Full-field optical coherence tomography—An educational setup for an undergraduate
lab

Kai Pieper, Gaél Latour, Jens Kiichenmeister, Antje Bergmann, Roman Dengler, and Carsten Rockstuhl

Citation: American Journal of Physics 88, 1132 (2020); doi: 10.1119/10.0001755
View online: https://doi.org/10.1119/10.0001755

View Table of Contents: https://aapt.scitation.org/toc/ajp/88/12

Published by the American Association of Physics Teachers

ARTICLES YOU MAY BE INTERESTED IN

Improving student understanding of electrodynamics: The case for differential forms
American Journal of Physics 88, 1083 (2020); https://doi.org/10.1119/10.0001754

Spatial filtering of structured light
American Journal of Physics 88, 1123 (2020); https://doi.org/10.1119/10.0001881

Fourier analysis of the non-linear pendulum
American Journal of Physics 88, 1068 (2020); https://doi.org/10.1119/10.0001788

The Poynting effect
American Journal of Physics 88, 1036 (2020); https://doi.org/10.1119/10.0001997

Tidal locking and the gravitational fold catastrophe
American Journal of Physics 88, 1059 (2020); https://doi.org/10.1119/10.0001772

A simple demonstration of shear-flow instability
American Journal of Physics 88, 1041 (2020); https://doi.org/10.1119/10.0002438

PHYSICS EDIJD‘\TION®

Advance your teaching and career
as a member of AAPT HEARN MORE



https://images.scitation.org/redirect.spark?MID=176720&plid=1225648&setID=405125&channelID=0&CID=414014&banID=519951233&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=a751578570f9a19485c32a00914fe23468df85a9&location=
https://aapt.scitation.org/author/Pieper%2C+Kai
https://aapt.scitation.org/author/Latour%2C+Ga%C3%ABl
https://aapt.scitation.org/author/K%C3%BCchenmeister%2C+Jens
https://aapt.scitation.org/author/Bergmann%2C+Antje
https://aapt.scitation.org/author/Dengler%2C+Roman
https://aapt.scitation.org/author/Rockstuhl%2C+Carsten
/loi/ajp
https://doi.org/10.1119/10.0001755
https://aapt.scitation.org/toc/ajp/88/12
https://aapt.scitation.org/publisher/
https://aapt.scitation.org/doi/10.1119/10.0001754
https://doi.org/10.1119/10.0001754
https://aapt.scitation.org/doi/10.1119/10.0001881
https://doi.org/10.1119/10.0001881
https://aapt.scitation.org/doi/10.1119/10.0001788
https://doi.org/10.1119/10.0001788
https://aapt.scitation.org/doi/10.1119/10.0001997
https://doi.org/10.1119/10.0001997
https://aapt.scitation.org/doi/10.1119/10.0001772
https://doi.org/10.1119/10.0001772
https://aapt.scitation.org/doi/10.1119/10.0002438
https://doi.org/10.1119/10.0002438

L)

Check for
updates

Full-field optical coherence tomography—An educational setup
for an undergraduate lab

Kai Pieper®

Institute of Theoretical Solid State Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1,
76131 Karlsruhe, Germany and Institute of Physics and Technical Education, Karlsruhe University

of Education, 76133 Karlsruhe, Germany

Gaél Latour
Laboratory for Optics and Biosciences, Ecole Polytechnique, CNRS, INSERM, Institut Polytechnique de Paris,
Palaiseau, France and UFR Sciences, Université Paris-Saclay, Saint-Aubin, France

Jens Kiichenmeister®
Thorlabs GmbH, Miinchner Weg 1, 85232 Bergkirchen, Germany

Antje Bergmann ©
Institute of Theoretical Solid State Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1,
76131 Karlsruhe, Germany

Roman Dengler
Institute of Physics and Technical Education, Karlsruhe University of Education, 76133 Karlsruhe, Germany

