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A B S T R A C T

The application of digital in-line holography in fluid velocimetry is mainly limited by the twin image that hinders
the particle position and velocity measurements. In this work, we propose the use of two spiral phase filters in a
digital in-line holography configuration to discriminate the real and virtual images. The first filter is a physical
plate that modifies the object spectrum prior the recording. The second filter is a numerical frequency filter,
applied in the reconstruction process, which reshape one of the particle images into a point-like image while
blurs its twin image. In this way, particle tracking algorithms, based on the detection of intensity peaks, can
easily locate and track particles. The good performance of double spiral phase filter in-line holography for
particle field recording and particle tracking has been demonstrated experimentally in the present work.

1. Introduction

Digital holography has been extensively used to characterize fluid
flows by determining the movement of tracer particles [1–7]. In
particular, digital inline holography (DIH) combined with Particle
Tracking Velocimetry (PTV) strategies [3–7] allows the accurate mea-
surement of the particle position and velocity in a volume.

The main advantage of DIH is its set-up simplicity. However, the twin
image problem [8] compromises several recording conditions such as
focus distance, measurement resolution and, as a consequence, its
overall performance for velocimetry applications [6]. Different ap-
proaches have been proposed to eliminate the twin image in the analysis
after the recording . To improve the reconstructed image of a generic
object (extended or punctual object, phase or intensity object),
cumbersome iterative methods are usually required [9–11].

Let us remark that for fluid velocimetry the analysis has to be applied
to series of holograms, and therefore the analysis should be kept as
simple as possible. Also, the recorded object is relatively simple, as it
consists in a sparse field of small particles and the meaningful infor-
mation is just its position, its displacement or its size. The standard and
robust location algorithms used for PTV [3–7] consider particles as point
scatters whose scattering patterns present a nice local intensity
maximum. In order to make an efficient and correct use of the PTV al-
gorithms, the most desirable scenario is to have image particles with
sharp intensity peaks.

For those reasons, the noise introduced by the twin image is very

often disregarded and DIH-PTV is applied with the only precaution of
recording the tracers out of focus to avoid the sign ambiguity. However,
recent interest has been focused in removing physically the twin image
with a side-band filter [12–13] to improve the SNR of the recording [6].
This technique consists of blocking half of the frequency domain with an
intensity filter during the recording. This method removes the twin
image without compromising the axial resolution [14], but it affects to
one of the components on the transversal plane.

In this paper, we introduce a different approach that, without
removing the twin image, contributes to solve the associated problem
for particle tracking. It requires the use of two spiral phase filters. One of
them is a physical filter that consists in a vortex phase plate that will not
limit the system aperture and therefore the spatial resolution either in
the axial or the transversal direction. The second one will be used as a
digital filter in the image reconstruction.

The spiral phase contrast filters are used in microscopy to improve
the visualization of some object features, in the same way as other more
popular phase contrast techniques. They consist on a phase or intensity
plate placed at the Fourier plane of the imaging system, where they
modify the relative phase between the diffracted and non-diffracted
light, so the object phase changes turn into intensity changes. In a ho-
lographic recording all these enhanced contrast techniques can be
considered as 3D filtering operations of the 3D reconstructed object
image, which can also be implemented as a digital post-processing [15].

In recent years, there has been an increased use of vortex beams in
the recording of digital holograms for different applications: for
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enhanced contrast imaging [16–19], for interferometry [19–21] and for
sign disambiguation [22]. In those works, the recorded spatial fre-
quencies are modified by a vortex phase filter, generally implemented
into spatial light modulators (SLMs) in a 4f-set-up [19].

We propose to use the spiral phase filter twice: first, as an optical
element in the holographic recording to encode the object information;
and second, as a digital filter in the image reconstruction of the object to
conveniently decode the object information. The important advantage
of this method is evident when this second filter is applied, as it allows us
to discriminate the real image of a particle form its virtual image. The
reconstructed particle images are recovered as nice, narrow peaks, while
their twin images have a broad, low-intensity shape, as far from a local
maximum as possible. Therefore, only one of the images is accurately
identified and tracked as a particle by PTV algorithms thus removing the
twin image problem. Furthermore, the higher the topological charge of
the vortex filter, the better we expect to be its performance for particle
tracking velocimetry.

