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Brillouin light scattering arises from the coupled interaction between light and material 

acoustic phonons. The measurand of Brillouin scattering is the characteristic frequency 

difference between incident and scattered light which depends on the local longitudinal modulus 

of the material. Spontaneous Brillouin scattering has been used in combination with confocal 

microscopy to provide non-contact, label-free mapping at micron-scale resolution in biological 

media. To date, spontaneous Brillouin microscopy has reached the speed limit (~20-50ms per 

spectrum) as determined by the theoretical scattering efficiency. While a great deal of research 

has been directed to speeding up Brillouin microscopy acquisition times, spontaneous Brillouin 

scattering is fundamentally an inefficient process thus limiting the ability to study faster 

biological phenomena and rapid processes. To combat this limitation, its nonlinear counterpart, 

stimulated Brillouin scattering (SBS) has been proposed for microscopy applications. For 

decades, stimulated Brillouin scattering has been used in fiber sensing and all-optical pulse 

control and leverages a nonlinear interaction where two counterpropagating light beams 



  

stimulate a more efficient scattering relationship. However, the small interaction volumes and 

photodamage constraints presented in microscopy have hindered the translation of stimulated 

Brillouin scattering into the biological realm. Recently, continuous wave stimulated Brillouin 

microscopy has led to competitive acquisition times (~5ms per spectrum) when compared to the 

spontaneous alternative but has yet to be widely adopted. Due to a plethora of factors, such as an 

inefficient power balance between pump and probe beams, lack of proper commercial laser 

sources, and nonoptimal detection schemes, the complete picture of what SBS spectroscopy has 

to offer has yet to be revealed. As such, there is a need to customize light sources and detection 

schemes in order to fully take advantage of the enhanced Brillouin efficiency possible in SBS. 

Herein we introduce novel methodology to improve the acquisition speed of Brillouin 

microscopy by designing and developing proper laser sources and detection schemes for efficient 

SBS spectroscopy. First, we showcase the potential utility of our state-of-the-art continuous 

wave SBS technology in a flow cytometry application, highly suitable for the counterpropagating 

geometry of SBS where the laser position is fixed while the sample is being moved at high 

speeds. Additionally, we will present an optimized receiver design based on polarization 

detection which enables 100x faster spectral measurements in the low-gain regime relevant to 

biological materials. Finally, we demonstrate an optimal pulsed laser source specifically 

designed for SBS Brillouin microscopy. 
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Chapter 1: Introduction 

 

1.1 Spontaneous Brillouin scattering microscopy 

1.1.1 Spontaneous Brillouin scattering 

    When light travels in a medium, it has a chance of spontaneously scattering as a result 

of various fluctuations in the material’s optical properties; these fluctuations can be caused 

by a number of physical processes which can impact the resultant parameters of the 

scattered light such as frequency shift and linewidth. For example, light scattering can 

occur due to the interaction of light with the vibrational modes of molecules (Raman), from 

propagating pressure waves (Brillouin), from nonpropagating density fluctuations 

(Rayleigh-center), or from fluctuations in the orientations of anisotropic molecules 

(Rayleigh-wing). 

 

Fig. 1.1. Schematic illustrating the spontaneous (Stokes) Brillouin scattering process. 
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    For the purposes of this chapter, we will focus on the Brillouin scattering phenomena 

which characteristically couples optical photons with acoustic phonons traveling 

intrinsically in the material1. Brillouin scattering was first introduced in 1922 [1] and first 

experimentally demonstrated in 1930 [2]. The interaction between the acoustic phonons 

and the optical photons results in an energy exchange, see Fig 1.1, based on the local 

longitudinal modulus, that can be observed as a frequency shift of the scattered light. 

Depending on whether the incident photons gained (Stokes) or lost energy (Anti-stokes) in 

the exchange, the frequency of the scattered light will be shifted down or up by the 

frequency of the phonon (Ω) with respect to the initial probe frequency (𝜈𝑝𝑟𝑜𝑏𝑒). This 

relationship can be described as: 

 𝛺 = 𝜈𝑝𝑟𝑜𝑏𝑒 ± 𝜈𝐵 (1.1) 

Where 𝜈𝐵  is the Brillouin shift associated with the Brillouin scattering phenomenon. The  

thermal acoustic phonons traveling through the material (𝛺 = |𝒒|𝑣𝑠 where 𝑣𝑠 is the 

propagating speed of the sound wave, |𝒒| = 2|𝒌| sin (
𝜃

2
) is the phonon wavevector and 𝜃 

is the angle between the scattered and incident wavevectors) interact in a scattering event 

with the incident photons traveling in the material (|𝒌| =
𝜈𝑝𝑟𝑜𝑏𝑒∗𝑛

𝑐
 where |𝒌| defines the 

incident light’s wavevector, 𝑛 is the index of refraction, and 𝑐 is the speed of light). The 

scattered light, whose frequency is given by conservation of energy and momentum ( |𝒌′| =

 
1 These acoustic phonons are intrinsic to the media insofar as they are spontaneously, thermally generated; in the next section , we will 

discuss the stimulated version of this process where the phonons are the result of high intensity light fields.  
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|𝒌| ± |𝒒| where |𝒌′| defines the scattered light’s wavevector), leads to the definition of the 

characteristic Brillouin shift. 

 

𝜈𝐵 = 2𝑛
𝜈𝑝𝑟𝑜𝑏𝑒

𝑐
𝜈𝑠 sin (

𝜃

2
) = 2𝑛

𝜈𝑝𝑟𝑜𝑏𝑒

𝑐
√

𝑀′

𝜌
sin (

𝜃

2
) 

(1.2) 

Where 𝜌 is the density and 𝑀′is the real part of the complex longitudinal modulus (𝑀 =

𝑀′ + 𝑖𝑀′′). Thus, in solid materials, the longitudinal modulus is the uniaxial stress-strain 

ratio at frequency 𝜈𝐵 , thus 𝜈𝐵 ∝ √𝑀′. We will revisit this concept in Chapter 2. 

 

1.1.2 Spontaneous Brillouin instrumentation 

Since the acoustic wave frequency is much smaller than the frequency of the light, this 

Brillouin shift can be on the order of 1-10 GHz, posing a need for spectrometers with high 

resolution and high spectral extinction to reject the back reflected probe light. Take water 

as an example; water has a Brillouin shift of ~5GHz at 780nm which is wavelength shift 

of ~0.005nm. Traditional filters or dispersive elements such as gratings do not have the 

spectral resolution, nor the extinction required to visualize the Brillouin phenomenon. 

Notwithstanding, this spontaneous process is also quite weak as the scattering efficiency is 

independent of the probe power2 meaning high throughput is also a requirement of 

spontaneous Brillouin spectrometers. 

 In the 1970s, the first spectrometers capable of providing the high spectral and high 

extinction required to acquire Brillouin scattered photons were developed [3]. The 

 
2 The ideal total Brillouin scattered optical power is ≈ 10−11𝑃𝑝𝑟𝑜𝑏𝑒  in water. 
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technology featured a Fabry-Pérot (FP) etalon which is comprised of two partially 

reflective mirrors with a controlled cavity length that determines the transmission of the 

FP cavity. By scanning the cavity length, the Brillouin spectrum could be analyzed with 

sufficient spectral extinction when operated in double-pass (60dB). Roughly ten years later, 

the first demonstration of Brillouin measurements in biologically relevant materials was 

conducted; the researchers characterized the mechanical properties of  the lens and cornea 

[4,5]. However, the high spectral resolution and extinction came at a cost because the FP 

etalons used in early adaptations of Brillouin spectroscopy suffered from low transmission 

which in turn made measurement times on the order of minutes to hours for a single spectral 

sweep. For obvious reasons, these measurement times severely limited the use of Brillouin 

spectroscopy for biological research purposes. 

 For more than 20 years, Brillouin spectroscopy research in the biological context 

was held stagnant until 2008 when Scarcelli and Yun [6] provided a critical solution to the 

FP etalon drawbacks. They adopted a relatively new kind of spectroscopic technique that 

leveraged virtually imaged phase arrays (VIPAs) which are very similar in nature to FP 

etalons, but have a totally reflective front surface with a small transparent window and a 

partially reflective back surface [7]. The VIPAs featured much higher throughput and when 

tilted at an angle, constructive interference separated the spectral features of the input light 

in space, making the use of VIPAs for Brillouin spectroscopy single shot – no cavity 

scanning required. Multi-stage VIPA configurations [8,9] led to further improvements of 

the spectral extinction albeit with significantly higher throughput compared to FP etalon 
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iterations. This breakthrough brought spectral measurement time down to 100ms per 

spectrum and finally made Brillouin-based microscopy a conceivable idea. 

 

1.1.3 Spontaneous Brillouin scattering in microscopy 

VIPA-based Brillouin spectrometers were implemented with confocal microscopy as a way 

to all-optically probe the material mechanical properties. Since, as previously stated, the 

measured Brillouin frequency shift is related to the speed of sound in the material, Brillouin 

spectroscopy probes the local longitudinal modulus of the material. More specifically, the 

Brillouin shift is related to the longitudinal modulus by (𝜈𝐵 ∝ √𝑀′, see Eq. 1.2). As such, 

Brillouin measurements extract the mechanical information of the material and an 

empirical relationship between the real part of the complex longitudinal modulus (𝑀′) and 

the more widely measured Young’s modulus (𝐸′) has been shown in biological samples 

previously [10–12]. Since its introduction, spontaneous Brillouin scattering microscopy 

has become widely adopted to measure all sorts of biological materials: the cornea [11,12], 

chick embryo [13], and intra-cellular processes [10,14,15] just to name a few instances. 

Prior to the development of more sophisticated spectrometer design, Brillouin 

spectroscopy with respect to biological materials was sparsely used because of the stringent 

requirements of high spectral resolution and high extinction that, at the time, only FP 

etalons could satisfy. Once VIPAs were introduced and significant speed improvements 

were achieved, the spectral acquisition times associated with spontaneous Brillouin 

scattering microscopes began to reach a fundamental limit. To date, spontaneous Brillouin 



 

 

6 

 

scattering microscopes have achieved at best ~50ms spectral acquisition times, i.e. the time 

to acquire one Brillouin spectrum, in biological samples and ~20ms in liquids [16,17] in 

point-sample configurations. This is in part due to the fundamental limitation imparted by 

the scattering efficiency, i.e. the ratio of the power of the scattered and incident light, of 

the spontaneous process being on the order of 10−10 − 10−11  in typical biological samples 

[18]. The use of high power lasers to compensate for this weak signal is bounded by the 

photodamage constraints introduced in the measurement of biological samples, namely 

thermal damage due to unwanted absorption of incident light [19,20]. How this presents 

with respect to achievable signal-to-noise ratios (SNRs) will be explored in greater detail 

in Chapter 3.  

 

1.2 Stimulated Brillouin scattering microscopy 

1.2.1 Nonlinear light-matter interactions 

We will begin by introducing the concept of polarization, that is to say, the dipole moment 

per unit volume, of a material system which is dependent on the electric field strength of 

various incident optical field or fields. The polarization can be expressed by the following 

power series [21]: 

 𝑃̃(𝑡) = 𝜖0[𝜒(1)𝐸̃(𝑡) + 𝜒(2)𝐸̃2(𝑡) + 𝜒(3)𝐸̃3(𝑡) + ⋯ ] (1.3) 

Where 𝑃̃ is the material polarization, 𝜖0  is the electric permittivity of free space, 𝜒(𝑛)  is the 

electric susceptibility of order 𝑛 (which is a tensor of rank 𝑛 + 1), and 𝐸̃ is the applied 

electric field. The various terms of this expression can be broken down to understand the 
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many processes that can occur in materials when under an applied electric field. For 

example, first-order nonlinear polarization (𝑃̃ (1)(𝑡) = 𝜖0 𝜒(1)𝐸̃(𝑡)), which somewhat 

seems like a humorous misnomer, refers to linear optical phenomena under weak applied 

electric fields. These properties are constant, and their signals are proportional to the 

incident light intensity. Some examples of these are single photon absorption, reflection, 

and spontaneous scattering events. Spontaneous Brillouin scattering falls under this 

categorization. Second-order nonlinear polarization, for the purposes of this thesis, are 

uninteresting as for the materials we are concerned with, e.g. liquids and glass, cannot 

exhibit nonlinear optical effects of this order due to inversion symmetry. Which leads us 

to third-order nonlinear optical phenomena, most of which are out of scope (the Kerr effect, 

multiphoton absorption, etc.) but does include the topic of nonlinear frequency conversion. 

Stimulated Brillouin scattering is a prime example of this. 

 SBS is the result of a coupling between optical and acoustical waves. For the 

purposes of this thesis, we will be considering longitudinal acoustic modes rather than 

shear acoustic modes. Shear acoustic modes are the result of flexural, radial-axial, torsional 

acoustic vibrations which present at different frequencies than longitudinal modes due to 

the differing phase-matching conditions. To analyze the nonlinear relationship, first we 

ought to describe the various waves involved. Firstly, the light fields are considered: 

 𝐸̃(𝑧, 𝑡) = 𝐸̃𝑝𝑢𝑚𝑝 (𝑧, 𝑡) + 𝐸̃𝑝𝑟𝑜𝑏𝑒 (𝑧, 𝑡) (1.4) 

Where 𝐸̃ is the total electrical field. 

 𝐸̃𝑝𝑢𝑚𝑝 (𝑧, 𝑡) = 𝐴𝑝𝑢𝑚𝑝 (𝑧, 𝑡)𝑒𝑖(𝑘𝑝𝑢𝑚𝑝 𝑧−2𝜋 𝜈𝑝𝑢𝑚𝑝𝑡) + 𝑐. 𝑐. (1.5) 
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 𝐸̃𝑝𝑟𝑜𝑏𝑒 (𝑧,𝑡) = 𝐴𝑝𝑟𝑜𝑏𝑒(𝑧, 𝑡)𝑒𝑖(−𝑘𝑝𝑟𝑜𝑏𝑒𝑧−2𝜋 𝜈𝑝𝑟𝑜𝑏𝑒𝑡) + 𝑐. 𝑐. (1.6) 

Where 𝐴 is the electric field amplitude. Notice that the probe electric field is traveling in 

the negative z-direction as opposed to the pump electric field3. The local compression of 

the material in response to the electric field strength will cause molecules to congregate in 

high electric field regions, which increases the local density and changes the refractive 

index via electrostriction. This can be described in terms of the acoustic field by: 

 𝜌(𝑧, 𝑡) = 𝜌0 + ∆𝜌 = 𝜌0 + 𝜌(𝑧, 𝑡)𝑒𝑖(𝑞𝑧−𝛺𝑡) + 𝑐. 𝑐. (1.7) 

Where Ω is the phonon frequency, 𝑞 is the wavevector of the phonon, and 𝜌0  is the average 

material density. The second term on the right side of the equation provides an expression 

of the time dependent change in density. This change in material density satisfies the 

acoustic wave equation: 

 𝜕2 𝜌

𝜕𝑡2
− 𝛤 ′∇2

𝜕𝜌

𝜕𝑡
− 𝑣𝑠

2∇2𝜌 = −∇ ∙ 𝑭 
(1.8) 

Where 𝛤 ′ is the damping parameter and 𝑭 is the electric field force originating from 

electrostriction pressure determined by considering how the light field energy density 

changes (∆𝑊) relate to the electrostriction pressure [22]: 

 
∆𝑊 =

1

2
∆𝜖〈𝐸̃2〉 =

1

2
(

𝜕𝜖

𝜕𝜌
∆𝜌) 〈𝐸̃2〉

=
1

2
(𝛾𝑒

∆𝜌

𝜌
) 〈𝐸̃2〉 

(1.9) 

Where 〈𝐸̃2〉 is the average intensity of the light field. This again calls out the importance 

of high intensity light fields in order to successfully achieve the SBS process. Notice how 

 
3 Nomenclature of ‘pump’ and ‘probe’ were chosen here for continuity. In the literature, the probe is 

commonly referred to as the Stokes field. 



