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Advanced multi-wavelength pulsed laser is a key technique for functional optical-resolution photoacoustic mi-
croscopy (OR-PAM). By utilizing the stimulated Raman scattering (SRS) effect, we can generate various wave-
lengths from a single-wavelength pump laser, offering a simple and cost-effective solution for OR-PAM. However,
existing multi-wavelength SRS lasers typically require fine alignment of many free-space optical components
with single-mode fibers, which are susceptible to mechanical disturbances and temperature fluctuations, leading
to high maintenance costs. To address this challenge, we develop an all-fiber three-wavelength SRS laser source
for functional OR-PAM. A pump laser beam is launched into an optical fiber network, which splits and delays
these laser pulses and generates different optical wavelengths in different fiber branches, and then merges them
at the output end of the fiber network. This approach requires only one instance of fiber launching, dramatically
simplifying the alignment and improving the laser stability. Using a decoding algorithm, we can separate the PA
signals from different optical wavelengths and then calculate oxygen saturation (sO») and flow speed. The SRS
fiber network provides stable energy ratios among different optical wavelengths during long-time operation. We
use the all-fiber OR-PAM system to monitor the brain function for four hours, demonstrating exceptional stability
in functional imaging. The small size, simple structure, and low cost make it suitable for many preclinical and
clinical applications.

1. Introduction fiber also introduces pulse delay, allowing photoacoustic signals from

different wavelengths to be temporally separated by using a long fiber

Optical resolution photoacoustic microscopy (OR-PAM) has attrac-
ted significant attention due to its high-resolution, label-free functional
imaging ability [1-15]. Advanced functional OR-PAM needs a
multi-wavelength laser with high power, stable energy ratio, and rapid
wavelength switching time [16-26]. Many commercial pulsed lasers
with high power and high pulse repetition rates only offer a single op-
tical wavelength. Other wavelengths must be generated using wave-
length conversion techniques, such as dye laser [27] or optical
parametric oscillation (OPO) [28-32]. Building a multi-wavelength
laser system with multiple dye or OPO lasers is expensive and requires
significant maintenance effort.

Stimulated-Raman-scattering(SRS)-based wavelength conversion is
a simple and low-cost approach to generating new wavelengths and has
been developed for OR-PAM [16,17,32-34]. With a pump laser,
high-order Raman wavelengths can be produced using a long fiber. This

[26]. Consequently, optical wavelengths can be switched at high speed.

Despite these advantages, SRS-based multi-wavelength lasers face
several challenges. First, many free-space optical components must be
finely tuned to direct light into different fibers [35], making the laser
system bulky and expensive. Second, launching into multiple
single-mode fibers requires precise alignment and frequent mainte-
nance. Achieving high coupling efficiency often necessitates adjusting
the fiber couplers before each use, a time-consuming process. Relocating
the free-space SRS laser system requires realigning all optics, hindering
the development of portable or point-of-care imaging systems. Third, the
efficiency of the SRS-based wavelength conversion is sensitive to pump
laser power. Minor misalignment, vibrations of optical parts, air flow, or
temperature changes can lead to significant pulse energy fluctuations
across different wavelengths, increasing errors in spectral unmixing.
Although laser energy fluctuations can be mitigated using a high-speed
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photodiode, this adds complexity and cost. Therefore, reducing the
number of fiber launches can significantly decrease system size and
maintenance costs, improve stability, and expand the applications of
OR-PAM.

We present an all-fiber SRS fiber laser technique for functional OR-
PAM. This method uses multiple SRS-based wavelength conversions
within an optical fiber network, requiring only one optical fiber launch
at the input of the fiber network. Within the network, the pump laser
beam is split and wavelength-shifted across different branches. Various
optical wavelengths are delayed using fibers of different lengths, enco-
ded with fixed pulse energy ratios, and then recombined at the output.
This approach simplifies optical alignment and results in a more
compact laser system. Additionally, because the energy ratios among
different wavelengths are not affected by free-space optics, the long-
term stability of the laser pulse energy is significantly enhanced. After
data acquisition, photoacoustic signals from different wavelengths are
unmixed based on their temporal delays and designated pulse energy
ratios. In in vivo experiments, we demonstrate that the all-fiber OR-PAM
(FPAM) achieves high-resolution functional imaging with exceptional
stability. Moreover, we continuously monitored cortical hemodynamics
and functions in response to caffeine intake for up to four hours. The
FPAM effectively reveals local vasoconstriction, flow fluctuations, and
deoxygenation within the cerebral cortex at the single-vessel level.

