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Abstract

Information stored as phonons in bulk crystalline resonators offers the unique advantage
to be accessed optically through Stimulated Brillouin Scattering (SBS) on top of the con-
ventional piezoelectric interaction. This additional way to control these long-lived, high
quality factor modes offers a new path towards deterministic qubit signal transduction
in addition to applications in precision metrology. The central quantity that needs to be
determined when working in this new scheme is the so-called Brillouin frequency of the
crystal used. In this thesis, we explain the theory of stimulated Brillouin scattering and
describe the apparatus needed to measure the Brillouin frequencies of crystals.
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Chapter 1

Introduction

1.1 Motivation

Phononic resonators in the quantum regime offer a path towards scalable quantum in-
formation processing thanks to their foreseen applications as interface between optical
and microwave regimes [1] [2] [3][4] and long lived storage [5], and size advantage over
their electromagnetic counterparts [6][7]. Fine control over long lived phonon modes has
thus been the aim of the past 15 years of study in optomechanics, with great results
such as ground state cooling, single phonon level control [8], mode splitting[9] and local
entanglement [10] [11] coming from micro- and nanoscale resonators supporting surface
accoustic waves during the last decade.
The two most explored ways to access a mechanical resonators electromagnetically are

electromechanical interactions like piezoelectricity and optomechanical interactions like
Brillouin scattering. In optomechanics, the light is virtually always supplied by a laser.
One of the principal limitation of optomechanical devices is heating coming from the laser
driving it, causing quick decoherence. The use of a macroscopic crystal supporting bulk
accoustic waves allows greatly reduced surface interactions and mitigates laser heating,
which may allow for more involved experiments. They also allow for a novel way of
accessing phonon modes using stimulated Brillouin scattering, which make them most
enviable for microwave-to-optical transduction schemes, central in the idea of distributed
quantum computing and quantum internet.
With this new framework in mind, the production of specialized hybrid quantum de-

vices centered around bulk crystalline optomechanics is under way in several groups.
These devices use crystals whose central quantity of interest, in this framework, is the
Brillouin frequency, the frequency of resonant three-wave mixing. This frequency needs
to be known with the best possible certainty to make good use of these devices.
Here, we are interested in an experiment setup used to measure the highest fQ product

in a coherent phonon accessed by a laser through SBS [12]. We will use this setup
as a Brillouin spectrometer for this goal. We will first quickly go over the theory of
stimulated Brillouin scattering, then explain in detail the experimental setup. We will
cover mounting the crystal in the 4.2 K He cryostat and performing the cooldown, free-
space alignment, fiber optics active and passive devices setup, and measurement scheme.
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Chapter 2

Theory

2.1 Stimulated Brillouin scattering

Stimulated Brillouin Scattering (SBS) is a three wave mixing process. In this report,
we will only consider SBS involving a right moving Stokes phonon (Ωs, ~qs) and two
counter-propagating and detuned photons that we label pump (ωp, ~kp, right-moving)
and probe, red-detuned from pump (ωs < ωp, −~ks, left-moving). Conservation of energy
and momentum respectively imply Ωs = ωp − ωs and ~qs = ~q(Ωs) = ~kp + ~ks where
q(Ω) = Ω

va
is the dispersion relation for the acoustic mode, assumed to be linear as well

as the optical one, with va and vo the respective acoustic and optical phase velocities.
Solving these equations together yield [13]

ΩB =
2ωpva/vo
1 + va/vo

≈ 2ωpva/vo (2.1)

This configuration of SBS is referred to as SBS amplifier. As such, the bandwidth Γ of

a. b.

Figure 2.1: Gain spectra at (a) room temperature and (b) cryogenic temperature, from
[12]

Lorentzian shown in the amplification spectrum of figure 2.1.a is called gain bandwidth.
At room temperature, these created Stokes phonons have a typically short decay length
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2 Theory

(∼ 100µm), but can be created at any frequency and wavevector uniquely defined by
the conservation equations. At cryogenic temperatures, the decay lengths of the created
phonons are much longer than a round trip in the crystal. Since the faces of the crystal
act like mirrors, the crystal becomes a phononic cavity of FSR given by its size and speed
of sound supporting a discrete set of modes of frequencies, wavevectors and bandwidths
{Ωm, ~qm, Γm}.

