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The goal of this protocol is to build a parallel high-extinction and high-resolution optical Brillouin spectrometer. Brillouin spectroscopy is a non-
contact measurement method that can be used to obtain direct readouts of viscoelastic material properties. It has been a useful tool in material
characterization, structural monitoring and environmental sensing. In the past, Brillouin spectroscopy has usually employed scanning Fabry-
Perot etalons to perform spectral analysis. This process requires high illumination power and long acquisition times, making the technique
unsuitable for biomedical applications. A recently introduced novel spectrometer overcomes this challenge by employing two VIPAs in a cross-
axis configuration. This innovation enables sub-Gigahertz (GHz) resolution spectral analysis with sub-second acquisition time and illumination
power within the safety limits of biological tissue. The multiple new applications facilitated by this improvement are currently being explored in
biological research and clinical application.

Video Link

The video component of this article can be found at http://www.jove.com/video/53468/

Introduction

Brillouin scattering, first described by Leon Brillouin' in 1922, is the inelastic scattering of light from the thermal acoustic modes in a solid and
from the thermal density fluctuations in a liquid or gas. The spectral shift of the scattered light, usually in the sub GHz-range, provides information
about the interaction between the incident light and the acoustic phonons in the sample. As a result, it can provide useful information regarding
the viscoelastic properties of the examined material.

In its spontaneous version, Brillouin scattering generally has cross-sections in the order of Raman scattering, resulting in a very weak signal.
Additionally, Brillouin frequency shifts are orders of magnitude smaller than Raman shifts. As a consequence, elastically scattered light (from
Rayleigh or Mie scattering), stray light, and back-reflections off of the sample can all easily overshadow the Brillouin spectral signature. Hence, a
Brillouin spectrometer needs to not only achieve sub-GHz spectral resolution but also high spectral contrast or extinction.

In traditional Brillouin spectrometers these requirements are met by scanning-grating monochromators, optical beating methods, and, most
popularly, multiple-pass scanning Fabry-Perot interferometers®. These methods measure each spectral component sequentially. This approach
leads to acquisition times for a single Brillouin spectrum ranging from a few minutes to several hours, depending on the instrument and on the
sample. The two-stage VIPA spectrometer, built using this protocol, has the ability to collect all of the spectral components within less than a
second while providing sufficient extinction (>60 dB) to effectively suppress other spurious signalsz.

The integration of the VIPA etalons is the key element of this spectrometer. A VIPA is a solid etalon with three different coating areas: in the
front surface, a narrow anti-reflection coating strip allows the light to enter the VIPA, while the rest of the surface features a highly reflective
(HR) coating; in the back surface, a partially reflective coating allows a small portion (~5%) of the light to be transmitted. When focused

onto the narrow entrance of the slightly tilted VIPA, the light beam gets reflected into sub-components with fixed phase difference within the
VIPAZ. Interference between the sub components achieves the aspired high spectral dispersion. Aligning two VIPAs sequentially in cross-axis
configuration introduces spectral dispersion in orthogonal directions®. The spectral dispersion in orthogonal directions spatially separates the
Brillouin peaks from unwanted crosstalk, which makes it possible to pick up only the Brillouin signal. Figure 1 displays a schematic of the two
stage VIPA spectrometer. The arrows below the optical elements indicate the degree of freedom in which the translational stages should be
oriented.
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Figure 1. Instrumental setup. An optical fiber delivers the Brillouin scattering into the spectrometer. A cylindrical lens C1 (f=200 mm) focuses
the light into the entrance of the first VIPA (VIPA1). Another cylindrical lens C2 (f=200 mm) maps the spectral angular dispersion into a

spatial separation in the focal plane of C2. In this plane, a vertical mask is used to select the desired portion of the spectrum. An analogous
configuration follows, tilted at 90 degrees. The beam passes through a spherical lens S1 (f=200 mm) and is focused into the entrance slit of the
second VIPA (VIPA2). A spherical lens S2 (f=200 mm) creates the two-dimensional spectrally separated pattern in its focal plane, where another
horizontal mask is placed. The horizontal mask is imaged onto the EMCCD camera using an achromatic lens pair. Please click here to view a
larger version of this figure.

