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Brillouin microscopy, a non-contact, spatially-resolved imaging method, 

provides insights into the mechanical information of samples. The first generation of 

Brillouin microscopes combined confocal microscopes and etalon-based 

spectrometers. In this setup, a confocal microscope scans a laser across the sample 

pixel-by-pixel, while the etalon spectrometer measures the Brillouin shift frequency at 

each pixel. Despite the extended image acquisition times in biological samples (>20 

ms/pixel), advancements have been made in the field to enhance the overall speed of 

Brillouin imaging. For example, line-scan Brillouin spectrometers use orthogonal 

detection to measure the Brillouin scattering at a row of pixels in a single shot. The 

pixel multiplexing in one-dimension (1D) improved the Brillouin imaging speeds 20-

fold. Further multiplexing to two dimensions, or full-field spectroscopy, where the 

frequency domain is sequentially acquired but all the pixels in the field of view are 

simultaneously measured at each frequency, can further improve the average image 



 

acquisition time. However, there are currently no solutions for sub-picometer (sub-

GHz) spectral resolution, two-dimensional (2D) multiplexing of Brillouin images. 

Here, I use the laser induced circular dichroism (LICD) effect in atomic vapors 

to create monochromators for 2D multiplexing at high spectral resolutions. These 

atomic line monochromators possess spectral resolutions dependent on the linewidth 

of the atomic resonance (~MHz), and they are ideal for pixel multiplexing because they 

have spectral analysis capabilities that do not depend on the spatial separation of 

spectral components. First, I present a full characterization of a tunable atomic line 

monochromator. I measure the transmission, spectral resolution, and spectral tunability 

of the device, as well as demonstrate whole-image transmission through the atomic line 

monochromator. Next, for practical implementations of the device to Brillouin 

spectroscopy, I created an atomic line monochromator based on a ladder-type atomic 

transition. This iteration of the device suffers from less noise than the previous version, 

leading to the first Brillouin measurements with this device. Finally, I present the first 

full-field Brillouin microscope by demonstrating whole Brillouin imaging with 

orthogonal detection with an atomic line monochromator.  
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“I have been in Sorrow’s kitchen and licked out all the pots. Then I have stood on the 

peaky mountain wrapped in rainbows, with a harp and sword in my hands.” 
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Chapter 1 

Introduction 

 

 
1.1  Brillouin microscopy 

1.1.1 Brillouin scattering  

Brillouin scattering is the phenomenon that occurs when incident photons are 

scattered by the phonons of a material. Phonons are thermally generated acoustic waves 

that travel at the speed of sound  within the material. Brillouin scattering was first 

reported by Léon Brillouin in 1922 [1], and the first experimental demonstration of 

Brillouin scattering was made by Evengi Gross in 1930 [2]. Although the visualization 

of  Brillouin scattering was limited to applications in the material sciences, recent 

technological advancements have led to its use in biology.  

 

 

Figure 1.1. Schematic of Brillouin scattering. 
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The photon-phonon interaction can be described using Fig 1.1. The propagation 

of an incoming photon of frequency  can be described by wavevector |𝒌| 

|𝒌| =
 ∙ 𝑛

𝑐
 (1.1) 

where 𝑛 is the index of refraction and 𝑐 is the speed of light. When the incoming 

photons are scattered by phonons, the scattered light has a frequency ′ and wavevector 

|𝒌′|. Due to the conservation of energy and momentum, ′ and |𝒌′|  are  

′ =  ±  (1.2) 

|𝒌′| = |𝒌| ± |𝒒| (1.3) 

where |𝒒| is the phonon wavevector can and   is the frequency of the phonon.   is 

related to |𝒒| and  according to the linear dispersion relation 

 =  ∙ 𝑞 =  √𝑀
𝜌⁄ ∙ 𝑞 

(1.4) 

where 𝑀 is the material longitudinal modulus and 𝜌 is the material density. Because 

 , making |𝒌| and |𝒌′| nearly equal, we can estimate |𝒒| to be  

|𝒒| = 2|𝒌| sin (
𝜃

2
) = 2𝑛

𝜔

𝑐
sin (

𝜃

2
) 

(1.5) 
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where 𝜃 is the angle between the axis of observation of Brillouin scattered photons 

and the axis of the incoming light. Substituting Eq. (1.5) into Eq. (1.4), we get a new 

equation for  

 = 2𝑛
𝜔

𝑐
 sin (

𝜃

2
) = 2𝑛

𝜔

𝑐
√𝑀

𝜌⁄ ∙ sin (
𝜃

2
) 

(1.6) 

which is known as the Brillouin shift and is how much the Brillouin scattered light has 

changed in frequency from the incident photon frequency. From this treatment, we can 

see that the Brillouin shift is proportional to the speed of sound within the material, and 

therefore proportional to the longitudinal modulus of the material. 

 

1.1.2 Brillouin spectrometer instrumentation 

An illustration of a characteristic Brillouin spectrum can be seen in Fig. 1.2. 

The middle peak corresponds to the elastically scattered, or Rayleigh scattered, light 

(i.e., the photons that did not experience an energy change during the scattering event). 

The outer peaks correspond to the Brillouin scattered photons. The Anti-Stokes peak 

coincides with photons that lost energy in the scattering event, and the opposite is true 

for the Stokes shift. The Brillouin spectrum of different materials can be visualized 

using dispersive elements such as interferometers or etalons. Although the three 

characteristic peaks are shown as an illustration in Fig. 1.2, in real cases the peak from 

the Rayleigh peak can sometimes be more intense than the two Brillouin peaks due to 

reflections in the optics and Mie scattering [3]. The Brillouin scattering cross-section 

is 10-9-10-10 in biological samples, meaning that one in one billion photons are scattered 
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by phonons in a single scattering event. Due to the low scattering efficiency of Brillouin 

scattering, Brillouin spectrometers require high throughput (or transmission), which is 

the ratio between the number of photons you measure versus the number of photons 

that are being sent to the spectrometer. The intensity of the nearby Rayleigh peak 

necessitates high spectral extinction, which is the ratio between the background 

intensity and the signal intensity through the spectrometer. Lastly, the spectrometer 

must have sub-GHz resolution because the Brillouin shift can be between 3-10 GHz 

and the linewidth can be 150-400 MHz depending on the sample. For example, for 532 

nm illumination and 180o detection, the Brillouin shift of water is 7.44 GHz and 500 

MHz linewidth [4]. 

 

 

Figure 1.2. Exemplary Brillouin spectrum. 
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The first generation of Brillouin spectrometers used Fabry-Pérot (FP) etalons 

to measure Brillouin scattered light due to their high spectral extinction. An FP cavity 

is made of two partially reflective mirrors. The light inside of the cavity rebounds 

between both mirrors and there is only transmission outside of the cavity when the light 

inside of the cavity meets a resonance condition that matches the cavity length. By 

scanning the FP cavity, the Brillouin spectrum of light can be collected. In 1970, J.R. 

Sandercock used a double-pass FP interferometer to reach 60dB spectral extinction [5]. 

The system gains higher extinction with each pass in through the FP cavity.  

The benefit of using FP interferometers for Brillouin spectroscopy is the high 

spectral resolution and extinction. However, the tandem FP Brillouin spectrometer 

suffered from low transmission because there is a tradeoff between spectral resolution 

and transmission due to the high reflectivity of the cavity mirrors [6]. Virtually imaged 

phase arrays (VIPAs) are etalons that are very similar to FPs [3, 7]. VIPAs are cavities, 

but one of the mirrors is highly reflective with a transparent window at the bottom for 

light to be injected,  and the other mirror (the output mirror) is partially reflective. When 

the VIPA is at an angle, the input light is rebounded in the cavity constructive 

interference occurs at an angle depending on the wavelength of the signal. The 

constructive interference for difference frequency components occurs at different 

angles, making it so that wavelengths of light are separated in space. Using a lens, the 

spectrum of the signal can be recorded in a single shot. A single VIPA carries roughly 

30 dB extinction and ~80% throughput [3]. The cross-axis Brillouin spectrometer was 

invented so that Brillouin signal could travel through two VIPAs to increase the spectral 

extinction. The cross-axis VIPA Brillouin spectrometer can achieve upwards of 80 dB 



 

6 

 

extinction with >1 GHz spectral resolution and more than three times the throughput 

of a tandem FP spectrometer [7]. 

 

1.1.3 Brillouin microscopes 

Before employing VIPA etalons, Brillouin spectroscopy did not possess the 

performances to measure biological samples. The FP-based Brillouin spectrometers 

acquired the Brillouin spectrum by raster scanning the FP etalon cavity, which led to 

long acquisition times that could lead to tissue photodamage. Once VIPAs were 

incorporated into Brillouin spectrometers, the technology was finally fast enough 

because the spectrum could be acquired in a single shot. The VIPA-based Brillouin 

spectrometer was combined with a confocal microscope to create Brillouin 

microscopy. With Brillouin microscopy, a confocal microscope a sample is raster 

scanned across a fixed laser spot pixel by pixel and the Brillouin spectrometer is used 

to measure the Brillouin shift at each pixel (Fig. 1.3(a)). Brillouin microscopy is label-

free, all optical longitudinal technique. Using the Brillouin shift as a contrast 

mechanism provides insight into the local material longitudinal modulus.  

 Existing designs of Brillouin spectrometers have approached the 

fundamental speed limit for high SNR in biological samples, thereby necessitating the 

development of new methods to enhance the speed of Brillouin microscopy. In this 

regard, multiplexed analysis of the Brillouin spectra appears to be a promising pathway. 

Using line illumination to multiplex Brillouin pixels significantly reduced the image 

acquisition time for Brillouin images (Fig. 1.3(b)). A pencil beam illuminates a sample 

and a Brillouin spectrometer collects Brillouin scattered light orthogonally to the line 
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of illumination, allowing for the simultaneous spectral analysis of pixels in a single row 

[8-10].  Further multiplexing to two dimensions (2D), or full-field spectroscopy, where 

the frequency domain is sequentially acquired but all the pixels in the field of view are 

simultaneously measured at each frequency, can further improve the imaging speed. 

However, while full-field spectral scanning is straightforward in spectroscopy 

techniques requiring low spectral resolution [11-16]; for Brillouin scattering 

spectroscopy, which requires sub-picometer (sub-GHz) spectral resolution, no solution 

for 2D multiplexing currently exists. 

 

Figure 1.3. Brillouin microscope illumination configurations.(a) Point-

scan configuration. (b) Line-scan configuration. 

1.2 Atomic line monochromators  

In this section, the working principle and transmission characteristics of an 

atomic line monochromator will be analyzed. A brief overview of the technology will 

be provided, followed by derivation of the transmission coefficient for a typical atomic 
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line monochromator. Finally, the monochromator transmission will be calculated using 

the classical theory of the optical absorption coefficients for the two orthogonal circular 

polarization components when one of the coefficients undergoes saturated absorption.  

 

1.2.1 Overview 

The dispersive properties of atomic vapors have been used to create ultranarrow 

bandpass monochromators with a wide field of view (FOV) for spectral analysis. 

Atomic vapors are gaseous media where the vapor is made of an atomic species such 

as potassium, cesium, or rubidium. In the presence of an external field such as a 

magnetic field or an electromagnetic field, the absorptive properties of atoms in the 

vapor will change for different polarizations of incoming light. These so-called atomic 

line monochromators are created by placing an atomic vapor between two crossed 

linear polarizers. When signal light is transmitted through the atomic line 

monochromator, the signal will be linearly polarized in the direction of the input 

polarizer. The atomic vapor prepared by the external field will shift the polarization of 

the signal near the very narrow atomic resonance, creating transmission through the 

output linear polarizer that is crossed with the input polarizer. The result is a 

monochromator with spectral resolution < 1GHz, orders of magnitude greater than 

conventional interference filters. Furthermore, atomic line monochromators possess 

wide FOVs because they use vapors for spectral analysis.  

An example of an atomic line monochromator is the Faraday anomalous 

dispersion optical filter (FADOF) [17-25]. FADOFs use an external magnetic field to 

split degenerate atomic resonances into separate components, a phenomenon called 
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Zeeman splitting [26]. The Zeeman splitting creates a circular dichroism effect within 

the atomic vapor near the atomic resonance. When incoming linearly polarized light is 

transmitted through the prepared vapor, because the linearly polarized light has equal 

parts of right and left circular polarization components, the atomic vapor will absorb 

the two orthogonal circular polarizations differently. As a result of the Zeeman 

splitting, the polarization of linearly polarized light near resonance will be flipped, 

causing transmission past the downstream polarizer, creating an ultra-narrow bandpass 

monochromator. FADOFs have been used in applications such as LIDAR systems [18-

20] space communications [21,22], and laser frequency locking [23-35].  

