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Abstract

The application of Optical Coherence Tomography technique is not very
common when measuring large dimensions is required. This type of
measurements can be critical to achieve satisfactory results in the manufacturing
process of precision parts. Components and structures ranging from sub-
millimeter to several centimeters size can be found in many fields including
automotive, aerospace, semiconductor and data storage industries to name a few.
In this chapter, an interferometric system based on the SS-OCT technique, which
has a wide measurement range and good axial resolution, is presented and its
constituent parts are analyzed. The scheme includes a self-calibration stage based
on fiber Bragg gratings, that allows monitoring the spectral position of the light
source in each scan, having the advantage of being a passive system that requires
no additional electronic devices. Several applications of the system are described,
including measurement of distances up to 17 ¢cm, characterization of multilayer
transparent and semitransparent structures, simultaneous determination of
thickness of the wall, internal and external diameter of glass ampoules or similar
containers, thickness measurements in opaque samples or where the refractive
index is unknown, etc.

Keywords: Interferometry, optical coherence tomography, optical metrology,
non-destructive testing, large axial range.

1. Introduction

Optical coherence tomography (OCT) is a noninvasive, interferometric
technique that provides real-time 3-D images with micrometric resolution and
depth of penetration that can range from some millimeters to a few centimeters,
depending on the technique employed and the material under study. OCT images
provide structural information of a sample, based on backscattered light from
different layers of material within it. This technique is considered the optical
analogue to ultrasound; however, it achieves a higher resolution using near-
infrared wavelengths, at the cost of decreasing depth of penetration.

OCT was developed in the early 1990s for the noninvasive imaging of
biological tissue [1, 2]. The first application was in ophthalmology [3] where it
has had great development [4-6], the same as in cardiology [7, 8], where
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commercial equipment has already been developed. In biomedicine, the use of
relatively long wavelength light allows it to penetrate into the scattering medium.

In last years, low-coherence interferometric techniques such as OCT have
been proposed as a powerful tool for industrial nondestructive testing (NDT),
even leading to the development of specific equipment. Among the industrial
metrological applications it can be mentioned: the measurement of very thin
thicknesses in semiconductor wafers [9, 10], the characterization of surfaces [11,
12], the control of thickness in the coating of pills in the pharmaceutical industry
[13], and others. OCT systems based on fiber optics are particularly suitable for
use in industrial [14], hostile (electromagnetic interference, radioactive,
cryogenic, or very high temperatures) [15], or difficult-to-access environments
[16]. Moreover, optical fiber based OCT devices can take the advantage of beam
stability and lower price of IR components used in Optical Communications.
However, applications such as 3-D inspection in large parts (greater than a
centimeter) constitute a little explored area, since its implementation still has
some technological limitations [17]. When using Time Domain-OCT, the
interference signal is generated from the displacement of a mirror in the
reference arm of the interferometer to equalize the sample distances. For
measuring great dimensions, it implies the use of very expensive, extremely
accurate and with high resolution moving mechanical systems. On the other
hand, spectral or Fourier Domain-OCT allows the design of an interferometric
system more robust, compact and faster [18], thereby increasing the mechanical
stability and reducing the sensitivity to vibrations. However, since it uses a
spectrometer to detect the interference signal, its spectral resolution limits the
measuring range below one centimeter. The SS-OCT technique offers an
interesting alternative provided by the use of tunable light sources [19-21] such as
fiber optics lasers with variable spacing Fabry—Perot filters or electro-optical
modulators [22], or tunable semiconductor lasers by intracavity refractive index
change or by the use of MEMS cavities [23]. In general, in these systems, it is
possible to achieve a laser linewidth narrower than the resolutions typically
obtained by a spectrometer. Consequently, the depth range, in this case given by
the instantaneous linewidth of the laser (coherence length), can reach values in
the order of one centimeter or more, and greatly expand the potential industrial
applications [24-28]. In this case, the detection system is a photodetector in
conjunction with a digitizer or oscilloscope, simplifying the system. In general,
scanning sources have the inherent problem of not being able to provide accurate
information about the correspondence between the wavelength, the signal
voltage applied to the tuning device, and the temporary location within each
sweep [29]. Some solutions have been proposed [30, 31] but in general they are
complex and expensive.

