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Optical vortices with a vortex core size that is at least two orders of magnitude smaller than the laser beam
waist is presented. The optical vortex is generated by a spiral phase plate (SPP) and counter-rotating
optical vortex pairs are created in a modified Mach-Zehnder interferometer surrounded by a 4 f lens ar-
rangement. The azimuthal variation of the counter-rotating optical vortex forms a sinusoidal intensity
modulation for which the winding number of the optical vortex is deduced accurately and precisely by
fitting it to a sinusoidal function. These results are of interest in designing novel optical vortex gratings
for manipulating matter waves (e.g. in Kapitza-Dirac scattering). A theory of atomic angular Kapitza-
Dirac scattering with optical vortices is presented. The large beam waist combined with a small optical
vortex core size would also be of interest when using an optical vortex to perform spectroscopy in a wide
range of matter systems including solid, liquid, atomic, and molecular systems, as well as in short range
optical communication. © 2017 Optical Society of America
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1. INTRODUCTION

An emerging field of research is the use of optical vortex grat-
ings [1] to create atomic vortex beams [2] and electron vortex
beams [3] via the Kapitza-Dirac effect. The Kapitza-Dirac effect
involves employing a far off resonance optical beam to diffract
matter waves, where the width of the matter waves must be
large compare to the diffracting potential (i.e. the thin grat-
ing) [4], and the maximum energy for light-atom interaction
must be larger than the kinetic energy when the atoms are in
the diffraction region. A challenge that has limited experimental
progress in implementing these theoretical proposals [1–3] is the
presence of a large region of intensity depletion at the center
of the optical intensity profile (i.e. vortex core) which would
reduce the matter wave diffraction efficiency at the center of
the optical beam profile. Ref [1] provide a theoretical formalism
of angular Kapitza-Dirac diffraction in which atomic matter waves
are diffracted by an optical vortex grating based on counter-rotating
optical vortices. Alternatively, a light mask with a fork-like structure
can be used as a grating. A theoretical fork-like grating is presented in
ref. [2], but will result in reduced intensity in the middle of the optical
beam profile as seen in the experimental results of ref. [3]. It is impor-
tant to address this challenge of intensity depletion in the center
of the optical vortex since Kapitza-Dirac diffraction with optical

vortices relies on orbital angular momentum (OAM) exchange
between two optical beams mediated by the matter wave, and
therefore its efficiency is directly proportional to the optical in-
tensity, especially in the middle of the optical vortex intensity
profile. A possible solution is to use an optical vortex beam with
a Gaussian intensity envelope such that there is only a point sin-
gularity in the middle of the optical intensity profile as opposed
to a vortex with a large core and depleted intensity in the core
of the beam.

In this paper, we experimentally generate an optical vortex
intensity pattern with a Gaussian envelope that possess a point
singularity at the center of the optical vortex beam. This is done
by implementing a 4 f lens arrangement to image the optical
vortex intensity profile immediately after a spiral phase plate
(SPP). The vortex core size which is defined to be the width of the
intensity depletion at the center of the optical vortex is estimated,
and factors that limits achieving a very small optical vortex core
size are discussed. To show that the optical beam possess orbital
angular momentum (OAM), a superposition of optical vortices
with opposite helicity (i.e. counter-rotating optical vortices) is
created in a modified Mach-Zehnder interferometer, where the
resulting intensity pattern has a sinusoidal intensity variation
that depends on angle. The optical vortex winding number is
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accurately and precisely quantified through a fit routine of the
experimental data. The azimuthal intensity modulation does
not only show that the beam possess OAM, but could be im-
plemented in studying the Kapitza-Dirac effect in matter waves
(e.g. a Bose-Einstein Condensate, electron cloud, etc). Such an
effect is the “angular” analogue to the “linear” Kapitza-Dirac
effect. Potential applications of this effect include the coherent
manipulation of atoms for atomtronics [5], the development
of very sensitive ultracold atomic rotation sensors (e.g. atomic
gyroscopes), and spectroscopy with electron vortices. The prin-
ciples employed here to generate the optical vortex fields are
applicable in the design of novel optical vortex gratings for elec-
tron vortex beams as well as atomic vortex beams (and atomic
vortices in cold gasses) based on the Kapitza-Dirac effect.

Not only are the results in this paper of significance in con-
trolling the external motion of matter waves (e.g. electron beams,
atomic beams, thermal and ultra-cold atomic clouds) via Kapitza-
Dirac scattering, but they would be of significance in using op-
tical vortex light for spectroscopy of atomic, molecular, liquid,
and solid state systems [2, 6–12]. This is because such an opti-
cal vortex beam geometry with a Gaussian intensity envelope
and point vortex core would give rise to a larger interaction
volume between the vortex light and matter, and thus effectively
increase the signal due to the vortex structure of light. Further-
more, the results are of importance in short distance free space
optical communication [13–15] as it circumvents a problem that
has led to confusion [16] when working with optical vortices
which is propagating into the far field. The question is whether
the divergence of the optical vortex beam scales linearly with
OAM or as the square root of OAM. Working with an optical
vortex having a Gaussian envelope such as the one described in
this paper avoids this confusion.

