted in the same manner over the
2D-momentum distribution. These features in the spectra are
analyzed as a function of increasing peak intensity in the
following sections.
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FIG. 3. Normalized (total counts) photoelectron energy spectra
at different intensities of 90 TW/cm2, 95 TW/cm2,100 TW/cm2,
and 105 TW/cm2. The tilted solid lines indicate the expected po-
sition of the ATI peak with a 15-photon absorption at the peak
intensity. The tilted dotted line shows the expected position of the
ATI peak including the focal volume effect with 13-photon absorp-
tion. The cross hairs with error bars indicate the peak positions of
the nonresonant ATI peaks in the photoelectron spectra. Higher-
lying Rydberg states are shown with solid horizontal lines in the
negative energy scale to highlight the possible resonant ionization
processes. The intensity-independent structures from resonant ion-
ization through Rydberg states are marked with dashed-dot lines.

A. Resonant and nonresonant ionization

In general, the electron energy peaks due to nonresonant
ionization shift towards the lower energy side with increasing
peak intensity due to an ac Stark shift of the ionization thresh-
old. The effective ionization potential increases by Up, and the
expected ATI peaks follow the following relation:

Ek = nω − (Ip + Up), (1)

where n is number of photons absorbed by the argon atom
during the ionization process. Such a shift in energy is seen
for the electrons from 1.85 eV (p| ∼ 0.37 a.u.) to 1.25 eV
(see Fig. 3). This feature therefore can be associated with
a nonresonant ATI process [50]. The intensity dependence
could also be used to calibrate the peak intensity of the laser
pulse. The recorded peak shift of this nonresonant ionization
agrees well with our estimated peak intensity by measuring
the beginning of the plateau as elaborated in the preceding
sections.

The photoelectron distribution through the resonant ion-
ization shows many pronounced ringlike structures in the
2D photoelectron momentum spectrum. Figures 1(a), 1(b),
and 2 indicate two prominent intensity-independent ringlike
structures at 0.75 ± 0.05 and 0.93 ± 0.05 eV. These structures
are assigned to resonantly enhanced multiphoton ionization
through the Rydberg states By comparing the peak positions
with the available data of argon atom [51], the possible reso-
nant intermediate state at the peak intensity of 90 TW/cm2

is assigned. In the multiphoton absorption picture, energy
corresponding to an integer number of photons is absorbed
to excite the electrons from the ground state to a Rydberg
state. The atom excited to a Rydberg state will absorb an extra
photon to reach the continuum. For an intermediate Rydberg
state with angular momentum of l , the angular momentum
in the continuum following one photon ionization from this
state could be either l − 1 or l + 1. Theoretical investigations
predict the transition matrix element for l to l + 1 transition
to be greater than the transition matrix element for l to l − 1
transition [52]. It should be noted, however, that several exper-
imental results show that this is not always the case [53,54].
Only a few Rydberg states will satisfy the resonant condition
at a certain intensity value due to the ac Stark shift in the
Rydberg state. However, considering the extended source of
photoelectrons through the intersection of the finite gas jet
with the focal volume of the laser beam in the experiment,
such resonant ionization can occur over a broad range of peak
laser intensities. Furthermore, due to dipole parity selection
rules, the excitation to p and f states requires an even number
of photons. Similarly excitation to s, d , and g states follows the
absorption of an odd number of photons from the ground state
of argon [55]. Possible resonant ionization processes through
various Rydberg states are highlighted in Fig. 3.

The photoelectron angular distribution (PAD) of these res-
onant structures can be expressed as [3]

d2P

dEd (cos θ )
≈ [Pl (cos θ )]2, (2)

where E denotes the photoelectron energy. A single Legendre
polynomial corresponds to the dominant contributing partial
wave for the angular distribution. Usually the number of
peaks in the PAD is determined by the dominant angular mo-
mentum; however, the contributions from other partial waves
could be also significant. To incorporate the contributions
from other partial waves, the recorded PAD is fitted with
�lCl [Pl (cos θ )]2, which includes different l values from 0
to 6. The fitted distributions show good agreement with the
experimental data, and the contribution from each l value for
various intensities are shown in Figs. 4(a) and 4(b).

