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Abstract: While interferometric methods exist for classifying vortex states of light, these techniques
usually require destroying the beam of interest to determine the light’s OAM. A recent two-color
pump-probe experiment employed strong field ionization and beam sculpting to classify vortex
beams. Here, we propose an alternative strong-field method for distinguishing OAM states of light
which does not require beam sculpting and instead utilizes a noncollinear terahertz standing wave to
probe ionized electrons. We then use classical trajectory Monte Carlo (CTMC) methods to simulate
strong-field ionization of helium under this configuration with the terahertz field both on and off. We
find that the resulting electron momenta distributions can be used to extract the OAM of the beam, as
long as the vortex beam spot size does not exceed 1/4 the terahertz pulse’s wavelength.

Keywords: orbital angular momentum of light; vortex optics; strong-field ionization

1. Introduction

The total angular momentum, j, of a photon consists of an orbital angular momentum
(OAM) component, l, which describes the spatial distribution of the photon field and an
intrinsic spin angular momentum (SAM) component, s, that is related to the polarization
of the field [1–3]. One of the simplest problems discussed in the study of light–matter
interaction involves striking a target with monochromatic circularly polarized plane-wave
radiation [4,5]. In this situation, photons contain a single unit of spin angular momentum
±h̄ due to the field polarization where h̄ denotes the reduced Planck constant. In contrast,
application of L̂z = −ih̄ ∂

∂φ
to the scalar plane-wave component exp(ik ⋅ r) shows that

plane-wave fields contain no orbital angular momentum. The expansion of this field in
OAM components

exp(ik ⋅ r) = exp(ikzz)
∞

∑
`=−∞

(i)` J`(krr) exp[i`(φ− φk)] (1)

around the quantization axis ẑ [6] shows that the field contains all integral orbital momen-
tum components h̄` = ⋯,−h̄, 0, h̄, 2h̄,⋯ and only averages to zero once the expectation
value is taken. These components themselves are cylindrical solutions to the wave equation
and therefore describe physical states containing OAM h̄` [7]. Here r and φ describe the
cylindrical distance and angle perpendicular to the quantization axis, J` are the cylindrical
Bessel functions and kr, kz and φk parameterize the wave-vector k in cylindrical coordinates.
Taking r → 0, it is clear that all momentum components satisfying ` ≠ 0 vanish. Loops
taken around such singularities accumulate a phase 2π` where ` is often referred to as a
topological charge [8,9].

In the past 30 years [3,10–12], there has been growing interest in vortex optics
within a diverse range of applications spanning from astronomy [13–15] to particle
manipulation [16–18] and communication [19,20]. In particular, these fields have gener-
ated great excitement in quantum and semi-classical optics where strong field gradients
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near vortex centers have caused observed breakdown of the dipole selection rules and
open a new path for exploration and control of light–matter interactions [7,21–24].
There has also been a growing interest in singular optics in the strong-field regime.
High-order harmonics carrying orbital angular momentum have been experimentally
generated [25–28] and studied theoretically [29,30] with the overall goal of creating
light pulses with controllable OAM values. Studies of strong-field ionization have been
limited to experiments involving Argon gas [31] and theoretical quantum trajectory
Monte Carlo simulations of SFI involving Bessel beams [32]. Accurate descriptions
of these fields are required in order to have maximum impact in each of these ap-
plications. Ongoing investigations include using interferometric techniques [13,33],
autocorrelation methods [34], and reconstructions based on triangular apertures [35]
to determine OAM.

Recently, a noteworthy non-destructive method has been demonstrated for the deter-
mination of the OAM of photons contained within a circularly polarized femtosecond pulse
at 400 nm [36]. This two-color pump-probe ionization scheme uses the aforementioned
400 nm vortex field to be characterized and an additional co-rotating circularly polarized
plane-wave field at 800 nm. In this method, the OAM ` is determined via a two-color phase
structure imprinted on the angle-resolved photo-electron momentum distribution after
ionization. This method shows great success differentiating pulses containing either ` = 0
or ` ≠ 0 OAM, but requires pulse sculpting to determine the particular value of ` ≠ 0.

