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Abstract. This work presents the use of a recently developed interferometric system based on the swept
source optical coherence tomography (SS-OCT) technique, which allows the characterization of transparent
and semitransparent multilayer systems employing a tunable fiber-optic laser with a coherence length suitable
for achieving long-deep range imaging (>10 cm). The inclusion of fiber Bragg gratings in the system allows it to
perform a self-calibration in each sweep of the light source. Measurements carried out on cuvettes, ampoules,
small bottles, and glass containers used in the pharmaceutical industry are presented. The thicknesses of the
walls and the distance between them were determined. Transparent and semitransparent objects of a multilayer
type of different thicknesses were also measured. The configuration presented allows extension of the meas-
urement range obtainable with the usual OCT systems, demonstrating the potentiality of the proposed scheme to

carry out quality control in industrial applications. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.
OE.56.8.084102]

Keywords: optical coherence tomography; optical metrology; nondestructive testing; interferometry; laser applications.

Paper 170855 received Jun. 5, 2017; accepted for publication Jul. 18, 2017; published online Aug. 18, 2017.

1 Introduction

Optical coherence tomography (OCT)' is a noninvasive
interferometric technique that provides real-time three-
dimensional (3-D) volumetric images with micrometric res-
olution and depth of penetration that can range from a few
millimeters to tens of centimeters, depending on the tech-
nique employed and the material under study. OCT images
provide structural information of a sample, based on back-
scattered 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.
Its main application area is medicine, especially ophthalmol-
ogy and cardiology, where commercial equipment of signifi-
cant features has been developed and relevant studies have
been performed. For example, its use was proposed for blood
glucose monitoring, which was tested in vivo and in vitro. It
was shown that OCT is capable of detecting changes in blood
glucose concentration as small as a clinically acceptable
value of 20 mg/dl.>* On the other hand, Mariampillai et al.
reported imaging of microcirculation by calculating the
“speckle” variance of OCT from structural images acquired
using a Fourier domain mode-locked swept-wavelength laser.
They showed that the technique can visualize vessel-size-
dependent vascular shutdown and transient vascular occlu-
sion during photodynamic therapy.*

Low-coherence interferometric techniques such as OCT
have increased their use in industrial metrological applications

*Address all correspondence to: Nélida A. Russo, E-mail: nelidar@ciop.unlp.
edu.ar
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such as the measurement of very thin thicknesses in semi-
conductor wafers,>® surface characterization,”® thickness
control of the coating of tablets in the pharmaceutical indus-
try,’ etc. OCT systems based on fiber optics are particularly
suitable for use in industrial,'® hostile (electromagnetic inter-
ference, radioactive, cryogenic, or very high temperatures),'!
or difficult-to-access'> environments.

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. '?

The SS-OCT technique offers an interesting alternative
using tunable light sources that have evolved considerably
in recent years,'* obtaining remarkable sweeping speeds.
Among the most interesting are fiber-optic lasers tunable by
Fabry—Perot filters of variable spacing or electro-optical
modulators, and semiconductor lasers tunable by intracavity
refractive index change or the use of MEMS cavities.'>!® In
general, in these systems, it is possible to achieve a narrower
emission linewidth and, as a consequence, allow the meas-
urement of distances greater than the centimeter, which con-
siderably broadens the range of applications.'” In addition,
with a high speed of data acquisition and submicrometric
resolution, the OCT technique is adaptable to perform both
online and offline measurements.'®!”

In this context, this work shows the application of a
recently implemented system,”” based on the optical fiber
technology and SS-OCT technique, for the dimensional
characterization of transparent and semitransparent objects
of industrial interest with dimensions up to several centimeters,
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which can also be adapted to perform profilometry of opaque
objects. In particular, it is intended to demonstrate that the
proposed system is suitable for measuring relevant dimen-
sions in glass containers used in the beverage and pharma-
ceutical industries. Results obtained from the measurement
of the internal and external diameters as well as of the wall
thickness of these types of containers are presented. Next,
measurements on samples consisting of several glass—air
interfaces are displayed to show the system’s ability to
evaluate dimensions in more complex elements such as con-
duction systems, refrigeration, or heat exchangers, etc. that
exhibit this type of structure. An additional characteristic of
the system is its self-calibration capability. This is based on
the use of a set of fiber Bragg gratings (FBGs), which let us
relate the spatial frequency and the time for each sweep of
the light source.

