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Abstract: Photoacoustic Doppler flow measurement based on continuous wave laser excitation owns
the merit of clearly presenting the Doppler power spectra. Extending this technique to dual
wavelengths can gain the spectral information of the flow sample extra to the flow speed information.
An experimental system with two laser diodes respectively operated at 405 nm and 660 nm
wavelengths is built and the flow measurement with black and red dyed polystyrene beads is
performed. The measured Doppler power spectra can vividly reflect the flow speed, the flow
direction, as well as the bead color. Since it is straightforward to further apply the same principle to
multiple wavelengths, we can expect this type of spectroscopic photoacoustic Doppler flow
measurement will be developed in the near future which will be very useful for studying the
metabolism of the slowly moving red blood cell inside microvessels.
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1. Introduction discrete sinuous modulated waves has attracted

renewed interests after its demonstration on imaging

After nearly three decades of continuous
endeavor, the photoacoustic imaging has matured
from a physical phenomena interrogation technology
to real clinical applications [1-3]. The photoacoustic
signal generation involves the energy transformation
process started from light absorption to ultrasound
generation, and it is common to use the Q-switched
pulse laser as the excitation light source and
construct the image based on the time domain signal
processing. However, in a few years recently, the

frequency domain photoacoustic imaging based on
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blood vessels a decade ago [4]. The major impetus
for this development is that when considering the
multispectral photoacoustic imaging, diode lasers
are available on average every 20nm in the range
from the near ultraviolet to the near infrared while
they are much less expensive than an optical
parametric oscillator (OPO) or a dye laser [5].
Although this continuous wave based modality
seems suffer from the poor depth discrimination and
low signal to noise ratio, in some cases such as for
imaging thin slice or cultured cells the depth
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information is usually irrelevant, and the low signal
to noise ratio can be compensated well by the

narrowband detector such as a lock-in detector [5, 6].

Beside the advantage of operating simultaneously at
several discrete wavelengths [7], the modulation
tuned and the
multi-frequency amplitude along with phase can

frequency can be easily

provide valuable information for constructing
structures at different scales [8, 9]. Moreover, when
working in frequency sweeping modality, the depth
information can be accessed [10, 11].

of the

measurement has  also

The importance continuous wave

photoacoustic been
recognized in the recent work of quantizing the
blood flow based on analyzing the photoacoustic
Doppler shift [9]. The photoacoustic Doppler effect
was demonstrated previously [12-14], and since
then the photoacoustic Doppler flow measurement
with depth discrimination was also realized with the
tone burst excitation [15, 16]. As recently pointed
out by us [17], although there are already several
technologies based on pulsed laser excitation also
coined with photoacoustic Doppler, the unique
feature of the continuous wave photoacoustic
Doppler measurement is the clear presentation of the
Doppler power spectra, from which not only the
flow speed, but also the flow angle and the Doppler
broadening can be extracted. Among various
developing photoacoustic flow measurements [18],
the continuous wave method presents an affordable,
fast, and accurate alternative when the information
of the flow depth is not critical. Here, we make a
further step forward: by combing two continuous
wave laser beams with different wavelengths and
modulating the intensity of the two laser beams at
different modulation frequencies, we demonstrate
the dual-wavelength  photoacoustic =~ Doppler
measurement. We show that the dual-wavelength
Doppler power spectra contain the spectral
information of flowing beads with different colors.
method to

wavelengths is straightforward, the technique of

Since extending  this multiple
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spectroscopic ~ photoacoustic ~ Doppler  flow
measurement based on the same principle can be

well expected.