In this context, this chapter reports and discusses a simple and self-calibrated
fiber optic interferometric system based on the Swept Source Optical Coherence
Tomography (SS-OCT) technique, especially suitable when it is necessary the
measurement of large dimensions (several centimeters) as those ones involved in
industrial metrological applications [32-37]. Its constituent parts are analyzed
and several applications are shown, including the measurement of several
centimeters distances, characterization of multilayer structures, simultaneous
determination of thickness of the wall, internal and external diameter of glass
containers, thickness measurements in opaque samples (what allows the use of
the system to perform profilometry of mechanical parts) or where the refractive
index is unknown, etc. On the other hand, the use of a set of fiber Bragg gratings
to relate the emission wavelength of the tunable laser source and the temporary
position in each sweep is discussed. The factors that determine the resolution and
the maximum range of distances to be measured are presented. It is shown that
with this system it is possible to determine distances of up to 17 cm with a spatial
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resolution in the order of 21 microns, which constitutes a very encouraging
scheme for the dimensional inspection applications mentioned before.

2. Description of the measurement scheme

The measuring scheme used in this work is essentially composed of the stages
or subsystems indicated in Figure 1. The light source, the self-calibration system
and the interferometric system used for the different applications, were
implemented using monomode optical fiber operating in the 1550 nm spectral
region. In the following sub-sections each of them will be discussed in detail.

: Self-calibration Detection and
Light source Interferometer .
system processing

Figure 1. Block diagram of the measuring system

Basically, an erbium doped fiber laser tunable in the 1550 nm spectral region
was used as the light source. It has sufficient coherence length to allow the
formation of great depth images. A passive self-calibration stage based on fiber
Bragg gratings allows counteracting the possible variation in the scanning speed
of the laser caused by the tuner module, in addition to linking the emission
wavelength of the laser and the temporal position in each sweep. The
interferometric system consists of a Michelson-type arrangement for the
measurement of distances and transparent objects thickness, or a ring
interferometer with a Sagnac-Michelson configuration for the measurement of
opaque samples (or with unknown refractive index). The temporal distribution of
the interference signals was obtained using an InGaAs photodetector with 2 GHz
bandwidth connected to a digital oscilloscope, although it can be replaced by any
200 MHz bandwidth DAC system and two acquisition channels. As will be
explained in detail later, in order to carry out the processing of the detected
signal while the light source sweeps in wavelength, the Fourier transform was
applied and the position of the interfering peaks allowed obtaining the desired
distance or thickness.

2.1 Laser system

The light source was a continuous wave emission erbium-doped fiber laser,
tunable in a spectral range from about 1520 to 1570 nm using a variable spaced
Fabry-Perot filter (Micron Optics, FFP-TF2) that has a free spectral range (FSR)
of 60 nm and a bandwidth of 60 pm. Sweeping is achieved by applying a
periodical signal like a triangular voltage waveform to the filter cavity PZT
actuator [38]. By varying the parameters (amplitude and offset) of this signal, it
is possible to modify the tuning range of the fiber laser and consequently the
value of the maximum measurable distance. The sweep frequency could be varied
up to 100 Hz. The erbium doped fiber was pumped by a semiconductor laser
diode emitting at 980 nm. The length of the doped fiber was selected taking into
account a trade-off between spectral emission flatness and output power. The
fiber laser output beam was extracted from the ring cavity through the 10% port
of a 10/90 optical coupler. Figure 2 shows the laser emission as it sweeps the
tuning range, recorded by an optical spectrum analyzer (OSA) (Yokogawa, model
AQ6370B). Since the acquisition speed of this instrument is much slower than
the speed at which the F-P filter can be moved, the OSA records several sweeps of
the laser finding it in different spectral positions. One of them is highlighted and
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the arrows represent the sweeping of the emission. As can be seen, despite the
relatively low output power, the fiber laser has a very good S/N ratio. When the
laser operates at any fixed wavelength within the tuning range, the emission
spectrum has a typical width of 20 pm at 3 dB.
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Figure 2. Scanning spectrum of the laser source

By considering a rectangular spectral profile when the laser source is tuned in
the above mentioned range, the maximum theoretical axial resolution (or depth
resolution) of the measurement system can reach 21 um, which is derived from
the following expression (Eq. (1)):

21In(2) A3

Res =
T AL

1)

where A, is the central wavelength of the source spectrum and A/ is the spectral
width of the broadband light source or, in our case we should consider the tuning
range. However, depending on the requirements, it is possible to modify
(decrease) the swept range by means of the FP filter controller, which obviously
worsens the axial resolution.