An undergraduate student with some optics coursework and basic aligning experience should be able to build and use thls two-stage
spectrometer. The spectrometer has recently been shown to be compatible with a variety of standard optical probes (e g., confocal
microscope, endoscope, slit-lamp ophthalmoscope). Here, the spectrometer is connected to a confocal microscope. The laser light is aligned into
a standard research inverted system microscope after integrating a 90:10 beam splitter. The backscattering light from the sample is coupled into
a single mode fiber, making the microscope confocal.

Protocol

Note: Brillouin spectral analysis requires a single-longitudinal mode laser (~10 mW at the sample). For aligning purposes, use a strongly attenuated
portion of this laser beam (<0.1 mW).

1. Initial Setup of Fiber and the EMCCD (Electron Multiplied Charge Coupled Device)
Camera

1. Identify about 1,600 mm free aligning space for the spectrometer on an optical table.
2. Mount the EMCCD camera at the end of the free aligning space.
1. Use set screws to attach the camera to posts. Tighten the posts in post holders at the desired optical axis height. Tighten the post
holders onto the optical table using table clamps.

3. Turn on the EMCCD camera. Be mindful to avoid camera saturation.
1. Install camera software on lab computer and connect the camera to the computer.
2. Disable the gain and set low integration time (~0.01 sec). Start acquiring EMCCD images. Observe the camera images on the
computer screen.

4. Mount the fiber collimator about 1,600 mm in front of the camera.
1. Place the fiber collimator in the fiber collimator adapter.
2. Mount the adapter onto a post. Tighten the post into a post holder at the approximate height of the optical axis (height of the camera).
Tighten post holder onto optical table using table clamps.

5. Align the output beam along the optical axis.
1. Use a set screw to connect a standard iris to a post. Tighten the post into a post holder.
2. Place the iris in front of the fiber collimator (<50 mm). Adjust the height of the iris to the beam. Move the iris along the desired optical
axis, which should point directly into the camera.
3. Insert an optical density filter directly after the laser output if the camera saturates. Use the adjustment screws of the fiber collimator
mount to align the beam along the optical axis. Once this is achieved, the beam will cleanly pass through the iris along the entire beam
path.

6. Mount a matched achromatic lens pair (=30 mm) in front of the camera.
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2. Horizontal Stage of Spectrometer

1. Mount the horizontal mask.
1. Use set screws to attach the horizontal mask onto a post. Tighten the post into a post holder. Mount the post holder onto a translational
stage, allowing the mask to slide horizontally in and out of the beam path. (Figure 1)
2. Use cap screws to tighten the translational stage on the optical table such that the mask is imaged sharply onto the CCD camera at the
focal distance (f=30 mm) of the achromatic lens pair.

2. Mount and align the spherical lens S1 (f=200 mm) 600 mm in front of the horizontal mask.

1. Use set screws to mount S1 onto a post holder. Tighten the post into a post holder.

2. Mount two irises as described in 1.5.1. Before placing S1 in the beam path, insert one iris before and one iris after the desired S1
position (600 mm in front of the horizontal mask). Adjust the height of the irises such that the beam cleanly passes through both of
them.

3. Place S1 600 mm in front of the horizontal mask (Figure 1). Adjust height and angle of S1 until both, the back reflection off of the lens
and the out-coming beam, cleanly pass through the irises. Tighten the post holder holding S1 onto the optical table using table clamps.

3. Mount VIPA2 in the focal plane of the spherical lens (200 mm in front of S1).
1. Mount the VIPA holder onto a post using the screws provided with the holder. Tighten the post into a post holder. Tighten the post
holder onto a horizontal translation stage. (Figure 1)
2. Place VIPA2 carefully in the VIPA holder with the entrance slit oriented vertically. (Figure 1)
3. Fine-adjust the position of the VIPA mount to be exactly in the focal plane of S1. (Check by tracing the beam waist with a white card.)
4. Use cap screws to tighten the translational stage onto the optical table and slide VIPA2 out of the beam using the degree of freedom of
the translational stage.