2. Materials and method

2.1 Experimental system

The layout of our experimental system is
illustrated in Fig. 1. The light source is composed of
two diode laser devices which operate respectively
with a laser diode with the red wavelength (660 nm,
120 mW, HL6545MG, Thorlabs) and a laser diode
with the blue wavelength (405 nm, 120 mW,
ML320G2-11, Thorlabs). Each of the diode laser
devices includes a thermo-electrically cooled mounts
(TCLDMY, Thorlabs) and a temperature controller
(ITC4005, Thorlabs). The diode laser beams are
respectively coupled with the “Lens 1” and “Lens 2”
(C230220P-B, Thorlabs) into a wavelength division
multiplexer (with optical fibers of NA = 0.22 and core
diameter of 105 um, Nanjin Chunhui). Finally, the
laser output from the multiplexer optical fiber is
collimated with an achromatic objective (UPLANFLN
10x ,Olympus) and focused onto the flow sample by
the “Lens 3” (with the focal length 3.5 mm,
AC254-035-A-ML, Thorlabs). The photoacoustic
waves generated by the flow sample is detected by a
focused water-immersion ultrasound transducer
(with the central operation frequency 2.25 MHz,
bandwidth 0.71 MHz, diameter 0.5inch, focal length
0.8 inch, i4-0208-P-SU-F0.80IN-PTF, Harisonic).
further amplified
through a preamplifier (5660C, Olympus) and

The photoacoustic signal is
analyzed by a lock-in amplifier (7280, Signal
A microfluidic pump (LSP0O1-2A,
Longer) is used for controlling the flow speed of the

Recovery).

flow sample.

As depicted in Fig. 1, both diode lasers are
separately modulated with a waveform generator
(AFG3102, Tektronix) and these two waveform
generators are synchronized by connecting their
10MHz clocks. The modulation frequencies for the
two diode lasers are set differently which are
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fo +Af,=1.9MHz+5Hz for the blue diode laser
and f,+Af,=1.9MHz+15Hz for the red diode
the
fo =1.9MHz works as the reference frequency and

laser,  respectively.  Here, frequency
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is set with the reference signal fed into the lock-in
amplifier. As a result, the demodulated Doppler
power spectra will show two similar profiles around
5Hz and 15Hz.
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Fig. 1 Schematic of the experimental system of the dual-wavelength photoacoustic Doppler flow measurement.

2.2 Materials

As illustrated in Fig. 1, the flow is sustained inside
a transparent tygon tube (Saint-Gobain) with an inner
diameter of 0.5mm and an outer diameter of 1.5mm.
The flow sample is created by suspending either black
dyed beads or red dyed beads in distill water with the
final volume concentration of 5%. The dyed beads
(dyed polystyrene beads, Duke Scientific) have the
mean diameter of 50 um and their mass density is
about 1.05g/cm’. An appropriate amount of sodium
metatungstate (Sigmal-Aldrich) is solved into the
suspension to match the mass density so that the beads
can stay uniformly in the solution for a few hours.
Also, of Tween-20
(Sigmal-Aldrich) are added and mixed to prevent the

several  drops reagent

bead aggregation.
2.3 Signal processing method

As discussed previously [17], when the laser
modulation frequency is set as f, +Af with an

offset Af away from the reference frequency f,
the upward or downward flow direction can be
identified by observing the peak position of the
photoacoustic Doppler power spectrum relative
to the demodulated frequency Af . There is
step that the demodulated
two-channel output x(¢) and yp(¢#) from the
should be

an  essential

lock-in  amplifier combined and

{

such that when power spectra of s(¢) and b(¢)

processed as

s(t)=x(t)+1iy(2)

1
b(t) = x(1) —iy(7) @

are both plotted, the signal to noise ratio can be
clearly discerned [Here s(¢) is defined as the
photoacoustic signal while b(¢) as the background
signal].