Devices like FADOF that do not use spectral dispersion for analysis are 

attractive for applications in Brillouin spectroscopy because they have a spectral 

resolution (.5-1 GHZ) and throughput (~50%) like VIPA-based Brillouin spectrometers 

while having the ability to perform full-field spectral analysis. A type of FADOF based 

on the excited states of rubidium (ESFADOF) was used as an edge filter to study the 

temperature profiles of water by measuring the Brillouin shift [19]. However, FADOF 

technology is not ideal for Brillouin measurements due to the inherent limitation of 

FADOFs, which typically exhibit multi-band transmission spectra. This arises from the 

global effects of the magnetic field on multiple atomic resonances of the vapor. The 

frequency range of these resonances can span from several GHz. This limitation hinders 

the selectivity of the device, making it less suitable for Brillouin measurements. 
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1.2.2 Atomic line monochromator transmission coefficient 

Consider an atomic vapor cell sandwiched between two crossed linear 

polarizers, where the first polarizer has the transmission oriented in the x-direction and 

the second polarizer has the transmission axis oriented in the y-direction (Fig. 1.4). A 

weak probe beam, i.e., the laser beam to be spectrally analyzed, will counter-propagate 

with a pump beam inside of the cell in the z-direction. 

 

 

Figure 1.4. Schematic drawing of an atomic line monochromator. 

 

Before entering the cell, the linearly polarized probe light will have an electric 

field vector E  

 

𝐸̂ =  𝐸0𝑥̂𝑒𝛼𝑧 =
𝐸0

√2
(𝜎+̂𝑒𝛼+𝑧 + 𝜎−̂𝑒𝛼−𝑧) 

(1.7) 
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where α is the absorption coefficient and α+ (α_) is the absorption coefficient for right 

(left) circularly polarized light. When the probe is transmitted through the second linear 

polarizer the transmitted wave is  

 

𝐸𝑇̂ =  
𝐸0

2
𝑦̂ (𝑒−

𝛼+
2 𝐿 − 𝑒−

𝛼−
2 𝐿) 

(1.8) 

 

where L is the length of the atomic vapor cell that both beams overlap inside of the 

atomic vapor cell. The total transmission past the second polarizer is  

𝑇 =  
|𝐸𝑇̂|

2

|𝐸̂|
2⁄  . 

(1.9) 

 

To simplify T, it is helpful to make relations for between α+  and α_  

𝛼0 =  
1

2
(𝛼+ + 𝛼−) 

(1.10) 

Δ𝛼 =  
1

2
(𝛼+ − 𝛼−) 

(1.11) 
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where α0 is the mean absorption coefficient of the atomic vapor, and Δα is the 

differential absorption coefficient of the atomic vapor [27–29]. Using these two 

relations, the transmission becomes 

𝑇 =
1

2
exp (−𝛼0𝐿){cosh(Δ𝛼𝐿) − 1} 

(1.12) 

Referring to Eq. (1.12), we see that transmission occurs past the second polarizer only 

when Δα≠0 (i.e., α+α_). In other words, there is only transmission when there is 

circular dichroism, the imbalance between the absorption of the two circular 

polarizations. The imbalance only occurs within a very narrow spectral region that is 

smaller than Doppler-broadened linewidth and is ultimately limited by the natural 

linewidth of the transition. Because the second polarizer blocks the non-resonant light, 

the simple schematic can be thought of as a high spectral resolution monochromator 

that transmits light at atomic resonances. 

 

1.2.3 Laser Induced circular dichroism 

To create an atomic line monochromator the atomic vapor must achieve a 

differential absorption of right (σ+) and left (σ_) circularly polarized light, an effect 

otherwise known as circular dichroism [27-29]. While FADOF uses a magnetic field 

to create circular dichroism within an atomic vapor, circular dichroism can also be 

created with the vapor by taking advantage of the absorption of electromagnetic 

radiation due to the selection rules for atomic transitions and saturated absorption 

[26,30-34]. The selection rules are a set of conditions that govern whether an atomic 
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transition is allowed or forbidden. Suppose we have an atomic energy level E1 and E2 

(Fig. 1.5). Each energy level is split into different magnetic sublevels. These different 

magnetic sublevels can be accessed by changing the polarization of light, as governed 

by the selection rules for the magnetic quantum number m and the conservation of 

angular momentum. For example, linearly () polarized light has no angular 

momentum (Fig. 1.5(a)), so the magnetic quantum number does not change when -

polarized light is absorbed (i.e., m = 0). However, circularly polarized light carries 

angular momentum. When the electron absorbs the photon, angular momentum is 

exchanged. The exchange creates a cycling effect between the magnetic sublevels in 

the ground and excited state until there are no more magnetic sublevels to accessed. 

For example, the absorption of σ+-polarized light results in a m= +1 change in 

magnetic quantum number (Fig. 1.5(b)).  

 

Figure 1.5. Schematic drawing of light absorption to different magnetic 

sublevels depending on the different polarization of light. (a) When -
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polarized light is on resonance. (b) When σ+-polarized light is on 

resonance. 

 

Now, assume a weak, -polarized signal traverses through an atomic vapor cell 

and is resonant with one of the atomic transitions. In the absence of an external field, 

the two orthogonal circular polarization components of the weak signal are absorbed 

normally. Now, suppose that there is a strong pump laser that is σ+-polarized, on 

resonance with the same transition as the weak signal, and is counter-propagating with 

the signal inside of the atomic vapor cell. Because the laser is σ+-polarized and is 

significantly more intense than the weak signal, the pump will create a population of 

atoms to the atomic energy state with the most angular momentum until light at that 

transition cannot be absorbed, meaning that the transition is sufficiently saturated. Now 

that the absorption of σ+-polarized light has been reduced at that specific atomic 

transition inside of the vapor, the atomic vapor will absorb the σ+-polarization 

component of the signal less than the σ_-polarization component. In other words, the 

circularly polarized pump laser has made it so that the atomic vapor exhibits circular 

dichroism, flipping the polarization of incoming -polarized signal and creating 

transmission. This effect is called laser induced circular dichroism (LICD), an effect 

we will use to realize an atomic line monochromator. 

The first atomic line monochromator based on the LICD effect was created by 

Gayen et al. in 1995 [35]. Atomic line monochromators based on the LICD effect 

typically possess 10-20%, <200 MHz bandwidth, and  500-800 GHz frequency 

tunability [28,29]. Also, because LICD atomic line monochromators use narrow 
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linewidth lasers, the circular dichroism only occurs near a specific resonance, resulting 

in better spectral resolutions than FADOF systems.  

 

1.2.4 Absorption coefficients for circularly polarized light 

From equations 1.10, 1.11, and 1.12, we can see that the signal transmission of 

the atomic line monochromator depends on the absorbing medium’s absorption 

coefficients for right (α+) and left (α_) circularly polarized light. As such, it is necessary 

to derive the absorption coefficient equations for both circular polarizations. Because 

the LICD effect requires a circularly polarized pump laser on resonance with a 

particular atomic transmission, we will choose the pump laser to be right circularly 

polarized and the absorbing medium to be rubidium-87 (87Rb) at the 52S1/2 (Fg = 2, mFg 

= +2)→52P3/2 (Fe = 3, mFe = +3) transition (780.24 nm). This specific 87Rb transition 

has been used  in the past to create atomic line monochromators [28]. 

When weak electromagnetic radiation propagates through an absorbing 

medium, the absorption coefficients α+  and α_ of the weak signal are 

𝛼+(𝜔) = 𝜅+(𝜔)𝑁0 (1.13) 

𝛼−(𝜔) = 𝜅−(𝜔)𝑁0 (1.14) 

where 𝜔 is the frequency of the absorbed light, 𝜅+(𝜔) is the absorption cross-section 

for right circularly polarized light, 𝜅−(𝜔) is the absorption cross-section for left 
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circularly polarized light, and N0 is the atomic number density. The absorption cross-

section for both circular polarization components is 

𝜅±(𝜔) =
𝑓±𝑒2

4𝜖0𝑚𝑒𝑐
[

𝛤/2

 (𝜔0 − 𝜔)2 + (
𝛤
2

)
2] 

(1.15) 

where 𝑓± is the oscillator strength, 𝑒 is the electron charge, 𝜖0 is the permittivity of free 

space, 𝑚𝑒 is the electron mass, 𝑐 is the speed of light, 𝜔0 is the resonant frequency of 

the atomic transition of interest, and 𝛤 is the natural linewidth of the trasnition (6 MHz 

for Rb). The oscillator strength describes the probability of absorption for an atomic 

transition and is the ratio between the quantum mechanical transition rate and the 

classical absorption rate [36]. The oscillator strength fge, which determines the 

probability of an atomic transition between a ground state (g) and excited state (e) is 

described as 

𝑓𝑔𝑒 =  (
8𝜋2𝑚𝑒𝜔𝑔𝑒

3ℎ𝑒2
) |⟨𝜓𝑔|𝒓|̅𝜓𝑒⟩|

2
 

(1.16) 

where ge is the resonant frequency of the transition, h is Planck’s constant, and the 

term |⟨𝜓𝑔|𝒓|̅𝜓𝑒⟩|
2
is the Glebsch-Gordan coefficient. The Glebsch-Gordan coefficient 

is the amplitude of the angular momentum coupling between the ground state and the 

excited state of an atomic transition and is often tabulated for the atomic transitions of 

elements like Rb [36]. Because the σ+-polarized pump laser is resonant with the 52S1/2 

(Fg = 2, mFg = +2)→52P3/2 (Fe = 3, mFe = +3) transition, the oscillator strength is 
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calculated to be f+ = .0032. The σ_-polarization component of the probe will undergo 

the 52S1/2 (Fg = 2, mFg = +2)→52P3/2 (Fe = 3, mFe = +1) transition, so the oscillator 

strength for that transition is calculated to be f_ = .0013 . 

For 87Rb, the atomic number density 𝑁0 is defined as 

𝑙𝑜𝑔10(𝑁0) = 34.8325 + 0.00059𝑇0 − 3.991𝑙𝑜𝑔10(𝑇0) −
4529.6

𝑇0
 

(1.17) 

where T0 is the temperature of the atomic vapor [37]. For the case of an atomic vapor 

cell, the vapor is in equilibrium with condensate inside of the cell. As such, the atomic 

number density is related to the Clausius-Clapeyron relation. We are only considering 

the transmission at the center of the transmission, meaning that we will not consider 

Doppler-broadening for these calculations. 

As a result of the right circularly polarized pump beam, the absorption of right 

circularly polarized light will be reduced in the 87Rb atomic vapor, meaning that the 

right circular polarization component will undergo saturated absorption. 

Consequentially,  𝛼+(𝜔) becomes 

𝛼+(𝜔) =
𝜅+(𝜔)𝑁0

1 + (𝐼
𝐼𝑠𝑎𝑡

⁄ )
 

(1.18) 

where I is the pump laser irradiance and Isat is the saturation intensity of the transition 

[38-40]. Isat is the intensity in which an atom can no longer absorb more light on 

resonance. For stationary 87Rb atoms, Isat =1.669 mW/cm2 [28,41]. 
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1.2.5 Transmission characteristics of an LICD atomic line monochromator 

With Eq. (1.15) and Eq. (1.18), we now have the absorption coefficients for 

both orthogonal polarization components necessary to simulate the transmission of an 

LICD atomic line monochromator. The monochromator transmission is related to the 

number of atoms inside of the vapor that are sufficiently saturated by the pump laser. 

In other words, the monochromator transmission is related to the irradiance of the pump 

laser and the temperature of the atomic vapor. 

The LICD atomic line monochromator transmission versus pump irradiance is 

shown in Fig. 1.6(a). The length of the atomic vapor cell L is 75 mm, and 87Rb vapor 

at 45oC has an atomic number density 𝑁0= 6.15051010 cm-3. From Fig. 1.6(a), the 

transmission increases as the pump irradiance increases until saturating near 1.5 

W/cm2, meaning that the pump laser has sufficiently saturated the length of the cell. 

Notably, the saturation occurs at a transmission T = .25. From Eq. (1.12), the 

transmission of the LICD atomic line monochromator will not reach higher than 25%  

because one of the linear polarization components is already blocked by the output 

polarizer, and only one circular polarization component of the blocked linear 

polarization is transmitted through the output polarizer. Although the transmission limit 

is 25%, LICD atomic line monochromators do not reach this limit experimentally 

because lasers are unable to completely polarize electrons.  

The LICD atomic line monochromator transmission versus vapor cell 

temperature is shown in Fig. 1.6(b). The pump irradiance is held constant at 1 W/cm2. 