4. Mount and align the spherical lens S2 (f=200 mm) 200 mm after the VIPA and 200 mm in front of the horizontal mask. Follow the procedure
described in 2.2.1-2.2.3. Instead of attaching the post holder onto the optical table, mount it onto a translational stage with its degree of
freedom oriented along the optical axis. (Figure 1) Use cap screws to tighten the translational stage onto the optical table.

5. Use the horizontal translational stage (2.3.4) to slide the VIPA2 entrance into the beam path. Observe vertical lines on the camera image.

1. Fine-adjust S2 using the translational stage mounted in 2.4 until the vertical lines on the camera image appear sharp.

6. Adjust the spectrum with the horizontal-tilt degree of freedom on the VIPA holder and the translational stage. Use the horizontal-translation
degree of freedom to tune the entrance position of the beam into the etalon. Use the horizontal-tilt degree of freedom to tune the input angle
of the beam into the etalon.

7. Measure finesse and throughput.

1. Take an image by pressing F5 or alternatively by clicking “acquisition setup” in the upper left hand corner and choosing the option “take
image” in the camera software.

2. Right click on the image and choose the option “line plot”. Drag the cursor horizontally across the image to generate a line plot.
Release the cursor to observe the generated line plot.

3. Use the line plot to measure the finesse. Divide the distance between two peaks by their full width at half maximum (FWHM). Aim for
>30.

4. Determine the throughput by measuring the power with a power meter immediately before and after VIPA2. Aim for >50%.

5. Tune the input angle of the beam into the etalon with the degree of freedom on the VIPA holder (2.6) and observe the trade-off between
finesse and throughput.

8. If finesse and throughput are not satisfactory go back and fine-adjust the alignment. Make sure VIPA2 is in the focal plane of S1. Repeat
steps 2.3.3 -2.7.

3. Vertical Stage of Spectrometer

1. Slide the VIPA (VIPA2), aligned in part 2, out of the beam using the translational stage (2.3.4). The horizontal stage of the spectrometer will
now behave as a 1:1 imaging system.
2. Mount the vertical mask.
1. Use set screws to attach the vertical mask onto a post. Tighten a post into a right angle post clamp adapter. Tighten a second post into
the right angle adapter and put it into a post holder. Mount the post holder onto a vertical translational stage, allowing the mask to slide
vertically in and out of the beam path. (Figure 1)
2. Use cap screws to tighten the vertical translational stage onto the optical table such that the vertical mask is imaged sharply onto the
EMCCD camera 200 mm in front of S1.

3. Mount and align the cylindrical lens C1 (f=200 mm) 600 mm in front of the vertical mask.

1. Screw the cylindrical lens holder onto a post. Tighten the post into a post holder. Carefully place C1 into the lens holder and tighten the
screws to fix it in place.

2. Mount two irises as described in 1.5.1. Before placing C1 in the beam path, insert one iris before and one iris after the desired S1
position (600 mm in front of the vertical mask). Adjust the height of the irises such that the beam cleanly passes through both of them.

3. Place C1 600 mm in front of the vertical mask (Figure 1). Carefully adjust the height, tilt, and lateral position of C1 until both, the back
reflection off of the lens and the out-coming beam, are centered onto the irises. Tighten the post holder holding C1 onto the optical
table using table clamps.

4. Mount VIPA1 in the focal plane of the cylindrical lens (200 mm in front of C1).
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1. Mount the VIPA holder onto a post using the screw provided with the holder. Tighten the post into a post holder. Tighten the post holder
onto a vertical translation stage. (Figure 1)

2. Place VIPA1 carefully into the VIPA holder with the entrance slit oriented horizontally. (Figure 1)

3. Fine-adjust the position of the VIPA mount to place VIPA1 exactly in the focal plane of C1. (Check by tracing the beam waist with a
white card.)

4. Use cap screws to tighten the vertical translational stage onto the optical table and slide VIPA1 out of the beam using the degree of
freedom of the translational stage.

Mount and align the cylindrical lens C2 (f=200 mm) 200 mm after VIPA1 and 200 mm in front of the vertical mask, following the procedure
described in 3.3.1-3.3.3. Instead of attaching the post holder onto the optical table, mount it onto a translational stage with its degree of
freedom oriented along the optical axis. (Figure 1) Use cap screws to tighten the translational stage onto the optical table.
Use the translation stage (3.4.4) to slide the VIPA1 entrance into the beam path. Observe horizontal lines on the camera image.

