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We present an architecture for an free-space optical displacement sensor. This sensor utilizes a fiberized
Mach-Zehnder based optical heterodyne system coupled with a digital phase lock loop, providing a large
dynamic range (multiple centimeters), high displacement resolution (< 10~'° m/v/Hz for frequencies
above 100 Hz) and high velocity tracking capabilities (up to 12.24 m/s). The displacement sensor was
developed to increase the displacement and time sensitivity for measuring laboratory-scale earthquakes
induced in geological samples using a triaxial compression apparatus. In this study we present the re-
sults of 13 high-velocity slip events occurring on synthetic fault planes in three Fontainebleau sandstone
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1. INTRODUCTION

Most earthquakes that occur in the Earth’s continental crust nu-
cleate at depths of 5-15 km [1, 2]. Presently there is no way of
directly observing the nucleation and rupture of natural faults.
Consequently, our understanding of the processes that occur
during the first crucial moments of slip come from experiments
performed in the laboratory using different types of deforma-
tion apparatus [3-5]. The apparatus best able to replicate the
pressure and temperature conditions at earthquake-producing
depths is the triaxial deformation apparatus. This type of ap-
paratus uses a confining medium to apply a uniform pressure
to the sample, simulating pressures at depths of 5-15km. In-
creasing differential stress (difference between maximum and
minimum stresses) brings the sample to failure and is applied
using hydraulic loading system.

In this study we use a Paterson-type triaxial deformation
apparatus [6]. A key feature of this apparatus is its mechanical
sensitivity due to the use of a gas confining medium and internal
load cell, allowing samples to be deformed at confining pres-
sures up to 300 MPa and differential stresses up to 1 GPa. The
study of earthquake slip was not the original intent of the appara-
tus. Yet the ability of the apparatus to store elastic strain energy
in its loading frame that is released into the sample during a slip
event, makes it valuable for use in the study of small seismic
events. We use pre-ground surfaces on geological materials to
simulate a small part of a natural fault.

Traditional mechanical measurements on this type of appa-
ratus have involved the use of sensors such as pressure and
displacement transducers, and strain gauges. These types of
sensor produce a voltage output sampled at a rate of 1-100 sam-
ples per second. Fundamental limitations in sensor response
time, signal conditioning requirements and electromagnetic in-
terference from amplifiers and the internal resistance furnace
prevent data acquisition rates being increased to levels sufficient
to capture seismic slip events.

As a result, measuring displacement under the dynamic con-
ditions associated with fault slip remains poorly constrained
due to the difficulty of measuring displacement in a sample con-
tained within the pressure vessel. Two groups have attempted to
measure dynamic slip velocity /displacement, both using optical
setups [7, 8]. Hayward et al. (2016) presented the first results
from the free-space optical displacement sensor presented in this
paper, while Lockner et al., (2017) utilized a commercially built
laser doppler vibrometer. Since Hayward et al. (2016), there
has been continued interest in the development and expansion
of the free-space optical displacement sensor system. This has
resulted in a need to further document the architecture of the
system and detail the current implementation.

Fundamental to the development of a sensor that could accu-
rately measure displacement and velocity during slip were five
essential design criteria. These were as follows:

1. The system capable of recording displacement at a temporal
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resolution sufficient to capture rupture propagation velocity
(estimated as the shear wave velocity of the material [2])
and equates to a sampling rate of 170 kS/s (for the material
used in this study).

2. The system must be immune to electromagnetic interference
at the measurement point.

3. The system must be able to measure displacements at res-
olutions <1 pm, track displacement over a large dynamic
range (in the order of centimeters) with a dynamic slip ve-
locity in the order of meters per second.

4. The system must allow flexibility of configuration, but not
impede the mechanical operation of the apparatus.

5. The system must be able to operate remotely to meet the
safety requirements of operating in a hazardous high pres-
sure lab environment.

In the following sections we outline the basic experimental
set-up and describe the architecture for our optical sensor. We
then provide results that validate the accuracy of the system and
confirm that we have meet the design criteria listed above.