Figure 4(a) shows the fitted angular distribution, and the
corresponding contributions from different partial waves for
the resonant ionization channel 0.75 ± 0.05 eV are plotted
in Fig. 4(c). The partial waves of degrees 0 and 5 have a
dominant contribution for this channel. Energy-level analysis
suggests that the Rydberg state 6g via 13 + 1 photon ion-
ization process could be responsible for the dominance of
angular momentum value 5. However, no appropriate transient
Rydberg states are found from the energy-level analysis to
correspond to the p state, which explains the partial waves
of degree 0.
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FIG. 4. Photoelectron angular distributions (PADs) of the reso-
nant structures (a) (0.75 ± 0.05 eV) and (b) (0.93 ± 0.05 eV) at peak
intensity ∼105 TW/cm2 are fitted with Legendre polynomial up to
order l = 6, and the contribution of individual terms are is shown
in (c) and (d) as a function of peak intensity of the HG0,0 beam,
respectively.

The resonant structure plotted in Fig. 4(b) highlights the
photoelectrons emerging with energy 0.93 ± 0.05 eV. The
partial waves of degree 3 and 5 are significant in the observed
PAD of the associated photoelectrons [Fig. 4(d)]. The relative
contribution of these partial waves shows no change with
increasing intensity. The dominant partial waves indicate the
intermediate resonant electronic state could be from 5g via
13 + 1 photon ionization, which also supports the energy level
calculation.

B. Near-threshold electrons

The near-threshold photoelectrons exhibit a fanlike pat-
tern inside the dashed circle (∼0.4 eV) shown in Fig. 1.
The angular distribution of these near-threshold photoelec-
trons recorded for intensities between 90 TW/cm2 and 105
TW/cm2 are again fitted with �lCl [Pl (cos θ )]2 incorporating
multiple partial waves up to order 6. The fitting shows a good
agreement with the observed data. Figure 5(a) indicates that
three partial waves of degree 0, 1, and 5 have dominant con-
tribution, which remain independent of intensity. The parent
states for the low-energy electrons might arise from s, p, and
g states, respectively. The energy-level analysis indicates that
electrons with ∼0.2 eV could arise from an intermediate res-
onating Rydberg state 5p via 12 photon resonance. However,
in this intensity regime, no intermediate s or g states are found
to be involved from the energy-level analysis.

Classical-trajectory Monte Carlo calculations show the
near-threshold photoelectrons could arise from the inter-

FIG. 5. (a) Same as Fig. 4, but for near-threshold photoelec-
trons as a function of peak intensity of the Gaussian beam. (b) The
dominant angular momentum of the near-threshold photoelectrons
as a function of peak intensity of the Gaussian beam. The black
solid line indicates the semiclassical result. The dashed red and the
dashed-dot blue lines highlight the uncertainty region due to quantum
discreteness.

ference between different trajectories of the low-energy
photoelectrons with the laser field as well as the Coulomb
potential of the parent ion [3,56]. Hence, the angular distri-
bution of these near-threshold photoelectrons could be highly
influenced by the Coulomb potential of the parent ion and the
nature of the laser field. The dominant angular momentum
carried by the photoelectrons can be estimated analytically
[56]:

l0 = (2ZT α)1/2, (3)

where l0 is the dominant classical angular momentum, ZT is
the residue charge in the parent atom after the ionization takes
place, and α = F0/ω

2 is the electron quiver amplitude in the
laser field with the amplitude F0 and the frequency ω. The
estimated angular momentum of these near-threshold photo-
electrons is 5 in the intensity regime 90–110 TW/cm2. The
contribution of angular momentum l0 = 5 is also observed
in our experiment [see Fig. 5(b)]. This explains a significant
portion of the near-threshold photoelectrons arising through
the nonresonant process and under the combined effect of
Coulomb potential and the laser field [57], i.e., the GRT
diffraction oscillations. The remnant contribution from l = 0
electrons could be surmised to arise from nonresonant above-
threshold ionization, which is also energetically expected.

