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In this work, we propose and validate the Image Plane Digital Holography (IPDH) with laminar illumination
technique for measuring the complete coherence degree, the temporal coherence length and the spatial coher-
ence area (transversal coherence radius), of a light source at the same time and from a single measurement. This
holographic technique has been used before as a fluid velocimetry technique that allows measuring the three
components of the fluid velocity in a plane. Since its performance is limited by the temporal and spatial
coherence of the laser, we can take advantage of this and make IPDH with laminar illumination a means of
obtaining these laser properties. The proposed method could be of interest for the optics community since it
could be used for any type of light source, presenting some advantages by comparing it with other well-
established techniques. It has been tested by using a high repetition rate laser commonly used in velocimetry
and the results have been compared to those obtained with other standard techniques, verifying the well-

functioning of the IPDH-based technique.

1. Introduction

The coherence degree of a light source is related to the ability of the
source to produce interferences [1,2]. This magnitude is commonly
obtained by using interferometric set-ups. Temporal coherence gives a
measurement of the maximum delay between two identical waves that
come from the same point of the source, which are able to produce in-
terferences. On the other hand, spatial coherence gives a measurement
of the maximum transversal distance between two different points of a
wavefront which are able to interfere, i. e. the radius of the spatial
coherent area. Spatial and temporal coherence are usually measured
with separated experimental configurations. Temporal coherence can be
measured with Michelson interferometers [3-5], modified Mach-
Zehnder interferometers [6], among other more sophisticated tech-
niques [7,8], and spatial coherence is usually measured with several
realizations of the classical Young’s experiment, lateral shearing inter-
ferometry, or modified Mach-Zehnder interferometers [9-14]. However,
the measurement of the spatial coherence with a double pin-hole
experiment disregards the simultaneous effect of the temporal coher-
ence on the coherence degree. In this work, we propose to use a holo-
graphic set-up to obtain the temporal and spatial coherence degree of a
light source simultaneously from a single measurement. The proposed
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technique is called Image Plane Digital Holography (IPDH) with laminar
illumination [15-17], which is an off-axis holographic technique that
has shown its applicability for the measurement of the whole velocity
field in a fluid plane [18] and for particle sizing [19,20]. When IPDH is
applied in fluid velocimetry, the flow is seeded with particles that are
illuminated with a very narrow laminar beam. The fluid plane is imaged
onto a digital camera as in Particle Image Velocimetry (PIV) and in-
terferes at the camera sensor with an off-axis reference beam, making a
so-called image hologram. The region where both beams interfere is
limited by the laser coherence degree and this restriction can be used to
measure the coherence degree of the laser and therefore, the spatial and
temporal coherence lengths simultaneously. A double cavity high
repetition rate laser is used in this work as light source to test the
technique, although it could be applied to any other light sources. The
main features of a high repetition rate laser are its out-put energy and its
repetition rate, meanwhile its spectral bandwidth and its coherence
properties usually remain unknown. In our work, the interference term
of the hologram obtained by means of IPDH-based optical set-up pro-
vides useful information of the laser optical coherence properties that
will be detailed in next sections. As we will show, the horizontal width of
the coherent region of the hologram at the camera plane can be related
with the laser temporal coherence length and its vertical width, with the
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spatial coherence radius, giving a simultaneous measurement of both.
Other holography-based techniques have been proposed to measure the
temporal coherence of pulsed laser sources [21,22], but in our proposal,
complete coherence information of the laser can be obtained from a
single measurement with the same set-up. In the following sections, we
describe the most relevant IPDH characteristics that are useful for our
purpose. Then, we explain how we can use them to measure the tem-
poral coherence length and the spatial coherence radius of a light source,
such as a double cavity high repetition rate laser, simultaneously. We
discuss the obtained results along each section, compare them with
those obtained with other standard techniques, and highlight the main
conclusions at the end of the manuscript.