2. Methods

2.1. All-fiber stimulated Raman scattering laser source and imaging
system

Fig. 1(a) shows the schematic of the all-fiber three-wavelength
pulsed laser source and the OR-PAM probe. Compared with traditional
SRS laser [25,26], the all-fiber SRS laser has fewer optical elements and
a simpler structure. A 532-nm nanosecond pulsed laser (VGEN-G-30,
Spectra-Physics) serves as the pump laser. The pump laser beam is
launched into the network of single-mode fibers as shown in Fig. 1(b). In
the fiber network, two 1 x 3 single-mode fiber couplers (FCi, and FCoyt,
each 1 x 3 coupler is implemented by cascading two 2 x 2 couplers
(Jiu-optic technology Co., LTD), fiber model: 460-HP, Nufern) with
different power ratios are used to split and merge the light beams. FCy, is
a1l x 3 coupler with a output power ratio of 46 %: 22 %: 32 %. Due to
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the limitations of laboratory conditions and to avoid the tedious work of
adjusting the polarization of laser, we chose pure silica core single-mode
fiber instead of polarization-maintaining pure silica core single-mode
fiber. In Path 1, the 532-nm light passes directly to the output fiber
coupler FCyy. Path 2 uses a 28-meter non-polarization maintained
single-mode (NPMS) fiber (s-460-HP, Nufern) for producing 545-nm
light via the SRS effect. Mixed with the pump light, the output wave-
lengths from the Path 2 include 532 and 545 nm. Path 3 uses a 40-meter
NPMS fiber (s-460-HP, Nufern) for generating 545 and 558 nm light via
the SRS effect. The output of Path 3 includes mixed 532, 545, and
558 nm light. The three paths are combined by a 3 x 1 coupler with a
power ratio of 1:1:1. The fibers in the three paths offers different time
delays among the three pulses, and thus the combined light forms a pulse
train with three mixed wavelengths at designated power ratios. With the
fiber lengths from ends of the coupler, the optical path differences be-
tween Path 1 and the other two paths are 31 m and 46 m respectively.

The photoacoustic imaging probe is the same as the one in [22]. An
achromatic lens (AC064-013-A, Thorlabs Inc.) is used to collimate the
laser beam from the fiber. The collimated beam is reflected by a mirror
and then focused by an objective lens (AC064-013-A, Thorlabs Inc.). An
optical/acoustic beam combiner reflects the focused laser beam onto the
sample. An acoustic lens (AL #45-697, Edmund Optics Inc.) is adhered
to the optical/acoustic beam combiner to collect the acoustic waves
from the sample. The optical/acoustic beam combiner transmits the
acoustic wave. An ultrasound transducer (50-MHz center frequency,
78 % bandwidth, V214-BC-RM, Olympus Inc.) is used to detect the
acoustic wave. The signal from the transducer is amplified by two 24-dB
amplifiers (ZFL-500LN+, Mini-Circuits). Two linear stages (PLS-85,
Physik Instrument GmbH & Co. KG) translate the PA probe for raster
scanning along the x- and y-axes. PA signal is digitized by an acquisition
card at 500 MHz (ATS9360, Alazar Technologies Inc.). The lateral res-
olution of OR-PAM used is 3.24 pm while the axial resolution is 36 pm.
The maximum imaging depth of the PAM is 0.78 mm [22].

2.2. Spectral unmixing

The pulse train from the fiber network consists of mixed optical
wavelengths with fixed pulse energy ratios. As the Fig. 1(c) shows, by
unmixing the PA signals, we can extract the PA signals X at each
wavelength. We represent the pulse energies at the output port of the
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Fig. 1. (a) Schematic of all-fiber three-wavelength laser and OR-PAM probe. ACL, achromatic lens; AL, acoustic lens; CB, combiner; FC, fiber coupler; MR, mirror;
OBJ, objective; UT, ultrasonic transducer. (b) Photograph of the all-fiber SRS system. (c) Schematic of PA signal decoupling in FPAM.
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fiber network as an energy matrix A:

