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Radially self-accelerating light exhibits an intensity pattern that describes a spiraling trajectory
around the optical axis as the beam propagates. In this article, we show in simulation and experiment
how such beams can be used to perform a high-accuracy distance measurement with respect to a
reference using simple off-axis intensity detection. We demonstrate that generating beams whose
intensity pattern simultaneously spirals with fast and slow rotation components enables a distance
measurement with high accuracy over a broad range, using the high and low rotation frequency,
respectively. In our experiment, we achieve an accuracy of around 2 µm over a longitudinal range
of more than 2 mm using a single beam and only two quadrant detectors. As our method relies on
single-beam interference and only requires a static generation and simple intensity measurements,
it is intrinsically stable and might find applications in high-speed measurements of longitudinal
position.

I. INTRODUCTION

Structuring the spatial shape of light fields has become
a broad research field spanning areas from the founda-
tions of optics to optical communication, materials pro-
cessing, quantum optics, and microscopy, to name a few1.
Amongst many interesting features structured light may
have, one in particular has attracted a lot of attention
and might even be seen as the starting point of the field,
namely the azimuthal phase structure connected to the
orbital angular momentum (OAM) of light2. Light fields
carrying such OAM have a transverse phase of the form
exp(−i`ϕ), where ϕ is the azimuthal coordinate and `
defines the quanta of OAM each photon carries3. These
transverse scalar modes are commonly known as vor-
tex modes, or donut beams as they have a phase sin-
gularity and, thus, an intensity null along the optical
axis. Over the last decades, various techniques to imprint
such twisted structures have been established, e.g., spiral
phase plates4; holographic generation using spatial light
modulators5–7; cylindrical lenses8; q- and J-plates9–11; or
direct generation of the light field inside the cavity of a
laser12.

One particular family of modes, whose higher orders
have an azimuthal phase ramp, is known as Bessel beams.
Bessel beams are propagation invariant light fields de-
scribed by Bessel functions13. They have received sig-
nificant attention due to being diffraction-less14,15 and
self-healing16,17. While zero-order Bessel beams have an
intensity maximum along the optical axis and do not
carry OAM, higher orders have a twisted phase structure
leading to well-defined quanta of OAM per photon. In
addition, Bessel beams are comparatively easy to gener-
ate using a ring aperture, with or without an azimuthally
varying phase, at the back focal plane of a lens (k-space).
The light fields in the focal plane of the lens, which have
undergone an optical Fourier transformation, then resem-
ble the theoretical Bessel beams; however, they have a
finite beam extent and are therefore called Bessel-Gauss
beams. If not only one ring but multiple rings of dif-
ferent radii and different orders are put into the back

focal plane of the lens, a superposition of multiple Bessel
beams is generated. Interestingly, the obtained super-
position structures show the peculiar feature of spiraling
around the optical axis along the propagation direction
if the constituents forming the superposition have differ-
ent OAM values18–21. This property of complex super-
positions of higher-order Bessel beams has been the fo-
cus of various research efforts. Thorough theoretical and
experimental studies of such spiraling beams have been
performed, which have been enabled by the progress in
experimental techniques of generating such beams with
high precision and flexibility22–26.

Contrary to Airy beams, whose self-accelerating char-
acter is essentially given by the fact that an observer
in a reference frame solidal with an Airy beam would
experience a tangential fictitious force27 that results in
their characteristic parabolic propagation profile, radi-
ally self-accelerating beams (RSABs) are characterised
by a centrifugal fictitious force linked to their character-
istic spiraling motion28. As such they are also distinct
from another class of self-accelerating beams, recently
investigated in29,30.

In this work, we demonstrate a novel application of
spiraling beams as a means to determine the longitudi-
nal distance with high accuracy by only measuring the
intensity using a quadrant detector, i.e., in a limited num-
ber of off-axis locations. First, we briefly introduce the
theory behind spiraling beams and describe how super-
positions of three Bessel modes can lead to a complex
rotating pattern having both quickly and slowly rotating
parts at the same time. We then show in simulations
and experiments that using such a spiraling beam en-
ables the accurate determination of distance over a long
range when the intensity using two quadrant detectors
(or in minimally three off-axis positions) is recorded. In
the experimental implementation, we are able to achieve
an accuracy of around 2 µm over a range of 2 mm. The
obtained result is mainly limited by the aperture of our
optical system, as well as the resolution of the gener-
ating and detecting devices. Hence, the proposed and
demonstrated method of measuring a longitudinal dis-
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tance using structured light might find promising appli-
cations, similar to self-accelerating Airy beams, which
for example have been used to resolve depth in mi-
croscopy applications recently31,32. Due to its simplicity
and high accuracy, our method nicely complements other
available techniques using light, e.g., time-of-flights mea-
surements as used in LIDAR systems33, interferometric
approaches34, or schemes that rely on complex scattering
of structured light fields35, to name a few.