Carsten Rockstuhl

Institute of Theoretical Solid State Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1,
76131 Karlsruhe, Germany and Institute of Nanotechnology, Karlsruhe Institute of Technology,

P.O. Box 3640, 76021 Karlsruhe, Germany

(Received 14 August 2019; accepted 21 July 2020)

Optical coherence tomography, or in short OCT, is a measurement technique established in the
early 1990s for the non-invasive imaging of interfaces in the bulk of biological tissues or other
samples. A full-field OCT setup is built from a microscope combined with a Michelson
interferometer, where the mirror in one arm is replaced by the sample. Using white light, which is
temporally partially coherent, interference fringes disclose the presence of an interface whenever
the lengths of both interferometer arms are nearly equal. Scanning one arm allows for a volumetric
reconstruction of all interfaces inside the sample. While the importance of OCT in medicine is
indisputable, it is hard to teach students the basic aspects of such technology as most available
setups tend to be rather complex. It is our purpose to present a fully functional full-field OCT setup
that is stripped-down to its essential components and to promote its use in an undergraduate lab
course. The contribution is complemented by a description of the basic theory necessary to

understand the working principle of OCT. © 2020 American Association of Physics Teachers.

https://doi.org/10.1119/10.0001755

I. INTRODUCTION

The idea of using a white light interferometer to gather
depth information from samples came up in the 1970s.” This
idea led to the development of the optical coherence tomogra-
phy, or in short OCT, in the early 1990s.>* OCT makes it pos-
sible to analyse the bulk of tissues and other samples non-
invasively® by getting a three-dimensional representation of
interfaces inside the samples. OCT is nowadays a routine
technique that finds applications in medicine, for instance, in
Ophthalmology,”® Cardiology,® and Dermatology,” and the
analysis of artworks.®’

The typical full-field OCT setup comprises a micro-
scope, responsible to provide spatial resolution in the lat-
eral direction, combined with a Michelson interferometer,
responsible to provide spatial resolution in the axial direc-
tion. At the heart of the OCT is a properly chosen illumi-
nation source. It should be a white light source; or at least
a source with a finite spectral width that is temporally par-
tially coherent. As we will argue further below, the
broader the spectrum is, the better the spatial resolution in
the axial direction. Inside the Michelson interferometer,
one mirror is replaced by a sample. The sample can be a
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volumetric one, but it has to comprise interfaces among
different materials from where light is partially reflected.
Also, the sample should be sufficiently transparent in the
spectral region of the source to allow for imaging inside
the bulk.

The measurement technique is based on detecting a possi-
ble interference among the light reflected from the reference
mirror and from the partially reflecting interfaces inside the
sample. Because the light is temporally partially coherent,
interference fringes emerge in the interferometer only when
the path difference of the two arms of the Michelson interfer-
ometer is smaller than the effective coherence length. For
white light, the reference arm and the sample arm have
approximately an equal length. Detecting the spatial loca-
tions in the lateral plane where interference occurs allows
one to generate volumetric images from the sample where its
internal interfaces are mapped out. Nowadays, there exist
two large classes of OCT methods.

On the one hand, a frequency-domain OCT detects the
reflecting planes by the use of a spectrometer at the output of
the Michelson interferometer that divides the light into its
component frequencies. Due to the Wiener—Khintchine
Theorem, it is possible to reconstruct the position of the
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reflecting interfaces of the sample by carrying out a Fourier
transform of the detected intensity spectrum.

On the other hand, a time-domain setup detects the inter-
ference of the light by moving the sample in the axial direc-
tion. The resulting interference patterns are captured by a
photodiode (sequential) or a camera (full-field). Detecting an
interference contrast in each lateral and axial position pro-
vides the desired information about the interfaces in the sam-
ple after some image processing. Further information on the
various measuring OCT techniques can be found in the
literature. """

Since the early 1990s, OCT has become a very important
method for medicine and industry, leading to rapid improve-
ments such as the full-field method'? and the use of the
frequency-domain, allowing one to gather information faster
or even to image the whole depth of the sample at once. In
modern setups, an axial resolution in the submicron range
can be reached.'*™ The importance of such technology
prompts for its consideration in a modern curriculum of
undergraduate students.

