1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Optica. Author manuscript; available in PMC 2023 June 30.

-, HHS Public Access
«

Published in final edited form as:
Optica. 2022 August 20; 9(8): 959-964. doi:10.1364/optica.467635.

Quantum-enhanced stimulated Brillouin scattering spectroscopy
and imaging

Tian Li1:2:3.7 Fu Lil4, Xinghua Liul4, Viadislav V. Yakovlev45638, Girish S. Agarwall:2:4
Iinstitute for Quantum Science and Engineering, Texas A&M University, College Station, Texas
77843, USA

2Department of Biological and Agricultural Engineering, Texas A&M University, College Station,
Texas 77843, USA

3Department of Chemistry and Physics, The University of Tennessee at Chattanooga,
Chattanooga, Tennessee 37403, USA

“Department of Physics and Astronomy, Texas A&M University, College Station, Texas 77843,
USA

SDepartment of Biomedical Engineering, Texas A&M University, College Station, Texas 77843,
USA

5Department of Electrical and Computer Engineering, Texas A&M University, College Station,
Texas 77843, USA

Abstract

Brillouin microscopy is an emerging label-free imaging technique used to assess local viscoelastic
properties. Quantum-enhanced stimulated Brillouin scattering is demonstrated using low power
continuous-wave lasers at 795 nm. A signal-to-noise ratio enhancement of 3.4 dB is reported by
using two-mode intensity-difference squeezed light generated with the four-wave mixing process
in atomic rubidium vapor. The low optical power and the excitation wavelengths in the water
transparency window have the potential to provide a powerful bio-imaging technique for probing
mechanical properties of biological samples prone to phototoxicity and thermal effects. The
performance enhancement affordable through the use of quantum light may pave the way for
significantly improved sensitivity that cannot be achieved classically. The proposed method for
utilizing squeezed light for enhanced stimulated Brillouin scattering can be easily adapted for both
spectroscopic and imaging applications in biology.

1. INTRODUCTION

Over the past decade, Brillouin scattering spectroscopy and microscopy have witnessed a
renaissance providing solutions to fundamental problems and sparking new applications
across multiple disciplines [1-6]. In the innermost part of those revolutionary advancements
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are new ways of improving detection either through high-resolution spectrometer [7] or
through nonlinear optical excitation [8-10]. Brillouin scattering is an inelastic scattering of
light by electrostrically or thermally excited acoustic waves (i.e., phonons). If a narrow
linewidth (< 10 MHz) light source is used, both the redshifted (Stokes) and blueshifted
(anti-Stokes) scattered light are detected, giving rise to a Brillouin spectrum. By measuring
both the frequency shift and the linewidth of the spectrum, the complex viscoelastic modulus
of the sample can be assessed in a single spectroscopic measurement [11]. Relatively
recently, biological applications of Brillouin spectroscopy became a subject of interest [12].
Recent years brought a deeper understanding of microscopic biomechanics as one of the key
governing factors in biological development and diseases such as cancer progression [13].
Brillouin scattering spectroscopy offers a noncontact, label-free method; it is therefore very
suited for measurements of biomechanical properties that would be difficult to measure with
other methods [14,15].

With all the advantages of Brillouin spectroscopy being able to provide unique information
in a remote and noninvasive way, there are still a tremendous amount of remaining
challenges to improve the accuracy and acquisition speed of such measurements in order

to observe fast dynamic processes and to image large-scale objects with microscopic spatial
resolution. To improve the acquisition speed and spatial resolution, and to reduce the elastic
scattering background, stimulated Brillouin scattering (SBS) was proposed and was first
observed by Chiao et al. [16]. Since then, SBS has been demonstrated to enable much faster
acquisition times and high specificity to local viscoelastic properties of biological samples
[8,10]. As shown by the diagram in Fig. 1(a), in the process of SBS, counterpropagating
continuous-wave (CW) pump and probe beams at frequencies w; and wy overlap in

the sample to efficiently interact with a longitudinal acoustic phonon of frequency Qg.
When w» is scanned around the Stokes frequency (w; — Qpg), the probe intensity I, at

