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Abstract: Brillouin spectroscopy is an emerging tool in biomedical imaging and sensing. It
is capable of assessing the high-frequency viscoelastic longitudinal modulus with microscopic
spatial resolution. Nonlinear Brillouin spectroscopy based on impulsive stimulated Brillouin
scattering offers a number of significant advantages over conventional spontaneous and stimulated
Brillouin scattering. In this report, we evaluate the accuracy of Brillouin shift measurements in
spontaneous and nonlinear Brillouin microscopy by calculating the Allan variance for both CW
excited spontaneous Brillouin measurements and nonlinear Brillouin scattering measurements
made with both nanosecond and picosecond pulse excitation. We find that impulsive stimulated
Brillouin spectroscopy is superior to spontaneous Brillouin spectroscopy in terms of the accuracy
of such measurements and demonstrate its application for assessing tiny changes in Brillouin
frequency shifts associated with low concentrations of biologically relevant solutions.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Elastic properties of molecular, sub-cellular and cellular structures play a crucial role in many
areas of Biology and Medicine. A prominent example is cancer diagnostics and imaging, where
abnormal elastic properties of cancer cells and their local extracellular matrix (ECM) serve
as unique markers for cancer [1]. Many disease processes involve pathological changes in
tissue stiffness [2–4], providing an early diagnostic tool for disease development. More broadly,
fundamental understanding of embryonic development [5], mechanotransduction [6], infection
diseases [7], and advanced biomaterials with superior mechanical properties [8] calls for the
development new tools and methodologies for assessment of elastic properties of tissues [9].
Brillouin spectroscopy, which is an inelastic scattering of light by sound waves in a medium
by thermal or electrostrictive excitation [10], is capable of providing such information [11,12]
through confocal microscopic imaging [13–15]. A growing number of applications reaffirms
Brillouin spectroscopy as an emerging tool of biomedical imaging [16–24]. Spontaneous
Brillouin microscopy remains a method of choice due to the growing availability of high-
resolution spectrometers. Nonlinear Brillouin microscopy was originally introduced in the form
of stimulated Brillouin microscopy [25], which was proven to provide a better imaging capability
through a scattering medium [26]. However, the overall complexity of the experimental setup
required for attaining a high resolution Brillouin spectrum for exact Brillouin shift and linewidth
assessment prompted the use of impulsive stimulated Brillouin scattering (ISBS) [27, 28] to
overcome these shortcomings [29, 30]. ISBS can be implemented by first generating a transient
density grating in a material by intersecting two beams of high intensity laser pulses in the
material. This grating is then probed by a weaker pulsed or CW laser by Bragg scattering off
of the grating. Since this grating is moving, it will modulate the probe beam which is detected
with a photodiode. Data collection for ISBS is very fast compared with the above imaging
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methods. Also, unlike counterpropagating stimulated Brillouin scattering, ISBS allows one
to use broad bandwidth, high intensity lasers for the pump without affecting the frequency
resolution. In this case the frequency resolution depends on things such as phonon lifetime,
beam geometry at the focus and collection time length. Since broadband lasers can be used,
one can take advantage of the high intensities from these type laser sources to obtain orders of
magnitude higher signal than in the CW case. As a result, the signal is collected much fast than
in conventional Brillouin spectroscopy. However, fast acquisitions do not always result in an
improved signal-to-noise ratio, as was demonstrated earlier for nonlinear Raman spectroscopy
(see, for example, [31]). Brillouin spectroscopy of biological systems often relies on minute
variations of the Brillouin shift and linewidth, and careful analysis of the Brillouin signal is
needed for extracting information about local viscoelastic properties [19, 32]. More recently, the
performance of modern Brillouin spectroscopy systems was evaluated and compared in terms of
their accuracy in measuring the Brillouin shift [33]. While spontaneous Brillouin spectroscopy
and ISBS are important techniques and have a proper place in material characterization and
biological spectroscopy and microscopy, there is a need to provide accurate measurements with
the highest possible precision over an extended period of time. Thus, it would be of great interest
to have a performance rubric in order to compare between the two techniques and determine
which method is most appropriate for the task at hand. This is especially important to establish
optimal power and/or pulse intensity (or pulse length) parameters for imaging cells and tissues
that are moving or are easily damaged. It is the goal of this work to provide such a comparison.
The manuscript is arranged as follows. After a short theoretical introduction, we provide a brief
overview of the experimental configurations used and present the data, collected for different
experimental arrangements, paying special attention to the data statistics in order to determine
optimal samples needed for minimum uncertainty. We then compare both spontaneous Brillouin
and ISBS spectroscopies in the discussion section and show how ISBS can be used to evaluate
viscoelastic properties of solutions with a small variation of chemical composition.