In this article, we perform a theoretical study of atomic helium’s interaction with an
intense vortex field. We find that photo-electron momentum distributions generated from
classical trajectory Monte Carlo simulations exhibit local carrier envelope phase effects de-
pending on where the electron is ionized with respect to the vortex center, allowing one to
distinguish between ionization from vortex and non-vortex light with circular polarization,
but not different vortex states. We then propose a new technique for experimentally distin-
guishing between different vortex states of light using strong-field ionization. Within this
scheme, a linearly polarized infrared vortex beam is probed by a low frequency terahertz
field. The probing pulse in this two-color method manifests itself as a linearly polarized ter-
ahertz standing plane-wave field with orthogonal polarization to the vortex beam, as shown
in Figure 1. Spatial information is imprinted upon ionized photo-electrons and can be used
to extract the OAM, provided that the vortex beam spot size is sufficiently small relative to
the probing field wavelength. Monte Carlo simulations utilizing a 245 µm probing field are
applied to theoretically confirm the method for vortex beams at 800 nm containing OAM
∣`∣ = 0,⋯, 8.

Figure 1. Schematic view of the proposed experimental set-up. The infrared vortex beam of Equation (2)
to be characterized is polarized in the x̂ direction and propagates along the ẑ axis. The pulse strikes a
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helium gas sample at its focus (z = 0) and triggers ionization. An additional terahertz standing wave
(Equation (4)) propagating along the x̂-axis irradiates the sample and imprints extra momentum
onto ionized electrons along its polarization axis ŷ. The value of this additional momentum changes
depending on the location of the atom to be ionized relative to the vortex center and allows for the
determination of OAM.

2. Methods

This study consists of two primary sections: first, an analysis of atomic strong field
ionization by a vortex field alone. We then take advantage of the fundamental properties
of strong field ionization and vortex optics to propose a scheme for systematically differ-
entiating vortex beams with different OAM values. This section details the theoretical
models used to simulate the light pulses, as well as the photo-electron ionization and
propagation steps.

2.1. Modeling the Vortex and Terahertz Fields

The Laguerre–Gaussian modes are vortex states of light which exactly solve Maxwell’s
wave equation in vacuum restricted to the paraxial limit. Suppose that an intense field of
linearly-polarized infrared light is prepared in a Laguerre–Gaussian state with radial index
p = 0 and OAM magnitude ∣`∣ ≥ 0. The electric field of such a Laguerre–Gaussian beam
with central (angular) frequency ω restricted to the plane of the beam focus (z = 0) is given
by [37].

E`(r, t) =ELG
∣`∣−∣`∣/2

√
1+ ε2

ei(ωt+lφ)[x̂− iεŷ]

× [
√

2r
w0

]
∣`∣

exp(∣`∣2 −
r2

w2
0

)envLG(t), (2)

where {r, φ, z} are the 3D cylindrical coordinates, ELG is the pulse’s maximum electric field
(normalized by the ∣`∣−∣`∣/2e∣`∣/2 term), ε is the pulse’s ellipticity, w0 is the beam waist
radius and envLG(t) = cos2( ωt

2N ) is the envelope function which lasts for N cycles and
determines pulse duration. The index ` = 0,±1,±2, . . . determines the orbital angular
momentum value of the beam. In the limit where ` = 0, the equation for a Gaussian beam
in the plane of focus is recovered. When ` ≠ 0, the beam takes on a phase singularity at the
origin, reaching maximum intensity in a ring surrounding the singularity. See Figure 2 for
intensity and phase profiles for ` = 0 and ` = 1 beams. According to the Ammosov–Delone–
Krainov (ADK) theory [38], the probability for ionization by an intense electric field is most
likely near the field peak and is exponentially suppressed otherwise. For Gaussian beams,
this peak occurs at the beam’s spatial focus and temporal center, i.e., r = t = 0. However,
for cylindrically symmetric beams such as the LG modes, the intensity peak occurs at a
ring surrounding the singularity in the z = 0 plane. The radius of this peak, based on
Equation (2), is given by

rpeak = w0

√
∣`∣
2 . (3)