As shown in Fig. 2 for the results of the
horizontal flow and in Fig.3 for the results of the
vertical flow, the experimental power spectrum is



first smoothed and then fitted with a curve including
Af,=5Hz and
in order to obtain the two peak

two Gaussian profiles near
Af,=15Hz
positions, the two widths, and the two amplitudes.
The identical shape is assumed for the two separated
distribution profiles since they correspond to the
same flow [the expression can be found in (2) and
(3)]. The flow speed then can be extracted from the
fitted width for the horizontal flow or from the fitted
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peak position shift relative to 5SHz and 15Hz for the
vertical flow. In the current study with the same
color of beads for each flow sample, the accuracy of
measuring the flow speed has not been improved
compared with the single wavelength measurement.
However, the advantage is that the spectral
information of the beads can be extracted by

fitted two

ratio between the

analyzing the
amplitudes.
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Fig. 2 Photoacoustic Doppler power spectra plotted in log scale for horizontal flow: (a) and (b) for the flows of the black dyed bead
sample with the average flow speed settings of 0.2 mm/s and 0.4 mm/s; (c) and (d) for the flows of the red dyed bead sample with the

average flow speed settings of 0.2 mm/s and 0.4 mm/s.
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Fig. 3 Photoacoustic Doppler power spectra plotted in log scale for vertical flow measured for the black dyed bead sample: (a) and
(b) for the upward flows towards to the ultrasound transducer with the average flow speed settings of 0.2 mm/s and 0.4 mm/s; (c) and
(d) for the downwards flows away from the ultrasound transducer with the average flow speed settings of 0.2 mm/s and 0.4 mm/s.

3. Results

Here, we present the photoacoustic Doppler
power spectra measured for the average flow speed
settings of 0.2 mm/s and 0.4 mm/s. Both flow
samples prepared either from the black dyed beads
or from the red dyed beads were measured in the
flow angles of 90° and 0° (respectively termed as
horizontal flow and vertical flow). However, for the
vertical flow measurement, the photoacoustic signal
of red dyed beads excited by the red diode laser is
too weak. Therefore, for this flow angle, only the

results of measuring black dyed beads are presented.
To obtain the smoothed curves as shown in Figs.2
and 3, the moving average window with the
respective width of 0.26 Hz 0.51 Hz
(corresponding to 26 or 51 data points) is applied for

or

the measured signals related to 0.2mm/s or 0.4mm/s
flow.

3.1 Horizontal flow results
For the horizontal flow (with the flow angle of

90°, referring to Fig. 1), we measure the top portion
of the circle formed by the flow tube and plotted the



results in Fig. 2. Figures 2(a) and 2(c) show the
photoacoustic Doppler power spectra for the flows
with average flow speed settings of 0.2 mm/s,
Figs. 2(b) and 2(d) show those for the flow of
0.4mm/s. At the same time, Figs.2(a) and 2(b), are
both for the black dyed bead sample, while Figs.2(c)
and 2(d) are both for the red dyed bead sample.

In Fig. 2,
experimental photoacoustic Doppler spectra, the red

the light blue curves are the

curves are the smoothed results, and the black
curves are the best Gaussian fits with the formula of

g(a,,a,,0, f)=a exp[~(f -5/ (207)]+

a, exp[~(f =15)* / (20™)[+b(f)
where b(f) represents the power spectra of the

2)

background signal discussed in (1), a, and a, are
the fitted Gaussian amplitudes, and o is the fitted
Gaussian width. This formula can be considered as a
good approximation because the photoacoustic
Doppler power spectrum due to the blue (or the red)
diode laser excitation should be centered at SHz (or
15 Hz) respectively and should both be symmetric
and with the same width. In Table 1, the fitted
parameters according to (2) for all of the four
Gaussian fits are listed.