II. THEORETICAL BACKGROUND

A. Spiraling light fields

Measuring the longitudinal position, i.e., a certain dis-
tance with respect to a fixed reference, using an inten-
sity structure that changes over propagation requires a
light field with well-defined propagation dynamics. The
recently demonstrated radially self-accelerating, or spi-
raling, light fields, which show a constant rotation of the
intensity pattern along the propagation direction, are a
very convenient solution to use. While light with more
complex propagation dynamics would require sophisti-
cated evaluation procedures, rotating structures allow
the determination of the longitudinal position through
simple measurements of the rotation angle. Importantly,
such light fields can be easily realized by superimposing
(at least) two vortex beams, each having a different OAM
value ` as well as two different longitudinal wave vec-
tors kz defining the propagation dynamics28. The two-
component solution, i.e., the so-called helicon beams, can
then be written as

u(r, φ, z) = A`1(r) exp [i(k1zz + `1ϕ)]+A`2(r) exp [i(k2zz + `2ϕ)],
(1)

where the indices 1, 2 label the two constituents and
A`(r) is a radially-dependent envelope function. The re-
sulting intensity, I = u(r, ϕ, z)u(r, ϕ, z)∗, can then be
obtained to be

I(r, ϕ, z) ∝ cos2 [∆kz + ∆`ϕ], (2)

where ∆k = (k1z − k2z)/2 is the difference between the
wave vectors of the two beams and ∆` = (`1−`2)/2 is the
difference between their OAM values. Notice, moreover,
that we have only kept the part of the intensity that is of
importance, i.e., the one including the required angular
and z-dependence. For more details we refer the inter-
ested reader to earlier works28. From (2) we find that the
angular orientation of the intensity profile φ(z) changes
along the beam propagation according to the relation

φ(z) =
z∆k

∆`
, (3)

from which the angular velocity can be calculated as

ω =
∂φ(z)

∂z
=

∆k

∆`
. (4)

One such beam propagation is shown in Fig. 1, where
the spiraling of the mode along the propagation axis is
depicted.

FIG. 1: Normalised three-dimensional representation of the
propagation of the central lobe of a radially self-accelerating
beam along the z direction, as defined in (1), consisting of
the superposition of `1 = 0 and `2 = 1 Bessel modes, which
matches the form of the single-frequency beam used in the ex-
periment. The transverse directions {k0x, k0y} are normalised
to the central k-vector of the beam, i.e., k0, while the longi-
tudinal direction (i.e., the propagation direction z) has been
normalised to the rotation period Λ = 2π/ω, with ω being the
rotation speed defined by (4). The plot shows propagation up
to the first two periods. The colour scale in the picture rep-
resents different iso-intensity surfaces, with brighter colours
indicating regions of higher intensity. As can be seen, the
whole intensity distribution rigidly rotates around the z axis
with rotation speed 2π/Λ. This peculiar propagation pattern
is the result of interference between the various Bessel beam
components constituting the radially self-accelerating beam,
as described by (1).

In other words, if we measure the intensity over a cer-
tain angular region, the intensity along the beam prop-
agation follows a periodic cos2-function and can be used
to determine the longitudinal distance unambiguously
within half a period. In principle, a simple measure-
ment of the intensity at an off-axis transverse position
therefore allows the determination of a distance with ar-
bitrary precision. In practical situations, however, errors
induced by the generation or measurement of the struc-
ture result in an uncertainty in the determination of the
intensity’s angular position, which leads to a limitation of
the longitudinal accuracy. One direct way to improve the
measurement accuracy despite these imperfections is to
increase the rotation frequency of the structure with re-
spect to its propagation. The faster the rotation, the bet-
ter the accuracy in measuring the longitudinal distance
z. Hence, one aim in high-accuracy distance measure-
ment using self-accelerating light fields is to achieve the
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largest possible difference in the longitudinal wave vec-
tors ∆k allowed by the optical system. We also see that
the difference in the OAM values ∆` should be kept as
small as possible, i.e., the `-values of the two constituent
beams should only differ by 1.