In this work, we use a modified holographic in-line configuration,
that keeps the simplicity of a standard in line holographic set-up. A
photographic objective images the particle field near the sensor. Thus,
we can access to the spatial frequency spectrum in the back focal plane
of the lens, where we can locate a spiral phase plate . This configuration
introduces two main advantages: the use of a SLM is not required and it
keeps the simplicity of an in-line holographic set-up.

In the following section we will introduce the theoretical bases of this
work, by describing the application of any general frequency filter.
Then, we will describe the spiral phase filters and the effect of its
application both in the holographic recording of the particle image, and
on its reconstruction. We will demonstrate that the reconstruction filter
allows us to discriminate the real image of a particle form its virtual
image. The reconstructed particle images are recovered as nice, narrow
peaks, while their twin images have a broad, low-intensity shape.
Therefore, only one of the images is identified as particle by PTV algo-
rithms based on the sharpness of the peak intensity, removing the twin
image problem. Then, we will present the results on a test object and we
will discuss the performance of the proposed technique for particle
localization and tracking.

2. Frequency filters used in the holographic recording and
reconstruction

The field scattered by an object at a position r→ is a complex function

u( r→),which can be decomposed into its spectrum S
(
k
→)

of wave vectors

k
→
such as,

u( r→) =

∫+∞

− ∞
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→
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)
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(1)

However as the field propagates, the spectrum is reduced to the wave

vectors that comply | k
→
| =k0 = 2π

λ [23–24], were λ is the wavelength of
the light source. In addition, the numerical aperture of the system will
further limit the spectrum. Thus, for an axial system with finite Nu-
merical Aperture (NA) around the Z-axis, the corresponding transfer

function, H
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, can be written [25],
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For any punctual particle, the measured object field will be given by
the impulse response or Point Spread Function (PSF) h( r→),

h( r→) =

∫+∞

− ∞

H
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)
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. (3)

And the measured object field, o( r→), can be expressed as a convo-
lution of the scattered field with the PSF:

o( r→) = u( r→) ⊗ h( r→), (4)

or equivalently in the k-space
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(5)

So, the recorded object field in a holographic recording, o( r→), can be
considered as the result of a linear filtering operation. If we modify the

spectrum of the recorded field, with a certain filter F
(
k
→)

, the resultant

field can be expressed as:
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∫+∞

− ∞

O
(
k
→)

F
(
k
→)

exp
(
i k
→

⋅ r→
)
d k
→

= u( r→) ⊗ hF( r→), (6)

where, the modified PSF, hF( r→), is

hF( r→) =
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In the holographic recording we have the interference between the
reference wave r(x, y) and this filtered object beam:

I(x, y) = |r(x, y)|2 + |oF(x, y)|2 + oF∗(x, y)r(x, y) + oF(x, y)r∗(x, y). (8)

For in-line holography, these four terms are overlapped in the spatial
domain, and we should consider the hologram in the frequency domain,
ℑ(I). The first term of the equation corresponds to the reference beam,
which in DIH is roughly a collimated beam parallel to the optical axis of
constant amplitude |r(x, y)| = r0, so its Fourier transform can be
approximated by a Dirac delta. The second term uses to have low in-
tensity and can be disregarded. The last terms are the filtered real and
virtual images. They are mutually conjugated, and therefore their in-
tensity distribution is symmetrical but otherwise identical:
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)
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. (9)

In order to solve the ambiguity problem, we can apply a second filter
in the reconstruction procedure. To recover the virtual image of the

object, O
(
k
→)

, we have to multiply the Fourier spectrum of the holo-

gram by a frequency filter, G
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, such as G
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In the same way, to recover the real image, O∗

(
k
→)

, we should

multiply by G∗

(
− k
→)