Hence, for a given beam waist radius w0, the radial peak of a vortex beam is propor-
tional to the square root of ∣`∣. Therefore, keeping all other beam parameters constant,
increasing the orbital index corresponds to increasing the radius of the vortex beam.
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In order to map electrons’ ionization locations onto their momenta, we introduce a
noncollinear terahertz standing wave which is linearly polarized in a direction transverse
to the OAM field primary axis:

ETHz(r, t) = ETHz cos (ωTHzt) sin (kx)envTHz(t)ŷ, (4)

where ETHz, ωTHz and k are the terahertz field magnitude, frequency and wave number,
respectively, and envTHz(t) = cos2(ωTHzt

2N′ ) is the enveloping function for the probe pulse

lasting N′ cycles. This field exhibits a node at the vortex singularity (x = 0) and grows in
amplitude as one moves away from the vortex center. To better understand the simulation
geometry, see Figures 1 and 3.

(a) (b)

i ii

iii

iv
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` = 1

Figure 2. Intensity profiles for non-vortex (a) and vortex (b) beams. (a) Gaussian beam with
beam waist w0 = 30 microns. (b) Laguerre–Gaussian beam with the same beam waist and ` = 1.
Insets show the accompanying phase profiles for each beam. Red dots (i–iv) indicate points of interest
for simulations. The intensity color mapping is normalized to the peak of the electric field.

Figure 3. A combined field profile of the two beams in the x-y plane at ` = 1 (left), and ` = 8 (right).
The color plot depicts the field intensity profile normalized to the peak of the LG beam. Overlaid on
both beams is the field profile in x of the THz beam. The spatial profile is properly depicted, and the
amplitude is displayed in arbitrary units.

2.2. Classical Trajectory Monte Carlo Simulations

Within the combined field

Etotal(r, t) = Re{E`(r, t)}+ ETHz(r, t), (5)
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where Re{⋅} designates the real part of the input, electrons ionized by the strong vortex
infrared field receive additional ŷ momentum from the weak THz probe pulse. The amount
of this additional momentum increases as one approaches the standing wave peak of the
THz field. Assuming the laser pulses to be finite and for the electron excursion to be much
smaller than the spatial variation of the beams, conservation of canonical momentum states
that the electron momenta pi at the time of ionization t0 and momenta p f after the pulses
end are related by

p f = pi −Atotal(ratom, t0), (6)

where the vector potential is determined by the electric field (Equation (5)) and given by
Etotal(r, t) = − ∂

∂t Atotal(r, t), where the field is assumed to be locally uniform in space. (Note
that we have neglected the Coulomb interaction between the parent ion and the ionized
electron, which has a relatively small effect on the electron trajectory [39]). Therefore,
the presence of the probe field (Equation (4)) leads to an additional spread in the electron’s
ŷ momentum, which can be detected and allow for differentiation between different OAM
values of the ionizing vortex beam.

2.3. Monte Carlo Simulations

We employ classical trajectory Monte Carlo simulations (CTMC) to model the pro-
posed set-up shown in Figures 1 and 3. Consider helium atoms (ionization energy
Ip,0 = 24.59 eV) which are uniformly distributed in the x-y plane with z = 0. These
atoms may be ionized by the combined laser electric field (Equation (5)), with the ionization
rate given by the ADK theory [38]:

P(ratom, v⊥, t)∝ exp
⎛
⎜⎜
⎝
−

2
3

[2Ip(t)]
3
2

∣Etotal(ratom, t)∣ − v2
⊥

√
2Ip(t)

∣Etotal(ratom, t)∣
⎞
⎟⎟
⎠

, (7)

where ratom = (r, φ, z = 0) is the atom’s position, v⊥ is the electron’s initial speed transverse
to the instantaneous electric field after ionization, and the Stark-shifted ionization energy
Ip(t) is given by