C. Interaction with OAM beams

The 2D-momentum distributions of the photoelectrons
recorded for the interaction of argon atoms with the LG0,1

beams show similar distributions as above (see Figs. 6 and
7). The peak intensities of the LG0,1 laser pulses are the same
as those of the HG0,0 beams and are confirmed by checking
the beginning of the plateau in the ion momentum distribution
and the shift in the nonresonant ATI peak with intensity.
It must be stated that the total energy in the laser beam is
considerably higher (factor of ∼1.8) for the LG0,1 to match
the intensities. So the count rates are also significantly higher
in the LG0,1 experiments. The normalized distributions shown
here are with respect to the integral number of counts in each
experimental run.
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FIG. 6. The photoelectron angular distribution of the near-threshold photoelectrons from HG0,0 (black) and LG0,1 (red) beams is shown
at different peak intensities [(a) 90 TW/cm2, (b) 95 TW/cm2, (c) 100 TW/cm2, (d) 105 TW/cm2]. Angular distributions of resonant
photoelectrons with energy ∼0.7 eV [(e)–(h)] and ∼0.9 eV [(i)–(l)] are shown at the same intensities.

The PADs corresponding to the identified near-threshold
ionization and resonant ionization processes are compared
for LG0,1 and HG0,0 beams in Fig. 6. The kinetic energy
of the nonresonant photoelectrons shifts towards the lower
energy side with increasing peak intensity of the LG0,1 field.
The estimated intensity of the LG0,1 laser pulse shows a
good agreement with observed shift of the kinetic energy of
the nonresonant photoelectrons. Within the error bars there
is no distinguishable difference for the near-threshold elec-
trons ionized by HG0,0 or LG0,1 beams. There are differences
observable for the PADs for resonantly ionized electrons;
however, there is no definite trend as a function of intensity,
which we can identify in the range 90–105 TW/cm2. The
resonantly ionized electrons, for example, at lower laser in-
tensities are relatively easier to be ionized by LG0,1 beams,
but this is not the case at slightly higher laser intensities.
We must be careful in interpreting these because at higher
laser intensities, the nonresonant ATI peak also overlaps with
the resonant ATI peaks. This is particularly important as we
consider Fig. 7.

In contrast to the resonant and near-threshold ionized elec-
trons, the PAD of the nonresonant photoelectrons evidences a
distinct suppression in ionization due to the LG0,1 beams. This
trend is true for both the nonresonant ATI electrons energies
analyzed here and across the intensity regime sampled. With
the electron energies shifting to lower energies with higher
laser intensity, it is possible that the divergent behavior noted
in the previous section for resonantly ionized electrons is due
to a contribution from the nonresonant ATI electrons.

D. Discussion

According to theoretical studies addressing the interaction
of a pulse beam carrying OAM with the simplest atom, hydro-
gen, new selection rules are expected:

|
l| � |�| + 1 (4)

for the laser pulse carrying OAM of the order (� = 1) [33].
Hence, one could expect a change in the angular distribution
of these resonant photoelectrons for the same Rydberg states
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FIG. 7. Same as Fig. 6 but for the nonresonant photoelectrons at
1.85 eV and 3.4 eV at various peak intensities [(a, e) 90 TW/cm2,
(b, f) 95 TW/cm2, (c, g)100 TW/cm2, and (d, h)105 TW/cm2].

are involved as in observed for the interaction with the Gaus-
sian beam. However, the PAD of these resonant structures is
not too divergent with the PAD seen in the interaction with
Gaussian beams. The peaks in the angular distributions and
even the partial wave components (not shown here) are not
significantly different for the two cases.

This is not entirely unexpected as coupling of the OAM of
light in the dipole approximation occurs only to the center-
of-mass motion of the target system, and not to the internal
motion as seen in experiments [30] and theory [58,59]. On
the other hand, in the dark penumbra of the structured beams,
strong excitation driven solely by the transverse field gradi-
ent, or quadrupole transitions, have been shown to exhibit
OAM transfer. In a gas ensemble experiment, the target atoms
randomly sample the focal volume. The observed signal,
particularly from a nonlinear (in intensity) photoionization
process, is dominated by atoms sampling the spatial regions
of maximum intensity. So any significant change in selection
rules and therefore differences in the PAD between LG0,1 and
HG0,0 beams is not expected.