For this purpose, some a]pproaches for educational or low
cost setups were reported.'®'® However, they mostly con-
centrate on frequency-domain setups. Although these
frequency-domain setups may be more powerful than time-
domain setups,'” they have the disadvantage of being simul-
taneously much more complex. This complicates the under-
standing of the basic principles and prompts for an
implementation of an OCT that is simultaneously simple and
educative while fully preserving its functionality. The con-
cept of coherence, which is the basic concept of OCT, is a
very important topic in modern optics lectures. Therefore,
many setups exist for educational purposes.?’~>

This paper is written with the purpose to design an educa-
tional full-field OCT setup suitable for undergraduate univer-
sity or upper high-school students. Its entire design is geared
towards making its working principle understandable for stu-
dents and to demonstrate the functionality by using carefully
selected samples in the relevant length scales adapted to the
spatial resolution of our instrument.

In Sec. II, we outline the underlying theory necessary to
understand the image formation in an OCT setup.
Essentially, we have to discuss the emergence of an interfer-
ence contrast in a Michelson interferometer considering tem-
porally partially coherent light. The text is written with the
purpose of being self-contained, and many of the basic
aspects are presented in a somewhat condensed manner. In
Sec. III, we describe the experimental setup and demonstrate
the functionality when discussing a set of carefully selected
samples. At the end, we provide some conclusions on our
work in a devoted section.

II. THEORY
A. Temporally coherent areas

In order to understand the basic concept of OCT, it is
indispensable to start the discussion with the concept of tem-
poral coherence of light. Temporal coherence can best be
explained by considering the light emitted from a small
source, consisting of a few emitters. This restriction to a
small source implies that we consider spatially coherent
light. From that source, light is emitted at a central fre-
quency, but the phase of the emitted light experiences irregu-
lar discontinuities, so-called phase jumps. These jumps can
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be explained on phenomenological grounds as being caused
by impacts among the emitters. The real part of the emitted
electric field is schematically shown in Fig. 1. Within the
times f,, between two phase jumps, the wave is perfectly peri-
odic and called temporally coherent. We call these time
intervals temporallé/ coherent areas, in analogy to spatially
coherent areas.”*> The average time between the phase
jumps is called the coherence time ...

Frankly speaking, a fixed phase relation exists only for the
field within one temporally coherent area, while there is no
fixed phase relation for the field among adjacent temporally
coherent areas or those further apart in time. This fixed phase
relation, however, is important to measure the appearance of
interference phenomena as discussed further below.

To mathematically capture the ability of light to cause
interference and to describe its temporal coherence, one can
rely on the autocorrelation function.”® The autocorrelation
function is given by

o1 (7
G(r,7) = }L“;ﬁj,r ' (v, u(r, t + 7)dr, (1)

with the electric field strength u(r, ) written as a complex
analytic signal, described here in the scalar approximation,
which is not measurable in experimental setups. It can be
said that the autocorrelation function expresses how much
information we have on the scalar fields u(r,7+ 1) and
u(r,t). With that it serves as a measure to evaluate the aver-
age extent of the temporally coherent areas. In the expression
above, this is done by comparing the signal u(r,¢) with the
signal u(r,t+ 1) temporally shifted by 7 inside the interval
[T, T]. Therefore, we call T the delay time.

The autocorrelation function also contains information on
the intensity

T
1(r) = (Ju(r,0)) = lim —LT ut(r, Ou(r,fde ()

of the electric field. To end up with a quantity that does not
depend on the intensity and is measurable in experimental
setups, the degree coherence
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Fig. 1. Schematic illustration of the temporal propagation of an electromag-

netic wave (only the electric field) with phase jumps (marked with red
points) caused by impacts of the surrounding on the emitting point source.
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is introduced, with G(r,0) = I(r). This is just the autocorre-
lation function normalized to the intensity of the signal. The
degree of coherence ranges between zero and unity.