Obviously, improving the longitudinal accuracy by in-
creasing the rotation frequency comes at the cost of a
reduced longitudinal range over which an unambiguous
determination of the angular position is possible by only
examining the intensity pattern. To circumvent this lim-
itation, it is possible to realize a more complex structure,
which shows a rotating intensity pattern that includes
two (or more) well-defined rotation frequencies. Ideally,
the intensity structure should have one very high rotation
frequency used to obtain locally a high-accuracy mea-
surement of the longitudinal position. The intensity dy-
namics should further include a rotating structure with
very low frequency from which it is possible to deter-
mine the global distance and discriminate between dif-
ferent fast-varying periods. Both frequencies need to be
adjusted such that each period of the high-accuracy mea-
surement can be distinguished from any other using the
slow rotation pattern. In the theoretical description, this
idea can be implemented by adding a third term to the
equation earlier introduced (1), such that we obtain

u(r, φ, z) = A`1(r) exp [i(k1zz + `1ϕ)]

+A`2(r) exp [i(k2zz + `2ϕ)]

+A`3(r) exp [i(k3zz + `3ϕ)]. (5)

As can be seen, the electric field defined above contains
three different contributions, each characterised by its
spatial frequency ki and OAM `i. If we now calculate
the intensity distribution generated by such a field, we
will have, together with the contributions of the single
terms in (5) – i.e., terms proportional to |A`k |2 – also all
the possible interference terms between the three beams
composing the field above. We can therefore write, ne-
glecting the z- independent terms, which amount only to
an overall normalisation factor (supplemental material
of28),

I ∝ cos2 [∆k1,2z + ∆`1,2ϕ] + cos2 [∆k1,3z + ∆`1,3ϕ]

+ cos2 [∆k2,3z + ∆`2,3ϕ], (6)

where we labelled ∆ki,j = (kiz − kjz)/2 and ∆`i,j =
(`i − `j)/2 as the pairwise differences between the wave
vectors and OAM values of the three fields. By choosing
∆`2,3 = 0, i.e., `2 = `3, the angular dependence of the
propagation dynamics of the last term vanishes. Hence,
we obtain the required light field, whose structure rotates
with only two rotation frequencies at the same time.

B. Experimental implementation

In an experiment, it is convenient to realize these ra-
dially accelerating beams in the framework of Bessel

beams, i.e., A`(r) = J`(rkr)36,37. For Bessel beams
the longitudinal wavevector kz can straightforwardly con-
trolled by adjusting its radial counterpart kr. Both quan-
tities are related through

kz =
√
k2 − k2r , (7)

where k = 2π/λ labels the wavenumber and λ corre-
sponds to the wavelength of the utilized light field.

As the angular spectrum of a Bessel beam forms a ring
in k-space, such beams are relatively simple to generate in
the laboratory. By modulating an incoming light field to
have a ring-shaped amplitude at one plane (k-space), we
can transform the light into a Bessel beam (real space)
by implementing an optical Fourier transform using a
properly placed lens. The lens is placed one focal distance
f away from the initial modulation plane, i.e., in the back
focal plane of the lens, such that at around another focal
distance behind the lens a Fourier transform leads to a
Bessel beam with a well-defined longitudinal wave vector
kz. In the modulation plane is a phase-only spatial light
modulator (SLM) whose screen displays a holographic
pattern, generated by a MATLAB script, that modulates
the amplitude and phase of the beam into the required
ring shape38. Depending on the radius r of the ring in
the modulation plane, the Bessel beam with longitudinal
wave vector

kz =
2π

λ
cos

(
r

f

)
(8)

will be obtained, which follows from simple geometric
arguments24,37.

A radially self-accelerating beam, such as the one de-
scribed above, follows from simply modulating the light
field to have two (or more) rings with different radii ri
and individual OAM values `i. The spiraling around the
optical axis can thus be tuned by changing the radii of
the two rings, leading to a wave vector difference

∆ki,j = (kiz − kjz)/2

=
π

λ

[
cos

(
ri
f

)
− cos

(
rj
f

)]
. (9)

As discussed earlier, to achieve the best possible longi-
tudinal accuracy, we aim at generating a structure that
contains both a very high and a very low rotation fre-
quency at the same time. To realise such a rotating struc-
ture, the light field generated by the SLM needs to con-
tain three Bessel beam components, so that their mutual
coupling gives rise to a fast-rotating and a slow-rotating
self-accelerating beam. The former, for example, results
from Bessel beam components 1 and 2, whose difference
in radii should be as large as the optical system allows,
while the OAM value differs by only a single quanta, i.e.,
∆` = 1. As one of the rings, ring 2, necessarily has
to have a large radius r2 leading to a large difference in
longitudinal wave vectors ∆k1,2, the interfering light field
and, thus, the rotating structure will be strongly confined
at a small transverse region around the optical axis.
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The slow-rotating part, on the other hand, results from
Bessel components 1 and 3, so the radii of the two rings
should be very similar to obtain a small difference in
wave vectors ∆k1,3. However, the difference should also
be large enough that the resulting rotation frequency al-
lows us to discriminate between the repeating periods of
the fast-oscillating signal. If these two rings are chosen to
be similar in radius but much smaller than ring 2, the ro-
tating light field in the Fourier plane of the lens, i.e., the
slowly rotating structure, will cover not only the area in
close proximity of the optical axis but also the outer re-
gion. Note that examples of the ring-shaped modulation
patterns and the resulting propagation dynamics of the
spiraling beams can be found in Figures 3 and 5 in later
sections. This difference in the radial intensity compared
to the fast-rotating structure enables us to discriminate
the two differently varying patterns by observing the in-
tensity in different radial regions. In the simplest case,
these regions might be defined by a single transverse lo-
cation where the intensity is evaluated. However, higher
experimental accuracy can be obtained using two quad-
rant detectors, one for each rotating structure, which
evaluate the differences between opposing quadrants to
increase the signal-to-noise ratio. As such detectors can
work with tens of nanoseconds of rise time, the proposed
method might also find applications in high-speed longi-
tudinal position measurements.