. Note the similarity between this method and the

holographic reconstruction procedure where we use a reconstruction
filter and we work in the frequency domain, instead of a reconstruction
beam in the spatial domain. The implementation of this procedure is
particularly simple and powerful when using a phase filter. In such a

case G
(
k
→)

= F∗
(
k
→)

, and we can solve the twin image problem while

keeping the entire frequency spectrum, in comparison with the sideband
filter shown in [14].
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3. Digital in-line holography with spiral phase filters

3.1. Spiral phase filter

In this paper, we consider spiral phase filters, i.e. F
(
k
→)

= Vm
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k
→)

,

defined as,
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where φ can be computed as φ
(
kx,ky

)
= tan− 1

(
ky /kx

)
, and m is the so-

called topological charge of the spiral filter that determines the number
of times its phase acquires the 2π value along a complete circumference.
Figs. 1a and 1b show the wrapped phase of spiral filters with m = 1 and
m = 2 respectively with the DC region highlighted in red. An ideal
vortex filter has a central region with negligible diameter (NADC = 0)
and null transmittance (aDC= 0) [20].

3.2. Holographic recording

In a DIH configuration with a lens to image the object near the sensor
as shown in Fig. 1c, we can place this physical frequency filter in the
back focal plane of the lens. In that case a collimated and aligned illu-
minating beam would be blocked by the filter central stop at the focal
plane, and another beam should be introduced as the reference beam to
record a hologram. To avoid this extra complexity in the holographic
setup, we could use a custom-made phase plate, with a central region
that was not completely opaque and had a finite diameter. Furthermore,
a convenient value of aDC would allow us to enhance the higher fre-
quencies associated with the object beam (dashed line in Fig. 1c) with
respect to the reference beam intensity (solid area in Fig. 1c). That
would improve the recording SNR and represents a clear advantage from
the standard in-line recording.

Anyway a more practical solution is to use an off-the-shelf diffractive
vortex phase plate. The vortex phase plate that we used has a coating
profile similar to a helical staircase that has a very small undefined
central region. With this device the blocked area is smaller than the
beam waist of the reference beam, and the resultant reference beam has
lower mean intensity. The intensity and phase of the reference beam
vary slowly over the sensor, but the localization and tracking of the
particles is not compromised, as we will demonstrate below.

In any case, the resultant impulse response of our system hF( r→) of
Eq. 7 is determined by the vortex plate:

hVm( r→) =

∫+∞

− ∞

Vm
(
k
→)

H
(
k
→)

exp
(
i k
→

⋅ r→
)
d k
→

(12)

and the measured particle field can be expressed as oF( r→) = u( r→) ⊗

hVm( r→) as in Eq. 6 .
It is worth noting that the holographic recording of out of focus

particles has a spiral shape whose direction depends on the sign of z, i.e.
the axial position of the particle from the plane on focus [22]. As a
consequence, the resultant intensity at the hologram plane should allow
us to discriminate the sign of z. Fig. 2 shows a simulation of an in-line
holographic recording for a particle slightly defocused. It has been
computed with λ = 515 nm and a pixel size of pix = 3μm for an opaque
particle of diameter 3μm located at 0.50 mm from the hologram.

When no filter is used, the hologram presents a set of rings whose
diameters store the information on the particle size and the distance of
the particle image to the hologram plane (Fig. 2a). The interference
pattern is identical regardless of the defocusing direction, i.e. whether
the particle imaged is in front of or behind the sensor. By introducing the
phase filter, the object beam is modified, and each scatter behaves like a
vortex. At the hologram, the phase along each of the original rings is
modified, and the white fringes become spirals with increasing radius
clockwise or counterclockwise depending on the defocusing sign (Fig. 2b
and 2c).

3.3. Holographic reconstruction

In general, the pixel size is the parameter that limits the effective
aperture of the digital in-line recordings, and therefore their spatial
resolution [14]. For our experiment, the expected lateral resolution is
Rx = 3μm and the longitudinal resolution is estimated as Rz =

8pix2
λ =

0.124mm. For this reason, a regular particle image is one-pixel size in
the XY plane but elongated in the Z-direction.

