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ABSTRACT
VIPA-based Brillouin spectroscopy is implemented for in-situ measurements at high
pressure and temperature in laser-heated diamond anvil cells. Its performances are
compared to those of the widely used Tandem Fabry-Perot instrument. A significant
reduction of the collection time is in particular enabled. The usefulness of VIPA-
Brillouin spectroscopy for High Pressure studies is here illustrated by revisiting the
nitrogen melting curve up to 45 GPa. VIPA-Brillouin spectroscopy has the potential
to become an important platform to investigate the equation of state properties of
warm dense molecular systems.
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1. Introduction

Brillouin spectroscopy enables to measure by inelastic light scattering the frequency of
acoustic vibrations in a sample. One can then straightforwardly deduce the adiabatic
sound velocity and the elastic moduli of the sample [1]. This optical technique is well
suited for high pressure experiments using diamond anvil cells (DAC), not only allow-
ing to characterize elastic properties of crystalline and amorphous solids under extreme
conditions, but also the detection of pressure-induced phase transitions in the sample
through sound speed discontinuities. For example, Brillouin scattering has been used,
in conjunction with x-ray diffraction, to develop a primary pressure scale using MgO,
c-BN and SiC crystals [2–4], to study the anomalous elasticity in silica glass [5,6], or
to identify the transition of water ice to its symmetric X form at high pressures [7].
Also, coupled to resistive or laser heating DAC techniques, Brillouin measurements
can offer a microscopic diagnostic of structural transitions at high P-T. [8,9]. The
pressure-temperature equation of state of hot dense fluids can be obtained through
the thermodynamic integration of the measured sound velocity [10]. The sample re-
fractive index can also be obtained from Brillouin data [11]. Interestingly, Brillouin
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data can be used to study mixtures at extreme pressure and temperature conditions
[12]. Finally, it may help to investigate further fluid polymorphism at high density,
providing complementary information to x-ray diffraction data. Thereof, applications
range from geophysics and planetary interiors research, to materials characterization
and fundamental physics.

The major challenges for Brillouin measurements lies in the weak intensity of the
scattered light with respect to the laser excitation (its intensity is of the order of ∼ 105

times smaller than the elastic scattering one), and the extremely small spectral shift
to be detected, i.e. ∆ν is in the 1− 200 GHz range, corresponding to 0.03− 7 cm−1.
A Brillouin frequencies analyzer must thus provide high spectral resolving power and
very high contrast. The Tandem Fabry-Perot (TFP) interferometer developed by J.
R. Sandercock in the 1980s [13] fulfills these requirements and it has been most ex-
clusively used in high pressure research over the past four decades. The TFP is based
on the synchronized scanning of two Fabry-Perot etalons allowing to temporally dis-
perse the Brillouin spectrum with sufficient contrast. Because of the very small sample
volumes which are accessible in the DAC, the time needed to obtain a good signal-to-
background ratio with the TFP is typically of the order of minutes to hours, depending
on the pressure range investigated and the sample Brillouin efficiency. This can make
such Brillouin measurements in the in-situ laser heating DAC quite challenging, since
it can be very difficult to maintain a stable sample temperature over several minutes
due to fluctuations in the laser absorption and/or sometimes to chemical reactions
of the hot sample with its surrounding materials. Hence there is a need for higher
Brillouin signal throughput to be able to measure the sound velocities of warm dense
molecular systems.

Recently, the VIPA (Virtually Imaged Phased Array) technology has allowed to
measure Brillouin spectra without the need of frequency scan, by implementing spa-
tial dispersion so that the full spectrum can be simultaneously recorded using a bi-
dimensional pixel array [14–17]. It was shown on standard samples that this approach
enables to increase signal throughput by several orders of magnitude with respect to
the TFP [18,19]. Up to now, VIPA-based instruments have been mainly used for Bril-
louin measurements on biological systems under ambient conditions. To our knowledge,
it has never been implemented in the field of high pressure research.

We here below demonstrate the feasibility of the VIPA based Brillouin spectroscopy
measurements for high pressure samples in laser-heating DACs and we discuss the
advantages and drawbacks of that approach compared to using the TFP device. Some
details for implementing the VIPA instrument on a high pressure bench are also given.
Brillouin measurements on pressurized nitrogen around its melting line up to 45 GPa
and 2000 K are presented as a qualifying test.

2. Experimental set-up

To perform the comparative present study, the VIPA-based spectrometer was added
to an existing high pressure-high temperature Brillouin bench, constructed around
a TFP interferometer and a CO2 laser heating of the DAC. The temperature was
estimated from the sample thermal emission collected over 550-950 nm. The Brillouin
shift depends on the chosen scattering geometry. Here, Brillouin measurements were
performed in both the back-scattering and platelet geometries and so the measured
Brillouin shift ∆ν is related to the sample sound velocity VS and refractive index n,
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respectively by:

∆ν =
2nVS

λ
(1)

and

∆ν = (2VS/λ) sin(θ/2), (2)

where λ is the excitation laser wavelength and θ is the scattering angle (angle
between the incident and scattered light wavevectors, in forward arrangement with a
symmetric finite angle with respect to the sample normal) [1]. The platelet geometry
allows to get rid of the sample refractive index thanks to the Snell-Descartes refraction
inside the sample. In platelet geometry, both longitudinal and transverse modes are
probed while in back-scattering geometry, only longitudinal acoustic vibrations can be
detected due to selection rules [13].