é11 0 0
A= [eij} =|ea ex O |, @
€31 €32 €33

where i represents the index of laser pulses, and j represents the index
of optical wavelengths as 532, 545 and 558 nm. Fig. 2(a)-(c) shows the
pulse train energy at different wavelengths after optical filters detected
by high speed photodiode (DET025A, Thorlabs Inc.). Fig. 2(a) shows the
532-nm light components (e;1, €21 e31) from three pulses while Fig. 2(c)
only shows the 558-nm light from the last pulse(es;). By integrating the
photodiode signals, the energy matrix A can be pre-calibrated before
each experiments. The optical pulse train induce three temporally
separated PA signals that can be expressed as

Y = AX +¢, 2

where Y is a 3 x 1 vector representing peak-to-peak values of three A-
line signals excited by the pulse train, A is the pre-calibrated energy
matrix, X is the unmixed PA signals amplitudes with unit excitation
energy at each wavelength 4, and ¢ are random noises.

We use the SRS effect in the optical fiber to produce the 545 and 558-
nm wavelengths. To achieve high power, it is necessary to keep the
optical fiber short. Here, we use 31-m and 46-m fibers in Path 2 and 3,
which results in a 75-ns delay between them. Consequently, the PA
signals from pulses 2 and 3 may exhibit little overlap. We first use a two-
step proximal gradient descent algorithm to separate the overlapped PA
signals, then use the separated PA signals from the three pulses to solve
Eq. (2). The detailed method for separating overlapped signals can be
found in our previous publication [36].

3. Results
3.1. Stability and cost analysis

Stability of the SRS pulse energy is of great importance in the
calculation of oxygen saturation and is primarily affected by the space-
to-fiber coupling. We assume that the stable probability isp (0 < p < 1)
for one space-to-fiber coupler. In a traditional SRS laser system with n
wavelengths, there are at least 2n-1 fiber couplers, resulting in a stable

(a) (b)
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probability of p@*~V. In contrast, the all-fiber SRS laser system contains
only one coupler with a stable probability of p. Therefore, the all-fiber
SRS laser system is expected to be more stable than the free-space
approach, and this advantage will become more pronounced as the
number of wavelengths increases.

To validate the long-term stability, we measured the pulse energy
from the all-fiber optical paths used in FPAM and compared it with the
three individual fibers approach in traditional PAM (TPAM). The
traditional PAM use the 25-m NPMS fiber (s-460-HP, Nufern) for pro-
ducing 545-nm light. While another 47-meter NPMS fiber (s-460-HP,
Nufern) is used for producing 558-nm light.We use the 532-nm pump
pulse energy as the reference and define an energy ratio R as follows to
represent the relative pulse energy fluctuation:

_ €p2.2 | €p3\2
R= 7+ () ®

where e); is the ith pulse energy measured by a high-speed photode-
tector. We measured the energy ratio R by 1000 times per hour for 10 h.
To avoid the fluctuation of pump laser, Fig. 2.(d) and (e) are recorded
alternately with the same pump laser. The gray shadow indicating the
standard deviations in every hour. In a 10-hour test, the pulse energy
ratio of the all-fiber SRS laser changes less than ~ 2 %; while the pulse
energy ratio of the traditional SRS laser varies up to 46 %, 23 times
greater than that of the all-fiber approach. Moreover, once the light is
launched into the fiber network, the energy ratio among different paths
will remain constant, which increases the pulse-to-pulse stability of the
energy ratio. The pulse-to-pulse fluctuation (standard deviation) of the
all-fiber SRS laser is 0.0035, which is much less than that of the tradi-
tional SRS laser (0.0401). We also tested the fluctuation of energy matrix
A in 8 seperated experiments (normalized by e;1). The averaged energy
and its standard deviation in Fig. 2(f) further demonstrate the ease of use
of the all-fiber SRS laser. These results indicate that the use of only one
fiber coupler increases the pulse energy stability in both pulse-to-pulse
and long-term operations.

In addition to its superior stability, the all-fiber SRS laser signifi-
cantly reduces the size and maintenance cost. As shown in Fig. 1. (b), all
of the SRS fibers can be housed in an A4-sized box. We only need to focus
one free-space beam into a single-mode fiber, making adjustments and
maintenance easy. Moreover, we use an unmixing algorithm, instead of
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Fig. 2. All-fiber SRS laser pulses recorded by a photodiode after (a) a 532-nm bandpass filter, (b) a 545-nm bandpass filter, and (c) a 558-nm bandpass filter. Long-
term pulse energy stability of (d) traditional SRS laser and (e) all-fiber OR-PAM. The pulse energy ratio R is calculated from the pulse energies across three pulses.(f)

shows the fluctuation of pulse energy matrix in 8 different experiments.
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multiple bandpass filters, to separate different wavelengths, lowering
hardware costs and improving energy efficiency. When the number of
paths increases beyond two, both complexity and cost increase consid-
erably; in comparison, the all-fiber approach is more scalable. However,
commercial couplers restricts the maximum average power to 10 mW
which restricts the application of the all-fiber SRS system in high speed
OR-PAM. With customized pure silica core couplers, we may further
improve our all-fiber SRS laser for fast scanning OR-PAM [25] in the
near future.

