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Abstract—We report the functionality of optical low-coherence
reflectometry (OLCR) to characterize glass micro-capillaries
with 50-pm-deep rectangular cross-section, in view of their
application as micro-opto-fluidic devices. We exploited infrared
radiation generated by a Tungsten lamp in a time-domain low-
coherence interferometer based on a fiberoptic Michelson
scheme. OLCR allowed us to easily detect the optical distance
between in-depth interfaces of the capillary as well as the
refractive index of ethylene glycol solutions in water at different
concentrations, which were inserted into the channel by capillary
action.

Index Terms—Optical low-coherence reflectometry, Distance
measurements, Glass rectangular micro-capillary, Infrared
radiation, Refractive index measurements.

I. INTRODUCTION

ptical low-coherence reflectometry (OLCR) 1is an

interesting diagnostic tool for characterizing optical
components [1]-[8]. It is a very powerful technique that
enables detection of the relative position of interfaces due to
refractive index changes in the device under test. Briefly, if
broadband radiation is launched into a Michelson
interferometer, groups of fringes are developed only when the
time delays of the two arms are equal. In time-domain OLCR
a mirror of the Michelson scheme is replaced by the device
with internal interfaces that back-reflect light: as the mirror on
the reference arm is displaced, fringes are detected when the
time delay to the mirror matches the delay to a reflection site
within the tested device.

Recently, OLCR schemes in the frequency domain were
developed in order to replace the mirror mechanical scanning
with the analyses of the interference spectrum [3], [4], [9].
Basically, these solutions require a combination of a
broadband light source with a spectrometer or a swept source
with a photodetector. In these cases, complex optoelectronic
instrumentation as well as signal processing is needed. Such
advanced solutions are mainly justified by the request of
rapidly forming 3D images of the material or device under
test, such as in optical coherence tomography. On the other
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hand, spot optical measurements can be sufficient for
diagnostic or sensing purposes. In particular, non-contact
techniques for in-depth non-destructive characterization of
multilayered microstructures are becoming necessary in order
to detect the layer thickness and the optical distance between
interfaces.

Recently, low-cost rectangular glass capillaries were
successfully proposed as resonators for non-contact trapping
using acoustic standing waves [10], [11]. Other investigators
previously exploited similar devices for capillary zone
electrophoresis to obtain high-resolution separations in the
analysis of complex mixtures [12]. These applications require
a good matching between the channel dimensions and the
applied operational frequency. Moreover, rectangular
capillaries would be of great interest also in other micro-opto-
fluidic systems where optical imaging or spot measurements
need to be performed.

In this letter, we are reporting the application of a time-
domain optical low-coherence reflectometer based on a
compact fiberoptic (FO) configuration to characterize
glass micro-capillaries with 50-pm-deep, rectangular
cross-section. The implemented configuration exploits
infrared (IR) broadband radiation, generated by a fiber-
coupled Tungsten lamp in the wavelength range of 1.2
um to 1.7 um, to ensure a longitudinal resolution better
than 2 pm. Similar performances in the IR were
previously demonstrated by other authors with more
expensive and complex light sources or with free-space
optical setups [5], [13]-[17]. With our configuration for
OLCR, the optical path lengths of the glass walls and of
the inner channel were detected by shining radiation
perpendicularly to the flat surfaces of the capillary under
test. Fluid samples (water-ethylene glycol solutions at
different concentrations) were easily collected by
capillary action without affecting the channel size.
Therefore, the optical path changes measured by OLCR
were directly related to the refractive index of the tested
solution. We foresee application of rectangular glass
capillaries as micro-cuvettes for biochemical analyses
based on optical readout techniques.

II. INSTRUMENTAL CONFIGURATION

The optical and instrumental configuration realized for IR
OLCR is shown in Fig. 1. In our scheme, based on an all-fiber
Michelson interferometer, two bidirectional 2x2 FO couplers
with 50:50 splitting ratio and flat spectral response were
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employed. Interferometric signal detection was performed by
means of a balanced receiver [18]. Broadband radiation, after
crossing the first FO splitter, was launched into the second
coupler, which redirected part of the radiation along the
“measuring arm” toward the capillary and part of the radiation
along the “reference arm” toward the reference mirror.
Radiation reflected by the mirror and by the various interfaces
within the capillary was coupled back into the fibers and
carried toward the InGaAs photodiodes (PhD1 and PhD2 in
Fig. 1). They were incorporated into a custom-designed
balanced receiver that enabled efficient detection of the
interferogram (i.e., the interferometric fringes) by removing
the DC component as well as other common mode signal
components [18]. Electronic amplification of the
photogenerated signals was regulated in order to compensate
for the different optical power reaching the photodiodes. The
output voltage of the balanced receiver was connected to an
analog to digital (A/D) conversion board for easy signal
acquisition with a personal computer (PC).