The paper is organized as follows: First, angular Kapitza-
Dirac scattering is discussed in section 2. In this section, a
brief synopsis of atomic angular Kapitza-Dirac scattering with
counter-rotating optical vortices is provided where the goal is
to motivate one of the many applications of a small core op-
tical vortex and counter-rotating optical vortices with a Gaus-
sian intensity envelope. Second, in section 3, the design of the
Mach-Zehnder interferometer (MZI) surrounded by a 4 f imag-
ing system is discussed. The experimental set-up is used for
generating a very small core optical vortex and counter-rotating
optical vortex with Gaussian intensity envelope. The results are
analyzed and the winding number is accurately and precisely
obtained. Third, in section 4, a measure of the optical vortex
core size is provided, and factors that limit its size are discussed.
Fourth, in section 5, a discussion is provided on the benefit of the
current experimental set-up compared to using devices based
on liquid crystal technology such as a spatial light modulator
(SLM) or a liquid crystal q-plate. In addition, an explanation is
given for the reason that the optical vortices presented in this
paper circumvent the question on the optical vortex divergence
scaling with respect to OAM when studying short distance opti-
cal vortex propagation for various applications (e.g. short range
free space optical communication, spectroscopy, etc). A conclu-
sion is then presented. The paper is followed by appendices to
supplement the measurements presented in the main body of
the paper. Appendix A provide measurements of the imaging
resolution due to the optics that make up the MZ interferometer.
Appendix B provide detailed analysis of the SPP center defect
which limits the observable vortex core size. Appendix C discuss
a possible artifact when the optical path length on both arms
of the interferometer are not properly compensated, especially

when using short focal length lenses in the 4 f imaging system
surrounding the experimental set-up.

2. ANGULAR KAPITZA-DIRAC SCATTERING

A. General considerations
Kapitza-Dirac scattering of atoms is considered in the context of
single-particle, non-relativistic quantum mechanics. An example
of such a matter wave system is a Bose-Einstein Condensate.
The light-atom interaction is treated in the limit of a classical,
oscillating electromagnetic field with a frequency that is far
from all atomic resonances. The atom acts as an electrically-
polarizable particle and experiences a conservative potential
that is proportional to the local optical intensity. In this limit, the
light-atom interaction potential is commonly referred to as the
“optical-dipole” or “AC-Stark” potential.

Atomic diffraction is analyzed based on the time-dependent
Hamiltonian,

H(~r,~p, t) =

H0(~r,~p), t < 0

H0(~r,~p) + V(~r), 0 ≤ t ≤ τ

H0(~r,~p), t > τ

(1)

where H0(~r,~p) has eigenvalues, h̄ωn, and corresponding eigen-
states, |n〉, i.e. H0|n〉 = h̄ωn|n〉, and the optical-dipole potential,
V(~r), interacts with the atom for a time duration τ. Physical
situations of experimental relevance that may correspond to
H0 include free-space, harmonic confinement, and ring-shaped
geometries.

Under these considerations, the atomic state vector imme-
diately after application of the optical-dipole potential is given
by:

|ψ(τ)〉 = e−i H0(~r,~p)+V(~r)
h̄ τ |ψ(0)〉, (2)

|ψ(τ)〉 ≈ e−i V(~r)
h̄ τ |ψ(0)〉. (3)

The approximate expression in Eq. 3 is valid provided that the
interaction duration is very short compared to the inverse eigen-
frequencies associated with the pertinent eigenstates of H0, i.e.
ωnτ � 1 for all n where the probabilities |〈n|ψ(0)〉|2 and/or
|〈n|ψ(τ)〉|2 are non-negligible.

Converting the state vector in Eq. 3 to a position-space wave-
function, Ψ(~r, t) ≡ 〈~r|ψ(t)〉, reveals that the optical-dipole poten-
tial is “phase-imprinted” onto the initial atomic wavefunction,

Ψ(~r, τ) = e−i V(~r)
h̄ τΨ(~r, 0), (4)

where~r in Eq. 3 (Eq. 4) is an operator (a coordinate). This result is
analogous to optical diffraction from a thin material grating with
a spatially-varying refractive index [17–20]. The assumption of
a thin material grating for optical diffraction is equivalent to
the assumption of a short light-atom interaction duration in the
above description of atomic diffraction. These limits of optical
and atomic diffraction are referred to as the Raman-Nath regime.