2. Theory

Spontaneous Brillouin scattering arises from the scattering of light from thermodynamic adiabatic
density fluctuations (acoustic fluctuations) inherent in any material. The first published theoretic
framework on light scattering from acoustic fluctuations was by L. Brillouin in 1922 [34]. A
beam of light enters a medium and scatters off of the acoustic fluctuations in the medium. The
scattered light is shifted in frequency by ±Ω where Ω is the frequency of the acoustic wave. This
shift can be expressed in the following equation,

Ω = 2|k|υ sin(Θ/2) = 2nωβ sin(Θ/2) (1)

where k and ω are the wavevector and frequency of the incident light, n is the index of
refraction, β = υ

c where υ is the speed of sound in the material and c is the vacuum speed of
light, and Θ is the angle between incident and scattered light.
The scattering off of spontaneous acoustic waves yields a weak signal, and this signal can be

dwarfed by spontaneous Rayleigh scattering if special filtering is not implemented. Stimulated
Brillouin scattering can provide a much larger signal and is not plagued by the spontaneous
Rayleigh background. ISBS, a form of SBS, has many advantages over traditional SBS such as
the ability to control the frequency of the phonon created, the ability to use a pulsed pump source
with a narrow-band probe, and ease of implementation.

In ISBS, the pump beam is split in two and then intersected again inside the sample. The
interference pattern at the intersection of the two pump beams will form a transient density
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grating in the medium. The period of this grating is given by,

Λ =
λpump

2 sin(θpump/2)
(2)

where λpump is the pump wavelength and θpump is the angle of intersection of the two pump
beams. The probe beam, which can be a single beam or two beams in a heterodyne configuration,
is Bragg scattered off of this transient grating and collected with a photodiode. Bragg scattering
of a beam of light off of a transient grating, formed by standing wave interference in a material
from another light beam, was first observed experimentally in 1967 by Boersch and Eichler [35].
A detailed compilation of theoretical and experimental work on dynamic gratings can be found
in Ref. [36]. In our setup, we use an approach [37] which uses a phase mask image which is
refocused on the sample as seen in Fig. 1.

In this way, the Bragg condition is already satisfied so that difficult alignment, as well as delay
lines, are avoided. The induced grating wavelength can be expressed as [28],

Λ =

(
f2
f1

)
Λ0
2
, (3)

where Λ0 is the grating period and f1 and f2 are focal lengths of the two imaging lenses (see Fig.
1). The output frequency can then be expressed as

fsignal =
υ

Λ
, (4)

where υ is the speed of sound in the material. We can then use the diffracted and reference beams
in an optical heterodyne detection configuration [28] to increase the signal, which is given by

IS = IRef + IR + 2
√

IRef IR cos
(
θp

)
, (5)

where θp is the phase difference between Ire f and IR and IR = ηID (η is the diffraction efficiency)
is the diffracted portion of ID . The last term in equation 5 is what is of interest since the signal is
multiplied by the reference signal. This amplification effect is one of the main reasons for this
heterodyne detection scheme.

3. Experimental setup

The simplified experimental setups for ISBS and SpBS are shown in Fig. 1 and Fig. 2. For ISBS
(Fig. 1), the pump laser is changed between a nanosecond or picosecond laser. The probe was a
diode laser (Newport, Inc.; Vortex II TLB-6900) with 45 mW total power at 780 nm. The pump
laser used for nanosecond data was a 532 nm, 1 ns fiber laser (IPG Photonics, Corp.; GLPR-10)
with ∼ 0.5 µJ pulse energy at the sample at 100 kHz, and for the picosecond data we used a
532 nm, 6 ps hybrid fiber/free space amplified laser (Attodyne, Inc.; APLX-1064-532) with the
power attenuated to give ∼ 0.5 µJ at the sample at 100 kHz. The pump and probe beams are
combined with a cold mirror and focused on the transmission grating (48 µm grating period) in
the vertical direction using a cylindrical lens (10 cm focal length). Using a 4f lens system (f1 and
f2 are 75 and 25.4 mm, respectively), the grating is then re-imaged into the sample. After the
sample, everything but the signal is blocked by a slit.