2. Image plane digital holography

The proposed set-up consists of a common IPDH set-up in which a
wedge divides the laser beam in two beams, which are redirected by the
mirrors within two commercial optical guiding arms (Fig. 1a). The
strongest beam (illumination beam) is shaped by a set of spherical len-
ses, which focus the beam in the center of the object, and a cylindrical
lens that expands the beam along the vertical direction. Thus, the beam
results very slim in one transversal direction and elongated in the other
one. Then, the illumination beam passes through the object along its
length and the laterally scattered light is used as object beam. An
objective is used to image the object at a plane near the camera sensor.
In the other beam (reference beam), a lens is used to produce a divergent
wave, whose source would be located at the same distance from the
sensor as the objective aperture. Thus, this holographic set-up can be
also considered as a lensless Fourier transform hologram of the lens
aperture [16]. This interpretation has the advantage of allowing an easy
isolation of the real image from the virtual image in the Fourier domain
of the reconstructed hologram, as it will be explained along this section.
This fact results crucial for the performance of the technique.

The laser beam can be considered to originate from an extended light
source since it has an appreciable diameter (1.5 mm), and the expansion
rate and orientation of both the reference and the object beams (as seen
at the camera sensor) have to be well controlled in order to spatially
match the corresponding points and ensure they are spatially coherent.
Since the laser is linearly polarized, we used the polarization direction to
orientate both beams. The articulated parts of the two guiding arms
were arranged so that both beams were vertically polarized (Y-axis in
Fig. 1a).

The intensity recorded by the camera provides information about the
mutual coherence function, defined as [1]
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delay between both beams, E (?l,t—i-r) =T is the reference beam

(Fig. 1b), E(?Z,t) =0 is the object beam (Fig. 1c), and * denotes

complex conjugated. Let us note that these images and all the 2D black
and white images along the whole paper are shown rescaled such that
the 5% brightest points were set to the maximum grey level (255) in
order to enhance the relevant spatial information.

For coherence issues, the important magnitude is the complex degree
of coherence, defined as

F1 Far) = O LI @
|7llo]

According to the definitions made after Eq. (1), at each point of the
hologram, 7 comes from a certain point of the source, 51, and 0 from
another point of the source, S5, with a time delay between them 7 =
OPD/c, where OPD is the optical path length difference between o, and
T, and c is the speed of light. By using Eq. (2), the intensity at the camera,
i.e. the hologram intensity, can be expressed as

I=1 + o] + 7 o+rl7o . ©)

Thus, the modulus of the complex degree of coherence, i.e. the de-
gree of coherence |y|, which depends on the temporal and spatial
coherence between both beams (reference and object) at any point of the
camera sensor, can be recovered from the interference terms of Eq. (3).
The four terms in Eq. (3) are mixed in the spatial domain but they can be

separated in the frequency domain, as usual [16-20]. The Fourier
transform of the intensity recorded in the hologram can be expressed as

{1y = [71°5(0,0) +3(jo]" ) + {7 o} + {Irfo’ }, 4

where 3 represents the Fourier transform. Fig. 2a shows the Fourier
transform intensity of one of these holograms. The background term

contains the Fourier transform of [5|%, and |f|*. The heptagons, which can
be appreciated near the up-left and down-right corners of Fig. 2a, are the
real and virtual images of the lens aperture (the third and fourth terms in
Eq. (4)). With our IPDH configuration, the interference terms have only
significant values on a reduced area of the hologram, where the object
beam has the appropriate optical path to produce interferences with the
reference beam, meanwhile all the object beam contributes to the sec-

ond term J (|5\2 > Thus, the intensity of the heptagons as compared to

the background term seems lower. This can be illustrated more clearly
by calculating the Fourier transform for each 256 x 256 pixels window
of the intensity recorded in the hologram and obtaining the corre-
sponding Fourier transform map (Fig. 2b). The presence of the real and
virtual images of the lens aperture in this map indicates the regions
where the reference and the object beam are interfering: the heptagons
only appear in the fourth column of the resultant image, which

Fig. 1. (a) Schematic drawing of the experimental set-up; representative images of the (b) reference beam and (c) object beam.
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Fig. 2. Interference term of an IPDH recording: Fourier Transform of (a) the whole hologram and (b) windows with 256x256 pixel size; (¢) Amplitude map in which

the coherence area is clearly observed.

corresponds to the interference area. Let us note that the high intensity
at the bottom of the last column is not an interference pattern, it is due to
a strong reflection at the object entrance, which makes the second term
of Eq. (4) clearly visible.