2.2 Sidebands signature

In order to better our measurement scheme, as done in [12], we use lock-in detection
which, as described in section 3.4.2, requires the output signal to be modulated at known
detuning ∆. To do this, we modulate the pump light before it enters free space to create
sidebands in its spectrum, which are then imprinted on the output light during SBS in
the crystal. The way this imprinting works at either cryogenic or room temperature is
not exactly trivial and worth being explained.

Room temperature imprinting The incident modulated pump, scattered Stokes
and acoustic fields have the following respective general expression in the medium if we
assume only first order sidebands for each field :

Ep(z, t) = [Ep−1(z)ei∆(t−z/vo) + Ep0(z) + Ep+1(z)e−i∆(t−z/vo)]ei(kpz−ωpt)x̂+ c.c., (2.2)

Es(z, t) = [Es−1(z)ei∆
′(t+z/vo) + Es0(z) + Es+1(z)e−i∆

′(t+z/vo)]ei(−ksz−ωst)x̂+ c.c.
(2.3)

u(z, t) = [b−1(z)ei∆
′′(t−z/va) + b0(z) + b+1(z)e−i∆

′′(t−z/va)]ei(q0z−ΩBt)ẑ + c.c. (2.4)

with light band amplitudes Eγ , γ = p − 1, p, p + 1, s − 1, s, s + 1, accoustic band
amplitudes b0,±1 and detunings ∆,∆′,∆′′ which are not necessarily equal.
Even though SBS is a continuous process, for this part it is easier to see as a 2-step

process that repeats. The incident Stokes light does not yet have any sideband when it
first reaches the crystal : Es−1(z = L) = Es+1(z = L) = 0. In step one, phonons of
bands (0, ±1) are respectively created by interactions between Ep(0,±1) and Es0. From
conservation of energy we directly get that the side phonon modes are created with the
same modulation as the pump : ΩB ± ∆′′ = ωp ± ∆ − ωs =⇒ ∆′′ = ∆, where ∆′′

is the modulation of the phonon sidebands. Note that we are usually not in a resolved
sideband regime since Γphonons ∼ 10 MHz, bigger than typical values of ∆ ∼ 100 kHz.
In step 2, the pump modes and the freshly created phonons conspire to create new

Stokes light. A pump mode and a phonon with the same detuning (from ωp and Ω
respectively) will create Stokes light in the main band (ωs). A pump mode scattering on
a blue-detuned phonon will create a red-detuned Stokes photon at frequency ωs−∆′. In
the picture of figure 2.2 step 2, this corresponds to the interaction between p0 and b+1

and the interaction between p−1 and b0 that both create light on the s−1 mode. It can

be shown that ∆′ = ∆

(
1+ va

v0
1− va

vo

)
≈ ∆ since va

vo
∼ 10−5. In the real picture, these two steps
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2.2 Sidebands signature

Figure 2.2: Illustration of the two first "steps" of signature imprinting at room temper-
ature.

are of course simultaneous continuous processes that feed each other to amplify Stokes
light more and more in further and further sidebands.

Cryogenic temperature imprinting In this situation, we consider a single resonant
phonon mode Ωm within the gain bandwidth. The interaction Hamiltonian is

H int =

∫ L

0
dzg0e

i(q0−∆k)zA†p0As0b0 +

∫ L

0
dzg0e

i(q0−∆k−1)zA†p−1As−1b0

+

∫ L

0
dzg0e

i(q0−∆k+1)zA†p+1As+1b0 + c.c. (2.5)

where γ = p − 1, p, p + 1, s − 1, s, s + 1, b0(t) is the amplitude operator for the
standing phonon mode, Aγ(z, t) is the mode envelope operator for the optical field and
∆k±1 = kp±1 + ks±1. To solve this Hamiltonian, it makes things easier to assume that
the intensity beat length is much longer than the crystal length (verified in our setup,
see 3.3.2) |q0 −∆k±1| = 2∆

v0
� 1

L . This results in the following steady-state solutions for
the modes :

b̄0 ' −
2i

Γ0

∫ L

0
dzg∗0Ā

†
s0Āp0 (2.6)