A cold mirror blocks most of the stray 532 nm beam coming through, however a 750 longpass
filter in conjunction with a 532 notch filter are used to further remove any remaining pump
light. The signal is focused onto a photodiode (Thorlabs; DET10A) which is connected to a 350
MHz preamplifier (Stanford Research Systems; Model SR445A) and then sent to an oscilloscope
(Agilent Technologies; DSO6034A, 300 MHz) for data collection. The oscilloscope is triggered
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Fig. 1. Simplified schematic of the ISBS setup. The two beams are loosely focused on a transmission
grating (TG) and re-imaged on the sample. The signal is then optically filtered and sent to the photodiode.
CL - Cylindrical Lens, SL - Spherical Lens, CM - Cold mirror (all other unmarked mirrors are dielectric)

from another photodiode at the pump output. The data is collected on a computer from the
oscilloscope using a custom NI LabVIEW™ code.
Figure 2 shows a simplified schematic of our SpBS setup that starts with a diode seed laser

(Pure Photonics, LLC; PPCL300) with center wavelength around 1560.48 nm which is input into
a fiber amplifier (IPG Photonics, Corp.; EAR-5K-C-LP-SF). The output of the amplifier is passed
through a second harmonic crystal (Covesion, Ltd.; MgO:PPLN, MSHG1550-1.0-20) where the
output is now at the D2 resonance in Rb (' 780.24 nm). The beam is reflected by a polarization
cube and then passes through a λ/4 waveplate before it is then focused on the sample. The signal
light then passes through the λ/4 waveplate and now passes through the polarization cube. This
allows collection of all the backscattered light verses using a conventional beam splitter. The
Rayleigh scattered light is then filtered [38] from the signal beam by double passing it through a
warm Rb cell (∼ 60 − 70 ◦C). The signal is then focused into a VIPA and the far field image is
collected with a CCD (Andor Technology, Ltd.; Neo 5.5 sCMOS).

Fiber 
Amp.

Seed Laser
(~1560.48)

2nd Harmonic

λ/4 PC

SL

Sample

CL

VIPA

SL
CCD

Rb Cell

To Computer

Fig. 2. Simplified schematic of the SpBS setup. After the interaction the spontaneous Rayleigh
scattered light is filtered with a Rb cell. The beam is then focused into a VIPA where it is dispersed.
The far field image is collected with a CCD and then analyzed. SL - Spherical Lens, CL - Cylindrical
Lens, PC - Polarization Cube

4. Results

In the following, we present a statistic comparison of data taken with ISBS and SpBS. For both
SpBS and ISBS, many measurements are taken in succession to obtain appropriate statistics of
the measurement. Figure 3 shows examples of averaged spectra for SpBS (a) and ISBS (b) of
acetone. A typical SpBS spectrum will include three peaks, the Rayleigh peak and the Brillouin
Stokes and anti-Stokes peaks. In our case the Rubidium cell filters the Rayleigh peak and leaves
the Brillouin peaks. The distance between any two closest peaks (such as between 2 and 4 mm in
Fig. 3(a)) is two times the Brillouin shift. Details on how to correct for dispersion from the VIPA
to precisely determine the Brillouin shift from all of the peaks can be found in the literature [39].
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For ISBS (Fig. 3(b)), the frequency is determined by taking the Fourier transform of the time
signal and applying a curve fit to the primary frequency component.
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Fig. 3. Averaged sample spectra for SpBS (a) and ISBS (b) of acetone.

Once we have determined the frequencies we perform statistical analysis, namely, the Allan
variance of the data. Figure 4 is a plot of the Allan variance [40] for acetone as a function of the
measurement time (the number of measurements times the time per measurement). The Allan
variance gives a measure of the variance with respect to time, or number of samples (assuming
the samples are taken periodically), and shows the influences of both short term and long term
noise. The Allan 2-sample variance is given by