w» experiences a stimulated Brillouin gain (+1 g) via wave resonance, where the pump
intensity |1 at wy shows a stimulated Brillouin loss (~1g). The opposite occurs when w, is
scanned around the anti-Stokes frequency (w; — Qg). Thus, the stimulated Brillouin gain
and loss enable spectral measurements that are free of elastic background. The efficiency
of phonon generation in SBS could be orders of magnitude stronger than in the scenario of
spontaneous Brillouin scattering [10]. High scattered signal magnitude translates into better
signal-to-noise ratio (SNR) and, consequently, faster acquisition times. With all the benefits
provided by SBS, however, there are also two main technical challenges associated with it:
1) locking laser frequency to an external reference, such as a cavity or an absorption line,

is required to reduce temporal drifts of laser frequency [6,17], and 2) alignment of the two
counterpropagating laser beams must be very precise for a significant spatial overlap of their
individual focal regions (i.e., Rayleigh ranges).

As a nonlinear optical technique, SBS benefits from the higher excitation intensity,

which can also induce phototoxicity and/or thermal damage to biological samples of
interest. Clearly, there is a tremendous need to improve SBS detection for low-power-light
applications, and recent advancements in LIGO demonstrate a path to improve the detection
limit using squeezed light spectroscopy [18,19]. Since photon shot noise is a fundamental
limit for optical detection, it is thus intuitive to deploy the strategy utilizing quantum light
to beat this limitation. In fact, applications of quantum light in the context of Raman
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spectroscopy have been discussed very recently [20-23]. In this paper, we demonstrate the
very first quantum-enhanced SBS spectroscopy and imaging that is capable of improving the
measurement SNR by 3.4 dB (or improving sensitivity by 1.7 dB [24]) when compared to
classical excitation with the same incident light intensity. Our scheme adopts the standard
“modulation—demodulation” type of approach (so that weak signal could appear within

the spectrum range where the noise level is, or close to, shot-noise limited) that has been
employed in some state-of-the-art demonstrations [8,10]; thus, the absolute signal size here
is comparable to theirs, only because our quantum light reduces the noise level. Therefore,
the SNR is enhanced with respect to classical techniques. The principle of this quantum
enhancement is shown in Fig. 1(b). The physical quantity that we measure throughout this
work is the stimulated Brillouin gain I g. If the uncertainty of this measurement 8l g can be
quantum-mechanically *“squeezed (8 < 1) so that it is below the shot-noise level (5= 1),
then the measurement SNR can be therefore subsequently improved by a factor of 1/8.

The quantum state of light used in this scheme is a two-mode intensity-difference squeezed
light generated with the four-wave mixing (FWM) process in an atomic 8°Rb vapor

cell, which has proven to be a great platform for quantum sensing applications [24-30].
Major advantages of this FWM-based quantum light generation scheme are strong intensity-
difference squeezing (greater than 6 dB) and narrowband twin beams (~10 MHz) [31-33],
which is extremely beneficial for the intended SBS experiment, where the spectral width
of the light source must be well below the Brillouin linewidth, which is typically a few
hundreds of megahertz. The SNR for the twin beams, with signal defined as the difference
of photon numbers in the twin beams, is better than that for coherent beams by a factor of
cosh2r, where ris the well-known squeezing parameter used to characterize the two-mode
squeezed state [34]. This improvement in SNR consequently translates to the quantum
advantage in the SBS spectroscopy (see Eg. (10) in Supplement 1).