An electric field oscillating at a fixed frequency without
discontinuities in the phase would be characterized by a sin-
gle frequency, by definition. Now, the presence of these
phase discontinuities as shown in Fig. 1 automatically
implies that more frequency components are required to con-
tribute to the signal. This implies that a partially temporally
coherent light source is characterized by a frequency spec-
trum with a finite spectral width. This will be discussed in
detail below, but intuitively it can be estimated that the more
abrupt and the more often these jumps occur, the broader the
frequency spectrum and vice versa. The degree of coherence
for a light source with a Gaussian spectrum is schematically
shown in Fig. 2.

The degree of coherence is a measure for the correlation
of the phases of the signal u(r,¢). The larger the value of
|g(r, 7)| the more likely it is that the phase is correlated when
considering the electric field at 7 and at 7 4 1.

Even though multiple definitions exist, we consider here
the time delay at which the degree of coherence takes the
value of 1/2 as the coherence time 7. As mentioned above,
it corresponds to the average size of the temporally coher-
ent areas. As already indicated before, the central
frequency g and the spectral width of the spectrum Aw
have great influence on the temporal part of the degree of
coherence g(t). This relation is mathematically described
by the Wiener—Khintchine Theorem.?® The theorem states
that the autocorrelation function G(t) and the spectral
power density S(w) form a Fourier transform pair
expressed by

ﬂﬂ:J S(w)e " da. )
o0
This means that the degree of temporal coherence |g(7)| can
be evaluated from the spectral power density S(w) and vice
versa®’?8 using Egs. (3) and (4).

Assuming a Gaussian distribution for the degree of temporal
coherence and with the help of the Wiener—Khintchine
Theorem, the coherence time can be analytically expressed as

1 3

N oA 5)

Te

T

Degree of temporal coherence

Delay time T

Fig. 2. Schematic representation of the degree of coherence. The average
size of the temporally coherent areas corresponds to the half width (marked
in red) of the temporal part of the degree of coherence g(t), which is defined
as the coherence time 7...
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with the central wavelength Ay, the spectral width A/ of the
light source, the frequency uncertainty Af = Aw/2x, and ¢
the speed of light.

Now that we have a description for partially temporally
coherent light at hand, we can consider the formation of
interference patterns in a Michelson interferometer using
such a light source.

B. Interference with a Michelson interferometer

The Michelson interferometer, schematically shown in
Fig. 3, consists of a light source, two mirrors, a beamsplitter,
and a screen. It generates an interference pattern on the
screen with an interference contrast depending on the tempo-
ral coherence of the illuminating light and the lengths of the
two interferometer arms.

We denote I, = (Ju(r,t)|*) as the intensity coming
from the first arm of the Michelson interferometer and
I, = (Ju(r,t +7)|*) as the intensity coming from the second
arm with the respective electric field strength u(r,r) and
u(r,t+ 7). The time delay t that appears in the expression
for the intensity in the second arm corresponds to the time
difference that elapsed because the light in the second arm
might have taken a shorter or a longer path as compared to
the first arm. The intensity at the point r on a screen behind
the Michelson interferometer is given by

I(r) =1;(r) + L(r) + 2/ (r)[x(r)|g(r,T)|cos @  (6)

with the phase difference ¢ depending on the path difference
inside the arms of the Michelson interferometer and the
degree of coherence |g(r,7)| evaluated at the delay time t.
The contrast of such an interference pattern is given by

