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Multiangle, fiber-based, spectral-domain Doppler optical coherence tomography with a phase-resolved algo-
rithm is presented to measure three components of an arbitrary velocity vector. A beam divider that divides
a probe beam to have five independent viewpoints and path length delays was designed. The divider was
inserted into the sampling arm of a Doppler optical coherence tomography system between the collimator
and the first galvo mirror of a two-axis galvo scanner. The divider produced five independent AK’s (the av-
erage difference between the wave vectors of incoming and outgoing beams) after passing through the fo-
cusing lens while keeping two-axis scanning capability. After calibration, an unknown velocity vector field
inside a microtube was quantified by solving a three-dimensional minimization problem. © 2007 Optical So-

ciety of America
OCIS codes: 170.4500, 170.3890.

As applications of the biofluidic chip become more di-
verse, the geometry of the chip becomes more com-
plex, and the flow field inside the biofluidic chip has
been changed from a simple Poiseuille flow to three-
dimensional fields. The complex nature of the bioflu-
idic chip requires a novel probe that acts like the
scanning electron microscope in the semiconductor
industry and assures quality control by diagnosing
structure and flow in real time and noninvasively.
Since Doppler optical coherence tomography (DOCT)
was developed [1,2], it has been used to quantify the
structure and flow in microchannels [3,4]. Conven-
tional DOCT, however, has a low-velocity dynamic
range and a limitation that only the component of the
velocity parallel to the optical axis can be measured.
Spectral-domain DOCT developed recently has a
higher-velocity dynamic range than conventional
DOCT. Multiangle and Doppler variance imaging
techniques have been tried to measure transversal
velocity [5—11]. However, three components of a ve-
locity vector have not yet been measured with fiber-
based DOCT. Microparticle imaging velocimetry
(micro-PIV) [12,13] is a powerful tool for imaging mi-
croscale flows. However, micro-PIV does not work
with a turbid biofluid such as blood. In addition, it is
difficult for micro-PIV to quantify out-of-plane veloci-
ties that are parallel to an incident light [14].

From the relationship between Doppler shift Af
and velocity vector V, at least three independent Ak
vectors are necessary to represent the velocity vector:

Af,=A¢ /27T =V-Ak/2m  (i=1,2,3,...), (1)

where A¢ is the phase difference of two complex sig-
nals acquired from the inverse Fourier transform of
spectra taken by two camera exposures, T is the time
interval between the two exposures, and Ak denotes
the difference between the intensity-weighted, area-
averaged wave vectors of incoming and outgoing
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beams, Ak=(k,,—k;,). To measure at least three
Doppler shifts with one detector (or spectrometer),
each beam path associated with a different Ak should
have a different time of flight.

In this study, we propose a multiangle, fiber-based,
spectral-domain DOCT with a beam divider that di-
vides a probe beam to have five independent AK’s
with five different path length delays. Figure 1(a)
shows the beam divider. It has three parts (A, B, and
C) with different thicknesses (0, ¢, and 2¢) and is in-
serted into the sampling arm of a fiber-based,
spectral-domain DOCT system between the collima-
tor and the first galvo mirror of a two-axis galvo scan-
ner as shown in Fig. 2. In the subscript of Ak in Fig.
1, the first two letters indicate through which part of
the divider the incoming and outgoing beams go. For
instance, Ak, means that the incoming beam passes

Fig. 1. The three parts (A, B and C) of the developed beam
divider make six different beam paths: AA, BB, CC, AB,
BC, and AC. Each path generates one Ak and experiences
different path length delays (shown in parentheses) be-
cause the three parts have different thicknesses. Since
Ak,c and Akgg have a same path length delay of 26, there
are five independent Ak’s with five different path length
delays. Panel (a) shows how Ak,p is produced. Panel (b) de-
picts AK’s and an arbitrary velocity vector V when one sees
them along the z axis. BD, beam divider; FL, focusing lens;
FP, focal plane.

© 2007 Optical Society of America



1588  OPTICS LETTERS / Vol. 32, No. 11 / June 1, 2007
LCL Coupler CM Mirror BD CM
[

i

2-Axis A From

Scanner = RL Coupler
FC R

X GM2 FL FC i el z
i ~ Fron
e &

Fig. 2. Schematic of fiber-based, spectral-domain DOCT: a
130 nm wide spectrum was sampled by a 1X 1024 InGaAs
detector array at 7.7 kHz. Imaging depth and depth reso-
lution were 3.4 mm and 8 um in air, respectively. A two-
axis scanner with two galvo mirrors was used. A microtube
with a 300 um inner diameter was rotated by 6 in the xy
plane from the x axis and ¢ from the z axis. BD, beam di-
vider; CM, collimator; DAQ, data acquisition system; DG,
diffraction grating; FC, flow channel; FL, focusing lens;
GM, galvo mirror; LCL, low-coherence light; LSC, line scan
camera; RL, relay lens.

Side
View

through part A and the outgoing beam through part
B or vice versa. In the parentheses, the relative opti-
cal path length delay is included. Instead of the long
subscript, the index i is also used hereafter and in-
creases with the order of path length delay.

The three parts of the beam divider make six dif-
ferent beam paths: AA, BB, CC, AB, BC, and AC.
Each path generates one Ak and experiences differ-
ent path length delays because the three parts have
different thicknesses. Since the Ak,c and Akgg have
the same path length delay of 26, there are five inde-
pendent Ak’s with five different path length delays.
The z axis in Figs. 1(a) and 2 does not represent the
optical axis of the focusing lens (denoted z’) but the
axis of the scanning beam after the focusing lens.
Figure 1(a) shows how Ak,p is produced for the case
when the z and z’ axes are collinear. Eventually, the
beam divider produces five different points of view to-
ward a sample after passing through the focusing
lens while keeping two-axis scanning capability. Fig-
ure 1(b) shows AK’s and an arbitrary velocity vector
V when one sees them along the z axis.