The monochromator transmission increases as the temperature of the atomic vapor cell 

increases, reaching ~25% at 45oC. However, the transmission begins to decrease for 
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temperature greater than 45oC. This decrease in transmission is a result of Beer’s Law 

[26]. The temperature of the vapor is so high that the vapor becomes more optically 

thick at the end of the cell, making it so that the pump laser saturates the vapor less and 

leading to less transmission of the signal.    
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Figure 1.6. Theoretical calculations of the LICD monochromator 

transmission. (a) Monochromator transmission versus pump irradiance. 

(b) Monochromator transmission versus atomic vapor cell temperature. 

  

In conclusion, we have identified LICD atomic line monochromators as a 

technology for measuring Brillouin signal. A classical numerical model has been 

derived to predict the transmission behaviors of the LICD atomic line monochromator, 

which agrees with experiments from previous work. The 25% theoretical peak 
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transmission is competitive with current state-of-the-art Brillouin spectrometers. In the 

future, a more complex model will have to be implemented to predict the transmission 

characteristics of more complicated pumping schemes, such as a pumping scheme 

where the circularly polarized pump laser creates circular dichroism at a transition 

different from the transition it is resonant with. In this case, the atomic number density 

would be different for the atoms on resonance with the pump laser and the atoms on 

resonance with the signal at a different frequency.       
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Chapter 2 

Full-field optical spectroscopy at high spectral 

resolution using atomic vapors* 

 

In this Chapter we report an atomic line monochromator based on the LICD 

effect and demonstrate the potential of the device for high-resolution, full-field 

spectroscopy. First, we describe the working principle of the atomic line 

monochromator using a pump-probe scheme, where the pump laser is used to create 

the LICD effect inside of the vapor and the probe laser is used to simulate signal. Next, 

we will characterize the transmission and spectral resolution (or linewidth) 

performances of the device. We also demonstrate the monochromator frequency 

scanning range, turning the monochromator into a spectrometer. Finally, we prove the 

whole-image transmission capabilities of the atomic line monochromator using a 

USAF target. We then show how LICD effect impacts image contrast and spatial 

resolution.  

 

 

 

 

*The results of this Chapter were part of a peer-reviewed publication, Optics 

Express 31(3), 2023 
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2.1  LICD atomic line monochromator design  

2.1.1 Working principle 

Our high-resolution monochromator is based on laser induced circular dichroism 

(LICD) in rubidium atomic vapors.1 Consider a rubidium-87 (87Rb) atomic vapor cell 

and the hyperfine structure of the 52S1/2→52P3/2 D2 line [30]. Fig. 2.1(a) shows all the 

allowable transitions from 87Rb 52S1/2 (Fg = 2) hyperfine ground state to the 87Rb 52P3/2 

(Fe = 1, 2, 3) hyperfine excited states, as well as the so-called crossover (CO) transitions 

which are artifacts of the counterpropagating pump and probe beams when traveling 

atoms see both lasers on resonance when the frequencies are half-way between two 

hyperfine transitions [26,31]. Fig. 2.1(b) shows the saturated absorption (SAS) 

spectrum of the 87Rb (Fg = 2→Fe = 1,2,3) highlighting the hyperfine transitions and the 

CO peaks collected using a compact saturation spectroscopy module (CoSy, Toptica).  
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Figure 2.1. Hyperfine transitions of the 87Rb D2 line. (a) Transition schematic of the 

D2 87Rb 52S1/2 (Fg = 2)→ 87Rb 52P3/2 (Fe = 1, 2, 3) along with the crossover (CO) peaks 

(dashed arrows); (b) SAS spectrum of the D2 87Rb 52S1/2 (Fg =2) hyperfine transitions. 

 

When a right-circularly σ+-pump laser beam is on resonance with the 52S1/2 (Fg 

= 2)→52P3/2 (Fe = 3) transition, the atomic population cycles between the magnetic 

sublevels of ground and excited states, until the transition 52S1/2 (Fg = 2, mFg = 

+2)→52P3/2 (Fe = 3, mFe = +3) is populated [26,32]. Fig. 2.2(a) shows the atomic 

transitions and magnetic sublevels of the 87Rb 52S1/2→52P3/2 D2 line. When the pump 

beam is σ+-polarized, atoms will be excited and make a magnetic sublevel change m 

= +1 . The atoms that accumulate to the excited state will eventually decay from the 

excited state (m = 0, ±1). When the σ+-polarized pump beam is powerful enough, the 
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atomic population density in the highest magnetic sublevels of ground and excited 

states becomes the same, hence the transition is saturated, but only for this circular 

polarization state [28,29]. The pump beam has thus prepared the vapor to absorb the 

orthogonal circular polarization components differently, an effect known as laser 

induced circular dichroism (LICD). Fig. 2.2(b) illustrates what happens when a π-

polarized probe beam counterpropagating and in resonance with the same hyperfine 

transition passes through the atomic vapor cell that was prepared by the σ+-polarized 

pump beam. The linear polarization of the probe beam can be seen as the superposition 

of the two orthogonal circular polarization states [33]: the σ+ component will not be 

absorbed because the pump laser has saturated the transition and therefore there are no 

atoms available for absorption; however, according to the selection rules (m = -1), the 

left-circular polarization component (σ-) will be absorbed because lower magnetic 

sublevels in the excited state are free to be occupied.  
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Figure 2.2. Relevant 87Rb transitions and LICD effect. (a) Pump laser saturation 

scheme. Solid arrows are absorption pathways and dashed arrows are decay pathways; 

(b) Probe laser absorption after pumping. The specific transitions for the right (left) 

circular component of the probe are depicted in red (blue). 

 

2.1.2 Experimental setup 

The schematic of the experimental setup is shown in Fig. 2.3. The pump laser 

beam (TA pro, Toptica) is a collimated Gaussian beam with a 1/e2 diameter of 1.35 mm 

and is used to prepare the pure 87Rb atomic vapor cell (Precision Glassblowing), which 
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is 75 mm in length and 25 mm in diameter. The pump laser is tunable and can be locked 

within the D2 lines of 87Rb and 85Rb using a saturated absorption spectroscopy (SAS) 

module (CoSy, Toptica). The pump beam laser irradiance is controlled using a half-

wave plate (/2) and a polarizing beam splitter (PBS) cube. A 10:90 (R:T) non-

polarizing beam splitter (BS) cube is used to align the pump laser to propagate through 

the middle of the atomic vapor cell. The pump beam is σ+-polarized using a quarter-

wave plate (λ/4) before the BS, and its polarization is checked after being reflected by 

the BS. To simulate spectral analysis, we use a probe laser beam (DL pro, Toptica)  that 

is also a collimated Gaussian beam with a 1/e2 diameter of 1.35 mm. The probe beam 

can also be tuned around and locked within the D2 lines of the two Rb isotopes using a 

second CoSy module. The probe beam is focused into the 87Rb cell by an aspherical 

lens (L1) with a 200 mm focal length f and aligned to counter-propagate with the pump 

laser inside of the atomic vapor cell. The first Glan-Taylor (GT1) polarizer (100,000:1 

extinction ratio) is used to linearly polarize the probe beam before entering the vapor 

cell. A second aspherical lens (L2) of 200 mm focal length is used to re-collimate the 

laser and is part of a 4f-system with L1. A second Glan-Taylor polarizer (GT2), crossed 

with GT1, is placed after the BS and only transmits probe light with frequency falling 

in the LICD window created by the pump. The extinction of the LICD monochromator 

is limited by the extinction ratio of the output polarizer, which was measured to be ~-

54 dB using an optical power meter (S130C, Thorlabs). The transmitted signal is 

detected using a photodiode detector (PDA36A2, Thorlabs). 
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Figure 2.3. Setup schematic: L1, L2, aspherical lenses; GT1, GT2, Glan-Taylor 

polarizers; BS, non-polarizing beam splitter; M, mirror; PBS, polarizing beam splitter; 

/2, half-wave plate; /4, quarter-wave plate; D, detector; B, beam block; f, focal length 

distance of lenses L1 and L2; O, object plane 4f system.  

 

2.2  LICD atomic line monochromator characterizations 

2.2.1 Transmission and linewidth characterizations 

Fig. 2.4. shows an exemplary transmission spectrum of the LICD 

monochromator (red trace). The probe irradiance is kept at 0.7 mW/cm2 before entering 

the 87Rb cell. The laser irradiance of the probe beam is less than the saturation laser 

irradiance Isat for a stationary 87Rb atom, which is 1.669 mW/cm2 [28,41]. The 

temperature of the LICD atomic vapor cell is 42oC. The frequency axis of Fig. 2.4 is 

calibrated using the CoSy module. The pump irradiance is .7 W/cm2 and the frequency 

is locked within the 87Rb (Fg = 2) band, and to the CO-2,3 hyperfine transition (see Fig. 

2.1), which allowed for the highest LICD induced transmission. The three peaks 
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correspond to the - transitions 52S1/2 (Fg = 2)→52P3/2 (Fe  = 1, 2, 3) (see Fig. 2.2(b)). 

The transmission peak corresponding to the 52S1/2 (Fg = 2)→52P3/2 (Fe=3) transition 

appears due to the saturated absorption induced by the + pump. The two peaks 

corresponding to the 52S1/2 (Fg = 2)→52P3/2 (Fe= 1, 2) are also LICD effects. The _ 

component of the probe on resonance with the two transitions is still normally 

absorbed, but the + is not absorbed because there are no more magnetic sublevels in 

the excited state to satisfy the selection rule for + transitions, i.e., m = +1. In 

particular, the highest peak corresponds to the 52S1/2 (Fg = 2)→52P3/2 (Fe = 2) transition, 

which exhibits the highest magnitude of its Clebsch-Gordan coefficient of the hyperfine 

dipole matrix (−√1/12 for the 52S1/2 (Fg =2 , mFg = +2)→52P3/2 (Fe  = 2, mFe = +1) 

transition versus √1/30 for the 52S1/2 (Fg = 2, mFg = +2)→52P3/2 (Fe = 3, mFe = +1) 

transition) [28,38]. When the pump is blocked, the probe is absorbed by the vapor and 

blocked by the crossed polarizer and there is no transmission, as recorded in yellow in 

Fig. 2.4. The inset of Fig. 2.4 plots transmission converted into decibel (dB) units. 

Although the polarizers have -54 dB extinction, we will not see the full extinction of 

the polarizers because it is below the limit of detection for the PDA36A2 photodiode, 

which is roughly -30dB. Still, the inset shows that when the polarizers are crossed that 

the rejection is detector limited. The LICD throughput is on the order of 10-20%, 

consistent with previous experiments [28,29], limited by the collisional effects that the 

atoms experience. 
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Figure 2.4. Exemplary transmission spectrum of the LICD monochromator. With no 

pump (yellow line), the linear probe is absorbed by the vapor and blocked by the 

crossed polarizer. Only in the presence of pump saturation (red line) the 

monochromator exhibits circular dichroism at specific hyperfine transitions. Inset, 

LICD transmission and “pump off” condition in units of decibels. 

 

The transmission and the spectral resolution performances of the LICD 

monochromator are characterized in Fig. 2.5, where amplitude and linewidth 

(calculated as full width at half maximum, FWHM) of the highest transmission peak 

are evaluated. These two parameters can be controlled by the number of atoms 

saturated by the pump laser beam, which in turn can be tuned by the irradiance of the 
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pump laser and the temperature of the vapor cell. Fig. 2.5(a,b) show the behavior of 

transmission and linewidth versus the pump irradiance when the LICD vapor cell 

temperature is fixed at 42oC. As the pump becomes more powerful and saturates the 

transition, the probe transmission increases until there is complete saturation at roughly 

1.12 W/cm2. This power is much higher than Isat reported in [28,37], but it is needed to 

sufficiently saturate the entire length of the vapor cell at a high temperature. The 

linewidth of the central peak, which effectively determines the spectral resolution, 

increases as the pump power increases due to power broadening (Fig. 2.5(b)): the pump 

beam is so intense that it decreases the lifetime of the transition, which in turn increases 

the width of the peak [38,39,41]. Fig. 2.5(c,d) show instead the behavior of 

transmission and linewidth versus the vapor cell temperature when the pump irradiance 

is fixed at 1.12 W/cm2. At room temperature, the vapor is in equilibrium with a small 

portion of 87Rb atoms condensed onto the walls of the cell, thus it is necessary to heat 

the cell to separate the atoms from the walls of the cell and create a more active gas. 

As the vapor cell is heated, more atoms become available to be saturated by the pump 

beam and the transmission increases up until about 45oC (Fig. 2.5(c)). At temperatures 

higher than 45oC the transmission exhibits a steep decrease. Consistent with Beer’s law 

[26], the pump beam irradiance decreases and saturates less as it propagates through 

the absorbing vapor, leading to a decrease in probe transmission. The linewidth instead 

decreases with the cell temperature (Fig. 2.5(d)) possibly because, as more atoms 

interact with the lasers, the natural linewidth of the transition can be resolved. 