Table 1 Fitted parameters by (2) for all of the Gaussian fits
shown in Fig. 2.

a,(mV’/Hz) a,(mV’/Hz) o (Hz)
(a) 0.2 mm/s flow of black beads 0.00071 0.01000 0.48
(b) 0.4 mm/s flow of black beads 0.00040 0.00620 0.97
(c) 0.2 mm/s flow of red beads 0.00120 0.00043 0.47
(d) 0.4 mm/s flow of red beads 0.00047 0.00016 0.98

Looking at the results shown in Fig. 2 and
Table 1, first, let us compare the difference between
different flow speeds, i.e., compare the figures from
the left side to the right side in Fig.2. As can be seen,
for the width of the Doppler power spectral profiles,
Figs.2(a) and 2(c) show the similarity and Figs.2(b)
and 2(d) show the similarity, while those in the latter
two figures are clearly wider. Correspondingly very
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well, the fitted results of o shown in Table 1
accurately reflect the fact that the Doppler power
spectra widths for the flow of 0.4 mm/s should be
two times of those for the flow of 0.2mm/s. It is also
interesting to observe that accompanying the
doubling of the widths, the amplitudes «, and «,
are both approximated decreased by half, which is
true for either black dyed bead flow or red dyed
bead flow. This agrees with the fact that the total
photoacoustic energy should be conserved for the
same sample with different flow speeds under the
condition that the measuring duration is actually the
same (100s).

Next, let us analyze the spectral information
contained in the fitted g, and a,, and compare the
results in Fig. 2 from the top to the bottom.
Apparently as can be seen, in both of Figs.2(a) and
2(b), the values of a, are higher than q,, while in
both of Figs.2(c) and 2(d), the situation is opposite.
The corresponding results in Table 1 show that the
ratio a,/a, is 14.3 and 15.5 respectively for the
black dyed bead flow shown in the top two figures
[Figs.2(a) and 2(b)], and the ratio is 0.36 and 0.34
respectively for the red dyed bead flow shown in the
bottom two figures [Figs.2(c) and 2(d)]. Therefore,
we can unambiguously distinguish the color of the
flowing dyed beads by analyzing the ratio a,/a, of
the power spectra. For the red dyed beads, the ratio
a,/a, clearly should be smaller than 1 since the red
color appearance comes from the less absorption in
the red waveband than that in the blue waveband.

3.2 Vertical flow results

As shown explicitly in Fig. 1, we can move the
flow sample and let the laser focus spot to illuminate
the side portion of the circled flow tube and thus
study the vertical flow (with the flow angle of 0°).
The experimental results along with the smoothed
curves and Gaussian fitting curves are plotted in Fig.
3, while the fitted parameters are listed in Table 2.
This time the following Gaussian fitting function is
applied:
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g(a,a,,0, f) = a exp[~(f =5~ 3)" / (20")]+
a, exp[~(f ~15-6)" / (20")[+D(f)
where the extra term not appeared in (2) is J, the
shift of the Doppler power spectral peak.

Table?2 Fitted parameters by (3) for the results of Fig. 3.

a(mV*/Hz) a,(mV’/Hz) J(Hz) o(Hz)
@ ﬂ((’)'vzv mvsupward 4 500013 0.00019 035 0.75
®) ﬂ?)':‘v mm/s upward 4 600011 0.00010 0.57 1.25
© gfwmm/s downward 4 400025 0.00025 031 0.62
@ gg‘wmmfs downward 4 5000087 0.000084  —0.63 131

In Fig.3, we can first compare the results from
the top to the bottom to observe the effect of the
opposite flow directions, where Figs.3(a) and 3(b)
show the results for the upward flow while Figs. 3(c)
and 3(d) show the results for the downward flow. As
expected, in the two top figures, the Doppler power
spectral profiles are both shifted correspondingly to
the right side of 5Hz or 15 Hz, and in the two
bottom figures, the profiles are both correspondingly
shifted to the left side of SHz or 15 Hz. As can be
further figured out from Table2, the fitted Doppler
shifts o
direction but also the relation of the doubled flow

correctly reflect not only the flow

speed. Moreover, the fitted width o is about two
times of the corresponding & , and is larger
than those obtained for the
(see Table 1). If we wuse the formula
(0.2 mm/s)x1.9MHz/(1.5 mm/ps) to estimate &
1.9MHz is the
modulation frequency and 1.5 mm/us is the sound

horizontal flow

of the 0.2 mm/s flow (where

speed in water), the result is about 0.25 Hz which is
close to the extracted values of 0.35Hz and 0.31Hz
shown in Table2. We note here that this about 20%
discrepancy for the flow velocity could be mainly
induced by the uneven distribution of the flowing
beads across the cross section of the flow tube: we
observe the beads are more likely flocking near the
center of the tube.

