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Abstract: This report introduces a novel time resolved Brillouin spectrometer, consisting of
an opto-acoustic transducer which resides on the tip of a single-mode optical fiber of arbitrary
length with 125 pum outer diameter and 5 pm sensing diameter. Demonstrated here are proof of
concept spectroscopic measurements — shifts in Brillouin frequency — with sensitivities of 41+3
MHz/%wt and 2.5+0.6 MHz/°C for changes in water-salinity and water-temperature, respectively,
and an interpolated frequency resolution of 9+2 MHz. The technique benefits from low-cost
raw materials, scalable fabrication, scalable pixel density, easy alignment, and data acquisition
speeds down to 0.4 s: traits which make this compatible with in vivo applications.
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1. Introduction

Brillouin spectroscopy is a well-established optical technique for characterizing and imaging
mechanical properties of various photoelastic media [1-3]. The collection of techniques has long
relied on non-trivial free-space optical arrangements and exclusively in vitro instrumentation to
couple light into and back from the sample. There have been previous successful implementations
of in vivo Brillouin spectroscopy [3], but expanding the range of the free-space technique is
limited by the penetration depth of light in biological tissue (~ 1 cm in the NIR spectrum [4]).

In the field of photoacoustics, there has been a flurry of development in optical fiber-based
ultrasonic transmitters (multi-mode) and receivers (single-mode), which, when combined, create
a powerful endoscopic tool for in vivo tissue imaging with ~ 20 MHz ultrasound [5]. A similar
dual-fiber (both single-mode) concept has also been implemented for performing spontaneous
Brillouin spectroscopy in the GHz-range on liquid samples [6]. This technique is ultimately
challenging with a single-mode fiber since it relies on an inherently inefficient incoherent
scattering process and contends with strong background signals from the glass of the fiber. In
order to combat these difficulties, the technique is reliant on two separate fibers (transmitter and
receiver) terminated by a graded index lens (~ 15 times greater diameter than the fiber), which
limits the pixel-density scalability of the technique in the context of future imaging. Otherwise,
the role of optical fibers in GHz-frequency ultrasonic applications has mainly been one of
collecting scattered light, creating a confocal pinhole, or as a way to simplify alignment [7].

We present in this report a proof of concept for a novel phonon probe, which permits time
resolved Brillouin spectroscopic measurements to be made from the tip of a single-mode optical
fiber without the need for a lens. Two main criteria drove the design: (1) that there is sufficient
generation of ultrasound from the tip of the fiber, and, (2) that the back-scattered probe light can
be efficiently re-coupled into the same fiber. The sensitivity of the device, and other Brillouin
techniques in general, derives from Brillouin light scattering, whereby light is inelastically
scattered by phonons [8]. In time resolved Brillouin scattering (TRBS), the interference of the
scattered light and a reference beam (reflected from the fiber-tip) produces a modulation in optical
intensity which occurs at a characteristic Brillouin frequency:
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Fig. 1. (a) Diagram of the optical system designed and used for the single-fiber
Brillouin spectrometer. (b) The device architecture consists of a 125 um outer diameter
(cladding), 5 um sensing diameter (core), and adhesion (ITO), generation (Au), and
hydrophobic (C) layers. Visualization of Brillouin scattering: light reflected by the
fiber-transducer interface interferes with the light scattered by periodic changes in the
refractive index of the external medium (water).

(for normal incidence) where n is the refractive index of the medium, v the sound velocity,
and A,,0pe the wavelength of the probing light [9]. A system such as the phonon microscope
capitalizes on this mechanism to acoustically image living cells in 3D through the use of an
opto-acoustic transducer to thermo-elastically generate coherent phonons [10, 11]. By coherently
stimulating phonons (while using a time resolved detection scheme), the efficiency of the detected
scattering process can increase by ~ 6 orders of magnitude compared with spontaneous scattering,
providing a more effective way to spatially and temporally resolve the phonons.

