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Abstract: Thermal fluctuations have a key role in the performance of LISA space mission, which
aims to detect gravitational waves. Equipment based on White Light Interferometry (WLI) is a
promising technology to measure microkelvin thermal fluctuations at very low frequencies. The aim
of this project, carried out by IEEC researchers, is to achieve measuring temperature fluctuations as

low as 1 pK/v/Hz in the 1 Hz down to 0.1 mHz range. The interference output signal obtained by the
photodiode utilized in IEEC installations is described using a physical model, where the measured
intensity is deduced from the interaction of electromagnetic waves within the equipment. Expressions
for the outputs of the sensing and reference interferometers are provided, allowing for the absolute
temperature measurement through the utilization of the cross-correlation function between the
reference and sensing signals. It is shown that the adjustment of the coherence length of the incident
white light facilitates the measurement process by reducing sensitivity to noise.

L. INTRODUCTION

For the last few decades, considerable interest has been
expressed in measuring gravitational waves since the
aforesaid do not interact with matter in the way
electromagnetic waves do. The information that they carry
about their sources is more far-reaching than the one carried
by the electromagnetic waves [1].

Gravitational waves were predicted by Einstein in 1916
one year after his theory of Relativity, and were observed for
the first time in 2015 [2]. The frequency of these gravitational
waves gives information about the mass of the source. The
frequencies regarding these events are typically in a range
between 10% and 10718 Hz [1].

On-ground interferometers, measuring from the surface of
Earth, are not capable of measuring gravitational waves with
frequencies under 1Hz, due to fluctuating gravitational
gradients and seismic noise on Earth [3].

A space-based gravitational wave observatory, the LISA
(Laser Interferometer Space Antenna) mission, is being
carried out at present with the aim to be launched in the 2030s.
The project is led by the European Space Agency (ESA).
LISA mission is based on laser interferometry between free-
flying test masses inside a drag-free spacecraft orbiting the
Sun at 1 AU, about 20 degrees behind the Earth in its orbit.
The observatory will be based on three arms with six active
laser links, between three identical spacecraft in a triangular
formation separated by 2.5 million km. Laser interferometers
will measure the pm pathlength variations caused by
gravitational waves [4].

Precise control over thermal fluctuations is paramount for
the successful operation of gravitational wave detectors,
including the LISA mission. Unregulated thermal
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disturbances can introduce perturbations that compromise
detector performance, resulting in measurement errors and
reduced sensitivity in accurately detecting gravitational
waves. By implementing effective thermal management
strategies, these fluctuations can be characterized, ensuring a
stable and controlled environment conducive to precise
gravitational wave measurements.

Temperature measurement and control are ubiquitous but
generally routine aspects of many precision experiments.
When a high degree of control is needed common practice is
to use a multi-layer thermal enclosure and high sensitivity
thermistors as the control sensors. Due to their inherent
Johnson noise these sensors typically demonstrate a
temperature resolution of a few pK at 1 s integration time [5].
This can be improved by increasing the power to the device,
but soon self-heating becomes a limiting factor. The best
reported resolution with thermistors we are aware of is ~
20pK/v/Hz at 0.1 mHz [6]. In environments like those found
in a gravitational wave detector, where measurements with
traditional electrical temperature sensors might not be
effective, optical fiber sensors are a good alternative.

Optical fibers have garnered significant attention in
various sensor fields due to their properties, including
multiplexing capability, high flexibility, low propagation loss,
high sensitivity, cost-effectiveness, compact size, accuracy
and simultaneous sensing capability. Additionally, optical
fibers possess the advantageous feature of being poor thermal
and electrical conductors, which further enhances their
suitability for our specific applications. [7].

In this project, carried out by IEEC researchers in
collaboration with INESCTEC, it is being developed an
absolute temperature measurement equipment based on WLI
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[8]. The scheme that is being implemented is depicted in
Figure 1. The main optical system consists in two parts,
namely, the interrogation system and the sensing head block.
The interrogation system is based on a Mach-Zehnder
interferometer (MZI) couplet to a piezoelectric transducer
(PZT) in one of the arms to modulate the optical path. The
sensing head block is composed by two groups of distinct
Fabry-Perot interferometers (FPIs): one is used as sensor and
the other as reference.
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Figure 1. Scheme that is being implemented.

II. PRINCIPLE OF ABSOLUTE TEMPERATURE
MESUREMENT

The IEEC equipment operates on the fundamental
principle of measuring the peak signal generated by the
combination of light beams within two interferometers. In the
presence of an unknown temperature, the sensing Fabry-Perot
Interferometer (FPI) with a high coefficient of thermal
expansion (CTE), demonstrates an Optical Path Difference
(OPD) specific to that temperature. By modulating the OPD
of the interrogator through voltage application to the
Piezoelectric Transducer (PZT), maximum interference
occurs when both OPDs are equal. Measuring that maximum
interference would lead us to know the OPD, and with that we
can obtain the temperature.