2. METHOD

A. Deformation Experiments

A series of deformation experiments designed to simulate micro-
slip on faults at seismogenic depths in the Earth’s crust were un-
dertaken using a natural pure quartz sandstone (Fontainebleau
sandstone, grain size = 180-250 um; porosity = 6-7 % ). Cores
of sandstone (diameter = 9.98 mm) were ground at 45° to the
cylinder axis and were used to simulate fault interfaces. Two
sample segments, representing the different sides of the fault,
were ground to an overall length of 21 mm. The assembly, con-
sisting of the sample and ceramic pistons were loaded into a
thin walled (0.4 mm) annealed copper jacket which was used
to maintain alignment of the different components during the
experiment and separate the Argon confining medium from the
sample assembly.

Experiments were undertaken using a Paterson gas-medium,
rock deformation apparatus (Fig. 1). The sample assembly was
connected to the loading frame via a series of steel pistons at the
top and bottom of the assembly. An axial load was applied to
the specimen via the pistons by lowering the upper load head
at constant rate of 3.6 ym/s. A constant confining pressure
of 100 MPa was used for all experiments. Differential stress
was estimated as the difference between the axial stress and the
confining pressure.

The sample was loaded until the interface failed, resulting in
rapid slip occurring on the pre-existing fault. When slip events
occur, the sample shortens, resulting in the rapid downward
motion of apparatus loading frame relative to the pressure vessel.
The optical displacement sensor was mounted on the vessel as
shown in Figure 1, and records displacement of the load head
relative to the stationary pressure vessel.

To assist in recording and reconstructing the slip-event pro-
gression, four different sensors are used.

1. Seismometer: A Marks Products L4C single component
seismometer mounted on the apparatus loading frame was
used to trigger data acquisition. The seismometer gener-
ates a voltage signal proportional to the velocity difference
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Fig. 1. Schematic cross section of the upper portion of triaxial
deformation apparatus. The loading frame is indicated in
red. The optical sensor head is mounted at Ax[t], indirectly
measuring sample displacement.
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between the proof-mass and housing. A threshold trig-
ger begins data acquisition upon detection of a slip with
velocities > 0.01 m/s.

2. Load Cell: Strain gauges mounted in a full Wheatstone
bridge configuration on an internal load cell are used to
record the axial load before and after the slip-event. Data is
sampled at 100 S/s and recorded at1S/s.

3. LVDT: A Linear Variable Displacement Transducer (LVDT)
provides an absolute measurement of displacement during
slip with a resolution of 600 nm. Data from the LVDT is
recorded at a rate of 1 S/s. Measurements are calibrated to
adjust for elastic strain that is stored in the apparatus frame
during loading, then released during slip [9].

4. Optical system: Operates at 1 MS/s. Described in detail in
the following section, the optical system uses remote sens-
ing of the load head position to record the higher frequency
characteristics of the slip event evolution. Mounted in the
same position on the apparatus as the LVDT, the absolute
readout of the optical system is calibrated by the LVDT
readout during post-processing. This system achieves a
30 pm/ v/Hz at 10 kHz resolution, as shall be demonstrated
in the later sections.

B. Optical System

The optical system developed to capture displacement during
small seismic events is based on a Mach-Zehnder heterodyne
interferometer (Fig. 2). Light from a 1550 nm fiber laser is
separated into two paths using an optical fiber coupler with a
splitting ratio of 50% (referred to as a 50/50 beam splitter in
Fig. 2). Light in the upper path is frequency shifted using a
fiber-coupled acousto-optic modulator (AOM) and serves as an
interrogating signal field. The lower path serves as a reference
local oscillator. A optical circulator is used to separate the return
beam. The optical fiber collimator is used to couple light into
free-space. A retro-reflecting corner cube is used to reflect light
back towards the fiber collimator where it is coupled back into
the optical fiber. All the light entering the fiber collimator is
separated using the optical circulator, into a second 50% splitting
ratio fiber coupler where it is interfered with the local oscillator.

Synthesizer

Optical
circulator

Retroreflecting

Fiber
corner cube

collimator

¥—

1550 nm
Fiber laser

Photodetector

Fig. 2. Schematic overview of the Mach-Zehnder heterodyne
interferometer used to measure displacement. Not shown is a
long fiber that separates the ‘Optical circulator” and "Fibre col-
limator’ that enables the sensor head to be positioned remotely
from the optical setup.