In the digital reconstruction of the holographic recording, the real
image of the lens aperture is selected and moved to the centre of the
Fourier plane, while the rest is blocked [16-20]. Then, the inverse
Fourier transform is computed so the complex amplitude distribution,

|y|?*'6, at the object plane is recovered. The modulus of this function
depends not only on the degree of coherence but also on 7 and 0. Since
our reference beam is smoothly variable although not completely uni-
form, it is convenient to remove r from the reconstructed field by
dividing by it. Thus, we have recorded the reference beam intensity,
Fig. 1b, and obtained [r| by using a similar procedure as the used to
isolate the interference term in the Fourier transformed hologram.

On the other hand, the object beam has a speckle structure and,
therefore, it is more adequate to remove its influence by a statistical
approach, as it will be explained along the next sections. Fig. 2¢ presents
the resulting amplitude, a = |y|[o|, obtained from one hologram after
performing the Fourier transform operations and dividing it by the
reference beam, showing a vertical bright fringe, which is the region
where the reference and the object beams interfere at the sensor plane.
The object beam 0 is not a faithful copy of 7 and those differences
determine the dimensions of the coherent region. The reference beam at
the camera sensor is a measurement of the laser intensity profile but
magnified from the initial size of the laser beam with a magnification
factor, M;. On the other side, the object beam is compressed along the
optical axis (Z-axis in Fig. 1a) and reaches the sensor with a different
vertical magnification factor, M,. Thus, we need to adjust the optics to
ensure that both beams overlap very well along the vertical direction (Y-
axis in Fig. 1a). On the contrary, the adjustment along the horizontal
direction is not so critical since there is always some part of the so-called
object beam that is spatially coherent with the reference beam.

The object beam optical path increases as it travels through the ob-
ject (X-axis in Fig. 1a). Therefore, the horizontal width of the coherent
region is limited by the temporal coherence of the source and its vertical
width is limited by the spatial coherence of the source. These facts will
be used to obtain the coherence properties of the beam, as it will be
detailed in the next sections.

3. Temporal coherence length measurement

Assuming that the spatial coherence is optimized, the maximum
degree of coherence is obtained when the optical path length difference
between both beams (OPD) is null. To achieve this, the optical path
lengths for both the object and the reference beams have to be matched

within the temporal coherence length of the source at a chosen point at
the camera sensor. Fig. 2c shows the coherent area whose central ver-
tical line has null OPD between the reference and the object beams. This
central line has a slight curvature due to the different optical path length
for each light ray going from the object to its corresponding point at the
camera sensor (image plane). The OPD increases as the illuminating
beam travels along the object, i.e. as we move towards the left of the
image. The dependence of the coherence degree on the OPD can be
studied by analyzing the changes in the amplitude of the reconstructed
filtered hologram along the X-axis.

In our specific set-up, a double cavity New Wave Pegasus high
repetition rate laser (A = 527 nm, energy per pulse = 10 mJ at 1000 Hz,
pulse width < 180 ns) is used as light source and the object consists of a
transparent solid object made of polymethyl methacrylate (PMMA,
refractive index, npyma = 1.492) seeded with particles that scatter the
illumination beam. Finally, a high-speed CMOS camera (Fastcam SA2,
16 bits, 2048x2048, pixel size of 10 pm x 10 pm, 1000 fps) and a
photographic objective (f = 105 mm) are used to record the hologram
plane with a magnification of M = 0.411.

Fig. 3a-b present a vertically centered 500px-wide, 150px-high re-
gion of the amplitude map (as in Fig. 2c) obtained for our two laser
cavities, A and B. The temporal coherence length, L., can be estimated as
the width of the interference area along the X-axis, since two particles
horizontally displaced into the object receive and scatter the light with a
certain delay. As it can be observed, a lot of speckle appears and
therefore, the width of the coherent area, i. e. the temporal coherence
length, is better determined from the vertically averaged coherence
degree. Fig. 3c shows the coherence degree as computed from the ex-
periments of Fig. 3 a) (blue line) and b) (red line). The temporal
coherence length is directly related with the width of the graphs at 1/e of
the maximum (black solid line in Fig. 3c¢) by adjusting the data to a
Gaussian function after subtracting the background, as usual. From
Fig. 3c it can be also deduced that the temporal coherence length for the
cavity B is 25% bigger than for the cavity A.