Ip(t) = Ip,0 +
1
2(αN − αI)∣Etotal(ratom, t)∣2, (8)

where αN = 1.38 a.u. and αI = 9/32 a.u. are the polarizabilities of the atom and ion,
respectively. Hartree atomic units (e = me = h̄ = 1 a.u.) are used throughout unless
specified otherwise. The LG beam (Equation (2)) has a peak intensity of 2 ⋅ 1014 W/cm2,
wavelength of λ = 800 nm, and beam waist radius of 30 µm. The envelope for this pulse
is restricted to N = 8 cycles. Meanwhile, the perturbing terahertz beam (Equation (4))
has a peak intensity of 3 ⋅ 1012 W/cm2 similar to that in [40], as well as a wavelength of
λ = 245 µm, and is also limited to N′

= 8 cycles. These laser parameters are chosen so as to
satisfy the following relevant conditions:

• The vortex field is strong enough to tunnel ionize the sample. That is, its peak intensity
∣ELG∣2

≲ 1 atomic unit and ω ≪ Ip.
• The terahertz field is too weak to significantly change the ionization yields. In other

words, the vortex field dominates during ionization. Therefore, ∣ETHz∣2
≪ ∣ELG∣2.

• The terahertz field is strong enough to alter the variation in y-momentum. This
condition implies the terahertz field ponderomotive energy far exceeds the photo-
electron momentum standard deviation present in the ADK ionization rate (7):

∣ETHz∣2

4ω2
THz

≫

⎛
⎜
⎝

∣ELG∣
2
√

2Ip,0

⎞
⎟
⎠

1/2

. (9)
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• Each of the pulses is sufficiently long to employ analytical models which assume plane
wave radiation, such as the ADK model [38].

• The terahertz wavelength exceeds the Laguerre–Gaussian pulse’s waist radius. More
on this point is stated in the Results and Discussion sections.

We perform Monte Carlo reject sampling based on the ionization rate (Equation (7)) by
sampling over a random distribution of ionization times t0, transverse velocities v⊥, and
atom locations ratom in order to achieve ionization times and initial momenta for electron
trajectories. Initial positions r0 for these electrons are then determined using the tunnel
ionization in parabolic coordinates with induced dipole and Stark shift (TIPIS) model [41]:

∣r0 − ratom∣ =
Ip(t0)+

√
Ip(t0)2 + 4β∣Etotal(t0, ratom)∣
2∣Etotal(t0, ratom)∣ , (10)

where

β = 1−

√
2Ip(t0)

2 . (11)

The direction of the tunnel exit at a particular ionization time and atomic location
is opposite the instantaneous electric field. Ionized electrons then propagate as classical
particles obeying Newton’s equation,

r̈ = −Etotal(r, t), (12)

where liberated electrons interact with the spatially varying field (Equation (5)) until the
end of both laser pulses, and the atomic Coulomb force is neglected. Simulations are
performed with 105 electron trajectories, and final electron momenta are recorded. We
repeat the calculations for various vortex beam OAM values, allowing for comparison.

3. Results
3.1. Vortex Beam Strong-Field Ionization

To begin, we consider the case where the atomic sample interacts with the Laguerre–
Gaussian pump only and set ETHz = 0. Atoms are confined to points of maximum intensity
within each beam profile indicated in Figure 2, allowing us to compare and contrast electron
momenta for electrons ionized by vortex and non-vortex beams. Results can be seen in
Figures 4 and 5 for circular (ε = 1) and linear light (ε = 0), respectively.

In the case of circular polarization (Figure 4), electrons create a momentum ring of
radius E`/ω in the vx − vy plane no matter the ionization location or ` value. This can be
understood through the conservation of canonical momentum (Equation 6): When ε = 1,
an electron ionized at time t0 experiences an electric field El(ratom, t0). The corresponding
vector potential Al ⊥ El . Since the field magnitude is roughly constant around the peak of
the envelope while the field direction rotates in space, according to Equation (6), photo-
electrons trace out a ring with radius roughly equal to the maximum vector potential,
E`/ω.