1. Fine-adjust C2 using the translational stage mounted in 3.5 until the horizontal lines on the camera image appear sharp.

Adjust the spectrum with the vertical-tilt degree of freedom on the VIPA holder and the translational stage. Use the vertical-translation degree
of freedom to tune the entrance position of the beam into the etalon. Use the vertical-tilt degree of freedom to tune the input angle of the
beam into the etalon.
Measure finesse and throughput.
1. Follow steps 2.7.1 -2.7.2 to generate a line plot vertically across an image of the camera screen.
2. Use the line plot to measure the finesse by dividing the distance between two horizontal lines by their full width at half maximum
(FWHM). Aim for > 40.
3. Measure the throughput by measuring the power with a power meter immediately before and after VIPA1. Aim for >30%.
4. Tune the vertical input angle of the beam into the etalon with the vertical-tilt degree of freedom on the VIPA holder (3.7). Observe the
trade-off between finesse and throughput.

If finesse and throughput are not satisfactory go back and fine-adjust the alignment. Make sure VIPA1 is in the focal plane of C1. Repeat step
3.4.3-3.8.

4. Combination of the Two Stages and Final Alignment

4.

Slide in VIPA2. Observe horizontally and vertically spaced dots. These dots are the spectral signature of the single frequency laser. Adjust the
translational stages of the VIPAs until the dots are in sharp focus.
Measure finesse and throughput of the spectrometer.
1. Follow steps 2.7.1.-2.7.2 to generate a line plot diagonally across two of the laser dots.
2. Use the line plot to measure finesse by dividing the diagonal distance between two dots by their full width at half maximum (FWHM).
Aim for >30.

Build a black box to enclose the spectrometer.
1. Use construction rails to build the box skeleton, which should enclose the entire spectrometer from the fiber collimator to the CCD
camera (63 inx9inx 15in).
2. Cover the box skeleton with Blackout Fabric and tape it tight at the corners. Ensure that the masks and the VIPAs are easily
accessible.

Connect the fiber to a standard optical probe, such as a reflectance confocal microscope4. Standard optical probes used to collect back-
scattered light will carry a Brillouin signal.

5. Measuring the Brillouin Shift

1.
2.
3

Close both the vertical and the horizontal masks until the laser signature disappears. Move the translation stages accordingly.
Enable the gain and increase the integration time of the camera as much as possible without saturating the EMCCD camera.
Observe the Brillouin shift of a sample.
1. Place a sample in the focus of a confocal microscope (or other optical probe). The spatial resolution will depend on the objective lens
used in the confocal microscope. Use a plastic dish or a cuvette for liquids. Use Methanol for the first measurement.

To optimize the spectrometer throughput, open one mask at a time and scan through the spectrometer orders by tilting the VIPA and
adjusting its translation stage. Find the order in which the signal appears the strongest. Close mask again until the laser signal disappears.
Repeat with the other mask and VIPA (described in 2.6 and 3.7).

Take a measurement of the sample.

1. Take an image of the spectrum following step 2.7.1.

2. Obtain calibration measurements by taking an image of the spectrum of water and glass (or other sample with known Brillouin shift).
Save the image by clicking “file” in the upper left hand corner and choosing the option “save as”. Save the image in “.sif” format if
the data analysis is performed in the camera software. Save the image in “.tif” format if the data analysis is performed in another
computational software program.

6. Calibration and Analysis of Brillouin Spectrum

1.

Determine the free spectral range (FSR) and the EMCCD pixel to optical frequency conversion ratio (PR) in the Brillouin spectrometer.
1. Load the data in the camera software or another computational software program.
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2. Follow step 2.7.2 to generate a line plot across the spectrum of the water calibration image.
Fit the two peaks of the spectrum with Lorentzian curves to determine peak positions in terms of pixel position (Pwater-s, Pwater-as)-
Alternatively, read out the peak positions manually by taking the highest point of the peaks.
Repeat step 6.1.2-6.1.3 with the spectrum of the glass calibration image.
Alternatively to 6.1.1-6.1.4, add both EMCCD frames and fit all four peaks at once. (Figure 2)
Calculate the PR using equation 1. Plug in the values for Pyyater.as @nd Pgjass.as determined in 6.1.3 and 6.1.4. Qgjass.as is known to

be 29.3 GHz. In this case, since the free spectral range is only 20 GHz it will appear aliased with the frequency shift of 9.3 GHz. For
simplicity use 9.3 GHz for Qgjass-as- Use 7.46 GHz for Quyater.as-

www.jove.com
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OGlass—AS—Qwater—As
PR = 1
PGlass—AS—Pwater—AS