2.2 Calibration of the laser emission

In applications of low coherence interferometry by swept source, the linear
sampling process of spatial frequency (k-space) is critical. In the system used in
this work, the tuning of the laser is done by controlling the cavity of a Fabry-Perot
filter, by applying a triangular signal to a piezoelectric actuator. This process is
affected by different factors such as hysteresis of the piezoelectric actuator (PZT)
and errors in the repetition control of the scan cycle, which may make the
spectral position of the laser emission unknown at each instant of time. Thus, the
use of a self-calibration system is proposed [32, 33], which consists of a set of
fiber Bragg gratings (FBGs) [39-41] centered on different wavelengths within the
tuning range of the light source. This has the advantage of being a passive system,
which does not require additional electronic devices. This system allows relating
the emission wavelength of the source and the temporal position in each sweep.
Since the spectral locations of the FBGs are known, from the measurement of
their temporal positions it is possible to calibrate the OCT measurement system,
resizing for each sweep of the source the time axis provided by the oscilloscope
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used to acquire the signal. The objective is to obtain a sequence of values krspai
(wavenumber corresponding to the ith filter) and the associated times (trci)
within the whole scanning range. In this way, two vectors k reci and t reci can be
generated (Egs. (2) and (3)).

kFBG = |:kFBGl ' kFBGZ ) szea’---f kFBGn:' (2)

teps = ':tFBq | tFBGz ' tFBcg ' ""tFBGn:I (3)

With these values of trse and k rpc a curve is obtained that represents the non-
linearity in the movement of PZT. From an interpolation, we obtain the function
k(t) that relates the sampling times to a uniformly sampled k-space, and from it
we obtain the sampling frequency to be used in the calculation of the Fourier
transform (Eq .(4)).

i
(ki =k) @

The error of the frequency f; is obtained from the propagation of errors in the
following way:

of,

Af, = Ak
OAK

S

(5)

In principle, the number of FBGs to use is a tradeoff between obtaining the
best calibration curve to minimize adjustment errors, and generating the least
possible deterioration in the detected signal due to insertion losses and noise
caused by backward reflections.

As it is known, FBGs are sensitive to thermal changes, so variations in the
temperature of the environment induce changes in their spectral positions.
However, since all the gratings that integrate our calibration system are recorded
in the same type of optical fiber and all of them experience the same temperature
change, this will not generate measurement errors of the OCT system. This is
because to determine the value of the sampling frequency, it is only relevant that
the value Ak between FBGs remains constant, even though their individual
positions (ki) may change. The change in the absolute spectral positions of the
Bragg gratings due to thermal variations only generates a shift in the k-space and
does not affect the determination of the sampling frequency. On the other hand,
gratings do not need to be equally spaced within the range of laser tuning. The
central wavelengths of the FBGs employed in our work were: 1527.84 nm,
1535.73 nm, 1541.82 nm, 1547.65 nm, 1553.62 nm and 1558.43 nm, and their
spectral widths were in the order of 0.1nm.

2.3 Fiber optic interferometric system
2.3.1 Michelson interferometer
The configuration used for the measurement of distances or thicknesses of

transparent samples, consists of a Milchelson-type interferometric system that is
shown schematically in Figure 3.
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Figure 3. Basic configuration of the Michelson-type interferometer. BS:
beamsplitter, RA: reference arm, SA: sample arm, L....Lx: different interfaces of
the sample

If the light source has a spectral profile S(k), and considering the interaction
between the reference arm (RA) and the first interface (L,) of the sample arm
(SA), the interference signal is determined by:

10k) = Sk [1 + 1, + 2T cos (k(dr — d,) )| 6)

where d, —d;, =nAd is the optical path difference (OPD) that light travels
between the RA and the L, interface of the sample, and n is the group refractive
index of the medium. It is evident that the cosine frequency indicates the value of
n Ad. This type of signal is obtained when the system is used to measure the
distance to an opaque surface.