Another important aspect is the overall distance over
which the spiraling intensity can be observed. Here, the
ultimate limit is given by the width of the ring in the
modulation plane that generates the Bessel beam. The
narrower the ring, the longer will the spiraling beam sur-
vive, thus allowing a measurement for longer distances.
On the contrary, the wider the ring width is, the shorter
will be the self-accelerating beam in the focal region, thus
allowing measurements over only a very short distance.
Obviously, in applications the ring width is determined
by the resolution of the modulation device, which is in
our case the SLM (see below), as well as the minimum
amount of light required to detect the rotating intensity
patterns. Using high-resolution generation methods, self-
accelerating beams over a distance of 70 mm have been
demonstrated already15.

We further note that, in principle, one can also tune
the rotation frequency by adjusting the difference in the
OAM values ∆l of the two constituent beams, as can be
seen in formula (3). However, by doing so, one should
keep in mind that large differences in OAM result in
beams of more complex angular structures, which might
also require a detection system that is able to resolve
those structures. Moreover, if the two constituents differ
by many OAM quanta, they also show a significant differ-
ence in their OAM-induced divergence of the beam39. As
this difference also leads to a fast decrease in their spatial
overlap, the region over which the interference and, thus,
the rotation can be observed is reduced. Hence, improv-
ing the accuracy as well as the distance over which it can
be measured is preferably done by tuning the rotation

frequency through adjustments to the longitudinal wave
vector difference ∆k.

III. RESULTS

A. High-accuracy measurements

As a first task, we investigated the largest possible ro-
tation frequency and, thus, the highest possible accuracy.
Before testing the theory in the laboratory, we performed
the so-called split-step propagation method40 to simulate
the entire setup. A sketch of the setup can be seen in Fig.
2.

During the first set of simulations, the main aim was
to verify the idea and find the fastest rotation of the
angular modes that was still within the limitations of
our experimental system. These limitations were mainly
the aperture of our optics (1-inch); the pixel resolution
of our modulating device, a phase-only SLM (Holoeye,
Pluto-2.1-NIR-011 LCOS, 1920×1080 pixels, 8 µm pixel
size); and the pixels of the detection system, a camera
(ZWO ASI120MM Mini, 1280×960 pixels, 3.75 µm pixel
size).

SLM Laser
f2

f3

Image
plane

Camera
on TS

λ/2

f1

f3

f4
A

FIG. 2: Sketch of the experimental setup used in simulation
and experiment. A laser beam with a wavelength of 780 nm
is enlarged to a wide radius using a telescope (lenses f1 and
f2). For maximum efficiency, the beam’s polarization is con-
trolled by a half-wave plate λ/2 such that it aligns with the
orientation of the diffraction grating on the SLM, which mod-
ulates the diffracted light to have a shape with a central circle
and ring(s) and imparts angular momentum to the ring(s).
The beam is filtered through a 4f optical system (lenses f3)
that extracts the first diffraction order, thereby removing the
un-modulated light. Beyond the image plane, the structured
beam is focused by another lens f4. The resulting spiraling
structure is imaged by a camera on a translation stage (TS).

In order to achieve the best matching between simula-
tion and experiment, we included in the simulation the
spatial resolution of our modulation and detection plane
using the values of our laboratory system. In particular,
we set the pixel size of the simulation to 1.875 µm, which
is half the size of the physical pixels of our camera used
in the experiment.

