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Abstract
Coherence expresses the ability of light to form interference patterns sta-
tionary in time and extended over a spatial domain. The importance of
coherence is undoubted but teaching coherence constitutes a challenge. In
particular, there are only a few simple and clear experiments to illustrate
coherence. To render the phenomena of coherence more accessible and to
point out the difference between spatial and temporal coherence, we intro-
duce an undergraduate experiment consisting of a light source illuminating a
double-slit and a Michelson interferometer. The light source is adjustable in
its spatial extent, its central wavelength and its spectral width. With that we
can control the spatial and temporal coherence of the emitted light. The
variation of the spatial and temporal coherence causes changes in the con-
trast of the interference patterns in both interferometers captured simulta-
neously by two cameras at the output of the double-slit and the Michelson
interferometer. Therefore, the change in spatial and temporal coherence can
be directly visualised.
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1. Introduction

Coherence is potentially one of the toughest topics in modern optics lectures. Nevertheless,
understanding coherence is essential for many applications, such as the optical coherence
tomography using the low temporal coherence of a white light source to gather three-
dimensional information of a tissue [1] or modern stellar interferometry setups tracing back to
the stellar interferometer by Michelson [2]. It is obvious that coherence is a fundamental
concept in modern optics which should be taught properly. To decrease the degree of
abstraction concerning the discussion of coherence, it is indispensable to show experiments
focusing on the core aspects of spatial and temporal coherence. Only a few experiments have
been suggested thus far with the purpose to teach the basic concepts of spatial [3—5] or
temporal coherence [6]. In this contribution, we concentrate on a setup, kept as simple as
possible, giving the possibility to show the core aspects of spatial and temporal coherence
simultaneously and without the need for processing the data with a computer. This is done by
combining a double-slit interferometer, observing the spatial coherence, with a Michelson
interferometer, observing the temporal coherence. Both interferometers are illuminated by the
light of an adjustable light source representing the core aspect of the setup which is the
dependence of spatial and temporal coherence on the properties of the emitting light source
[7-9] and [10].

Our contribution starts by summarising the theory of spatial and temporal coherence
focusing on spatially and temporally coherent areas. Afterwards we will describe the setup
and the results of the experiments.

2. Coherence and its influence on the contrast of interference pattern

The spatial and temporal coherence of light are given by the properties of the light emitting
source such as its spatial extent, its emitted central wavelength and its spectral width. The
concept is best understandable if either spatial or temporal coherence is discussed. Spatial
coherence can best be explained by considering light emitted from a monochromatic source
(temporally coherent) but with a finite spatial extent. The finite spatial extent can be con-
sidered as an ensemble of individual emitters that emit light at a different phase. Summing up
all contributions causes a distribution of light in space where the phase is constant only within
finite spatial domains but it varies from domain to domain. These finite domains are called
spatially coherent areas [11]. They are illustrated in green in figure 1 when considering three
emitters. Nevertheless, this illustrates just a snapshot in time of the electric field strength
behind a light source with three emitters. In reality the spatially coherent areas fluctuate on a
scale of the coherence time 7.. The formation of spatially coherent areas and the relation to
the spatial coherence and the capacity to form interference patterns can be shown in an other
experiment [12] with the help of a pseudo-thermal light source. The average spatial extent &
of the coherent areas corresponds to what is called spatial coherence. For a circular light
source X is given by
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Figure 1. Interference of three waves forming spatially coherent areas (marked in
green) with extent x. The waves are represented by three concentric fringe patterns.
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Figure 2. Electromagnetic field strength emitted from a point source where the phase of
the emission occasionally jumps (marked in red). The average time between two phase
jumps is called coherence time 7.
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where )\ is the central wavelength of the light source and % = arctan g is its angular
extent, when one is watching the light source from the observation plane, given by the
distance z from the light source to an observation plane and the radius p of the light source. It
follows, that the average extent of the spatially coherent areas ¥ inside the observation plane
can be manipulated by varying the angular size % or the central wavelength )y of a light
source. Equation (1) results from a Fourier transform of the aperture of a circular light source
and is well-known from the van Cittert—Zernike theorem [13].

Temporal coherence can best be explained by considering the light emitted from a point
source (spatially coherent) but where the phase of the emitted light jumps caused by impacts
among the emitters, shown schematically in figure 2. Within the time ¢ between two phase
jumps, the wave is perfectly periodic and called temporally coherent. But the phase varies
non-deterministically from time interval to time interval. A detailed description can be read
for instance in [14]. The average time passing between two phase jumps is called coherence
time 7, and corresponds to what is called temporal coherence. It can be manipulated by the
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spectral width A\ and the central wavelength )\, of the light source. This is well-known from
the Wiener—Khintchine theorem [13]. The coherence time can be evaluated from

N
O AM-c

T 2)
with the speed of light c.