If a sample with multiple interfaces (L, to Lx) is considered, the multiple
reflections that appear will generate different terms or interference components
and the total intensity can be described by the following equation:

N

I, +ZILn

n=1

N
+ Y 2 |11, cos(k (d, —dy,))
22" |
N
+ Z 2 fILn I, cos(k(d,, — dLn))]

n¥xm=1

1(k) = S(k)

@)

The first term of Eq. (7) is the intensity reflected in the mirror of the reference
arm, the second is the sum of the intensities reflected in the different interfaces of
the sample. These two terms are often referred to as "constant” or "DC"
components. The first one generates the largest contribution to the detected
intensity if the reflectivity of the reference dominates over the reflectivity of the
different layers of the sample. The second sum is called "cross-correlation" for
each reflector of the sample, and it depends on both the wavenumber of the light
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source and the OPD between the reference arm and the reflector considered in
the sample arm. These terms are usually smaller than the DC part. However, the
dependence of the square root represents an important logarithmic gain factor
over the direct detection of the reflections of the sample. The third sum is called
"autocorrelation” and represents the interference that occurs between the
different interfaces present in the sample. Since the autocorrelation terms
depend linearly on the reflectivity of each layer of the sample which cannot be
controlled, a way to manage their intensities is the appropriate selection of the
reference reflectivity. In the last two sums, the direct interactions of each
interface with the reference arm (d, - dr,) and the additional interactions between
the different interfaces of the medium to be analyzed (drn - di»), are evident. It
should be clarified that in this case the different OPDs can be linked to different
refractive index depending on the medium through which the light propagates.
Then, it is necessary to consider the refractive index that corresponds to each
layer.

As regards the fiber optic implementation of the aforementioned
interferometric system, two variants were used, which can be seen in Figure 4. In
the case of distance measurement, the light beam is divided by a fiber optic
coupler (FC 50/50). One of the beams is directed to the reference surface (a
mirror) and the other to the sample. After being reflected in each of these
surfaces, both beams are directed to the detection system, where their
superposition generates the interference signal. From its processing, the optical
path difference (OPD) between both arms is obtained and, consequently, the
unknown distance. When it is desired to measure transparent or semi-
transparent samples, light is reflected from sub-surface structures within it (e.g.
from both sides of the sample if its thickness is being measured, or from the
different interfaces if it is a multilayer sample), so it is possible to perform a
tomography measurement.

-~ Sample

i Reference " S
: ‘-““‘ 1 1 ‘.‘
PS| 1 SEIIELD S
w : ‘ { PSI =3 \
el le ' i o '
| . B | OR | i
FC 5050
Interferometric | .-~
system
Tunable R ’ FBG2 FBG4 FBGG
. |||||—||||||—||||||—||||||—||||u—|||||>—- m=) Processing
fiber laser |solator ' FBG1 FBG3 FBGS y

Detector

Autocalibration system

Figure 4. Detailed set-up employed to measure distances and thicknesses of
multilayer transparent samples. PS: positioning system, C: collimator, FC: fiber
coupler

2.3.2 Sagnac-Michelson Interferometer
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For the measurement of opaque samples it is necessary to modify the
interferometric system and use a configuration based on a combination of the
Michelson interferometer with the Sagnac interferometer. This configuration
allows the determination of thicknesses of opaque samples or whose refractive
index is unknown, as well as the surface characterization of non-transparent
objects (profilometry of mechanical parts).

Figure 5 shows the configuration of the Sagnac-Michelson interferometer in
optical fiber, where E1 is the mirror of the reference arm, while BS1 and BS2 are
beamsplitters implemented with fused fiber optic couplers with a coupling ratio
50:50. The beams that illuminate both the mirror in the reference arm and both
sides of the sample are collimated by means of two single mode GRIN fiber optic
collimators (Col.). The ring that forms at the output of BS2 with the beams that
illuminate the sample, form the Sagnac configuration.

(FC 50/50)
BS2

Detector

BS1
(FC 50/50)

Laser
source

Figure 5. Sagnac-Michelson Interferometer implemented in optical fiber

Isolator

The path performed by the light beam can be described as follows. After the
first splitter (BS1), one beam travels towards the reference (E1) and the other
towards the second splitter (BS2), where it is separated again into two beams,
each of which illuminates opposite faces of the sample. Upon reaching the sample
(M) the beams are reflected and perform the reverse way. The reflections on the
three surfaces, the mirror E1 and the two faces of the sample C1 and C2, are
superimposed on the detector and produce the interference signal containing the
information of interest (the thickness of the sample in the direction of
illumination).