2 Measurement Scheme

The measurement system is based on a Michelson inter-
ferometer as shown in Fig. 1, which produces a frequency
modulated interference signal generated by the coherent
superposition of the reference and sample beams.

As we discussed in a previous work,?® the interference
signal reaching the photodetector, in a simple situation in
which the sample has only one reflective surface, can be
expressed as

k — ko I, 1,
I(k)=1 14+—=4+24/— Az k 1
(k) ,S( Y )[ +1r+ \/;cos(ng z )}, (1)

where I, and I are the amplitudes of the reference and sam-
ple intensities, respectively, S(k) is the emission spectrum of
the light source, k is the wavenumber, kg = 27/4, corre-
sponding to the central wavelength (4,) of the source spec-
trum, and Ak is its spectral width. n, Az is the optical path
difference (OPD) (with n, being the group refractive index of
the medium in which light is propagated and Az being the
difference in length between both interferometer arms'*'=2%).
For the applications of interest in this work, this is the
variable to be determined. If it is desired to carry out a topo-
graphic scanning of the sample, it will be necessary to incor-
porate a beam scanning system.

Sample

PS

FC 50/50

2
Laser » 1 /) » Detection
Source ¢ 3 system

Fig. 1 General scheme (PS, positioning system, C, collimator, FC,
fiber coupler).
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The Fourier transform of the interference signal obtained
for a full spectral scan of the source enables the determina-
tion of the OPD between reflecting surfaces. The measure-
ment depth, i.e., the maximum distance that the system can
measure (Az,,) is determined by Eq. (2), where §, is the
spectral resolution of the detection system, A4 is the spectral
width (in wavelength) of the light source, and N is the num-
ber of samples?' >
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The light source was an erbium-doped fiber laser, tunable
in the range of 1520 to 1570 nm using a variable-spaced
Fabry—Perot filter, which is controlled by a module that allows
scanning in the mentioned range.”* By varying the parameters
of the periodic signal applied to the piezoelectric that controls
the filter cavity, it is possible to modify the tuning range of the
fiber laser and consequently the value of Az,,,. In addition,
considering a rectangular spectral profile when the source is
tuned in the above range, the maximum theoretical axial res-
olution of the measurement system can reach 21 pm, which is
derived from the following expression:"*

21n(2) 2

Res = 4
e A2

3)

As is well known, FBGs> are devices that reflect light
within a narrow spectral range centered at the Bragg wave-
length for which they were designed. When they are illumi-
nated by a broadband source (or in our case by a swept laser
source), they act as filters that block or attenuate light at the
Bragg wavelength. Therefore, we use a passive self-calibra-
tion system consisting of a set of FBGs centered on different
wavelengths within the emission spectrum of the light
source. It is intended to obtain attenuation peaks in the inter-
ferometric signals that act as marks that relate the emission
wavelength of the light source and the temporary position in
each sweep. This allows linearizing of the interference spec-
tral signal in the k-space and obtaining the sampling fre-
quency used in the calculation of the Fourier transform.
Details on how this was done were discussed in a previously
published paper.*’

3 Experimental Results

The setup implemented for this work corresponds to a single
arm Michelson interferometer as shown in Fig. 2. In this type
of configuration, the interference signal is generated by the
superposition of the reflections in each interface existing in
the sample and is able to eliminate errors due to vibrations in
the reference arm and a better use of the light source.