2. Method

Similar to the phonon microscope, the phonon probe utilizes an optical pump-probe configuration
to acquire TRBS signals (shown in Fig. 1(a)). Two tunable Ti:Sapphire lasers, with 100 fs pulse
widths and 80 MHz repetition rates, were used for the thermoelastic-generation (pump) and
detection (probe) of coherent GHz-frequency phonons [12]. Temporally resolving the signals
was achieved using asynchronous optical sampling [13], whereby the repetition rate of the slave
is increased by 10 kHz with respect to the 80 MHz master, corresponding to full reconstruction
of the 12.5 ns signal every 100 ps.

Typically, pump-probe imaging and spectroscopy experiments use high numerical aperture
(NA) objective lenses to reduce the laser spot-sizes, which increases the lateral resolution of
the imaging system and the intensity of the optical fields. The latter dictates the amplitude of
the phonon field, the intensity of the scattering probe light, and consequently the overall signal
to noise ratio (SNR). The optical design for an all-fiber variant of a pump-probe system was
centered around maximizing SNR, given that the laser spot-sizes were to be dictated by the 5 um
diameter core of a single-mode optical fiber (125 um diameter cladding). The following series of
elements were selected to reduce noise and optimize fiber-coupling efficiency (see Fig. 1(a)):
Faraday isolators, a fiber-coupler, and a wavelength division multiplexer (WDM). Pump and
probe wavelengths were selected as 730 and 780 nm, respectively, based on the dichroic edge
of the WDM and the single-mode cut-off wavelength for co-propagating in a single fiber. The
transducer was fabricated onto the cleaved fiber-tip by DC magnetron sputtering and carbon-rod
evaporation with the following layer design: ~ 5 nm adhesion layer of indium tin oxide (ITO), 15
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Fig. 2. (a) Time resolved signal (blue line) from Brillouin scattering (in water). The
dark red line represents the acoustic attenuation in water taken from literature [15],
which matches the decay of the signal. Light red shading shows the divergence of
the probe spot (wpy). (b) Fast Fourier transform (FFT) of the time trace reveals
Brillouin frequencies of 5.235+0.004 GHz (water) and 22.00+0.07 GHz (glass). (c)
FFT magnitude color map, overlaid by the frequency at which the maximum magnitude
occurs, as functions of experiment time. Probe-dipping in and out of water occurred
every ~ 10 s, as shown by the sharp transitions between 5.24+0.02 GHz (water) and
22.1+0.2 GHz (glass of fiber-core when tip is in air).

nm of gold for generation, and a thin layer of graphite for hydrophobicity (Fig. 1(b)). An example
TRBS signal and corresponding Brillouin spectrum for water are presented in Figs. 2(a)-(b).

3. Results

Initially testing the performance of the probe took place by dipping the fiber-tip in and out of
deionized water. The amplified and low-pass filtered output of the photodiode was visualized on
a digital oscilloscope where the average of 1000 time traces was acquired for each measurement
count; at this averaging rate, a count was acquired every ~ 0.4 s. Data were acquired at this rate
over the course of roughly 90 s, while the tip was made to transition from water to air every 10 s.
Raw time trace data were processed post-experiment, following the protocol outlined in [14], and
the corresponding frequency spectra were attained by fast Fourier transform (FFT). Fig. 2(c)
shows the evolution of the Brillouin spectra for this set of measurements. From the color map of
the FFT magnitude, which is a function of frequency and time, bright bands can be seen when
the tip is immersed in water, as confirmed by the 5.24+0.02 GHz Brillouin frequency. This band
abruptly disappears upon withdrawal of the probe from the water. A dimmer frequency band at
22.1+0.2 GHz persists throughout all measurements, which is the probe detecting itself, i.e. the
Brillouin oscillations counter-propagating in the glass of the optical fiber. The blue curve tracks
the frequency at which the maximum FFT amplitude occurs as a function of the experimental
clock (fp). As the tip transitions from water to air, there does not appear to be any residual
water droplet on the outer hydrophobic layer, and this transition in frequency occurs within the
time-span of one count (< 0.4 s).