Calculate the FSR using equation 2. Plug in the values for Pgjass-s, Paiass-as and PR, calculated in 6.16. Use 9.3 GHz for Qgjass-as.

P -s—P -
FSR =2 X Qgiass—ps + PR X —Ha8=S—082 (9)
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Figure 2. Spectrometer calibration. (A) EMCCD camera frame obtained from calibration sample. (B) Lorentzian curve fit (red) to the measured
data (blue). Please click here to view a larger version of this figure.

2. Determine the Berillouin shift of a sample.
1. Follow step 2.7.2 to generate a line scan across the spectrum of the sample.

2. Fit the two peaks of the spectrum with Lorentzian curves to determine peak positions in terms of pixel position. Alternatively, read out
the peak positions manually by taking the highest point of the peaks.

Use the following equations 4 and 5 and the previously calculated values for FSR and PR to calculate the Brillouin shift of the sample.

0, = % + PR [Px—S . (PGzass-s-i'zPGmss—As)] (4)

Q) 4c = % + PR - [P g (PGEQSS—S';PGFG.SS—AS)] (5)

3.

Representative Results

Figure 3 shows representative Brillouin spectra and their fits for different materials. The VIPAs both have a thickness of 5 mm which results in a

FSR of approximately 20 GHz. The integration time for these measurements was 100 msec. 100 measurements were taken and averaged. One
calibration measurement was taken prior to acquiring the spectra.
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Figure 3. Brillouin Spectra of different materials. Lorentzian curve fit (red) to the measured data (blue). (a) Brillouin spectrum of Methanol.
The measured Brillouin shift is 5.59 GHz. (b) Brillouin spectrum of Ethanol. The measured Brillouin shift is 5.85 GHz. (c) Brillouin spectrum of
Polystyrene. The measured Brillouin shift is 14.12 GHz. Please click here to view a larger version of this figure.

The obtained Brillouin shifts agree with previously published data>®7. To determine if the alignment of the spectrometer is optimal, many spectral
measurements of the same material can be taken sequentially, and the standard deviation of the peak positions can be calculated. Figure

4A shows a time-trace of 250 Brillouin measurements of methanol taken sequentially; a histogram of the evaluated Brillouin shifts is shown in
Figure 4B. A well-aligned spectrometer with 5 mW of light at the sample and an integration time of 100 msec will have a standard deviation of

o ~ 10 MHz. Changes in Brillouin shift within corneal and lens tissue have been measured to be on the order of 1 GHz*"""". Therefore, Brillouin
shift readings with variability of <10 MHz will enable the measurement of relevant mechanical variations in tissue.
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Figure 4. Deviation in Brillouin shift over 250 methanol measurements. (A) Time-trace of 250 Brillouin measurements of methanol. (B)
Histogram of Brillouin shift deviation over 250 measurements. Please click here to view a larger version of this figure.

A key design feature of this spectrometer configuration is that the two stages can be aligned independently. When a VIPA etalon is slid out of
the optical path, the remaining lenses of the spectrometer stage form a 1:1 imaging system, so that the spectral pattern from each stage is
imaged onto the CCD camera. Therefore, it is straightforward to go back to either one of the stages to improve its performance without affecting
the alignment of the other stage. The set of translational stages and degrees of freedom suggested in the protocol follow this philosophy of
maintaining the ability to independently optimize both stages of the spectrometer.