Assuming that the refractive index of the divider is
n, &1is equal to t(n—-1), and two neighboring Doppler
images have a shift of §/2 in the A-scan direction.
The maximum imaging depth in optical length is
equal to NA\2/4A\ for spectrometer-based, spectral-
domain DOCT, where N is the number of the detector
array in the camera, \ is the center wavelength of the
light source, and A\ is the full spectral range of the
spectrometer. If one wants to see all five Doppler im-
ages, the thickness ¢ should, at most, be
NX\2/10AN(n—-1). The 6/2 image shift is, then,
NX2/20AN. Hence an image with an optical depth
larger than NA2/20A\ will overlap with its neighbor.

The schematic of fiber-based, spectral-domain
DOCT with 8 um (in air) depth resolution is shown
in Fig. 2. Low-coherence light having a 1310 nm cen-
ter wavelength with a full width at half-maximum

bandwidth of 95 nm was coupled into the source arm
of a fiber-based Michelson interferometer. Backre-
flected lights from the reference and sample arms
were guided into a spectrometer. The dispersed spec-
trum was sampled by the spectrometer with a 1
X 1024 InGaAs detector array at 7.7 kHz. The wave-
length range on the array was 130 nm, corresponding
to a spectral resolution of 0.13 nm and an imaging
depth of 3.4 mm in air. The probe beam divided by
the beam divider had a 15 um spot at the focal point
and was scanned by a two-axis scanner to visualize a
flow inside a microtube. The two-axis scanner con-
sisted of a collimator, a beam divider, two galvo mir-
rors, two relay lenses, and a focusing lens. A beam di-
vider with #=3.0 mm was made of glass. The
spectral-domain DOCT was operated with phase-
resolved algorithm. The microtube with an inner di-
ameter of 300 um was rotated by 6 in the xy plane
from the x axis and ¢ from the z axis; 6 and ¢ are the
azimuthal angle with 0< #<27 and the polar angle
with 0< ¢ <, respectively. The polar and azimuthal
angles were controlled by a goniometer and a rota-
tional stage, respectively. An aqueous solution of
polystyrene beads was injected into the microtube.
Flow inside the microtube was imaged with the five
independent AK’s as a function of 6, ¢, and velocity
magnitude V.

Doppler shifts in Eq. (1) can be represented in
spherical coordinates:

Af; =V[A,; sin ¢ cos(6 - B;) — C; cos ¢] Z=1...5),

(2)
where

A1:2A2:2A3:2A4:A5:2k sin a/7T,
B, = (i - 1)/3,
Cl=Cz=C’3/2=C4=C5=2k cos a/r.

Here « is an effective numerical aperture of the fo-
cusing beam to be calibrated experimentally, and %
denotes the magnitude of the wave vector. The sec-
ond term in Eq. (2) is a contribution of the velocity
component parallel to the z axis.

Since it is difficult to measure actual Ak’s directly,
those were represented as in Eq. (2) with unknown
coefficients A;, B;, and C; and identified indirectly
from known velocity vectors and measured Af’s. Forty
known velocity vectors for 6=0°-360° and ¢
=80°-100° were selected. The Af’'s were measured
for each known velocity vector. Figure 3 shows the
calibration results. By design the Ak,c and Akgp
should represent the same path length delay of 24. In
reality, the thickness of area C was not exactly 2¢, so
that the third image, related to Af;, was unsatisfac-
tory and therefore discarded.

Once the calibration was done, an arbitrary veloc-
ity vector V could be determined by using Fig. 3. To
identify the velocity vector V, we defined an error es-
timator
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Fig. 3. (Color online) Calibration results for (a) Afy, (b)
Afy, (c) Afy, (d) Afs.
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Fig. 4. Velocity vector field measured by the spectral-
domain DOCT along the diameter of the microtube. Veloc-
ity vectors (b) were identified from the five Doppler images
(a) of a cross section.

f-V-Ak/2n|  (=1,2,4,5), 3)

where ’A\f: is a Doppler shift fitted over a cross section

and AKk; is the actual AK; that is represented in terms
of A;, B;, and C;. A genetic algorithm was used to
minimize the error estimator with three unknowns of
V, 6, and ¢. Figure 4(a) shows five Doppler images of
the microtube with an unknown flow rate and orien-
tation. The three-dimensional minimization problem
was solved, and the result is depicted in Fig. 4(b).
The velocity vector field had a parabolic profile. The
spatial coordinates were normalized with the radius
of the microtube. The velocity vector at the center of
the microtube had V=37.85 mm/s, 6=0°, and ¢
=85.2°. We also read the flow rate from a syringe
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pump and the orientation from the goniometer and
rotational stage. The readings were V=38.73 mm/s,
0=0°, and $=82.6°. The two results had good agree-
ment with each other. If we chose evenly 90 velocity
vectors within a half of the diameter around the cen-
ter, the standard deviations of 6 and ¢ were 1.97° and
0.32°, respectively.

In summary, we have developed multiangle, fiber-
based, spectral-domain Doppler optical coherence to-
mography to quantify an unknown velocity vector
field. We proposed a beam divider that makes five in-
dependent AK’s and path length delays. A velocity
vector field in a microtube was quantified with good
accuracy.
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