In order to exhibit the sensitivity of the phonon probe in other liquids, Brillouin spectroscopic
measurements were made in a range of static and dynamic solutions. Initially, a cocktail of
one part water and one part glycerol was prepared, and the layers were allowed to settle and
differentiate. The z-position of the probe-tip was controlled by micrometer, which facilitated
a controlled immersion through the solution in the following sequence: air, water, glycerol,
water, and air. Over the course of ~ 24 minutes, time trace data were acquired with a higher
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Fig. 3. (a) Spectroscopy in air, water, glycerol, water, and air. (b) Shifts in Brillouin
frequency and spectral broadening as the probe-tip slowly approached glycerol. (c)
Example TRBS signals averaged from the air, glycerol, and water layers. (d) Corre-
sponding frequency spectra for traces in (c), revealing maxima at 5.24+0.08, 7.20+0.28,
and 21.80+0.04 GHz for water, glycerol, and glass respectively.

averaging rate of 10,000 averages per measurement count (~ 3 s per count). The combined
FFT magnitude map and Brillouin spectra, versus experiment time, is presented in Fig. 3(a),
along with supplemental signals and spectra in Figs. 3(b)-(d). The signals in each material were
processed from the time domain to the frequency domain using the same set of parameters, except
for the polynomial fit order used to remove the background thermal decay. The transition from
water to glycerol is clearly visible in Fig. 3(b); as the acoustic attenuation becomes more fierce in
the viscous glycerol, the acoustic amplitude falls and the spectral width broadens. In addition, the
central frequency peak is located at 7.20+0.28 GHz which is consistent with glycerol refractive
index and sound velocity data from literature [16, 17].

Additional experiments were carried out to demonstrate the probe’s ability to detect changes
in the state of a solution. The well known variations in the refractive index and sound velocity of
water, as functions of solute concentration and temperature, were used as case studies. In order to
detect changes in the concentration of a solution, the device was dipped in a beaker of deionized
water; during TRBS data acquisition, salt solution was added every two minutes such that the
overall concentration increased in = 1-2%wt steps. Fig. 4(a) shows the corresponding shifts in
Brillouin frequency (fg) as the water becomes increasingly concentrated with salt. Refractive
index and sound velocity data, as functions of salt concentration, were found in literature [18, 19]
and used to formulate a theoretical Brillouin frequency (Eq. (1)) versus salt concentration
analytical model (fg(C)). Calibrated experimental Brillouin frequency peaks (discussed later)
were input to the model, and concentrations at which the experimental and theoretical frequencies
match provide a measure of the local salt concentration in the solution (Cy, ), which corroborate
the approximate experimental concentration (C,p). From these measurements, an estimation of
the probe’s sensitivity to salt concentration can be extracted, and was calculated to be A fg/AC =
41+3 MHz/%wt. The stars on each curve represent additional averaging within the respective step
in concentration; the sizing of the averaging bins determines the precision with which a Brillouin
frequency step can be resolved from neighboring steps. In order to probe these resolution limits,
a subsequent experiment was performed where each salt concentration increment was halved with
respect to the preceding increment. Fig. 4(b) reveals the frequency steps between the first four
changes in salt concentration: 40, 19, and 9+2 MHz. It is important to note that the fundamental
frequency resolution of the system is set by the repetition rate of the detection laser, 80 MHz.
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Fig. 4. (a) Brillouin frequency shifts as water-salinity increases (fg). Salinity
measurements made by the probe (Cp;) agree with the approximate experimental
concentration added (Cexp ). Stars represent post-processing averaging in each step. (b)
Decreasing salt concentrations were added to quantify the effective frequency resolution
of the probe given the optical system.