The optical path differences between the distances traveled by the different
light beams generate the modulations in the interference signal, which are
analyzed in the Fourier space. From this analysis, the OPDs can be determined in
each case, obtaining the position of the maximum of the "interference peak” in
the Fourier transform.

We will call: P, the position (in the OPD axis) of the peak corresponding to the
term (or component) of the interference signal generated by the reflection at E1
(reference beam) and the beam traveling through the Sagnac interferometer
when there is no sample (and with the corresponding collimators aligned); P, the
peak that is produced by the interference between the reference and the reflection
on the face C1 of the sample; P, the interference peak that occurs between the
reference and the reflection on the other side of the sample (C2). The distances L;
represent the paths traveled by the light in the different sectors of the
interferometer (see Figure 5), that is, L, is the optical path between BS2 and the
face C1 of the sample, L, is the optical path between BS2 and the face C2 of the
sample, L; is the optical path between BS1 and BS2, LR is the length of the
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reference arm (between BS1 and E1), and d is the thickness of the sample. In
addition, d; and d. are the segments of the thickness of the sample (d) on each
side of the axis of symmetry of the Sagnac interferometer. Therefore,

d=d, +d, (8)
P.=2LR— (2L;+ L, + L, +d) (9)
P, = 2LR — 2(Ly + L,) (10)
P, = 2LR — 2(Ls + L) (11)

By operating with the above equations, it is possible to determine the
thickness of the sample from:

From this last expression it is possible to determine the thickness of the
sample under study. It is interesting to note that it was not necessary to make
considerations regarding the lengths that the interferometer branches should
have or the position of the sample, so that Eq. (12) is general and can be used in
any condition.

2.4 Detection and Processing

The temporal distribution of the optical intensity corresponding to the
interference signal was obtained using an InGaAs photodetector connected to a
digital oscilloscope. Figure 6 shows a typical record of: (a) triangular voltage
signal used to tune the fiber laser, (b) interferometric signal that contains the
dimensional information of the sample, and (c) the calibration signal with FBGs
attenuation peaks used to relate the emission wavelength of the source and the
temporal position in each sweep.

Figure 6. Typical records obtained with an oscilloscope when measuring the
thickness of a sample

Basically, the Fourier transform was then applied to the detected signal and
the position of the interference peak allowed obtaining the desired distance or
thickness. As was mentioned before, the interference signal is affected by
uncertainties that arise from the non-linear movement of the PZT used to sweep
the laser. To overcome this problem, fiber Bragg gratings of known spectral
positions were used, which allowed transforming the temporal axis into an axis in
wavenumber (k). To apply the Fast Fourier Transform (FFT) that reconstructs
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the axial scan as a function of depth, the spectrum must be sampled uniformly in
the k-space. Therefore, a linearization of the k-vector was performed and the
interference signal was interpolated to obtain a sampled signal at equally spaced
intervals. The re-sampled interference signal can be expressed as indicated in Eq.

(13).
I(k) = SK[ 1, + I, + 2/ I, cos(k(nd))] (13)

where k is the wavenumber, S(k) is the spectral profile of the light source, I; and
I, are the amplitudes of the intensities reflected in both arms of the
interferometer (to simplify the notation, their dependence with k was not
indicated), and n d is the optical path difference (with n being the group
refractive index of the medium in which light is propagated and d being the
difference in length between both interferometer arms).

To illustrate the procedure used, the graphs obtained by measuring a
thickness of d = 500 microns and n = 1, are shown. In that case, the interference
signal in the k-space has the shape shown in Figure 7.

8 T T T

Amplitude (a.u)
S

1.05 1.1 1.15 1.2 1.25 1.3
x 106

k (1/m)
Figure 7. Interference signal I(k)
The Fourier transform of this signal can be expressed as indicated in Eq. (14),

where it can be seen that the spectral profile of the light source is convolved with
the deltas coming from the DC term and the interfering term of Eq. (13).