I max I min
= (N

Imax + Imin ’

where I« 1S the intensity of an interference maximum and
I'nin 1s the intensity of a neighbouring interference minimum.
The extremal values for the intensity are obtained whenever
cos ¢ = *1, leading to

v=21 lg(r,7)]- ®)
— Mirrorl

Screen
Beamsplitter

| Mirror 2

l Light source

Fig. 3. Sketch of a Michelson interferometer, consisting of a light source, a
beamsplitter, two mirrors, and a screen.
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From this equation, it can be seen that the contrast within the
Michelson interferometer is related to the degree of coher-
ence in relation to the length difference of the two arms in
the interferometer. We can conclude that an interference
pattern is only visible, defined here as 0 < v < 1, if the
coherence time 7, is longer than the delay time t. The inter-
ference pattern vanishes, defined here as v = 0, if the delay
time 7 is much longer than the coherence time t... To observe
interference, the temporally coherent areas, therefore, have
to be sufficiently “long” to interfere.

The equivalent coherence length corresponds to the differ-
ence in the optical path between the two interferometer arms
that allows one to see clearly defined interference patterns.
By moving one of the mirrors of a Michelson interferometer
and capturing the intensity with a photodetector, one can
obtain a so-called interferogram, which is shown as a simula-
tion in Fig. 4. It illustrates the sequence of intensity maxima
and minima with a specific envelope.

The envelope of the interferogram corresponds to the
autocorrelation function of the illuminating light formed by
the displacement of the mirrors. So, the envelope of the
interferogram corresponds to the degree of temporal coher-
ence. This means that the half width of the interferogram
corresponds to the coherence length /. or, equivalently, to
the coherence time 7. In Fig. 4, one must keep in mind that
the light inside the Michelson interferometer has to pass the
displacement of the mirrors twice. An interferogram can be
observed, if the moving mirror is within the distances
dier = 1./2 to the beamsplitter, where dir is the distance of
the reference mirror to the beamsplitter. As described in Sec.
IT A, the width of the interferogram depends on the emitted
central wavelength 1y and the spectral width A4 of the light
source. The maximum intensity of the interferogram depends
on the intensity of the reflected light. Key to the image for-
mation of a full-field OCT is now the assumption that the
mere presence of an interferogram signifies the presence of
an interface, if an absolute coordinate system is well-defined.

C. Image formation in a full-field OCT

The actual setup of a simple full-field OCT, as shown in
Fig. 5, consists of an interferometric microscope: a combina-
tion of a Michelson interferometer and a microscope. This
combination is used to detect the interferograms coming

| L & e * —Interference| |
Max - — Envelope

Intensity

0
Optical Path Difference
Fig. 4. Simulated interferogram of two light beams interfering inside a
Michelson interferometer by Eq. (6). The assumption of a Gaussian shape of
the degree of temporal coherence was made. This means that the spectrum
of the simulated light-emitting diode (LED) is Gaussian as well.
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Sample

B

Camera Lens2 Lens1

Beam splitter

Reference mirror

f, ' ' f,

Fig. 5. Schematic illustration of a simple OCT setup.

from the interference of the light in the two arms of the
Michelson interferometer.

The Michelson interferometer, consisting of a beam split-
ter, a reference mirror, and a sample instead of the second
mirror, is illuminated by a white light source, for example, a
light-emitting diode (LED). The central wavelength 4, and
the spectral width of the LED A/ lead to a rather short coher-
ence time 7. and, therefore, to a short equivalent coherence
length /. = ct,.

The lenses image the surface of the reference mirror and a
reference plane of the sample onto the camera chip. The refer-
ence plane of the sample is determined by the distance of the
reference mirror to the beam splitter. The reference plane and
the surface of the reference mirror are inside the focal plane
of the first lens. Therefore, the camera chip has to be placed
inside the focal plane of the second lens to achieve a sharp
image. To scan the sample, the sample is moved axially while
the camera is capturing images. In particular, the optical path,
the path that the light travels, is twice the moved distance of
the sample. This is caused by the geometry of the Michelson
interferometer. Another difficulty concerning OCT is that the
speed of light ¢ and, therefore, the optical path inside the sam-
ple depends on the refractive index n of the material of the
sample as well.*’ This means that the exact geometrical posi-
tion of an interface can only be evaluated if the exact refrac-
tive index of the material is known. For the samples we have
in mind, the relevant interfaces are not perfectly but only par-
tially reflecting and the refractive index is close to
Nglass = 1.5. This allows one to have a look inside the samples
and to detect a sequence of interfaces.