B. Kapitza-Dirac scattering with optical vortices
An angular standing wave is formed by a pair of co-propagating
laser beams containing counter-rotating optical vortices. In cylin-
drical coordinates, {r, φ, z}, the associated electric field ampli-
tude and optical-dipole potential of an angular standing wave
can be written as:

~E(~r, t) = <e{E0e+i`φe+ikze−iωt ε̂ +

E0e−i`φe+ikze−iωt ε̂}, (5)
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where k = 2π
λ = ω

c is the wave vector, c is the speed of light
in vacuum, λ is the wavelength of light, and ε̂ describes the
polarization of the waves. The two terms in Eq. 5 describe
waves comprising photons with linear momentum, pz = +h̄k,
and orbital angular momentum with projection along the z-axis,
Lz = ±`h̄. An atom illuminated by this field experiences a time-
averaged, optical-dipole potential, V(~r) = − 1

2 α(ω)〈E2(~r, t)〉,
that is proportional to the local optical intensity,

V(~r) = V0 cos2(`φ) =
V0
2

+
V0
2

cos(2`φ), (6)

where V0 = −α(ω)|E0|2 and α(ω) is the real-valued, frequency-
dependent polarizability of the atom. The assumption V(~r) ∝
〈E2(~r, t)〉 is valid provided that the oscillating electric field is
detuned sufficiently far from all atomic resonances. In the two-

level atom approximation, α(ω) ≈ − |d|
2

h̄∆ , where d is the electric
dipole matrix element connecting the two atomic levels and ∆ =
ω − ω0 is the detuning of the field from the atomic resonance
frequency, ω0 [20–22].

In the Raman-Nath regime, the atomic state vector (Eq. 3)
immediately after application of the optical-dipole potential
(Eq. 6) is given by:

|ψ(τ)〉 = e−i V0τ

2h̄ e−i V0τ

2h̄ cos(2`φ)|ψ(0)〉, (7)

|ψ(τ)〉 = e−iΘ
+∞

∑
n=−∞

(−i)n Jn(Θ)e+i2n`φ|ψ(0)〉, (8)

where Θ = V0τ
2h̄ , Jn(·) denotes an nth order Bessel function of

the first kind and the last expression follows from the identities
e+iβ cos(γ) = ∑+∞

n=−∞ in Jn(β)e+inγ, J−n(β) = (−1)n Jn(β), and
Jn(−β) = (−1)n Jn(β). Eq. 8 represent the atomic wave function
consisting of a superposition of atomic vortices in the same spatial po-
sition. Ref. [1] provide similar results. This is in contrast to refs. [2, 3]
for which matter waves with different winding numbers are separated
spatially in space as a beam composed of matter waves goes through a
fork-like structure made of light.

In this section, take note of the optical potential (i.e., optical
vortex grating) in Eq. 6 consisting of a sinusoidal intensity mod-
ulation that depends on angle. On one hand, ref. [1] suggest this
optical potential, but does not provide a way to experimentally generate
the intensity profile. On the other hand, refs. [2, 3], suggest a fork-like
grating structure but there will be an intensity depletion in the grating
center region as both papers implicitly assume the emergence of a large
optical vortex core. Hence, reduced diffraction efficiency for matter
waves in the center region of the grating is expected from the schemes
in refs. [2, 3]. The next section (section 3) describe the theory
and experimental generation of the optical intensity potential
with a large beam waist and a point optical vortex core size.
The solution provided in the next section addresses the problem
that may be impeding progress to demonstrate high efficiency
angular Kapitza-Dirac scattering of matter waves. The point
vortex core with Gaussian intensity envelope also provides an
avenue to study vortices on the whole transverse plane beyond
the region of maximal intensity circle as suggested in ref. [2].
In addition, the next section (section 3) provides a precise and
accurate determination of the optical vortex winding number, `,
by fitting the intensity pattern emerging from the M-Z interfer-
ometer to a sinusoidal function. This technique is made possible
by the point optical vortex core size.

3. MACH-ZEHNDER INTERFEROMETER

In this section, we discuss one way of creating optical vortex
fields for light-matter interaction (e.g. angular Kapitza-Dirac
diffraction). In the development of the optical field, some of the
desired properties of the angular standing wave include

1. An intensity profile having a large beam waist with very
small optical vortex core, and

2. An intensity modulation as a function of azimuthal angle
due to counter-rotating optical vortices.

The first property will enable high efficiency optical orbital an-
gular momentum (OAM) transfer from the optical field to the
matter waves, and the second property will enable exchange of
momentum between the two optical fields rotating in opposing
directions mediated by the matter waves such as atoms. The
requisite optical vortex fields in this paper are created with a
spiral phase plate (SPP). The angular standing wave consisting
of counter-rotating optical vortices with very small optical vor-
tex core are obtained by imaging the field immediately after the
SPP, and interfering the counter-rotating optical vortices in a
modified Mach-Zehnder interferometer (MZI).

A. Theory of counter-rotating optical vortices

For an electromagnetic wave propagating in the +z-direction
through a spiral phase plate, the time dependent electric vector
in polar coordinates is ~E(r, φ, z, t) ∝ <e{u(r, φ, z)e−iωt ε̂}, where
u(r, φ, z), ε̂, and ω are the complex-valued amplitude, unit polar-
ization vector, and angular frequency of the wave, respectively.
The complex-valued amplitude can be approximated as:

u(r, φ, z) = u0
w0

w (z)
e−r2/w2

0 eikze−ik r2
2R(z) ei(`+1)ζ(z)e−i`φ. (9)

w0, and ` are the 1
e2 beam waist at z = 0, and winding number

of the optical intensity profile, respectively. The winding num-
ber is a measure of the optical OAM in the beam. The beam