The electric field exiting the laser can be described mathemat-
ically by the equation

Eo(t) = Egelt D

where Ej and wq = 271 fj represent the electric field amplitude
and angular frequency of the laser respectively. The signal and
local oscillator electric fields exiting the first optical fiber splitter
are

Es(t) = rqEgelo! )]
and
ELO (t) = l‘flEQEiwot (3)

where r1 and t; represent generic amplitude splitting ratios of
the first optlcal fiber coupler. For an equal 50 % power sphttmg
ratioR=T = 2, the amplitude splitting ratiois 7 =t = \/_

in/2

2. The factor of i = ¢ included in the electric field definition

for Ep o(t) is necessary to conserve energy and applies to the
transmit port of the fiber coupler as per convention.

The frequency of the light passing through the acousto-optic
modulator is shifted by a carrier frequency (wy,), producing an
electric field described by

Ep(t) = rq Egel(«wotent @

The frequency shifted light exiting the acousto-optic modulator
passes through the optical circulator before propagating into
free-space through an optical fiber collimator. It is important to
note that this system’s implementation in optical fiber enables
the fiber collimator to be positioned a long distance from the rest
of the optical system.

Light exiting the fiber collimator travels some distance, Ax([t],
to a retro-reflecting corner cube attached to the compression
apparatus. The large diameter of the retro-reflecting corner cube
and spot size of the fiber collimator allows for a small range
(~ 2mm) of off axis motion between it and the fiber collimator
without signal strength loss. This is advantageous as a horizontal
shift can occur both during the strain buildup period prior to a
slip and in the mechanical shaking after the slip event.

Light reflected back towards the fibre collimator is coupled
into an optical fiber having travelled a round-trip distance of
2Ax(t]. This round-trip propagation appears as a phase shift in
the received electric field. This phase shift is proportional to the
total distance divided by the wavelength of the laser, A;

E;(t) = r1Epe i((wotwn)t+2n (2510)) o

The light captured by the fiber collimator (which in this analysis
is assumed to be lossless) is directed to a second fiber splitter,
via the optical circulator, to be recombined with the reference
local oscillator.

Polarization is aligned using fiber polarization controllers
before being interfered at a high-bandwidth photodetector, pro-
ducing a voltage waveform containing information about the
relative frequency and phase of the interfering electric fields. The
signal and local oscillator electric fields, after recombination at
the second optical fiber coupler, are

i((wo+w;,)t+2n ( ZA;['] ))

E.(t) = rirpEge 6)
and
ELO(t) = i2t1t2E0€iw0t (7)

where 1 and t; represent the electric field splitting ratios of
the second optical fiber coupler. The second output port of the
coupler has been ignored in this analysis.
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When E;(t) and Epo(t) interfere at the photodetector, pro-
ducing a field (Epp (t)) with power equal to

Ppp(t) = Epp(t) - Epp(t) ®)
where
Epp(t) = Ee(t) + ELo(t) )

Ejp(t) denoting the complex conjugate of the electric field at
the photodetector. The voltage signal produced by the pho-
todetector’s transimpedance amplifier from this field power is
then

Ve (t) & Pepy(t) = A cos (wht +dr Ai\[t] ) (10)
where A represents the voltage amplitude. Figure 3 presents a
summary of the phase propagation through the optical system
for reference.
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Fig. 3. Summary of the phase progression of the electric

fields through the Mach-Zehnder interferometer. Path length
changes between the signal arm (top) and local oscillator (bot-
tom) appear in the phase of the heterodyne beat-note pro-
duced by the interference of the two electric fields at the pho-
todetector.

C. Digital Acquisition and Calibration
The voltage waveform produced by the photodetector is digi-
tized at 240 MS/s using a National Instruments NI-5761 analog-
to-digital converter (ADC) interfaced with a PXI-7954 FlexRIO
FPGA. The 240 MS/s signal is down-sampled to the operational
clock frequency of a digital phase-locked loop (PLL), 80 Ms/s,
using a digital second-order cascaded integrator-comb filter.
The digitally implemented phase-locked loop is used to track
the phase of the digitized and down-sampled beat-note in the
photodiode voltage signal (as in Equation 10) [10]. The func-
tional architecture of the PLL used in this experiment is shown

in Figure 4.
Detect
phase error
Update local

oscillator model

Sin(t) = Asin(wit + ¢1) A=y — és

sro(t) = Bcos(wat + ¢2)

Fig. 4. Functional architecture of a phase-locked loop.