 

 

9 

 

this field energy density is described by the change in the dielectric constant (∆𝜖) due to 

the increase in the density change of the material (∆𝜌). The electrostriction coefficient is 

defined as: 𝛾𝑒 = 𝜌
𝜕𝜖

𝜕𝜌
. Furthermore, this change in energy must obey the first law of 

thermodynamics, i.e. the work done to compress the material is equal to the change in light 

field energy density: 

 
∆𝑊 = −𝜌𝑒

∆𝜌

𝜌
 

(1.10) 

Where 𝜌𝑒  is defined as the electrostriction pressure due to the presence of the electric field: 

𝜌𝑒 = −
1

2
𝛾𝑒 〈𝐸̃2〉. Thus, this gives rise to the electric field force which is the source term of 

the acoustic wave equation: 

 
𝑭 = −∇𝜌𝑒 =

1

2
𝛾𝑒 ∇〈𝐸̃2〉 

(1.11) 

 ∇ ∙ 𝑭 = −𝛾𝑒 𝑞2[𝐴𝑝𝑢𝑚𝑝𝐴𝑝𝑟𝑜𝑏𝑒
∗ 𝑒𝑖(𝑞𝑧−𝛺𝑡) + 𝑐. 𝑐. ] (1.12) 

This driving term can now be put into the acoustic wave equation while making two 

assumptions. The equation can be simplified by neglecting the second order derivatives by 

considering that the acoustic wave amplitude varies slowly over both space and time. The 

solution provides: 

 
(4𝜋 2𝜈𝐵

2 − 𝛺2 − 𝑖𝛺𝛤𝐵) − 2𝑖𝛺
𝜕𝜌

𝜕𝑡
− 2𝑖𝑞𝑣𝑠

2
𝜕𝜌

𝜕𝑧
= 𝛾𝑒 𝑞2𝐴𝑝𝑢𝑚𝑝 𝐴𝑝𝑟𝑜𝑏𝑒

∗  
(1.13) 

Where 𝛤𝐵 is the Brillouin linewidth defined as: 𝛤𝐵 = 𝑞2𝛤′, who is inversely related to the 

lifetime of the acoustic phonon. Since these acoustic phonons generated here are strongly 

damped, the propagation distance is very short before being absorbed, thus the spatial 

derivative can be ignored and assuming steady-state drops the time derivative: 
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𝜌(𝑧, 𝑡) =

𝛾𝑒 𝑞2𝐴𝑝𝑢𝑚𝑝𝐴𝑝𝑟𝑜𝑏𝑒
∗

4𝜋 2𝜈𝐵
2 − 𝛺2 − 𝑖𝛺𝛤𝐵

 
(1.14) 

This solution describes the coupling between the optical fields and the resultant phonon, 

but we also need to explore how the optical fields evolve together. We start with the wave 

equation for the optical waves: 

 𝜕2 𝐸̃

𝜕𝑧2
−

1

(
𝑐
𝑛)

2

𝜕2𝐸̃

𝜕𝑡2
=

1

𝜖0 𝑐2

𝜕2𝑃̃

𝜕𝑡2
 

(1.15) 

This wave equation can be considered for both the pump and probe fields. The driving term 

of this wave equation is given by the total nonlinear polarization. The total polarization is: 

𝑃 = 𝑃𝐿 + 𝑃̃ and the nonlinear contribution arises from changes in the nonlinear 

susceptibility, which can be thought of as a change in the dielectric constant due to the 

incident light fields by: 𝑃̃ = 𝜖0 ∆𝜒𝐸̃ = 𝜖0 ∆𝜖𝐸̃ =
𝜖0𝛾𝑒𝜌̃

𝜌0
𝐸̃. Just as was done with the acoustic 

wave driving term, we can consider the phase-matched driving terms by: 

 𝑃̃𝑝𝑢𝑚𝑝 = 𝑝𝑝𝑢𝑚𝑝 𝑒𝑖(𝑘𝑝𝑢𝑚𝑝𝑧−2𝜋𝜈𝑝𝑢𝑚𝑝 𝑡) + 𝑐. 𝑐. (1.16) 

 𝑃̃𝑝𝑟𝑜𝑏𝑒 = 𝑝𝑝𝑟𝑜𝑏𝑒𝑒𝑖(𝑘𝑝𝑟𝑜𝑏𝑒𝑧−2𝜋 𝜈𝑝𝑟𝑜𝑏𝑒 𝑡) + 𝑐. 𝑐. (1.17) 

Where the respective polarization wave amplitudes are: 

 𝑝𝑝𝑢𝑚𝑝 =
𝜖0 𝛾𝑒 𝜌

𝜌0

𝐴𝑝𝑟𝑜𝑏𝑒  (1.18) 

 
𝑝𝑝𝑟𝑜𝑏𝑒 =

𝜖0 𝛾𝑒 𝜌∗

𝜌0

𝐴𝑝𝑢𝑚𝑝  
(1.19) 

Thus, we can return to the wave equation to obtain: 

 𝜕𝐴𝑝𝑢𝑚𝑝

𝜕𝑧
+

1
𝑐
𝑛

𝜕𝐴𝑝𝑢𝑚𝑝

𝜕𝑡
=

𝑖𝜋𝜈𝛾𝑒

𝑛𝑐𝜌0

𝜌𝐴𝑝𝑟𝑜𝑏𝑒  
(1.20) 
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−

𝜕𝐴𝑝𝑟𝑜𝑏𝑒

𝜕𝑧
+

1
𝑐
𝑛

𝜕𝐴𝑝𝑟𝑜𝑏𝑒

𝜕𝑡
=

𝑖𝜋𝜈𝛾𝑒

𝑛𝑐𝜌0

𝜌∗𝐴𝑝𝑢𝑚𝑝  
(1.21) 

Notice that now we are considering that 𝜈𝑝𝑢𝑚𝑝 ≈ 𝜈𝑝𝑟𝑜𝑏𝑒 ≈ 𝜈. Additionally, again 

considering steady-state conditions we can ignore the time derivatives and we arrive at the 

field amplitude coupled equations: 

 𝜕𝐴𝑝𝑢𝑚𝑝

𝜕𝑧
=

𝑖𝜖0 𝜋𝜈𝑞2𝛾𝑒
2

𝑛𝑐𝜌0

|𝐴𝑝𝑟𝑜𝑏𝑒 |
2

𝐴𝑝𝑢𝑚𝑝

4𝜋 2𝜈𝐵
2 − 𝛺2 − 𝑖𝛺𝛤𝐵

 
(1.22) 

 𝜕𝐴𝑝𝑟𝑜𝑏𝑒

𝜕𝑧
=

−𝑖𝜖0 𝜋𝜈𝑞2𝛾𝑒
2

𝑛𝑐𝜌0

|𝐴𝑝𝑢𝑚𝑝 |
2
𝐴𝑝𝑟𝑜𝑏𝑒

4𝜋 2𝜈𝐵
2 − 𝛺2 + 𝑖𝛺𝛤𝐵

 
(1.23) 

Using the definition of intensity as: 𝐼 = 2𝑛𝜖0 𝑐𝐴𝐴∗. We obtain: 

 𝑑𝐼𝑝𝑢𝑚𝑝

𝑑𝑧
= −𝑔𝐼𝑝𝑢𝑚𝑝 𝐼𝑝𝑟𝑜𝑏𝑒  

(1.24) 

 𝑑𝐼𝑝𝑟𝑜𝑏𝑒

𝑑𝑧
= −𝑔𝐼𝑝𝑢𝑚𝑝 𝐼𝑝𝑟𝑜𝑏𝑒  

(1.25) 

Which leads us to the gain and center-line gain factor equations. The result of this analysis 

is that the SBS process imparts an exponential growth of the probe beam: 𝐼𝑝𝑟𝑜𝑏𝑒 (𝑧) =

𝐼𝑝𝑟𝑜𝑏𝑒 (𝐿)𝑒𝑔𝐼𝑝𝑢𝑚𝑝(𝐿−𝑧). The purpose of showing this calculation is to highlight the nonlinear 

nature of SBS and motivate the use of high intensity light fields to generate strong signals.  

 

1.2.2 Stimulated Brillouin scattering 

A “stimulated process” is one that, in general, requires the triggering or enhancement by 

an external stimulus or input; otherwise, the process would occur spontaneously without 

external intervention. Such a distinction can be drawn for our purposes between stimulated 

Brillouin scattering and spontaneous Brillouin scattering when classifying light scattering 
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events in a material system. As discussed previously, a light scattering event is the result 

of fluctuations in the optical properties of a material; the root cause of the aforementioned 

fluctuations determines the process in which the event occurs. For example, a spontaneous 

Brillouin scattering event is typically defined as fluctuations in the dielectric constant of 

the material due to either thermal or quantum-mechanical zero-point effects. Conversely, 

a stimulated Brillouin scattering event’s fluctuations come from the presence of an external 

light field and manifests as a nonlinear interaction between the pump and Stokes fields via 

a moving acoustic wave. The nonlinear exponential growth achieved in Stokes wave is 

what enables SBS to have much higher possible efficiency than its spontaneous counterpart 

[21].  

 

Fig. 1.2. Schematic illustrating the stimulated (Stokes) Brillouin scattering process.  

 

    Two counterpropagating fields, pump and probe, beat together and generate a moving 

acoustic wave through electrostriction4. The material undergoes changes in optical 

properties, namely refractive index, that cause scattering of the pump light. Essentially this 

creates a moving Bragg grating in the medium at the acoustic velocity (𝜈𝑠 ). The scattered 

light’s frequency is subsequently downshifted due to the Doppler shift of the traveling 

 
4 SBS can also be the result of absorption; however, this occurs much less commonly and for the purposes of this thesis will be 

ignored. 
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acoustic phonon. By design, the resultant frequency now matches that of the probe beam 

and will combine to generate more acoustic phonons which in turn generate more scattering 

and so on and so forth. For our purposes, when we are operating in an SBS amplifier 

configuration, the frequency difference between the external light beams is known a priori 

and is tuned to efficiently drive the coupling between acoustic and optical waves.  

 Δ𝜈 = |𝜈𝑝𝑢𝑚𝑝 − 𝜈𝑝𝑟𝑜𝑏𝑒| (1.26) 

    As the frequency difference between the pump (𝜈𝑝𝑢𝑚𝑝 ) and probe (𝜈𝑝𝑟𝑜𝑏𝑒 ) is tuned near 

the phonon frequency, the scattered light acquires a Lorentzian distribution of frequency 

centered at 𝜈𝐵  with a linewidth of Γ𝐵. Where these quantities can be described as the 

following: 

 
Ω = 𝜈𝐵 =

2𝑛

𝑐
𝑣𝑠 𝜈 sin (

𝜃

2
) 

(1.27) 

 
2πΓ𝐵 = 4𝜋2 (

2𝑛

𝑐
𝜈) Γ′ 

(1.28) 

Where 𝑛 is the refractive index, 𝜈𝑠  is the speed of sound, 𝑐 is the speed of light, 𝜈 is the 

photon frequency, 𝜃 is the scattering angle, and Γ′ is the damping parameter. The linewidth 

of the gain spectrum is related to the lifetime of the acoustic wave (𝜏𝑝 = Γ𝐵
−1). 

Experimentally, we can ascertain the SBS signal from the gain observed in the transmitted 

probe beam. Following from Eqns. 1.22-1.25: 

 
G(Δ𝜈) =  

Δ𝐼𝑝𝑟𝑜𝑏𝑒(Δ𝜈)

𝐼𝑝𝑟𝑜𝑏𝑒
= 𝑔(Δ𝜈)𝐼𝑝𝑢𝑚𝑝𝐿 

(1.29a) 

 
g(Δν) = g0

(Γ𝐵 2⁄ )2

(Δ𝜈 − 𝜈𝐵)2 + (Γ𝐵 2⁄ )2 
(1.29b) 

 
g0 =

4𝜋𝛾𝑒
2𝜈3

𝑐4𝜌𝜈𝐵Γ𝐵
 

(1.29c) 
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    The gain in the transmitted probe beam is related to the intensity of the pump (𝐼𝑝𝑢𝑚𝑝 ), 

L the interaction length, and the Lorentzian shaped gain factor. The peak value of the 

Brillouin gain factor occurs at 𝜈𝐵  and is also known as the line-center gain factor (𝑔0) 

which depends on a number of material properties such as the electrostrictive constant (𝛾𝑒 ) 

and the mass density (𝜌). 

    SBS was first observed in 1964 [23] and since then has been used in several kinds of 

applications. For example, the Brillouin gain from the nonlinear SBS process can be used 

as a laser when placed in a cavity [24] and can also amplify small signals [25,26]. SBS, 

specifically used in fibers, can be fashioned into distributed fiber sensors which can sense 

temperature and strain changes [27,28] as they both affect the refractive index of the fiber. 

Recently, which will be discussed in the following section, SBS has been introduced 

towards biomedical applications as a competitive approach to spontaneous Brillouin based 

microscopy, a well-established technique in biomechanical measurements. 

 

1.2.3 Continuous wave stimulated Brillouin scattering microscopy 

As spontaneous Brillouin scattering has begun to exhaust its avenues for speed 

improvements, stimulated Brillouin offers a new horizon for researchers to explore. The 

exploitation of SBS in microscopy applications began with continuous wave (CW) lasers, 

for both pump and probe beams. As with the differing natures of the two scattering 

phenomena described above, SBS differs from spontaneous in that it needs to implement 

two beams of light rather than just one: one with a fixed frequency and one that can be 
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tuned on the order of GHz. These two beams can originate from the same laser source but 

often in CW SBS they are two separate lasers, see Fig. 1.3. In CW SBS, this frequency  

difference is controlled, typically, by a voltage source that sweeps an internal grating in 

one of the lasers via a piezo to rapidly change ( roughly hundreds of GHz/s) the relative 

frequency difference between the two beams. Monitoring this GHz frequency difference 

requires the combination of a high-speed photodetector and a signal analyzer with ample 

bandwidth. For biological measurements, more often than not, a 2GHz scan range is 

appropriate as most biological samples have Brillouin shifts around 5GHz thus a scan 

between 4GHz and 6GHz is enough to capture the spectra. Wider scan ranges can be done 

but are not typical considering that most Brillouin linewidths of biological materials are on 

the order of hundreds of MHz5 as well as increasing scan range will increase the time it 

takes to complete a frequency scan. 

 
5 The linewidth of water at 780nm is ~300MHz. 
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Fig. 1.3. (a) Simplified schematic of CW SBS microscope with counterpropagating beams. (b) 

Example of resultant stimulated Brillouin gain spectrum. 

 

 It is important for achieving optimal gain measurements to have good alignment of 

the focusing region between the two microscope objectives. This is referred to as crossing 

efficiency (η) [29]. This term is introduced with respect to SBS microscopy because in 

optical fibers there is complete overlap of the beams and as such this drawback is not a 

concern. Notwithstanding, careful alignment of the counterpropagating beams is crucial to 

achieving optimal overlap without reducing gain significantly. Low numerical aperture 

(NA) objectives are used in order to have interaction lengths on the order of tens of 

microns. We can rewrite Eq. 1.29(a) to incorporate this factor as well as account of the 

interaction region becoming the focusing region between the two microscopes as [30]: 
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G(Δ𝜈) = 𝑔(Δ𝜈)𝐼𝑝𝑢𝑚𝑝𝐿 = 𝜂𝑔(Δ𝜈)𝑃𝑝𝑢𝑚𝑝

2

𝜆
 

(1.30) 

Where 𝑃𝑝𝑢𝑚𝑝  is the pump beam peak power and 𝜆 is the probe laser wavelength. This 

expression assumes constant power over the interaction length, i.e. no attenuation. As a 

result of these small interaction lengths and taking photodamage damage of biological 

samples into consideration, which will be discussed in greater detail in the following 

chapter, SBS microscopy exists in the ‘low-gain’ regime. The low-gain regime is defined 

as small signal gains of ~10−5 − 10−3. In biological SBS measurements, the limiting 

factors with respect to gain are consequently the interaction lengths and power constraints. 

 One more obvious distinction between spontaneous and stimulated Brillouin 

microscopy I would like to call attention to is the detection methodology. It is common in 

spontaneous Brillouin spectroscopy to use electron-multiplying charged-coupled devices 

(EMCCDs) used to image the spectra due to the high dynamic range requirements and low 

photon numbers collected. This is in stark contrast to what is seen in CW SBS detection 

where the Brillouin spectra has to be collected in addition to very high background probe 

light levels. To put it in perspective, CW SBS microscopy achieves gain (~10−5 ) of the 

transmitted probe beam thus a majority of the light incident on the, typically used, 

photodiode detectors is from background probe light. To combat this, CW SBS detection 

customarily includes lock-in amplifiers in order to sensitively detect the probe gain [31]. 

This architecture entails intensity modulation of the pump beam in which the Brillouin -

interacted transmitted probe beam acquires whereas the background light does not. For 

example, this can be done by sending the pump beam through an acousto-optic modulator 

(AOM) driven with a 1MHz sine wave. The lock-in amplified then uses a reference 1MHz 
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sine wave and the AC signal from the photodetector to demodulate and extract the Brillouin 

gain from the background light. Recent demonstrations of CW SBS microscopy based on 

this technology have been somewhat successful in reducing acquisition times compared to 

spontaneous Brillouin microscopy and have shown this in liquids (~2-5ms acquisition 

times) [30,32,33] and C. elegans (~20ms acquisition times) [34]. While making modest 

speed ups possible, there is still much room for improvement to fully utilize the nonlinear 

nature of the SBS process. 