waist is w (z) = w0

(
1 + z

z0

) 1
2 , where z0 =

πw2
0

λ is the Rayleigh

range, R (z) = z
(

1 +
( z0

z
)2
)

is the radius of curvature term, and

ζ (z) = tan−1
(

z
z0

)
is the phase retardation term in the Gouy

phase. While the Laguerre function and r|`| terms are frequently used
in describing an optical vortex with a large optical vortex core [2, 3, 23–
29], take note of its absence in Eq. 9. In the work presented here,
the optical vortices will have a Gaussian envelop with a point
singularity in the middle of the optical intensity profile [30].
This is a characteristic of the beam profile immediately after the
SPP device, and it is possible to observe such an optical vor-
tex profile using a mask with a fork-like structure [31], and liquid
crystal q-plate [32]. If the beam is allowed to propagate into the
diffraction far field, then in the Laguerre-Gaussian (LG) basis,
a description with a superposition of amplitudes involving LG
polynomials would be required.

The angular standing wave is formed by interfering an optical
vortex intensity profile of winding number ` with its mirror
image containing an antivortex of winding number −`, in a
modified MZI. Both optical vortex beams are overlapped in the
same spatial location and co-propagate in the same direction.
The superposition of optical vortex and antivortex form counter-
rotating optical vortices to give the following angular standing
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Fig. 1. Modified Mach-Zehnder interferometer (MZI). (a) is a
spiral phase plate. Lenses (b) and (j) forms a 4 f lens arrange-
ment to image the optical intensity profile immediately after
the spiral phase plate. (c) is the first beam splitting cube and
(f) is the second beam splitting cube to interfere the optical
vortex with an optical antivortex of opposing winding num-
ber (helicity). There are an even number of mirrors (d) and
(e) on one arm, and an odd number of mirrors (g), (h), and (i)
to invert the helicity of the optical vortex to interfere it at the
beam splitting cube (f). Mirror (h) is placed on a translation
stage to compensate for any difference in optical path length
between the two interferometer arms. The intensity pattern
emerging from the second beam splitter cube has a cos2(`φ)
angular modulation with 2` intensity peaks, and is imaged
onto the CCD camera (k) using 4 f lens combination (b) and (j),
and imaged onto the matter wave such as a BEC (m) using 4 f
lens combination (b) and (l). Figure is not to scale.

wave emerging from the interferometer:

I (φ) = |u(r, φ, z) + u(r,−φ, z)|2 (10a)

= I0e
− 2r2

w2
0 cos2 (`φ) (10b)

≈ I0e
− 2r2

w2
0 cos (2`φ + φ0) . (10c)

The interference pattern has a periodic modulation with a
Gaussian envelop and 2` intensity peaks in a 2π rad angle [33].
The winding number of an optical vortex from an SPP
containing a single azimuthal step height is ` = (n0 − 1)∆h

λ
[34–36]. n0 and ∆h are the refractive index and azimuthal step
height of the SPP, respectively; and λ is the wavelength of light.
In this derivation, it has been assumed that there is zero
reflectivity on both surfaces of the SPP, and multiple reflections
[37–41] in the device is not taken into account.

B. Experimental generation of counter-rotating optical vor-
tices

Optical set-up. The optical interference pattern due to counter-
rotating optical vortices is probed by sending a well collimated
Gaussian laser beam with wavelength λ = 632.991± 0.001 nm,
and 1

e2 beam radius of w0 ≈ 1 mm through a modified MZI
[Fig. 1]. The error on the wavelength comes from the fluctuation
in the laser beam’s wavelength. Two different commercial SPPs
are used to generate the optical vortices. The first is an SPP with
calculated refractive index of n0 = 1.56± 0.02 and measured step
height of ∆h1 = 1.12± 0.05 µm [42] to give a calculated winding
number of `1 = 0.99± 0.05. The second is an SPP with estimated
step height of ∆h2 = 1.13 µm, which increases in two steps from
0 to 2π, and another 2π to 4π to give a calculated winding
number of `2 = 2.01± 0.05. The errors from the wavelength
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Fig. 2. (a) and (d) shows a Gaussian intensity envelope imme-
diately after SPP where input intensity profile is a Gaussian
beam. (b) and (d) shows the angular standing wave formed
when counter-rotating optical vortices are created using Fig. 1.
The radial integrated counts of (b) and (e) are shown as a func-
tion of angle and fit (solid red line) to an angular standing
wave to obtain (c) and (f), respectively. The winding number
extracted from the fitting routine in (c) is `fit

1 = 0.952± 0.008,
and for (f) is `fit

2 = 1.990± 0.005. In (a) the phase of the SPP
to generate beam goes from 0 to 2π in one step, and in (d), it
goes from 0 to 4π in two steps, 0 to 2π and then 2π to 4π. The
dark horizontal line in (b) and (e) is due to the sudden change
in material thickness at φ = {0, 2π} in (a) and φ = {0, 2π, 4π}
in (d). The open circles are the points affected by the dark hori-
zontal line in (a) and (b), and are excluded from the fit.
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of light, the refractive index of the SPP, and step height of the
SPP comes from fluctuations in the laser beam’s wavelength,
the wavelength dependence of the dispersion equation, and
tolerance in the fabrication of the SPP, respectively. The addition
of these 3 errors in quadrature gives the error on the winding
number of the optical vortex.