Looking more closely, one sees that each momentum ring in Figure 4 displays a well-
defined peak displayed in dark red corresponding to electrons ionized near the exact peak
of the pulse envelope. However, the location of this peak on the momentum ring varies
depending on the ionization location. This can be interpreted as a consequence of the
local carrier envelope phase (CEP) introduced by the vortex beam: Recall that the vortex
field (2) contains a spiraling phase profile around the beam propagation direction, i.e., in
the x-y plane. In effect, this rotates the polarization direction of the pulse peak depending
on the azimuthal phase of the ionization location ratom, and therefore also shifts the vector
potential direction and peak in electron momentum.
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Figure 4. Photo-electron momentum distributions (PMDs) resulting from strong field ionization by
circularly polarized laser pulses. Figure indexing (i–iv) corresponds to the ionization locations and
beam profiles depicted in Figure 2.
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Figure 5. Photo-electron momentum distributions (PMDs) resulting from strong field ionization by
linearly polarized laser pulses. Figure indexing (i–iv) corresponds to the ionization locations and
beam profiles depicted in Figure 2.

Observing a similar effect for linearly polarized light is more difficult. When ε = 0
(see Figure 5), the vector potential is minimized at the peak of the electric field. Carrier
envelope phase effects are much harder to observe for linearly polarized light compared to
circular, making photo-electron momenta from Laguerre–Gaussian beams of different `
values indistinguishable.

We also perform CTMC simulations with the atomic position ratom treated as an
additional random variable within the reject-sampling algorithm. Results can be seen in
Figure 6: it appears that the Gaussian beam (` = 0) creates photo-electrons which maintain
a well-defined momentum peak, whereas the vortex fields introduce CEP averaging and
eliminate any bias in the electron momenta direction. Therefore, these simulations allow
for clear distinguishing between vortex and non-vortex states, but not between beams of
different ` values. This is in agreement with experimental results in reference [36], Figure 2.

-2 0 2
Vx [a.u.]

-2

-1

0

1

2

V y [a
.u

.]

10-1

100

101

-2 0 2
Vx [a.u.]

-2

-1

0

1

2

V y [a
.u

.]

10-1

100

101

-2 0 2
Vx [a.u.]

-2

-1

0

1

2

V y [a
.u

.]

10-1

100

101

<latexit sha1_base64="Nb7Il2E5paDN80KQvzAMCEBovdU=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xskmBxUFCxqKqm66u4JEcG1c98MpLCwuLa8UV0tr6xubW+XtnaaOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRldTv3WPSvNY3ppxgn5EB5KHnFFjpXYXhSAXxO2VK17VzUH+JhWYo94rv3f7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/y++dkAOr9EkYK1vSkFz9OpHRSOtxFNjOiJqh/ulNxd+8TmrCcz/jMkkNSjZbFKaCmJhMnyd9rpAZMbaEMsXtrYQNqaLM2IhK/wuheVT1TqsnN8eV2uU8jiLswT4cggdnUINrqEMDGAh4gCd4du6cR+fFeZ21Fpz5zC58g/P2CbZgjx0=</latexit>

` = 0
<latexit sha1_base64="9Vtu3tPaLhXa947omiKjSFATFuE=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xskmBxUFCxqKqm66u4JEcG1c98MpLCwuLa8UV0tr6xubW+XtnaaOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRldTv3WPSvNY3ppxgn5EB5KHnFFjpXYXhSAXxOuVK17VzUH+JhWYo94rv3f7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/y++dkAOr9EkYK1vSkFz9OpHRSOtxFNjOiJqh/ulNxd+8TmrCcz/jMkkNSjZbFKaCmJhMnyd9rpAZMbaEMsXtrYQNqaLM2IhK/wuheVT1TqsnN8eV2uU8jiLswT4cggdnUINrqEMDGAh4gCd4du6cR+fFeZ21Fpz5zC58g/P2Cbfkjx4=</latexit>