Figure 1 shows a sketch of the optical set-up. Different laser excitation wavelengths
have been used in the two Brillouin spectroscopies: 514 nm for measurements using
the TFP (TFP-1 model, JRS Optical Instruments) and 457 nm using the VIPA-based
spectrometer (Brillouin hyperfine spectrometer, Light Machinery Inc.). Our VIPA hy-
perfine spectrometer was designed to operate with a 457 nm excitation wavelength.
That excitation wavelength was selected to limit the background contribution on the
Brillouin spectra coming from the thermal self-emission of the sample at high tempera-
ture. On the other hand, at the time of present experiments, the TFP-1 interferometer
was equipped with mirrors operating in the range 490-540 nm. The comparison of the
two instruments was thus performed using different excitation wavelengths. The 514
nm radiation is produced by a single mode Coherent Genesis CX laser and the 457
nm one by a single mode Cobolt 05-01 Twist laser. The excitation wavelength is
changed using two flip-mirrors (FM1 and FM2 in figure 1), such as both lasers follow
a common optical path except for the final collection of scattered light into the TFP
interferometer or the VIPA hyperfine spectrometer. The optical design allows also to
switch from back-scattering to platelet scattering geometry by taking advantage of the
polarization of light. By setting the angle of the first half-wave plate, the polarizing
beam splitter cube PBS1 reflects the laser towards excitation path labeled 1 in figure
1 for back-scattering geometry, or transmits light towards path labeled 2 for measure-
ments in platelet geometry with 30◦ incidence (60◦ scattering angle). The excitation
laser is converted to circular polarization by a quarter-wave plate before its focusing
in the DAC cavity. By converting the scattered light back to linear polarization, it
is fully reflected on PBS2. Achromats or long working distance microscope objectives
can be used as focusing optics on the sample (path 1 and 2) depending on the space
requirements around the DAC.

The scattered light is focused on the TFP-1 input pinhole of 150 µm diameter by a
75 mm achromat. Coupled with a f = 60 mm achromat for signal collection (path 1),
it leads to a ∼ 120 µm in diameter region at the sample. A higher confocality can be
reached by using a long working distance 10x objective as collection optics, leading to
a ∼ 40 µm spot diameter at the sample.

In the VIPA hyperfine spectrometer configuration, the signal is coupled into a single-
mode (SM) optical fiber of ∼ 3.5 µm core field diameter using a 40 mm focal length
collimator and that requires a very stringent alignment. The collection SM fiber deliv-
ers the collected signal to one or two serialized Pump Killer modules (Light Machinery
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Inc.) dedicated to the filtering of elastic scattering light (details will be given below)
prior to the coupling into the VIPA hyperfine spectrometer using another SM fiber.
The use of such single mode fiber leads to very sharp spatial filtering: by using a f = 60
mm achromat in path 1, the collection spot diameter at the sample is approximately
5 µm. The use of a 10x objective leads to a collection spot diameter of the order of
2 µm. The use of a beam expander, positioned in-between the 457 nm laser and the
focusing optics, reduces the excitation spot at the sample to approximately the same
size as the signal collection area.
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Pump 
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meter
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spectro-
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Figure 1. Sketch of the experimental set-up used during this work. Flip-mirrors FM1 and FM2 are used to

switch from the TFP-1 configuration (514 nm, green path) to the VIPA hyperfine spectrometer configuration
(457 nm, blue path). The half-wave plate before the polarizing beam-splitter PBS1 allow to switch from

backscattering to platelet geometry (see text). The sample is excited by the laser beam through optical path 1

for backscattering geometry or through path 2 for platelet geometry. The scattered light is collected through
path 1 and forwarded to the TFP-1 or to the VIPA hyperfine spectrometer. The 10.6 µm CO2 laser radiation

is focused in the DAC cavity for laser heating of the sample (red path). Thermal radiation emitted from the

sample is collected by a Schwarzschild objective and analyzed into the spectrometer dedicated to temperature
radiometry (yellow path).

To perform laser heating of the sample, a 10.6 µm CO2 laser radiation (Synrad
firestar f201, 200 W power) is focused by a f = 75 mm ZnSe lens in the DAC sam-
ple chamber with a ∼ 25◦ elevation angle. The thermal emission from the sample
is collected by a finite conjugate Schwarzschild objective preventing any chromatic
aberrations (yellow path in figure 1). It is then coupled into the spectrometer (Andor
Technology) dedicated to the temperature radiometry. The temperature of the sample
is estimated by fitting the spectrum with the Planck formula assuming a wavelength-
independant grey-body thermal emission. The temperature uncertainty is estimated
by the sliding two-color pyrometry analysis, as described in details in Ref. [20].