 

1.2.4 Pulsed stimulated Brillouin scattering microscopy 

As it stands, to improve the spectral acquisition time of SBS microscopes, the SNRs must 

be improved upon. Throughout this thesis we will see how these two quantities are 

explicitly tied to one another as accessing higher SNR means that you can ‘pay’ for faster 

spectral measurements with that improved signal. This of course assumes that the system 

has the technical capabilities to experimentally reach those speeds, but this will be explored 

in greater detail below. 

 The most obvious way to improve SNR is to leverage higher intensity light beams. 

In the context of SBS microscopy, this means moving from CW lasers to pulsed lasers. For 

decades, pulsed lasers have been used in SBS spectroscopy in other application spaces such 

as fiber-optic telecommunication and fiber sensing. Technologies in this space utilize 

nanosecond pulses in fiber-optic distributed sensing for temperature or strain 

measurements [35–37], but also can be found in optical signal processing [38] and on-chip 
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waveguides [39]. Of course, using picosecond or femtosecond pulses would be more 

intense than nanosecond pulses, but when considering the lifetime of the acoustic waves 

present in the SBS process, nanosecond pulses end up offering the highest intensity while 

still capturing the effect efficiently. One of the reasons why pulsed laser sources have yet 

to become the standard in SBS microscopy is that nanosecond pulsed lasers with adequate 

parameters for Brillouin microscopy in the visible regime, to date, do not exist 

commercially. SBS microscopy is done in the visible wavelength regime due to the 

wavelength dependence of the gain signal (∝
1

𝜆4), thus it is prudent to operate at the lowest 

possible wavelength; however, the absorption of water ought to be taken into consideration 

as well which is why SBS microscopy typically is done at 780nm. Furthermore, the 

application space of microscopy has small interaction lengths compared to fiber-optic 

applications and biological samples place stringent power limitations that together relegate 

SBS measurements of biological samples to the ‘low-gain’ regime. The ‘low-gain’ regime 

exists where the possible gain of the interaction is as low as 10−4 − 10−5 meaning that the 

Brillouin amplified signal is only a small fraction of the detected signal, thus leading to 

low SNR. It is also important to point out that as long as appropriate pulse durations are 

chosen, i.e. that it is long enough to maintain a transform limited bandwidth narrower than 

the Brillouin linewidth of the sample, that it does not become a limiting factor in Brillouin 

gain reduction. This leaves a clear gap in the field where optimal source parameters are yet 

to be explored.  

 In addition to source-side optimization needs, the detection parameters of SBS are 

severely understudied. As will be outlined in a later chapter, SBS microscopy has long 
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suffered from the use of nonoptimal detection, where an inefficient power balance between 

the pump and probe beams is used to avoid saturating the photodetector. In light of this, 

two recent attempts to implement pulsed lasers into SBS microscopy [40,41] have failed 

to deliver virtually any spectral acquisition speed improvements compared to CW SBS 

microscopy despite the potential benefits possible. Additionally, dual balanced detection 

was used for these setups as it reduces relative intensity noise (RIN) in the measured probe 

beam; however, this comes at the cost of doubling the shot noise. As such, it is important 

to choose what method of detection (lock-in detection, balanced detection, direct detection, 

etc.) is needed based on the limiting noise sources. Chapter 3 will explore this concept 

further as we performed a detailed noise analysis before choosing our detection 

methodology. 
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Chapter 2: Stimulated Brillouin scattering flow cytometry6 

 

 

2.1 Measuring cell biomechanics 

Cells are complex machines that sense and respond to their environmental cues, thus 

making their biomechanical behavior an important process to study. The mechanical 

interactions they experience can alter cellular functions, i.e. migration tendencies [42,43], 

cell proliferation [44], and gene expression [45], as well as effecting morphogenesis [46] 

and metastasis [47]. Notwithstanding, there have been numerous methods developed to 

extract biomechanical markers, specifically elastic modulus, on the cellular level: atomic 

force microscopy (AFM) [48], micropipette aspiration [49], microrheology [50], and 

deformable microbeads [51] to name a few. While they have uncovered a plethora of 

information and have gained great interest in the field, all these instruments either require 

contact, are significantly invasive, or only gather global mechanical information from the 

samples.  

Evidently this unveils an interesting relationship that has recently been realized 

[52]: that there is a clear trade-off between how much mechanical information can be 

ascertained using a given modality and its respective measurement throughput. To give a 

specific example, cell deformability based methods, which only access whole cell 

 
6 Chapter adapted from a peer-reviewed journal article: J. R. Rosvold, G. Zanini, C. Handler, E. Frank, J. 

Li, M. Vitolo, S. Martin, and G. Scarcelli. “Stimulated Brillouin scattering flow cytometry.” Biomedical 

Optics Express (submitted). 
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mechanical signatures, have begun to be integrated with flow cytometry [53–55] thus 

achieving measurements of >1000 cells per experiment, but critically lack the resolution to 

illustrate subcellular structures like the cell nucleus. Ideally, a system would exist with 

subcellular resolutions to analyze vast biomechanical information while also having high 

measurement throughput. To address this gap in the field, spontaneous Brillouin scattering 

was proposed in combination with a flow cytometry scheme [14,56], but lacked the spectral 

acquisition speeds to truly be considered ‘high throughput’ as it could only measure ~200 

cells per hour. As such, there is a need to speed up spectral acquisitions to make Brillouin 

microscopy more suitable for high throughput measurements of large-scale mechanical 

phenotyping and to fill the gap in the field of biomechanical analysis, breaking free of the 

tradeoff between measurement throughput and mechanical information content  current 

instruments suffer from. 

 

2.2 Experimental methods 

2.2.1 Experimental configuration and acquisition 

As an example, to illustrate how Brillouin microscopy can be used to investigate the 

mechanical properties of suspended cells in flow, we built a high-speed Brillouin flow 

cytometer, see Fig. 2.1(a), based on our state-of-the-art CW SBS microscope [33]. In this 

case, a 1MHz amplitude modulated CW pump laser (𝜈𝑝𝑢𝑚𝑝 ) illuminates the sample from 

below while a counterpropagating CW probe (𝜈𝑝𝑟𝑜𝑏𝑒 ) is focused from above. Using the 

known frequency difference between the pump and probe, we can extract the peak position 
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through Lorentzian least-square fitting of the measured spectra. The acquisition time of 

each measured spectra is 5ms. Fig 2.1(b) is a widefield image of our flow cytometry 

measurements in a 50μm × 50μm straight PMMA microfluidic channel (microfluidic 

ChipShop, GmbH). The size of the channel was chosen to be large enough for cells to pass 

through while also not being too large in that many cells would miss the Brillouin 

interaction region at the center of the channel. A syringe pump is connected to the channel 

and controls the flow rate of the cells suspended in a 10% OptiPrep medium. We 

experimentally determined that this concentration of density gradient medium resulted in 

the best conditions for flow with albeit moderate clumping of cells in flow. As the cells 

flow through the channel, we take continuous Brillouin spectra measurements. When a cell 

passes through the interaction region of the pump and probe beams, we collect the Brillouin 

signal of the cell. Fig 2.1(c) shows the distribution of the number of points collected per 

cell where the cell diameter is roughly 20μm. On average, we obtain ~4-5 points per cell 

which is dependent on a number of factors namely: the cells size, the position of the cell in 

the channel, and the relative speed of the cell. It should be noted that using a sheath flow 

configuration would result in less spread in the distribution of points per cell as a larger 

number of cells would flow through the center of the channel and consequently the focus 

of the counterpropagating laser beams. However, a previous demonstration of spontaneous 

Brillouin flow cytometry validated that obtaining ~4-5 points per cell was sufficient to 

recapitulate the cell population in flow compared with 2D Brillouin images [56]. In Figs. 

2.1(d) and 2.1(e), an experimental example of the acquired water and cell spectra are shown 
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respectively. The frequency shift is determined via Lorentzian least-square fitting of the 

data. 

 

 

Fig. 2.1. (a) Simplified schematic of the SBS flow cytometer. The inset sketch shows a 

magnified top-view of the microfluidic channel. (b) Widefield image of cells flowing through the 

microfluidic channel. Yellow dot represents the laser interaction region with red dots representing 

example sampling points. (c) Distribution of the number of sampled points per cell over a typical 

experiment. Experimentally attained Brillouin spectra of (d) medium and (e) the cell at 

experimental conditions. 
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2.2.2 Experimental setup 

 

Fig. 2.2. Simplified diagram of CW SBS spectrometer. P: polarizer, λ/4: quarter-wave plate, 

DM: dichroic mirror, PBS: polarizing beam splitter, SF: spatial filter, PD: photodetector, AOM: 

acousto-optic modulator, DAQ: data acquisition card, SA: signal analyzer, BG: bragg grating, 

FG: function generator, LIA: lock-in amplifier, LED: light emitting diode. 

 

Our CW SBS spectrometer (see Fig. 2.2) uses two CW single-frequency, tunable lasers 

at 780nm with low-noise (~100kHz linewidth) that feed the probe (Toptica DL pro) and 

pump (Toptica TA pro) arms. Along the pump path, the frequency is locked to an 85Rb 

absorption line using a vapor-based locking module paired with two Bragg gratings 

(Optigrate BP-780) that reject (~15dB) extraneous noise. Then the pump is intensity 

modulated using an acousto-optic modulator (AOM, AOMO 3080-125, Crystal 

Technologies) at 1MHz. The AOM is driven by a function generator that also provides the 

lock-in amplifier (LIA, Zurich Instruments UHF) with a reference signal used for 

demodulation of the detected signal. Meanwhile, on the probe path, the beam is constantly 

being scanned around the acoustic wave resonance by sweeping the piezo voltage of the 
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laser and is ultimately the transmitted beam that is detected by the amplified photodetector 

(Thorlabs PDA36A2). Once detected, the signal is split with a bias tee (MiniCircuits 

ZFBT-4R2GW+) into DC and AC signals. The DC is used to monitor the baseline probe 

signal level whereas the AC is sent to the LIA, who is referenced by the pump modulation 

frequency, to extract the amplified Brillouin signal from the high probe background level. 

Background modulated pump stray light is reduced by using the combination of a spatial 

filter and a hot 85Rb vapor cell (Precision Glassblowing) before the photodetector. The 

beam frequency between the pump and probe beams is monitored by a signal analyzer 

(Keysight N9000B) which provides the frequency axis component of the extracted SBS 

spectra. 

 

2.3 Flow cytometer characterization 

2.3.1 Stimulated Brillouin scattering system performance 

Figures 2.3(a) and 2.3(b) show the shot noise limited operation of our system down to 5ms 

acquisition time taken at experimental conditions of 150mW of pump average power and 

18mW of probe average power. To acquire the Brillouin spectra, the probe frequency is 

scanned (at 400 GHz/s) over a 2GHz range (from ~4GHz to ~6GHz) for experiments of 

water and cells. For proper Nyquist sampling, the read rate of the DAQ was set to be greater 

than twice the bandwidth of the lock-in amplifier. For the data shown below, 100 samples 

of water spectra were acquired in a 50μm × 50μm straight microfluidic channel, and each 

spectrum was fit with a Lorentzian to estimate the Brillouin shift and linewidth. The 
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frequency precision (𝛿𝜈𝐵
) is then defined as the standard deviation of the Brillouin shift 

estimates over the 100 spectra acquired. As expected, our frequency precision 

measurements follow a Gaussian distribution as seen in Fig. 2.3(b). We achieve ~7.5MHz 

precision at our experimental conditions which is known to give high-quality Brillouin 

measurements for cells. At our shortest exposure condition, 5ms, we are capable of 

~7.5MHz precision meaning we could theoretically run shorter exposure while still 

maintaining the 10MHz precision limit; however, our system is technically limited by the 

scanning mechanisms of the probe laser, i.e. the piezo inside the probe laser module. To 

reach the ultimate scanning speed, an external scanning module would have to be used; 

either an acousto-optic modulator (AOM) or an electro-optic modulator (EOM). 

 

 
Fig. 2.3. Experimental data of water to demonstrate system performance. (a) Shift precision 

(𝛿𝜈𝐵
) for 100 spectra of water in the 50μm × 50μm straight microfluidic channel with typical 

measurement conditions while varying acquisition time. Pump and probe average powers were 

held constant at 150mW and 18mW respectively. Dashed line represents linear f it of the data. 
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Error bars are the standard deviation over the 100 acquisitions. (b) Distribution of the 100 

Brillouin shifts fit with a Gaussian.  

 

2.3.2 Throughput capability 

To estimate our SBS flow cytometer speed capabilities we consider a representative 

measurement segment (~10s in length) as shown in Fig. 2.4. This measurement segment is 

one of many taken over the course of a measurement trial and contains the Lorentzian-fit 

Brillouin shifts recorded in a small time window as cells flow through the Brillouin 

interaction region in the microfluidic channel. As our home-built LabView program is 

continuously acquiring the Brillouin signal, the measurement segments collect signatures 

from both the medium and cells which are later analyzed by our post-processing procedure. 

Figure 2.4 demonstrates that, at our experimental conditions of 5ms spectral time with the 

measurement segment window of ~10s, we are capable of collecting the information of the 

3 unique cells. Between 0-2 s in the window there are no cells passing through the 

interaction region therefore we can extrapolate from experimental data that our SBS flow 

cytometer throughput is 3 cells per 8s or 0.375 cells per second. This corresponds to >1,000 

cells per hour which is comparable to other high throughput mechanical analyses 

[52,54,57] while also providing substantially higher mechanical information. As such, this 

technology would greatly reduce the time required to complete mechanical analysis of 

large numbers of cells. 
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Fig. 2.4. Demonstration of individual measurement segment. Segment of continuously 

acquired Brillouin shift data as 3 cells flow across the Brillouin interaction region. Total time of 

measurement segment is ~10s. Circles represent individual 5ms spectral measurements where 

blue circles are measurements of medium and red circles are measurements of the cells. Arrows 

indicate different cells. 

 

It should be noted that theoretically our throughput could be much higher given our 

measurement rate of 200Hz. Our flow cytometer is mainly limited by nonoptimal flow 

conditions. For example, the clumping of cells reduces the cell flow rate over the course 

of the measurement trial and employing sheath flow and hydrodynamic focusing [58–61] 

or droplet microfluidics [62–65] could greatly increase the number of cells passing 

through the Brillouin interaction region. Assuming adequate control of the relative 

spacing between consecutive cells, ~5pts per cell and 5pts between the next subsequent 
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cell, an SBS flow cytometer with our measurement time could reach an overall 

throughput of ~20 cells per second. 

 

2.4 Cell measurements 

2.4.1 Sample preparation 

MCF10A M1 cells were gifted by Michele Vitolo and cultured with DMEM/F-12 (Gibco 

#11330033), 5% Horse Serum (Gibco #16050122), EGF (Peprotech #AF-100-15), 

Hydrocortisone (Sigma #H-0888), Cholera Toxin (Sigma #C-8052), Insulin (Sigma #I-

1882), and Pen/Strep (Gibco #15070063). MDA-MB-231 were acquired from ATCC 

(ATCC #HTB-26) and cultured with DMEM (ATCC #30-2002), 10% FBS (ATCC #30-

2020), and Pen/Strep (Gibco #15070063). Cells were prepared for flow experiments by 

resuspension in DPBS (Gibco #14190144) or 10% OptiPrep (Sigma #C974P05).  

 

2.4.2 Post-processing of flow data 

As described previously, we used a 50μm × 50μm microfluidic channel with a syringe 

pump to flow cells and collect their Brillouin signal. Once the prepared cells in suspension 

are loaded into the syringe, we collect measurements of the cells in flow over the course of 

a ~45min measurement trial. With our home-built LabView acquisition program, we 

acquire many smaller segments (~10s) of data which are comprised of individual spectral 

measurements (~2000 × 5ms). During these segments, cells flow across the Brillouin 

interaction region and are sampled at multiple points by our spectrometer. In post-
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processing, our home-built MATLAB script uses a single peak Lorentzian least-square fit 

of each individual spectral measurement and collects the respective Brillouin information. 

This collection of spectral information can then be represented as a histogram, see Fig. 

2.5(a), which, due to our continuous acquisition, contains data from both the medium used 

in flow and the cells. We remove the medium signature by fitting a Gaussian to 

measurements of only the medium and subtracting it from the overall distribution, see Fig. 