At first, we started by simulating a beam that only
rotates with a single frequency, i.e., a beam consisting of
two Bessel components, as described in equation (1). To
achieve the largest difference in their longitudinal wave
vectors, we generated two Bessel beam components from
two ring-shaped patterns of very different radii in the
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Fourier domain. The larger ring size was mainly limited
by the screen size of the SLM as well as the optical aper-
tures in our system. The ring we utilized had an inner
radius of r1=3.5 mm, with a ring width of 0.1 mm, and
imprinted an OAM value of ` =1 onto the beam. As the
length over which the rotating intensity pattern exists is
determined by the ring width, we chose the smallest pos-
sible width allowed by the resolution of the modulation
device, i.e., the pixel size of the SLM. Utilizing an SLM
with a pixel size of 8 µm, we chose a ring width of 100 µm
in order to have around 11-13 pixels at any given angu-
lar position, which allowed an efficient generation using
holographic methods. We chose the smaller ring to be
a circular area of radius r0 = 0.4 mm with a flat phase,
i.e., an OAM value of ` = 0 (see Fig. 3a). The circu-
lar area was optimized to have a similar intensity as the
ring, taking the Gaussian shape of our input light field,
with a beam waist of 4.1 mm, into account. This opti-
mization was done because equal amplitudes of the two
components result in a rotating pattern with improved
visibility25,36, which in our task improves the accuracy.
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FIG. 3: Simulation for high-accuracy measurements. a) In the
inset, the modulation pattern is shown to generate the spiral-
ing structure. Its brightness corresponds to the amplitude of
the light, and the color depicts the phase of the modulation.
For clarity only the modulation is shown, not the holographic
pattern required in the experiment. The green lines depict the
region utilized to emulate a quadrant detector. b) The sim-
ulated angular intensity changes over propagation distance.
Four exemplary intensity patterns are shown as insets to vi-
sualize the spiraling behaviour. Comparing the intensities
found in 4 quadrants, shown in a), around the optical axis
enables the determination of the longitudinal position. The
intensity difference between quadrants 1,2 and 3,4 (2,3 and
1,4) leads to a sinusoidal curve shown in black (red) with a
period of 311.2 µm. Using both fast-varying curves the longi-
tudinal positions can be unambiguously determined over one
half period.

Finally, the ring-shaped intensity patterns were trans-
formed into a spiraling beam through an optical Fourier
transform using a lens of 50 mm focal length. The focal
length was mainly limited by the pixel size of the camera,
as shorter focal lengths lead to beams of smaller extent in
the focus. We note that a magnification system might be
used to circumvent this constraint if shorter focal length
lenses are required.

In order to determine the propagation distance from
the change in angular intensity, we simulated the inten-

sity in a 300×300-pixel region centered on the optical
axis during propagation. We then registered the inten-
sity within a circular region of radius 3.75 µm around the
optical axis. To emulate a quadrant detector we summed
up the registered intensity of each of the four quadrants
and evaluated the difference between the intensities of
quadrants 1,2 and 3,4, i.e., the upper and lower halves
(see Fig. 3a). We obtained a sinusoidal curve with a
period of 311.2 µm, as shown in Fig. 3b, which matches
the value of 311 µm expected from theory. In addition,
if one evaluates the difference in intensity between quad-
rants 2,3 and 1,4, i.e., the left and right halves, it is pos-
sible to shift the steepest slope of the sinusoidal curve by
a quarter of a period (an effective phase shift of π/2).
When using both signals, it is possible to achieve the
same longitudinal accuracy at the positions where the
shallow slope of one signal would cause a significant de-
crease in accuracy (see Fig. 3b).

After having verified the method in simulations, we
turned to the experimental implementation to deter-
mine the actual accuracy limits of our system due to
experimental imperfections and errors. In the exper-
iment, sketched in Fig. 2, we used a fiber-coupled
single-frequency Toptica laser (DLpro) at a wavelength
of 780 nm. We enlarged the laser beam using a tele-
scope system to a beam waist radius of approximately
4.1 mm, such that it illuminated the whole screen of
the SLM. Via reflection off the SLM screen, we modu-
lated the beam to have the multiple-ring shaped intensity
structure with the dimensions described above. As the
SLM is a liquid-crystal phase-only modulation device41,
we used holographic modulation techniques to perform a
complex amplitude modulation. This is done by display-
ing the diffractive holographic pattern only at the ring-
shaped regions where we wanted to obtain a light field38.
Through filtering only the first diffraction order using an
aperture in a Fourier plane of a 4f -system, we not only
imprint the required phase but also carve out the required
intensity structure. At the image plane, we obtained the
required ring-shaped amplitude that leads to a spiraling
beam after a Fourier transformation, as described earlier.
Analogous to the simulations, we performed this Fourier
transformation using another lens with a focal distance
of 50 mm.

To record the spiraling structure, we placed the camera
on a high-accuracy motorized translation stage, which
was scanned over 1 mm in steps of 1 µm. The recording
and translation of the camera were automated by inter-
facing the camera and translation stage with LabVIEW.
At each position, we recorded 50 frames, from which we
obtained the average and standard deviation of the an-
gular intensity along the optical axis. Analogous to the
simulation, we emulated a quadrant detector by register-
ing the intensity difference between different quadrants
illuminated by the beam. As the beam waist in the focal
plane is very small, we only used 4 pixels of size 3.75 µm,
each corresponding to one quadrant.