The hologram of Fig. 2b has information of the distance and the sign
of the axial position. However, following the classic reconstruction
procedure, we will obtain two similar images for each particle (Fig. 3).
Fig. 3a shows the central YZ plane where we can appreciate the presence
of both twin images symmetrically distributed from the hologram plane
at z=0 mm. Figs. 3b and 3c show a detail of the YX plane where the
reconstructed real and virtual particle images are formed. The real
image is given by h∗V1( r

→
), and the virtual image by hV1( r→). They have

identical intensity distribution, and they only differ in the phase distri-
bution. At the focus plane they appear small rings that cannot be located
properly by algorithms designed to find local maxima.

The use of a second spiral phase filter in the reconstruction procedure

solves the ambiguity problem. That is, if we consider G
(
k
→)

= V− m

(
k
→)

in Eq. 10, the twin images are altered differently. First, for low fre-
quencies, the filter behavior depends on the value of aDC. If aDC = 0,

Vm
(
k
→)

blocks low frequencies and removes most of the first two terms

of Eq. 10. Furthermore, from the vortex filter definition, one can infer

that V− m
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→)∗

, and V2m
(
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. Also, for high fre-

quencies V− m

(
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Vm
(
k
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(
k
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= 1, so V0
(
k
→)

behaves as a

Dark Field filter. As a result, the hologram spectrum modified by

V− m

(
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→)

can be expressed as:

V− m

(
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(
k
→)

≈ V− 2m

(
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O∗
(
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+ V0
(
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→)

O
(
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(13)

Fig. 1. Phase distribution of a spiral phase plate with topological charge of a) m=1 and b) m=2; c) Schematic drawing of the experimental recording set-up.
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The PSF of the virtual image, hV0( r→),which is the original PSF minus
the low frequency PSF [15]. The smaller NADC is, the closer hV0( r→) and
h( r→) are. For convenience, we choose the DC stop as small as possible
but still large enough to remove completely the background illumina-
tion. Note that to locate particles from an in-line hologram without fil-
ters, the reference beam must also be removed, and this is usually done
with a high-frequency filter. For all those reasons, the virtual image of a
punctual particle is very similar to those obtained with standard DIH,
and it is therefore appropriate for any location algorithm designed for
such particle images. Meanwhile the unwanted real image will appear
distorted by a spiral phase filter with a topological charge of -2m. Thus,
the energy of the twin image is diluted into a donut-shaped structure
according to hV− 2m( r→), which will be much easier to discard by particle
location algorithms.

Fig. 4 shows the resultant reconstructed intensity obtained with this
procedure from the hologram recorded with the m=1 spiral phase filter
(Fig. 2b). The virtual image is focused at z<0 and its shape is given by
hV0( r→), which is very similar to the particle image expected in absence
of filter. Meanwhile the real image, which can be found at z>0, appears
as a ring with much lower intensity. Its actual shape corresponds to
hV− 2( r→) (Fig. 4c).

In the same way, to turn the real image into a nice peak, the original

spiral phase filter, Vm
(
k
→)

, should be used to modify the spectrum of the

hologram before numerical propagation.

3.4. Vortex topological charge effect

The same principle could have been applied with other phase filters
with different design, and the virtual image would still be nicely
recovered with this procedure. Our particular interest on the vortex
filter is due to what happens with the twin image. Let us note that, most
standard and robust PTV algorithms are mainly based on the sharpness
of the intensity peaks to locate particles. Thus, for particle tracking, it is
desirable a filter that could also shatter the twin image, i.e. a filter that
produces an image as far from a local maximum as possible when
applied twice. For that purpose, the spiral phase filters seem particularly
suitable. Furthermore, the higher the topological charge of the vortex
filter, the better we expect to be its performance for particle tracking
velocimetry.