∂Ās0
∂z
' g∗0 b̄†oĀp0 (2.7)

∂Ās±1

∂z
' g∗0 b̄†oĀp±1 (2.8)

5



2 Theory

Figure 2.3: Illustration of signature imprinting through a single resonant long-lived
phonon mode at cryogenic temperatures. The other excited phonons die
much faster than the resonant one, having a negligible contribution to the
amplification process.

with Āγ = Aγeiωγt, b̄0 = b0eiΩmt. Put into words, it describes a similar but simpler
situation than at room temperature. Phonons on the mode (b̄0 at Ωm) far outlive the
ones created at non resonant frequencies, so the analysis only has to focus on it. Then
the Bragg scattering happens between the (p0, p−1, p+1) pump mode and the resonant
phonons to create the (s0, s − 1, s + 1) Stokes mode respectively. At z = 0, the end of
the Stokes photon’s travel inside of the crystal, we can derive

As±1(0) = −2i |g0|2 L2

Γ0vo
Ap0(0)∗Ap±1(0)As(L). (2.9)
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Chapter 3

Experimental setup

Figure 3.1: Full experimental setup for Brillouin spectroscopy, modified from [12]

The full experimental setup, modified from, can be seen on figure 3.1. It features
the free space setup with the cryostat in the middle, the pump arm with the intensity
modulator on the left, the probe arm with the phase modulator and FBG bandpass filter
on the right and the output arm with the π-phased FBGs, the balanced detector and the
lock-in detection at the bottom.

3.1 Cryogenics and crystal mounting

As one can see on fig 3.1, the crystal is mounted inside a cryostat in the middle of the
free space part of the setup. The cryostat we use uses a continuous liquid Helium flow
to cool down the sample to 4.2 K and has sufficient cooling power (∼ 1 W) to negate
the heating from the lasers at typical operation powers of up to 200 mW, out of which
no more than 10% has been observed to scatter in the cryostat. The device is simply a
vacuum chamber with an inside chamber in which the sample is attached to a cold finger
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3 Experimental setup

and the Helium flows. It features small windows at the same height as the sample so the
laser can reach the sample and the vacuum chamber has anti-reflection windows at the
same level.
The crystal is mounted on the cold finger using a copper T-piece that came with the

cryostat, and homemade copper holders. The temperature is recorded both at the cold
finger and on the copper holder, using Cernox temperature sensors. The copper-beryllium
holders are coated with vacuum grease and tightly screwed onto the crystal to maximize
thermalization.

Figure 3.2: End of the cold finger, copper T-piece and crystal
attached to it using home made copper holders.

The crystal’s sides are
also coated with vacuum
grease since it touches
the edges of the hole in
the T-shaped piece in
which it lies. Unfortu-
nately we cannot get the
exact temperature of the
crystal itself, only that
of the holders, so we can-
not check that the crys-
tal is indeed at the tem-
perature we wish it to
be. Nevertheless all the
efforts that have been
made to thermalize it

make us confident its temperature does not go too far from the holder’s. A heating
wire is also present, which could potentially be used in the future to study the tempera-
ture dependency of the measured quantities. A flat-flat z-cut quartz held by this holder
assembly can be seen on figure 3.2

3.2 Free space optics

3.2.1 Setup

On the optical table, the free-space part of fig 3.1 can be seen on figure 3.3. It features
in- and out-couplers, mirrors, lenses and a beam splitter to form the three arms : Pump,
probe and output. It also has polarization optics to match the polarization of both input
lights, tested before the actual experiment using a polarizing beam splitter in the empty
post at the end of the probe arm. An optical isolator can be placed in front of the
probe in-coupler to avoid stimulated Brillouin scattering from happening in this fiber,
which would add another Brillouin signal just like the one we are looking for (but much
stronger, see 4.2), at a modulation Ω equal to the fiber’s Brillouin frequency of ∼ 10.8
GHz.
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3.2 Free space optics

Figure 3.3: Free-space optics setup featuring all 3 (pump, probe and output) couplers,
polarization optics and the cryostat.