3. Tandem Fabry-Perot vs. VIPA Brillouin spectroscopy

Up to now, the most convenient instrument to use for Brillouin spectroscopy was based
on Fabry-Perot interferometry. In the TFP-1 device, the Brillouin scattered light from
the sample undergoes 3+3 passes (six in total) through two tunable Fabry-Perot (FP)
etalons, before reaching a photon counter (Hamamatsu C11202) as shown in figure
2(a). Each FP only transmits wavelengths λ satisfying the relation e = pλ/2 where

4



e is the FP spacing and p an integer. Successive interference orders are separated by
the free spectral range FSR related to e through FSR = c/(2e), where c is the speed
of light. The two FP interferometers are slightly detuned so that only one interference
order is selected. Therefore, by scanning synchronously the spacings of the two FP the
spectrum can be collected over a time interval and retrieved through a multichannel
analyser. Synchronicity is maintained by design since both FP are scanned through
a common piezo-electrically driven translation stage as sketched in figure 2(a), top
panel. Figure 2(a), bottom panel shows a typical Brillouin spectrum obtained on a
fluid H2O sample loaded in the DAC at ∼ 1 GPa in platelet geometry. The TFP-1
instrument has the advantage to provide tunable FSR, resolution, and spectral range
up to 1 THz. The 3+3 passes through the FP etalons lead to a very high contrast of
∼ 1010. Recent optimizations of the instrument have been shown to provide a ∼ 1015

contrast [21]. The main drawback of using the TFP-1 device for measurements under
extreme conditions is the scanning time needed to reach the desired signal-to-noise
ratio of the spectrum.

Figure 2. Principle of Brillouin spectroscopy using (a) the 3+3 pass Tandem Fabry-Perot interferometer or
(b) the VIPA hyperfine spectrometer. In the TFP-1 (a), the scattered light undergoes three passes through
two tunable Fabry-Perot etalons (only one pass is represented for simplicity). The spectrum is so decomposed

in time by scanning the translation stage, and sequentially reconstructed. In the VIPA hyperfine spectrometer
(b), the spectrum is dispersed by the VIPA etalon in the vertical direction, then by the diffraction grating in

the horizontal direction and finally projected on a camera by a lens. The obtained image allows reconstruction

of the Brillouin spectrum after calibration: the image is integrated along the blue stripes taking into account
equivalent features from the successive VIPA interference orders.

The VIPA hyperfine spectrometer implements a spatial dispersion of the scattered
light to be analyzed. The VIPA itself is a SiO2 etalon of fixed thickness in which a
strong angular dispersion is produced. It has a narrow entrance window in a virtually
100% reflective surface, while the output surface is only partially reflective. The light is
focused through the entrance window by the mean of a cylindrical lens, such as multiple
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interferences in the VIPA etalon lead to collimated output light with propagation angle
depending on the wavelength [22]. The VIPA provides high spectral dispersion but with
a fixed FSR (in our case 38 GHz). In the hyperfine spectrometer, the light exiting the
VIPA is then dispersed by a 79 grooves/mm diffraction grating in the perpendicular
direction as shown in figure 2(b), top panel. The dispersed light is finally focused on a
CMOS camera (Hamamatsu ORCA-Fusion C14440-20UP). The spectral features are
resolved from their position on the two-dimensional image. The diffraction grating
stage allows to unambiguously discern signals separated by integer multiples of the
VIPA FSR, that would otherwise overlap.

The image output obtained in platelet geometry from a fluid H2O sample loaded in
the DAC at ∼ 1 GPa is shown in figure 2(b), bottom panel. Two interference orders
from the VIPA are shown. For each, the Rayleigh line as well as both Stokes and
anti-Stokes peaks from the sample are visible. The Brillouin spectrum is retrieved by
”unwrapping” the image along the blue stripes, as shown in figure 2(b), bottom panel.
The calibration lines are obtained by adjusting a physical model of the instrument
dispersion (based on a paraxial solution [23]) on both the 457 nm laser radiation and
on a broadband spectrum produced by a light-emitting diode. Calibration stripes are
separated by exactly one VIPA FSR in the grating dispersion direction. Since redun-
dant information is present in a single image, successive interference orders from the
VIPA are averaged in the spectrum. The VIPA hyperfine spectrometer has a fixed FSR
and resolution (38 GHz and 0.8 GHz in our case, respectively). The contrast provided
by the VIPA alone (approximately 105) is often insufficient for proper measurements.
Thus, additional filtering of the elastic signal is often required, as described below.

The main advantage of the Brillouin VIPA spectroscopy lies in the fact that the
spectrum is decomposed in space such that the entire spectrum is simultaneously ob-
tained on the camera sensor. That can considerably decrease the accumulation time
needed to obtain a given Brillouin signal-to-noise ratio compared to the use of the
TFP-1 instrument. Many factors though can affect the signal throughput of a given
technique and so the VIPA hyperfine spectrometer performances for Brillouin spec-
troscopy under extreme conditions are specifically examined here below.