Phase-locked loops measure phase by continuously tracking
the phase difference between the input signal and a reference
local oscillator. Consider the input signal s;,, () and local oscil-
lator s o () with amplitudes A and B, angular frequencies wq
and w», and phases ¢ and ¢;:

sin(t) = Asin(wit + ¢1) (11)
SLO (t) =B cos(wzt + 472) 12)

The PLL detects the instantaneous phase difference A¢p = ¢; —
¢» by multiplying the input signal and local oscillator signals:

smt) = 2L fsin(wr — wn)t + 89)+

sin (w1 +w2)t +¢1+¢2)]  (13)

The higher frequency component is attenuated using a low-pass
filter. When w1 = wy, the low-pass filtered signal becomes:

sp(t) = % sin(A¢) (14)

If A¢p < 1, then equation 14 can be approximated to be
sp(t) ~ %A(]) using the small angle approximation for sine.
The phase difference A¢ forms an error signal used to generate
feedback control to update the phase of the local oscillator. The
phase-locked loop’s controller generates feedback to continu-
ously drive this error signal to zero, meaning the small angle
approximation remains valid. The record of all changes made to
the phase of the local oscillator provides a measurement of the
input signal’s phase with respect to that of the local oscillator
over time.

The phase-locked loop used in this study produces simul-
taneous measurements of the input signal’s frequency, phase,
and amplitude. Displacement information of slip events is con-
tained in the phase of the beat-note produced by the heterodyne
interferometer. Phase data in units of cycles is converted into
displacement by multiplying it by the laser wavelength, A. In
this system, A = 1.552 ym, which means a 1,000 cycle excur-
sion in phase corresponds to a displacement of approximately
1.55 mm. Phase is tracked in a continuous manner, which en-
ables sub-wavelength measurements over multiple wavelengths
of dynamic range.

Data produced by the LVDT and load cell sensors, described
in section A, were recorded using 1S/s ADCs.

Displacement information produced by the phase-locked
loop is calibrated against the absolute displacement measure-
ment provided by the LVDT. This calibration reduces the effects
of uncertainty in the absolute optical wavelength of the laser at
the time of measurement. As shown in Figure 5, the absolute
displacement measurement from the LVDT gives the range be-
tween the initial and final values recorded within the two second
window. The first second of data prior to the slip event is used
as reference for the operational noise floor of the sensor.

3. RESULTS

The operation of the optical displacement sensor was tested
using three Fontainebleau sandstone samples, producing 13
episodic rapid-slip events. Sample behavior during experiments
is characterized by an initial period of elastic loading, followed
by a poorly defined yield point and the onset of permanent de-
formation. The majority of deformation localizes as slip and frac-
ture damage on the pre-ground fault surface. After varying dis-
placements, sliding behaviour transitions from slip-hardening
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Fig. 5. An example of displacement measured in the 2 second
window as taken from a 950 um slip-event. Absolute displace-
ment over the slip events are calibrated using the absolute
LVDT measurements. Displacement data prior to the slip is
used in calculating operational noise.

creep to stick-slip, manifest by periods of elastic loading inter-
spersed with large stress drops and frictional sliding along the
fault surfaces. The geological significance of this type of experi-
ment is discussed elsewhere (e.g. Hayward et al. 2016 [7]).

The size of the slip events is driven by the sudden release of
elastic strain energy stored in the sample, assembly and loading
frame (Shown in red in Figure 1). The rapid release of the elastic
energy causes the apparatus to resonate as elastic waves associ-
ated with rupture and slip propagate and reflect within the steel
frame. This mechanical response has not been separated in the
presented results as isolating and removing these effects is the
subject of ongoing research.

A. Time domain measurement

Figure 6 shows time series data of a typical displacement event
with a single sample using both the LVDT and interferometric
displacement sensor. The black trace, in the main figure, is of
data captured by the LVDT and shows five slip events (high-
lighted by coloured boxes for clarity) recorded over a single
run recorded at 1 S/s. A measurement range of approximately
1.5 mm was required to record the total shift of the load head
while testing a single sample.

High-resolution displacement measurements of each slip
event produced by the interferometric displacement sensor are
shown in the inset of Figure 6. The optical readout yields a
higher resolution displacement profile compared to the LVDT
readout and with a higher sample rate. Due to limitations in
the availability of high access speed memory, only the 2 second
window centered on each slip event is saved to long-term mem-
ory. The recording system using the loading time between slip
events to perform the slower operations of shifting data between
the two memory systems.