1) =S(x) @ [6(x) +6(x £ (nd))] (14)

Then, the signal was passed through a high-pass filter that eliminates the DC
component, obtaining a signal as indicated in Figure 8, which can be expressed
as:

I'(k) = S(k)2\/I; I, cos(k (nd)) (15)
It is evident that the amplitude depends on the spectral profile of the light
source (S(k)), and it is desirable to eliminate this dependence. For this, the

Hilbert transform [42, 43] is used, which gives a quadrature signal (Eq. (16)),
that is:

I'(k)=S(k)2y1,1,sin(k(nd)) (16)
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Amplitude (a.u)
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Figure 8. Interference signal after the high-pass filter

By making the square sum of both, it is obtained (Eq. (17)):

(S() 2 I I sin(k(nd)))’ + (S() 2 YL T, cos(k(nd)))’ = (S() 2L L) (17)

Then, just by calculating the square root of the sum of the squares of the real
and imaginary parts, it is possible to eliminate the spectrum of the light source
(Eq. (18)):

't _
m = COS(k(Tld)) (18)

When using this simple method to obtain S(k), there is a problem if it presents
zero crossings, which would cause the signal to tend to infinity and produce
unwanted results. To avoid this, a constant £ is usually added to the denominator
of the previous expression (Eq. (19)).

100 = Gy = cos(k(nd) (19)

Based on this improvement it is possible to reduce the width at half height by
approximately 40%, improving the uncertainty in detecting the position of the
maximum at the peak of the Fourier transform. This improvement is exemplified
in Figure 9, where graph (a) shows the shape of the peak without performing the
Hilbert transform and graph (b) after applying that transform.
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Figure 9. Fourier transforms of: (a) I'(k), (b) I"(k)
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Finally, and to improve the S/N ratio, the autocorrelation of I’(k) is
performed.

3. Measurements with the OCT system

In this Section, different experimental results that demonstrate the potential
of the proposed scheme for quality control in industrial applications will be
presented [32, 33].

3.1 Long distance measurements

To apply the proposed system to long distances measurement, a Michelson-
type interferometer was mounted as shown in Figure 10. The illumination beam
was divided by a 50:50 single mode fiber coupler and its outputs were collimated
to impinge both on the sample (moving mirror M1) and on the mirror of the
reference arm (M2). In order to determine the measuring range of the system, the
sample mirror was mounted on a rod with preset positions separated 5 cm, while
the reference mirror was placed on a translation stage with a micrometric screw
of 5 cm travel. Then, by combining the displacements of both mirrors, it was
possible to obtain a continuous variation of the distance to be measured, reaching
a possible measuring range of about 20 c¢m.

Sample arm

M1.4',r44'41

"1 Reference arm

r==—=n

L w2

1
1
1
1
1
1
1
1
1
1
-

|
1
I
|
|
1
|
|
I
1
[

FC 50/50

2
Tun?abslzrflber —) 1 O Self—caltlbratlon D
Isolator syl
Detector

Figure 10. Experimental set-up for long distances measurement

Several distances within the measuring range were determined, and it was
verified that the system was able to measure up to 17.24 cm. When processing the
interference signals using the Hilbert-Fourier transform, it was observed that the
peaks lost intensity as the OPD increased. This was due to the divergence of the
collimators used in the set-up and the coherence length of the light source. The
drop in the visibility of the processed signal can be observed in Figure 11 where,
as the OPD grows, the amplitude of the interference peak decreases, which
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produces the degradation of the signal-to-noise ratio and limits the maximum
measurable distance to the value previously mentioned.
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® |Experimental paints
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Figure 11. Normalized amplitude of the Fourier peaks corresponding to different
OPDs

The measurement depth, i.e. the theoretical maximum distance that the
system can measure (Aznq) is determined by

23
4ng 63

AZpor = (20)

where A, is the central wavelength of the source spectrum, ny is the group
refractive index of the medium in which light is propagated, §, is the spectral
with of the tunable laser when it is sweeping in wavelength (somewhat larger
than that corresponding to the emission at any fixed wavelength within the
tuning range). For the tunable laser source used in our measuring system, it can
be considered &) = 30 pm so, theoretically Aznqox = 20 cm. However, it was
experimentally verified that the aforementioned drop in visibility slightly reduced
this value to just over 17 cm.

3.2. Measurement of multilayer transparent samples

The system described in this chapter was used to measure the thickness of the
walls and distance between them for different transparent and semitransparent
containers, of different sizes, colors and shapes, as well as to dimensionally
characterize multilayer transparent objects in order to expand the possible
applications.