3.2.2 Alignment

To align all of these components, we follow the following procedure :

1. Remove the middle lenses, connect both probe and pump in couplers to a laser.
Visible light handheld laser can be very helpful for the next step, or high power IR
using an EDFA.

2. Using photosensitive card and with all 8 degrees of freedom available (position
and angle of both arms), make both lasers go through both pinholes and sit on
top of each other. For fine-tuning the alignment, have one laser on one side and
a handheld fiber power meter after the other side’s coupler, and maximize the
outcoupled power.

3. Add the probe arm lens and look for the crystal’s back reflection near the probe-
size pinhole or the wave-plates. Rotate the cryostat top part (connected to the
cold finger) if there is no vacuum, otherwise rotate the whole cryostat until the
back-reflected light sits on top of the incident one. Tightening the top part should
make up for any vertical misalignment otherwise the mounting needs to be redone.
This ensures the light is hitting the crystal perpendicularly.

4. To fine tune, use a circulator before the incoupler, with light coming in port 1, the
incoupler on port 2 and a photodetector on port 3. Have the input laser sweep
frequency over a few 100s of GHz range. The crystal forms a very lossy optical
cavity with predictable FSR. One can maximize contrast between dips and peaks,
i.e. quality factor of the cavity, on the quickly refreshing spectrum to ensure the
alignment is as good as possible.

5. Add the second lenses and align them such that the optical path remains the same
if possible. One can connect a laser on the pump arm and a power meter after the
probe arm coupler and maximize the power by only moving the lenses’ degrees of
freedom.
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3 Experimental setup

6. Minimize probe light transmission of the film beam splitter by rotating the half-
and quarter-wave plate.

7. Maximize both probe and pump arm reflection of the polarizing beam splitter. The
previous step should make the probe arm’s polarization already close to optimal.
This ensures both lights have the same polarization.

8. Align the third arm by maximizing the power out coupled. It can be more tricky
than the rest since so little power is split from the main beam path, so it might be
worth amplifying the input light using the communications EDFA.

3.3 Fiber optics devices

3.3.1 Modulators

Phase modulator An electro-optic phase modulator is an active device based on the
photoelastic effect. Light going through it gains a phase ∆φ = π V

Vπ
when a voltage V

is applied. Here Vπ is the voltage at which this added phase is π, and depends on the
incoming light’s wavelength and the properties of the crystal. In this setup it is used to
add to the phase of an input optical signal the oscillations of an input AC electrical wave.
If the electrical input is a sine wave V = Vm sinωmt and the optical signal is Aeiωt, then
the output signal is

Aeiωt−i
Vm
Vπ

π sin(ωmt) = A
∞∑

n=−∞
Jn(δ)ei(ω−nωm)t (3.1)

≈ A
(
eiωt +

δ

2
ei(ω+ωm)t − δ

2
ei(ω−ωm)t

)
(3.2)

with the expansion in Bessel functions of the first kind, δ = π VmVπ and where the last
approximation is in first order in δ [14]. We have dropped the constant phase added by
crossing the crystal iωc n0l. In our setup, the frequency applied to the phase modulator
corresponds to the difference between pump and probe frequency. It is swept around the
believed Brillouin frequency of the measured crystal, with a voltage that maximizes the
power in the sidebands since we will anyways filter away all the bands except the J−1

one.