The resulting variations in intensity when comparing
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FIG. 4: Experimental high-accuracy distance measurements.
a) The scatter plot of intensity differences between quadrants
1,2 and 3,4 (2,3 and 1,4) are shown in black (red). The in-
tensities are obtained by averaging 50 images for each posi-
tion. The solid lines show the corresponding sinusoidal fits
to the measurements. b) The displacement accuracy analy-
sis is obtained using the fitted sine functions and the error
propagation method from the standard deviation of intensity
fluctuations at each position. We find a best accuracy of 1-
2 µm at the points of steepest slope. For maintaining the
minimum error, one must hop between the steep slopes of the
red and black curves, which leads to obtaining the accuracy
of 2.2±0.9 µm over the full range (larger symbols).

quadrants 1,2 and 3,4 are shown in Fig. 4a, demonstrat-
ing a period of about 332.6±0.3 µm. This result matches
the expected period from theory and simulation, with
the small discrepancy attributed to experimental imper-
fections such as finite resolution and misalignment. Using
the standard deviation of the intensity at each position
as the experimentally determined error and taking the
known sinusoidal curve into account, we determined the
longitudinal accuracy or displacement accuracy through
error propagation. Hence, we define the displacement
accuracy as the minimal displacement for which the er-
rors of two data point do not overlap, i.e., the two data
points that can be discriminated with a 1-σ confidence
interval. We found that at the steep slope of the curve,
two different longitudinal positions that are 1 to 2 µm

apart can still be resolved with one standard deviation
significance (see Fig. 4b). As expected, the accuracy de-
creases dramatically around the extremal regions of the
sinusoidal curve. However, as mentioned earlier, evaluat-
ing the difference in intensity between the left and right
halves (quadrants 2,3 and 1,4) results in a periodic sig-
nal that is shifted by a quarter of a period relative to the
signal of the upper and lower halves. We can therefore al-
ways refer to a fast-varying signal regardless of position,
so the strong reduction of accuracy due to slow intensity
variations at the extremal points of the sinusoidal curve is
circumvented. When switching between the two signals
such that the quarter period with the steepest slope is
always used for a given longitudinal region, we obtain an
average accuracy of 2.2±0.9 µm over the whole scanning
range.

B. Long range measurements

In order to overcome the ambiguity between multiple
fast-varying periods, we then studied a beam that spirals
with two components simultaneously: a slow one and a
fast one. The former can be used to determine the coarse
position, while the latter can be used to obtain the lon-
gitudinal distance with high accuracy. Again, we first
investigated the method in simulation before implement-
ing the scheme in the laboratory.

As discussed in the theory section, such a dual-
frequency beam can be generated by adding an addi-
tional ring to the modulation pattern. In our realization,
we used an additional ring that was slightly bigger than
the inner circular area, with an inner ring radius of r1
= 0.6 mm and a width of 100 µm. The modulation pat-
tern to generate such a beam can be found in Fig. 5a.
As before, the ring width was limited by the pixel size
of the modulating device used in the subsequent exper-
iment. The additional ring results in a beam having a
second, much smaller rotation frequency in the intensity,
as described by equation (5). To prevent a third rotation
frequency from appearing in the intensity pattern, we im-
printed the additional ring with an OAM value of ` = 1,
such that the pairwise interference only appears between
the circular central area and each of the rings. Again,
the width of the additional ring was chosen such that all
three beam components were similar in amplitude, thus
obtaining a high-visibility structure25. The rest of the
simulation remained the same as before.

Because the components of the light field that rotate
slower are stemming from the components on the inner
parts of the generation hologram, the resulting interfer-
ence is distributed over a larger region around the opti-
cal axis (see Fig. 5a and insets in b). In other words,
the angular intensity found in regions of larger radii is
strongly determined by the slow-varying pattern. This
spatial separation enables a simultaneous measurement
of both variations: the fast-spiraling part close to the op-
tical axis and the slow-spiraling part further away from
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FIG. 5: Simulation for distance measurements over a longer
range. a) An intensity structure spiraling simultaneously with
two frequencies is generated using the modulation pattern
shown in the inset. As in Fig. 3, only the complex modula-
tion is shown and the brightness depicts the amplitude and
the color depicts the phase. The simulated beam close the fo-
cal region shows the small off-axis intensity, that is spiraling
fast as before, as well as larger regions of increased intensity,
which is simultaneously spiraling slower around the optical
axis. The regions used to emulate the quadrant detectors are
depicted with green lines. b) The angular intensity variation
found in the inner and out regions around the optical axis
over propagation distance. Comparing the intensity differ-
ences found in four quadrants in the inner region (1,2-3,4 in
black and 2,3-1,4 in red) around the optical axis leads to a
fast-varying pattern used as a local high-accuracy measure-
ment analog as before. Comparing the intensity difference in
the outer region (ring-quad, 1,2-3,4), however, leads to a slow-
varying function (blue line) with a periodicity of 12.63 mm,
which will give information about the global position such
that the high-accuracy distance measurement can be extended
over multiple periods, i.e., a longer region. Small oscillations
in the slow-varying curve are due to an inevitable cross-talk
from the strong fast-oscillating signal.