However, since the signal of interest has a wider bandwidth than the 80 MHz steps in frequency,
zero-padding can be used to interpolate the 80 MHz-discretized data. Consequently, there exists
a trade-off between experiment time and processed frequency resolution. If detecting small shifts
in a sample’s properties is desired, two neighboring frequency peaks can be resolved if sufficient
time is taken to increase the number of averages per measurement.

For the case of temperature-sensitivity, the probe was immersed in a beaker of deionized
water, as were the leads of a K-type thermocouple which had been calibrated at the boiling
point of water. A hot-plate beneath the beaker was varied over two hours while both TRBS and
thermocouple data were simultaneously acquired. The blue curve (fp) in Fig. 5(a) represents the
Brillouin frequency shift as the hot-plate undergoes heating and cooling, following the first 20
minutes at room temperature (RT~ 20°C). Experimental Brillouin frequencies were combined
with thermo-optic and thermo-acoustic constants (water) from literature [20,21] to produce an
experimental measurement of the local water temperature (77, ). All preceding measurements of
the Brillouin frequency of water (at RT and 0%wt salt), ~ 5.2 GHz, are offset from the theoretical
value ~ 5.1 GHz, which we believe to be explainable in the context of heating by the transducer.
The offset between the theoretical and RT Brillouin frequencies would then represent the heating
contribution by the probe itself, and was determined with the experimental model to be ~ 60°C.
Finite element (FEM) software (COMSOL) was utilized to simulate the steady-state heat rise in
the 5 X 5 X 5 um volume of water surrounding the tip of the fiber-core (see Fig. 5(b)). For the
roughly 3 mW of total optical average power absorbed by the transducer, the simulated results
indicate an average temperature rise of ~ 55°C in the volume of interest, which corroborates the
temperature rise measured by the probe. After calibrating for this bias, temperatures matched
between the literature-model and experiment (7, ) can be seen to mirror the values and trends
of the thermocouple data (Tr¢). The device’s sensitivity to temperature was measured to be
Afg /AT =2.5+0.6 MHz/°C, which is in agreement with the f5(T) slope of the literature-based
model.



Research Article Vol. 27, No. 18 | 2 Sep 2019 | OPTICS EXPRESS 25069

“

Optics EXPRESS

FFT, (A.U.)
(a) 0.5 1 e 15 2 25 x10° (b)
5.6 5 80
10 "
5.5 20 = 70
30 1S
=3 -
—~5.4 40 b 3t g
T 50 g 60 3
53 o0 22y 2
> 70 2 50
5 5.2 o 1 S
=} . [1] -
o 3 transducer
g ® — 40
“51 § 0
C
5 s 30
s}
= cpre 1 p cla_dding_ 20
0 1 2 3 4 5 6
radius (um)

Fig. 5. (a) Brillouin frequency shifts caused by fluctuations in water temperature,
which follow the trend in thermocouple data (77 ¢). Overlaid is the reconstruction of
the experimental frequency data into temperature readings (7). (b) FEM modeled
(axially symmetric) temperature rise in the 5 X 5 X 5 um volume of water surrounding
the tip of the fiber-core (pink outlined region).

4. Discussion

In this all-fiber approach to performing pump-probe Brillouin spectroscopic measurements, once
light has been optimally coupled to fiber, the system is always "perfectly” aligned and overlapped
(with respect to the pump and probe spots). What’s more, compared to more complicated
conventional pump-probe spectroscopy and Brillouin spectroscopy set ups, there are far fewer
aberrating optical elements and other mechanisms of loss. The primary effects to consider are
those of dispersion and leakage into the cladding, which did not produce noticeable penalties in
this experiment. With respect to optimizing the optical system, there are various improvements
which could be made, the most obvious of which is the choice in probe coupler used before the
WDM. The probe beam suffers a loss of 3 dB upon input and another 3 dB at detection. If a
fiber optic circulator was used instead, this could be reduced to < 1 dB overall insertion loss.
In contrast with high NA objective experiments, the lateral resolution of the fiber probe is the
core diameter of 5 um, which could be improved by tapering the fiber-tip. Despite having lower
lateral resolution, the axial resolution of the probe, in theory, is sub-optical diffraction limit, just
as with the phonon microscope [11]. In practice these or similar resolutions can be achieved for
imaging and profilometry applications by controlling the location of the probe-tip using high
resolution positioners.