The temporal coherence length in air, L., is obtained from the
measured width of the Gaussian fitting, Ax, by taking into account the
pixel size of the camera, px, the magnification of the imaging system, M,
and the object refractive index, n, such as L. = pxAxn/M, which allows
giving a quantitative value of the temporal coherence length of the
source, (Table 1). We have also included the estimated errors from the
Gaussian fitting considering a confidence interval of 95%. However, we
have experimentally checked that, when IPDH is used as a velocimetry
technique, the size of the useful region of the hologram can be defined
with a less restrictive criterion than for the temporal coherence length,
L., since the used length requires a SNR much smaller. For that reason,
we have also computed the width of the region with a coherence degree
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degree of coherence, |y|

0
X (pixels)

Fig. 3. Region of the computed amplitude for (a) cavity A, (b) cavity B, and (c) modulus of the coherence degree along the X-axis obtained for both laser cavities.

Table 1
Temporal coherence length computed for both cavities of the laser with the
proposed method.

Laser cavity Ax(px) L. (mm) L, (mm)
A 119.8 + 1.7 4.35 + 0.06 6.15 + 0.08
B 151.8 £ 2.5 5.51 + 0.09 7.85 £0.13

bigger than 1/e? of the maximum (dashed line in Fig. 3¢), and the cor-
responding useful coherence length, L,, (Table 1). To check the validity
of the obtained results, we have measured the temporal coherence
length with a modified interferometer similar to that shown in [23],
obtaining L.y = 4.98 +£0.15mm, and L.g = 5.33 +0.17 mm. These
results are in agreement with our present values and corroborates that
laser cavity B has a temporal coherence length larger than laser cavity A.

4. Spatial coherence radius measurement

Since the spatial coherence area of a beam increases with the dis-
tance from the light source, we have chosen a specific plane, far from the
laser output, and close to our working region to obtain its transversal
spatial coherence radius (radius of the spatially coherent area). Fig. 4
shows the beam profiles for both laser cavities at this plane, which is just
before the reference lens plane, at a distance d;, = 3.256 m from the
wedge, Fig. 1a. It can be seen that both cavities have elongated intensity
profiles but with different shapes.

As we have mentioned, the spatial coherence radius is related to the
vertical (Y-axis) width of the envelope of the interference term of the
hologram, since two particles vertically displaced into the object receive
the light from the source at the same time. Thus, the scattered light from
these two particles would be fully temporally coherent, being the whole

a)

coherence effect due to the spatial coherence. As in any interferometric
recording, a good spatial coherence requires both beams to have the
same orientation, similar size and very good overlapping. In an IPDH
configuration, it implies to control the vertical alignment and to have
similar values for the magnification factor of both beams, M, and M,. In
an ideal case, at any point at the camera sensor, the object and the
reference beams should come from the same point of the laser beam but,
in a more general case, they come from two very close points s; and
s'5. The distance, h, in the vertical direction, between 5'; and 5’5 can be
expressed as a function of the magnification factors of the object beam,
M,, and the reference beam, M,, with respect to the chosen plane at d;,

1 1
h:(Y*yo)(ﬁ*ﬁ) 5)

where y is the vertical coordinate at the sensor plane and yj is a constant,
which depends on the vertical beam alignment.

If the magnifications are very similar, h is approximately constant
along the Y-axis of the recorded region and it is not possible to extract
information about the spatial coherence from the hologram. Therefore,
we need that M, # M;. Besides, if one of the beams is flipped in the
vertical direction, then

11
- +A7r>' (6)

==l

Thus, h changes notably along the Y-axis, and the alignment of the
beams is irrelevant since it only determines where the radius h is null, i.
e. where the center of the interference region is located. Moreover, if the
OPD is null, with a vertically flipped reference beam, there is always a
region of coherence with good contrast.