To calibrate the system, a set of six fiber Bragg gratings
were used. They were centered on the following arbitrarily
selected wavelengths: 1529.744, 1539.305, 1539.819,
1544.056, 1547.125, and 1548.991 nm, with spectral widths
of 0.1 nm. The aim is to use gratings centered at different
known wavelengths, more or less uniformly distributed within
the source emission spectrum, although this is not necessary.
By associating the temporal positions of the FBGs with the
corresponding values of k, a linear relationship was obtained,
with a slope of 764.1 x 10®> ms~!, resulting in a sampling
frequency f, = 6543 m as was explained in Ref. 20.
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Fig. 2 Implemented measurement system.

The system was used to measure different transparent
and semitransparent containers of different sizes, colors, and
shapes, as well as to dimensionally characterize multilayer
transparent objects to expand the possible applications of the
system. The first group of measurements was made on round
glass containers (e.g., ampoules and jars used in the pharma-
ceutical industry, and glass bottles used in the beverage
industry), seeking to determine the wall thickness, the inter-
nal and external diameters, and the shape in each one. To
carry out these measurements, the samples were mounted on
a rotating platform that allows measurements to be taken in
different sectors. This type of measurement can be used to
carry out quality control in the manufacture of such contain-
ers. Figure 3 shows, in a generic way, the beams reflected in
the different interfaces that appear in the containers as well as
the magnitudes involved in the measurement.

Beams reflected in each interface generate the interfer-
ence signal that will give information about the parameters
under study. As is well known, the number of terms in the
interference signal is given by the combinatorial number
Cir= m, where n is the number of interfaces. In par-

ticular, in this case, six terms are expected to be in the inter-
ference signal. An example of the detected intensity is shown
in Fig. 4. The attenuation peaks corresponding to the FBGs
used to calibrate the measurement are also observed. This
temporal distribution was obtained employing a Teledyne
LeCroy WaveRunner 610Zi digital oscilloscope and an
InGaAs photodetector with 2-GHz bandwidth.

: d, !
y s,
I, s
77 "/

Fig. 3 Beams reflected at different interfaces and dimensions
obtained when measuring a jar or container.
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As can be seen in Fig. 5, the Fourier transform of this
signal shows “peaks” that correspond to the interference
between reflections coming from the boundaries of each
material layer (e.g., interference between /; and I, shown in
Fig. 3) and to the interference between reflections at inter-
faces corresponding to different layers (e.g., interference
between I; and /5 shown in Fig. 3).1'%

For that case, considering a container with walls of glass
and air inside (n; = n3 = njand n, = 1), the expressions in
the k-space and in the transformed space (distances) would be
I(k) = I, + I, +2+/1,I, cos|k(n,d

+ 11 + 13 + 2\/1113 COS[k(I’l dl + dz)}
+ 1y + 1y + 2/ 111, cos[k(nyd, + dy + nyds)]
+ I, + I3 + 2/ 1115 cos[k(d,)]
+ 1, + Iy + 2/ 111, cos[k(d, + nyd3)]
[k(

+ 15+ 1y + 24/T314 cos[k(nydy)), @

and
I(x) = 6(x) + 6[x & (n,d,)] + d[x £ (n,d; + d,)]
4o+ (d2 +nyds)] + 6[x + (n,dy)]. )

0.25

)

o
N
o

0.15 4
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0.00 w T . .
0.00 0.02 0.04 0.06 0.08

Time (s)
Fig. 4 Typical interferometric signal detected when measuring a jar or
container.
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Fig. 5 Fourier transform of the interference signal generated by
measuring a glass jar.

We call P,,_,, to the position (on the OPD axis) of the peak
corresponding to the term of the interference signal gener-
ated by the reflections [, and I,. In general, if n; is the
refractive index of layer (i) of thickness d;, the position
of the interference peaks in the Fourier transform P,_,
can be expressed as

n—1
Im’ln_)Pm—n:denk' (6)
k=m

Again, considering that the refractive indexes n; and n;
correspond to that of glass and n, to that of air, we have

11,14 —>P1_4:d1ng+d2+d3ng. (7)

The peak P;_, is superimposed with P5_,4, indicating that the
thickness of the walls are similar (d; = d3). Peak P,_; comes
from interference between the beams reflected on the inner
walls of the jar. Peak P,_3 coincident with P,_, results from
the interference between the beams reflected on one of the
inner walls and the outer opposing one. Finally, the peak
P,_4 corresponds to the interference of the beams reflected
on the outer walls of the container, resulting in a value of the
outer size or external diameter (d7).