It is difficult to mount the VIPA etalons such that the tilt degree of freedom rotates around the input window axis. Subsequently, when operating
with commercially available opto-mechanical components, tilting the etalon inevitably introduces a small translation of the input window. The
translation along the optical beam axis should not induce negative effects because of the large Rayleigh range of the input lens (~3 mm). On
the other hand, the translation on the axis orthogonal to the beam propagation may significantly decrease the throughput of the spectrometer.
This is why the translational and the tilt degrees of freedom on the VIPA holder have to be operated in tandem to maximize the finesse and

the throughput. It is suggested to start the alignment procedure with relatively high tilt angle (~3-5 degrees) so that coupling light into the VIPA
etalon is nearly lossless. As the alignment improves, the tilt angle can be decreased to improve the finesse. The optimization of the finesse and
the throughput is an important part of the alignment protocol, especially for applications in biological materials where integration time and laser
power must be kept as low as possible.

In the protocol, it has been suggested to extract the Brillouin shift from the analysis of two spectral peaks, namely the Stokes and Anti-Stokes
peaks from two adjacent diffraction orders. This is an intrinsically robust procedure that minimizes artifacts due to laser frequency drifts, or etalon
temperature changes. However, measuring peaks with significantly different spectral shift may have drawbacks. In fact, the provided procedure
for spectral calibration is based on the assumption of constant spectral dispersion across the spectral pattern. In reality, the spectral dispersion
increases in the lower orders of diffraction. As a result, the regions of the spectrum that are analyzed (i.e., the Stokes and Anti-Stokes peaks
from two adjacent diffraction orders) may have different spectral dispersions. In this case, the spectral calibration procedure written here will
provide inaccurate Brillouin shifts. It is suggested that more materials of known Brillouin shift should be used in this situation to build a spectral
calibration curve with polynomial fit. This is particularly important if the absolute value of the Brillouin shift has to be compared rather than the
relative change in Brillouin shift between two conditions.
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Typically, the finesse of free-space etalons, including the VIPA described here, does not surpass ~50. As a consequence, there will be a trade-
off to consider between high spectral resolution and free spectral range. In this protocol a free spectral range of 20 GHz is suggested for green
(532 nm) laser operation since most biomaterials have Brillouin shifts of less than 10 GHz. Only half of the FSR is available for Brillouin analysis
because the Stokes and anti-Stokes frequency shifts larger than half FSR will appear aliased in the spectrum.

If difficulties are encountered in observing the Brillouin signal, it is important to recognize whether the issues are related to an excessive amount
of stray light, or to a low number of Brillouin photons. Excessive stray light should be effectively eliminated. Ensure that the black box enclosure
is light-tight. Without sample, turning on room lights or turning off the laser should not significantly change the EMCCD camera background
photon count. To eliminate laser light reflected off of the sample’s surface, slightly tilt the sample, and start the observation with spatial masks
closed as much as possible without blocking the signal. These two procedures will enable increasing the integration time to allow observation of
a very dim Birillouin signal. If still there is no signal, it is probable that the Brillouin signal is too weak. Use a different sample with strong Brillouin
signal such as Methanol, or check the alignment of the collection optics in the confocal microscope. After successfully observing a signal,
optimize it further by following step 5.4 described in the protocol.

Loss of incident light due to absorption or scattering will increase the acquisition time required for sample analysis. As a result, best results are
usually obtained in transparent or thin materials. A well aligned spectrometer should be able to get a high photon count (>1,000 at the peak) with
5 mW of light at the sample and 100ms of integration time for liquid materials or clear plastic samples. This is significantly faster than traditional
scanning spectrometers. Due to its low acquisition time and illumination power, such a spectrometer has enabled using Brillouin spectroscopy
for in vivo-mechanical imaging®'®'""'2. Using this type of spectrometer, several groups have demonstrated a variety of applications such as
measuring the rheological properties of the eye Iens13, detecting bacterial meningitis in spinal ﬂuid4, and analyzing the corneal elastic modulus™.

Further improvements to the spectrometer are expected in the near future, especially if low-loss ultra-narrow band pass and/or notch filter can
be incorporated to relax the extinction requirements on the VIPA spectral dispersion. Since the spectrometer can be used in combination with a
variety of standard optical probes, for example confocal microscopess""s, endoscopes, and slit-lamp ophthalmoscopes, the VIPA spectrometer
could be an instrumental component in several biomedical applications.

Giuliano Scarcelli and Seok H. Yun hold patents related to Brillouin spectroscopy technology.
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