Intensity modulator An intensity modulator is a device that acts like a Mach-
Zehnder interferometer with a free-flight arm and an arm with a phase modulator. The
interference between the base signal and its phase-modulated counterpart allows one to
chose how much power goes into the main band or the sideband. The total power output
curve follows the following law :

Io
Ii

= sin2

(
π

2

V

Vπ

)
≈ 1

2
(1 + Γm sinωmt) (3.3)
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3.3 Fiber optics devices

where Vπ is the voltage at which the transmission is maximum and using using V =
Vπ
2 +Γm sinωmt. While one could compute Vπ using the properties of the crystal and the
light, it is usually simply measured. Around V = Vπ

2 , the intensity modulation is very
close to being linear in the applied voltage. Hence, in order to translate a periodic signal
from applied AC voltage to amplitude modulation as close as possible, one applies a DC
voltage to get to this linear regime, then adds a comparatively weaker AC voltage at the
wanted frequency, which is what motivated the choice of V in the last step of equation
3.3.
An issue with most intensity modulators is Vπ does not remain constant but is instead

subject to drifting from temperature or charge effects. In that regard, it is common
practice to connect the intensity modulator to a feedback loop that continuously adjusts
the DC voltage input to stay in the quasilinear regime.

3.3.2 Fiber Bragg Gratings (FBGs) and narrowband filter

A fiber Bragg grating is a piece of fiber with a periodic jump between two different
refractive indices [14]. The grating effectively creates a band-pass filter in reflection of
the device. The reflection spectrum of a FBG can be seen in green on figure 3.4 a. By
adding a gap in the grating of the right size, one can effectively create a transmission
peak in the middle of the dip, creating a spectrum like the magenta one on figure 3.4.a
and both green and magenta on figure 3.4.b. These so called π-shifted Bragg grating
are useful when one wants to suppress a signal’s immediate spectral surroundings for
example.

a. b.

Figure 3.4: Illustration of the filtering in the (a) Probe arm using the transmission of
a π-shifted FBG and the reflection of a regular FBG with an inset showing
an extended spectrum of these two FBGs and in the (b) output arm using
the transmission of two π-shifted FBGs. See 4.2 for actual spectra out of
measurements.

Probe arm In the probe arm, we use an iXblue ultra-narrow band filter aimed around
ωp−ΩB to select the wanted Stokes frequency at the -1 sideband of the phase modulated
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3 Experimental setup

pump light. The filter’s band needs to be narrower than the modulation frequency, but
as broad as the extent of the modulation frequency sweep. This narrowband filter is an
integrated device incorporating two FBGs and a circulator. The light that comes out is
the reflection of a regular FBG and the transmission of a π-shifted one.
The π-shifted FBG suppresses the immediate surroundings of the signal with a narrow-

ness of bandwidth hard to attain with regular FBGs, but also lets further light through.
On the other hand, the regular FBG has a broader transmission center but suppresses
light further away with depth close to 1, as can be seen in the inset of figure 3.4.a. The
spectra are drawn using simple formulae extracted, for example in [15], using the transfer
matrix method developed in [16].

Output arm In the output arm, the light is transmitted through two π-shifted FBGs
in a row to suppress 60 dB out of the backreflected pump light. These FBGs have
their center on ωs so they let the light at this frequency through while suppressing the
pump light through as can be seen on figure 3.4.b. They are used on transmission and
not reflection because, as will be shown in section 4.1, we have observed a much better
filtering depth in this configuration. A drawback in using them on reflection is they do
not suppress light further away in both directions.
These filters’ bandwidth also determine an upper bound for the intensity modulator’s

AC input frequency, in the of 100s of kHz, much smaller than the Brillouin frequency. The
two limits on the intensity modulator’s applied voltage frequency are then the bandwidth
of the output filters (∼ 1 GHz) and the condition for signature imprinting vo

∆ � L. At
∆ ∼ 100 kHz, we indeed have v0

∆ = c
nquartz∆ ≈ 2m� 5mm. The FBGs are separated by

an optical isolator to avoid creating an optical cavity between them.

3.3.3 EDFAs

The output Stokes signal power is directly dependent on the input pump power. Hence,
we use a communication EDFA to increase this power up to (200 mW, ∼ 23 dBm).
After splitting, modulating and filtering, the probe power is usually very weak, so we
also use an EDFA on this arm to go from -10 to 12 dBm. The initial power of the laser
is sufficiently high and the losses of the fibers optic setup prior to the freespace optics
sufficiently low to avoid the need for amplification of the laser light at the beginning of
the setup.