The coherence degree reaches the same value when h is either pos-
itive or negative. Subsequently, the total vertical width of the coherent

Fig. 4. Laser beam profiles at 3.256 m from the wedge at the maximum energy conditions: a) for laser cavity A and b) for laser cavity B.
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region, Ay = (y — ¥o), is twice the maximum separation h between two
source points spatially coherent. Then, the radius of the spatially
coherent area at d; considering both cases (Eq. (6) and Eq. (7)), can be
computed as

Ay (1 1
PC—T(E?M) @)

Thus, to obtain the spatial coherence radius, p,, we need to deter-
mine the magnification factors of the reference beam, M,, and of the
object beam, M,, and to measure the width, Ay = (y — y,), along the
vertical direction, in a similar way as we have measured the width along
the horizontal direction in the previous section.

On one hand, the object beam magnification, M,, can be computed
by taking into account the laser diameter before the lenses that produce
the illumination beam of the object and the expansion produced by
them, besides the magnification of the imaging lens, M. Then, the object
beam magnification can be expressed as

_ do Xit
o — )
dL n.ﬁlu

(®

where dj is the distance from the wedge to the first spherical lens (see
Fig. 1a), fy, is the focal length of the cylindrical lens, and x, is the
distance from the centre of the imaged object area to the origin of the
illuminating beam. In our setup, dp = 2.478 mm, fy, = —50 mm and
Xy = 675 mm, so M, = 2.93.

On the other hand, the reference beam magnification, M,, can be
computed by taking into account the laser diameter at the reference lens
position, d, =~ dj, the focal length of the reference lens, f;, and the beam
expansion produced by this lens. This beam expansion can be computed
by considering the reference beam as a divergent wave that comes from
a distance equal to the image distance of the imaging system. Then, the
reference magnification can be expressed as

_d, f(1+ M)
4 f

Once the theoretical formalism is established, we have considered
three experimental cases: in case 1 we consider the same configuration
as in Figs. 2-4, with a reference lens with f, = 40 mm and M, = 3.70; in
case 2 the output arm of the reference beam is vertically flipped and the
reference lens is the same as in case 1; and in case 3 the reference beam is
not flipped but the focal length of the reference lens is modified, f, =

M, . (C)]

AT T
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10 mm, resulting in M, = 14.82. We have checked that the magnifica-
tions of the reference beam, determined from the comparison of the laser
beam profile (Fig. 4) with the profiles on the sensor (Fig. 1b), and the
object beam, give similar values.

Fig. 5 shows the amplitude map and its dependence on the Y-coor-
dinate for the three considered cases. For each case, we present a 300px-
wide region of the amplitude map and its horizontal average. Let us
remark that the coherent region is not limited by the size of the object
and reference beams, as both fill the whole region of the sensor. The
object beam has not been modified from previous experiments (Fig. 1c),
and there is no appreciable difference between the intensity distribution
of the reference beams for case 1 and case 2. For case 3, the reference
intensity distribution is even more uniform as we have expanded further
the beam. In the case 1 (Fig. 5a), we can appreciate that the amplitude
does not represent the full coherent region as the amplitude does not
decrease to zero. In addition, as the peak is very wide, the Gaussian fit is
quite sensitive to the data noise. In order to improve the spatial coher-
ence radius measurement, we need a shorter fringe so that the amplitude
changes noticeably between the centre and the extremes, where it
should reach an off-set value. To achieve it, we can either rotate the
reference arm output to obtain a vertically flipped reference beam (case
2, Fig. 5b), or change the magnification of one of the beams (case 3,
Fig. 5¢).

With a vertically flipped reference (Fig. 5b), the vertical width of the
interference term is clearly reduced and we can appreciate the ampli-
tude dependence on the Y-coordinate. A similar result is obtained when
the reference lens is modified to expand further the reference beam
(Fig. 5¢).

We have fitted the amplitude to a Gaussian function to determine the
full vertical width at 1/e of the maximum value as in the previous sec-
tion, and the spatial coherence radius according to Eq. (7). The resultant
values are presented in Table 2. We have also computed the useful
distance, at which we can still have useful interference at 1/e? of the
maximum, which is usually enough for interferometric measurements,
Table 2. In addition, we have included the estimated errors from the
Gaussian fitting considering a confidence interval of 95%.