The modified MZI is placed in the middle of a 4 f imaging
system with the SPP on the object plane, and the CCD camera
on the image plane [Fig. 1]. The 4 f imaging system have a
numerical aperture (NA) of NA≈ D

2f = 0.08, with the diameter
of the lens as D=25.4 mm, and the focal length of the lens as
f = 150 mm. There is an even number of mirrors on one arm,
and odd number of mirrors on the other arm of the modified
MZI to flip the helicity (i.e. the winding number) of the optical
vortex from−` to +`, and thus creates a superposition of optical
vortex and antivortex at the second beam splitting cube. In other
words, a superposition of optical vortex and antivortex are the
counter-rotating optical vortices. The mirror labeled (h) in Fig. 1
[i.e. Fig. 1h] is placed on a translation stage so that it could be
adjusted in order to ensure that the optical path length on both
arms of the interferometer are the same. Without compensating
for the difference in optical path length between both arms of the
interferometer, there will be a difference in radius of curvature
between the two optical intensity profiles overlapped at the
second beam splitter cube of the MZI which would result in
radial intensity maxima and minima on the transverse beam
intensity profile, i.e. radial fringes (See Fig. 8 in Appendix C).
Matter waves such as a BEC [Fig. 1m] would be placed one focal
length away from the second lens [Fig. 1l] at the first output
port of the second beam splitter cube [Fig. 1f]. The second
output port where the CCD camera is located [Fig. 1k] would
be used to monitor the optical intensity profile. A feedback
loop would be used to compensate for phase shifts due to any
movements of optical elements in the modified MZI which may
cause the intensity pattern coming out of the interferometer
to rotate. The results of the data analysis presented in the next
subsection is taken at the second output port of the MZI [Fig. 1k],
and compared to the specifications of the SPP provided by the
manufacturer.

Analysis of experimental counter-rotating optical vortices.
The experimental data is analyzed by partitioning the optical
interference pattern in Fig. 2 (b) and (e) into 40 and 100 angular
wedges, respectively, to give the data points in Fig. 2 (c) and

(f), respectively. Each wedge is calculated to be I(φ) = ∑
j
i=1 Ni

j .

The counts in each wedge is integrated radially up to the 1
e2

beam waist. Ni is the counts in the ith pixel with the maximum
number of pixels in each angular wedge given by j. The solid

(red) line is the fit curve, Afitcos
2
(
`fitφ + θfit

)
+ Bfit, where Afit,

`fit, θfit, and Bfit are the amplitude, winding number, phase shift,
and background of the optical interference pattern, respectively.
From the optical interference pattern, the winding number of
the optical vortex is obtained. The measured winding number
of the optical vortex from the first SPP is ` f it

1 = 0.952± 0.008. It
agrees with the calculated value, `1, to within 4% (0.8 std. dev.
in units of the calculated error bar). The measured winding
number of the optical vortex from the second SPP is `

f it
2 =

1.990± 0.005. It agrees with the calculated value, `2, to within
1% (0.4 std. dev. in units of the calculated error bar). The
error on the experimental value of the winding number, ` f it,
is obtained from the fit routine in the 95% confidence interval.

Fitting the interference pattern created by the counter-rotating
optical vortices provides an alternative way for accurately and
precisely obtaining the winding number of an optical vortex,
especially when the vortex core size is very small. The contrast,
Ifit
max−Ifit

min
Ifit
max+Ifit

min
, of the interference pattern in Fig. 2 (c), and Fig. 2 (f), as

determined from the fit routine are 0.93 and 0.98, respectively.
Ifit
max is the maximum of the fit curve, and Ifit

min is the minimum
of the fit curve.

4. OPTICAL VORTEX CORE SIZE

A key difference between the MZI of previously published
work [24, 26, 43], and the one reported here is the presence
of a 4 f imaging system to image the optical vortex immediately
after the SPP in order to ensure that the size of the optical vortex
core is very small. In previous experiments, the optical beam
is allowed to freely diffract after passing through the SPP (or
other phase grating) such that a large vortex core develops, and
the ratio of the vortex core size to the 1

e2 beam waist is typically
wv
w0
≈ 3 [25, 26] or larger. Very small vortex core sizes will be

of significance when using the optical angular standing wave
as a novel phase grating to perform Kapitza-Dirac scattering of
matter waves such as a Bose-Einstein Condensate (BEC). This is
because the characteristic length scale of matter waves such as a
BEC is on the order of tens of microns to hundreds of microns [44–
46] for a freely expanding BEC, and several millimeters [47] for an
elongated BEC with the highest density of atoms close to the cen-
ter of the atomic gas. If an optical vortex with a very large core
size is used such as the ones in previous work [27–29], there is
expected to be a reduction in transfer efficiency of the optical
OAM in the optical vortex to the ultra-cold atomic gas. More
specifically, the efficiency of angular Kapitza-Dirac scattering
may be low because this process relies on momentum transfer
between the high contrast angular standing wave and atoms;
with most of the atoms located close to the center of the optical
intensity profile for atoms confined to a harmonic potential. Fur-
thermore, when studying the interaction of optical OAM in other
atomic, molecular, liquid and solid state systems [2, 6–12], the
small optical vortex core will also be of significance in increasing
the the light-matter interaction volume, thus enhancing the the
signal due to optical OAM.