2.5(b). Once removed, we are left with the cell signature which is composed of both the 

cytoplasm and nucleus as is shown in Fig. 2.5(c). We can distinguish the two by fitting the 

cell signature with a linear combination of two Gaussians where the lower Brillouin shift 

peak position corresponds to the cytoplasm, which is known to be less stiff than the 

nucleus, and the higher Brillouin shift peak position is the nucleus. Similar post-processing 

methodology has been demonstrated before and has combined spontaneous Brillouin with 

fluorescent imaging to confirm that cell nuclei tend to have higher Brillouin shifts when 

compared to the cytoplasm [56]. 

 

 

Fig. 2.5. Histograms represent flow experiment data post-processing. (a) Experimental data 

with Brillouin shift signatures from both the medium and the cells. (b) Experimental data of 

Brillouin shift of only the medium. Black line represents Gaussian fit to be subtracted from 
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overall measurement. (c) Extracted cell signature with medium removed. Orange and yellow lines 

are each Gaussian fits of the cytoplasm and nucleus respectively.  

 

2.4.2 Brillouin shift analysis 

During each experiment, our CW SBS flow cytometer sampled hundreds of cells each 

sampled at multiple points. With our post-processing, described in the previous section, we 

construct representative cell signature distributions which allow us to understand the 

mechanical properties of the cell lines at high throughput and compare them. We analyze 

the Brillouin shift of the nucleus and cytoplasm of each of the two cell lines. In this manner, 

we are capable of classifying cell populations based on their mechanical signatures. 

 

 
Fig. 2.6. Brillouin shift cell signature results. Representative experiments of MCF10A (top, 

280 cells) and MDA-MB-231 (bottom, 311 cells) separated into (a) nucleus signatures and (b) 

cytoplasm signatures. The red lines depict the Gaussian fits of the MCF10A distributions, and the 

blue lines show the Gaussian fits of the MDA-MB-231 distributions. The dashed lines in each 

plot show the central peak location of each fit. (c) and (d) show the Brillouin shift population 

central peak location for the nucleus and cytoplasm respectively. Three separate experiment runs 
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for both cell lines were conducted. Statistical significance between the two cell lines was 

analyzed using a two-sample t-test. 

 

In order to confirm our prediction that MCF10A will have a higher Brillouin shift than 

MDA-MB-231, we can analyze the Brillouin shifts of the cell lines using our population 

distributions of three separate experiments for each cell line. As previously mentioned, 

the cell signatures can be broken down into nucleus and cytoplasm contributions. A 

representative experiment of MCF10A, shown in Fig. 2.6(a) and 2.6(b) in red, captures 

the overall mechanics of the population having higher Brillouin shift and thus higher 

stiffness compared to MDA-MB-231, shown in Fig. 2.6(a) and 2.6(b) in blue. The 

nucleus shift central peak location of MCF10A for this experiment is at 5.27 GHz while 

MDA-MB-231 is at 5.24 GHz. The cytoplasm shift central peak location of MCF10A is 

5.14 GHz and MDA-MB-231 is 5.11 GHz. We performed a two-sample t-test to confirm 

the statistical significance between the two cell line nucleus shifts, Fig. 2.6(c), as well as 

the cytoplasm shifts, Fig. 2.6(d). In both cases of nucleus and cytoplasm, we observe 

significantly higher Brillouin shifts in MCF10A than MDA-MB-231 in flow. 

These findings are consistent with gold-standard mechanical analyses of metastatic 

potential [57,66–70] and provide validation of our flow cytometer. The resultant lower 

Brillouin shift, and subsequently softer, signature seen in the metastatic MDA-MB-231 

when compared to MCF10A can be largely attributed to cytoskeleton alterations and thus 

is linked to a characteristic reduction in adhesion [71] and higher invasiveness [72] of 

cancer cells. One of the main benefits of using Brillouin for these measurements is the 
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fidelity it provides with respect to being all-optical and thus not perturbing the cell such 

as other current technologies, thus alleviating any artifacts due that cells are prone to 

through mechanical stimulation. 

2.4.2 Brillouin linewidth analysis 

 

Fig. 2.7. Brillouin linewidth cell signature results. Representative experiments of MCF10A 

(top, 373 cells) and MDA-MB-231 (bottom, 311 cells) separated into (a) nucleus signatures and 

(b) cytoplasm signatures. The red lines depict the Gaussian fits of the MCF10A distributions, and 

the blue lines show the Gaussian fits of the MDA-MB-231 distributions. The dashed lines in each 

plot show the central peak location of each fit. (c) and (d) show the Brillouin linewidth population 

central peak location for nucleus and cytoplasm respectively. Three separate experiment runs for 

both cell lines were conducted. Statistical significance between the two cell lines was analyzed 

using a two-sample t-test. 

 

In addition to measuring the Brillouin shift of the cells in flow, this architecture is 

capable of extracting the Brillouin linewidth since the system is not based on spectral 

dispersive elements (~500MHz resolution) but rather on laser interactions (~100kHz 
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resolution). One of the main benefits of using SBS is that the spectrometer linewidth is 

limited only by the inherent laser linewidth which is orders of magnitude smaller than the 

Brillouin spectrum linewidth, thus our analysis can include information that spontaneous 

Brillouin systems are not as sensitive to due to the spectrometer point spread function 

(PSF). Figure 2.7 shows our MCF10A and MDA-MB-231 population analysis for Brillouin 

linewidth. Since the Brillouin linewidth is inversely proportional to the lifetime of the 

generated acoustic waves, the linewidth is related to imaginary part of the complex 

longitudinal modulus: 𝛤𝐵 ∝ 𝑀′′, linewidth is a proxy measure of viscosity. A representative 

experiment is shown in Fig. 2.7(a) and 2.7(b). We observe similar linewidth results for 

both the nucleus central peak location of MCF10A at 444 MHz and MDA-MB-231 at 449 

MHz; however, the cytoplasm distribution has a different behavior with MCF10A at 689 

MHz and MDA-MB-231 at 775 MHz respectively. We performed a two-sample t-test to 

confirm the statistical significance between the two cell line nucleus linewidths, Fig. 2.7(c), 

as well as the cytoplasm linewidths, Fig. 2.7(d). Our analysis suggests that MDA-MB-231, 

the metastatic cell line, has a more viscous cytoplasm than the normal MCF10A cell line 

while the nucleus linewidths between the two cell lines were not significantly different. 

From literature it has been reported that MDA-MB-231 displays lowered viscosity 

compared to MCF10A [73] using magnetic rotational spectroscopy at low frequencies. 

However, these experiments were performed in attached cells which may exhibit different 

mechanical properties than cells under suspended conditions. 
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2.5 Conclusion 

In this work, we presented the combination of state-of-the-art CW SBS with flow 

cytometry to achieve higher throughput mechanical measurements of cells. We analyzed 

the Brillouin shift signatures of both the nucleus and cytoplasm of MCF10A and MDA-

MB-231. This analysis between populations allows researchers to identify biomechanical 

differences and to probe their connection with how the cells function and how they behave. 

Our CW SBS flow cytometry setup is capable of measuring continuously at a rate of 

200Hz, given by the 5ms spectral acquisition speeds which marks a 10x improvement in 

measurement time compared to a previous implementation of spontaneous Brillouin flow 

cytometry [56]. This resulted in an overall throughput of 0.375 cells per second. Our 

throughput is limited by nonoptimal flow conditions and clumping of cells, which in turn 

slows down the flow rates and frequency of cells passing through the interaction region. 

Further improvements to a setup such as this one could utilize advanced microfluidic 

techniques to fully exploit the speedup potential that CW SBS systems offer. The 

theoretical throughput of a system leveraging microfluidic techniques such as these could 

exceed ~20 cells per second. 
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Chapter 3: Design and proof-of-principle validation of an optimal 

source/detection scheme of stimulated Brillouin scattering 

spectroscopy7 

 

3.1 Optimal power balance for high signal-to-noise ratio Brillouin measurements 

In SBS spectroscopy, it is desirable to increase the pump and probe power in order to 

increase the Brillouin gain and achieve higher SNR measurements; however, in 

applications such as microscopy, the sample introduces limits on the average power and 

peak powers due to photodamage constraints. Pulsing the pump and probe can improve the 

SNR for a fixed average power [40,41], but the minimum duty cycle is constrained by the 

peak power photodamage threshold, limiting the SNR improvement. Furthermore, the 

balance of power between the pump and probe beams should be considered for optimal 

SNR [40]. When operating in shot-noise conditions, the SNR has the following dependence 

on the pump and probe powers: 𝑆𝑁𝑅 ∝ 𝑃𝑝𝑢𝑚𝑝
2 𝑃𝑝𝑟𝑜𝑏𝑒 [33] where the SNR is defined as the 

change in the measured probe signal voltage squared due to Brillouin amplification divided 

by the shot-noise limited uncertainty in the measured probe signal power. Although SNR 

is maximized for a peak power ratio of 𝑃𝑝𝑢𝑚𝑝 : 𝑃𝑝𝑟𝑜𝑏𝑒 = 2: 1, it is not a trivial matter to use 

this optimal power balance, since detector saturation prohibits the use of high probe power. 

Most commercial high-speed detectors saturate between 1-20mW. There are a number of 

parameters that can affect the saturation limit for photodetectors, such as the reverse bias 

 
7 Chapter adapted from a peer-reviewed journal article: J. R. Rosvold, J. Murray, G. Zanini, B. Redding, 

and G. Scarcelli. “Impact of polarization pulling on optimal spectrometer design for stimulated Brillouin 

scattering microscopy.” APL Photonics (in-review). 
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voltage used, detector size, load resistance, etc., but even operating at optimal conditions 

leads to, at best, saturation powers of tens of milliwatts. Even using large area detectors, 

while promising, can help increase the saturation power of the detector due to their 

increased noise equivalent power (NEP) and thus responsivity, but does have downsides 

when it comes to noise and response times. As such, detectors with saturation powers 

beyond 20mW are not commercially available. For example, this limitation results in the 

following: assuming an average power of 200 mW and a duty cycle of 10%, allocating 

33% of the power to the probe would lead to a peak probe power of 667 mW—well beyond 

the saturation threshold of high-speed photodetectors. Instead, to avoid saturating a 

detector with a saturation power of 20 mW (as used in Refs. [33,34,40]) only 1% of the 

power can be allocated to the probe beam, resulting in 75% reduction in SNR compared to 

the optimal ratio. Ultimately, these constraints on SBS measurements result in acquisition 

times that approach those used in spontaneous Brillouin schemes with little or no 

improvement.  

However, a polarization pulling scheme can help circumvent these limitations by 

discarding much of the probe power. This approach has still resulted in the same SNR 

scaling (𝑆𝑁𝑅 ∝ 𝑃𝑝𝑢𝑚𝑝
2 𝑃𝑝𝑟𝑜𝑏𝑒 ) but the detected power can be greatly reduced, allowing for 

operation at the optimal 2:1 ratio of pump to probe powers. While full analytical 

expressions can be found below, Fig. 3.1 outlines this trade-space, comparing standard 

stimulated and spontaneous Brillouin scattering to a stimulated Brillouin applying 

polarization pulling. Here, we assume a spontaneous Brillouin collection efficiency of 

5.4𝑥10−11 and stimulated Brillouin gain coefficient of 1.0𝑥10−4𝑊−1 as typical values for 
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water. We assume a 10% duty cycle unless otherwise noted. Figure 3.1(a) demonstrates 

the basic advantage captured by polarization pulling, plotting shot limited SNR (in signal 

power) per ms of integration time vs. total average power, ⟨𝑃𝑝𝑟𝑜𝑏𝑒⟩ + ⟨𝑃𝑝𝑢𝑚𝑝 ⟩. We assume 

the polarization sensitive detection rejects 98.5% of the probe power as used in the 

experiments below and is optimal at 10 mW detector saturation (see below for detailed 

analytical expressions). At low powers, the standard SBS using the ideal 2:1 ratio can 

outperform all other stimulated Brillouin based methods described here but it is 

fundamentally throttled by detector saturation (taken here to be 10 mW), such that, at best, 

it underperforms spontaneous Brillouin measurements by more than a factor of 10. The 

dashed line represents standard SBS with the power ratio allowed to vary but with the 

detected probe power fixed at the detector saturation level. Using higher ratios allows for 

higher detector limited SNR. However, by removing much of the initial probe power, the 

polarization pulling scheme can operate at much higher powers, using the ideal 2:1 ratio 

without saturating the detector, resulting in greater SNR. Figure 3.1(b) demonstrates how 

this advantage scales with duty cycle, assuming a 200 mW average power budget and with 

the detected power locked at 10 mW. Here the ratio of pump to probe power is allowed to 

vary for optimal SNR and, in the case of polarization pulling, the optimal rejection ratio is 

used at each point (letting more total light reach the detector as the peak power is reduced, 

while restricting more background probe light as greater peak power is available). The dot 

depicts the operating point from Fig. 3.1(a). Polarization pulling significantly outperforms 

standard SBS at low duty cycles. However, at higher duty cycles the advantage gets less 

pronounced as the polarization extinction ratio must be reduced until the two approaches 
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become almost equivalent and neither can outperform the spontaneous Brillouin scattering 

approach. Figure 3.1(c) shows how SNR varies as the detector saturation limit is adjusted 

for a 200 mW average power budget and 10% duty cycle with pump to probe power ratios 

and polarization rejection ratios set to optimal values. While the standard approach suffers 

at lower allowed detector power since it cannot operate at optimal power ratios, the 

polarization pulling scheme is approximately constant over this range as background light 

can be continuously reduced to compensate for lower detector saturation. Below, we show 

how a spectrometer, such as the one designed herein, compares to others in the prior art 

with respect to microscopy. 

 

 

Fig. 3.1. (a) Demonstration of theoretical shot noise limited SNR (signal power) per ms and 

detected probe power vs total average power for various implementations of pulsed Brillouin 

assuming 10% duty cycle. The yellow line depicts spontaneous scattering (Spontaneous),  blue 

lines show standard SBS with 3 different ratios of pump to probe power, and the orange line 

depicts polarization pulling (PP-SBS) approach with a fixed (ideal) 2:1 pump to probe power 
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ratio and with polarization sensitive detection rejecting a fixed 98.5% of the probe light. Standard 

SBS is limited by detector saturation (chosen here to be 10 mW) as shown in the upper plot with 

dots in the lower plot indicating this point. The dotted line in the lower plot shows the envelope 

of detector saturation as pump to probe ratio is varied which sets the probe power to the detector 

saturation. This limit throttles the standard SBS approach while the polarization pulling scheme 

can reject much of the original probe power. (b) shows the SNR per ms for SBS, PP-SBS, and 

Spontaneous vs. duty cycle for fixed total average power (200 mW) and operating at a fixed 

detector saturation power (10 mW). Lines depict optimal pump to probe ratio for each approach 

and at optimal polarization extinction for PP-SBS.  (c) shows the SNR per ms for SBS, PP-SBS, 

and Spontaneous vs. detector saturation for fixed total average power (200 mW) and operating at 

a detector saturation power (10 mW) with a 10% duty cycle. Lines depict optimal pump to probe 

ratio for each approach and at optimal polarization extinction for PP-SBS.  

 

3.1.1 Operating principle 

In the standard SBS spectroscopy configuration shown in Fig. 3.2(a), counter-propagating 

pump and probe beams have the same polarization and overlap in the “SBS interaction 

region”. In general, this interaction could take place at the focal point of a microscope, in 

an optical fiber, a waveguide, or other material of interest. The Brillouin gain spectrum is 

measured by sweeping the frequency of the pump (or the probe) and recording the 

amplified probe signal. In Fig. 3.2, we depict the implementation using pulsed pump and 

probe beams, although the same basic technique could be applied in CW. However, as 

discussed above, using pulses with a relatively low duty cycle enables better SNR without 

exceeding the damage thresholds related to average power and peak power. Finally, note 
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that the peak power of the probe pulse train must by low enough to avoid saturating the 

photodetector (the saturation power is labelled 𝑃𝑠𝑎𝑡 in Fig. 3.2). Figure 3.2 shows 

schematics of the standard SBS measurement and the polarization pulling scheme as well 

as the polarization components of the optical fields. 