4. Elastic scattering suppression

Several strategies have been used to reach higher contrast using VIPA-based instru-
ments, for example by using two VIPA etalons in crossed configuration [16,17], or
by reducing the elastic signal beforehand, e.g. using a vapour absorption cell [19]
or by destructive interference [24]. In our case, the hyperfine Brillouin spectrometer
can be associated with one or two additional filtering module(s) [called Pump Killer
module(s)], inserted prior to the spectrometer stage to strongly attenuate the elastic
scattering by destructive interference. Such module has fibered input and output, and
is based on a properly tuned FP etalon upon which the scattered light reflects twice
leading to strong attenuation of the laser line at the output. Each additional PK mod-
ule increases the contrast by more than 103. The FSR of our PK etalons are fixed at
76 GHz (i.e, twice the VIPA FSR), with the drawback that the spectrometer is blind
to any signal with integer multiples of 76 GHz frequency. The performances using
one or two successive Pump Killer (PK) modules are illustrated with the Brillouin
spectra in backscattering geometry from a fluid H2O sample at ∼ 1 GPa, as shown in
figure 3. The corresponding raw images on the CMOS camera are shown as insets in
figure 3. In both spectra, the central Rayleigh line is visible as well as the Stokes and
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anti-Stokes peaks of the sample at 14.46 GHz (red arrows in figure 3). Narrow, intense
peaks located at every 38 GHz integer multiples (the VIPA FSR) are observed in the
spectrum obtained with one PK, while they are completely absent when two PK are
used. A weaker peak is observed in both spectra at 188.06 GHz, which is ascribed to
the Brillouin signal of the diamond anvils (blue arrows in figure 3). One can note a
slight intensity asymmetry between Stokes and anti-Stokes peaks, which is mainly due
to a small detuning of the PK modules.

Figure 3. Brillouin spectra of a fluid H2O sample near 1 GPa obtained in backscattering geometry. One, or

two successive Pump Killer modules were inserted for elastic scattering attenuation (grey and black spectrum,
respectively). The inset shows the corresponding raw images on the CMOS camera (only one VIPA interference

order region is shown). Red arrows indicate the H2O signals, and blue arrows the signal from diamond anvils.

The laser power on the sample was set to ∼ 90 mW, and was focused through a long distance x20 Mitutoyo
Plan Apo SL objective (NA = 0.28). In this particular case a f = 11 mm aspheric lens was used for coupling

in the SM fiber. The acquisition time was set to 3× 5 s.

As expected, the central Rayleigh line intensity is strongly reduced when using two
Pump Killer modules. However, the signal intensity from the sample is also approxi-
mately twice weaker. This is due to losses in the additional PK module, mainly from
the insertion in the output SM fiber. Note that the absolute intensity of the Rayleigh
line in a given spectrum strongly depends on the focusing in the sample, on the NA
of the objective or on lens used, and on the incidence angle of the excitation laser into
the DAC, since it mainly originates from the reflected light at the diamond-air and
diamond-sample interfaces.

On the camera sensor image obtained using only one PK (inset in figure 3), the
central elastic line strongly dribbles in both directions of dispersion (as far as ∼ 8
GHz in fig. 3) preventing proper measurements in this low frequency shift region.
That signal produces artifacts in the unwrapping process at every intersections of the
Rayleigh line with the calibrated ”unwrapping” lines (blue stripes in insets of fig.
3). These cross-talk artifacts lead to the observed set of peaks at every p × FSR in
the corresponding spectrum. When two PK are used, the Rayleigh line is sufficiently
attenuated to completely suppress the cross-talk. In short, one may choose using one
or two PK modules depending on (i) the intensity of the Rayleigh line , (ii) the relative
intensity of the Brillouin signal, (iii) the frequency range of the sample Brillouin peaks,
and their possible spectral overlap with cross-talk artifacts at every p× FSR.
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5. Quantitative assessments

In order to assess the performances of the VIPA hyperfine spectrometer more quan-
titatively, we compare below the data obtained with the VIPA instrument to those
with the TFP-1 interferometer on identical samples. A protocol similar to the one of
references 18 and 19 was followed. For various acquisition times –or number of scans
with the TFP-1–, series of ten spectra were recorded on a fluid H2O sample at ∼ 1
GPa. Both back-scattering and platelet geometries were measured, and only one PK
module was inserted. For each spectrum, the sample Brillouin Stokes and anti-Stokes
peaks were fitted using a lorentzian profile:

I(ν) =
I0

1 +
(
ν−ν0

Γ/2

)2 (3)

where I0 is the height of the peak, ν0 its spectral position and Γ its full width at half
maximum (FWHM). Typical Brillouin spectra obtained in back-scattering geometry
with both instruments are shown in figure 4, along with the fitted lineshapes plotted
in red. The different spectral positions of the Brillouin peaks obtained with the VIPA
hyperfine and the TFP-1 spectrometers arises from the different laser excitation wave-
lengths used for each measurements and is quantified by the 1/λ dependence of the
Brillouin shift. Such series of measurement allowed to quantify the reproducibility of
the measured spectral position and FWHM as a function of the acquisition time. To
do so, we calculated the standard deviation of the spectral position and width over
the ten spectra series for each acquisition duration (the average positions and widths
from Stokes and anti-Stokes peaks were used). We also calculated the signal-to-noise
ratio (SNR) by taking the mean peak height ⟨I0⟩ divided by the standard deviation of
the background noise σnoise, the latter being evaluated in a region where no spectral
features are present, as shown in blue in the insets of figure 4. The following formula
was used:

SNR = 20log10 (⟨I0⟩/σnoise) (4)

.
The obtained standard deviations and the SNR as a function of acquisition time

are presented in figure 5. The number of TFP-1 scans was converted into acquisition
duration using the measured value of 640 ms/scan, accounting not only for the time
spent on each TFP-1 channel but also for operating time between each channel. The
power on the sample was set close to ∼ 100 mW for both excitation lasers. In fact,
results plotted in figure 5 are corrected for the small laser power variations, and for the
1/λ4 factor in the scattering intensities since the two Brillouin spectroscopy data-sets
were measured with different excitation laser wavelengths.

Looking at figure 5 (a,b) and (d,e), for increasing acquisition time, one can observe
a strong decrease in the standard deviation on peak position and on FWHM. For both
instruments, the precision in positions and in FWHM tends toward ∼ 5 MHz and
∼ 20 MHz, respectively, in good agreement with previous reports [18,19]. However, for
reaching a given precision, the VIPA hyperfine spectrometer is more than ten times
faster than the TFP-1 interferometer. That is also true for a given SNR value, as
shown in figure 5(c) and (f),

In general, the signal noise arises from multiple contributions [25]. The main ones are
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Figure 4. Typical Brillouin spectra obtained with the TFP-1 interferometer (top spectrum) and the VIPA
hyperfine spectrometer (bottom spectrum) for a H2O sample at ∼ 1 GPa. Spectra were measured in back-

scattering geometry. The acquisition time was set to 1 s with the VIPA hyperfine spectrometer and to 19.2 s

with the TFP-1 (30 scans), leading to a similar signal-to-noise ratio. The fitted lorentzian functions are shown
in red. Both insets correspond to the background regions where the noise was sampled for SNR estimation.

(i) the photon shot noise in the signal, proportional to the signal intensity itself (thus
∝

√
t with t the acquisition time), (ii) the dark shot noise from thermally excited

electrons in the optical sensor (also varying as ∝
√
t), and (iii) the readout noise

generated at signal amplification and digitization (independent of t). In our calculated
SNR value, the photon shot noise is not included since only the background noise is
considered and since it is intrinsically identical for both instruments.

Looking at figure 5(c) and (f), the SNR obtained with the VIPA hyperfine spec-
trometer in the short integration time regime shows an increasing trend with a steeper
slope than the 0.5 slope expected for a

√
t law in log scale. We rather found values

close to 0.9 for both platelet and back-scattering measurements [see figure 5(c) and
(f)]. This implies that the SNR is limited by the readout noise of the CMOS camera
rather than by the camera dark current in this short integration time range. For longer
integration times, the linear SNR increase is almost following the expected 0.5 slope
in the dark shot noise limited regime (we find values in-between 0.5 and 0.6). On the
other hand, a slope close to 0.5 is found for the TFP-1 measurements (0.45 and 0.47
for platelet and backscattering geometries, respectively) over the whole acquisition
duration range and for both scattering geometries, showing that the readout noise is
negligible in that case. This difference has important implications because the CMOS
camera used in the VIPA hyperfine spectrometer is limited to a maximum of 10 s single
acquisition time. Summing successive acquisitions in the dark noise limited regime is
equivalent to performing a longer single acquisition. Whereas, in the short acquisition
regime, readout noise adds up and so summing successive spectra does not improve the
SNR or hardly. If the signal from a given sample is too weak to really emerge from the
readout noise even for the longest possible acquisition time, its visibility will not be
improved by summing multiple spectra. This is an important drawback with respect
to the TFP-1 system for which virtually any signal can be extracted from noise by
increasing the measurement time.

Typical Brillouin anti-Stokes peaks measured either with the TFP-1 (red dashed
curve) or the VIPA hyperfine spectrometers (black solid line) under identical condi-
tions are compared in Figure 6 for the longest investigated acquisition time for each
instrument.