` = 1
<latexit sha1_base64="olNDddPmcuA7Oa5OxX6cB5dIwWw=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoPgKewGo16EoBePEcwDkiXMTnqTIbOz68ysEJb8hBcPinj1d7z5N04eBxUFCxqKqm66u4JEcG1c98PJLS2vrK7l1wsbm1vbO8XdvaaOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRldTv3WPSvNY3ppxgn5EB5KHnFFjpXYXhSAXpNIrlryyOwP5m5RggXqv+N7txyyNUBomqNYdz02Mn1FlOBM4KXRTjQllIzrAjqWSRqj9bHbvhBxZpU/CWNmShszUrxMZjbQeR4HtjKgZ6p/eVPzN66QmPPczLpPUoGTzRWEqiInJ9HnS5wqZEWNLKFPc3krYkCrKjI2o8L8QmpWyd1qu3pyUapeLOPJwAIdwDB6cQQ2uoQ4NYCDgAZ7g2blzHp0X53XemnMWM/vwDc7bJ7lojx8=</latexit>
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Figure 6. Photo-electron momentum distributions (PMDs) resulting from strong field ionization by
(a) Gaussian and (b,c) Laguerre–Gaussian circularly polarized laser pulses. Here, electrons may be
ionized from anywhere within the x̂-ŷ plane.
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3.2. Distinguishing OAM States of Light Using a Terahertz Probe Pulse

Distinguishing between Laguerre–Gaussian beams with different ∣`∣ magnitudes
is made possible by turning on the terahertz probe pulse. Here, we perform the same
CTMC simulations with linearly polarized light, this time with the full Etotal profile (5).
The simulation results are summarized within Figure 7: Here (panel b), the standard
deviation in photo-electron ŷ momentum is plotted as a function of the vortex beam
OAM value `, with simulations performed with approximate, spatially uniform (blue) and
accurate, spatially varying (red) electric fields. In the former, after initial conditions are
generated, final electron momenta can be calculated from Equation (6), whereas the latter
are determined by numerically solving Newton’s equation (12). While accounting for the
spatially varying electric field leads to an overall increase in the momentum spread, in both
calculations, it is clear that the standard deviation in py increases monotonically for OAM
values in the range ` = 0 to ` = 8 and the conclusions are unaffected. Therefore, if the laser
OAM magnitudes were unknown prior to conducting an experiment under this scheme,
assuming all other laser parameters are held constant, one could distinguish these different
OAM states of light.
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Figure 7. Results of CTMC calculations with the terahertz field included. (a) Distribution of ion-
ized photo-electrons in the ŷ−direction parallel to the THz field polarization determined using
Equation (12) for pumping LG beams containing OAM ` = 0,⋯, 8. (b) Standard deviation values
corresponding to the momentum distribution from panel (a). Blue points correspond to the data
shown in panel (a). Red points correspond to an additional approximation valid for short electron
excursion. Fields are held constant (in space) at the coordinate of parent ions and momenta are
determined from Equation (6). 105 trajectories are sampled for each value of `.

The range of OAM states one can distinguish using this technique is limited by the size
of the vortex ring (Equation (3)) with respect to the terahertz wavelength. If rpeak exceeds
one quarter of the terahertz wavelength, i.e.,

λTHz
4

≲ w0

√
∣`∣
2 , (13)

then the terahertz field is no longer monotonically increasing or decreasing within the
range of the momentum ring, as is seen in Figure 3. That is, there is no longer a one-to-one
correspondence between the ionization location along x̂ and terahertz electric field value.
This leads to a saturation in the in the py standard deviation, making it impossible to
distinguish OAM values satisfying the above inequality. For the specific beam parameters
chosen here, the cutoff occurs at ` = 8. Based on the inequality (13), more OAM states
can be distinguished by either increasing λTHz or decreasing the vortex beam waist radius
w0. As the OAM exceeds ` = 8, the standard deviation in py will remain around the peak
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value and then begin to decrease. The full photo-electron ŷ momentum distributions are
shown in panel (a) for the accurate spatially resolved case and further affirm these ideas.
Photo-electron momentum distributions become nearly indistinguishable as ` approaches
this cutoff value.