The polarization pulling scheme is shown in Fig. 3.2(b). In this case, the transmitted 

probe light passes through a PBS before reaching the detector. The PBS is aligned at an 

angle 𝜙𝑃𝐵𝑆  relative to the probe beam in order to reject most of the probe light, enabling 

the use of a much stronger initial probe beam without saturating the detector. In this 

scheme, the pump beam polarization is misaligned from the probe by an angle 𝜃𝑝𝑢𝑚𝑝 , in 

order to “pull” the polarization of the amplified probe light towards the polarization of the 

pump (see the lower left inset in Fig. 3.2(b)). The amplified probe light is then 

preferentially transmitted through the PBS for detection. This approach can achieve higher 

SNR than a standard SBS measurement by enabling the use of a much stronger probe beam 

without saturating the detector. Below, we use an analytic model of the polarization pulling 

detection scheme to optimize the system configuration (e.g. the PBS angle 𝜙𝑃𝐵𝑆  and the 

pump polarization 𝜃𝑝𝑢𝑚𝑝 ) and estimate the potential performance improvement. We then 

experimentally validate this model using a fiber optic setup enabling us to compare a 

standard SBS setup with the polarization pulling scheme over a wide range of Brillouin 

gain.  
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Fig. 3.2. Schematic depiction of (a) simplified Standard SBS and (b) Polarization Pulling 

detection schemes (PBS: polarizing beamsplitter, 𝜙𝑃𝐵𝑆: the PBS transmission axis with respect to 

the probe polarization, 𝜃𝑝𝑢𝑚𝑝: the pump polarization with respect to the probe polarization). 

Shown in yellow are the pump pulses, in blue the probe pulses, and in green the Brillouin 

amplified probe. Inset field diagrams show the various linear-polarization components of the 

fields. Note that standard SBS measurements are taken with co-polarized pump and probe fields 

for maximal gain whereas in polarization pulling they are intentionally misaligned.  

 

 To model the SNR of Brillouin measurements obtained using the polarization 

pulling detection scheme, we need to calculate the detected “signal” level due to SBS 

amplification. To do this, we first assume that the probe field is aligned in the 𝑦 polarization 
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and has an initial amplitude, 𝐴𝑝𝑟𝑜𝑏𝑒 , while the pump beam has amplitude 𝐴𝑝𝑢𝑚𝑝  with 

polarization that is rotated by an angle 𝜃𝑝𝑢𝑚𝑝  with respect to the y-axis (as shown in the 

lower-left inset in Fig. 3.2b). After the SBS interaction, the probe field can be decomposed 

into 𝑥 and 𝑦 polarizations with amplitude 𝐴𝑥  and 𝐴𝑦, where 𝐴𝑥 = 𝐴𝑥,𝑆𝐵𝑆  describes the 

Brillouin amplified field in the 𝑥 polarization and 𝐴𝑦 = 𝐴𝑝𝑟𝑜𝑏𝑒 + 𝐴𝑦,𝑆𝐵𝑆  contains both the 

transmitted probe and the Brillouin amplified field component in the 𝑦 polarization (see 

the lower-middle inset in Fig. 3.2b). We can model the polarization pulling effect due to 

the misalignment between the pump and probe polarizations by expressing 𝐴𝑥  and 𝐴𝑦, 

which can be derived from the pulling expression in Ref. [74], as: 

𝐴𝑥 = 𝐴𝑥,𝑆𝐵𝑆 = sin(𝜃𝑝𝑢𝑚𝑝 ) cos(𝜃𝑝𝑢𝑚𝑝 ) 𝐴𝑝𝑟𝑜𝑏𝑒 (𝑒𝐺𝑆𝐵𝑆 2⁄ − 1)  (3.1a) 

𝐴𝑦 = 𝐴𝑝𝑟𝑜𝑏𝑒 + 𝐴𝑦,𝑆𝐵𝑆 = 𝐴𝑝𝑟𝑜𝑏𝑒 𝑒cos(𝜃𝑝𝑢𝑚𝑝)𝐺𝑆𝐵𝑆 2⁄    (3.1b) 

where 𝐺𝑆𝐵𝑆  is the Brillouin power gain when the pump and probe polarizations are aligned 

(i.e. 𝐺𝑆𝐵𝑆 ≡ |𝐴𝑦|
2

|𝐴𝑝𝑟𝑜𝑏𝑒|
2

⁄  at 𝜃𝑝𝑢𝑚𝑝 = 0). The sin(𝜃𝑝𝑢𝑚𝑝 ) and cos(𝜃𝑝𝑢𝑚𝑝 ) terms 

account for the reduction in Brillouin gain due to misaligning the pump and probe 

polarization (as 𝜃𝑝𝑢𝑚𝑝 → 90°, 𝐴𝑥,𝑆𝐵𝑆  and 𝐴𝑦,𝑆𝐵𝑆 → 0). From these expressions, we see that 

the polarization pulling effect is most efficient (i.e. 𝐴𝑥  is maximized) for 𝜃𝑝𝑢𝑚𝑝 = 45°. 

Note that these expressions can be applied to both the standard SBS scheme and the 

polarization pulling scheme by adjusting 𝜃𝑝𝑢𝑚𝑝.  

In a standard SBS measurement with 𝜃𝑝𝑢𝑚𝑝 = 0, the detected probe field amplitude 

simplifies to 𝐴𝑠𝑡𝑑−𝑑𝑒𝑡 = 𝐴𝑦 = 𝐴𝑝𝑟𝑜𝑏𝑒 𝑒𝐺𝑆𝐵𝑆 2⁄  since 𝐴𝑥 = 0. We can then calculate the 
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detected “signal” power, 𝑃𝑠𝑡𝑑−𝑠𝑖𝑔𝑛𝑎𝑙 , as the difference between the detected power when 

the pump is present, 𝑃𝑠𝑡𝑑−𝑆𝐵𝑆 , and the detected probe power in the absence of SBS, 

𝑃𝑠𝑡𝑑−𝑟𝑒𝑓, as:  

𝑃𝑠𝑡𝑑−𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑃𝑠𝑡𝑑−𝑆𝐵𝑆 − 𝑃𝑠𝑡𝑑−𝑟𝑒𝑓      (3.2a) 

𝑃𝑠𝑡𝑑−𝑆𝐵𝑆 = 𝐴𝑠𝑡𝑑 −𝑑𝑒𝑡𝐴𝑠𝑡𝑑−𝑑𝑒𝑡
∗     (3.2b) 

𝑃𝑠𝑡𝑑−𝑟𝑒𝑓 = 𝐴𝑝𝑟𝑜𝑏𝑒 𝐴𝑝𝑟𝑜𝑏𝑒
∗      (3.2c) 

Finally, to facilitate comparisons with our experiments, we can convert this detected signal 

level to measured voltage as 𝑉𝑠𝑡𝑑−𝑠𝑖𝑔𝑛𝑎𝑙 = (𝑅𝑉 𝐴⁄ ℛ𝐴 𝑊⁄ )𝑃𝑠𝑡𝑑−𝑠𝑖𝑔𝑛𝑎𝑙  where 𝑅𝑉 𝐴⁄  is the 

transimpedance gain in 𝑉 𝐴⁄  and ℛ𝐴 𝑊⁄  is the detector responsivity in 𝐴 𝑊⁄ .  

In the polarization pulling scheme, the detected probe field after passing through 

the PBS can be expressed as 𝐴𝑝𝑝−𝑑𝑒𝑡 = cos(𝜙𝑃𝐵𝑆 ) 𝐴𝑦 + sin(𝜙𝑃𝐵𝑆 ) 𝐴𝑥 . As in the standard 

SBS case, we can calculate the detected “signal” power in the polarization pulling 

configuration, 𝑃𝑝𝑝−𝑠𝑖𝑔𝑛𝑎𝑙 ,  as the difference between the detected power when the pump is 

present, 𝑃𝑝𝑝−𝑆𝐵𝑆 , and the detected probe power in the absence of SBS, 𝑃𝑝𝑝−𝑟𝑒𝑓 ,: 

𝑃𝑝𝑝−𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑃𝑝𝑝−𝑆𝐵𝑆 − 𝑃𝑝𝑝−𝑟𝑒𝑓     (3.3a) 

𝑃𝑝𝑝−𝑆𝐵𝑆 = 𝐴𝑝𝑝−𝑑𝑒𝑡𝐴𝑝𝑝−𝑑𝑒𝑡
∗     (3.3b) 

𝑃𝑝𝑝−𝑟𝑒𝑓 = cos2(𝜙𝑃𝐵𝑆 )𝐴𝑝𝑟𝑜𝑏𝑒𝐴𝑝𝑟𝑜𝑏𝑒
∗    (3.3c) 

Under typical operating conditions where 𝐺𝑆𝐵𝑆 ≪ 1 (typically ~10-5), 𝜃𝑝𝑢𝑚𝑝 = 45°, and 

𝜙𝑃𝐵𝑆  is adjusted to provide reasonable extinction such that 𝐺𝑆𝐵𝑆 ≪ sin2(𝜙𝑃𝐵𝑆 ) ≪ 1 

(typically 10-1 - 10-3), equations 3.1-3.3 can be simplified to: 
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𝑃𝑝𝑝−𝑠𝑖𝑔𝑛𝑎𝑙 ≅ sin(𝜃𝑝𝑢𝑚𝑝 ) cos(𝜃𝑝𝑢𝑚𝑝 ) 𝑃𝑝𝑟𝑜𝑏𝑒(𝐺𝑆𝐵𝑆 2⁄ ) (3.3d) 

Again, the measured signal level in the polarization pulling case can be converted to 

voltage as 𝑉𝑝𝑝−𝑠𝑖𝑔𝑛𝑎𝑙 = (𝑅𝑉 𝐴⁄ ℛ𝐴 𝑊⁄ )𝑃𝑝𝑝−𝑠𝑖𝑔𝑛𝑎𝑙 .  

 

3.1.2 Noise analysis 

Here we present analytical expressions further describing this trade-space including other 

noise sources. Using equations 3.1-3.3, we can calculate the measured “signal” level for 

the standard and polarization pulling schemes as a function of Brillouin gain as well as the 

orientation of the pump polarization, 𝜃𝑝𝑢𝑚𝑝 , and the PBS, 𝜙𝑃𝐵𝑆 . In order to estimate the 

SNR and the measurement uncertainty (or the acquisition time required to reach a desired 

uncertainty), we also need to estimate the measurement noise. We can describe the 

measurement noise in terms of the RMS voltage uncertainty, 𝜎𝑉 , during a measurement of 

an amplified probe pulse of duration 𝜏. In the ideal case, 𝜎𝑉  will be dominated by shot-

noise, 𝜎𝑉−𝑠ℎ𝑜𝑡 , although experimentally, noise from the photodetector, 𝜎𝑉−𝑑𝑒𝑡 , or the 

analog to digital converter (ADC), 𝜎𝑉−𝐴𝐷𝐶 , could also be significant, especially as 𝜙𝑃𝐵𝑆 →

90° and the power reaching the detector is reduced. Other possible noise sources such as 

amplified spontaneous emission (ASE) and relative intensity noise (RIN) could be 

significant in some implementations but are not accounted for here. One way of reducing 

RIN is using a form of balanced detection, but this can significantly increase shot noise. In 

our model, we estimated the contribution from each of these noise sources using the 

following expressions: 
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𝜎𝑉−𝑠ℎ𝑜𝑡 =  𝑅𝑉 𝐴⁄ √2𝑞𝑃𝑑𝑒𝑡ℛ𝐴 𝑊⁄ 𝜏⁄      (3.4a) 

𝜎𝑉−𝐴𝐷𝐶 =  𝜎𝑉−𝐴𝐷𝐶,0 √𝑓𝐴𝐷𝐶 𝜏⁄     (3.4b) 

𝜎𝑉−𝑑𝑒𝑡 =  𝑅𝑉 𝐴⁄ ℛ𝐴 𝑊⁄ 𝑃𝑁𝐸𝑃√1 𝜏⁄     (3.4c) 

where 𝑞 is the charge of an electron, 𝑃𝑑𝑒𝑡 is the total optical power reaching the detector 

(e.g. 𝑃𝑑𝑒𝑡 = 𝑃𝑝𝑝−𝑆𝐵𝑆 + 𝑃𝑝𝑝−𝑟𝑒𝑓), 𝜎𝑉−𝐴𝐷𝐶 ,0  is the RMS voltage uncertainty per sample of 

the ADC at a sample rate 𝑓𝐴𝐷𝐶 , and 𝑃𝑁𝐸𝑃 is the noise equivalent power of the photodetector. 

The total voltage uncertainty over a pulse length 𝜏 was given by summing each of these 

noise sources in quadrature. We can then calculate the SNR using the expressions for the 

signal level in voltage listed above as 

𝑆𝑁𝑅𝜏 = [
𝑉𝑠𝑖𝑔𝑛𝑎𝑙

𝜎𝑉
]

2

    (3.5) 

In the case of shot limited noise and under the typical operating assumptions described 

above, 𝑆𝑁𝑅𝜏−𝑠ℎ𝑜𝑡 ≅ [cos(𝜃𝑝𝑢𝑚𝑝 ) 𝑃𝑝𝑟𝑜𝑏𝑒(𝐺𝑆𝐵𝑆 2⁄ )ℛ𝐴 𝑊⁄ ]
2

(2𝑞 𝜏⁄ )⁄ ∝

𝑃𝑝𝑢𝑚𝑝
2 𝑃𝑝𝑟𝑜𝑏𝑒 . Finally, we use this 𝑆𝑁𝑅 estimate to calculate the uncertainty in the 

measured Brillouin frequency as an amplitude spectral density (𝐴𝑆𝐷𝑓) in units of 

𝐻𝑧 √𝐻𝑧⁄ , assuming quadratic fitting over the FWHM of the measured peak, as [75]: 

𝐴𝑆𝐷𝑓 = √
3

4
[

1

√𝑆𝑁𝑅𝜏

]
Γ𝐵

√𝑃𝑅𝐹 2⁄

1

√Δ𝑓𝑠𝑐𝑎𝑛 Γ𝐵⁄
 

(3.6) 

where Γ𝐵 is the Brillouin linewidth, 𝑃𝑅𝐹  is the pulse repetition frequency, and Δ𝑓𝑠𝑐𝑎𝑛 is 

the bandwidth the pump is swept over to obtain a measurement of the gain spectrum. The 

√Δ𝑓𝑠𝑐𝑎𝑛 Γ𝐵⁄  term accounts for the trade-off between dynamic range and measurement 
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uncertainty, since measurements outside the Brillouin gain spectrum do not provide 

significant additional information. The leading √3 4⁄  fraction assumes a quadratic fit of 

the peak and would negligibly change if Lorentzian fitting was used instead. Note that the 

frequency ASD is, to a good approximation, independent of the number of frequency steps 

taken across the scan bandwidth, as long as at least three frequency steps were taken within 

the Brillouin linewidth [75]. Of course, the number of frequency steps will still impact the 

minimum time required to complete a frequency scan and obtain a measurement, but this 

can be quite short (e.g. 10 𝜇𝑠 in our experiments described below). The ASD can then be 

used to estimate the frequency uncertainty in a given measurement time, 𝑇, as 𝜎𝑓 =

𝐴𝑆𝐷𝑓 √2𝑇⁄  or the time required to obtain a measurement with a desired precision 𝜎𝑓 , as 

𝑇 = (1 2⁄ )(𝐴𝑆𝐷𝑓 𝜎𝑓⁄ )
2
 (assuming white noise).  

 Finally, we used these expressions to calculate the signal level and ASD obtained 

in the standard and polarization pulling schemes as a function of 𝜃𝑝𝑢𝑚𝑝  and 𝜙𝑆𝐵𝑆 , as shown 

in Fig. 3.3. The Brillouin gain was set to 𝐺𝑆𝐵𝑆 = 2 × 10−4.  In these simulations, we 

selected detection parameters to match our experiments. Specifically, we assumed a 

photodetector with ℛ𝐴 𝑊⁄ = 1𝐴 𝑊⁄ , 𝑅𝑉 𝐴⁄ = 700 𝑉 𝑊⁄ , 𝑃𝑁𝐸𝑃 = 10−12𝑊 √𝐻𝑧⁄ , and 

𝑃𝑠𝑎𝑡 = 1.4 mW and an ADC with 𝜎𝑉−𝐴𝐷𝐶 ,0 = 0.5 𝑚𝑉 and 𝑓𝐴𝐷𝐶 = 1𝐺𝑆 𝑠⁄ . The pump and 

probe beams were both pulsed at a 10% duty cycle with a pulse duration 𝜏=10 ns and 

𝑃𝑅𝐹 = 1 𝑀𝐻𝑧. The scan bandwidth was set to Δ𝑓𝑠𝑐𝑎𝑛 = 2Γ𝑏 = 60 𝑀𝐻𝑧 (using the 

Brillouin linewidth for standard optical fiber).   
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In the standard SBS simulations, we set the peak probe power to 1.4 mW, as 

required to avoid saturating the photodetector. In the polarization pulling simulation, the 

peak probe power was set to 48.5 mW to avoid saturating the detector at the lowest 𝜙𝑃𝐵𝑆  

considered. As shown in Fig. 3.3(a), the signal level in the standard case, shown in black, 

decreases monotonically with 𝜃𝑝𝑢𝑚𝑝  (as expected, there is no advantage to misaligning the 

pump and probe polarization in the standard case). However, in the polarization pulling 

case, the signal level is maximized for 𝜃𝑝𝑢𝑚𝑝 = 45° for each 𝜙𝑃𝐵𝑆  setting. We also found 

that the actual measured signal level in the polarization pulling case can be higher than in 

the standard case for 𝜙𝑃𝐵𝑆 < ~87.8°. Of course, increasing the signal level by reducing 

𝜙𝑃𝐵𝑆  also results in higher background probe power hitting the detector, which will 

increase the shot noise. To evaluate this trade-off, we can consider the ASD shown in Fig. 