The set-up used corresponds to a single-arm Michelson interferometer. In this
type of configuration, the interference signal is obtained from the superposition
of the reflections in each of the interfaces present in the sample, which makes it
possible to eliminate errors due to reference vibrations and a better use of the
light source. Initially, measurements were made on rectangular glass cuvettes
and on round glass containers (e.g., ampoules and jars used in the
pharmaceutical industry, and glass bottles used in the beverage industry),
seeking to determine the thicknesses of the walls, the internal and external
dimensions or diameters, and the shape in each one. In order to measure
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cylindrical containers, the samples were mounted on a rotating platform that
allows measurements to be taken in different sectors. This type of measurements
can be used to perform quality control during the manufacturing process of such
containers. In Figure 12 a glass jar or cuvette is shown schematically, as well as
the dimensions to be measured and the beams reflected in the different
interfaces.

T1 T2
- -
LE]
e
n.9' ng
1l €«—s n,=1
2 €e———
3 <« .
14 <
T4

Figure 12. Generic scheme of a container showing the beams reflected on each
interface and the dimensions to be measured

Taking into account the beams reflected in each interface, for this case 6
interference signals will be generated that will give rise to the corresponding
Fourier transform peaks, from which it will be possible to obtain the information
of the dimensional parameters to be determined (Figure 13). If we call Pnn the
position on the OPD axis of the Fourier transform peak corresponding to the
interference signal generated by the reflections I, and I, nj the refractive index of
the layer (7) of thickness T, then, the position of the peak can be expressed as:

n—1
Pm,n = Z Tknk
k=m

If we consider the glass container showed in Figure 12, the refractive indexes
will be those of glass and air (ngy and n.=1, respectively), then:

(21)

P, =Tin, (22)

P, =Tony (23)

Pz =Tj (24)

P 3 =Ting+T; (25)
Py, =T; + Tyny (26)
Py =Ting+T; +Tong (27)

From these equations it is possible to obtain the dimensions of the container
as:
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_ P12
T, = _ng (28)
T, =22 (29)
ng
T; =Py (30)
T, = P, + 22tPos) (31)
4 = I23 n 3
g

As an example of the different measurements made in this type of samples,
Figure 13 shows results obtained when measuring a small glass bottle.

90 T T T T T T
P1,2 and P3.4

7%+
60
45

Pizand Py,
30 -

Amplitude (a.u.)

15

ol dw

0.000 0.005 0.010 0.015 0.020

0.025
Optical path difference (m)

0.030 0.035

Figure 13. Fourier transform of the interference signal obtained when measuring
a small glass bottle

As can be seen, P, was superimposed with P;,, so both thicknesses were
equal T; = T> = 1.15 mm; the distance between the walls of the bottle (or internal
diameter) arises from P,; and resulted 7; = 21.3 mm; while P,, provides
information on the external size (or diameter) of the container, resulting in T, =
23.6 mm. The peak P,5 coincides with P,, and comes from the interference
between the reflected beam on one of the internal walls and the opposite outer
one. Table 1 summarizes the values obtained after a complete rotation of the
same glass bottle.

Other samples like glass ampoules, jars and beakers like those used in
laboratory up to 5 cm external diameter were measured.

Angular 1= Iy Ts T,

Position (m) (m (m)
0° 0.001178 | 0.021273 | 0.023598
45° 0.001146 | 0.021313 | 0.023601
90° 0.001178 | 0.021301 | 0.023644
135° 0.001142 | 0.021352 | 0.023639
180° 0.001179 | 0.021316 | 0.023642
2250 0.001138 | 0.021358 | 0.023656
270° 0.001168 | 0.021334 | 0.023675
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315° 0.001143 | 0.021271 | 0.023554
360° 0.001143 | 0.021271 | 0.023554

Table 1. Measurement of thicknesses (T1 and T2), internal (T3) and external (T4)
diameters of a small glass bottle when rotating on its axis of symmetry