The profiles within the time series arise from a combination
of material properties and the mechanical response of the triaxial
compression apparatus. This sample yielded five slip events,
with displacements ranging from 10 ym (blue) to 92 um (yellow).

Across the three samples tested, slip displacements ranged
between 10 ym and 225.7 ym.

Fig. 6. Displacement as measured by the LVDT for deforma-
tion of a single sample showing multiple slip-stick events over
a the length of the experiment. Insert: Each stick-slip event

is isolated and measured by the optical displacement sensor,
revealing micro-variations in the slip displacement profile.

B. Velocity Limits

By using a PLL the optical displacement sensor is able to operate
over a large dynamic range with high precision. The ability of
the PLL to follow high velocities (e.g. instantaneous displace-
ment over small time series ) is set by the bandwidth of the PLL
feedback loop, and hence limits the maximum velocity that can
be recorded. The maximum instantaneous phase change of the
carrier between two consecutive data points must not exceed
+71/2, or cycle slip within the PLL will occur. This generates an
operational range for the phase difference between timestamps
of the PLL of:

7o ( S ) <
5 < Dt + fPLL] Pt | < > (15)
Cycle slip can cause any large displacement occurring between
time-stamps to be falsely recorded as a smaller displacement
change by the PLL.

To define a maximum velocity (V};y,i¢), we refer to Equation 10,
where velocity acts as a modulation of the carrier frequency. The
combined phase progression of the local oscillator and equiva-
lent phase progression added by the velocity must be within the
operational range for the PLL, defined in Equation 15:

T fro 4m_ 1 > T

- < (2= V— ) < =

2 - ( friL A fpr) T 2

Such that V is the average velocity of the displacement between
time-stamps. The maximal velocity before displacement is un-

derestimated (Vj;;it), also known as the the "confusion limit’,
occurs when:

(16)

A A
Viimit = £g frLL — 5 f1o (17)

where fpy is the clock frequency operating the phase lock loop.
Using a 1550 nm wavelength laser, a 80MHz clock frequency
and a 26.4 MHz carrier frequency, the lowest confusion limit is
equal to a velocity of 4.96 m/s. Across all 13 recorded slip events
maximum recorded instantaneous velocities ranged between
0.0416 m/s and 0.2570 m/s, implying a stability in the phase
measurement during deformation experiments.
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C. Frequency domain measurement

Figure 7 presents the amplitude spectral density envelope of the
displacement profiles of all 13 recorded slip-stick events within
their 2 second window. This spectrum shows the sensitivity of
the displacement sensor reaches 30 pm/+/Hz at 10 kHz allowing
for fine observations of slip-stick displacements.

10 =
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—--Operational Noise Floor|-
— -Theoretical PLL NF

----- Laser Freq Noise

----- Photodiode NEP

S
E)

10710

Displacement - [m/vHz]

Frequency - [Hz]

Fig. 7. Amplitude spectral density of the slip displacement
compared to theoretical and measured sensor limits. The
recorded slip events of interest are above the noise levels at
frequencies below 10 kHz within the slip-event window.

The operational noise floor, as shown in Figure 7, this is ob-
tained as an average spectra of noise witnessed in the periods
prior to each slip-event (as indicated in Figure 5). The oper-
ational noise floor had minimal variance between slip events.
The limiting factors of the operational noise floor have not been
fully determined. However it is expected that technical sources
such as the mechanical disturbance of the long optical fibre to
the collimator and the general vibrations of the triaxial machine
during loading are likely culprits. The frequency profile of the
operational noise floor was noted to shift during the operation
of the deformation apparatus, compared to the system at rest.

The theoretical Phase Lock Loop Noise Floor (Theoretical PLL
NF in Figure 7) was derived using the methodology described
in Roberts 2016 [10]. The PID (proportional-integral-derivative)
controller for the PLL was tuned to have a unity gain frequency
of 200 kHz to ensure system stability during the slip events.
This resulted in gain peaking at the unity gain frequency in the
theoretical PLL and the operational noise floor. Information
above this unity gain frequency was recoverable through the
undoing of the PID closed-loop frequency response.