Fundamentally, within the evanescent region of the SPP, the vortex
core of this Gaussian intensity envelope optical vortex is filled in with
light waves where the magnitude of the core size is on the order of the
wavelength of light, λ [36, 48]. At approximately one wavelength of
light away from the SPP device, the evanescent field vanishes and a
vortex core is formed [49]. Analytic equations describing the propaga-
tion of the optical vortex from the evanescent region of the SPP into the
far field is given in refs. [30, 31, 36]. In this work, there are reasons
for the measured size of the optical vortex core to be limited to
a particular value. The first reason is that the vortex core size
is limited by the resolution of the 4 f imaging system. Using a
USAF test pattern purchased from CVI, the 4 f imaging system
resolution as defined by the Rayleigh criterion is 17.8 µm. The
analysis to obtain the imaging resolution is in Appendix A. The
second reason is that the vortex core size is set by the size of
the fabrication defect at the center of the SPP. The fabrication
defect can be seen in Fig. 2 as a dark horizontal line resulting
from the sudden change in material thickness at φ = {0, 2π}. It
is estimated to be approximately wv = 23 µm (See Fig. 6 and
7 in Appendix B). The size of the fabrication defect of the SPP
sets an upper limit to the vortex core size in this work. This
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yields a ratio of vortex core size to 1
e2 beam radius of wv

w0
≈ 0.02.

When the optical vortex propagates into the diffraction far field
of the SPP, the ratio of optical vortex core size to beam waist is
typically over 2 orders of magnitude larger (i.e. wv

w0
≈ 3). Perfect

imaging would result in a core size limited by the fabrication defect at
the center of the SPP.

5. DISCUSSION

The small core counter rotating optical vortices suitable for ma-
nipulating matter waves can also be generated using a spatial
light modulator (SLM) or liquid crystal q-plate [32] in combina-
tion with a 4 f lens arrangement. The advantage of combining an
SPP, MZI, and 4 f lens arrangement are in applications requiring
high power since these devices can take a high optical thermal
load from the laser beam compared to an SLM (and liquid crys-
tal q-plate) without getting damaged. A high power optical vortex
grating would be of significance in Kapitza-Dirac diffraction of elec-
trons using a fork-like structure or counter-rotating optical vortices.
When the optical vortex grating is created with broadband pulses of a
high peak power (e.g. 2.3 MW), an SPP with high transmission and
low dispersion [23] could be utilized.

Irrespective of whether an SLM or SPP is used to generate the
small core optical vortex with a large beam waist, it is not only
applicable for manipulating matter waves and spectroscopy but
may be advantageous in other areas involving short distance op-
tical vortex propagation (e.g. free space optical communication).
Previous literature has shown that there is “confusion” in un-
derstanding the divergence dependence of optical vortices upon
propagation [16]. The question that arise is whether the diver-
gence of the optical vortex beam scales linearly with ` or as the
square root of ` as the beam propagates. Using an optical vortex
beam with a Gaussian intensity envelope avoids this problem.
This is because the beam is imaged immediately after it acquires
an optical vortex, and projected on a plane far away from the
device. In other words, the beam would have a Gaussian in-
tensity envelope with a point vortex core size. Therefore, the
intensity profile of the optical vortex will be the same regardless
of the distance from the device. A one lens imaging system (e.g.
ref. [38]) or a 4 f imaging system with two lenses (e.g. section 3)
of appropriate focal length and diameter would have to be used
in order to realize the optical vortex with a Gaussian intensity
envelope and point optical vortex size. Standard commercial optics
is expected to work well over short distances (≈ 1 meter). As such,
the optical vortex with a point vortex core and Gaussian intensity
profile may be modulated to carry data for short distance free space
communication, thus addressing some of the challenges [15] in short
range (≈ 1 meter) free space optical communication. One of these
addressable challenges include increasing the signal to noise ratio due
to OAM light in the communication system.

6. CONCLUSION

The requisite counter-rotating optical vortex fields having core
sizes smaller than the characteristic size of the beam waist have
been created using a combination of a spiral phase plate, Mach-
Zehnder interferometer, and a 4 f imaging system. By fitting
the optical intensity pattern, a precise and accurate value of the
optical vortex winding number is obtained. The small optical
vortex core should allow for efficient transfer of OAM to an
atomic cloud or other matter wave system. Furthermore, the
periodic angular standing wave which forms a novel Kapitza-
Dirac grating would allow for exchange of optical OAM between

the counter-rotating optical vortex fields mediated by atoms (or
other matter wave system). The optical potential generated in
this paper also opens up the possibility of studying atomic vor-
tices on the entire transverse plane as opposed to just a ring of
maximal intensity. While the optical vortices have been mostly
discussed in the context of creating optical vortex field for matter
wave experiments (i.e. angular Kapitza-Dirac diffraction), it is
also expected be useful for performing spectroscopy of solids,
liquids, atoms and molecules with enhanced signal due to the
optical OAM light as well as in short range optical communica-
tion.