After all, a real light source with a finite spatial extent and a finite spectral width, such as
an LED, is characterised by the interference of the light waves forming the spatially coherent
areas as well as by the impacts among the emitters causing the phase jumps. In agreement
with equations (1) and (2), the spatial and temporal coherence of light can be controlled by
adjusting the angular size %, the central wavelength Ay, or the spectral width A\ of the light
source.

But how can coherence be made visible, how can it be measured? For that purpose we
exploit the ability of coherent light to cause visible interference fringes: we need interfero-
metric setups. Generally, the contrast of an interference pattern is specified by the relative
difference of intensities of an intensity maximum Iy,, and its adjacent minimum /yy;,. The
contrast v is given by

U= IMax — IMin' (3)
Ivax + Dvin

The contrast v of the interference pattern of a double slit is affected by the extent of the
spatially coherent areas ¥ relative to the gap distance of the double-slit g [12]. If the spatially
coherent areas are smaller than the gap distance of the double-slit ¥ < g an interference
pattern cannot be seen, therefore, v = 0. We speak of incoherent illumination with respect to
the gap distance of the double slit. The double-slit interference pattern becomes visible,
0 < v < 1, if the illuminating spatially coherent areas are larger than the gap distance of the
double-slit ¥ > g. This is defined as partially coherent illumination with respect to the gap
distance of the double slit. We obtain the contrast v = 1, if the spatially coherent areas are
much larger when compared to the gap distance of the double-slit ¥ > g. Then we speak of a
coherent illumination with respect to the gap distance of the double slit.

The contrast v of the interference pattern of a Michelson interferometer is affected by the
coherence time. The interference pattern is visible, 0 < v < 1, as long as the coherence time
7. is longer than the delay time 7. The latter is defined as the time the light needs to
compensate the path difference of the mirrors of the Michelson interferometer. We speak of
partially coherent illumination with respect to the delay time of the Michelson interferometer.
If the coherence time is much shorter than the delay time 7. < 7, the interference pattern
vanishes, v = 0. This is defined as incoherent illumination with respect to the delay time of
the Michelson interferometer. The contrast v = 1 is achieved if the coherence time is much
larger than the delay time 7, > 7. In this case we speak of coherent illumination with respect
to the the delay time.

Combining both interferometers in a single setup while using the same source allows to
study both, spatial and temporal coherence. The description of such a setup is done in the
following.

3. Setup and components

The following section describes the functionalities and the setup of the experiment for
undergraduates and secondary school students to observe and manipulate spatial and temporal
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Table 1. List of components.

OLED

@Diffuser

®Aperture diaphragm
@Filters

Mo = 550 nm, A\ = 10 nm
Ao = 550 nm, A\ = 40 nm
Ao = 532 nm, A\ = 10 nm
Ao = 632.8nm, A\ = 10 nm
® Double slit

© Camera

@ Beam splitter

Mirrors

® Beam splitter

Lens f = 75 mm

@ Lens f = 50 mm

® Camera

Thorlabs MCWHL5
Thorlabs DG10-1500-MD
Thorlabs ID12/M

Thorlabs FB550-10
Thorlabs FB550-40
Thorlabs FLL532-10
Thorlabs FL632.8-10
Pierron MT 3231 with g = 200 pm
Thorlabs DCC1645C
Thorlabs EBS2

Thorlabs PF10-03-PO1
Thorlabs CCM1-BS013/M
Thorlabs AC254-075-A
Thorlabs AC254-050-A
Thorlabs DCC1645C