The system operates using a free running fibre laser, and has
a 10 m long optical fiber to deliver the light to the collimator
on the apparatus. The local oscillator path is about a meter
long, so the laser frequency noise contribution into the length
measurement will become limit. The theoretical laser frequency
noise coupling into the displacement measurement is give by
Hrabina et al. 2013 [11]:

c

Axf”"] = AL(l — m)

(18)
in which 7 is the refractive index of the optical fibre, here 1.425,
and Af is the frequency noise of the laser as given by the manu-
facturer. AL is the effective path length difference between the
signal path and the local oscillator pathway before the photode-
tector. The laser is an Orbits Lightwave, Ethernal Slowlight Laser
Module, model ETH-10-1550.12-2-PZ10, which has a quoted fre-
quency noise of 1 Hz/+/Hz at 100 kHz with a 1/ f slope.

The photodiode Noise Equivalent Power (NEP) is taken from
the specifications of the New Focus, Model 1811 125-MHz, Low
Noise Photo Receiver. This is done by applying Equation 19
such that; the NEP of the photodiode at the carrier frequency is
pNEp (19.9pW /sqrtHz at 26.4 MHz), the photodiode response at
1550 nm wavelength is Hy (1 A/W), the trans-impedance gain
is R (40 kQ), the gain applied by amplitude of the carrier signal
is A (1.8 V/V) and the gradient of volts to displacement around
the zero point of the PLL is G, (1.55um /4V).

NEP — pNEPIi/\RGsz (19)

(19.9pW //Hz) (1LA/ W) (40kQ) (1.551m /4V')
(18V/V)

The resulting photodiode detection limit is 0.171 pm/ VHz. In
the constructed sensor the shot noise is lower than the NEP, at
0.018 pm/+/Hz.

The optical displacement sensor is able to record slip-event
displacements down to 1071 n/+/Hz up to 100 kHz, limited
by the current photo detector implementation. Also of note is
that during the measurement, the sensor records any mechanical
vibrations of the triaxial compression apparatus. Some sup-
pression of the displacement is expected due to the mass of the
triaxial compression apparatus. Elimination of the mechanical
response is an area of ongoing development.

NEP = (20)

4. EXPANSION TO MULTI-CHANNEL

As an expansion of the initial implementation of the optical
displacement sensor, additional sensor heads can be added to the
system in a parallel signal path. This is enabled by the placement
of the AOM in the signal path rather than the local oscillator path.
The additional sensing path joined to the system by changing
the initial and final 50:50 fiber coupler into 3-to-1 fiber coupler.
An additional AOM (at a different carrier frequency), optical
circulator and fiber collimator are required. In principle this can
be repeated multiple times, however carrier frequency spacing
needs to be chosen carefully to eliminate cross-coupling, and is
also set by the PLL update rate.

Optical power levels onto the single photodiode need to be
adjusted so that it does not saturate the photodiode output into
the ADC. Inside the digital acquisition and calibration system,
multiple PLL operate in parallel at their respective carrier fre-
quencies. All paths can be calibrated using the same LVDT data,
as the net displacement of both locations over the slip event
should be equal to the slip distance.

Future work is underway to install multiple sensor heads
to record the mechanical resonance of the triaxial compression
apparatus with the aim of isolating sample displacement from
the apparatus response during slip events.

5. CONCLUSION AND FURTHER WORKS

Using our new optical displacement sensor we have been able
to measure seismic slip events with sub-nanometer resolution
over a dynamic range of several millimeters, with a maximum
velocity of 0.2570 m/s. It is projected the measurement method
used has a greater capacity than this, with a dynamic range of
multiple centimeters and a velocity limit of 12.4 m/s for the
given implementation.

The module was developed to enhance investigation of pro-
cesses occurring during laboratory-scale earthquakes [7] and
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provides a significant advance in the temporal resolution of dis-
placement and velocity data acquisition during laboratory slip
experiments. No major alteration to the triaxial apparatus was
required to implement the system. Through usage of a remote
optical head, the optical displacement sensor is immune to elec-
tromagnetic interference at the operation point. The controller
of the phase-lock loop implemented operates with a unity gain
frequency of 200 kHz, resulting in an equivalent unity gain
recovery of displacement. The system can also be operated re-
motely fulfilling the need for isolation of the high pressure vessel
during use. As such the system meets the design criteria set out
for the system.

Efforts are ongoing to further decrease the observed noise
floor of the system and to characterise and isolate the mechanical
vibrations of the triaxial apparatus.
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