σ2
y (τ) =

1
2
〈(ȳn+1 − ȳn)2〉, (6)

where τ is the observation period and ȳi is the n’th averaged data block over the observation time
τ. In a typical Allan variance plot, the variance starts at some high initial value and drops till it
reaches a minimum value, and then will either stay steady or (usually) go back up again. This
gives an estimate of how many measurements need to be taken and averaged to achieve a desired
uncertainty. Past the minimum, acquiring more samples will only degrade the signal further.
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Fig. 4. The Allan standard deviations of the SpBS and ISBS signal of acetone verses measurement
time. ISBS achieves a lower uncertainty, and does so orders of magnitude faster. The ISBS signal
increases after 0.5 s has been eliminated for clarity of the graph.
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In Fig. 4 we see Allan standard deviation plots for SpBS and nanosecond and picosecond
ISBS for an acetone sample. For the ISBS curves, the minimum uncertainty is reached at around
50,000 measurements at 50 mW average power. The uncertainty then increases, but has been
eliminated for clarity of the graph. The drift of the CW laser for SpBS over 0.5 seconds was
measured to be ≤1 MHz and is approximately random noise, while the long term drift was on the
order of ≈ 5 MHz. This long term drift was periodic, which is most likely due to air conditioning
cycles of the laboratory. From Fig. 4 we see that this long term drift starts to become appreciable
after 25 samples (22.5 s) and is the main reason we do not achieve a lower variance.

It should be noted that in our case, ISBS frequencies were on the order of ∼ 100 MHz, while
SpBS was ∼ GHz. This is the reason that the variance of SpBS is about an order of magnitude
higher at the short time intervals compared to ISBS. The coefficient of variation is about the
same. There are two very important features from this graph. First, the time it takes ISBS to
reach minimum uncertainty is over and order of magnitude less compared to SpBS. Second, even
taking the coefficient of variation into account, the minimum uncertainty of ISBS drops many
orders of magnitude less than SpBS.

5. Discussion

From the data above, we observe some important differences between SpBS and ISBS. First, we
should consider the time it takes to obtain the best data. In our SpBS setup the integration time
was set to 0.5 s, however it takes ' 0.9 s per data point, since the computer has to process and
save the data, and other time delays such as delay from the experiment control code. Therefore,
for the best case scenario for SpBS (which is acetone at 60 mW) it takes about 25 samples for
minimum uncertainty, which results in 25 × 0.9 = 22.5 s. In contrast, ISBS takes around 50,000
samples, with each spectrum taken in 10 µs, which results in 5 × 104 × 10−5 = 0.5 s total time.
This shows quite an improvement over SpBS. The strength of the ISBS signal for the lowest pump
power used (50 mW) is ∼ 10 nW. For our SpBS setup however, even at 60 mW, the backward
signal is at most ∼ 100 pW. The flexibility in being able to use pulsed lasers for ISBS results in a
much stronger signal, therefore less time is required to reach minimum uncertainty.
Another advantage that ISBS has as compared to SpBS is that one has more flexibility in

choosing the proper wavelength for the excitation and detection. As a result, this wavelength
can be carefully selected to minimize the stress on cells and tissues [41–43], while the probe
wavelength can be matched with the peak of the detection sensitivity of a photodiode. In contrast,
SpBS is a spontaneous scattering process and scatters with an intensity proportional to 1

λ4 .
Therefore, the wavelength range that will improve your signal the most, namely the UV, is also
the most damaging range of frequencies both for materials and physiologically.

Another important comparison is that of frequency stability. In SpBS, the shift is a function of
the input frequency. Therefore, laser drift is another source of noise for SpBS. While great care
can be taken to thermally isolate the SpBS CW laser from laboratory air currents and employ
a phase-locked loop to narrow the linewidth and decrease drift, which will decrease the SpBS
uncertainty, this comes with tremendous complexity over the ISBS setup. For ISBS with a phase
mask (such as used in this work), the measured frequency is independent of the frequency of the
pump or probe.
The spatial resolution of SpBS is governed by the resolution of the optical system, which in

microscopy the system typically relies on a large numerical aperture objective. From equation 1
it is evident that the higher the numerical aperture, the larger the observed spontaneous Brillouin
linewidth will be. However, the accuracy of the spontaneous Brillouin shift is affected mostly by
laser drift and spectrometer resolution. For experiments that are interested in both the spontaneous
Brillouin shift and linewidth, great care must be taken to achieve this. For ISBS, the point spread
function of the probe beam path sets the spatial resolution (similar to SpBS). In order for efficient
diffraction of the probe beam however, the grating period must be on the order of the spot size
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of the probe beam or smaller. This will increase the observed ISBS signal frequency. Since
oscilloscopes have a finite sample rate for a given time window, then in order to properly sample
a waveform, one will have to decrease the observed time window as the observed frequency
increases. This will reduce the accuracy of the ISBS modulation frequency measurement. Most
ISBS experiments are interested only in the measure frequency, but sometimes the linewidth is
desired as well. In general, the ISBS linewidth is determined by many variables such as phonon
lifetime, width of excitation region and many others. However, if measuring the linewidth is
desired, even greater care (compared to SpBS) has to be taken to ensure accurate measurements
are made.