9



10 1 100 101

Acquisition time (s)

0.00

0.02

0.04

0.06

0.08

0.10

Po
sit

io
n 

st
d.

 d
ev

. (
GH

z)

(a)

Platelet geometry

VIPA
Tandem

10 2 10 1 100 101

Acquisition time (s)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Po
sit

io
n 

st
d.

 d
ev

. (
GH

z)

(d)

Backscattering geometry

10 1 100 101

Acquisition time (s)

0.00

0.02

0.04

0.06

0.08

0.10

FW
HM

 st
d.

 d
ev

. (
GH

z)

(b)

10 2 10 1 100 101

Acquisition time (s)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

FW
HM

 st
d.

 d
ev

. (
GH

z)

(e)

10 1 100 101

Acquisition time (s)

20

30

40

50

Si
gn

al
-to

-n
oi

se
 ra

tio
 (d

B)

(c)

10 2 10 1 100 101

Acquisition time (s)

20

30

40

50

60

70

Si
gn

al
-to

-n
oi

se
 ra

tio
 (d

B)

(f)

Figure 5. Standard deviation for the spectral position and FWHM of the measured Brillouin peaks (a,b and
d,e), and SNR (c, f) as function of acquisition time. Data were obtained in a fluid H2O sample near 1 GPa

using the TFP-1 interferometer (red, open symbols) and the VIPA hyperfine spectrometer (black symbols).

The left panel corresponds to platelet scattering geometry (a,b and c) and the right panel to back-scattering
geometry (d,e and f). In the platelet scattering geometry case, two Optosigma M Plan Apo PAL 5x objectives

(NA = 0.14) were used for excitation and collection optical paths. For back-scattering geometry, the incidence

angle on the DAC was reduced so that a larger NA objective could be used (a Mitutoyo Plan Apo 10x, NA
= 0.28). Only one PK module was inserted before the VIPA hyperfine spectrometer. In (c) and (f), red lines

correspond to linear fits on the SNR measured with the TFP-1 interferometer. Linear fits on the SNR measured

with the VIPA hyperfine spectrometer in the short and long acquisition time regimes are shown as black dashed
and solid lines, respectively.

The Brillouin peak FWHM depends on the viscosity of the sample, on the nu-
merical aperture of the collection optics (which determines the range of measured
scattering wavevector directions) and on the scattering geometry, but not on the exci-
tation wavelength [18]. However, it is clear in figure 6 that the peaks obtained with the
VIPA hyperfine spectrometer are significantly broadened compared to those with the
TFP-1 system. The TFP-1 has a narrower response function which enables to mea-
sure FWHM values close to the intrinsic Brillouin linewidths. Indeed, FWHM values
obtained for platelet and backscattering data using the TFP-1 differ by approximately
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Figure 6. Brillouin anti-Stokes peak from a fluid H2O sample loaded in the DAC at 1 GPa. Data were obtained
in (a) platelet and (b) back-scattering geometry using the TFP-1 (red dashed lines) and the VIPA hyperfine

spectrometer (black solid lines) with the 514 nm and 457 nm laser excitation respectively. The difference in

peak position is due to the different laser wavelength used. Peaks FWHM obtained by pure lorentzian fitting
are indicated in each cases. The acquisition time was set to 10 s using the VIPA hyperfine spectrometer and

64 s using the TFP-1 interferometer (100 scans).

sin 30◦ (within 10%), a factor expected from the different scattering geometries. By
considering the FWHM obtained with the TFP-1 as intrinsic values from the sample,
we evaluated a Gaussian response function for the VIPA hyperfine spectrometer of
∼ 0.7 GHz FWHM. This value is in good agreement with the measured FWHM from
the single-mode laser wavelength, 0.8 GHz.

In brief, the VIPA hyperfine Brillouin spectrometer allows to perform Brillouin
measurements more than ten times faster than with the TFP-1 to reach equivalent
precision. Furthermore, these performances are achieved in conjunction with excellent
spatial filtering. The high signal throughput advantage comes at the cost of a lower
spectral resolution, leading to broadening of the Brillouin peaks. The precision on
the Brillouin shift stays unaffected. In platelet geometry, for a precise determination
of the sound velocities from the measured Brillouin shift, the scattering angle must
be precisely known. That is achieved using a calibrant having a well-known sound
velocity, such as fused silica here. Doing so, the accuracy of the VIPA measurements
is illustrated by the determination of the sound velocity of fluid H2O in equilibrium
with ice VI at P = 0.98 GPa. A shift of 5.84 GHz was measured, leading to a sound
velocity of 2723 m/s using our calibrated value of the scattering angle (58.7◦). This
value is in excellent agreement with previous Brillouin measurements [26–31].

The spectral broadening using the VIPA hyperfine spectrometer could be a limiting
factor in some cases, e.g. for viscosity measurements, or when two Brillouin peaks are
so close in frequency that their deconvolution is no longer possible. Note also that
despite the higher signal-to-noise ratio with the VIPA hyperfine set-up, extremely
weak signals may be difficult to detect due to the limited integration time of the
CMOS camera.