We have simulated the behavior of spiral phase filters with m=2. The
resultant hologram presents as many arms or white spiral stripes as the
topological charge (Fig. 5a). After applying a m=-2 vortex filter in the
reconstruction, the intensity distribution at the central YZ plane
(Fig. 5b) shows just one local peak. Fig. 5c and Fig. 5d show the YX
planes, where the real and virtual images are located. The reconstruction
of the virtual image is identical as in Fig. 4, but the twin image has
decreased notably its maximum intensity as it is distributed in a wider
region. In particular, the relative intensity of the twin image is around
35% using a m=1 filter, and decrease to a 25% with m=2.

Fig. 2. Numerical hologram of an opaque particle computed: a) without spiral phase filter when the particle is located at z = -0.5 mm; with a m=1 spiral phase filter
when the particle is located (b) at z = - 0.5 mm and (c) at z = + 0.5 mm.

Fig. 3. Reconstructed intensity from a hologram of a particle at z = − 0.5 mm from the hologram, recorded with a m=1 vortex filter and reconstructed without filter:
a) central plane YZ; b) YX plane at z = − 0.5 mm and c) YX plane at z = + 0.5mm.

Fig. 4. Reconstructed intensity from a hologram of a particle at z = − 0.5 mm from the hologram, recorded with a m=1 vortex filter and reconstructed with a m=-1
vortex filter: a) central plane YZ; b) YX plane at z = − 0.5 mm and c) YX plane at z = + 0.5mm.
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4. Experimental validation

The capabilities of the spiral phase filter to encode and decode par-
ticle field information were evaluated using a test object made with a
standard microscope slide and 3µm particles sprinkled on its surface.
The object is illuminated by a collimated laser beam (λ = 515 nm) and
imaged near or on the sensor with a photographic objective (Fig. 1c). A
region of 6.1 mm× 7.2 mm is recorded in a 2160 × 2560 CMOS sensor
with 6.50 μm square pixels. Thus, the pixel size in the object space is pix
= 2.83 μm. Particles occupy one pixel when on focus and they can be
considered as point particles. The photographic objective has a focal
length of f’=105 mm and, for our magnification factor, M=2.30, the
area in its focal plane, i.e. the frequency plane, that can be effectively
recorded is 19 × 19 mm2. Two 20 mm squared vortex plates with a
transmittance efficiency of 93% and topological charge of m=1 and
m=2 have been evaluated.

The non-scattered illuminating beam, i.e. the reference beam of the
hologram, is focused on the center of the focal plane, where the spiral
phase plate has not a defined phase shift due to the fabrication process
limitations. The beamwaist is larger than the undefined central area and
the reference beam passes through the plate with a lower mean in-
tensity. The resultant reference beam has a slowly variable intensity, but
it is smooth enough to allow the recording of the particle information in
the holograms.

Several holograms were recorded without and with each of the spiral
phase plates. Fig. 6 shows an amplified area of those recordings with
around twenty particles. These particles are roughly at z = 1.7 mm from
the hologram plane and its diffraction pattern occupies a circle with a
diameter of around 50 pixels. Thus, in spite of the electronic spurious
noise and the overlapping of some diffraction patterns, they can be
identified easily.

For each individual particle, we can appreciate the expected ring
when no filter is used (Fig. 6a), the spirals when a m=1 vortex plate is
used (Fig. 6b) or the double spiral fringes when a m=2 vortex plate is
used instead (Fig. 6c).

To control the particle position, the glass slide was rotated around
the vertical axis (Y), so that its normal direction makes different angles

with the optical axis (Z). To recover the particle information from the
holograms we follow the procedure explained in section 3. We applied
the corresponding reconstruction filter in the Fourier domain and
recover the complex amplitude at the hologram plane. Then, we can
compute the image of the particle field at any plane of the studied vol-
ume with the Angular Spectrum method [23].