Realizing the potential of the phonon probe as an in vivo instrument will require careful
consideration of a sample’s exposure to heating and fs-pulse width radiation. With regards to
the transducer’s 60°C heating of water, simply reducing the total absorbed average power by
a factor of two would reduce the temperature rise by nearly 30°C according to FEM model.
Similar reduced power densities of NIR fs-radiation have been reported as survivable for Chinese
hamster ovary cells [22]. Additionally, the probe could be supplemented with a thin thermally
insulating coating or a more thermally conductive fiber material, such as sapphire [11,23].
Currently, the light transmitted by the device exceeds the maximum permissible exposure (MPE)
for direct ocular exposure by a factor of 2; again, if the total average power is halved, the MPE
would be safely met. There exists a compromise between heating/exposure mitigation and SNR



Research Article

Optics EXPRESS

which could be partially compensated for by using the aforementioned circulator, or at worst by
increasing data-averaging over longer time periods.

With our current thin-film deposition machinery there is enough space to fit hundreds of
thousands of 125 pm diameter by one meter fibers. In practice this would be time-consuming to
prepare (by hand), but the prospect for mass-production of the devices is not lost. Furthermore,
the cost per-fiber is on the order of $5 per meter, and would be marginally more expensive when
including overhead and sputtering material.

The phonon microscope is capable of imaging polymer structures and cellular media, in
vitro, and does so by performing a spectroscopic measurement (Brillouin frequency and sound
velocity) at each pixel in the scan-area to render an elastic-image. Compared to the phonon
microscope, the phonon probe presented here, has proven that a similar quality of single-point
spectroscopic measurements can be attained. The current iteration of the device presented in this
report could already be capable of performing in situ spectroscopy measurements in industrial
liquid monitoring applications where traditional sensors cannot fit, or where access is limited.
Similar measurements could also be performed in vivo through the tip of a needle or the channel
of an endoscope — e.g. as an alternative to biopsies and tissue diagnostics, or as a surgical guide
in epidural procedures — however, more investigation is needed to find compatible tissue and
bio-liquids. In theory, N-number of fiber probes can be bundled to create an N-pixel phonon
imaging tool. Recent advances in in vitro Brillouin imaging and phonon microscopy have
allowed imaging, and even characterization, of elastic properties in colorectal cancer cells [24]
and acanthamoeba castellani cells [25]. If a device such as the phonon endoscope can be fully
realized in an imaging context, there would be great potential to elastically map tumorous or
infectious agents in an in vivo environment.

5. Conclusion

In conclusion, we have designed and implemented a novel tool, and with it have demonstrated for
the first time that time resolved Brillouin spectroscopic measurements can be made from the tip of
a single-mode optical fiber without a lens. Proof of concept measurements were made in a range of
water-solutions and glycerol with data acquisition speeds down to 0.4 s. Through post-processing
and data-averaging, the device is capable of resolving sub-repetition rate interpolated shifts in
Brillouin frequency. There are additional thermal and optical accommodations required to enable
in vivo operation, however, most of these optimizations are within the capabilities of the current
experiment. A single-fiber device for point-by-point measurements can be easily integrated to the
channel of an endoscope, the bore of a needle, or any space greater than 125 pm. Perhaps one
of the more promising aspects of the phonon probe, is that its simple and compact design can
be easily scaled to any arbitrary number of fibers in a bundle, which bodes well for multi-pixel
acoustic imaging and endoscopic microscopy in biomedical applications.
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