We should underline that several modifications could bring even higher signal
throughput: while the use of SM fibers offers excellent spatial filtering, it also causes
insertion losses at PK modules and spectrometer connections. Authors have compared
performances of VIPA-based custom set-ups using single-mode or multi-mode fibers
versus open-space configuration, showing that the use of multi-mode fibers lead to
poor coupling into the VIPA etalon, while open-space coupling with pinhole filtering
could increase signal throughput [32]. The use of open-space configuration could there-
fore push signal throughput even higher, but with an increased difficulty in aligning
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the global set-up. Also, light focusing through diamond anvils generally leads to im-
portant spherical aberrations, all the more so as the optical aperture is large. When
light is focused in the DAC with non-normal incidence (such as in platelet geometry
or simply to limit the back-reflection of the laser), it also leads to strong astigmatism.
Therefore, wavefront corrections of these undesirable effects could strongly increase
the throughput, especially for SM fiber coupling for which the coupling efficiency is
governed by the overlap of the input spot and the pure SM fiber Gaussian mode.

6. Test-case measurements on warm dense nitrogen.

In order to illustrate the usefulness of the VIPA-based spectroscopy for high pressure
studies, we have performed a series of Brillouin measurements on nitrogen under high
pressure and temperature. The nitrogen phase diagram has been largely investigated
under pressure in the past 20 years, unraveling a rich polymorphism including sev-
eral molecular solid phases, amorphous states and polymeric crystals [33–39]. The N2

melting curve has been extensively studied theoretically [40,41] and experimentally us-
ing optical methods [42], Raman spectroscopy [34,37], or x-ray diffraction [43]. While
discrepancies exist in the reported melting curves beyond ∼ 50 GPa, data measured
below 50 GPa are in good agreement, within a 150 K uncertainty, except for ref. 42.
Here, we have revisited the determination of the N2 melting curve using Brillouin
measurements in laser heated DACs.

The high pressure runs were performed on two different samples, as shown in figure
7(a), and (b). Since nitrogen cannot be directly heated by the CO2 laser radiation,
a boron-doped diamond absorber was loaded in the DAC in order to indirectly heat
the N2 sample by conduction and convection. It was laser-machined into an elliptic
shape with a central hole filled with nitrogen from which the Brillouin measurement
are performed [see Figures 7(a) and 7(b)]. The asymmetric, oval design is used in
order to match the elliptic laser spot shape due non-normal incidence on the diamond
anvil. Its external dimensions are approximately 45 × 35 µm and the central hole
dimensions are 20 and 8 µm (major and minor axis diameters, respectively). The
thickness is ∼ 12 µm. Figure 7(c) shows a micro-photograph of the coupler glowing
at high temperature during run 1. For this run, a pit of 6.6 µm depth was machined
by focused ion beam in one of the two diamond anvils, in which the C:B coupler
was sitting [see fig. 7(a)] for improved stability during laser heating. The coupler is
thermally insulated from the underlying diamond anvil by small KBr pieces previously
installed inside the pit. In run 2, a different strategy was used: the C:B coupler sits
on two KBr pads of ∼ 1 µm thickness for thermal insulation from the underlying
diamond anvil. A very small amount of UV-curing glue on the sides of the absorber
holds the latter in place during ramp heating runs. Anvils with 300 µm culets were
used in both runs, and the luminescence from ruby chips loaded with the sample was
used for pressure measurements [44].

Temperature was measured by optical radiometry using the C:B coupler thermal
emission, assuming that the temperature of nitrogen inside the absorber hole is identi-
cal within experimental errors. The measured emission spectrum is very close to that
of a perfect grey-body, as seen in figure 7(e), hence allowing a temperature determi-
nation within 100 − 150 K uncertainty. Radial thermal gradients are small, however,
axial thermal gradients remain in this sample geometry. The latter could be reduced
using a capsule geometry employing two opposite couplers, as described in recent x-
ray diffraction experiments [43]. Unfortunately, the optical opacity of the absorber
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Figure 7. (a,b) Micro-photographs of the two nitrogen samples studied at high pressure (runs 1 and 2). In (a),
the C:B absorber is maintained inside the elliptic pit drilled in the diamond anvil by focused ion beam. In the

sample assembly of run 2 (b), the C:B absorber is positioned on ∼ 1 µm-thick KBr pads for thermal insulation.

(c) Micro-photograph of the ”run 1” sample at high temperature showing the C:B disk homogeneously glowing.
(d) Brillouin spectra of the nitrogen sample at 45.8 GPa and various temperatures, obtained in the back-

scattering geometry. Spectral regions corresponding to the Rayleigh line and FSR-crosstalks are grayed out. The

spectrum associated to melting is highlighted in bold. (e) An example of the temperature determination through
Planck fitting and two-color pyrometry of the thermal radiation emitted by the C:B heater, corresponding to

temperature value of 1585± 60 K, close to the melting temperature observed (d).

is presently incompatible with spectroscopic measurements in the visible. Brillouin
measurements were performed in back-scattering geometry.

The 457 nm laser power was set to approximately 100 mW on the sample, and the
Brillouin spectra acquisition time was 3× 10 s. Note that only one PK filter was used
leading to the presence of FSR-crosstalks on Brillouin spectra at integer multiples of
38 GHz, as explained above.