Due to the practical limitations of directly measuring the
size of the interrogator interferometer with sufficient
accuracy, the utilization of a reference interferometer becomes
necessary. The reference interferometer is housed within a
sleeve composed of a material with a low CTE. It serves as a
reference against which we compare the time delay between
its own signal maximum and the maximum of the sensor
interferometer. This time delay is measurable and exhibits a
linear relationship with respect to the corresponding
temperature. By leveraging this correlation, we can accurately
determine the temperature.

While the experimental information is primarily extracted
from the output signal of the photodiode, the development of
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a comprehensive physical model is essential to support and
enhance the understanding of the obtained results. Predicting
the signal through a mathematical model serves as a valuable
tool for comprehending why the signal exhibits specific
characteristics and behaviours, and how these align with the
underlying theoretical framework.

L. ANALYSIS
PHOTO-DETECTOR

OF THE SIGNAL AT THE

In order to derive a mathematical expression that
accurately describes the intensity of the photodiode, it is
imperative to analyse the various components of the
electromagnetic field throughout the experimental setup
(Figure 1). By studying these components meticulously, we
can establish a refined mathematical model that better aligns
with the observed data in the laboratory.

Each time the light wave E(t) = exp (—iwt) propagates
through a distinct optical path, a phase term is incorporated
into the wave equation that characterizes the light. As a result,
in the proximity of the photodiode, the electromagnetic field
can be described by the following expression:

Er =E(t +1p) + T-E(t + 1) (1)

Where tp = ALp/c with ¢ being the speed of light, is the
time associated with the displacement of the OPD produced
by the PZT, 7 is the time associated with the displacement
produced by the FPI, which is ultimately associated with the
temperature, and T is the transmission coefficient associated
to the FPI. As all the relevant information referred to the tem-
perature is carried in the phase of the electromagnetic wave, T
will be considered 1 to simplify the mathematical deduction.

The intensity of the light at this point, which corresponds
to the signal received by the photodiode, can be expressed in
terms E as follows:

Iy = (|ET|2) = (lET ' ET*l) 2

Where E;* is the conjugate of E;. Therefore, when
calculating I we obtain a combination of the terms in Ep
multiplied by their conjugates, resulting in:

Ir =(|E(t +7p)  E(t +7p)"]) +
=HIEC+ 1) E(t + 7)) +
=H(E(t +7p) E(t+7p)]) +

=H(E@E +1p) - E(t +7£)"])
The first two terms in the expression are considered
constants, and their sum is conveniently normalized to 1 for
simplicity. The last two terms, which are modulated in time,
encompass the relevant information related to the temperature
measurement. To further analyse and extract the desired
information, we can apply a mathematical relationship to

equation (4), as it is done in [10].

3)
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I =142 -Re((E*(t +1p) ECt+7,))} P
We can rewrite the electromagnetic wave associated with
I as follows:

(E*(t + 1) - E(t + 1p)) = (eMWEHTF) . gmiw(ttTp))
= (eW(®) . g-iw(t+Tp—Tp)) 5

=(E"(t)-E(t +1p — T£))

It can be noticed that this term that describes Iy
corresponds to the autocorrelation function of E (t), as it is the
correlation Rp(A7) of the electromagnetic signal with a
delayed copy of itself as a function of the delay At = 7p — 7.
We can now express (5) in terms of the autocorrelation:

I:(AT) = 1+ 2 - Re{R: (A7)} (6)

From the Wiener—Khinchin theorem, we know that the
autocorrelation function of a wide-sense-stationary random
process has a spectral decomposition given by the Fourier
transform of the power spectral density function (PSDF) of
that process. Initially the PSDF was assumed to have a step
function form in [9]. However, it is reasonable to consider a
Gaussian distribution for the PSDF of the incident light [10-
14]. In fact, upon examining the specification sheet provided
by the light manufacturer [15], it is apparent that the light
possesses a Gaussian form characterized by specific values of
central wavelength and bandwidth. Therefore, the PSDF
equation that accurately describes the manufacturer's
specifications is given by:

Sw) = ﬁexp [_ (17 ;vvo)z] (7

Where v, is the mean frequency, and Av is the bandwidth
of the source. The autocorrelation function can be expressed
in terms of S(v), and terms of At:

R (A7) = fOOS(U)exp(—iZHUAT)dU (8)

If we solve the complex integration, and substitute it into
(6), we obtain:

I;(AT) = 1 + e~ @vAD . o5 (2711, AT) ©

I(At) is commonly expressed in terms of the OPD length.
If we change the domain of time to the domain of space using
At = ALp_p/c, and introducing the concept of coherent
length 0 = ¢/Av, we can give the sensing and the reference

interferometer outputs by:
- (Zas)’ 21
I(ALg) =1+ e Vo) - cos (A—ALS) (10)
0

~(Tar )2 2
Ir(ALg) =1+e ‘o’ -cos (A—ALR) (11)
0
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These longitudes are given by the length difference
between both interferometers’ arms: ALg = Lp — Lg, and
AL, = Lp — Lg. Those last values are given by:

Lp(®) =ny(Ly + &,V () (12)
Lg(T) = ny(Ly + Ls(arAT)) (13)
Lrp =ny(Ly + Ly) (14)

Where:

e n,; and n, are the respective refraction index of each
interferometer. Both values will be considered 1 as n,
correspond to the refraction index of the vacuum, and n, the
one of the air, which is a reasonable approximation.

e [, is the arm length difference of the interrogation
interferometer.

o ¢,V (t) is the induced arm length associated to the
PZT. ey is the coefficient which translates the applied voltage
to an effective displacement and V (¢t) is the applied voltage.

e L, is twice the length of the cavity of the sensor.

e [ is twice the length of the metallic sleeve which size
changes with temperature.

e [, istwice the length of the reference sleeve which size
does not depend on temperature.

e AT is the size change of the metallic sleeve, where
ar is the CTE of the material of the sleeve and AT the
temperature change.