As said before, the camera detects an interferogram every
time a partially reflecting plane of the sample is within the
distances dyer * 1. /2 relative to the beam splitter, where dyer
is the distance of the reference mirror to the beamsplitter.
These interferograms contain the depth information of the
sample and can be evaluated.

The width of the interferogram is defined by the coherence
length, meaning that the axial resolution is related to the
coherence length of the light source. Two planes inside the
sample can be seen as separated, if the distance between
the planes is larger than /.. The lateral resolution is given by
the resolution of the microscope.

III. SETUP AND MEASUREMENTS

Now that we have understood and presented the image
formation in the OCT setup, we discuss the experimental
aspects of the setup and present selected measurements.

Pieper et al. 1135



Fig. 6. Full-field time-domain OCT setup, according to the illustration in
Fig. 5, consisting of an LED 1, a beam splitter 2, the reference mirror blank
3, the sample on a motorized stage 4 + 5, two lenses 6 + 7, and a camera 8.

A. Components

In this subsection, we will give a short description of the
setup and its functionality. The OCT setup, according to the
illustration in Fig. 5, is shown in Fig. 6. The used compo-
nents can be found in Table I.

Basically, the setup consists of two main parts. The first
part is the Michelson interferometer, consisting of the beam
splitter @, the reference mirror @, and the sample @ with a
motorized stage ®.

The second part is the microscope, consisting of the lenses
® + ®@ and the camera chip ®. The lenses image the sample
and the reference mirror onto the camera chip. Therefore, the
sample and the reference mirror are inside the focal plane of
lens ®, while the camera chip is in the focal plane of lens @.
We have a magnification of M = 200 mm/75 mm = 2.66.
The magnification can easily be changed by changing lens @
in front of the camera and repositioning the camera. With the
specifications of the camera chip (horizontal extent 6.78 mm
with 1280 pixels), we reach a theoretical lateral resolution of
2 um//pixel based on the pixel size.

The light used for this setup is generated by a warm white
LED with Jy = 600nm, inspired by other setups**>' using

Table I. List of components used to build the OCT setup.

@ LED with filter
@ Beam splitter

Thorlabs MWWHL4 and Thorlabs FGL495M
Thorlabs CCM1-BS013/M

@ Reference mirror Thorlabs PF10-03

@ Sample Scratch in a glass slide
® Motorized stage Thorlabs MTS25/M-Z8
® Lens 75 mm Thorlabs AC254-75-A
® Lens 200 mm Thorlabs AC254-200-A
Camera Thorlabs DCC3240M
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thermal light in an OCT setup, with a spectral filter @ cutting
off the wavelengths below 495nm in order to receive a
nearly Gaussian spectrum with AA = 125nm full width at
half maximum. The interferogram of the used LED is shown
in Fig. 7. As we can see, the envelope of the interferogram
does not exhibit a Gaussian shape since the LED spectrum
does not show a perfectly Gaussian distribution. Such an
LED offers an equivalent coherence length of /. = 1.c
~ 2.9 um. This means that we can see interference fringes
on the camera each time a reflecting plane of the sample is
within the distances dier*(2.9/2) um to the beam splitter,
where dr is the distance between the beam splitter and the
surface of the reference mirror blank. We can see two planes
of the sample separated if the distance between these planes
is larger than /. = 2.9 um. This implies that the axial resolu-
tion of the setup is about 2.9 um.