APPENDIX A: IMAGING RESOLUTION

An important part of quantifying the vortex core size in sec-
tion 4, is knowing the imaging resolution. This is done by mea-
suring the imaging resolution of the lens using a US Air Force
(USAF) test pattern and interpreting the resolution in terms
of the Rayleigh criterion. In this appendix, we quantify the
experimental resolution of the imaging system. This includes
the resolution on both arms of the MZ interferometer and the
“vertical” and “horizontal” resolution of each arm of the MZ
interferometer. Fig. 3 shows the mask of a USAF test pattern,
and a few images showing different regions of the test pattern.
The resolution is quantified through a convolution of the point
spread function with the mask on the USAF test pattern. It is
represented as:

Fres (σ) =
∫ ∞

−∞
Gps f (x, σ) Hamp (x) dx (11)

Gps f (x, σ) =
1√

2πσ2
e−

x2

2σ2 (12)

Hamp (x) = 1−Unitbox
[

x− 2wb
wb

]
−Unitbox

[ x
wb

]
−Unitbox

[
x + 2wb

wb

]
(13)

The point spread function (PSF) is modeled as a normalized
Gaussian function, Gps f (x), of width, σ. The Unitbox [x1] is
equal to 1 for |x1| ≤ 1

2 and 0 otherwise. wb = 5 is the width
of the box in pixels which represent one rectangular box of the
test pattern mask. The mask of the test pattern is a unit box nor-
malized to a maximum value of 1. The resolution is determined
from the value of σ. To gain insight into the parameter σ in Eq. 11
when light illuminates a test pattern, Fig. 4 shows calculated
values for different σ. The USAF test pattern in this case are 3
unit box rectangles on a piece of glass. When σ is very small,
it is seen that the resolution is high and the unit rectangle can
be easily resolved. However, when σ is a large value, it is seen
that the imaging system is of low resolution, and the rectangles
cannot be resolved.

In the collection of the experimental data, the particular test
pattern mask that is being analyzed is centered on the Gaussian
beam to reduce effects due to the curvature of the beam while fit-
ting the data. Some of the raw experimental data is illustrated in
Fig. 3 (b)-(d). The raw image is analyzed by cropping the image
to have a test pattern mask corresponding to a particular group
and element number. The inset of Fig 5 show the individual test
pattern mask that is analyzed. The experimental data is fit to
the numerical model in Eq. 11 to determine the value of σ for
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(a) (b)

(c) (d)

Fig. 3. (a) Mask of USAF test pattern. (b) Image showing some
of group 4 and 5 and some of the elements in this group, e.g.
element 2 in group 4. (c) A few more element in group 4 is
centered on beam. (d) Group 5 elements are centered on the
beam.
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Fig. 4. Three unit boxes to illustrate the mask on the USAF test
pattern (black), and Fres (σ) in Eq. 11 for different values of σ
(red). The unit boxes are better resolved for smaller values of σ
(i.e. better overlap of the black and red line), and less resolved
for large values of σ (i.e. reduction in overlap of the black and
red line).
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Fig. 5. Imaging resolution of 4 f system. Black circles are ex-
perimental data points, red curve is the fit function shown
in Eq. 11, and blue line form three unit boxes for USAF test
pattern mask. The inset contains the actual experimental
test pattern image. (a) Horizontal bars in group number 4
with element number 4 (i.e. 22.62 line pairs per mm) with
σfit

f y = 1.39± 0.13 pixels, and (b) Vertical bars in group num-
ber 4 with element number 4 (i.e. 16 line pairs per mm) with
σfit

f x = 1.66± 0.12 pixels for the flip mirror arm of MZ interfer-
ometer; (c) Horizontal bars in group number 4 with element
number 6 (i.e. 28.51 line pairs per mm) with σfit

oy = 0.98± 0.11
pixels, and (d) Vertical bars in group number 4 with element
number 1 (i.e. 22.62 line pairs per mm) with σfit

ox = 1.29± 0.17
pixels for the other arm of the MZ interferometer. The dips
are areas of low light level, and peaks are areas of high light
levels.

the 4 f imaging system (Fig. 5) surrounding the MZ interferome-
ter. From the experimental data it is seen that the vertical and
horizontal resolution is σfit

f y = 1.39± 0.13 pixels (Fig. 5 a), and

σfit
f x = 1.66± 0.12 pixels (Fig. 5 b), respectively for the flip mirror

arm of the MZ interferometer (i.e. arm with optical elements
(c), (g), (h), and (i)). For the other arm of the interferometer,
the vertical and horizontal resolution is σfit

oy = 0.98± 0.11 pixels
(Fig. 5 c) and σfit

ox = 1.29± 0.17 pixels (Fig. 5 d), respectively
(i.e. arm with optical elements (d) and (e)). The error on the
fit is determined from the standard error of the fit algorithm.
Each pixel on this particular CCD camera is 4.65 µm by 4.65 µm.
These results suggest that the vertical resolution is slightly better
than the horizontal resolution, and the resolution of the other
arm is slightly better than that of the flip mirror arm of the MZ
interferometer.