Typical Brillouin spectra obtained along a heating ramp at 45.8 GPa are plotted
in figure 7(d). A good SNR could be obtained with only a 30 s total integration time.
Below 1556 K, the spectra present a single Brillouin peak, clearly visible near 62 GHz,
associated to solid nitrogen. At higher temperature, a second Brillouin peak appears
downshifted by about 3 GHz with respect to the solid N2 peak, which is ascribed to
fluid nitrogen. The intensity of this peak increases with increasing temperature because
the fluid volume increases within the hot spot. Even at the highest temperature reached
(1940 K), the solid N2 peak is still observed, meaning that the axial temperature
gradient is still larger than the difference between the measured temperature of the
absorber and the melting temperature of N2.

Axial thermal gradients are observed since thermal insulation from the diamond
anvil is made only on the absorber side. The Brillouin spectra is thus convoluting the
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signal stemming from the various layers along the axial temperature gradient. This
behavior is typical of laser heating experiments and is largely documented in literature
[20,45]. The melting temperature was thus determined as the lowest one where the
Brillouin peak of fluid N2 was detected [shown in bold in fig. 7(d)] corresponding to
1556 K at 45.8 GPa.

Figure 8. (a-b) Brillouin spectra (zoom on the Stokes region) of the nitrogen sample along two heating ramps

at 22.3 GPa and 35.6 GPa. Spectral regions corresponding to FSR-crosstalks are grayed out. Spectra associated
with melting are highlighted in bold. (c) Brillouin shifts as a function of temperature at three representative

pressures. Solid and liquid N2 correspond to closed and open dots, respectively. Melting is indicated by the blue
dashed line. (d) High pressure-high temperature melting curve of N2. Open and closed symbols correspond to
Brillouin data where the fluid peak is observed and not observed, respectively. Melting curves from literature

are plotted for comparison.

A closeup look at the measured Stokes Brillouin peaks from N2 along two heating

14



ramps are plotted in figures 8(a-b). Melting is clearly detected by the appearance of
the fluid Brillouin peak (bold spectra). Figure 8(c) shows the Brillouin shifts in the
solid and liquid samples as a function of temperature at three representative pressures
[corresponding raw data are shown in figures 7(d) and 8(a-b)]. Melting is indicated by
the vertical blue dashed line. Up to the highest pressure investigated (45.8 GPa), the
frequency difference between the solid and fluid Brillouin peaks along the melting line
remains close to 3 GHz.

Note that increasing temperature can lead to changes in the Brillouin shift or peak
shape of solid N2. These are likely due to the polycrystalline nature of the sample,
leading to dispersion of sound velocities as function of the crystalline direction of the
probed crystal(s) through elastic anisotropy. As temperature increases, especially near
melting, fast re-crystallization occurs that can lead to a dispersion of data and jumps in
the Brillouin shift evolution with temperature, a behavior commonly observed in high
P-T Brillouin experiments on molecular crystals [9,46]. This may also be interpreted
as structural phase transitions, with possible coexistence of molecular phases. For the
whole data set, solid nitrogen is expected to be in the δ-phase. However, the presence
of the ε phase due to axial temperature gradients cannot be ruled out. In any case,
such Brillouin shift jumps are smaller than the one observed at melting.

The solid or fluid nature of the phase, extracted from Brillouin data, is plotted in
the high pressure-high temperature phase diagram of nitrogen in figure 8(d). For both
runs 1 and 2, the determined melting points are in good agreement with the consensual
melting line obtained by various groups using a bulk microscopic detection of melting,
either by Raman spectroscopy or by x-ray diffraction. Mukherjee and Boehler [42]
reported a steeper melting line from the observation of movements in the laser speckle
pattern, hence a surface effect so less reliable, as pointed out in ref. 47.

7. Conclusion

In summary, we have shown that the VIPA-based Brillouin spectrometer allows to
perform Brillouin measurements more than ten times faster than when using the Tan-
dem Fabry-Perot interferometer (TFP-1 model). This advantage comes at the cost of
a fixed excitation wavelength, free spectral range and spectral resolution using the
VIPA hyperfine instrument. Although an instrumental broadening of the Brillouin
lines is observed with respect to the tandem interferometer, that does not affect the
precision of the Brillouin shift determination nor the precision of the extracted sound
velocity. High signal throughput is a major advantage for high-pressure experiments
on tiny samples in the DAC, and more so for in-situ measurements under laser heating
in which thermal stability and sample chemical integrity during acquisition are im-
portant issues. The implemented set-up shows excellent spatial filtering, which is also
important for laser heating measurements in which radial temperature gradients in the
sample can be large. Strict confocality ensures measuring a small and thus thermally
homogeneous sample region.

The new method implemented in this work is offering new opportunities for high
pressure science. Extending Brillouin measurement at higher pressures than before
(that is, beyond 1 Mbar), in particular for the study of warm dense molecular systems
under planetary interior conditions, will be of broad impact.
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