4. Discussion

Having introduced this new technique for distinguishing OAM states, it is worthwhile
comparing and contrasting it to that of reference [36] which inspired this work. As stated
in the introduction, this proposed scheme and the two-color co-rotating setup [36] share
the benefit of being non-destructive to the pulse under investigation. However, unlike
the co-rotating method, this one does not require beam sculpting and instead requires
the implementation of a terahertz standing wave. That stated, the co-rotating technique
maintains the advantage of being able to distinguish positive and negative ` values, whereas
our proposed scheme can only distinguish between different magnitudes ∣`∣. Overall,
the applicability of one method over another depends most on the needs and physical
constraints of the experiment at hand.

While the present work employed a linearly polarized probe pulse to be characterized,
we believe this classification scheme can be extended to arbitrary ellipticities. As is dis-
cussed in the Results and visualized within Figure 3, this technique’s applicability is limited
only by the vortex field intensity profile, not its polarization. As long as the probe pulse
ETHz remains polarized along ŷ with a node centered at the origin, it will impart additional
variation in the photo-electrons’ y-momentum. The analysis is complicated by the fact
that photo-electrons generated from elliptical pulses display more complicated momentum
distributions [42] which must be studied using elliptical integration [43]. However, we
expect the underlying mechanism of imparting additional y-momentum via the terahertz
pulse to be the same.

The intensity method is intended to characterize a general class of structured fields
and is not restricted to the current application of LG beams. As long as applied THz fields
have a non-zero component perpendicular to the tunnel exit and a field gradient parallel to
the THz propagation direction, a version of the method should be applicable. The standing
THz field in our application propagates along the x-axis and is polarized along the y-axis.
This means that atoms located along the LG intensity ring of radius rpeak experience a
different THz field intensity depending on the x-component of their atomic coordinate.
This coordinate is parallel to the THz propagation direction. The atomic locations x are
bounded between −rpeak and rpeak in the current vortex-centered co-ordinate system. This
means that one should be able to determine the location of a single ionized atom from
features imprinted on the transverse momentum distribution. The only condition is that
each atomic position must be assigned a single monotonically increasing intensity value.
The exact form of this map depends on both microscopic properties of ionization and
the intensity distribution of fields to be characterized. The exact analytic form of this
map is as of yet unknown. In a particular experiment one should pre-compute transverse
momentum distributions for different field values ∣`∣ and determine the OAM of fields from
comparisons of experimental measurements with these pre-determined reference values.

The situation changes when a distribution of atoms are ionized over the vortex beam.
Assuming a uniform gas density and an intensity profile with reflection symmetry across
the y-z plane for x = 0 we are free to require only that the intensity is single valued in ∣x∣.
This detail means that the range of ∣x∣ spans from 0 to rpeak and that the method may be
applied to determine larger OAM values ∣`∣. Microscopic momentum distributions are
macroscopically averaged to determine a single transverse distribution over atoms with an
∣x∣−coordinate in the entire interval [0, rpeak]. The probing THz field essentially acts as a
“diffraction” grating. Atoms ionized near the zero-point of the THz field have essentially
the same photo-electron momentum distribution as atoms ionized by a LG field alone.
If one looks instead at atoms ionized at an atomic location where the THz field is non-zero
the story becomes different. When ionization happens at atomic locations corresponding to
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non-zero values of the THz field, photo-electron distributions from an individual atom are
modified. Photo-electron momentum features transverse to the tunnel exit are broadened
(the standard deviation of py increases). Since features due to largest values of ∣x∣ broaden
the transverse distribution most and rpeak∼

√
∣`∣ we are able to determine the value of ∣`∣

from the transverse distribution.
Additionally, the polarization vector associated with the THz field does not need to

be perfectly perpendicular to the polarization vector of the LG field to be characterized.
As long as the two fields have a non-zero offset angle the method should be applicable,
but higher THz intensities may be required since we care most about the field component
transverse to the tunnel exit.