Overall, a compromise must be found between temperature and pump power to 

achieve a good transmission level and a good spectral resolution. With a pump 
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irradiance of 1.12 W/cm2 and a vapor cell temperature of 42oC, the monochromator 

transmission and linewidth are ~17% and ~80 MHz, respectively. 

 

 

Figure 2.5. Characterization of LICD monochromator transmission and 

spectral resolution as a function of (a-b) pump irradiance and (c-d) vapor 

cell temperature. Insets for (a) and (b) show where the transmission 

FWHM are taken in the monochromator transmission spectrum. 

 

2.2.2 Frequency tuning capabilities of the LICD atomic line monochromator 

The frequency tuning capabilities of the monochromator, and thus the ability to 

build a spectrometer, are shown in Fig. 2.6. Tuning the pump frequency within the 87Rb 

52S1/2 (Fg = 2) Doppler broadened band allows us to probe and saturate different atomic 

velocity classes of the rubidium atoms in the vapor, thus shifting the transmission 
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window, as shown in Fig. 2.6(a). The negative slope of the shift shows us that, when 

the pump is detuned to higher frequencies, the peak transmission shifts towards lower 

frequencies. The counter-detuning effect is due to the counterpropagating alignment of 

the lasers, which see atoms traveling at the same speed, but in different directions. Fig. 

2.6(b) shows the transmission of the highest peak of the monochromator as a function 

of the pump detuning from the 87Rb 52S1/2 (Fg = 2)→52P3/2 (Fe = 3) transition. A 

Gaussian fit (black trace in Fig. 2.6(b)) was used to estimate the FWHM of the 

envelope. The transmission envelope has a Gaussian FWHM of 509 MHz, which 

agrees with the Doppler width of Rb atoms [27,29,42]. Larger spectral ranges could be 

achieved with a different atomic vapor species. Potassium, for example, has a doppler-

width of ~800 MHz at 770 nm [43-46]. To analyze different frequency ranges, the 
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central frequency of the spectrum can be changed by tuning the incident beam 

frequency so that the spectrum falls inside the atomic vapor transmission window. 

 

 

Figure 2.6. Frequency scanning capabilities of the 

monochromator. (a) Monochromator peak frequency 

detuning versus pump frequency detuning. (b) 

Monochromator transmission versus pump detuning 

(Gaussian fit is shown in black). 
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2.3 Imaging using the atomic line monochromator  

2.3.1 Full-field spectroscopy 

After characterizing transmission, resolution and tunability of the LICD 

monochromator, we demonstrated its capability to transmit an image, i.e., to provide 

simultaneous transmission of all the points in a field of view. To do so, the 

monochromator is designed so that the vapor cell is placed within a 4f system 

composed of the two 200 mm focal length lenses (L1 and L2 in Fig. 2.3). A USAF 

target (R3L1S4N, Thorlabs) was placed at the object plane O of L1, and the photodiode 

detector was replaced by an sCMOS camera (Andor, Zyla 4.2) at the front focal plane 

of the second lens.  

Imaging results are shown in Fig. 2.7. Fig. 2.7(a) shows a test image of the 

USAF target element 5 of group 2, when the vapor cell is idle, i.e., the probe beam is 

off resonance, the pump beam is off, and the GT polarizers are in parallel configuration. 

When the polarizers are crossed, there is no image transmission, as seen in Fig. 2.7(b). 

Image transmission is achieved in Fig. 2.7(c) when the pump and probe beams are on 

resonance within the 87Rb 52S1/2 (Fg = 2) absorption band. The pump beam was 

expanded to 1.69 mm in diameter and the irradiance was 1.12 W/cm2. The probe laser 

irradiance was 11.2 mW/cm2. Here, it was necessary to increase the probe power to 

overcome stray pump light reflected by the vapor cell window into the camera. Still, 

the transmission achieved in Fig. 2.7(c) was ~15.6%. When the beams are off 

resonance, instead, no image transmission was observed, as shown in Fig. 2.7(d). 
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Figure 2.7. Image transmission of a USAF target through the LICD 

spectrometer (a) when the vapor cell is idle and polarizers are parallel, 

(b) when polarizers are crossed, (c) when the LICD monochromator is 

fully operational with pump and probe on resonance, and (d) when the 

probe beam is off resonance from the pump beam. Scale bars are 500 

m. 

 

2.3.2 LICD atomic line monochromator effect on spatial resolution  

Next, we established an operational definition of the effective diameter of the 

pump beam for the sake of imaging resolution. For this phenomenon, the critical 

physical property is the preparation of the 87Rb atoms, thus the effective pump beam 

diameter is determined by having enough pump irradiance to saturate the atoms in a 
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certain cross-sectional area. To confirm this idea experimentally, we kept the pump 

1/e2 diameter at 1.35 mm and changed the pump irradiance while recording the spatial 

resolution. Indeed, we observed that changing the irradiance of the pump beam is 

equivalent to changing the diameter of a limiting pinhole in our 4f imaging system, as 

seen in Fig. 8(g). A pump irradiance of 0.42 W/cm2 yields a resolution of 111.36 m, 

1.26 W/cm2 yields a resolution of 88.5 m, and 7.55 W/cm2 yields a resolution of 78.7 

m. To estimate the effective cross-sectional area of the pump beam that sufficiently 

saturates the vapor, we used the definition of a Gaussian irradiance profile to calculate 

the effective diameter deff of a Gaussian laser beam  

 

𝑑𝑒𝑓𝑓  =  2
√

−𝜔2𝑙𝑛 (
𝐼𝑒𝑓𝑓

𝐼0
⁄ )

2
 , 

 

(2.1) 

 

where ω is the 1/e2 diameter, Ieff is the irradiance of the Gaussian beam at deff, and I0 is 

the peak irradiance at the center of the laser beam. By assuming that ω = 1.35mm and 

using Ieff as a free parameter, we used the Rayleigh criterion to fit the three estimated 

resolutions as a function of the pump peak irradiance shown in Fig. 8(g). Using the fit, 

we found that the cross-sectional area that predicts the experimental resolution was at 

Ieff =13.59 mW/cm2, which is in good agreement with the experimental data (R2 = 0.92). 

The back-calculated laser diameters at the 13.59 mW/cm2 threshold were 1.76 mm for 

the 0.42 W/cm2 pump irradiance, 2.02 mm for 1.26 W/cm2, and 2.41 mm for 7.55 

W/cm2. The effective diameter of the limiting aperture of the imaging system are thus 

~1.3-1.8 fold greater than the 1/e2 diameter of the pump beam. 
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Figure 2.8. Image transmission of the USAF target at different pump 

diameters and irradiances. Test image and correspondent laser 

irradiance profile (a,b) when the monochromator is not operating, (c,d) 

when the monochromator is operating with 1.35 mm pump diameter, 
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and (e,f) 2.54 mm pump diameter. (g) Spatial resolution of our system 

versus the irradiance of the pump beam. The red crosses indicate 

experimental values taken with 0.42 W/cm2, 1.26 W/cm2, and 7.55 

W/cm2 pump irradiances when the laser 1/e2 diameter is 1.35 mm. The 

black dashed line is the fit of the data using the Rayleigh criterion and 

Eq. (2.1), as explained in the text. 

 

2.4 Conclusions  

In summary, the LICD atomic line monochromator possesses ~17% 

transmission, ~80 MHz spectral resolution, and a scanning range limited to the doppler-

width of Rb. We also proved that full-field spectroscopy is possible by transmitting an 

image of a USAF target when the image light is on resonance with the monochromator 

transmission band and image rejection when the image light is off resonance.  

The LICD atomic line monochromator design from Fig. 2.3 suffers from two 

main drawbacks: the pump back reflection and the stringent scanning operation. The 

pump laser beam reflects from the window of the vapor cell and into the detector area. 

The pump back reflection creates a significant problem for Brillouin spectroscopy 

applications. The anti-reflection coating of the 87Rb windows is ~0.5%, meaning that 

the back reflection is on the order of microwatts for an 8 mW pump laser power (1.12 

W/cm2 irradiance). Because the pump back reflection is orders of magnitude higher 

than the estimated Brillouin signal, the design is impractical for Brillouin applications. 

A potential solution to the pump back scattering is to implement a lock-in amplifier. 
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Lock-in amplifiers are used to detect a modulated signal that is drowned in significant 

background noise. For our purposes, we can modulate the pump background noise by 

using an acousto-optic modulator to vary the power of the pump laser. A lock-in 

amplifier can then be used to separate the modulated noise from the unmodulated probe 

signal. Lock-in amplifiers have been used to achieve shot-noise limited sensitivity in 

pump-probe schemes [47-50], however there are no easily available lock-in 

amplification approaches for 2D multiplexing.  

Scanning the spectrometer frequency window by changing the pump frequency 

also presents challenges for Brillouin applications. The initial idea was to scan the 

probe beam within the 85Rb (F=2) band, which is ~4.2 GHz away from the central 

frequency of the 87Rb (F=2) band where the LICD spectrometer is operated. Locking 

the probe beam within the 85Rb (F=2) band and using the probe to scan a sample would 

provide Brillouin photons, and the LICD transmission window could analyze Brillouin 

photons that have a ~4.2 GHz shift. Detuning the LICD spectrometer frequency 

window can only occur within the Doppler broadened band 87Rb band, which is only 

~500 MHz, so the Doppler-broadened window may be too narrow to study phenomena 

with a change in Brillouin shift that is greater than the 500 MHz. A possible solution is 

to, instead of locking the probe frequency and scanning the pump frequency, is to scan 

the probe frequency and lock the pump frequency. Locking the pump frequency fixes 

the monochromator central peak frequency, whereas scanning the probe beam 

essentially shifts the Brillouin spectrum through the transmission window. In this way, 

the dynamic range of the monochromator is limited to the scanning range of the laser 

(50 GHz in our case). The drawback to scanning the probe, however, is that scanning 
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outside of the Doppler broadened bands prevents the use of atomic vapor cell notch 

filters that can reject Rayleigh scattered light. Locking the probe beam in the 85Rb (F=2) 

band would mean that an 85Rb atomic vapor cell notch filter could be added before the 

LICD setup to reject Rayleigh scattered light in that band, providing greater than 30 dB 

extinction [51-55].  
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Chapter 3  

Brillouin spectroscopy via an atomic line 

monochromator  

 

In this Chapter, we improve upon the LICD atomic line monochromator design 

from Chapter 2 for the first Brillouin measurements of this kind of device. The noise 

from the pump back-reflection presents a critical setback for Brillouin measurements. 

Operating both the pump and probe at the same wavelength prevents the usage of more 

traditional bandpass filters to be used to reject the pump back reflection and transmit 

the Brillouin signal.  

The monochromator design from Chapter 2 relied on the pump frequency and 

the signal frequency being resonant with the same atomic transition and, as a result, 

operating at the same wavelengths. The purpose of Chapter 3 is to overcome the pump 

back reflection by using a pumping scheme that relies on the use of two different 

excited states of 87Rb instead of one, unlike the ground state LICD spectrometer from 

Chapter 2. Using a pumping scheme that operates the pump laser at one frequency and 

transmits signal at another frequency allows for traditional bandpass filters to be used 

to transmit the signal light and reject the pump back reflections.  
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3.1  Ladder-type LICD atomic line monochromator design  

3.1.1 Working principle 

The atomic line monochromator presented in this Chapter is based on the laser 

induced circular dichroism (LICD) effect within a rubidium-87 (87Rb) atomic vapor 

[28,29,56]. The pumping scheme for this monochromator is based on a ladder-type 

configuration: one for optical pumping and the other for signal transmission. A ladder-

type atomic transition is a series of sequential transitions [57-60]. Figure 3.1 shows the 

pumping scheme of the new atomic line monochromator, which utilizes three 87Rb 

orbitals: 52S1/2, 52P3/2, and 52D3/2 [61]. Each orbital is divided into different hyperfine 

levels, which consists of magnetic sublevels that can be accessed depending on the 

frequency and polarization of the incoming light. 