Subsequently, in order to expand the possible applications of the developed
system, different multilayer samples formed by glass plates separated by layers of
air were measured. The objective was to determine the thickness of each of the
different layers as well as the total dimensions of the sample. This type of
measurement would allow, for example, the determination of the thickness of
internal partitions in containers, helping to carry out quality control during the
manufacturing processes. Two samples were measured, one consisting of 3 glass
thicknesses and 2 air thicknesses, and another formed by 4 glass walls separated
by 3 air spaces. The latter is schematized in Figure 14, where the thicknesses of
the different layers (Gj and A;) are indicated, as well as the intensities reflected in
the different interfaces (I;). In this configuration, eight reflections are produced
and combined to generate the different peaks in the Fourier transform of the
interference signal. Figure 15 shows the experimental result obtained when
measuring this multilayer object. There, only those peaks that provide relevant
information to directly determine the searched dimensions were labeled. The
other peaks correspond to different combinations between the thicknesses
analyzed. Besides, higher amplitude peaks indicate that for this sample there is
more than one interface with the same thickness. Simulations performed with the
values of the thicknesses mechanically measured, showed the same number of
interference peaks located in the same spatial positions, so it is evident that this
system is capable of characterizing large multilayer samples.

A A; Ay

o
AAAAA

G, GG G

Figure 14. Multilayer sample consisting of four glass walls separated by layers of
air
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Figure 15. FFT of the interference signal obtained when measuring a sample of
seven layers

3.3. Measurement of opaque objects
As was discussed in Section 2.3.2, the interferometric system was slightly

modified to measure opaque samples. The configuration used is shown
schematically in Figure 16.

Detector

(FC 50/50)

Tunable fiber
laser

Isolator

(FC 90/10)

Self-calibration
system

Figure 16. Experimental setup used to measure opaque samples

Detector

Eight opaque samples (aluminum cylinders) of different thicknesses between
5 mm and 50 mm were measured. For each of the samples, the following was
recorded: 1) the interferometric signal obtained with the reference and the
Sagnac ring without the object; 2) the interferometric signal with the object
placed inside the Sagnac ring and the reference. This allows to obtain the OPDs
corresponding to the peaks P,, P, and P, of Eq. (12) from which it is possible to
determine the thickness d of the object as explained in Section 2.3.2. In Figure 17
the Fourier transforms corresponding to both situations for one of the samples
are observed, resulting in a thickness d = 30.44 mm. The AP12 peak always
appears in this type of measurements and is the OPD between each of the faces of
the sample, that is, it corresponds to the interference signal between the
reflections on both sides of the object, although it is not taken into account to
determine its thickness.

Y



IntechOpen

1.00 T T T

Pr

075 | §
0.50 | : : e

0.25 4

Amplitude (a.u.)

0.00 e L i .

P1

0.75 | 5
P2

0.50 - T =

025 AP12 |

Amplitude (a.u.)

0.00 : - A A
0.00 0.05 0.10 0.15 0.20

Optical path difference (m)

Figure 17. Fourier transform of the interference signal obtained when measuring
an opaque sample of 30.44 mm thickness

Conclusions

This chapter discusses the development of a simple, self-calibrated system,
based on the SS-OCT technique, and its metrological applications in non-medical
areas where the determination of large dimensions (several centimeters) is
required. This type of measurement is of great interest, e.g. to carry out quality
control in manufacturing processes. The developed system allows not only
tomography of transparent or semitransparent multilayer samples, but also the
measurement of thicknesses of opaque mechanical parts. The implemented
scheme allowed to measure distances somewhat greater than 17 cm with an axial
resolution of 21 microns, which extends the measurement range obtainable with
the usual OCT schemes, while maintaining a good axial resolution. This is
important for applications in areas of metrology and non-destructive testing in
the industrial field. The system uses a laser source of ~20 pm bandwidth tunable
in the spectral region of 1550 nm, which has sufficiently long coherence length to
enable long depth range imaging. The design includes an on-line, passive self-
calibration stage implemented with a set of fiber Bragg gratings. The calibration
system provides the correspondence between the wavelength and the temporary
location of the laser emission within each sweep, what allows to correct in a
simple way and without additional electronic devices, possible indeterminations
in the relation between both parameters. It was verified that the possible
temperature changes do not affect the calibration of the system as long as all the
fiber gratings experience the same thermal variation. Using schemes as the
proposed one, progress can be made in little explored applications of
reflectometry, such as in the determination of dimensional parameters of
mechanical parts (including profilometry of surfaces or parts), and tomography
for the study of transparent and semitransparent materials (glass, plastics,
polymers, etc.) of large dimensions.
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