So finally, assuming L, = L,, and a linear voltage applied
to the PZT, we get the intensity of the photodiode for our
specific set-up as a function of time, which is ultimately, what
we will be measuring in the laboratory.

ls(t)=[1+e_(§(e”ﬁt_ 9) . cos (i—:(euﬁt—Ls)ﬂ (15)

() = [1 PP ECV ) (7 (e,Bt — m)] (16)
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Figure 2. Comparison between sensing and reference
intensities.
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As we will be measuring the time difference between the
two maximums, we can define the origin of time in the
maximum of the reference intensity.
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Figure 3. Comparison between the theoretical intensity
deduced in Eq. 15 and a typical experimental intensity.

The consistency of our results can be assumed based on
the congruence with findings reported by other researchers
investigating similar white light interferometers. Several
studies [11-14] have reported identical results, which
reinforces the wvalidity and reliability of our findings.
Additionally, Figure 3 highlights the similarities between the
experimental and theoretical intensities, providing further
evidence of the agreement between our experimental data and
the theoretical predictions.

IL.TEMPERATURE ACQUISITION

After obtaining the signals for the reference and sensor
interferometer, the next step is to compute the cross-
correlation function between them. The resulting cross-
correlation function is depicted in Figure 4.
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Figure 4. Cross-correlation function for different values
of o, with the offset between the two signals added solely for
visual purposes.

Bachelor's Thesis

The maximum value of the cross-correlation function can
be interpreted as the time displacement (At) required between
the two signals to achieve the highest degree of similarity or
alignment between them. The increment of temperature of the
sensing FPI respect to the reference FPI can now be
determined based on this At and it can be expressed as
follows:

e
Ar = &P

= At 17
Lo (7

We have been able to establish a quantitative
relationship for the absolute temperature measurement.

IV.CONCLUSIONS

A white light source is directed into a Mach-Zehnder
interferometer (MZI). The output from the MZI is then
coupled into the Fabry-Perot interferometer (FPI) cavities.
Within each FPI cavity, an optical output signal is generated,
which is subsequently converted into an electrical current
using a photodiode. The resulting electrical signals are
sampled and processed to extract precise temperature data.

This measurement approach involves the use of both a
sensor cavity and a reference cavity per sensing channel,
enabling differential temperature measurements. By
combining the obtained differential measurement with the pre-
calibrated and fixed temperature set-point of the reference
cavity, an absolute temperature measurement can be achieved.

By establishing mathematical expressions for both the
signal and reference interferometers (Equations 15-16), we
can determine the time shift between them through the cross-
correlation function (Figure 7). This time shift allows us to
calculate the temperature using Equation 17. Through this
investigation, we have gained valuable insights into the factors
that shape the temperature measurement process.

To enhance the quality of temperature measurements, we
can increase the product of L; and a; in Equation 17.
However, it is important to note that increasing the value of L
would result in a larger equipment size. Hence, it has been set
a limit of 80 mm for L; to strike a balance between
measurement  quality and  practical  considerations.
Additionally, the highest value of a; available for our
measurements is already being used.

The modification of the coherent length does not alter the
measured temperature, as demonstrated in Figure 7, where
both autocorrelations exhibit their maximum at the exact same
value of At. Instead, the purpose of modifying the coherent
length is to enhance the measurement process itself. In Fig. 7
(with o =48.05 um), when introducing noise to the
intensities, there is a possibility that the highest peak may not
correspond to the actual desired peak. This can occur when
consecutive peaks have similar values, and noise causes a
secondary peak to appear higher than the expected one. By
utilizing a source with a smaller coherent length, such as o =
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4.805 pm (bigger bandwidth), we can observe from Figure 7
that the autocorrelation becomes less sensitive to noise. We
can deduce that the difference between two consecutive
maximums in the autocorrelation function are inversely
proportional to the coherence length, lowering this value
minimizes the possibilities of measuring a secondary peak as
the peak of interest.

Despite the consistency of the results obtained for the
intensities with the existing literature [10-14], we have
encountered certain discrepancies when comparing them with
the laboratory data. It is important to note that all the
mathematical deductions were based on the assumption of a
linear behaviour of the PZT. However, the linearity of the PZT

has been called into question by the researchers at IEEC. As
of today, ongoing studies at the institute are exploring
alternative behaviours of the PZT, which may provide insights
into the observed discrepancies.
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