2. RESULTS

The schematic of our experimental setup is shown in Fig. 1(c). Two quantum-correlated
beams of light, i.e., the “probe” and “conjugate” beams, are produced with the FWM
process in the 8°Rb vapor cell. After the cell, the probe beam is overlapped with a
counterpropagating laser beam [shown in Fig. 1(c) as “Pump 2] at a homemade sample
holder filled with distilled water, to form a phase-matching geometry for the SBS process
depicted in Fig. 1(d). The conjugate beam serves as a reference, and two flip mirrors (FMs)
are used for the introduction of two coherent beams so that the whole setup can be converted
to a classical version. The water SBS gain is expected to appear at 700 KHz (sum frequency
of the amplitude modulations on the two involving beams (see Supplement 1), where the
two-mode squeezing is expected to be the best [24,35]. Both pump lasers are locked to
external cavities so that the relative frequency between them can be scanned with 40 MHz
spectral resolution. Also note that, the SBS gain is measured by a customized balanced
detector, which subtracts away common-mode technical noise of the two input beams to
better than 25 dB, so that the noise level at 700 KHz (where signal appears) is shot-noise
limited. Other experimental details can be found in Supplement 1.
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We start with classically characterizing the water SBS gain. Instead of using the squeezed
twin beams, we use a balanced coherent detection [by flipping up the two FMs shown in
Fig. 1(c)] for this classical measurement, since our quantum light is in a ftwo-mode squeezed
state, where, in addition to the probe beam, we always have a quantum-correlated reference/
conjugate beam, and the squeezing resides in the intensity-difference of the two involving
beams. Figure 2(a) shows a SBS spectrum of distilled H,O (T = 21°C) from a lock-in
amplifier (with 300 ms time constant). The coherent beam in the pathway of the probe beam
(i.e., the coherent probe) is locked while the pump beam of the SBS process [“Pump 2”

in Fig. 1(c)] is scanned with 0.02 Hz scan frequency. The optical powers of the coherent
and pump beams at the sample are 300 uW and 36 mW, respectively. From Fig. 2(a), the
Brillouin shift and linewidth are measured to be Qg2 =5.01 + 0.17 GHz and I' g2 r = 292
+ 27 MHz, which are in good agreement with previous experiments [10]. The dip on the left
(at ~—5 GHz) and peak on the right (at ~5 GHz) of zero are the stimulated Brillouin loss
and gain peaks, respectively. The center feature is caused by absorptive stimulated Rayleigh
scattering. When we change the power of the coherent probe from 150 pW to 750 pW while
keeping the pump power at 36 mW, as shown in Fig. 2(b), we clearly observe the expected
linear dependency between the SBS gain and the optical power of the coherent probe [10].
Estimation of the SBS gain magnitude can be found in Supplement 1.

Having characterized the classical SBS process in water, in the following we demonstrate
the quantum-enhanced water SBS spectra. To clearly demonstrate quantum-improved
performance beyond the classical approach, we conducted the experiment both with the
probe beam in a coherent state and in the two-mode squeezed state. The experimental
scheme can be easily swapped between the two operations simply by flipping the two FMs
up and down depicted in Fig. 1(c). We first use the lock-in amplifier to acquire Brillouin
spectra of water to assess frequency shift QB and linewidth I" g at different pump powers
under both the quantum and classical configurations. Note that the Brillouin scattering
parameters, Qg and I' g, are not optical power-dependent. We present quantum-enhanced
estimations of the Brillouin scattering parameters in Fig. 3. Figures 3(a) and 3(b) show
typical Brillouin spectra of water at room temperature for the pump powers of 12 and 7.5
mW, respectively, and show both the coherent light (red trace) and squeezed light (blue
trace) experimental data with their respective Lorentzian fits. The probe power for both
cases was kept at 750 uW. We took 20 spectra each for the classical and quantum cases
with the two pump powers and fit these spectra with Lorentzian curves. We can clearly see
the amplitude of fluctuations/noise for the coherent case (red trace) is much larger (greater
than 2 times) than that for the squeezed case (blue trace). In Fig. 3(a), i.e., when the pump
power was 12 mW, the fit parameters in the coherent case are: Brillouin shift Qg2 = 5.07
+ 0.22 GHz, and linewidth I g2t = 269 + 33 MHz, whereas in the squeezed case, these
parameters are: Qg2 = 5.01 £ 0.13 GHz, and I g/27r = 277 £ 19 MHz. Error bars in the
fitting parameters represent one standard deviation. Examples of these fits are shown as
the yellow and green Lorentzian curves for the coherent and squeezed cases, respectively.
When the pump power was 7.5 mW shown in Fig. 3(b), the Brillouin gain profile of water
is almost completely buried by the fluctuations/noise in the coherent case, which renders
the fit parameters with huge error bars. Here the fit parameters are: Qg2 =5.14 £ 0.39
GHz, and T' g2z = 521 + 57 MHz. We can clearly see a broadened linewidth from the
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coherent fit depicted by the yellow Lorentzian curve, which implies that the fit is not even
physically meaningful under this condition, as I" g/27z = 521 MHz is very far from the
theoretical value of 289 MHz [10], whereas in the squeezed case, these fit parameters are
still acceptable, with Qg2 7z = 4.91 £ 0.23 GHz, and I' g2 = 314 + 31 MHz. By analyzing
these data, we see that the improvement of SNR through the reduction of noise (by a factor
of 2) in quantum measurements translates to a corresponding improvement of accuracy of
the peak position and linewidth measurements by approximately the same amount (a factor
of 2) for absolutely identical conditions of measurement (i.e., pump power, focusing spot
size, detectors used, acquisition times, etc.). From the bar plots in Figs. 3(c) and 3(d),