Initially, a σ+-circularly polarized pump laser, resonant with the 

52S1/2(F=2)→52P3/2(F’=3) transition at pump  384.2304 THz frequency and pump  

780.24 nm wavelength, propagates inside of a pure 87Rb vapor cell. The σ+-polarized 

pump creates a +1 change in magnetic quantum number (Δm = +1) between the 

magnetic quantum numbers in the ground and excited states. The electrons 

spontaneously decay to the ground state following a Δm = 0, ± 1 magnetic quantum 

number change [26]. Thus, the σ+-polarized pump generates a cyclical effect between 

the ground state and the excited state magnetic sublevels until electrons occupy the 

52S1/2(F=2, mF=+2)→52P3/2(F’=3, mF’=+3) transition. When the pump is powerful 

enough, the transition is saturated and the electron population densities in the 

52S1/2(F=2, mF=+2) ground state and the 52P3/2(F’=3, mF’=+3) excited state are equal 

[34]. 
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This optical pumping scheme prepares the vapor to exhibit circular dichroism for 

counter-propagating signal on resonance with the excited state transition 

52P3/2(F’=3)→52D3/2(F’’=3) at 0  386.3581 THz frequency and 0  775.94 nm 

wavelength [56,59]. If the signal is -polarized, and, therefore, composed of the two 

orthogonal circular polarization components, the circular polarization components of 

the signal will be absorbed differently by the atoms as governed by the selection rules 

for the magnetic quantum number. The left σ_-circular polarization component will be 

absorbed because there are magnetic sublevels in the 52D3/2(F’’=3) hyperfine state that 

are free to be occupied and obey the magnetic quantum number selection rule for σ_-

polarized light (i.e., Δm = -1). Instead, the σ+ component of the signal will not be 

absorbed because that transition is dipole forbidden. Thus, pumping at 780.24 nm has 

caused the vapor to be transparent for σ+-polarized light at the 

52P3/2(F’=3)→52D3/2(F’’=3) resonance. We use this ladder-type pumping scheme to 

realize a high-resolution atomic line monochromator by inserting the optically pumped 

vapor in between two crossed linear polarizers. For the case of measuring Brillouin 

scattered light with a Brillouin shift B, because the Brillouin shift has a linear 

dependance on the incident laser frequency, Brillouin photons will be transmitted 

through the atomic line monochromator when the incident laser has been detuned B 

away from the 52P3/2(F’=3)→52D3/2(F’’=3) transition resonance. There will only be 

signal transmission through the atomic line monochromator at frequencies 0 and 0 

B. In other words, tuning the incident laser frequency around the atomic line 

monochromator central frequency sweeps the Brillouin signal through the bandpass 

window, creating a high-resolution spectrometer.  
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Figure 3.1. Ladder-type pumping scheme of the atomic line monochromator. The solid 

(dashed) arrows indicate absorption (decay) pathways. The pump changes the electron 

population density (yellow) in the ground state and excited state. The σ+-polarized 

pump is resonant with the 52S1/2(F=2)→52P3/2(F’=3) transition at a frequency 𝜈pump nm 

and the -polarized signal light is on 52P3/2(F’=3)→52D3/2(F’’=3) transition at 

frequencies 0 and 0± 𝜈B. 

 

3.1.2 Experimental setup 

The experimental setup is shown in Fig. 2. An epi-detection confocal microscope was 

built to collect Brillouin photons and combined with the atomic line monochromator 

for signal analysis. A tunable laser (DL pro, Toptica) acts as the incident laser and its 

central wavelength is near the 87Rb 52P3/2(F’=3)→52D3/2(F’’=3) transition at 775.94 

nm. The incident laser was split using a 50:50 (R:T) non-polarizing beam splitter cube 

(BS1), with one path leading to the microscope and the other path to a Fabry-Pérot 
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interferometer (FPI, SA30-73, Thorlabs) for laser frequency calibration. When the laser 

frequency was scanned, the FPI resonance peaks were used to calibrate the incident 

laser frequency in GHz. In the microscope path, the incident laser passes through a 

polarizing beam splitter cube (PBS1) and a quarter-wave plate (QW1) before being 

focused by a microscope objective L1 (0.11 NA, 50 mm focal length) inside of a cuvette 

containing the sample. At the focus, the incident laser has a diameter of  4.3 m. The 

same objective collects the Brillouin signal from the focal point. Due to QW1, the 

polarization of the collected signal changes and is reflected by PBS1 into a microscope 

objective (O1) and a polarization-maintaining fiber (PMF). The PMF serves as a 

confocal pinhole, restricting light collection to the focal plane, and sending the light to 

the atomic line monochromator for analysis. Using a saturated absorption spectroscopy 

module (CoSy, Toptica), the pump laser frequency (TA pro, Toptica) is locked to the 

87Rb 52S1/2(F=2)→52P3/2(F’=3) transition. The pump laser diameter out of the fiber 

collimator is 1.35 mm. The pump is σ+-polarized using a quarter-wave plate (QW2), 

and a 10:90 (R:T) non-polarizing beam splitter (BS2) cube aligns the pump inside of a 

pure 87Rb atomic vapor cell. From the PMF, the Brillouin signal is sent through the 

atomic line monochromator which is mainly composed of a pure 87Rb atomic vapor 

cell and two crossed Glan-Taylor polarizers (GT1 and GT2; GT10-B Thorlabs). The 

signal is aligned to GT1 with a half-wave plate (HW1) and focused through the cell via 

a 4f system (L2 and L3, 200 mm focal length) to overlap with the counter-propagating 

pump beam inside the cell. The signal is finally transmitted through the polarizer GT2 

(105:1 extinction ratio) which is crossed with GT1 and is focused onto an electron-

multiplying charged-coupled device (EMCCD) camera (iXon Ultra897, Andor) using 
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a 50 mm focal length lens (L4). A flip mirror is positioned before the final lens L4 so 

that it can reflect light into a photodiode detector (PDA36A2, Thorlabs). For simplicity 

of the data analysis, the monochromator characterization was completed with the 

photodiode detector instead of the EMCCD camera.  

A feature of LICD atomic line monochromators is pump light back-reflected off 

the 87Rb cell window into the detector. The pump-back-reflection is on the order of 

several microwatts of power and obstructs the optical path of the signal, which is orders 

of magnitude greater than spontaneous Brillouin scattered light due to a low scattering 

cross-section of 10-9 [62]. To address the pump-back-reflection, two bandpass filters F 

(Alluxa) were placed before the detector to provide 95% transmission at 775.94 nm 

and ~60 dB rejection at 780.24 nm. This is a significant improvement to the previous 

design of the LICD atomic line monochromator that utilized a single transition and 

therefore, could not use spectral filtering to block the pump background noise [18]. A 

spatial filter was also added after L3 and before GT2 to provide additional extinction 

of the pump background noise. The spatial filter was created using a 15 m pinhole, an 

input lens O2 of 16.5mm focal length, and an output lens O3 of 18 mm focal length. 

The spatial filter provided an additional ~5 dB rejection of the back-reflected pump 

background noise while allowing ~88% transmission of the signal. 

 



 

48 

 

 

Figure 3.2. Setup schematic for the atomic line monochromator. L1, L2, L3,L4 lenses; 

PBS1, PBS2, polarizing beam splitter; BS1, BS2, non-polarizing beam splitter; QW1, 

QW2, quarter-wave plate; HW1, HW2, half-wave plate; FPI, Fabry-Pérot 

interferometer; P, pinhole; F, bandpass filter; PD, photodiode detector; O1,O2, O3, 

objective lens; B, beam block; M, mirror; GT1, GT2, Glan-Taylor polarizers; FM, flip 

mirror; PMF, polarization maintaining fiber; FC, fiber collimator. 

 

3.2 Monochromator characterizations 

3.2.1 Monochromator characteristic transmission band 

To characterize the performances of the atomic line monochromator, the incident 

laser is fed directly to the monochromator to simulate the Brillouin signal. The flip 

mirror is up so that the signal intensity can be analyzed by the photodiode detector (Fig. 

3.2). Figure 3.3 shows the characteristic transmission spectrum of our atomic line 

monochromator (red trace). The transmission is measured as the signal intensity after 

GT2 divided by the intensity of the signal before the 87Rb cell. The signal power density 
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is 0.36 mW/cm2 before entering the 87Rb cell and the pump power density is 3.35 

W/cm2 before entering the 87Rb cell. The temperature of the 87Rb cell is 55.6oC. When 

the pump is blocked (black trace), the vapor is inert to 775.94 nm light and the laser is 

blocked by the polarizers, resulting in no signal transmission. When the pump is -

polarized (yellow trace), the vapor will not exhibit circular dichroism; as a result, the 

-polarization of the signal is maintained and will be blocked by the second polarizer.  

The monochromator transmission band consists of  one peak split into two due to 

the high intensity of the pump, as governed by Aulter-Townes splitting [64-68]. At this 

pump power density,  each peak has ~120 MHz linewidth and a peak-to-peak separation 

of 130 MHz as expected.  

 

Figure 3.3. Monochromator transmission versus laser detuning. There is transmission 

when the pump is on and circularly polarized. There is no transmission when the 

circularly polarized pump is blocked (black trace) or -polarized (yellow trace). 
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3.2.2 Transmission and linewidth characterizations 

The transmission and the linewidth performances of the atomic line 

monochromator are characterized in Fig. 3.4, where the peak transmission is measured 

as the maximum intensity of the transmission spectrum and the linewidth is the full 

width at half maximum (FWHM) of the monochromator transmission band. The peak 

transmission and the linewidth are measures of the number of atoms that are saturated 

by the pump, which is highly dependent upon the pump power density and the 

temperature of the vapor. Figures 3.4(a,b) show the peak transmission and linewidth 

versus the pump power density when the vapor cell temperature is fixed at 55.6oC. 

From Fig. 3.4(a), as the pump becomes more powerful the LICD effect in the atomic 

vapor becomes more pronounced, creating more transmission. The monochromator 

transmission eventually plateaus beyond ~3.3 W/cm2 because the pump has saturated 

the relevant transition. The linewidth increases as the pump power increases due to 

power broadening (Fig. 3.4(b)) [38,39]. Power broadening occurs when the pump 

intensity is so high that the electrons begin to oscillate more frequently between the 

ground and excited states, leading to a shorter transition lifetime and broader spectral 

peaks [26]. 

Figures 3.4(c,d) show the peak transmission and linewidth versus the 87Rb cell 

temperature when the pump power density is fixed at 3.35 W/cm2. From Fig. 3.4(c), 

the transmission increases as the temperature of the vapor increases because more 

atoms are interacting with both lasers as the temperature increases, improving the LICD 

effect. At temperatures exceeding 60oC, the transmission decreases. The decrease in 

transmission is attributed to the pump being absorbed more at the cell entrance, 
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saturating the vapor less while traveling through the vapor due to Beer’s Law [41]. In 

Fig. 3.4(d), as the temperature increases the linewidth increases until becoming 

constant at ~56oC. The linewidth eventually decreases at 70oC, most likely because the 

contribution of the linewidth due to the Aulter-Townes splitting decreases significantly 

as the vapor absorbs the laser more. Overall, the monochromator can achieve ~13% 

transmission and ~230 MHz linewidth when the pump power density was 3.35 W/cm2 

and the temperature of the 87Rb cell was 55.6oC. 

 

 

Figure 3.4. Characterization of the transmission and linewidth of the atomic line 

monochromator as a function of pump power density (a-b) and vapor cell temperature 

(c-d) 
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3.3 Brillouin measurements with the ladder-type atomic line monochromator  

3.3.1 Brillouin measurements in clear liquid samples 

After finding the optimal atomic line monochromator settings, the system was used 

to measure Brillouin spectra of liquids. Figure 3.5 shows Brillouin measurements of 

acetone and methanol using our Brillouin spectrometer, where the x-axis is the laser 

frequency detuning from the Rayleigh peak frequency. The laser power incident to the 

sample was 11.6 mW. The incident laser frequency was controlled by the diode laser 

cavity length, and the length of the cavity was adjusted by scanning a piezo motor. A 

voltage value was sent to the piezo motor using a custom LabView code, and the 

EMCCD camera acquires an image of the laser spot at each piezo voltage value. The 

acquisition time for each spectral datapoint was 200 ms with a 20 MHz step size. Each 

spectrum acquired consisted of 600 datapoints, leading to 2 minutes acquisition time 

per spectrum. The small step size was chosen to resolve the Autler-Townes splitting 

within the Rayleigh peak, however, the acquisition time for a single spectrum can be 

decreased by choosing a step size closer to the linewidth of the monochromator and 

taking fewer points. If we acquire a spectrum with only 40 spectral components, which 

is similar to the number of spectral components in a single VIPA free spectral range 

(i.e. VIPA finesse) [4], then the spectrum acquisition time for our spectrometer would 

be 8 seconds. The intensity of the signal at the focus was plotted as a function of the 

piezo voltage. The frequency axis of each scan was later calibrated from piezo voltage 

to GHz in post-processing using the FPI signal. Because the intensity of the signal at 

the Rayleigh frequency saturated the camera, the Brillouin shift was calculated as half 

the frequency difference between the Stokes and Anti-Stokes Brillouin peaks. The 
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Brillouin shifts of acetone and methanol were measured to be 4.062 GHz (5.8 MHz 

standard deviation) and 3.868 GHz (6.8 MHz standard deviation), respectively. These 

measurements agree with calculated Brillouin shifts using tabulated refractive index 

and sound velocity values [62,69]. 