From Eq. (6), we can express the parameters of interest
for this case as

P

dy =2, @®)
ng

dy =Py 3, )
P

dy =2, (10)
g
P P

dy 271'2: 4 1 Py (11)

g

If the thicknesses d; and d; were slightly different, this
would be evident by the change in the width of the detected
interference peak (this would be wider).' As was previously
mentioned, the axial resolution of the system is 21 um;
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Fig. 6 Fourier transforms of the interference signals obtained by
measuring: (a) a glass ampoule, (b) a small glass bottle, and (c) a
beaker.

therefore, it will not be able to discern differences in thick-
nesses smaller than this value.

Figure 6 shows the result of processing the detected sig-
nals by measuring different transparent objects: (a) a glass
ampoule, (b) a small glass bottle, and (c) a beaker. The
obtained dimensions are shown in Table 1, whereas Fig. 7
shows a photograph of the experimental setup with one of the
samples.

As discussed in Ref. 20, the error in the measurement is
determined by the autocalibration process and the bandwidth
of the light source, in this case, 50 nm. This gives a peak
width in the Fourier transform of the interference signal in
the order of 21 ym. With this criterion, we estimate the error
in all the measurements at a value of +£10.5 ym.

From the results obtained, it was decided to extend the
measurement possibilities using an experimental scheme that
allows a scan over different sectors of the sample. In the
arrangement shown in Fig. 7, a platform was used to make
a circular scan by rotating the sample around its axis of sym-
metry. Once the object was moved to the desired measure-
ment position, the resulting interferometric signal data were
acquired. Then, the sample was turned to the next measure-
ment position, and the procedure was repeated. In this way,
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Table 1 Dimensions obtained when measuring different glass
samples.

Sample dq, d3 (cm) d, (cm) dr (cm)
(A) Glass ampoule 0.0566 1.41 1.52
(B) Glass bottle 0.12 2.13 2.36
(C) Beaker 0.19 4.62 5.00

the object was momentarily stopped when the data were
acquired to carry out the measurement. Figure 8 shows the
results obtained when measuring sample (B), and Table 2
summarizes the values obtained after a complete rotation,
with measurements angularly spaced every 45 deg.

A second group of measurements was intended to deter-
mine the thicknesses corresponding to different multilayer
systems, formed by glass plates separated by layers of air
of different thicknesses. 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. The first sample
analyzed consisted of three glass walls and two layers of air,
arranged as shown in Fig. 9.

In this configuration, six reflections are generated at
the interfaces (I j/ j=1,...,6). A maximum of 15 peaks
is expected when processing the detected optical signal.
Glass walls (G;/j = 1, 2, 3) have approximate thicknesses
of 0.4 cm (G, and G3) and 0.2 cm (G,), whereas air zones
(A; and A,) have thicknesses of around 0.045 cm.

Figure 10(a) shows a simulation performed with the val-
ues corresponding to each of the thicknesses measured with
a gauge, which allows identification of the peaks of inter-
ference that should appear. Those higher amplitude peaks
indicate that there is more than one interface with the
same thickness. Figure 10(b) shows the experimental result
obtained when measuring the same multilayer object with
the proposed optical measurement system. There, the same
number of interference peaks located in the same spatial
positions is observed, so it is evident that this system is
capable of characterizing large multilayer samples. The val-
ues of the different thicknesses measured with the SS-OCT

Fig. 7 Glass bottle whose thickness and internal and external diam-
eters are measured at different points on its circumference.
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Fig. 8 Measurement of internal (circles) and external (squares) diam-
eters of the sample (B), when rotating on its axis of symmetry.

system were A; =0.042 cm, A, = 0.042 cm, G| = 0.48 cm,
G, =0.22 cm, and G5 = 0.48 cm.