3.2. In vivo functional imaging

We tested the accuracy and stability of in vivo functional imaging.
ICR mice at 5-weeks old were used for imaging. The pulse repetition rate
of the pump laser is 4 kHz, and the pump pulse width is 7 ns. The pulse
energy at each wavelength is below 60 nJ for all in vivo experiments.
When the light is focused at 200 um below the tissue surface, the optical
fluence is 6.9 mJ/cm?, within the American National Standards Institute
(ANSI) safety limit (20 mJ/cm?). Healthy mice were imaged under
normal physiological conditions in the following experiments. The ani-
mal experiments were approved by the Animal Ethics Committee of the
City University of Hong Kong.

In the experiments, we acquired two sets of multi-wavelength images
of the same region of interest using the all-fiber and traditional PAM
systems. For the all-fiber PAM data, we unmixed the 532 and 558-nm
images to calculate sO,. First, we measured the average pulse energies
of each wavelengths in the pulse train. To be specific, we directed the
output laser through different bandpass filters and illuminated it onto a
high-speed photodetector as Fig. 2. (a)-(c) show. This allowed us to
determine the energy of a specific wavelength in different pulses, as
shown below:

~ TPAM |
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The unit is nanojoule (nJ). By solving Eq. (2) at each A-line, we can
separate the PA signals at 532, 545, and 558 nm. Similarly, by using the
unmixed PA signals at 532 nm and 558 nm, we can calculate the sO;
map. For comparison, we computed the sO, images using the traditional
PAM data at 532 and 558 nm. The SRS systems are the same as the one
used in previous section.

Fig. 3(a) and (c) show that both traditional and all-fiber PAM can
reveal the oxygenation of the microvessels when the systems were well-
tuned at time 0. The slope of the fitted line in Fig. 3(e) is 0.96, suggesting
that the sOy values resolved by FPAM are nearly identical to those ob-
tained by TPAM. After 3 h, the slope changed to 0.98 in Fig. 3(f), indi-
cating the high similarity between Fig. 3(c) and Fig. 3(d). However, as
illustrated in Fig. 3(g), sO values measured with traditional PAM
deviated from normal physiological condition, while all-fiber PAM
maintained a stable sO, value after three hours. The structural similarity
index (SSIM) is also employed to access the similarities between
different images. At time 0, the SSIM between the TPAM and FPAM
images is 0.7426. After 3 h, the SSIM between TPAM and FPAM results
changes to 0.7218, only by 2.8 %; while the SSIM between TPAM image
at time 0 and the TPAM image at 3 h is 0.4973, reducing by ~ 50 %.
Thus, all-fiber PAM outperforms traditional PAM in terms of long-term
stability. Although realignment of the optical fiber coupling or
frequent calibration of the laser pulse energy can reduce the sO, errors
in traditional PAM, extra hardware and maintenance costs make the all-
fiber approach more advantageous.

All-fiber PAM is equipped with three optical wavelengths. Since the
532 and 545 nm wavelengths are isobestic points for oxy- and
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Fig. 3. Long-term stability of functional imaging on the mouse ear. sO, images from traditional OR-PAM at (a) 0 h and (b) 3 h. sO, images from all-fiber OR-PAM at
(c) 0 h and (d) 3 h. Fig. (e)-(g) are Pixel-to-pixel sO, comparison between (c),(d),(e) with (a).
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deoxyhemoglobin, we can use the first and second photoacoustic signals
to calculate the flood speed based on the Griineisen relaxation effect
[16].

We imaged the mouse cerebral cortex. The mice were anesthetized
with 1.5 % isoflurane and fixed by a stereotaxic apparatus. We removed
the scalp and thinned a small region of the skull with a surgical dental
drill to create a cranial window [19]. Then, the window was applied
with ultrasound gel and gently topped with a water tank.