 As expected, the two characteristic peaks of the monochromator transmission band 

were reflected in the Rayleigh peak because the incident laser linewidth is ~300 kHz, 

orders of magnitude lower than the bandwidth of the monochromator. Instead, the 

linewidth of the monochromator is on the order of the natural Brillouin linewidths for 

acetone and methanol [62], leading to the measured linewidths of the samples being 

larger than their natural Brillouin linewidths. The measured linewidth for acetone and 

methanol were 395.31 MHz (8.75 MHz standard deviation) and 387.56 MHz (14.07 

MHz standard deviation), respectively. Unlike the Rayleigh peak, the Autler-Townes 

splitting is not apparent in either Brillouin peaks because the natural Brillouin 

linewidths for acetone and methanol are larger than the 120 MHz Autler-Townes 

splitting. In the future, the natural Brillouin linewidth can be extracted by deconvolving 

the experimental data with the monochromator characteristic transmission band [70-

74]. 
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Figure 3.5. Brillouin scans of acetone and methanol using the atomic line 

monochromator. 

 

3.3.2 Noise behaviors of the ladder-type atomic line monochromator   

Although a considerable amount of the the pump-back-reflection off the 87Rb vapor 

cell window is blocked by the bandpass filter (Fig. 3.2, F), the back-reflection 

constitutes a significant noise source in our spectrometer. The noise behavior of our 

Brillouin spectrometer was characterized in Fig. 3.6(a,b). First, the signal-to-

background ratio (SBR) of the system was measured using an acetone sample (Fig. 

3.6(a)). Examining the SBR of the system helps us understand if the noise source is 

system dependent or not. The laser power incident to the acetone sample was 16.3 mW 

and the pump power density is kept constant at 3.35 W/cm2. The SBR was calculated 
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as the ratio of the acetone Stokes peak’s intensity to the average intensity of the 

background between the Stokes and Rayleigh peaks. Multiple scans were taken with 

varying image exposure times ranging from 20 to 400 ms. From 3.6(a), the SBR of the 

atomic line monochromator is constant at ~5.2 for different exposure times, indicating 

that the noise is system dependent.  

The SBR measurement reveals a low signal strength compared to the pump-

background noise, indicating inherent limitations in the detection sensitivity. To assess 

the device sensitivity further, we examined the signal-to-noise ratio (SNR) to estimate 

how far the system is from operating in the shot-noise limit where the system SNR 

would increase linearly with the square root of the number of photons measured. Figure 

3.6(b) shows the signal-to-noise ratio (SNR) versus incident laser power to an acetone 

sample on a log-log scale. For each scan, the peak frequency of the incident laser was 

set to the frequency of the acetone Stokes peak, and 300 images of 200 ms exposure 

time were taken. The laser power incident to the sample varied between 1 and 12 mW 

for each measurement. In post-processing, 50 consecutive images were selected from 

the original set of 300 images to ensure the stability of the signal amidst potential 

variations, such as fluctuations in laser intensity and laser frequency drift for the pump 

laser and the laser incident to the sample. The SNR was calculated as the ratio between 

the mean intensity of the 50 measurements and the variance in intensity of the 50 

measurements. From 1 to 1.7 mW of incident laser power, the SNR is constant because 

the signal was at the noise floor of the pump background. At incident laser powers 

greater than 2 mW, the SNR increases. The dashed black line is a linear fit to the SNR 

data past the noise floor, where the slope of the line is 0.3975. If the system were 
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operating in the shot-noise limited regime the slope of the fit would be .5. By using 

more incident laser power the signal would eventually increase above the noise floor 

enough to where measurements could be conducted in the shot-noise limit. However, 

due to system constraints, we could not increase the incident laser power further. 

Nevertheless, by performing a power law fitting with the data from Fig. 3.6(b), we were 

able to extrapolate the behavior of the system to higher incident power levels. From the 

extrapolated curve, we estimate that the system reaches the shot-noise limited behavior 

at ~37 mW incident power. 
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Figure 3.6. Atomic line monochromator noise characterizations. (a) Signal-to-

background ratio of acetone Brillouin measurements as a function of camera exposure 

time. (b) Signal-to-noise ratio of the acetone Brillouin measurements as a function of 

power incident to the sample on a log-log scale. 
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3.4 Conclusions 

In summary, we have built the first atomic line monochromator for practical 

measurements of Brillouin scattering in clear liquid samples. The transmission and 

linewidth of the atomic line monochromator was ~13% and ~230 MHz, respectively. 

Using a ladder-type atomic transition that allows us to operate the pump laser and the 

signal at different frequencies permits the use of bandpass filters that significantly 

decreased the pump-background noise (~60 dB), allowing us to demonstrate the 

spectrometer proof-of-principle by measuring spontaneous Brillouin scattering in clear 

liquids.  

Although the pump-background rejection was sufficient for Brillouin 

measurements, a feature of the monochromator design in Chapter 3 is that there is still 

light from the pump bleeding through the filter and into the camera. Currently, a spatial 

filter is used to reject some of the pump light bleeding through the bandpass filter, but 

a spatial filter with a circular pinhole limits the system to point-scan spectral analysis 

and makes future imaging applications difficult. More than likely, amplified 

spontaneous emission (ASE) from the diode of the laser is bleeding through the 

transmission window of the bandpass filter [75-78]. To reject ASE, Bragg gratings can 

be added to further clean the laser line so that the noise floor of the laser can be 

decreased by 15dB, which may even lead to shot-noise limited measurements of water. 

Another solution for addressing the ASE would be to use a different pumping scheme 

that has a larger separation between the pump laser frequency and the signal frequency. 

The intensity of ASE is greater at the wings of the laser line, so having a large 
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separation between the two laser frequencies would mean that there is less ASE to 

reject.   

The extinction of the ladder-type atomic line monochromator setup is limited to the 

extinction of the crossed polarizers, which is 50 dB. Typically, >70 dB extinction is 

preferred when measuring the Brillouin photons of biological samples [4,7,9,10,79], 

but this metric is based on the 180o detection systems where significant background 

can arise from reflections in the system that are reflected into the spectrometer [3,80]. 

Even though it was proposed that an atomic vapor cell notch filter can add additional 

extinction to an LICD setup in Chapter 2, this approach is not easily achievable for the 

ladder-type pumping scheme because to absorb the ~775.94 nm Rayleigh line an 85Rb 

notch filter would have to make the 5S-5P transition before being able to absorb ~776 

nm Rayleigh light.   
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Chapter 4 

Full-field Brillouin microscopy using a V-type atomic 

line monochromator  

 

This Chapter introduces a novel Brillouin microscope technique that is capable 

of pixel multiplexing using an atomic line monochromator for spectral analysis. The 

ladder-type atomic line Brillouin spectrometer developed in Chapter 3 is the first 

practical implementation of a Brillouin spectrometer based completely on atomic 

vapors. However, the significant amount of pump background noise required the 

addition of a spatial filter, limiting the ladder-type atomic line monochromator to 

single-pixel Brillouin signal acquisition. The purpose of this Chapter is to create an 

atomic line monochromator with sufficient noise rejection of the pump background 

noise without the requirement of a spatial filter. The atomic line monochromator 

developed in this Chapter is based on a new pump-probe scheme that suffers from less 

pump background noise than previous implementations of the device. We characterize 

the performances of this new atomic line monochromator, as well as combine the new 

monochromator with line-illumination for one-dimensional (1-D) multiplexing of 

Brillouin signal in clear liquids.  
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4.1  V-type LICD atomic line monochromator design and characterizations  

The monochromator described in this Chapter utilizes a V-type pump-probe 

scheme. For V-type pump-probe schemes, the pump and the probe are resonant with 

two different atomic transitions that share the same ground state [81-84]. The so-called 

V-type monochromator presented here uses a pump that is resonant with the D1 87Rb 

52S1/2(Fg = 2)→52P1/2(Fe = 2) transition at 794.98 nm and a probe that is resonant with 

the D2 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) transition at 780.24 nm. 

 

4.1.1 Working principle 

Consider the hyperfine structure of the 87Rb 52S1/2→52P1/2 D1 line. Figure 4.1(a) 

shows the allowable transitions of the 87Rb 52S1/2(Fg = 2) hyperfine ground state to the 

87Rb 52P1/2(Fe = 1 and 2) hyperfine excited states, as well as the cross-over (CO) 

transition that occurs between the two hyperfine resonances. Figure 4.1(b) shows the 

Doppler-free absorption spectrum of the D1 
87Rb 52S1/2(Fg = 2)→52P1/2(Fe = 1 and 2) 

transitions and the CO peak acquired using a CoSy unit.  

 

Figure 4.1. Hyperfine transitions of the 87Rb D1 line. (a) Transition schematic of the 

D1 87Rb 52S1/2(Fg = 2)→52P1/2 (Fe = 1 and 2) and the crossover peak (dashed arrow); (b) 
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Doppler-free spectrum of the D1 87Rb 52S1/2(Fg = 2)→52P1/2 (Fe = 1 and 2) and the 

crossover peak.  

 

The pumping scheme is shown in Fig. 4.2(a). First, the pump laser is σ+-

polarized and propagates inside a pure 87Rb atomic vapor cell. The σ+-polarization of 

the pump creates a +1 change in magnetic quantum number (Δm = +1) between the 

magnetic quantum numbers in the 52S1/2(Fg = 2) ground state and the 52P1/2(Fe = 2) 

excited state. The electrons spontaneously decay to the ground state following a Δm = 

0, ± 1 magnetic quantum number change [26]. When the pump is powerful enough, a 

high electron population density will occur in the 52S1/2(Fg = 2, mFg = +2) magnetic 

sublevel due to the Δm = +1, 0 spontaneous decay channels from the 52P1/2(Fe = 2, mFe 

= +1, +2) magnetic sublevels in the excited state.  

When the pump is resonant with the D1 87Rb 52S1/2(Fg = 2)→52P1/2(Fe = 2) 

transition at 794.98 nm, the pump has prepared the atomic vapor to experience circular 

dichroism near the D2 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) transition at 780.24 nm. For 

the case of π-polarized probe light, the two orthogonal circular polarization components 

will be absorbed by two different magnetic sublevel transitions (Fig. 4.2(b)). The σ+-

component of the probe light will be resonant with the 52S1/2(Fg = 2, mFg = 

+2)→52P3/2(F’e = 3, mF’e = +3), while the σ_-component will be resonant with the 

52S1/2(Fg = 2, mFg = +2)→52P3/2(F’e = 3, mF’e = +1) transition. The two orthogonal 

circular polarization components of the probe will be absorbed differently due to the 

distinct transition probabilities between the atomic transitions that they interact with. 

The probability of absorption describes the strength of interaction between atoms and 
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resonant optical radiation [85]. Atomic transition probabilities are proportional to the 

Clebsch-Gordan coefficient of a transition, which is the amplitude of the angular 

momentum coupling between the ground state and the excited state of an atomic 

transition [36]. The Clebsch-Gordan coefficient for the 52S1/2(Fg = 2, mFg = 

+2)→52P3/2(F’e = 3, mF’e = +3) transition is √1/2, while the Clebsch-Gordan 

coefficient for the 52S1/2(Fg = 2, mFg = +2)→52P3/2(F’e = 3, mF’e = +1) transition is 

√1/30 [28]. In other words, the σ+-component of the probe has an absorption 

probability that is ~3.88 stronger than that of the σ_-component. The V-type pump-

probe scheme has prepared the atomic vapor to experience circular dichroism near the 

52S1/2(Fg = 2)→52P3/2(F’e = 3), shifting the polarization of incoming π-polarized light 

and creating transmission past a crossed linear polarizer downstream.  

Brillouin spectroscopy can be implemented using the V-type atomic line 

monochromator by using a tunable laser source. The Brillouin photons of frequency 

shift B, acting as the probe light, will be generated with an incident laser that is near 

resonance with the D2 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) transition at 780.24 nm. 

When the incident laser is detuned by a frequency B (i.e., 780.24 nm B), the Brillouin 

photons will be on resonance with the V-type atomic line monochromator bandpass 

window. Much like the ladder-type pump-probe scheme described in Chapter 3, the V-

type pump-probe scheme uses two different laser wavelengths, creating a way for 

spectral filters to reject the pump-background noise. However, the wavelength 

difference between the pump and probe in Chapter 3 was ~4 nm, which necessitated 

ultra-narrow bandpass filters for rejecting the pump background noise and high-quality 

Bragg gratings for spectral filtering of the laser. The V-type pump-probe scheme used 
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for this Chapter has a ~15 nm difference between pump and probe laser wavelengths, 

leading to more commercially available filters with higher spectral extinction of the 

pump background light. Also, the spectral filtering of the pump laser is more simplified 

because laser noise such as ASE decreases further away from the laser line frequency 

[86].  