The resolution parameter, σ, is related to the resolution as de-
fined by the Rayleigh criterion (i.e. δR = 1.22 f×λ

D ) by fitting the

Gaussian function to an Airy function. This gives σ = 0.42 f×λ
D ,

and so the relationship between between the Rayleigh criterion
and σ is δR = 2.88σ. The resolutions reported above for the MZ
interferometer is estimated to be δ

f it
R = 2.88σfit ≈ 17.8µm as

shown in section 4 of the paper.

APPENDIX B: SPP CENTER DEFECT AND VORTEX
CORE SIZE

The center defect of the SPP device puts a upper limit on the
measured size of the optical vortex core. The center defect is
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Fig. 6. An optical vortex of `1 with Gaussian envelop from
one arm of the MZ interferometer. (a) Integrated counts of x-
axis as a function of the y-axis. (b) Same as (a), for a range of
26 pixels in the vicinity of the beam’s center. (c) Azimuthally
integrated counts as a function of the radial variation of the
beam. (d) same as (c), but for 23.8 pixels.
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Fig. 7. An optical vortex of `2 with Gaussian envelop from
one arm of the MZ interferometer. (a) Integrated counts of x-
axis as a function of the y-axis. (b) Same as (a), for a range of
26 pixels in the vicinity of the beam’s center. (c) Azimuthally
integrated counts as a function of the radial variation of the
beam. (d) same as (c), but for 23.8 pixels.
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Fig. 8. Radial interference fringes due to a difference in radius
of curvature of the two beams overlapped at the second beam
splitter of the MZI. (a) Radial fringes decreasing as the differ-
ence in optical path length (OPL) is made smaller; OPL = 4.36
cm. A cross section of the radial fringes is in (b). Experimental
data illustrating a decrease in radial fringes as the difference in
OPL is being compensated is shown in (c).

measured for the two SPPs that generates an `1 and `2 corre-
sponding to Fig. 2 (a) and (d), respectively. By imaging the beam
immediately after the device, the center defect is found to be
approximately 5 pixels which corresponds to 23 µm. Take note
that each pixel is 4.65 µm wide. This is shown in Fig. 6 and Fig. 7
for the SPPs that generates `1 and `2, respectively.

APPENDIX C: RADIAL FRINGES DUE TO DIFFERENCE
IN RADIUS OF CURVATURE BETWEEN MZI ARMS

As the MZ interferometer is in the middle of the 4 f lens arrange-
ment, differences in the optical path length between the two
arms of the interferometer causes a difference in the curvature of
the wavefronts in each of the arms. This results in radial interfer-
ence fringes when beams from both arms of the interferometer
are overlapped at the second beam splitter. These interference
fringes are visible on the image plane of the 4 f lens arrange-
ment. In order to show this, we start with the amplitude in Eq. 9
describing the intensity immediately after the SPP device for a
single arm of the MZ interferometer:

u(r, φ, z) = u0
w0

w (z)
e−r2/w2

0 eikze−ik r2
2R(z) ei(`+1)ζ(z)e−i`φ, (14)

To describe the radial fringes, the radius of curvature term will
be the main focus. For a single lens inserted before the MZ
interferometer the radius of curvature term can be approximated
as R (z) ≈ f , where f is the focal length of the lens. When there
is a difference in optical path length between both arms of the
MZ interferometer of ∆z, then the relevant terms of the field

amplitude on one arm will be u1 ≈ A1e−i
k(x2+y2)

2 f , and that of the

second arm will be u2 ≈ A2e−i
k(x2+y2)

2 f+∆z . This gives the following
field amplitude, ur, for the radial pattern:

ur (r, z) ≈ u1 + u2, (15)

The intensity will be of the form:

Ir (r, z) ≈ |ur|2 , (16)



Research Article Journal of the Optical Society of America B 9

By including other relevant terms in Eq. 14, the following inten-
sity is obtained:

Ir (r, φ, z) ≈ I0e
− 2r2

w2
0 cos (2`φ + φ0)Cos2

(
kr2∆z
4 f 2

)
, (17)

The last term, Cos2
(

kr2∆z
4 f 2

)
, is responsible for the radial fringes

due to a small difference in optical path length between both
arms of the interferometer. A check shows that when ∆z → 0,
the radial fringes goes away, and when ∆z gets larger, more
radial fringes emerge from the interferometer. Fig. 8(a) shows
the calculated 2D intensity pattern for different optical path
length differences, ∆z, with the following parameters: w0 = 1.5
mm, ` = 0, φ0 = 0, and f = 150 mm. To clearly see the radial
intensity fringes, the cross-section of Fig. 8 (a) is shown in Fig. 8
(b) for a difference in optical path length (OPL) of 4.36 cm, and
then made smaller. Experimental data to illustrate this effect
where the SPP is not present in the optical set-up in Fig. 1 (i.e.
` = 0) is shown in Fig. 8 (c).
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