3.3(b). In the standard case, the ASD increases with 𝜃𝑝𝑢𝑚𝑝 , as expected. However, in the 

polarization pulling case, we find that the ASD is minimized for 𝜃𝑝𝑢𝑚𝑝 = 45° and can 

actually be a factor of ~10 lower than the ASD obtained in the standard case because of the 

higher, useable probe power. We also find that the minimum ASD is relatively constant for 

𝜙𝑃𝐵𝑆 < ~87.8°. In this regime, the measurement is shot-noise limited and adjusting the 

probe extinction at the PBS does not change the overall measurement precision. As 𝜙𝑃𝐵𝑆 →

90°, the signal and background probe light are both significantly reduced and the detector 

and ADC noise begin to dominate (see Fig. 3.3(c,d,e) for the impact of different noise 

sources at varying 𝜙𝑃𝐵𝑆 ), resulting in the higher ASD noise shown in Fig. 3(b) for 𝜙𝑃𝐵𝑆 >

~89.3°. 
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To summarize, these simulations indicate that the polarization pulling scheme is 

most efficient for 𝜃𝑝𝑢𝑚𝑝 = 45°. Somewhat surprisingly, high extinction at the PBS is not 

required and can actually make the measurement more sensitive to detector and ADC noise. 

Note that setting 𝜙𝑃𝐵𝑆  in the range of 83.1° to 87.8° corresponds to 18.4 to 28.3 dB of 

extinction, which is easily obtained with most commercial polarizers and polarizing 

beamsplitters. Crucially, this analysis also confirms that polarization pulling has the 

potential for significantly higher SNR than standard SBS measurements in applications 

where the power allocated to the probe beam is limited by the saturation threshold of the 

photodetector. As a result, polarization pulling could significantly accelerate Brillouin 

microscopy measurements since an improvement in ASD of 10× corresponds to a 100× 

decrease in acquisition time for the same measurement precision.  
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Fig. 3.3. Demonstration of noise model performance metrics. (a) The Brillouin amplified 

signal level and (b) ASD as a function of the angle between the pump and the probe beams. The 

colored lines indicate various extinction levels in the polarization pulling configuration. Notice at 

modest extinction, the ability of polarization pulling to achieve higher signal levels and thus 

lower ASD when the pump angle is roughly 45°. The black line represents the standard SBS 

signal level which is maximized when the pump and probe are co-polarized. (c-e) ASD due to 

various noise sources as a function of the angle between the pump and the probe beams across 

multiple extinction levels.  

 

3.2 Experimental demonstration 

In order to validate our model and confirm that polarization pulling does in fact result in 

higher SNR measurements, we conducted experiments using a fiber optic platform where 

the Brillouin gain can be easily varied over several orders of magnitude. As shown in Fig. 

3.4, both the pump and probe arms were seeded with the same narrowband laser (kHz 

linewidth, RIO Orion) operating at ITU Channel 32 (193.2 THz). Using the same seed 

laser for the pump and probe reduces the sensitivity to laser frequency noise, particularly 

in spectroscopy applications where the pump and probe arms can be path matched. Along 

the upper path, an electro-optic modulator (EOM) was used to generate the frequency 

shifted pump pulses with a duration of 100 ns and a repetition period of 1 𝜇𝑠 (10% duty 

cycle). The EOM was driven in carrier suppressed mode and the frequency of the 100 ns 

bursts increased in 10 steps from 10.81 GHz to 10.87 GHz, covering a 60 MHz band 

corresponding to twice the Brillouin linewidth in the fiber (Γ𝐵~30 𝑀𝐻𝑧). The system 
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completed a frequency scan every 10 𝜇𝑠. Using a high-speed AWG (Tektronix 

AWG70001B) to drive the EOM in this way provides a versatile platform with easily 

adjustable pulse duration, duty cycle, frequency step size, and scan range. 

After the EOM, light was directed to a tunable bandpass filter (Santec OTF-980) 

which selected the upper sideband. An Erbium doped fiber amplifier (EDFA1) was then 

used to control the power of the pump pulses in order to adjust the SBS gain. A 100 GHz-

wide wavelength division multiplexing (WDM) filter was positioned after the EDFA to 

suppress amplified spontaneous emission. The pump pulses were then directed through a 

polarization controller (PC1) before coupling into the SBS interaction region through a 

fiber circulator. The SBS interaction region consisted of 2 m of single mode optical fiber 

(SMF-28 Ultra) held straight at uniform tension to ensure a consistent Brillouin 

frequency and to minimize polarization rotation within the 2 m segment of fiber (note 

that polarization dispersion in SMF-28 Ultra results in ~200 nm in path mismatch 

between polarization states in this case). In the probe path, the seed laser was amplified 

by EDFA2, directed through another WDM filter, and passed through a polarization 

controller (PC2) before entering the interaction fiber through a circulator. The Brillouin 

amplified probe light was then split between a standard SBS detection port (consisting of 

a variable attenuator and a detector) and the polarization pulling detection port 

(consisting of a fiber-coupled polarizing beamsplitter and a detector). In both cases, we 

used 125 MHz photodetectors with a saturation power of ~1.4 mW (Teratec, TTI-525) 

and the detected signal was digitized using a 1 GS/s ADC. 
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Note that in these experiments, we used a CW probe for simplicity, rather than the 

pulsed probe shown in Fig. 3.2. Since photodamage was not a concern using the fiber 

sample, this allowed us to demonstrate the principle of polarization pulling without 

requiring an additional modulator. In the future, pulsing the probe at the same 10% duty 

cycle as the pump would reduce the average power in the SBS interaction region (to 

minimize photodamage) without impacting the measurement SNR.  

 

Fig. 3.4. Diagram of the experimental setup used in this work. The upper path was used to 

generate the pulsed pump train. The lower path generates the CW probe beam. When operating 

with the standard SBS port, the polarization controls in the pump and probe paths (PC1 and PC2) 

are used to co-polarize the two beams, maximize the Brillouin gain in the 2 m interaction fiber. 

To use the polarization pulling port, PC3 is adjusted to avoid saturating the detector and PC1 is 

adjusted to maximize the signal level, setting the pump polarization to ~45° relative to the probe. 

Note the solid blue lines indicate polarization maintaining fiber (PMF) whereas solid orange lines 

indicate single mode fiber (SMF). 

 

3.2.1 Brillouin measurements in optical fiber 

First, we performed a series of measurements using the standard SBS port to quantify the 

baseline measurement uncertainty over a wide range of Brillouin gain values. A variable 
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optical attenuator (VOA) was used to set the detected probe power just below the saturation 

level of the photodetector. In practice, rather than using a VOA, a lower initial power probe 

should be used to minimize power in the SBS interaction region. However, positioning the 

VOA in the SBS detection port path, rather than, e.g., reducing the gain on EDFA2, does 

not impact the measurement SNR on the standard port and allows us to more easily switch 

between the two detection ports. We then aligned the polarization of the pump and probe 

beams using PC1 and PC2 to maximize the measured gain on the standard port detector. At 

each pump power setting, we recorded the transmitted probe beam for 10 ms, providing 

1000 measurements of the Brillouin gain spectrum (each measurement is completed during 

a 10 𝜇s frequency scan). We applied a Lorentzian fit to each 10 𝜇𝑠 measurement to estimate 

the Brillouin frequency and calculated the ASD [76]. We also extracted the gain and 

measured signal level (using the definition in Eq. 3.2) for comparison with our model. Note 

that at low gain (𝐺𝑆𝐵𝑆 < 10−3), the standard port does not have sufficient SNR to provide 

a reliable measurement of the Brillouin frequency shift using a single 10 𝜇𝑠 frequency scan. 

To obtain a more reliable measurement at these gain values, we first averaged 10 sequential 

frequency scans before performing the Lorentzian fit and updated the ASD calculation to 

account for a 10x increase in the effective time required to complete a frequency scan.  

We then performed a series of measurements over the same range of pump powers using 

the polarization pulling setup. In this case, we first adjusted 𝑃𝐶3 so that the probe power 

transmitted through the PBS and reaching the polarization pulling detector was just below 

the saturation level. Based on the measured probe power of ~77 mW exiting the interaction 

fiber, this corresponded to a 𝜙𝑃𝐵𝑆 ~83° and attenuation at the PBS of ~19 dB. We then 
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adjusted the pump polarization using 𝑃𝐶1 to maximize the signal level due to Brillouin 

amplification observed on the polarization pulling detector. Based on the model presented 

above, this corresponds to 𝜃𝑝𝑢𝑚𝑝 ~45°. We then recorded a series of measurements at the 

same pump power settings used on the standard port. For each pump power, we again 

recorded the transmitted probe for 10 ms and applied a Lorentzian fit to the gain spectrum 

obtained from each 10 𝜇𝑠 frequency scan. The data obtained with an AC coupled detector 

during a typical 10 𝜇𝑠 scan is shown in Fig. 3.5(a) at a pump power that corresponded to 

𝐺𝑆𝐵𝑆 ~1.4 × 10−4 on the standard port. We first applied a 100 ns moving average to the 

raw data acquired at 1 GS/s, to match the 100 ns pump pulse duration. We then selected 

the “signal” due to Brillouin amplification based on the definition in Eq. 3.3 as the 

difference between the measured voltage at the center of each pump pulse and the average 

background voltage level. The resulting gain spectrum was then fit with a Lorentzian, as 

shown in Fig. 3.5(b). This procedure was repeated for 1000 frequency scans at 9 pump 

powers, corresponding to 𝐺𝑆𝐵𝑆  in the range of 10-4 to 10-2. Unlike the standard SBS port, 

the measurements on the polarization pulling port had sufficient SNR to reliably extract 

the Brillouin frequency in a 10 𝜇s frequency scan down to the lowest 𝐺𝑆𝐵𝑆  measured of 

~9×10-5. For example, the measurement uncertainty obtained in a 10 𝜇𝑠 scan at 

𝐺𝑆𝐵𝑆 ~1.4 × 10−4 was ~1 MHz, corresponding to ~1/30th of the Brillouin linewidth in 

optical fiber.  
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Fig. 3.5. (a) The raw data recorded in the polarization pulling port in 10 μs representing a 

single frequency scan across 60 MHz in 10 discrete steps using 100 ns pump pulses at a 10% duty 

cycle. Note that the AC coupled detector had a voltage offset of -0.094 V. (b) The gain spectrum 

measured on the polarization pulling port normalized to 𝐺𝑆𝐵𝑆 measured using the standard SBS 

port at the same pump power. 

 

3.2.2 Experimental validation of modeled signal level characterization 

We then compared the measurements obtained on the standard and polarization pulling 

ports with our model. The measured signal levels obtained as a function of 𝐺𝑆𝐵𝑆  are shown 

in Fig 3.5(a). This measurement shows excellent agreement with our model over the full 

range of 𝐺𝑆𝐵𝑆  and confirms that the polarization pulling scheme is able to obtain a higher 

measured signal level, in agreement with the prediction shown in Fig. 3.3(a). We then 

compared the measured frequency uncertainty ASD over the same range of 𝐺𝑆𝐵𝑆 , as shown 

in Fig. 3.3(b). We found a good agreement with the model for gain below ~10-3. At higher 
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gain, reflected pump light due to Rayleigh backscattering and/or imperfections in the fiber 

circulators began to degrade the measurement obtained on the polarization pulling port. In 

the future, a narrowband spectral filter could be used to reject pump light before it reaches 

the detector [33,34,41]. Nonetheless, this measurement confirmed that the polarization 

pulling detection scheme can provide a ~10x reduction in ASD in low-gain measurements 

where the probe power is limited by the detector saturation threshold. 

Finally, we compared the measured signal level and ASD as a function of 𝜃𝑝𝑢𝑚𝑝  at a 

gain of 𝐺𝑆𝐵𝑆 = 2 × 10−4 , as shown in Fig. 3.6(c,d). Again, the signal and ASD agree well 

with our model and indicate that we are operating near the optimal conditions for a 

polarization pulling measurement.  
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Fig. 3.6. Demonstration of experimental results compared with our noise model. (a) The 

Brillouin amplified signal level and (b) ASD as a function of gain. At high pump powers, back -

reflected pump light increases the measured ASD. (c) The Brillouin amplified signal level in the 

respective optimal conditions compared to the model. Gain, in black, corresponds to the right Y-

axis title and is marked at the standard SBS peak gain. (d) Measured ASD in the respective 

optimal conditions compared to the model with a 𝜙𝑃𝐵𝑆~83°. 

 

3.3 Comparative uncertainty targets 

The polarization pulling detection scheme presented in this work is particularly well-suited 

for Brillouin microscopy measurements in the biological regime. Brillouin microscopy has 

traditionally relied on spontaneous Brillouin scattering; however, in recent years, SBS has 

been proposed due to its potential for increased efficiency and reduced measurement times. 

In practice, SBS has provided only a modest speed-up since damage thresholds in 

biological materials limit the pump and probe power, restricting SBS measurements to the 

low-gain regime (10-5 to 10-4). Recent work has shown that pulsing the pump and probe 

lasers could partially alleviate this concern [40,41] by maintaining a fixed average power 

while increasing the peak power. However, pulsing the probe can result in peak powers 

that are well beyond the saturation threshold of commercially available photodetectors. 

This makes it difficult to use the optimal, ~2:1 distribution of pump to probe power. The 

polarization pulling scheme presented here was designed to address this restriction by 

discarding most of the background probe light before it reaches the detector. 
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In this chapter, we presented an analytic model showing that this approach has the 

potential for a >25x improvement in SNR compared to standard SBS measurements in 

typical Brillouin microscope conditions, assuming commercially available detectors with 

saturation power in the 1-20 mW range. We then experimentally validated this model using 

a fiber optic platform that allowed us to easily vary the Brillouin gain over several orders 

of magnitude. Although the fiber platform has significant differences from a biological 

sample, we can normalize for these distinctions to compare the polarization pulling 

measurements presented in this work to recent SBS measurements in biological 

microscopy applications. First, the Brillouin linewidth in optical fiber of ~30 MHz is ~10× 

narrower than in most biological samples, as well as water, which has a linewidth of ~300 

MHz and is commonly used to benchmark biological Brillouin microscopy systems. As 

shown in Eq. 3.6, the measurement uncertainty is proportional to the Brillouin linewidth. 

As a result, we cannot directly compare the measured frequency uncertainty in fiber and 

water but need to normalize by the Brillouin linewidth. Second, most Brillouin 

microscopes report the acquisition time required to obtain a biologically relevant accuracy, 

typically ~Γ 30⁄  [11,77,78]. We therefore converted the measured ASD shown in Fig. 

3.6(b) to the time required to obtain a measurement with a normalized uncertainty of Γ 30⁄  

as 𝑡Γ 30⁄ =  
1

2
(𝐴𝑆𝐷𝑓 𝜎Γ 30⁄⁄ )

2
, where the target uncertainty 𝜎Γ 30⁄ = 1𝑀𝐻𝑧 for optical fiber. 

Third, as shown in Eq. 3.6, the uncertainty also depends on the frequency scan bandwidth. 

Most biological measurements use a scan bandwidth of ~2Γ [33,34,40,41], which matches 

the normalized scan bandwidth used in this work. Finally, since we are comparing 

measurements with different materials, interaction lengths, and pump powers, we can 
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compare 𝑡Γ 30⁄  as a function of Brillouin gain, which dictates the measured signal level. As 

discussed above, for a fixed average power, using pulsed pump and probe beams will 

increase the measured gain, SNR, and reduce the required measurement time for a fixed 

precision [40]. To compare measurements performed at different duty cycles, we normalize 

by the 𝑑𝑢𝑡𝑦 − 𝑐𝑦𝑐𝑙𝑒 × 𝐺𝑆𝐵𝑆  product. This normalization implies that a sample that 

provides a CW gain of 10-5 at the maximum allowed average power of 200 mW could be 

probed at a 10% duty cycle to obtain a peak gain of 10-4. The 𝑡Γ 30⁄  at a given 𝑑𝑢𝑡𝑦 −

𝑐𝑦𝑐𝑙𝑒 × 𝐺𝑆𝐵𝑆  product then allows us to compare the acquisition time (pixel dwell time) 

required to obtain an accuracy of Γ 30⁄  for a fixed material, interaction length, and average 

power.  