the beam center. As before, we used the small circu-
lar region with a radius of 3.75 µm around the optical
axis to determine the fast variation. The slow-varying
signal was obtained by recording the intensity in a cir-
cular, ring-shaped region with an inner radius of 7.5 µm
and a width of 22.5 µm. Upon propagation, the inten-
sity follows a fast as well as slow-varying sinusoidal curve
when the differences between the quadrants are evaluated
(see Fig. 5b). As expected, the fast oscillation period is
again 311.2 µm, while the slow-varying signal has a pe-
riodicity of around 12.63 mm. While the fast-oscillating
period again matches nicely with the theoretical value
of 311 µm, we find a bigger discrepancy of the slow-
oscillating signal to the theoretically expected periodic-
ity of 10.2 mm. We attribute the latter to the fact that
we only obtained only one full fringe, which also shows
an additional modulation. The additional slow-varying
signal now allows a discrimination between the differ-
ent fast-oscillating periods and, thus, a global determi-
nation of the longitudinal position. In other words, after
a first gauging of slope of the slow-varying curve with
respect to a coarse distance measure, the fast-oscillating
signal can then be used to determine the distance with
high accuracy. However, a closer inspection of the slow-
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FIG. 6: High-accuracy distance measurements over a long
range. a) The connected-scatter plot of intensity differences
between the inner quadrants (red and black) and the ring
quadrant (blue) as shown in Fig. 5a. At every position, 25
images were recorded. b) Displacement accuracy analysis for
the slow-varying curve (blue), again obtained using the fitted
function from a), the standard deviation of the intensity fluc-
tuations at each position, and error propagation. To distin-
guish the different steep slopes of the fast-oscillating signals,
an accuracy of around 80 µm is required (dashed line), which
we achieved over a region of about 2 mm (orange shaded re-
gion).

varying curve shows that it is also slightly modulated by
the fast-oscillating signal, as the two differently spiraling
fields are not complete separable. While this leads to
an increase of the slope in some regions, it also flattens
the curve whenever the fast-varying modulation coun-
teracts the change of the slow-oscillating curve. Obvi-
ously, in these regions the accuracy of the slow-varying
signal will be reduced. Thus, an important experimental
question is to determine if the detrimental effect of this
additional modulation is small enough to allow a discrim-
ination between the different fringes using our quadrant
measurement technique: in other words, over what range
is the displacement accuracy of the slow-varying signal
less than 1/4 of the period of the fast-varying signal?

Apart from changing the modulation pattern at the
SLM, the rest of the experimental setup remained the
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same as before. However, this time we scanned over a
range of 10 mm with a step size of 10 µm and recorded
25 image frames of the spiraling structure at each posi-
tion. In the data analysis, we again used the four pixels
around the optical axis (2×2 pixel array) as a quadrant
detector to obtain the fast-oscillating signal. Addition-
ally, to measure the slow-varying signal, we measured the
intensity differences between the upper and lower quad-
rants (1,2 and 3,4) in a disk-shaped region with a radius
of 30 µm around the optical axis, excluding the four in-
ner pixels used to determine the fast-oscillating signal.
As can be seen in Fig. 6a, we find a slow-varying curve
with a periodicity of 11.29±0.03 mm and fast-oscillating
fringes with periods of 312.9±0.4 µm, as expected. We
also obtain, analogous to the simulations, the additional
high-frequency modulation of the slow-varying signal. To
evaluate the displacement accuracy, we first determine
the function that describes the slow-varying curve, for
which we use a sum of two sinusoidal functions whose
amplitude and periodicity we obtain from fits. Using
this function; experimentally obtained errors given by
the standard deviation of the measured intensities; and
error propagation, we find that we obtain the required
accuracy of less than than 80 µm (∼ 1/4 of the period of
the fast curve) over a range of more than 7 fast-oscillating
fringes, or around 2 mm. Most displacement accuracies
for the slow-varying curve in this region are as low as
10-20 µm (see Fig. 6b). This accuracy is enough to dis-
tinguish the different fast-oscillating fringes and the cor-
responding regions having a steep slope, thereby demon-
strating an accuracy of around 2 µm over the full region,
i.e., three orders of magnitude or 2 mm. We note that in
principle our method does not require an initial calibra-
tion, as the longitudinal-varying angular intensities can
be theoretically obtained from the beam dimensions as
well as the focusing lens. However, in experiments the
system might be initially characterized once, such that
a camera (or quadrant detector) placed anywhere within
the possible measurement range can be used to deter-
mine an absolute position without rescanning the entire
translation region.