we can clearly see the improvement for quantum-enhanced measurements of the Brillouin
parameters as compared to that for classical measurements.

The quantum-enhanced water SBS spectra can also be acquired using an RF spectrum
analyzer. The experimental results are presented in Fig. 4. In order to acquire the spectra,
both lasers are locked so that their frequency difference matches the Brillouin shift of water,
which in our case is 5 GHz, indicated by the gain peak in Fig. 2(a). The data presented

in Fig. 4 and the following graphs have all been measured by an RF spectrum analyzer

with a resolution bandwidth of 10 KHz and a video bandwidth of 10 Hz. With these
bandwidths, the shot-noise level indicated by the red curve is at —69.5 dBm, whereas the
electronic noise floor is at =81 dBm. There is no contribution from the stray pump light to
the detection noise. We present the spectra for the Brillouin gain of water using coherent
beams (red traces) and twin beams (blue traces) with 750 uW probe power, while pump
power is kept at 36 mW in Fig. 4(a) and 7.5 mW in Fig. 4(b). It is clear from the spectra
that the implementation of twin beams significantly improves the SNR of the SBS gain, and
therefore the sensitivity of the Brillouin spectroscopy. We see in particular in Fig. 4(b) that
for pump power of 7.5 mW, the Brillouin gain from two coherent beams is almost embedded
in shot noise and only becomes pronounced when using twin beams. It is therefore clear that
by using the two-mode squeezed light, it is possible to obtain Brillouin gain even for CW
pump powers less than 8 mW. This is extremely beneficial when studying fragile biological
samples where excessive optical power might damage the sample.

We also plot in Fig. 5 the SNR of the water SBS gain as a function of optical power (in
decibels) of the two input beams [Figs. 5(a) and 5(b) are for the pump and probe beams,
respectively] for the cases where the probe beam is in a coherent state (red circles) and

in a two-mode squeezed state (blue squares). The probe beam power is kept at 750 pW

in Fig. 5(a), and the pump beam power is kept at 36 mW in Fig. 5(b). The error bars
correspond to 1 standard deviation. From the fits, we see nice linear dependence of the
SBS gain on the pump power with slopes of 1.99 and 2.04 in Fig. 5(a), and on the probe
power with slopes of 0.99 and 1.03 in Fig. 5(b), which matches our expectations of 2 and
1 for Figs. 5(a) and 5(b), respectively (see Supplement 1. Also notice that, the average
noise suppression (in decibels) below the shot-noise level can be calculated from the fitting
parameters as 17.59-14.23 = 3.36 dB and 18.31-14.87 = 3.44 dB for Figs. 5(a) and 5(b),
respectively. This is the quantum advantage of the two-mode squeezed light over coherent
light in the SNR of gain measurement for the SBS spectroscopy. Note that in terms of the
sensitivity of the gain measurement, our scheme is also sub-shot-noise-limited , which is ~
1.7 dB below shot-noise limit [24] (See also Supplement 1). However, for applications in
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biological imaging, the incident intensity is always limited by a number of effects related to
phototoxicity. Thus, even a tiny enhancement (< 1 dB), as it was recently shown by Casacio
et al. [20], makes a huge difference in improving image contrast, which has a tremendous
impact in biological imaging.