 

3.3.1 State-of-the-art stimulated Brillouin scattering spectrometer comparison 

We applied this normalization to both the standard SBS and polarization pulling 

measurements reported above in Fig. 3.6. As shown in Fig. 3.7, the standard SBS 

measurements obtained in fiber agree relatively well with a series of recent experimental 

measurements recorded in water over a range of 𝑑𝑢𝑡𝑦 − 𝑐𝑦𝑐𝑙𝑒 × 𝐺𝑆𝐵𝑆  products. In 

contrast, the polarization pulling measurements shown in Fig. 3.7 show a ~100× shorter 

acquisition time compared to the standard SBS measurements. For example, at a 𝑑𝑢𝑡𝑦 −

𝑐𝑦𝑐𝑙𝑒 × 𝐺𝑆𝐵𝑆  product of 1.4×10-5, the polarization pulling scheme achieves the target 

frequency uncertainty of Γ 30⁄  in just 10 𝜇𝑠 (i.e. a single frequency scan in the experiments 

presented here), compared to Refs. [33,34] which required ~3 ms to achieve the same 
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uncertainty using standard SBS detection. This would represent a dramatic improvement 

in image acquisition time in a Brillouin microscopy application.  

 

Fig. 3.7. Measured standard and polarization pulling SBS results compared to our noise model 

and a few recent SBS microscopy publications, as denoted in the legend, on normalized axes 

describing the measurement time needed to achieve a frequency uncertainty of Γ/30 versus the 

product of duty-cycle and gain. Of note, Refs. [33,34] both operate with a CW pump and probe 

whereas Refs. [40,41] uses pulsed pump and probe beams. Polarization pulling offers a 

significant speed-up compared to current Brillouin spectrometers. 
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3.4 Conclusion 

In this chapter, we introduced a polarization pulling based SBS detection scheme. This 

technique separates the Brillouin amplified light from the background probe light, enabling 

the use of a strong probe beam without exceeding the detector saturation threshold. We 

developed an analytic model of the polarization pulling detection process which indicated 

that this approach could provide a significant increase in SNR compared to a standard SBS 

detection scheme using standard photodetectors with saturation thresholds in the 1-20 mW 

range. We experimentally validated this model using a fiber optic platform, confirming that 

the polarization pulling technique can provide a >25× improvement in SNR. Finally, we 

analyzed how this detection scheme could impact Brillouin microscopy measurements in 

the low-gain regime, indicating the potential for a >25× increase in imaging speed.  
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Chapter 4: Development of a custom laser source for pulsed 

stimulated Brillouin scattering microscopy 

 

4.1 Optimal source parameters for Brillouin microscopy 

4.1.1 Pulse duration considerations 

The first of the laser parameters we can optimize is the pulse duration. If we refer back to 

Eq. 1.29(a), we know that the Brillouin gain of the transmitted probe beam is dependent on 

the intensity of the pump beam as well as the interaction length and the gain factor. The 

intensity of the pump beam can be understood as: 𝐼𝑝𝑢𝑚𝑝 = 𝑃𝑝𝑢𝑚𝑝,𝑝𝑒𝑎𝑘 𝐴⁄ , where 𝐴, for 

microscopy, is given from the beam waist area of the microscope and 𝑃𝑝𝑢𝑚𝑝,𝑝𝑒𝑎𝑘  is the 

peak power of the pump beam. The interaction length in the gain equation specifically for 

microscopy is limited to the diffraction length of the focused laser beam: 𝐿 = 2𝜋𝜔0
2 𝜆⁄ . 

With this description, it is evident that Brillouin gain is directly proportional to the peak 

pump power, thus employing techniques to increase the peak pump power will result in 

higher Brillouin gain and better SNR. 
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Fig. 4.1. Schematic of pulsed laser parameters. 

Pulsing a laser source increases the peak power of the beam, see Fig. 4.1; therefore, 

using pulsed pump lasers increases the Brillouin gain experienced by the probe beam. Short 

pulse durations have high peak powers because the pulse energy is distributed over a short 

time frame. It might seem as if you could make the pulse duration arbitrarily short in order 

to have arbitrarily high peak power (an extremely high gain), but this is not possible in 

Brillouin for two reasons: 1) if we had extremely high peak power, this would mean we 

have extremely high instantaneous power in the pulse causing what is referred to as laser 

ablation [79,80] of the sample and 2) if the pulse duration was much shorter than the 

lifetime of the acoustic wave (for biological material ~1ns), the Brillouin efficiency will be 

greatly reduced. For these reasons, there is an optimal regime where Brillouin efficiency is 

maximized; nanosecond regime pulse durations satisfy these constraints as it is long 

enough to maintain a transform limited bandwidth narrower than the Brillouin linewidth 

(which is roughly 200MHz), and it must be as short as possible to achieve high Brillouin 
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gain (𝐺 ∝ 𝑃𝑝𝑢𝑚𝑝,𝑝𝑒𝑎𝑘 ∝ 1 𝜏⁄ ). Experimentally, nanosecond pulses can be created with 

either AOMs or EOMs and will be discussed below. 

 

4.1.2 Pulse repetition frequency considerations 

 We have discussed the importance of optimizing the pulse duration for optimal Brillouin 

efficiency, but another parameter that ought to be evaluated is the pulse repetition 

frequency (PRF). Specifically in biological applications, photodamage imparted to the cells 

is of great interest8 and can result in two ways: 1) thermal damage and 2) ablation damage. 

Thermal damage to cells arises from the absorption of light which can produce chemical 

changes and heat [19,20]. This mechanism of damage is mediated by the average power 

delivered to the sample during measurement. In CW SBS, where there is no PRF to 

consider, the average power has been kept to below ~250mW and has not induced 

significant damage [33,34]. One of the key benefits when using pulsed lasers is they reduce 

the average power on the sample [40,41]. As depicted in Fig. 4.1, average power of a pulse 

laser is defined as: 𝑃𝑎𝑣𝑔 = 𝐸 Δ𝑡⁄ = 𝐸 ∗ 𝑃𝑅𝐹 , where 𝐸 is the pulse energy which is spread 

over the pulse period (Δ𝑡). High PRFs correspond to high average power and thus the 

potential for thermal damage. If thermal damage is a concern, as it is in biological 

applications, lowering the PRF of the pulsed laser will reduce the average power on the 

sample. As with pulse duration, this cannot be arbitrarily small. When low PRFs are used, 

 
8 Naturally, you do not want to perturb the biological sample in any way that would compromise the mechanical measurement and/o r 

damage the sample. 
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the peak power increases; 𝑃𝑝𝑒𝑎𝑘 =
𝑃𝑎𝑣𝑔

𝜏∗𝑃𝑅𝐹
, where the product of pulse duration and PRF is 

defined as the duty cycle. We know that high peak powers are desirable in Brillouin 

because of the direct relationship between gain and peak power; however, in this condition, 

the second mechanism of damage to the sample can be a problem, ablation damage from 

instantaneous energy delivery from the pulse [81]. Recently, ablation damage has been the 

focus of much research in ultrashort laser pulses in biological material because of the 

widespread use of femtosecond lasers in Lasik surgery [79] and multiphoton imaging of 

tissues [80]. Additionally, using low PRFs can also limit the measurement rate of pulsed 

SBS. For example, if we want to take a Brillouin measurement with a 100ns pulse duration 

and 1μs period (a 10% duty cycle) across twice the Brillouin linewidth (2Γ𝐵) sampled with 

10 frequency steps, one spectral measurement can be taken in 1𝜇𝑠 ∗ 10 𝑓𝑟𝑒𝑞 𝑠𝑡𝑒𝑝 =

10𝜇𝑠. If we were to increase the period, thus lowering the PRF, to 2μs, we would double 

the time it would take to acquire a full spectrum if we used the same number of frequency 

steps: 2𝜇𝑠 ∗ 10 𝑓𝑟𝑒𝑞 𝑠𝑡𝑒𝑝 = 20𝜇𝑠. Again, an optimal range is presented for Brillouin 

measurements: a PRF too high will result in thermal damage whereas one too low will 

cause ablation and spectral measurement time limits. Roughly MHz PRFs avoid damaging 

the biological samples by keeping peak powers below ~5W and average powers below 

~250mW. Beyond photodamage constraints, keeping powers below these limits also 

ensures that the Brillouin shift is not corrupted via heating of the sample since Brillouin is 

highly temperature dependent [17,34,82]. 
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4.2 Experimental design 

4.2.1 Pulsed SBS laser in Master Oscillator Power Amplifier (MOPA) arrangement 

Our experimental setup, see Fig. 4.2, starts with a narrowband seed laser (~100 kHz 

linewidth, Toptica DL-pro) which is locked at an 85Rb absorption peak using a vapor-based 

locking module. Resulting in a nominal laser wavelength of 780.24nm (384.231 THz) at 

~40mW which is then split 50:50 into both the pump and probe arms. Using one laser to 

seed both arms instead of two results in less laser frequency noise. Along the upper probe 

path, an EOM driven by radio frequency (~GHz) periodic voltage signals is operated in 

double-sideband carrier suppressed (DSB-SC) modulation mode to create sidebands off 

the nominal laser frequency. This process is explained in greater detail below. After the 

first EOM, the beam, which now contains multiple frequency components, is directed to a 

temperature controlled fiber bragg grating (FBG, TeraXion). The FBG has an 18.8GHz 

bandwidth and can be tuned (over a range of ~20GHz) using a temperature control to select 

the upper sideband (rejecting the lower sideband and nominal laser frequency). The FBG 

has isolation >35dB for out-of-band mean isolation of the nominal laser frequency and 

lower sideband outside of the narrow bandwidth tune range. This can be set by sending in 

the nominal laser frequency and tuning the bandwidth a few GHz beyond the point where 

the nominal laser is rejected, or the output could be viewed on a fiber-based wavelength 

meter. Next, the probe is sent to a second EOM for pulse carving of ~ns bursts of increasing 

frequency in 10 steps. The duration of the pulses, the duty cycle, frequency step size and 

number, and scan range are all customizable depending on the material under test. The 

pulses are then amplified using a fiber coupled amplification unit (Toptica Boosta) before 
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being sent through a polarization controller and isolator (if needed) to the material under 

test. The amplifiers used here are semiconductor tapered amplifiers which are more 

common in the visible wavelengths than rare-earth doped fiber-based amplifiers, such as 

the erbium doped fiber amplifiers used in Chapter 3, which require pump sources to excite 

the ions to amplify via stimulated emission. Tapered amplifiers also offer smaller gain 

bandwidths than fiber-based amplifiers. The transmitted probe can then be analyzed in a 

standard SBS or polarization pulling SBS detection port consisting of a variable optical 

attenuator (VOA) and a detector (Terahertz Tech., TIA-525). 

 Meanwhile, in the pump arm, the other partition of the seed laser is sent through 

another EOM to carve the pump pulse train. The pump pulse train is also amplified by a 

fiber coupled amplification unit (Toptica Boosta) and goes through a polarization controller 

before coupling into the SBS interaction region. It can be useful to pick off portions of the 

two beams for characterization and proper timing. 
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Fig. 4.2. Diagram of the pulsed SBS microscopy laser. The frequency-locked seed laser is split 

50:50 between two paths: the upper path was used to generate the pulsed, frequency swept probe 

train while the lower path generates the pulsed pump train. A temperature-controlled fiber grating 

(FBG) is used to suppress the nominal laser frequency as well as the lower sideband . 

 

 The various electrical components used in this setup are shown in Fig. 4.3. In order 

to synchronize the timing of the two pulse trains with the frequency shifting, one output of 

AWG2 (Keysight 33500B) triggers the pulse trains driven by a fast AWG1 (Zurich 

HDAWG). This fast AWG1 has a sampling rate of 2.4 GSa/s and two internal oscillators 

which is sufficient to generate the two ~ns pulse trains at MHz PRFs and to arbitrarily 

control their relative delays. Due to optical path mismatches of the two arms, time delays, 

albeit small, can be added to ensure the pulses are fully overlapped in the Brillouin 

interaction region. The smallest pulse duration that can be achieved (running the EOM in 

switching mode) using this AWG is 32 samples or 13.3ns. The maximum output voltage 

is 5V which is another critical factor when considering driving EOMs for pulse generation. 

This topic is expanded upon below when discussing pulse generation. The pulse carving 

EOMs are also DC biased to achieve good modulation depth of the optical pulses. 

 Along with trigger synchronization, AWG2 provides the voltage ramp for the 

frequency shifting EOM. The maximum voltage output of this AWG is 5V so the largest 

voltage ramp that it can send to the voltage controlled oscillator (VCO) is 0-5V. The VCO 

converts a DC voltage signal to a radio frequency periodic signal. A VCO is an electronic 

oscillator whose output frequency is controlled by the input voltage level. VCOs typically 
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are comprised of an active device (in this case transistor) and the tuning range is adjusted 

by varying either the capacitance or inductance to achieve tuning. The VCO chosen here 

uses a variable capacitor whose capacitance can be tuned via the applied input voltage. 

This in turn alters the resonant frequency of the LC circuit and subsequently the output 

oscillation frequency of the VCO: 𝜈𝑜𝑢𝑡 =
1

2𝜋 √𝐿𝐶
. The one chosen for this setup provides 

output in the GHz range suitable for creating GHz frequency shifted sidebands to the 

nominal laser frequency. Sidebands to the nominal laser frequency are created via DSB-

SC modulation of the EOM. When EOMs are driven with periodic signals such as this, 

they add frequency components to the laser beam passing through the modulator, e.g. 

sending a 5GHz sinewave to an EOM creates sidebands to the nominal laser frequency at 

-5GHz and +5GHz. Biasing the EOM running in DSB-SC mode can be done to improve 

the efficiency of the conversion to the sidebands. It should be noted that higher order 

sidebands are also created but are significantly lower power compared to the sidebands and 

nominal laser frequency. As the voltage sent to the VCO (𝑉𝑡𝑢𝑛𝑒 ) is scanned from 0-5V, the 

VCO provides RF signals from ~3.8GHz to ~5.4GHz; however, a bias tee can be included 

to add a DC bias (from AWG3) to the ramp which allows for more control over the scan 

range as well as extended accessibility to higher frequencies >6GHz. 
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Fig. 4.3. Diagram of the electronics used in pulsed SBS microscopy laser. A high definition (2.4 

GSa/s) arbitrary waveform generator (AWG) was used to carve both pump and probe pulses. The 

second AWG sends a voltage ramp to the voltage controlled oscillator (VCO) which is separately 

biased with another AWG and a bias T. This AWG also triggers the first AWG to begin the pulse 

trains. The VCO converts the voltage ramp into a radio frequency (RF) alternating current signal 

(~GHz) that drives the frequency shifting EOM in double-sideband suppressed carrier (DSB-SC) 

modulation. Various other sources of direct current (DC) voltage signals are excluded from the 

schematic. 

 

4.2.2 Frequency shifting bandwidth control 

Experimentally we can visualize the DSB-SC modulation by coupling the EOM output to 

a fast photodetector and a signal analyzer (Keysight CXA N9000B). Modern RF signal 

analyzers leverage a combination of analog and digital signal processes in order to analyze 
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high frequency (>GHz) signals. The analog front-end of these systems use internal local 

oscillators and mixers to down-convert the RF signal to lower intermediate frequencies 

(IF) which are more easily processed. This internal sweeping is done digitally and depends 

on the frequency range of interest; linear sweeps are used for smaller ranges while 

logarithmic sweeps are used for wide ranges. The digital back-end, once IF signal is 

converted to a digital signal using an analog-to-digital converter (ADC), goes through 

various digital processing steps such as digital filtering and fast Fourier transforms (FFTs) 

to analyze the signal. The one chosen for our signal analysis is capable out to ~13.6GHz, 

more than enough to analyze the ~5GHz shifts required for Brillouin measurements in 

biological samples. The beat frequency between the nominal laser frequency and the 

sidebands can be measured as well as the beat between the upper and lower sidebands. This 

is a useful way to monitor the frequency scan range being created and can be used to tune 

the output based the voltage ramp being sent to the VCO (𝑉𝑡𝑢𝑛𝑒 ) and the voltage bias. 

 



 

 

73 

 

Fig. 4.4. The measured frequency scan range using the system described above for wide scan 

ranges. (a) The approximate frequency scan range suggested for measuring biological samples; 

centered ~5GHz using the typical scan range reported in most Brillouin microscopy literature 

~4GHz-6GHz. (b) Increasing the bias voltage of the voltage ramp sent to the VCO repositions the 

frequency scan range accordingly. This can be used to simply move the frequency scan range to 

reach higher frequency ranges inaccessible with just a 0-5V ramp. This can also be a useful 

tuning lever when trying to search for a material’s Brillouin shift not known a priori. (c) 

Decreasing the voltage ramp range shortens the frequency scan bandwidth. The measured values 

acquired on the signal analyzer correspond to the optical beat frequency between the nominal 

laser frequency and the sidebands created by the frequency shifting EOM.  