The particles are located by the algorithm described in Lopez et al.
2024, which is outlined in the following. In order to avoid an unnec-
essary increase on the computation time and memory requirements, the
particle images are located in two steps: first the complex object field is
reconstructed along 7.00 mm in the axial direction. We used a sampling
between consecutive planes of 60 μm. Then, we divide the volume in
several interrogation windows with 26 × 26 pix2 section and 7.00 mm
depth, and we search for the absolute intensity maximum in each of
them. In a second step, the reconstructed image is computed around
these initial location estimations. The final position is obtained by fitting
the intensity data to a quadratic function of the coordinates. If this po-
sition is far from its initial estimation, the peak is removed from the set.
This last step allows discarding all the peaks that do not behave as a nice
local maximum, usually spurious peaks. In our case, it will also discard
the particle twin images, since they will have a donut-shape.

Figs. 7a-c show the ZX particle position obtained this way from one
hologram, recorded with a m=1 spiral phase filter and reconstructed
with different filters. The microscope slide is placed so its normal di-
rection makes an angle of θ = 20∘ with the optical axis. There are around
1700 particles between z=-2.5mm and 2.5mm and within the field of
view.

If no phase filter is used in the reconstruction, we still need to remove
the background intensity which can be achieved using a high-pass in-
tensity filter. In this case, both twin images have the same chances of
being found by the location algorithm (Fig. 7a). This result is similar to
the expected outcome when no phase filter is used during the recording
either, as there is still ambiguity in the sign of z.

However, if a m=-1 spiral phase filter is used in the reconstruction
procedure, only the particle virtual images are located (Fig. 7b). In the
same way, when a m=1 reconstruction filter is used instead, the position
obtained corresponds to the particle real images (Fig. 7c). The resultant

Fig. 5. a) Hologram with a m=2 spiral phase filter of a 3μm particle at z=-0.5 mm from the hologram, and reconstructed intensity with a m=-2 filter; b) central plane
YZ; c) YX plane at z=-0.5 mm and d) YX plane at z=+0.5mm.

Fig. 6. Amplified area of 200 × 200 pix2 of holograms recorded a) without filter and with spiral phase filter with b) m=1 and c) m=2.
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graph is a specular reflection of Fig. 7b as they are the same particles
located at the opposite side of the hologram.

In Fig. 7b (and 7c), located particles are found on the plate plane,
though some spurious peaks appear at the position expected for the
virtual images. Most of these ghost particles are around x=6mm, where
particles images are closer to the sensor. When particles are imaged very
close to the sensor, the size of those patterns in the hologram are com-
pressed to very few pixels, downsampling its recording. We have chosen
to test the technique in those challenging circumstances, when the
recorded information of the particle is compromised by the digital na-
ture of the sensor. In this region, particle information is restricted to a
few pixels and the electronic noise is more relevant. More importantly,
both twin images are overlapped for defocusing distances below the
particle axial size. This problem can be reduced with higher order spiral
filters. Fig. 7d shows the particle location when using am=2 spiral phase
filter during the recording and a m=-2 filter during the reconstruction.

Continuing with the PTV analysis, once the particles are located,
their displacement between two holograms can be obtained with an
algorithm based on cross-correlation [5]. For each particle, we recon-
struct the complex object field in two small interrogation windows
centered at the initial particle location on the first and the second
consecutive exposures. Then, if we compute a 3D cross correlation be-
tween them, the 3D location of the resultant peaks can be related with
the 3D particle displacement. Once we have an estimation of the particle
displacement from this initial cross-correlation, we can reduce the
interrogation window and compute another 3D cross-correlation to
improve the displacement measurement. In particular, we do perform an
initial intensity cross correlation with interrogation windows of 60 × 60
× 20 voxels of 3 × 3 × 40 μm3 along the X, Y and Z direction
respectively; a second intensity cross correlation with an interrogation
window of 10× 10× 16 voxels of 3 × 3 × 20 μm3 and a third complex
amplitude cross-correlation of 8 × 8 × 6 voxels of the same size.