coherence. The necessary components are shown in table 1. The first main part, marked with
red numbers in figure 3, is the light source. It is adjustable in its angular size and spectral
width. The light source consists of the LED @ that illuminates a ground glass diffuser @. The
angular size of the ground glass diffuser is adjustable by the aperture of the diaphragm ®. The
spectral width of the source is adjustable by four different spectral filters mounted on a filter
wheel @. The filter types are listed in table 1. The beam splitter @ allows to couple light from
the light source into the double-slit beam path and the Michelson interferometer. The second
main part, marked with blue numbers in figure 3, is the double-slit interferometer. It consists
of a double-slit ® at a distance of z = 40 cm (marked in blue in the drawing of the setup
figure 3) from the light source and a camera ® at a distance of 20 cm from the double slit,
capturing the interference pattern of the double slit. The third main part, marked with green
numbers in figure 3, consists of a Michelson interferometer where one mirror ® is slightly
tilted. The interference pattern of the Michelson interferometer is captured by a second
camera @ and two lenses and @ at a distance of 12.5 cm in between, which images the
mirror plane to the camera chip. As shown in figure 4(a), the tilted mirror M2 forms a virtual
image L2’ of the light source L, which is not aligned with the virtual image L1’ of the light
source L, formed by mirror M1. Therefore, an interference pattern is located in the area
around P inside the mirror plane. The tilted mirror causes different delay times 7(()
depending on the angle 3 across the image captured by the camera. This causes a stripe
pattern with decreasing contrast for [7(5)| > 0, exemplarily shown in figure 4(b). The width
of the stripe pattern d, once the contrast decreases to Loof its maximum, is related to the
coherence time 7. of the illuminating light defining the temporal coherence. The larger
the width of the stripe pattern the longer the coherence time 7. and vice versa. For finding the
interference pattern of the Michelson interferometer it is helpful to adjust the distance of the
first mirror M1 to the beam splitter, so that a sharp image of the surface of the mirror is visible
on the camera chip. Afterwards, the second mirror can be moved slowly to gather a sharp
image of its surface, too. In most cases the interference pattern is found very easily by this
method. For quantitative measurements the coherence length /. = 7. - ¢ is given in com-
pliance with figure 4(c) by I, = 2 - tan(() - g. The angle 3 can easily be measured by using a
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Figure 3. Photo and drawing of the setup to observe spatial and temporal coherence,
consisting of a double-slit interferometer and a Michelson interferometer illuminated by
an adjustable light source.

laser illuminating the mirror and measuring the displacement of the back reflected laser light.
We measured 3 = arctan (%) ~ 0.386° & 0.001°.

To change the spatial coherence of the light, we can either adjust the radius p of the light
source or the distance z. Both modifications show identical results. To keep the setup simple,
we prefer adjusting the radius p of the light source by varying the aperture of the iris. To
change the temporal coherence of the light, we can adjust the spectral width of the source by
introducing different filters. How this affects the interference patterns is discussed in the

following section.
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a)

Mirror

Figure 4. (a) Sketch of the Michelson interferometer, consisting of a light source L, a
Beam splitter BS, a Mirror M1, and a tilted Mirror M2. L1’ and L2/ are virtual images
of the light source L formed by the Mirrors M1 and M2. The interference is located in
an area around P inside the mirror plane. (b) Interference pattern of the Michelson
interferometer with one slightly tilted mirror. The width of the stripe pattern d is
correlated to the coherence time 7.. (c) Drawing of the tilted mirror for evaluating the
coherence length /. in relation to d.

4. Observation and manipulation of temporal and spatial coherence

The presented setup gives us the possibility to manipulate the properties of the light source,
such as its angular size and its emission spectrum, and analyse their influence on the spatial
and temporal coherence of the emitted light. All intensities in the following figures were set to
the same level by the camera settings.

We start with the interference pattern of the double-slit g = 200 pm, shown in figure 5,
illuminated by light with Ay = 550 nm with a spectral width of 10 nm FWHM, short for the
full width at half maximum, for (a) and (b) and 40 nm FWHM for (c) and (d). The radius p of
the light source was set to p = 1 mm for (a) and (c) and p = 0.4 mm for (b) and (d). To
ensure the specified extents of the light source, we used a defined aperture instead of the iris in

7
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Figure 5. Interference pattern of the double-slit g = 200 pm illuminated by a light
source \g = 550 nm and FWHM A) = 10 nm with (a) p = 1 mm, (b) p = 0.4 mm
and a light source \g = 550 nm and FWHM A\ = 40 nm with (c) p = 1 mm and (d)
p = 0.4 mm.

3. As one can see, there exists no essential difference between figures 5(a) and (c) just as
between (b) and (d). This means that the spectral width of the light does not affect the spatial
coherence of the light. Furthermore, it is clearly visible by comparing (a) and (b) just as (c)
and (d) that the contrast of the interference pattern increases (the interference minima become
more pronounced) with decreasing radius p of the light source. In agreement with
equation (1), we can conclude that the spatial coherence of the light depends on the angular
size of the light source but not on the spectral width of the illuminating light.