The angular distribution of the near-threshold photoelec-
trons is highly influenced by the Coulomb potential of the
parent ion and the nature of the laser field. Hence, it is
possible that, in the presence of the OAM-carrying laser

field, electrons emerging from the ions close to the vortex
of the beam may carry different angular momentum in the
influence of a modified Coulomb potential due to the OAM
beam. However, for the near-threshold electrons emerging
from ions situated away from a vortex, the electron trajectory
(order of sub-nm) remains unaffected by the intensity and
phase structure of the OAM beam. Several theoretical studies
have shown a significant change in the angular distribution
due to the phase structure or to the intensity profile of the
OAM beam only for the parent ions situated within a cer-
tain limit of the impact parameter b < 100 000 a.u. [35].
So for experimental measurements to observe the theoreti-
cally predicted effects due to the interaction with OAM beam
close to the vortex would require an operational control of
the impact parameter b. Such control could be achieved by
future experiments using advanced atomic trap technology
[60,61].

In contrast, the measured yield of the nonresonant ATI
electron emission for LG0,1 beams is consistently lower rel-
ative to that of HG0,0 laser beams. The emission probability
of these electrons is modulated in energy due to “interference
in time.” Essentially, in a strong-field picture (ignoring the
effect of the atomic potential after ionization), the final drift
momentum pz in the laser polarization direction acquired by
the electron is directly proportional to the rate of change of
the electric field at the time the electron enters the laser field.
So across multiple cycles of the laser field, electrons ionized
at the same phase of the electric field emerge with the same
momentum. Electrons with a certain pz are therefore detected
if the contributions from multiple cycles add constructively.
With Gaussian beams the spatial extent of the interaction
region is constrained, which is not the case for OAM beams.
A possible consequence is that the contrast of the interference
leading to the nonresonant ATI peaks is reduced. Alternately,
an increased ionization volume for the LG0,1 could also lead
to an experimental observed broadening of the nonresonant
ATI peaks, resulting in a decrease in their yield within a
momentum window. Since each spectrum at each intensity is
normalized to its total counts, the suppressed yields for the
nonresonant ATI electrons for the LG0,1 beams are reflected in
the concomitant enhanced yields for the resonant peaks. With
increasing intensity this is not so clear because the resonant
ATI peaks overlap significantly, more so in the energy range
of 1.0 ± 0.2 eV.

IV. SUMMARY

Angular momentum transfer from the structured light fields
to internal degrees of freedom of a system through dipole
interactions is not expected. However, experiments under
strong-field conditions, limited to the generation of high har-
monic radiation, provide evidence that the sum contributions
over the extent of the target interfere to emboss a spatially
varying phase over the high harmonic beams. The experiments
detailed here compare the electron momentum distributions
following strong-field ionization from laser beams with and
without OAM. The results show no angular momentum
transfer to the electrons in this regime (1013–1014 W/cm2,
800 nm). However, we have observed the yield of nonresonant
ATI electrons for the case of LG0,1 beams to be lower relative
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to HG0,0 beams. We speculate that this is primarily due to
the increased spatial extent of the ionization volume in the
case of LG0,1. To conclusively prove that this is indeed the
case, one needs to perform careful comparative experiments
with a mixture of LG0,1 + LG0,−1 beams. Such a beam would
have the same spatial structure, but no OAM. From recent
theoretical and experimental works that were carried out with
two beams to investigate the influence of the OAM beam in an
atomic system [45,46,62], the key to observe the modulation
in the electronic wave packet by the OAM beam is to create an
extended electronic wave packet in continuum-to-continuum
transition so that the length scale of the electronic wave packet
matches the gradient of the electric field associated with the
OAM beam. Other beam experiments have to be designed to
probe the properties of the “dark” section of the structured

beams. For example, in a beam mixture LG0,1 + HG0,0, with
optimized intensities, it needs to be seen if OAM transfer to
electrons can be effected.

The data that support the findings of this study are available
from the corresponding author (V.S. and R.G) upon reason-
able request.
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