This ~3.40 dB quantum advantage can be calculated with a theoretical framework, assuming
that both twin beams are in single modes (see Supplement 1). The theoretical quantum
advantage (i.e., the improvement in SNR) as a function of £ = G- 1, where Gis the SBS
gain, is shown in Fig. 6(a) as the red curve. Since £is in the range of 1076 to 107> (see
Supplement 1) (within the region highlighted by the gray bar), the measured (~3.40 dB
quantum advantage agrees very well with our theoretical prediction. Also note that with loss
absent, as shown by the blue curve, the SBS gain only degrades the quantum advantage
because the gain process itself introduces noise, whereas with loss present, the SBS gain
instead improves the degradation of quantum advantage due to the competition between the
gain and loss.

The SBS spectrum of water acquired by a lock-in amplifier shown in Fig. 2(a) can also be
attained using the RF spectrum analyzer. The results are shown in Fig. 6(b). This requires
scanning the locking frequency of the pump laser while keeping the locking frequency of
the probe laser fixed. All data points are obtained by normalizing the water SBS gain at 700
KHz to the shot-noise level, and error bars correspond to 1 standard deviation. The powers
of the two laser beams are the same as in Fig. 4(a). A quantum advantage of ~3.40 dB

can be clearly seen from these two spectra. It is also worth pointing out that the classical
approach is not able to detect the SBS loss dip at -5 GHz using a spectrum analyzer, as
small differential absorption of two coherent beams would always be at the shot-noise level,
whereas the SBS loss is observable with a lock-in amplifier, as shown in Fig. 2(a).

As the final step, we demonstrate that our scheme can also be utilized for microscopic
imaging. We use the SBS gain of water to acquire a two-dimensional image of a piece of
triangle-shaped glass, as shown in the inset of Fig. 7(a). The pump and probe powers are 7.5
mW and 750 uW, respectively (further image acquisition details can be found in Supplement
1). Pixels in Figs. 7(a) and 7(b) are registered with the probe beam being in a coherent state
and the two-mode squeezed state, respectively. Obviously, the image contrast (i.e., the SNR)
for the glass triangle in Fig. 7(a) is unappreciable because the coherent light-induced SBS
gain of water is overwhelmed by the shot noise [see the red curve in Fig. 4(b)]. By using the
two-mode squeezed light, however, a clear image contrast of more than 3 dB for the glass
triangle is obtained in Fig. 7(b) [see the blue curve in Fig. 4(b)]. Notice that each pixel in
Fig. 7 takes ~2 s to obtain; this seemingly slow acquisition time is not fundamentally limited
by our scheme itself, but is rather technically limited by the instrument (i.e., the “write” and
“read” time of the instrument-computer interface). In principle, our acquisition rate can be
readily improved to be 240 ms per 4 GHz spectrum, with only 8.25 mW total excitation
power (see Ref. [8] for the state-of-the-art SBS imaging performance, and Supplement 1 for
a detailed discussion on our scheme’s usefulness and limitations).

Note that our sample is composed of only two components: glass and water. Since glass
has no Brillouin peak around 5 GHz, the SBS signal only comes from water by scanning
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the laser around 5 GHz. Therefore, if we were to acquire the image of a glass triangle by
presenting the Brillouin shift estimation, that would look almost the same as Fig. 7, the only
difference being that the acquisition time would be significantly extended due to the need

to acquire the entire spectrum at each pixel. In this work, we follow the earlier established
protocol for SBS microscopy (Ref. [10]) to display the intensity of signal taken at the peak
of the Brillouin spectrum for a given material as a function of position.