3.4 Measurement scheme

The light coming out of the output arm of the free space setup features some backreflected
pump light at frequencies ωp, ωp ±∆, transmitted probe light at frequency ωs and the
Brillouin signal, or amplified probe light, at frequencies ωs, ωs±∆ on first approximation.
The goal of the following section is to show how we isolate and measure this last signal.

12



3.4 Measurement scheme

3.4.1 Balanced detection

After the filtering discussed in section 3.3.2, the light in the output arm still has some
transmitted probe light in addition to the Brillouin signal. To increase sensitivity and
ensure we are only measuring the Brillouin signal, we divert some probe light before it
enters the free-space setup, and have it go through a variable optical attenuator (VOA)
to power-match it to the output light, which is typically much weaker. The Thorlabs
PDB415C detector measures both the output light and this diverted probe light and
outputs the difference of the two signals’ power (RF output), but also each individual
signal, which is very convenient for power matching. Once balanced, the RF output is
sent to the lock-in amplifier.

3.4.2 Lock-in amplification

A lock-in amplifier is an electrical device that very effectively isolates a signal from a noisy
environment by mixing it with a reference signal of the same frequency, and filtering out
the fast-rotating components of the resulting signal. The first step, called demodulation,
consists in multiplying the signal Vs(t) = R√

2
ei(ωst+θ) + R√

2
e−i(ωst+θ) by a reference signal

of close or equal frequency
√

2eiωrt to get the resulting signal

Z(t) = R
(

ei((ωs−ωr)t+θ) + e−i((ωs+ωr)t+θ)
)
. (3.4)

By applying a low-pass filter of sufficient depth, we can get rid of the fast-rotating
component |ωs + ωr|. In the case ωs = ωr we simply get R as an output, i.e. the
amplitude of the signal [17].
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Chapter 4

Results

4.1 Filtering depth

Using the sweep capacities of the Santec TSL-710 laser and the Santec MPM-210 power
meter, we were able to obtain precise spectrum of the two filters used in the setup. The
results can be seen on figure 4.1. As one can see, the filtering depth of π-shifted FBGs is
better on transmission than on reflection, by a factor 2. On both these filters, the depth
can reach up to -60 dB, but the bandwidth is larger than the modulation frequency
on the bandpass filter picture, leading to suboptimal filtering. It could be made better
by bettering the alignment of the two FBGs, or moving the light slightly to the blue,
accepting a lesser transmission of probe light but removing all of the pump light.

a. b.

Figure 4.1: Results of the filtering depths measurements. (a) The Bandpass filter has a
maximum depth of 60 dB but only 40 where we are using it, while the (b)
double FBGs on output arm have a depth of 30 dB when used on reflection
versus 60 dB on transmission.

4.2 Brillouin signal in optical fiber

In order to test a part of the setup, we can remove the free-space optical isolator in
front of the probe coupler, thus allowing Brillouin scattering to take place in the fiber
connecting to it. We know the frequency of maximum amplification is 10.85 GHz in
optical fiber. We sweep the phase modulator’s RF input between 10.6 and 11.1 GHz and
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4 Results

look at the lock-in amplified signal. The Brillouin signal can be seen as peaks on figure
4.2, representing the demodulated output from the balanced detector in the situation
described above. At the time of creating this figure, the setup did not allow for access
to the frequency of the generator to have x-axis, so instead only the time is shown.

Figure 4.2: Fiber Brillouin signal in the demodulated output of the balanced detector
over 2 sweeps of the probe arm phase modulator’s RF input frequency.
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Chapter 5

Outlook

In this report, we have successfully set up all the components of a Brillouin spectrometer,
and measured the first proof of its capabilities with a fiber Brillouin signal. We have
covered the basic theory behind most of the components and how they are used and
mounted in this setup. Once fully and, as much as possible, automatically functioning,
this setup will make for easier experiments using Brillouin scattering in bulk crystalline
media inside of dilution refrigerators by accurately giving their Brillouin frequency. Once
fine tuned for efficiency, it could additionally give expected Brillouin gain of these media,
as well as these two quantities’ temperature dependency, from 300 to 4.2 K.
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