 

Figure 4.2. The atomic line monochromator V-type pump-probe scheme. (a) The σ+-

polarized pump is resonant with the 52S1/2(F=2)→52P1/2(Fe=2) transition at 794.98 nm, 

creating a population of electrons in the 52S1/2(F=2, mFg =+2) magnetic sublevel. (b) 

The -polarized probe is resonant with the 52S1/2(F=2)→52P3/2(F’e=3) transition at 
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780.24 nm. The solid arrows depict absorption channels, and the dashed arrows depict 

decay pathways.  

 

 

 

 

4.1.2 Experimental setup 

The full-field Brillouin microscope experimental setup is shown in Fig. 4.3. The 

microscope is split between the illumination arm and the detection arm. In the 

illumination arm, a tunable wavelength diode laser (DL pro, Toptica) serves as the light 

source, operating at a central wavelength of  780.24 nm. The laser wavelength can be 

adjusted within the D2 lines of 87Rb and 85Rb using a CoSy module. The laser line is 

spectrally cleaned using two ultra-narrow reflective Bragg gratings (BP-780, 

OptiGrate), each providing ~15dB rejection laser line noise. The laser is expanded to a 

9.5 mm diameter using a telescope before being focused into a sample cuvette by a 

microscope objective (4X/0.1 NA, Olympus), generating a tightly focused line beam 

of Brillouin photons that acts as the probe light for the V-type pump-probe scheme 

from Fig. 4.2(b).  

The detection arm is a 1.4X magnification imaging system set 90o to the 

illumination arm to allow for multiplexed Brillouin spectroscopy, where the V-type 

atomic line monochromator is in the infinite space of the imaging system. The laser 

beam is imaged onto a slit with two objective lenses (20X/0.4 NA, 4X/0.1 NA, 

Olympus). The light is relayed using a 400 mm focal length tube lens and the final 

image is created using a spherical lens (400 mm focal length). The V-type atomic line 

monochromator consists of a pure 87Rb sandwiched between two crossed Glan-Taylor 
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linear polarizers (105:1 extinction ratio, GT-10B, Thorlabs) and a pump laser. The 

pump laser (TA pro, Toptica) central wavelength is 794.95 nm and can locked at 

different resonances with the D1 lines 87Rb using a CoSy module. The pump laser beam 

diameter is expanded to ~4.05 mm using a telescope. The pump laser line is spectrally 

cleaned using a long-pass filter (RET792lp, Chroma), providing 60 dB spectral 

extinction of laser line noise. The pump laser is σ+-polarized using a quarter-wave plate 

and is aligned to counter-propagate with the probe signal inside of the 87Rb cell using 

a short-pass dichroic mirror (DMSP805, Thorlabs). An EMCCD (iXon, Andor) camera 

is placed at the focus of the imaging lens for the detection of the Brillouin signal. Two 

spectral filters (F3, FBH05780-10, Thorlabs) are placed before the camera, each 

possessing a transmission of 95% at 780.24 nm probe signal and ~60dB spectral 

extinction at 794.95 nm pump background noise.  

 

Figure 4.3. Setup schematic for the full-field Brillouin microscope: B, beam block; 

BG, Bragg gratings; F1, F2, spectral filters; GT1, GT2, Glan-Taylor polarizers; L1, L2, 
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L3, L4, L5, spherical lenses; M1, M2, mirrors; O1, O2, O3, objective lenses; S, slit; 

TL, tube lens; /4, quarter-wave plate. 

 

 

4.1.3 Monochromator transmission and spectral resolution 

To characterize the transmission and linewidth performances of the V-type 

atomic line monochromator, a separate incident laser source (DL pro, Toptica) is used 

to the  probe signal, and the EMCCD is replaced with a photodiode detector 

(PDA36A2, Thorlabs) for detection. The characteristic PSF of the V-type atomic line 

monochromator is shown in Fig. 4.4 when the probe power density before entering the 

87Rb vapor cell is 1.03 mW/cm2, the pump power density before entering the cell is .9 

W/cm2, and the temperature of the atomic vapor cell is 51.7oC. The pump laser 

frequency is locked to the D1 87Rb 52S1/2(Fg = 2)→52P1/2(Fe = 2) transition at 794.98 

nm and the probe laser is scanned near the D2 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) 

transition at 780.24 nm. The frequency axis is calibrated from the laser piezo voltage 

using the Doppler-free absorption spectrum acquired with the CoSy module, where the 

zero point of the axis is the 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) frequency. The PSF has 

two noticeable peaks: one peak on resonance on resonance with the 87Rb 52S1/2(Fg = 

2)→52P3/2(F’e = 3) transition and another less intense peak ~500 MHz away. The 

monochromator transmission is defined as the maximum intensity of the peak at the 

87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) frequency and the linewidth of the monochromator 

is the FWHM of the same peak.   
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Figure 4.4. Characteristic PSF of the V-type atomic line monochromator. 

 

The behavior of the V-type atomic line monochromator with variable pump 

power density was investigated. Fig. 4.5(a) shows the transmission of the V-type 

atomic line monochromator as a function of pump power density. The probe power 

density is 1.03 mW/cm2 before entering the atomic vapor cell and the vapor cell 

temperature is maintained at 51.7oC. As the pump power density increases, the 

monochromator transmission increases because the pump has prepared more electrons 

to the D1 52P1/2(Fg = 2, mFg = +2) magnetic sublevel to be absorbed by the probe laser. 

The transmission eventually saturates at higher pump powers, however, saturation for 

our V-type pump-probe scheme is not the same as the saturation of a two-level atom. 
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Because the optically-pumped transition is an “open” transition [87-89], meaning that 

the electrons are being optically pumped to a magnetic sublevel that is not a part of the 

optical pumping process, saturation here means that further increases in pump intensity 

yield diminishing returns due to the balances of the relaxation processes to the 52P1/2(Fg 

= 2, mFg = +2) magnetic sublevel. The linewidth behavior as a function of the pump 

power density was also investigated (Fig. 4.5(b)). The linewidth of the V-type atomic 

line monochromator increases as the pump power density increases due to the power 

broadening that the pump laser creates at the D1 87Rb 52S1/2(Fg = 2)→52P1/2(Fe = 2) 

transition. Overall, when the pump power density before entering the cell is .9 W/cm2 

and the temperature of the atomic vapor cell is 51.7oC, the V-type atomic line 

monochromator possesses a transmission of 9.4% and a linewidth of 127 MHz. 
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Figure 4.5. Pump power density characterizations of the V-type atomic line 

monochromator characterizations. (a) Monochromator transmission as a function of 

pump power density. (b) Monochromator linewidth as a function of pump power 

density 
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4.2 Full-field Brillouin microscopy  

4.2.1 Full-field Brillouin imaging  in clear liquid samples 

1-D multiplexed Brillouin imaging was demonstrated in a methanol sample 

using the full-field Brillouin microscope. The incident laser power at the sample was 

335 mW, the V-type atomic line monochromator pump power density was .9 W/cm2, 

and the vapor cell temperature was 51.7oC. The image acquisition time for the EMCCD 

camera was 500 ms. The incident laser frequency is changed to different frequencies 

near the D2 lines of 87Rb and 85Rb, while the pump laser frequency is locked at the D1 

87Rb 52S1/2(Fg = 2)→52P1/2(Fe = 2) transition. Figure 4.6(a) shows a full-field Brillouin 

image when the frequency of the incident laser is on resonance with the 87Rb 52S1/2(Fg 

= 2)→52P3/2(F’e = 3) transition. The laser line is barely noticeable due to a significant 

amount of background noise that arises from reflections from the optics in the system. 

In Fig. 4.6(b), the incident laser frequency is detuned 1 GHz away from the 87Rb 

52S1/2(Fg = 2)→52P3/2(F’e = 3) transition within the 85Rb (Fg = 3) band. Image 

transmission is no longer possible in this case because the incident laser frequency is 

not generating photons that are on resonance with the V-type atomic line 

monochromator bandpass. As a result, the probe polarization is not flipped, and the 

image is blocked by the output polarizer. Methanol Brillouin photons were collected 

using the full-field Brillouin microscope when the incident laser frequency was detuned 

~2.44 GHz away from the 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) transition (Fig. 4.6(c)). 

Detuning the incident laser frequency by the Brillouin shift of methanol makes it so 

that the Brillouin photons are on resonance with the V-type atomic line monochromator 

bandpass, creating transmission. The background noise visible in Fig. 4.6(a) is not 
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visible in Fig. 4.6(c) because the noise is not the same frequency as the Brillouin 

photons and thus not on resonance with atomic line monochromator bandpass, further 

validating that we are measuring Brillouin scattered photons.  

 

 

Figure 4.6. Demonstration of full-field Brillouin imaging with a methanol sample. (a) 

Full-field Brillouin image when the incident laser frequency is on resonance with the 

52S1/2(Fg = 2, mFg = +2)→52P3/2(F’e = 3, mF’e = +3) transition. (b) Full-field Brillouin 

image when the incident laser frequency is detuned ~1 GHz away from the 52S1/2(Fg = 

2, mFg = +2)→52P3/2(F’e = 3, mF’e = +3) transition. (c) Full-field Brillouin image of 

when the incident laser is detuned near the Brillouin frequency of methanol.  

 

The Brillouin spectra for methanol and acetone were constructed using the full-

field Brillouin microscope (Fig. 4.7), where the incident laser intensity at the sample 

was 335 mW and the V-type atomic line monochromator was fully operational. The 

Brillouin spectra are constructed by plotting the mean intensity across the Brillouin line 
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signal at different incident laser frequencies. The incident laser frequency was coarsely 

adjusted by changing the laser cavity piezo. For each piezo voltage, an image was taken 

with the full-field Brillouin microscope at 200 ms exposure time. The incident laser 

piezo voltage values for each image were converted in units of GHz during post-

processing using the Doppler-free absorption spectrum generated by the CoSy module. 

The zero point of the x-axis is the Rayleigh frequency, which is also when the incident 

laser frequency is on resonance with the 87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) transition. 

The Brillouin shift of methanol was measured to be 2.44 GHz and the Brillouin shift 

of acetone was measured to be 2.63 GHz. It is important to mention that the 

characteristic PSF of the V-type atomic line monochromator is visible at the Brillouin 

frequencies of acetone and methanol because the PSF peaks have a frequency 

separation greater than the natural Brillouin linewidths of acetone and methanol [62].  
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Figure 4.7. Brillouin spectra of methanol (blue) and acetone (red) acquired using the 

full-field Brillouin microscope. 

 

4.2.2 Microscope characterizations  

The spatial resolution performances of the full-field Brillouin spectrometer 

were also characterized. The spatial resolution in the lateral direction (x-direction) is 

determined by the pixel size of the image, which depends on the overall magnification 

of the imaging system. With a detector pixel size of 16 μm and an image magnification 

of 1.4X, the image pixel size should be 11.43 μm. To measure the image pixel size, a 

knife edge was placed in front of the sample cuvette on a translational stage. The stage 

was translated in the x-direction in increments of 500 μm, revealing the pixels in the 

imaged Brillouin signal line. The knife edge displacement versus the number of pixels 
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revealed in the laser line is shown in Fig. 4.8. The data was fit linearly (blue-dashed 

line), to show that the image pixel size is 11.56 μm.  

 

 

Figure 4.8. Spatial resolution performance of the full-field Brillouin microscope. The 

slope of the linear fit is 0.01156.  

 

The noise performances of the full-field Brillouin microscope were evaluated 

by measuring the signal-to-noise ratio (SNR) of the device. The SNR was measured by 

changing the incident laser power while keeping the camera exposure time constant. 

The frequency of the incident laser was detuned to the acetone Brillouin shift frequency 

and optimized for maximum pixel intensity. For each incident laser power, a series of 

200 full-field acetone Brillouin images were taken while the exposure time was kept 

constant at 500 ms per image. The incident power was varied from 99 to 335 mW. 
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Figure 4.9(a) shows an example of a full-field acetone Brillouin image taken for SNR 

measurement. The maximum cross-sectional intensity (dashed line) was taken from the 

200 images, and 50 consecutive images from the original 200 were used to calculate 

the SNR to reduce variance. The SNR as a function of incident laser power on a log-

log scale is shown in Fig. 4.9(b). Between incident laser powers of 100 and 150 mW, 

the Brillouin signal is at the noise floor of the camera dark noise and, thus, the SNR is 

constant. At incident laser powers greater than 150 mW, the SNR begins to increase. 

The dashed black line is a linear fit to the SNR data of .5083 slope, indicating that the 

full-field Brillouin microscope operates in the shot-noise limited regime. 
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Figure 4.9. Noise behavior of full-field Brillouin imaging system. (a) Full-field 

Brillouin image of methanol sample. (b) Signal-to-noise ratio (SNR) versus incident 

laser power incident to the sample cuvette on a log-log scale. The fitted line has a slope 

of 0.5083. 