IV. CONCLUSION

We have demonstrated that radially self-accelerating
beams can be used to determine the distance with re-

spect to a reference with an accuracy of 2 µm over three
orders of magnitude. The main benefit of our technique
is its simplicity, as only a single beam having the ap-
propriate structure and two quadrant detectors are re-
quired. Apart from this strong benefit, there is also an
important precaution worth mentioning. The technique
requires a very accurate alignment of the beam’s opti-
cal axis with the center of the detector such that the
recorded intensity does not move transversely while the
detector is translated. Even a single pixel of transverse
displacement can cause large discontinuous jumps in the
measured intensity differences. However, once alignment
has been ensured, the measurement is stable and only
requires minimal post-processing (after having gauged
the system), such that very high read-out speeds on the
order of nano-seconds might be feasible. The obtained
accuracy of the distance measurements can be further
improved by using stronger focusing optics and custom-
fabricated optics for beam generation, as well as an ad-
ditional imaging system to lift the limitation of the finite
resolution of the detection system. In addition, it might
be interesting to consider more complex spiraling struc-
tures, such as an accelerated rotation26, which should
further increase the accuracy over small regions at the
cost of the accuracy elsewhere. Finally, we hope to stim-
ulate further research into applications that benefit from
the propagation-dependent intensity variations of radi-
ally self-accelerating beams.

Acknowledgments

SP, SP, MO, and RF acknowledge the support from
Academy of Finland through the Competitive Fund-
ing to Strengthen University Research Profiles (deci-
sion 301820) and the Photonics Research and Innova-
tion Flagship (PREIN - decision 320165). RF also ac-
knowledges support from Academy of Finland through
the Academy Research Fellowship (decision 332399).

Disclosures

The authors declare that there are no conflicts of in-
terest related to this article.

∗ Electronic address: shashi.sinha@tuni.fi
1 H. Rubinsztein-Dunlop, A. Forbes, M. V. Berry, M. R.

Dennis, D. L. Andrews, M. Mansuripur, C. Denz, C. Alp-
mann, P. Banzer, T. Bauer et al., Journal of Optics 19,
013001 (2016).

2 M. J. Padgett, Optics Express 25, 11265 (2017).
3 L. Allen, M. W. Beijersbergen, R. Spreeuw, and J. Woerd-

man, Physical Review A 45, 8185 (1992).

4 M. Beijersbergen, R. Coerwinkel, M. Kristensen, and
J. Woerdman, Optics communications 112, 321 (1994).

5 N. Heckenberg, R. McDuff, C. Smith, and A. White, Optics
Letters 17, 221 (1992).

6 A. V. Carpentier, H. Michinel, J. R. Salgueiro, and
D. Olivieri, American Journal of Physics 76, 916 (2008).

7 A. Forbes, A. Dudley, and M. McLaren, Advances in Op-
tics and Photonics 8, 200 (2016).

mailto:shashi.sinha@tuni.fi


9

8 M. W. Beijersbergen, L. Allen, H. Van der Veen, and
J. Woerdman, Optics Communications 96, 123 (1993).

9 L. Marrucci, C. Manzo, and D. Paparo, Physical Review
Letters 96, 163905 (2006).

10 H. Larocque, J. Gagnon-Bischoff, F. Bouchard, R. Fickler,
J. Upham, R. W. Boyd, and E. Karimi, Journal of Optics
18, 124002 (2016).

11 R. C. Devlin, A. Ambrosio, N. A. Rubin, J. B. Mueller,
and F. Capasso, Science 358, 896 (2017).

12 A. Forbes, Laser & Photonics Reviews 13, 1900140 (2019).
13 F. Gori, G. Guattari, and C. Padovani, Optics Communi-

cations 64, 491 (1987).
14 M. Zahid and M. Zubairy, Optics Communications 70, 361

(1989).
15 C. Vetter, R. Steinkopf, K. Bergner, M. Ornigotti, S. Nolte,

H. Gross, and A. Szameit, Laser & Photonics Reviews 13,
1900103 (2019).

16 X. Chu, The European Physical Journal D 66, 259 (2012).
17 D. McGloin and K. Dholakia, Contemporary Physics 46,

15 (2005).
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