As shown in Fig. 4, we can simultaneously image the vascular
structure, oxygen saturation, and flow speed. Trunk arteries exhibit
higher flow speed than those in small vessels and veins. The gradient
change in flow velocity at the branching points of the blood vessels is
clearly observed.

3.3. Long-term functional imaging of the brain

Many drugs exhibit prolonged effects on the brain function. All-fiber
PAM offers advantages in stability and accuracy, providing an effective
tool for monitoring long-term changes in brain activities. Caffeine is one
of the most widely used central nervous system stimulants [37]. It acts
by binding to adenosine receptors located in various organs, including
the central nervous system, heart and blood vessels. Caffeine can raise
intracellular calcium levels, stimulating endothelial nitric oxide syn-
thase (eNOS) in endothelial cells and leading to the production of nitric
oxide (NO). When NO diffuses into vascular smooth muscle, it induces
vasodilation [38]. However, caffeine may also bind directly to receptors
on vascular smooth muscle cells, inducing vasoconstriction through
similar mechanisms [39]. Thus, the effects of caffeine on hemodynamics
and brain function are complex. Imaging hemodynamics and oxygen
saturation in the brain over long term is essential for understanding
neurovascular coupling and the regulation of cerebral activities. Here,
we applied all-fiber PAM to study the long-term brain functional
changes with caffeine intake.

Before the experiment, the mice underwent the same surgical pro-
cedure as in the previous section. The animals were imaged for
approximately 15 min, followed by an intraperitoneal injection of
caffeine (40 mg/kg in saline) at time zero. The region of interest was
repeatedly imaged until the mouse woke up in approximately 220 min.
As shown in Fig. 5(a), we can clearly observe the cortical vasculature at
capillary resolution. To quantify the blood flow and sO, we unmixed the
PA signals into three wavelengths. Then we used 532 and 545-nm im-
ages to calculate the flow speed, and calculated the sO5 images with 532
and 558-nm wavelengths. Fig. 5(b) and (c) illustrate representative
images of blood flow and oxygen saturation.

During approximately four hours of monitoring, we recorded
changes in the diameter, flow speed, sO5, and hemoglobin concentration
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of the major vessels depicted in the figure. The veins and arteries are
segmented based on their sO, values. The error bars in Fig. 5(e)-(g)
represent standard deviations calculated from the baseline images.

Fig. 5(d) selects several representative locations of blood vessels to
show the anatomical and functional changes. As Fig. 5(e) shows, the
average venous diameter initially increases by up to 6.4 % in the first
100 min. In contrast, the average arterial diameter continuously de-
creases by 8.0 % in the first 150 min, consistent with previously re-
ported experimental results [40]. Fig. 5(f) shows the change in flow
speed, which indicates that, under the influence of caffeine, flow speed
in arteries and veins increased by up to 3.7 % and 6.4 % in 100 min.
Fig. 5(g) reveals that, within the first 50 min, the average arterial sO;
decreased from 97.1 % to 92.2 %, while the average venous sO, dropped
from 77 % to 74.6 %. After that, the arterial and venous sO5 values
slowly returned to 96.6 % and 75.6 % in over the following hours. The
trend in sOy corroborates findings in other studies, suggesting that the
neural excitement induced by caffeine leads to increased oxygen con-
sumption, resulting in decreased cortical sOy [41].

4. Conclusion

We present an all-fiber SRS laser for functional PAM. This system
offers several advantages. First, the stability of the pulse energy is
improved. The all-fiber SRS laser system limits the number of space-to-
fiber couplings to a single instance, significantly decreasing the proba-
bility of energy fluctuate or drift due to mechanical disturbances and
temperature fluctuations. Second, the system is simple and easy to
maintain. Compared with the traditional SRS laser using multiple optical
components, the all-fiber SRS laser reduces the complexity of optical
path and lower the maintenance cost. Third, the all-fiber Raman laser is
more compact and cost-effective. To avoid using optical filters, we
encode multi-wavelength laser pulses in the temporal and spectral do-
mains and then unmix the detected PA signals. We demonstrate that the
long-term drift of the laser pulse energy is less than 2 % in 10 h and
demonstrate stable in vivo functional imaging over 3 h. All-fiber PAM
provides an effective approach to monitor long-term brain activities,
such as the hemodynamic and functional responses to caffeine. We
observe obvious changes in vessel diameter, blood flow, and oxygen
saturation. All-fiber Raman laser significantly improves the stability and
lower the cost of functional OR-PAM, thereby expanding its preclinical
and clinical applications.
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