B. Alignment

The alignment of the setup is very easy. One would start by
setting up the Michelson interferometer with a microscope
slide instead of a sample, followed by the adjustment of the
camera and the lens so that a sharp image of a distant object is
visible. For finding the white light interference, one would
add the lens ® behind the beam splitter and adjust the distance
of the mirror blank to the beam splitter so that a sharp image
of the surface of the mirror blank is visible. Afterwards, the
microscope slide is moved until a sharp image of its surface is
visible. In most cases, the white light interference is already
visible at this point. If not, the microscope slide has to be
moved further. Finally, the tilting angle of the microscope
slide should be adjusted to align it to the mirror blank such
that one interference stripe is larger than the field of view.

C. Data and image acquisition

To measure a surface or the interior of a sample, we have
to record the interferograms of the sample. Therefore, we
move the sample axially and capture images with the cam-
era. We move the stage continuously at 2 um/s and take
images with the camera at 26.6 frames per second (FPS) con-
tinuously. In consequence, the camera takes an image every
Az =2pum/s/26.6FPS = 75nm of stage travel. This is

-6
gx10~ . . . : . .

— Interferogram

Intensity in W
- N
o N S}

-
T

o
2}

6 7 8 9 10 11 12 13 14
Optical Path Difference in pm

Fig. 7. Interferogram of the used light source with 4y = 600nm and

AJ. = 125 nm. Each signal from the sample is convoluted with this interfero-

gram. This means that each reflecting surface will have at least the width of

this interferogram. Therefore, understanding the relation between the LED
spectrum and the interferogram is crucial for understanding the OCT signal.
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Interference minimum

Interference maximum

Fig. 8. Interference of the light coming from the sample (scratch in a glass slide) and the reference mirror with stage travel of Az = 150 nm between the

images.

equivalent to 150nm in the optical path, because the light
has to pass the arm twice in the Michelson interferometer. If
a reflecting plane of the sample and the reference mirror
have nearly an identical distance to the beam splitter, the
images are characterized by brighter or darker areas chang-
ing from image to image. These areas are interference
fringes of the Michelson interferometer forming interfero-
grams in the axial direction, which will later give the depth
information of the sample. Since the interferograms are char-
acterized by a sequence of intensity maxima and minima, a
three-dimensional representation of the scanned sample
would contain bright and dark stripes in the axial direction.
To avoid these stripes and gather a clean position informa-
tion of the interfaces out of the interferograms, it is necessary
to approximate the envelope of the interferograms. To
extract the position information and approximate the enve-
lope of the interferograms, we take four consecutive images
S to S4 and evaluate the tomographic image ST31

St = (|Sl _S3|+|S2_S4|). ©)]

| —

Fig. 9. Tomographic image S; evaluated in Eq. (9) and four consecutive
images S;—S4 with 75 nm stage travel in between.

1137 Am. J. Phys., Vol. 88, No. 12, December 2020

The four images are characterized by grayscale values in
unsigned eight-bit integers, with a distance of Az = 75 nm of
stage travel in between. So, the images S and S3, like S, and
S4, have a distance of Az = 150 nm stage travel in between.
Because of the central wavelength of our light source, which
is about 4o = 600 nm, the interference maxima become min-
ima and vice versa every 300 nm in the optical path in air
N = 1, equivalent to 150nm of stage travel, as shown in
Fig. 8 with a sample consisting of a scratch in a glass slide.

Before evaluating the difference images S; —S3 and
S, — 84, the images must be converted to double format to
accept negative values. Furthermore, a 2D median filter,
smoothing the background noise caused by the gain of the
camera chip and the intensity fluctuations of the LED, is
applied to the images S|—S.

The resulting tomographic image Sy is shown in Fig. 9. A
bright area represents a spot on the sample where light was
reflected and interfered with the light inside the reference
arm. The areas left and right of the scratch are white, mean-
ing that the plane under investigation is the surface plane of
the glass slide. Even though the individual camera images in
Fig. 8 show light coming from within the scratch, the tomo-
graphic image in Fig. 9 shows a black shape. The reason is
that the scratch is too deep: Due to the short coherence
length of the light source, the glass slide surface and the

74 ym

New surfaces

Glass surface Deepest point

Fig. 10. Evaluation of the data for a scratch in a glass slide in the xz-section.