 

The present application of line-illumination in the full-field Brillouin 

microscope restricts spectral analysis to 1-D. Although the current configuration is in 

place, the V-type atomic line monochromator exhibits the capability for spectral 

analysis in both x- and y-directions, facilitating  

two-dimensional (2-D) multiplexing. The ability for 2D spectral analysis is evident 

when modifying the angle of mirror M1 (Fig. 4.3), positioned before the illumination 

objective. A representative image of line illumination used for full-field Brillouin 
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imaging is shown in Fig. 4.10(a). The incident laser power is 318 mW and the 

acquisition time is 200 ms. The incident laser frequency was detuned to the methanol 

Brillouin shift frequency and the pump laser is locked at the D1 
87Rb 52S1/2(Fg = 

2)→52P1/2(Fe = 2) transition. The Brillouin signal line can be shifted up and down in 

the axial direction (z-direction) by changing the angle of M1. Figure 4.10(b) displays a 

composite image that incorporates multiple images taken at various arbitrary angles of 

mirror M1. Each constituent image within the composite has the same acquisition 

parameters as the image in Fig. 4.10(a). By coarsely adjusting the angle of the mirror, 

it becomes possible to scan the 1-D multiplexed Brillouin signal over an approximate 

range of 2.4 mm in the axial direction.  
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Figure 4.10. Demonstration of 2D spectral analysis using the full-field Brillouin 

microscope. (a) Example of acetone Brillouin image using the full-field Brillouin 

microscope. (b) Composite image of multiple acetone full-field Brillouin images, each 

image corresponding to different positions of the line illumination in the axial direction. 

 

4.3 Conclusions 

In summary, we have demonstrated full-field Brillouin scattering 

measurements in clear liquid samples using an atomic line monochromator. The V-type 

atomic line monochromator was innovated to have less pump-background noise than 

earlier implementations of the device, making it a feasible approach for full-field 

Brillouin imaging.  



 

80 

 

From previous experiments where the exposure time was 500 ms exposure and 

200 pixels multiplexed, the spectral pixel acquisition time is 2.5 ms/pixel in clear liquid 

samples. The acquisition time can be further improved by increasing the magnification 

of the imaging system so that the line illumination can fill the entire area of the camera. 

For example, since the detector size is 512x512 pixels, a 2-fold increase in 

magnification can improve the multiplexing by a factor of 2.5. Cameras with even 

larger detector sizes exist, meaning that the pixel acquisition time can be further 

improved by switching the detector.  

The illumination arm of the full-field Brillouin microscope can be modified to 

allow for 2-D image construction. For example, M1 (Fig. 4.3) can be replaced with a 

galvanometer mirror to scan the laser beam in the axial direction. Alternatively, a 

cylindrical lens can be placed in the illumination path to create a light-sheet, generating 

Brillouin photons in the x- and y-direction simultaneously for spectral analysis. 

However, the speed benefits of multiplexing are only true in the propagation direction 

of the laser, so there is no multiplexing benefit in the other spatial direction.  

For future Brillouin measurements in biological samples, higher spectral 

extinction may be necessary. The water Brillouin shift at 90o detection and 780.24 nm 

incident laser light is ~3.5 GHz. If the incident laser wavelength is locked at 87Rb 

52S1/2(Fg = 2)→52P3/2(F’e = 3) transition, the water Brillouin peak will occur within the  

(Fg=2) band. An 85Rb atomic vapor notch filter can be placed within the microscope to 

provide an additional ~35 dB rejection of light in a range of ~500 MHz. In combination 

with the spectral extinction provided by the linear polarizers, the overall extinction of 
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the full-field Brillouin microscope would be ~85 dB, which is sufficient for Brillouin 

measurements of biological samples [3,90].  

In conclusion, we have expanded the Brillouin microscopy toolbox by 

evaluating the performances and unique characteristics of atomic line monochromators. 

This technology has the potential to significantly reduce the Brillouin image acquisition 

time in biological samples.  
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Chapter 5 

Summary of Scientific Contributions and Outlook 

 

5.1  Summary of Scientific Contributions 

The results from my work have shifted the research paradigms of the Brillouin 

microscopy field. Brillouin microscopy is an emerging imaging modality where the 

contrast mechanism is the frequency shift of Brillouin scattered light, allowing for 

mechanical characterizations of tissues and cells. Due to the low frequency shift of 

Brillouin scattered light and the low Brillouin scattering cross-section, Brillouin 

microscopes require state-of-the-art spectrometers that possess high spectral resolution 

and high transmission for spectral analysis. Etalons such as Fabry-Pérot and VIPA 

etalons have dominated the Brillouin spectroscopy field for years because they possess 

the transmission and spectral resolution performances to measure Brillouin scattered 

light, however, these etalon-based spectrometers have begun to reach the limit of their 

acquisition capabilities for biological samples. Although the line scan Brillouin 

spectrometer was innovated to increase the Brillouin acquisition speed with 1D pixel 

multiplexing using a VIPA-based spectrometer, using etalons for pixel multiplexing is 

complicated by the optical aberrations introduced by the imaging system of the 

spectrometer, leading to throughput inefficiencies of the spectral information. 

Furthermore, 2D pixel multiplexing could further improve Brillouin imaging speeds, 

but etalons are incapable of 2D pixel multiplexing due to the angular dispersion of 
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spectral components inside the etalon cavity. To realize the 2D multiplexing of 

Brillouin signal, a high-resolution, high-transmission spectrometer with spectral 

analysis capabilities that do not use angular dispersion will need to be created. In 

Chapter 2, I identified an atomic line monochromator based on the LICD effect as a 

candidate technology for full-field spectroscopy at high resolutions. After completing 

a pump irradiance and atomic vapor cell temperature characterization of the device, the 

transmission (16%) and the spectral resolution (80 MHz) were found to be competitive 

with current Brillouin spectrometers and, therefore, sufficient for measuring 

spontaneous Brillouin scattered light. By scanning the pump laser frequency and taking 

advantage of the hot atomic vapor Doppler-broadening, the LICD atomic line 

monochromator transmission window can be detuned over a ~500 MHz frequency 

range for spectral analysis. Finally, I demonstrated full-field spectral analysis by 

transmitting whole images of a USAF test target through the atomic line 

monochromator. In 2022, I presented this holistic characterization of the developed 

LICD atomic line monochromator at SPIE Photonics West in San Francisco, CA. In 

2023, this work was published in Optics Express. 

In Chapter 3, I created the first practical implementation of an LICD atomic line 

monochromator for measuring spontaneous Brillouin scattered light in Chapter 3. The 

LICD atomic line monochromator built in Chapter 2 suffered from significant 

background noise arising from the pump laser reflecting off the window of the atomic 

vapor cell inside of the setup and into the detector. The pump background noise is 

orders of magnitude higher than the spontaneous Brillouin signal, making it difficult to 

measure Brillouin scattered light at incident laser powers typically used for biological 
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samples. The atomic line monochromator built in Chapter 3 is based on a ladder-type 

pumping scheme where the pump laser and the signal frequency operate at two different 

atomic transitions and, as a result, different frequencies. In this way, I incorporated a 

commercial bandpass filter that provided -60 dB rejection of the pump background 

noise and 95% transmission of the signal. The ladder-type atomic line monochromator 

possesses 13% transmission and 220 MHz linewidth, similar performances to the 

device developed in Chapter 2. To demonstrate the proof-of-principle, the ladder-type 

atomic line monochromator was combined with a confocal microscope to measure 

spontaneous Brillouin scattered light in clear liquids. The central frequency of the 

atomic line monochromator bandpass was fixed and the incident laser frequency was 

swept, leading to the Brillouin signal being scanned through the monochromator 

bandpass. This work is the first demonstration of an LICD atomic line monochromator 

used for the spectral analysis of Brillouin scattered light. In 2024, this work was 

presented at SPIE Photonics West in San Francisco, CA.  

In Chapter 4, I built the first full-field Brillouin microscope using line 

illumination and an atomic line monochromator based on a V-type pumping scheme. 

With the V-type pumping scheme, the difference between the pump laser and signal 

frequencies was 15 nm, nearly 3.75 times greater than the frequency difference between 

the pump laser and signal frequencies from Chapter 3. The V-type atomic line 

monochromator possesses nearly 10% transmission and 80 MHz spectral resolution. 

After characterizing the monochromator, line illumination and orthogonal detection 

were used for the first demonstration of pixel multiplexing of Brillouin photons using 

an atomic line monochromator. Like the device from Chapter 3, the V-type atomic line 
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monochromator bandpass frequency was fixed and the frequency of the laser incident 

to the sample was swept, sweeping the Brillouin signal through the atomic line 

monochromator transmission window. Brillouin spectra of methanol and acetone were 

acquired using the full-field Brillouin microscope. Furthermore, I showed that position 

Brillouin photons can be analyzed in the full imaging field by physically scanning the 

incident laser.  

Overall, my graduate research has led to one first-authored publication and 

another first-authored publication in preparation. I am also a co-inventor of a patent on 

the development of full-field Brillouin microscopy systems and methods. I have 

presented my research twice at SPIE Photonics West, one of the largest international 

conferences for optics research. The University of Maryland acknowledged my work 

by awarding me the Ann G. Wiley Dissertation Fellowship.  

 

A list of scientific contributions is summarized below: 

1. Chapter 2: 

a. First full characterization of the LICD atomic line monochromator 

image transmission properties 

i. By expanding the pump laser with a telescope or increasing the 

laser intensity, the resolution of an image transmitted through 

the atomic line monochromator approaches the resolution of the 

imaging system  

2. Chapter 3:  

a. First Brillouin spectrometer based on the LICD effect  
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i. The ladder-type optical pumping scheme allows for edge 

filtering of the pump back-reflection noise 

ii. The ladder-type atomic line monochromator 13% transmission 

and ~220 MHz resolution allows Brillouin measurements in 

clear liquids 

3. Chapter 4:  

a. Shot-noise limited Brillouin measurements in clear liquids using an 

atomic line monochromator 

i. The V-type pumping scheme facilitates a 15 nm difference 

between the pump laser and signal wavelengths, enabling 

effective rejection of the pump background noise 

b. First Brillouin spectrometer capable of spectral analysis in the full-field 

i. Using line-illumination, Brillouin photons were multiplexed for 

1D spectral analysis 

ii. Scanning the position of the illumination laser allows for 

spectral analysis in 2D 

 

5.2  Future Directions 

Although full-field Brillouin microscopy has been realized with an atomic line 

monochromator, additional improvements will have to be made to extend the 

technology for measuring spontaneous Brillouin scattering in biological samples. With 

an acquisition time of 2.5 ms/pixel in acetone and methanol, the current device is too 

slow. Improving the monochromator transmission will reduce the pixel acquisition 
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time. The 10% transmission arises from the V-type pumping scheme using an open 

system, making it so that the pump transition is never truly saturated. In the future, 

using a V-type pumping scheme with a “closed” atomic transition [90-95], i.e. all the 

electrons being optically pumped do not fall to a ground state that is separate from the 

atomic transition, will help increase the transmission of the atomic line 

monochromator. A proposed alternative for a new V-type pumping scheme would be 

switching the two laser wavelengths. The pump laser would be resonant with the D2 

87Rb 52S1/2(Fg = 2)→52P3/2(F’e = 3) at 780.24 nm and the incident laser would be 

resonant with the D1 87Rb 52S1/2(Fg = 2)→52P1/2(Fe = 2) transition at 794.98 nm. This 

V-type pumping scheme (fig. 7.1) has been previously used for two-color polarization 

spectroscopy [81], but it can be also used to realize an atomic line monochromator. 

Because the D2 transition is closed, the transition can be completely saturated, leading 

to a higher signal transmission for the atomic line monochromator. At the time of this 

dissertation, we were unable to use this V-type pumping scheme because we did not 

have a laser amplifier that could increase the incident laser power at 794.98 nm for 

Brillouin measurements. Furthermore, we did not possess Bragg filters designed to 

clean the laser line at 794.98 nm.  
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Figure 5.1. Alternative pumping scheme for the V-type atomic line monochromator. 

(a) A σ+-polarized pump laser  (solid red arrow) saturates the 52S1/2 (Fg=2, mFg = 

2)→52P3/2 (F’e=3, mF’e = 3) magnetic sublevel transition at 780.24 nm. (b) The -

polarized probe laser (blue arrows) is resonant with the 52S1/2 (Fg=2)→52P1/2 (Fe=2) 

transitions at 794.98 nm. The left circular polarization component of the probe laser 

(blue solid arrow) is normally absorbed, but the right circular component (red arrow) 

will not be absorbed. 
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