Reference
mirror on
Tungsten FO referance path Lens translation
lam C1 c2 «—>stage
Lens .
PhD1 PhD2 - Capillary
FO measuring path
- +
Balanced -
Receiver, tb[ y -1t
0 G g 3
PC r !
—w =

A/D

Inset: Capilary cross-section

Fig. 1. Instrumental and optical configuration for low-coherence infrared
reflectometer. PhD: InGaAs photodiode. A/D: analog to digital conversion
board. PC: personal computer. FO: fiberoptic. C: bidirectional 2x2 FO
couplers with 50:50 splitting ratio and flat spectral response. Inset: schema of
the capillary cross-section. #, #: thickness of the front and back glass wall. #:
depth of the inner channel. w: width of the flat side of the capillary.

Readout radiation was provided by a Tungsten lamp with an
emitted power spectral density (coupled in SMF) of about -60
dBm/10 nm in the wavelength range from 1.2 pm to 1.7 pm.
Both interferometer arms incorporated the same fiber paths,
matched in length within 1 mm, whereas the final sections
were in open space; we used matched fiberoptic patch-cords
and optical components in both interferometer arms to
minimize the difference in optical dispersion and exploit the
high axial resolution (better than 2 pm) offered by the intrinsic
short coherence length of the source. At the end of both arms,
pigtail-style focusers with aspheric lens were used as readout
lenses, generating a 50-pum-diameter spot at the working
distance of 23.5 mm. The fiber components were all based on
standard telecommunication optical fibers (9/125 pm
core/cladding diameter Single Mode Fiber, SMF). A
computer-controlled, motorized translation stage allowed to
move the reference mirror (at velocity v = 5 um/s) in order to
change the length of the reference path.

Several experiments were performed and repeated in
different days and months also with different broadband
sources without observing substantial variations of the results
in terms of interferometric signals in the time domain.

Optical measurements were performed at room temperature

in a laboratory environment, without the use of a feedback
loop for thermal monitoring/control on the interrogated
volume; limitations in the measurement accuracy were
attributed to local temperature variations.

III. EXPERIMENTAL RESULTS

We applied IR OLCR for characterizing borosilicate glass
capillaries with rectangular-section channel, also known as
rectangle hollow capillary tubes (Vitrotubes™, VitroCom,
New Jersey, USA). The thickness # and #, of the front and
back glass wall, respectively, as well as the depth 7. of the
inner channel were nominally equal to 50 um whereas the
width (w) of the flat side was w = 500 pm (see capillary cross-
section in the inset of Fig. 1). The capillaries were 50-mm-
long. Standard tolerances of inner dimensions are of +/-10%.

The interferometric signal was acquired in the time domain
and the travelling time 7 was then easily converted into optical
path (OP) using the stage velocity v, i.e., OP =v - T. Using a
broadband light source, we obtained a narrowband
photodetected signal; thus a digital band-pass filter was very
effective for improving the signal-to-noise ratio.

A typical interferometric signal, digitally filtered and
normalized with respect to the peak value, collected on an
empty 50-um capillary is shown in Fig. 2.

T OP}{ Opi‘.
i 2X0P,; =%
— 2x0P,,
|

|

:

1] 2 3

Normalized Interferometric Signal [a.u.]
o
]

) Inset: Interface positions )
0 50 100 150 200 250
Optical Path [um]

Fig. 2. Normalized interferometric signal as a function of the optical path
obtained on an empty 50-pm capillary. OP;.,, OP,3; OP;4: optical path
relative to the front glass wall, to the channel, and to the back glass wall,
respectively. 2XxOP.,, 2XOP,.5: double round-trip in the front glass wall and in
the channel. 1, 2, 3 and 4: Interface positions, as shown in the inset.

Four groups of fringes with approximately unitary
amplitude are easily recognized. They correspond to the air-
glass interfaces crossed by the readout radiation. Two
additional groups of fringes with much lower amplitude are
present between the 3™ and 4™ large peaks. One is due to a
double round-trip in the front glass wall and the other to a
double round-trip in the channel. We then applied the Hilbert
transform [19], [20] to obtain the envelope of the
interferometric signals and identify more easily the peak
positions. In fact, envelope conversion by means of Hilbert
transformation usually improves the resolution of the
measurements since it reduces the noise of the interferogram,
increase data density and provides smaller measuring steps
[21].
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Fig. 3 shows the envelope (black trace) of the
interferometric signal reported in Fig. 2: the effective channel
depth was obtained as the optical distance OP,; between the
2" and the 3™ group of unitary amplitude fringes and for this
capillary sample we found OP;,.3,; = 50.61 = 0.01 pum, thus in
agreement with the fabrication tolerances. The optical paths
relative to the front and back glass walls were OP, = 76.46 +
0.05 pm and OP;4 = 78.61 + 0.16 um, respectively. Mean
values and standard deviations were always calculated at least
on three data sets.