To test the performance of the technique, we introduced a controlled
displacement by rotating the plate 4∘ around the Y-axis. The rotation
axis is also within the field of view, so we can study the performance of
the technique with very small displacements in the axial direction, Δz.
The results obtained with m=1 and m=2 spiral phase filters are pre-
sented in Fig. 8a and 8b respectively. As expected, the measured
displacement is proportional to the position x with respect to the axis of

rotation.
We can appreciate the good performance of the technique for nearly

zero displacements at x=3 mm. Meanwhile, where the particles are in
focus, there is a significant number of outsiders. In the case of m=1,
around x=6mm, the small displacement and small defocus distance
make the contribution of the twin image non-negligible within interro-
gation windows used during cross-correlation. Once again, this problem
is reduced with a m=2 spiral filter (Fig. 8b).

Finally, to quantitatively compare the performance of DIH with and
without the spiral filter, another set of experiments was performed.
Similar holograms were recorded after shifting the microscope slide
about 1.5 mm to ensure that all particles were out of focus. In this way,
twin images can be discriminated restricting the particle location to
negative z values even when no filter is used during the recording.

To calculate the error in the axial position (Z-coordinate), we fit the
3D particle positions to a planar distribution. For each lateral position
(XY-coordinates), the nominal axial position must lie in this plane. In
this way, the difference between the measured and nominal axial posi-
tion, zerror, can be estimated. The histograms of zerror and its standard
deviation (STD) are presented in Fig. 9 (top).

Since the displacement is a small rotation, the measured displace-
ment can be also fitted to a linear dependence with XY coordinates.
Thus, nominal Δz can be computed from particle lateral positions. His-
tograms of the difference between the measured and nominal axial
displacement, Δzerror, and its STD are shown in Fig. 9 (bottom).

The comparison between the STD values shows that the use of spiral
filters reduces the measurement error by 37% in axial position and by
56% in axial displacement. Background noise, coming from the out-of-
focus twin particle images, makes it difficult to localize and track par-
ticles when no filter is used, even if we introduce a defocus distance to
discriminate between twin images. We have obtained similar error
estimation for both spiral filters, with a slightly better performance of
the m=2 spiral phase filter, as also occurred in the experiments of Figs. 7
and 8.

Conclusions

The advantages of using two spiral phase filters to eliminate the twin
image problem in digital in-line holography for velocimetry applications
has been demonstrated. The first filter is an optical element introduced
in the recording. It encodes the object information and breaks the sim-
ilarity between the twin images. In the reconstruction, a second digital
filter is applied to decode the information stored in the hologram
spectrum. The proposed strategy reminds how a reconstruction beam
decodes the information stored at the hologram intensity distribution,
but working in the frequency domain.

The double use of spiral phase filters allows us to recover nice in-
tensity peaks that are required for most standard and robust PTV algo-
rithms. It also transforms their twin images without actually removing
them. Spiral phase filters are especially suitable for this procedure for
two main reasons. They are phase filters, so the entire spectrum is kept
and, in addition, they modify the unwanted twin images into large, low
intensity distributions, which can be easily discarded. Besides, our

Fig. 7. ZX particle position obtained from a hologram with a recording m=1 spiral phase filter, and a reconstruction with: a) a high pass intensity filter; b) a m=-1
spiral phase filter and c) a m=+1 spiral phase filter; d) ZX particle position obtained from a hologram with a m=2 recording filter and a m=-2 reconstruction filter.

Fig. 8. Axial particle displacement obtained from a hologram recorded and
reconstructed two spiral phase filters: a) m=1; b) m=2.
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method does not require cumbersome iterative algorithms, as it is just a
frequency filter, that can be even incorporated in the propagation
algorithm.

The feasibility of the technique to provide accurate particle position
and displacement has been proved. It has been particularly discussed the
axial coordinate and displacement measurements when particle images
are close to the hologram plane and they have small displacements.
Experiments have been carried out with two types of vortex of topo-
logical charges m=1 and m=2. We have obtained very promising results
for both filters although, when the particles are imaged very close to the
sensor, the use of m=2 spiral phase filters outperform those of m=1. The
experimental error measurement shows an improvement of 37% in axial
position and 56% in axial displacement from the DIH without filters.
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