As for the available spectral information, we can

see from Table 2 that the ratio of a,/a, for the
0.2mm/s upward flow is about 14.6 which is very
close to the values obtained in the Horizontal flow
(shown in Table 1). For the other three flow
measurements, the ratios are all close to 10.0. We
think the discrepancy is mainly due to more than
7 times decreasing of the signal to noise ratio for
the vertical flow cases compared with the horizontal
flow cases. Obviously, the low signal to noise ratio
affects the accuracy more for extracting a, which
is related to the photoacoustic Doppler signal
excited by the blue diode laser.

4. Discussion and conclusions

Comparing the photoacoustic Doppler power
spectra shown in Fig.3 to those in Fig.2 as well as
the accompanying Gaussian fitting results listed in
Table 2 to those in Table 1, we find that overall the
photoacousitic signal measured from the vertical
portion of the flow tube is more than 7 times lower
than that from the horizontal portion. This is
reasonable since the cylinder shaped flow portion
illuminated by the laser spot generates the
photoacousitc wave mainly propagating along the
direction perpendicular to the flow tube. To get the
sufficient signal to noise ratio for the vertical flow
measurement, especially for the red dyed bead
sample, the modulated laser intensity needs to be
increased at least 10times. This can be achieved by
focusing the laser spot onto a short line instead of
the circular spot when the laser diode power is still
kept at the same level.

For our current study, 3runs to Sruns have been
repeated for each flow measurement setting, and
similar results have been obtained. As demonstrated,
both vertical flow measurement and horizontal flow
measurement can be used to analyze the flow speed.
For the former, both of the peak Doppler shift and
the Doppler broadening width reflect the flow speed
well, and for the latter the Doppler broadening width
alone accurately reflects the flow speed. As for the
mechanism of forming the Doppler broadening,



although the Doppler angle distribution due to the
focused ultrasound transducer and the velocity
distribution of the flowing beads both contribute, the
broadening width of the horizontal flow is mainly
caused by the Doppler angle distribution while the
broadening width of the vertical flow is mainly
determined by the flow velocity distribution. Since
our major purpose here is to demonstrate the
capability of analyzing the spectral information by
applying dual wavelengths, we have not yet
examined more flow speed settings in order to
establish a more accurate analysis model for directly
extracting the profile of the flow velocity
distribution.

A further experiment under considering is to
measure the mixture of the dyed beads with two
different colors. If the beads with different colors
own different velocity distributions, it can be
anticipated that the two Doppler power spectra
located at the demodulated frequencies of the blue
laser diode and red laser diode will show different
shapes. By the unmixture analysis, it is then possible
to extract the different flow velocity distributions of
the different color beads. This type of measurement
will show more strongly the advantage of the
multi-wavelength Doppler flow measurement than
the single wavelength measurement.

In summary, our experimental results have shown
unambiguously that by modulating two laser diodes
with  different different

modulation frequencies, the Doppler power spectra

wavelengths at two

containing the absorption spectroscopic information
of the flow sample can be obtained. By analyzing the
Doppler power spectra with the simplified Gaussian
fitting formulas, the color of the flow dyed beads can
be easily differentiated. This study paves the way for
further of the
experiment system to get more complete absorption

establishment multi-wavelength
spectral information. Applying this spectroscopic
technique in the blood flow measurement to fulfill
the goal of accurately measuring the flow speed and
at the same time, differentiating the oxygenation of
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the blood cells [19]
incorporating the tight focusing of the laser
the high

can be anticipated by

excitation and sensitive ultrasound

detection [20].
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