One of the most important attributes of SpBS is that it is easily implemented in a backscattering
geometry. This is of great importance when samples are opaque at the laser wavelengths one
has available. ISBS in a backscattering geometry is not realizable to measure the interior of
bulk samples. However, ISBS has been realized for surfaces in a reflection geometry, and since
some biological samples are very thin, such as single cells, the requirement of a transmission
configuration is not a prohibiting factor in some cases.
Our inclusion of two different pulse lengths arises from the fact that there are several effects

that different pulse lengths have on SBS, and hence ISBS. It has been shown [44] that the
SBS threshold increases as the pulse length decreases. In our experiments, the focused peak
intensities of the nanosecond and picosecond beams were Inano,Exp = 6.7 × 107 W/cm2 and
Ipico,Exp = 1.1 × 1010 W/cm2. Using equations from [44] (Ch. 2) and assuming temporally
rectangular pulses we find that the theoretical ratio of the threshold intensities for 6 picosecond
and 1 nanosecond pulses should be Ipico,Th

Inano .Th
' 160. In our experiments, the ratio between our

two pulse lengths was Ipico,Exp

Inano,Exp
' 166. We observed that our picosecond data had a slightly

larger amplitude for equal powers compared to the nanosecond data, which is expected since our
ratio was slightly larger than theoretically required. We noticed no other statistical differences
between the two pulse lengths in our study.
Because of this threshold dependence on pulse length, there are usually trade-offs when

choosing a pulse length for ISBS generation. Ultra-short pulses can induce other nonlinear effects
before or at the SBS threshold, which may or may not be desired. Long pulses have a lower
threshold, but they also are more prone to cause thermal damage in a sample. We also note that
in order for ISBS to be considered impulsive, the pulse length must be shorter than the generated
phonon frequency.
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Fig. 5. Measured ISBS frequencies of aqueous glucose solutions at different concentrations. The thin
blue line is the pure water reference and the thick translucent blue line is the corresponding pure water
error.
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As an example of the speed and accuracy of ISBS, we performed an experiment using 532 nm,
1 nanosecond excitation pulses in aqueous glucose solutions at different molar concentrations.
Each data point is the average of 5 measurements made, each with 2048 samples (Laser repetition
rate is 100kHz) with a pump power of 700 mW. The results are shown in Fig. 5. The presence of
glucose in water increases the observed ISBS frequency with increasing concentration. Previous
measurements [45, 46] showed the challenges of measuring small Brillouin frequency shifts
in solutions of varying chemical content. Glucose (and other small molecules) is present in
most biological fluids at mM concentrations, and its concentration is varied dramatically over
the course of the day and is often affected by a physiological condition, in particular diabetes.
Thus, it becomes crucially important to compare the attained sensitivity of ISBS Brillouin shift
measurements with the expected Brillouin shift under typical physiological conditions. The
thin blue line in Fig. 5 is the pure water reference frequency measured with our setup (48 µm
transmission grating period). The thick translucent blue line marks the error of the pure water
measurement. We see that at 5 mM, we were not able to distinguish it from pure water with
our current setup. However, a 10 mM concentration can be confidently discerned. Since one
measurement takes ' 20 ms, this could be used to perform sensitive and fast measurements of
transparent samples.

6. Conclusion

In conclusion, we have performed a comparison between CW SpBS and ISBS spectroscopies, in
which we utilized 1 ns and 6 ps pump pulses. We measured the Allan variance as a function of
time and determined a rough estimate of how many samples were needed in our experiment to
accurately determine the SpBS and ISBS frequency for the given accuracy. We demonstrated
that ISBS is superior in terms of Brillouin frequency measurements stability and can be used for
assessing biologically relevant solutions for physiologically significant chemical variations. As
any nonlinear optical spectroscopy, the ISBS signal originates from the focal volume and is not
affected, except for its magnitude, by scattering. Several improvements to the current ISBS setup,
which will achieve better spatial resolution and even stronger signal, are underway and will be
reported elsewhere.
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