Logarithmic plot (top and bottom) with a threshold right above the back-
ground noise (bottom).
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bottom of the scratch cannot both show interference with the
reference arm at the same time. Therefore, no interference
occurs for the light coming from within the scratch and the
images S;—S; cancel to zero in Eq. (9) for this region.
Naturally, this changes when the stage is moved in the right
direction. These are the tomographic images containing an
approximation to the envelope of the interferograms in the
axial direction. The described evaluation is done by a short
Matlab script. With imageJ,>? it is possible to get a 3D view
of all evaluated tomographic images. One can obtain a look
on the scratch in the y-direction as shown in Fig. 10 by stack-
ing all of the xz-sections. Here, the xy-plane is a lateral image
captured by the camera and z labels the axial direction. We
use a logarithmic plot (top and bottom) and reduce the back-
ground noise by setting a threshold right above the back-
ground noise value (bottom). The representation shows that
the glass of the sample containing the scratch is splintered
and has formed new surfaces. One can see the glass surface
of the microscope slide, in which the scratch was made.
Furthermore, it is possible to extract the real depth of the
scratch from the data, by counting the images with stage
travel of 150 nm in between from the surface to the deepest
point. The stage travel for this scan is about 74 um and corre-
sponds to the real depth of the scratch. This is possible
because our representation shows only the glass surfaces, the
medium in which the light is propagating is air with refrac-
tive index n,; = 1. The depth is measured from the surface
of the glass slide to the deepest point of the scratch.

D. Samples

The following sample consists of a layer of adhesive tape,
as shown in Fig. 11. One can see the layer of plastic, having
some inclusions, and the layer of glue. The intensity of the
layer of glue decreases because of the high amount of
reflected light from the beginning of the plastic layer. This
can be compensated by using a logarithmic plot (top and bot-
tom). By setting a threshold right above the background
noise, it is possible to filter the data (bottom). The stage
travel for this scan is about 78 um, but we cannot say how
thick the layers are, because we do not know the exact
refractive index n of the plastic and the glue.

Figure 12 shows the cross section of an ID-card, consist-
ing of multiple layers of plastic and embedded volumetric
holograms as security prints. As in the previous sample, we
are using a logarithmic plot (top and bottom) and set a
threshold right above the background noise to clarify the

100 ym
Begin plastic layer Inclusions

Begin layer of glue  End layer of glue
Fig. 11. Evaluation of the data for a layer of adhesive tape on a glass slide.

Logarithmic plot (top and bottom) with a threshold right above the back-
ground noise (bottom).
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z
32um:|:
H

100 ym

First plastic layer

Volumetric holograms Second plastic layer

Fig. 12. Evaluation of the data for an ID-card. Logarithmic plot (top and bot-
tom) with a threshold right above the background noise (bottom).

data (bottom). One can see two reflecting planes and two
volumetric holograms in between. The reflecting planes are
plastic layers of the ID-card, in which the volumetric holo-
grams are embedded. We can also see that the reflected
intensities of the holograms are different. This is caused by
the different viewing angles of the holograms, when one is
looking at the ID-card. The stage travel for this scan is about
32 um. As with the previous sample, we cannot say how
thick the volumetric holograms are, because we do not know
the exact refractive index 7 of the plastic of the ID-card.

IV. CONCLUSION

We have presented what we consider to be a very simple
setup for performing full-field optical coherence tomography
that is reduced to its basic parts. Despite the simplifications of
our OCT setup, it offers a high quality of measurements.
Additionally, the alignment of the setup is very simple, mean-
ing that in contrast to research grade setups there are no
microscope objectives inside the arms of the Michelson inter-
ferometer that have to be aligned properly. Finding the white
light interference with the help of the sharp image of the surfa-
ces of the sample and the reference mirror blank is very easy
as well. Students can now focus on the basics of OCT and tem-
poral coherence by using this simple and clear setup.
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