 

 Figure 4.4 demonstrates how the frequency scan range can be tuned for wide scans. 

For SBS microscopy, it is typical to use (2GHz wide) scan ranges between ~4GHz and 

~6GHz for measurements of biological samples. As such, a frequency scan range 

appropriate for these measurements can be created by scanning 𝑉𝑡𝑢𝑛𝑒  from 0 to 5V with a 

+2V bias as shown in Fig. 4.4(a). For materials with higher Brillouin shifts, a larger voltage 

bias can be applied to reach frequencies >6GHz as shown in Fig. 4.4(b). Adding a voltage 

bias to the ramp does impart a slight nonlinearity, especially at higher voltages, in the scan 

range and should be taken into account when determining the corresponding frequency 

bandwidth. This is not really a problem with small scan ranges but does become apparent 

with wider scans (>1GHz). A smaller scan range is shown in Fig. 4.4(c) which corresponds 

to a bandwidth of ~700MHz which is approximately 2 times the linewidth of water at 

780nm. 



 

 

74 

 

 

Fig. 4.5. The measured frequency scan range using the system described above for small scan 

ranges. (a) The voltage ramp range can be decreased further to have frequency scan bandwidths 

<30MHz which is appropriate for materials with small linewidths such as optical fiber. (b) 

Zoomed-in view of small frequency scan bandwidth on the signal analyzer. (c) Again, increasing 

the bias voltage of the voltage ramp sent to the VCO repositions the frequency scan range 

accordingly. The measured values acquired on the optical spectrum analyzer correspond to the 

optical beat frequency between the nominal laser frequency and the sidebands created by the 

frequency shifting EOM. 

 

 Small frequency scan ranges (<30MHz) can also be probed using small voltage 

ramps (<100mV), see Fig. 4.5. At 780nm, optical fiber has a Brillouin linewidth on the 

order of tens of MHz thus, for materials with small linewidths, we can change 𝑉𝑡𝑢𝑛𝑒  to 

probe small scan bandwidths. We demonstrated this in Fig. 4.5(a-b) by scanning 𝑉𝑡𝑢𝑛𝑒  
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from 1.5 to 1.6V with a +2V bias. As with the wide scans, we can fine tune the scan range 

with the bias voltage to center our scan appropriately.  

 

4.2.3 Pulse carving control 

Both acousto-optic modulators (AOMs) and electro-optic modulators (EOMs) can be used 

to generate optical pulses. There are pros and cons to each; AOMs offer higher extinction 

but are often slower than EOMs which provide modest extinction but with shorter rise 

times. For these reasons and our application, we chose EOMs to generate ~ns pulses. 

Modulators being used for amplitude modulation, i.e. creating optical pulses, can be driven 

two ways: ‘pulsed mode’ or ‘switching mode’. A schematic of these two modalities is 

shown in Fig. 4.6. 
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Fig. 4.6. Schematic of electrical control methodologies for generating pulses using EOMs. (a) 

Shows how short optical pulses can be generated via ‘pulsed mode’ operation. In this mode of 

operation, voltage is switched between two off-states (−0.5𝑉, 3.5𝑉 for simplicity) and an optical 

pulse (in green) is generated during the rise/fall time of the electrical signal (in red). The duration 

of said pulse is determined by the rise/fall time of the voltage signal. (b) Shows how optical 

pulses can be generated via ‘switching mode’ operation. In this mode of operation, voltage is 

switched between an off-state and an on-state (−0.5𝑉, 𝑉𝜋 for simplicity) and an optical pulse (in 

green) is generated during the on-state time of the electrical signal (in red) which also determines 

the consequent pulse duration. 
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Running a modulator in pulsed mode entails driving the modulator between two 

consecutive voltages points of minimum optical power (𝑉0 ) also known as off-states. What 

this allows is for the modulator to reach the voltage point of maximum optical output (𝑉𝜋), 

the on-state, during the rise time of the voltage signal. Subsequently, the resultant optical 

pulse has a duration according to the rise time of the voltage signal. This voltage associated 

with the maximum optical output is a critical specification for modulators as it  determines 

the voltage signal needed in order to generate pulses with good modulation depth. This 

process also occurs during the fall time of the voltage signal thus the period of the pulses 

can be controlled in this manner. Pulsed mode is the optimal method for generating short 

pulses (< 𝑛𝑠) as it relies on rise/fall times of the volage drive signal provided the modulator 

has a fast enough optical response. The EOMs we chose have a minimum optical rise time 

of ~200ps (Jenoptik, AM785) and ~500ps (Jenoptik, AM785b) respectively with a 𝑉𝜋 of 

approximately 2V. 

 Another way to generate pulses is with switching mode where the voltage is driven 

between 𝑉0  and 𝑉𝜋, i.e. an off-state and an on-state. In this mode, the optical output pulse 

reflects the duration of the voltage signal. For example, sending a 100ns RF voltage signal 

burst (with amplitude of 𝑉𝜋) creates a 100ns optical pulse. The period of the pulse can be 

controlled by the period of the voltage signal being sent.  

 Either modality of pulse generation can be biased accordingly to achieve the 

optimal modulation depth, i.e. peak optical output minus the minimum optical output 

power. Both modes are valid ways to generate pulses but the application (and desired pulse 

parameters) as well as the drive electronics (maximum voltage output and speed) should 
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be taken into consideration before choosing which mode to use. By changing our RF drive 

signal, we can control the pulse duration, period (and duty cycle), modulation depth, shape 

and number of pulses in a train. 

 

Fig. 4.7. Demonstration of pulse carving capabilities using the system described above. (a) 

Measured 10% duty cycle pulse train with 100ns pulse duration and 1μs period. (b) Measured 

20% duty cycle pulse train with 100ns pulse duration and 500ns period. The 10μs segment shows 

how these trains could be synchronized to provide overlapping pulses for Brillouin interaction 

(sampled with 10 separate pulses) as well as having reference pulses (at twice the repetition 

frequency) to extract the Brillouin gain spectrum. (c) Measured example of short pulse generation 

at 10% duty cycle with a pulse duration of 13.3ns and 133ns period. A pulse train with 10 pulses 

such as these corresponds to a segment of 1.33μs which shows how faster measurement times are 

achieved using short pulses. 

 

 We performed a series of measurements using the pulsed SBS laser to demonstrate 

the control of the laser pulse parameters over different pulse durations and PRFs. First, we 
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created 100ns pulses with a 1μs period (10% duty cycle) by driving the pump arm EOM in 

switching mode. The RF voltage signal driving the EOM is repeated 10x in order to 

generate a 10 pulse long train of 10μs. The measured optical output is shown in Fig. 4.7(a). 

On the probe arm, the EOM is also driven in switching mode to create 100ns pulses but 

with a 500ns period (20% duty cycle) and is repeated 20x. The resultant probe pulse train 

is also 10μs long and is shown in Fig. 4.7(b). These two pulse trains represent what the 

respective pump and probe beams would look like for a 10μs frequency scan sampled at 

10 steps across the frequency scan bandwidth. The overlapping pulses are for Brillouin 

interaction while also having reference probe pulses to calculate the gain spectrum. 

Furthermore, in Fig. 4.7(c), short pulse capabilities (13.3ns) at 10% duty cycle are 

demonstrated with a 133ns period. These pulses were generated with the pump EOM 

driven in switching mode. A 10 pulse long train with short pulses such as these result in an 

overall scan time of 1.33μs. When generating short pulses such as these, it is important to 

monitor the pulse train as the bias does need to be adjusted to ensure good modulation 

depth. 

 

4.3 Conclusion 

 In summary, we have demonstrated the customizability of our pulsed SBS laser 

along with suggested optimal parameters for implementation into a Brillouin microscope 

setup. The MOPA architecture allows for reduced laser frequency noise due to the single 

seed laser of the design. We explained various considerations for the use of the laser and 
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how the frequency scan bandwidth can be tuned according to the needs of the user. The 

EOMs and their driving electronics were also addressed, and we showed how short pulses 

can be generated to create frequency swept trains for spectral acquisitions between 10μs 

and 1μs. 

 In order to be implemented into a microscope setup to measure biological 

samples, likely the receiver design should mirror the one described in Chapter 3 and 

leverage the polarization pulling effect to reach sufficient SNRs at such fast spectral 

acquisition times. In this way, the optimal power balance between the pump and probe 

arm can be used without saturating the detector.  
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Chapter 5:  Summary of scientific contributions and future 

directions 
 

 

5.1 Summary of scientific contributions 

 The results of my research have greatly influenced the measurement speeds of 

Brillouin microscopy. The use of Brillouin spectroscopy in the biological field has 

revolutionized the study of biomechanics and has allowed for the study of the mechanical 

properties of cells without perturbing or disturbing the sample; however, Brillouin 

microscopy has long been plagued with slow acquisition times which has kept it from 

becoming more prevalent in the field as a whole. Since the introduction of VIPA etalons, 

which have mostly replaced the use of FP etalons in Brillouin microscopy, spontaneous 

Brillouin microscopy has dominated the majority of research of biomechanics with 

respect to Brillouin spectroscopy, but due to the inefficient nature of the spontaneous 

Brillouin scattering process, there are few avenues for substantial speed improvements. 

That being said, the nonlinear counterpart to spontaneous Brillouin scattering, stimulated 

Brillouin scattering, has failed to become widely adopted despite the stronger possible 

Brillouin signals it has the potential to elicit. Continuous wave SBS was introduced to 

provide higher SNR and thus faster spectral acquisitions to the field of Brillouin 

microscopy but has only since made modest speed improvements due to nonoptimal 

power balances between the pump and probe beams and does not fully utilize the 

nonlinearity of the SBS process. Similar issues have recently been encountered in the few 
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attempts of implementing pulsed laser sources for SBS microscopy and suffer from the 

lack of proper laser sources with parameters suitable to Brillouin microscopy and 

suboptimal receiver designs to truly make an impact other than reducing average power 

delivered to the sample. 

In Chapter 2, I implemented CW SBS in a flow cytometry setup to illustrate the 

first demonstration of high throughput biomechanical measurements with SBS. I 

characterized the system performance at 5ms spectral acquisition time, a 10x 

improvement over previous iterations of Brillouin flow cytometers. The throughput 

capabilities of the flow cytometer were accessed to have an overall throughput of 0.375 

cells per second. The SBS flow cytometer was validated by measuring cell populations of 

normal breast epithelial cells and metastatic breast epithelial cells. Finally, I developed 

post-processing algorithms to analyze the Brillouin signatures of the cell lines. My first 

author publication of this work has been submitted. 

In Chapter 3, I created an optimal receiver specifically designed for SBS 

spectroscopy based on polarization. All implementations of SBS microscopy, by nature 

of their design, suffer from the low-gain regime problem of trying to measure a small 

Brillouin gain signal riding on a very large background probe light level.  First, I outline 

the issues associated with detector saturation limits and nonoptimal distribution of power 

between the pump and probe beams that have held SBS microscopy back from being 

truly competitive with spontaneous Brillouin systems. I proposed a model receiver design 

based on the polarization pulling effect which leverages the polarization dependence of 

the SBS interaction to effectively filter the signal from the background light. I developed 
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a noise model considering the various sources of noise and showed that the optimized 

receiver design could provide >25x SNR compared to standard SBS receivers in their 

typical experimental conditions. The experimental results of the receiver architecture 

enabled 100x higher SNR and thus enabled 100x faster measurements in the low-gain 

regime. Finally, I compared these results to current state-of-the-art SBS microscopy 

systems and discussed how this spectrometer design could benefit low-gain spectroscopy 

applications such as Brillouin microscopy. My first author publication of this work is in 

review in APL Photonics. 

In Chapter 4, I took what I learned about fiber optics from Chapter 3 and applied 

that knowledge to build a proper customizable laser source specifically to be 

implemented into Brillouin microscopy. With its MOPA design, the separate pump and 

probe arms can be tuned and amplified according to the sample being tested, the desired 

measurement speeds, and power constraints. I characterized wide and small frequency 

scan bandwidths as well as pulse trains at 10μs and 1μs. This laser could be used in 

standard SBS detection or in polarization pulling SBS detection ports.  

Overall, my research has resulted in two first author publications. I am also 

leaving the lab having built a laser system that will serve as the groundwork for many 

papers to come. During my time in the lab, I also was the Co-Entrepreneurial lead for a 

Brillouin Microscopy team for the National Science Foundation Innovation-Corps (NSF 

I-CORPS) regional and national programs; I presented in multiple capacities about the 

technology transfer of Brillouin microscopy in the field of ophthalmology / refractive 
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surgery diagnostics and conducted over 100 interviews with world-renowned refractive 

surgeons and industry leaders.  

 

5.2 Future directions 

 While substantial speed improvements have been demonstrated with respect to 

source and detection optimization of SBS spectrometers in this work, there are still some 

additional modifications to be made to fully implement this technology for measurements 

of biological samples. The pulsed SBS laser currently built is capable of customizing the 

pulse parameters for optimal SBS measurements down to a spectral acquisition time of 

~1μs. In order to be used in a microscope setup for biological measurements, i.e. in the 

low-gain regime, simply sending high peak power pulses at low duty cycles will not 

achieve the desired result of fast measurements; however, the combination of proper 

source and detection ought to be used in tandem. As I outlined in Chapter 3, optimal 

power balance between the pump and probe is necessary for high SNR Brillouin 

measurements while leveraging polarization-based receivers can circumvent the problem 

of detector saturation. Naturally, detector technology could advance in the future to have 

high saturation power fast photodetection, making the need for polarization-based 

detection obsolete, but until then this fact should be considered. 

 Furthermore, additional modifications to the pulsed SBS laser built in Chapter 4 

could be made. I mentioned that EOMs could be driven in ‘pulsed mode’ and are most 

suitable for short optical pulse generation but do require higher RF voltage signals 
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compared to the ‘switching mode’. An AWG with higher output voltage could be used to 

drive the EOMs in this mode as well as frequency sweep in one step, reducing the 

number of EOMs needed. This would cause a domino effect of benefits where having 

less EOMs would in turn cause less loss which would reduce how much amplification is 

done by the amplification stages and that would reduce amplified spontaneous emission 

noise and is something to consider moving forward. This concept was used in the system 

developed in Chapter 3, but such an AWG is extremely costly and the additional EOM / 

VCO drive was chosen as a result. 

 The next logical step following the research conducted in this thesis would be to 

explore the implementation of the pulsed laser system into a Brillouin microscope. The 

microscope setup presented in Chapter 2 would be an ideal platform to base this on with 

counterpropagating beams while modifying the detection to reflect the work completed in 

Chapter 3. Because of the need of counterpropagating beams, the likelihood of 

demonstrating pulsed SBS microscopy with flow cytometry at high throughputs or 

Brillouin images of in-vitro cells and spheroids are most probable. The measurement time 

chosen should be the time required to achieve 10MHz (or 1/30th the linewidth of water) 

as was explored in Chapter 4 as well as completing an analysis of the thermal and 

ablative photodamage thresholds. 

 Another intriguing avenue to consider is the growing movement of commercial 

Brillouin which is something I learned from my experience during NSF I-CORPS. One 

company, Intelon, thus far has applied Brillouin microscopy (spontaneous) in the field of 

ophthalmology while two more, LightMachinery and CellSense, are looking into the 
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research market. However, the commercial landscape provides different challenges than 

in academic research labs. One clear instance of this is shown in the devices chosen for 

detection: spontaneous Brillouin in the academic research field (for optimal detection) 

uses expensive EMCCDs while commercial systems use cheaper photodetectors. This 

decision is motivated mainly by the need for a commercial system to be priced 

competitively with other diagnostic tools thus using cheaper detection methods lowers 

the cost-of-goods-sold (COGS). This commercial viability is still in its infancy for 

spontaneous Brillouin microscopy but is far more promising than stimulated Brillouin 

microscopy. Certainly, the overall complexity of SBS systems would prove significantly 

more expensive than spontaneous Brillouin, but additionally, the need of 

counterpropagating beams severely limits the number of applications that SBS could be 

used for. Take diagnostic tools for ophthalmology as an example where spontaneous 

Brillouin is quite promising as a way to measure corneal stiffness. It would be very 

challenging (or impossible) to imagine an architecture where SBS could be used in this 

application and as such, SBS microscopy is likely to be used nearly exclusively for flow 

cytometry biomechanical measurements and in-vitro Brillouin images. Thus, SBS 

conceivably could enter commercial relevancy in the research field for these 

aforementioned applications. 
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