As it is well-known, the optical path distance OP, in the
case of broadband radiation and dispersive media, is given by
OP = n, - t, where n, is the group refractive index (RI) of the
medium crossed by radiation and ¢ the material thickness [2].
Assuming for the group refractive index of borosilicate glass
Ngglass ~ 1.52 RIU [15] (for wavelengths in the range
from 1.55 pm up to 1.58 um), we obtained for this capillary
sample the following values of glass thickness: # = OP|, /
Ngglass = 50.30 um and t, = OP3.4 / Nggas = 51.72 pm, as
expected for this capillary size.

Fig. 3 shows also the envelope of the interferometric signal
acquired after filling the capillary channel with water (red
trace). An interesting feature of these devices is that the liquid
sample is collected instantly from a vial by capillary action.
Moreover, the fluid does not affect the channel size. As
expected, the optical path between the 1% and 2™ group of
fringes did not change, whereas an increase of the optical path
between the 2™ and 3™ was clearly observed in presence of
water. Moreover, the amplitude of the 2™ and 3™ group of
fringes was smaller than that of the 1* and 4™ group. This
result is in agreement with the fact that the index difference
between water and glass is lower than that between air and
glass.
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Fig. 3. Envelope of the normalized interferometric signal obtained with

Hilbert transform as a function of the optical path for a 50-um capillary. Black

trace: empty capillary; red trace: capillary filled with water. 1, 2, 3 and 4:

Interfaces for empty capillary; 1°, 2°, 3’and 4’: Interfaces for capillary filled

with water.

The experimental value of the group RI of water was then
obtained as Ng water = 0P2-3,Water/0P2»3,air = 0P2»3,water/tc = 1.341
RIU. This result is in agreement with the group RI of water
(Ng-thwate=1.349 RIU) calculated for wavelengths in the range
from 1.55 um up to 1.58 pum with the relation n,=n; - X -
(dn/d)), where n¢ is the phase refractive index, A is the center
wavelength and dn/dA is the chromatic dispersion, and the
values at 25 °C of n¢ and dn/dA reported in the literature [22].

We confirmed the result ngyaer= 1.3414£0.001 RIU in several
experiments, performed on different capillary samples, since
water represented the reference fluid of various tested
mixtures.

We then applied OLCR for testing the rectangular capillary
filled with solution of ethylene glycol (EG) in water (H,O) at
different concentrations. For each fluid sample, from the
acquired interferometric signal we extracted the optical paths
relative to the glass walls and to the channel. These data are
reported in Fig. 4 as functions of EG concentration expressed
in %. As expected, OP,, and OP;4 did not show any
dependence on the solution type. On the other hand, a linear
increase of the optical path OP,; relative to the channel was
found by augmenting EG concentration.
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Fig. 4. Optical paths (OP) relative to the glass walls and to the channel as
functions of the ethylene glycol (EG) concentration in water expressed in %
for a 50-pm capillary. Blue markers: OP,; (optical path of the inner channel);
red markers: OP;.,; green markers: OP;.4. Lines: linear best fitting of data.

Finally, we calculated the group refractive indexes of the
various EG-H,0 solutions (dividing the experimental values
of OP,.3 by OP,3,i;) and we report them as a function of EG
concentration in Fig. 5 (red circles).

Although the relationship between n, and n¢ is in principle
non-linear, if we consider refractive index variations in a small
range a linear approximation yields sufficiently accurate
results. In view of this observation, we also show for
comparison in Fig. 5 the values found in the literature for
phase RI (blue dots) at A= 0.589 um of EG-H,O solutions
[23].

It is interesting to note that by linear best fitting the RI data
relative to EG concentrations (C) from 0% up to 60%, we
obtained a refractive index increment dRI/AC =~ 1-107
[RIU/%EGT] for both ensembles of data.
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Fig. 5. Refractive index of EG-H,O solutions as a function of the EG

concentration. Red circles with error bars: experimental values of group RI

measured by OLCR; red line: linear best fitting of the experimental data from

0% up to 60% of EG in water; blue markers: phase RI from ref. [23]; blue

line: linear best fitting of literature data.

IV. CONCLUSIONS

We have demonstrated the functionality of an all-fiber
infrared low-coherence reflectometer for detecting the optical
distance between the interfaces of a rectangular capillary with
micrometric dimension, also in presence of fluids in the
channel. Since the depth of the inner channel is fixed, the
group refractive index of the collected sample fluid can be
obtained. Method accuracy was demonstrated by measuring
the group refractive index of water that was found in
accordance with literature data specific for the near infrared.
Moreover, the accuracy is adequate for characterizing off-the-
shelf glass micro-capillaries, as the measured geometrical
parameters are in agreement with the nominal size and well
within the fabrication tolerances. Indeed, glass micro-
capillaries represent an interesting solution for the
implementation of low-cost devices for (bio)sensing since they
could be easily integrated in micro-fluidic system, allowing
repeatable and fast measurements. For biosensing
applications, currently under investigation, the Tungsten lamp
features in addition to the high axial resolution the further
advantage of minimum invasiveness on the biological sample
thanks to the very low optical power density and the specific
wavelength range. Our setup benefits also of the use of active
and passive optical components suitable for the infrared
spectral region that are commercially available and already
well developed for optical communications.
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