If the THz probing pulse polarization remains perpendicular to the LG polarization
vector, but has a non-zero momentum component along the z−axis, then the method will
be applicable, but breakdown of the single-valuedness condition set by Equation (13) is
modified and becomes

λTHz
4

cos ∆ ≲ w0

√
∣`∣
2 , (14)

where ∆ defines the angle between the THz field’s propagation direction and the x-y
plane (∆ = 0 for our calculations). This trigonometric term is important. As ∆ increases,
the component of the displacement vector described by a single THz field wavelength
along the x-axis reduces by the trigonometric factor cos ∆. Once ∆ → π/2, the transverse
momentum distribution will only contain information about atomic locations along the
z−axis.

Similarly, we speculate that for THz propagation vectors within the x-y plane but with
polarization vector not perfectly orthogonal to the LG polarization, the method is still
applicable. Our LG fields contain a single ` value and therefore have cylindrically sym-
metric intensity rings. This means that any THz propagation directions within the x-y
plane are sensing the same atomic locations between 0 and rpeak, but now over the new
field propagation axis cos δ x̂+ sin δ ŷ (δ = 0 in our current investigation). When δ → π/2,
the THz field has no component parallel to the tunnel exit and the method will fail. Stronger
THz intensities are required to broaden the py distribution for δ ≠ 0.

Understanding how individual microscopic atomic contributions are averaged over
the macroscopic gas density allows us to extract the length scale rpeak associated with the
LG ring of intensity. This is purely an intensity measurement and independent of the OAM
phase factor ei`φ itself. We care only that the radius associated with the ring of intensity
rpeak increases with ∣`∣. This means that we are unable to determine the sign of `, but the
THz field method may be applied to determine length-scales associated with intensity
distributions belonging to other forms of structured light. We only care that the THz
intensity is weak enough to not ionize on its own and strong enough to cause broadening
in the transverse momentum distribution. Otherwise one is able to determine length scales
associated with beam features parallel to the THz propagation direction. If fields lack this
reflection symmetry, then other moments of the transverse distribution should be analyzed
as well.

The relatively simple ionization model applied in the current work is intended to
show that THz fields modify trajectories of ionized electrons in such a way that field
OAM may be determined. More detailed ionization models may describe a modified
(unbroadened) transverse momentum distribution, but broadening by the THz field will
happen in exactly the same way. Transverse momentum distributions may be applied to
determine length-scales parallel to the THz field propagation.

Further work should be performed to investigate the moments of the transverse
momentum distribution. Exactly what is the monotonic map between the locations of
ionized atoms and the standard deviation of the transverse momentum distribution?
Additionally, can higher moments tell us more about locations of ionized atoms? It is clear
that THz fields are able to imprint distance information onto transverse distributions. How
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can one characterize other dimensions of the field? It is clear that THz fields are useful
tools to determine spatial properties of structured light, but additional investigations must
determine to what degree.

5. Conclusions

We have proposed a method for determining the magnitude of OAM, `, contained
within linearly-polarized LG beams using an additional terahertz probing field propagating
perpendicular to the aforementioned LG beam. When the terahertz probe is turned off,
strong field ionization by Laguerre–Gaussian light beams leads to local carrier envelope
phase effects in the photo-electron momentum distributions associated with the electron’s
ionization location. When focal averaging is performed, the presence of these local CEP
effects allow us to distinguish between vortex and non-vortex beams with circular polar-
ization. By turning on the terahertz beam, photo-electrons achieve additional variation
in their y-momentum which can be mapped to the size of the vortex ring, and therefore
the magnitude of the OAM index ∣`∣. Unlike many previous techniques, the method is
nondestructive and does not require additional beam sculpting. Through the comparison of
experimental results with Monte Carlo simulations, the unknown ` value can be obtained
solely from the velocity distribution of measured photo-electrons transverse to the tunnel
exit. It is clear that THz fields are useful tools to determine length-scales associated with
photo-ionization.
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