In the three cases, the variability of the data and its discrepancy with
the Gaussian fit is notably bigger (Fig. 6) than in the previous section
(see Fig. 3). The reason is that the interference fringe is very narrow and
the average in the X-direction includes only a few speckles. The
configuration used in case 1 does not provide data along h to resolve the
full dependence of the coherence degree (Fig. 5a), and therefore the
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Fig. 5. Interference term and averaged amplitude along the Y-coordinate obtained for a) case 1, b) case 2, and c) case 3.
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Table 2
Spatial coherence radius computed for both cavities of the laser and the three
considered cases.

Case Laser Reference Ay(px) p.(mm) p,(mm)
cavity output
1 A No flipped 2107.7 + 0.756 + 1.069 +
44.6 0.016 0.023
B No flipped 1689.6 + 0.606 + 0.857 £
28.6 0.01 0.01
2 A flipped 2941 +3.3  0.900 + 1.272 +
0.010 0.028
B flipped 353.1+6.3 1.080 + 1.528 +
0.019 0.027
3 A No flipped 685.4 + 0.937 + 1.326 +
12.4 0.017 0.025
B No flipped 743.7 £ 1.017 + 1.438 +
13.4 0.018 0.026

spatial coherence radius cannot be determined accurately. This problem
is solved for cases 2 and 3, which provide very similar results. The same
conclusions can be deduced from the measurement of cavities A and B,
being the main difference that the spatial coherence radius is bigger for
the laser cavity B than for the cavity A. The spatial coherence radius can
be related with the size of the laser profile near the reference lens
(Fig. 4). The ratio of the coherence area and the laser beam size remains
constant for any other plane, as the governing equations for the mutual
coherence degree propagation through free media or optical systems are
the same as for the beam propagation itself [1]. However, this ratio
depends on the chosen criteria for the beam diameter definition. Thus,
we use the angle subtended by the coherence radius at the chosen plane,
6. = 2p./d;, and compare it with the beam divergence given by the
manufacturer, <3 mrad. The average 6. calculated for cases 2 and 3
results 0.6 mrad. This result justifies the need to adjust the expansion
rate and the orientation of both beams according to what we found in the
experimental implementation of our setup. Also, we can expect a
coherence degree greater than 1/e of the maximum when we make
interfering two beams shifted less that a 20% of the beam dimensions for
any of both laser cavities.

To validate these results, we performed some experiments with a
modified Mach-Zehnder interferometer similar to that shown in [14],
with a distance d; = 5 m. We measured that in the vertical direction,
p. = 0.803 £ 0.004 mm for laser cavity A and p, = 1.038 + 0.004 mm
for laser cavity B, which give an average angle subtended by the
coherence radius of 0.32 mrad and 0.42 mrad, respectively. These re-
sults are in agreement with our present values and corroborates that
laser B has a coherence radius larger than laser A.

Optics and Laser Technology 169 (2024) 110111

5. Conclusions

In this work, we present a complete holographic technique for
measuring simultaneously the temporal coherence length and the spatial
coherence radius of a light source. We take advantage of the perfor-
mance dependence of a Image Plane Digital Holography set-up with
laminar object illumination on the coherence properties of the illumi-
nation beam to produce interferences. The temporal coherence length is
obtained from the vertical average of the envelope of the interference
term of the hologram and the spatial coherence radius is computed from
the horizontal average of the same envelope, both separately obtained
from the complex degree of coherence. The resultant measurements are
in agreement with other experiments performed with two separated set-
ups. The main advantages of the presented technique are that the
measurement of the spatial and temporal coherence can be computed by
using the same set-up from a single recording and that the influence
between them is almost unlinked. In addition, an experimental aproach
to the coherence length calculations suggests that the criteria of 1/e of
the maximum is too exigent, since for the most practical cases the used
coherence length requires a SNR much smaller. Therefore, we have also
defined and computed an useful coherence length at 1/¢? of the
maximum. Finally, the presented procedure has been applied to a double
cavity high repetition rate laser but it could be applied to obtain the
coherence properties of any other type of illumination source.
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