It is also worth mentioning that our probe power can go up to almost 5 mW. The 750

MW upper bound is chosen here simply because the balanced detector would be saturated
at 1 mW of input power. This limitation is, again, not fundamental to our scheme; an
AC-coupled balanced detector would overcome it. The lateral and axial resolutions in this
work are 5 um and 70 um, respectively, which can also be readily improved to be 1.5 pm
and 4.5 um, respectively, using molded aspheric lenses (see Supplement 1 for a detailed
discussion).

3. CONCLUSION

In conclusion, we demonstrated a quantum-enhanced CW SBS spectroscopy and imaging
scheme. As a proof-of-principle, we acquired an SBS spectrum of water and a two-
dimensional microscopic image with quantum-enhanced SNR/contrast of ~3.4 dB. The
quantum enhancement is achieved by using the two-mode intensity-difference squeezed light
with a spectral width in the range of 10 MHz generated by the FWM process in atomic 8°Rb
vapor. It is very important to note that it is this unique narrowband feature of our squeezed
light that makes the quantum-enhanced SBS spectroscopy and imaging system possible; for
the SBS process to occur, the spectral width of the light source must be well below the
Brillouin linewidth (~300 MHz MHz in this work). The low optical power (can be <8 mW)
and the excitation wavelengths in the water transparency window used in this work have
made our system very applicable for probing mechanical properties of biological samples,
which will be the subject of our future study.
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Fig. 1.
(a) Conceptual diagram of the SBS process. The stimulated Brillouin gain | g is what we

measure in this work. (b) Principle of quantum advantage for the measurement of 1 5; (c)
experimental setup: L, lens; FM, flip mirror; TS, telescope, PBS, polarizing beam splitter;
BD, balanced detector; SA, RF spectrum analyzer; (d) phase-matching diagram for the SBS
process [34]. The wave vectors and frequencies for the pump, probe, and sound wave are
denoted by (7, w), (7 ,, @), and (—q», Qp), respectively.
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(a) SBS spectrum of water obtained by a lock-in amplifier; (b) linear dependency can be
clearly observed between the water SBS signal (at the peak of gain) and the optical power of

a coherent probe.
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Fig. 3.

ngonstration of quantum-enhanced estimations of the Brillouin scattering parameters (i.e.,
Brillouin shift and linewidth) of water, using probe power of 750 uW and pump power of (a)
12 mW and (b) 7.5 mW. The water SBS spectra were acquired by a lock-in amplifier. The
red and blue spectra correspond to the configurations where the probe beam is in a coherent
state and in a two-mode squeezed state, respectively. The yellow and green curves are the
Lorentzian fits for the red (coherent) and blue (squeezed) spectra, respectively. The bar plots
in (c) and (d) represent the uncertainties of estimations of the Brillouin parameters for both
the quantum and classical configurations.
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Demonstration of quantum-enhanced SBS spectroscopy using probe power of 750 pW and
pump power of (a) 36 mW and (b) 7.5 mW. The red and blue SBS traces correspond to

the configurations where the probe beam is in a coherent state and in a two-mode squeezed
state, respectively. The green and black traces correspond to the realization where the two
lasers are locked outside of the water SBS gain profile. All traces are normalized to the

shot-noise level.
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Fig. 5.

SNR of the SBS gain peak of water as a function of optical power (in decibels) of (a) pump
beam and (b) probe beam. The red circles and dotted-dashed fit line correspond to the probe
beam being in a coherent state, while the blue squares and solid fit line correspond to the
probe beam being in a two-mode squeezed state.
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Fig. 6.
(a) Theoretical prediction for the quantum advantage as a function of the SBS gain related

parameter £ = G - 1. The red curve is plotted with experimental conditions, while the
blue curve is plotted with no loss present. (b) SBS spectrum ofwater acquired using an RF
spectrum analyzer.
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Fig. 7.

anntum-enhanced microscopic imaging using water as the signal medium. The imaging
object is a triangle-shaped piece of glass shown in the inset of (a), where the white scale bar
is 1 mm in horizontal direction. More than 3 dB quantum-enhanced SNR, or image contrast,
is clearly visible in (b).
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