As mentioned above, it is possible to observe the interference pattern of the Michelson
interferometer simultaneously. Figure 6 shows the interference pattern of the Michelson
interferometer illuminated by the source with the same properties as considered in figure 5. In
contrast to figure 5, there is an essential difference in the width of the stripe pattern d, which is
related to the coherence time 7., between figures 6(a) and (c) just as between (b) and (d).
Varying the radius p of the light source has no influence on the width of the stripe pattern as
one can see by comparing figures 6(a) with (b) and (c) with (d). In consequence and in
agreement with equation (2), the temporal coherence of the light depends not on the radius p
but on the spectral width A\ of the light source.

Last but not least, figure 7 shows the influence of the variation of the central wavelength )\
of the light on the interference pattern of the double-slit and the Michelson interferometer. Both
interferometers are simultaneously illuminated with light with a spectral width of 10nm
FWHM emitted by a light source with a radius p = 0.4 mm. While (a) and (b) show the

8
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I

e
e

Figure 6. Interference pattern of the Michelson interferometer with a tilted mirror
illuminated by a light source A\ =550nm and FWHM AM= 10nm with
(@ p=1mm, (b) p=04mm and a light source \g = 550nm and FWHM
AX = 40 nm with (¢) p = 1 mm and (d) p = 0.4 mm.

interference pattern of the double slit, (c) and (d) show the interference pattern of the Michelson
interferometer. The central wavelength of the light was set to A\g = 532 nm for (a) and (c) and
Ao = 632.8 nm for (b) and (d). It becomes apparent by comparing (a) and (b) just as (c) and (d)
that the contrast of the interference pattern of the double slit and the coherence time increase
with increasing central wavelength as expected from equations (1) and (2). Hence, the temporal
and the spatial coherence of the light depend on the central wavelength of the light source.

The measurements show how easily the spatial and temporal coherence can be
manipulated by the adjustable light source and determined by the interference patterns of the
double-slit and the Michelson interferometer. Another great advantage of our setup is the
possibility to observe the changes with the eye. It is not necessary to evaluate the mea-
surements with a computer to get an idea of the concept of coherence.

But it is also possible to do some quantitative measurements. To analyse the double-slit
interference pattern one will need a short Matlab script, evaluating the line intensity [5] or the
contrast by the intensities of the first order maximum and minimum [12]. For analysing the
coherence length [, = 7. - ¢ which is related to the width of the stripe pattern d, one has to
know the angle [ of the tilted mirror of the Michelson interferometer. With
B =~ 0.386° &+ 0.001° from above and a short Matlab script evaluating % in pixels from the
images shown in figure 6, we receive the results in table 2. To get the size of a pixel in an
image, the real size of a pixel s, = 5.2 um has to be multiplied with the magnification

9
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AL

Figure 7. Interference pattern of the double-slit g = 200 um illuminated by a
light source p =04 mm and FWHM AX = 10nm with (a) Ay = 532nm and
(b) Ao = 632 nm. Interference pattern of the Michelson interferometer with a tilted
mirror illuminated by a light source p = 0.4 mm and FWHM AX = 10nm with
(¢) Ao = 532 nm and (d) A\g = 632 nm.

Table 2. Results of measuring the coherence length with the Michelson interferometer
and one tilted mirror.

)\2
Filter Theory [ = A_OA Measured I,

550 & 20 nm 7.56 pm 7.5 £ 0.1 pm
550 + 5nm 30.25 pm 30.3 £ 0.3 pm
532 + 5nm 28.30 pm 28.2 £ 0.3 um
632.8 £ 5nm 40.04 pm 39.9 £ 0.3 pm

V= 3(5) 2: = 1.5 coming from the two lenses in front of the camera. We receive the pixelsize

s; = s,V ="T78pm. As we can see in table 2, the data gathered with this simple setup fits
the theory very well.

5. Conclusion

We presented a modern and simple setup for the observation and the manipulation of spatial
and temporal coherence of a light source that could be directly imaged by the contrast of

10
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interference patterns of a double-slit and a Michelson interferometer. The setup consists of a
double-slit and a Michelson interferometer combined by a beam splitter. Both interferometers
are simultaneously illuminated by the light of an adjustable light source. While the contrast of
the double-slit interferometer is related to the spatial coherence, the contrast of the Michelson
interferometer is related to the temporal coherence of the light emitted by the light source. The
setup shows the influence of the properties of the light source on the coherence of the light in
an impressive way. It therefore reduces the order of abstraction often connected to the term
coherence, which makes it much more understandable for university undergraduates or even
secondary school students.
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