In Fig. 10(b), only those peaks that provide relevant infor-
mation to directly determine the searched dimensions were
labeled. The extra peaks correspond to the interference of
beams reflected on other interfaces (i.e., I; and I3, I, and
Is, etc.) and contain information of different combinations
between the thicknesses analyzed.

The second multilayer sample analyzed was a system
consisting of four glass plates separated by layers of air
arranged as shown in Fig. 11. The approximate values of its
thicknesses, mechanically determined were A; = 0.37 cm,
A, =0.36cm, A3 =0.37cm, G; = 0.48 cm, G, = 0.10 cm,
G3 =0.10 cm, and G, = 0.48 cm.

In this case, there are eight interfaces that generate reflec-
tions, which would indicate a maximum number of 28 inter-
ference peaks in the Fourier transform of the detected signal.

Table 2 Thickness of the walls (d4, d3), internal (d,), and external
diameters (d7) of sample (B), when measured at different points on its
circumference

Angular position (deg) dq, ds (cm) d, (cm) dy (cm)
0 0.1178 2.1273 2.3598
45 0.1146 2.1313 2.3601
90 0.1178 2.1301 2.3644
135 0.1142 2.1352 2.3639
180 0.1179 2.1316 2.3642
225 0.1138 2.1358 2.3656
270 0.1168 2.1334 2.3675
315 0.1143 2.1271 2.3554
360 0.1143 2.1271 2.3554
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Fig. 9 Multilayer system consisting of three glass partitions separated
by two layers of air.
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Fig. 10 (a) Simulation of the FFT corresponding to the measurement
of a multilayer sample with five thicknesses and (b) experimental
result indicating the thicknesses of the sample layers.

Undoubtedly, when the number of interfaces begins to
increase, it is important to have some prior knowledge of the
characteristics of the sample. In this way, it is easier to iden-
tify those peaks that provide information of the thicknesses
to be measured and to discard those coming from interfer-
ences that do not contain relevant information for the dimen-
sional characterization of the sample.

As in the previous case, a simulation of the situation was
carried out to determine the amount and position of the inter-
ference peaks that were to be expected when processing the
detected optical signal. Figure 12(a) shows the 13 interference
peaks that must appear due to the characteristics of the sample,
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Fig. 11 Multilayer system consisting of four glass partition walls sep-
arated by layers of air.
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Fig. 12 (a) Simulation of the FFT corresponding to the measurement
of a multilayer sample of seven thicknesses and (b) experimental
result indicating the different thicknesses of the sample layers.

since it presents several layers with the same thickness.
Figure 12(b) shows the experimental results obtained, which
perfectly agree with the simulations performed. The values
obtained by the optical measuring system were A; =
039cm, A, =039cm, A; =039 cm, G; =0.50 cm,
G, =0.10 cm, G5 = 0.10 cm, and G4 = 0.50 cm.

4 Conclusions

The system used was developed to be applied in the charac-
terization of multilayer structures, containers, and glass and
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plastic bottles. In this work, it was shown that it is possible to
measure wall thicknesses in these types of elements and to
make a mapping of the inner and outer diameters in a range
greater than 6 cm. The possibility of measuring systems with
more than eight interfaces was also shown. In all cases stud-
ied for this type of sample, no limitations of the technique
have been observed either by the number of peaks that arise
in the analysis of the interference signal or by the attenuation
produced by the large number of reflections in the different
interfaces of the samples.

Using the proposed configuration based on a tunable laser
in the region of 1550 nm and a passive self-calibration stage
implemented with fiber Bragg gratings, the possibility of
measuring a long range of distances was demonstrated.
The axial resolution of the system was 21 um, indicating
a minimum value where it is unable to differentiate or detect
separately two slightly different thicknesses in a multilayer
sample.

These results are very encouraging in the progress toward
one of the objectives sought in this work that is to use this
technique in the study of multilayer materials used in the
packaging industry. Although the measures presented were
carried out in a laboratory system, future work will be ori-
ented to the development of systems that can perform online
and in situ measurements.
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