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ABSTRACT

Brillouin spectroscopy is increasingly employed for biomedical research and recent advances such as line-scanning
configurations further widen the scope of possible measurements. Current spectrometer technologies have limitations
which are prohibitive for certain applications. We propose a novel hybrid VIPA-etalon cascade scheme compatible with
both confocal and line-scanning geometries. A single VIPA is followed immediately with one or multiple essentially
parallel-oriented standard Fabry-Perot etalons of approximately matching thickness. The cascaded etalons preserve near-
unity throughput while increasing the contrast by more than 20 dB per stage. Other advantages include simplicity,
compactness, and wavelength flexibility. We present simulations of the hybrid VIPA-etalon scheme and an experimental
proof-of-concept measurement.
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1. INTRODUCTION

Brillouin spectroscopy is establishing itself as an invaluable tool for probing non-invasively the mechanical properties of
tissues in the context of biomedical research and diagnostics [1]. For many applications, 2D or 3D Brillouin imaging is of
particular interest. The recently developed line-scanning geometries open up new possibilities in terms of mapping speed
[2,3]. These modalities are incompatible however with the widely used high-contrast two-stage cross-axis VIPA scheme
[4]. Alternative contrast-enhancing strategies exist but they have limitations which are prohibitive for certain applications.
Apodization is compatible with line-scanning but only a single stage (~20 dB) can be implemented. Narrow-band notch
filtering with rubidium cells has been implemented successfully (~40 dB per stage), but it constraints the measurement to
the near-infrared region. Given the A dependence of the Brillouin signal magnitude and the typical quantum efficiency
curves of cameras, visible excitation is often desired. To address this technological gap, we built on our previous work [5]
and developed a novel high-contrast and high-throughput hybrid VIPA-etalon cascade scheme compatible with both
confocal and line-scanning schemes. It is presented below, along with simulations and proof-of-concept measurements.

2. METHODS

The simulations were performed using a MATLAB program based on standard Fabry-Perot and imaging equations. The
simulation parameters are provided in the main text. The proof-of-concept measurements were performed using a 457 nm
single longitudinal mode laser (Cobolt 05-01 Series, Hubner Photonics), a single mode fiber, a thickness-matched
VIPA/etalon pair (thickness ~1.36 mm; VIPA finesse ~70; etalon finesse ~35), off-the-shelf optics, and a CMOS camera.

3. RESULTS AND DISCUSSION

The proposed configuration is shown schematically in Fig. 1. The collected scattered signal is coupled to a single VIPA
with a cylindrical lens. The VIPA is followed with one, two, or more approximately parallel-oriented standard Fabry-Perot
etalons with approximately matching thickness. In contrast to VIPAs, which have near-unity throughput, etalons typically
have a throughput on the order of inverse finesse when illuminated with cylindrically diverging light (Fig. 2a, middle
panels). In the proposed configuration however, they transmit nearly all the incident light (Fig. 2a, bottom panel) since the
upstream VIPA pre-sorts each frequency component precisely at the angles of maximum etalon transmission, given the
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matching dispersions. Consequently, the cascaded etalon(s) preserve near-unity throughput while greatly enhancing the
contrast since they reflect the small fraction of photons transmitted by the VIPA at angles other than the actual VIPA
orders. The cascaded etalon(s) must have the same vertical tilt as the VIPA (the reference frame is given in the caption of
Fig. 1) to produce matching dispersion. They must have slightly different horizontal tilt and physical thicknesses to prevent
undesired secondary reflections from falling on the target region of the sensor while having matching effective thicknesses.
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Figure 1. Schematic of the proposed configuration. The case shown here includes two contrast enhancement stages. The labels
“top” and “side” views refer to a VIPA orientation for which the dispersion axis is vertical.
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Figure 2. Simulation of a potential VIPA-etalon-etalon design illuminated with the excitation wavelength only (simulation
details are provided in the text). A) Simulated sensor images for 4 cases: VIPA only, etalon 1 only, etalon 2 only, and all 3
elements combined. The 4 images are normalized to the VIPA-only case. B) Comparison of the simulated spectral response
(uncalibrated and normalized to the VIPA-only case) of the excitation wavelength with and without the cascaded etalons. C)
Simulation of the contrast enhancement upon the addition of a single cascaded etalon as a function of its finesse. Inset: VIPA-
etalon throughput as a function of the etalon finesse. D) Simulation of the throughput as a function of the cascade-induced
contrast enhancement in line-scanning geometry for a single, double, triple, or quadruple cascaded etalons.
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A specific VIPA-etalon-etalon design was simulated and its throughput and contrast were assessed. The results are shown
in Fig. 2a,b. All 3 components have a free spectral range (FSR) of 15 GHz and a vertical tilt of 1°. The finesse of the VIPA
is 55 while that of the etalons is 19. The horizontal tilt of the VIPA is 0° while that of the two etalons is 0.08° and -0.08°.
The excitation wavelength is 660 nm. A 150 um line-scan image is assumed (corresponding to a 3:1 magnified 50um line-
scan excitation collected with a 0.4 NA objective). Two FSRs are significantly illuminated and reported. The camera and
imaging lens parameters are inconsequential since they only scale the image. The resulting simulated performances are as
follow: 0.27 GHz FWHM resolution; ~50% throughput; and 75 dB contrast. Fig. 2c presents the simulated dependence of
the throughput and contrast enhancement (per stage) on the etalon finesse. The resulting relationship between contrast
improvement and throughput is shown in Fig. 2d for various numbers of cascade stages. The results suggest that
implementing several stages consisting of low-finesse etalons is desirable over a single high-finesse stage. Combined with
various practical considerations, 2 to 4 cascade stages is likely ideal.

An experimental proof-of-concept is presented in Fig. 3. A single frequency laser was coupled via a single mode fiber to
a collimator and steered towards a setup similar to that shown in Fig. 1 (albeit with a single cascade stage). The single
mode fiber mimics confocal collection. The experimental parameters, which are provided in the methods section, are
different but comparable to those used for the simulations presented in Fig. 2. While the VIPA-only case (Fig. 3a) exhibits
significant signal between VIPA orders, where the Brillouin signals would be expected, it is essentially eliminated in the
VIPA-etalon case (Fig. 3b). A contrast enhancement of ~ 20 dB is achieved with less than 2 dB of insertion loss.
Interestingly, scattered light along the orthogonal direction is also eliminated, thanks to the horizontal tilt of the etalon.

A VIPA only B VIPA-Etalon

Figure 3. Saturated experimental sensor images showing 2 laser orders (457 nm) using a VIPA (A) and a VIPA-etalon cascade
(B). The dispersion axis is horizontal. Saturated pixels are shown in red.

4. CONCLUSIONS

A Brillouin contrast enhancing strategy consisting of cascading thickness-matched etalons downstream of a VIPA was
demonstrated. Simulations and preliminary experimental measurements showed an achievable contrast enhancement
greater than 20 dB per etalon stage while preserving a high throughput. The proposed configuration can reach >75 dB
contrast and is compatible with both line-scanning and standard confocal geometries, at any wavelength. It is also simple,
robust, compact, and amenable to monolithic embodiments, making it a promising candidate for the next generation of
bio-Brillouin systems.
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