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Abstract—Confocal chromatic microscopy is an optical
technique allowing measuring displacement, thickness, and
roughness with a sub-micrometric precision. Its operation
principle is based on a wavelength encoding of the object
position. Historically, the company STIL based in the south
of France has first developed this class of sensors in the 90’s.
Of course, this sensor can only operate in a sufficiently
transparent medium in the used spectral domain. It
presents the advantage of being contactless, which is a
crucial advantage for some applications such as the fuel rod
displacement measurement in a nuclear research reactor
core and in particular for cladding-swelling measurements.
The extreme environmental conditions encountered in such
experiments i.e. high temperature, high pressure, high
radiations flux, strong vibrations, surrounding turbulent
flow can affect the performances of this optical system. We
then need to implement mitigation techniques to optimize
the sensor performance in this specific environment.
Another constraint concerns the small volume available in
the irradiation rig next to the rod to monitor, implying the
challenge to conceive a miniaturized sensor able to operate
under these constraints.

Keywords — Confocal Chromatic Sensor, Pressurized Water
Reactor, Radiation-Induced-Attenuation, Radiation-Induced-
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I. INTRODUCTION

HIS work is made in the framework of the instrumentation
for nuclear applications (INSNU) project, aiming to
develop instrumentation and sensors for experiments in the
Jules Horowitz reactor (Cadarache, France). Among other
technologies are developed optical sensors: fiber Bragg gratings
[1], fiber-optic distributed sensors to measure temperature and
strain, pyrometric measurement [2], Fabry-Perot extensometer
[3] and confocal chromatic sensor: a displacement sensor which
is the object of this article.
After a certain operating time, fuel stresses the rod and leads

to its deformation [4]. We develop the confocal chromatic
sensor in order to monitor this deformation. This technology
allows avoiding contact between the probe and the rod when
performing the measurement and thus we will avoid risking
scratching and initiating rod rupture.

As the sensor will be in an irradiation rig simulating the
operation in a Pressurized Water Reactor (PWR) we have to
consider its typical environment. This means temperature about
350°C, pressure of 150 bar. Very high radiation levels are
expected: fluence of 10'° n, fast/cm? and gamma dose about
GGy. We will also have to consider turbulent flow (3 m/s) of
corrosive water. Indeed, at such temperatures, water becomes
corrosive for an optical window. The confocal chromatic sensor
is set in front of a rod in the nuclear reactor. Then, three sensors
located around the rod may be necessary to monitor its
displacement due to possible buckling of the fuel rod. For this
specific measurement of fuel rod swelling in a research reactor,
all the interrogation part of the instrumentation will be deported
by optical fiber outside the reactor core.

The overall principle of a confocal chromatic sensor is based
on the physical concept of chromatism, with the change in
optical refractive index with wavelength. Usually, chromatism
is an optical aberration to avoid, but not in our case. When
focusing a white light source with an optical system, not all the
wavelengths are focusing at the same spot on the light
propagation axis. In our system, a white source is focused
through an optical chromatic system on the fuel rod. The rod’s
surface, made of an oxidized alloy of zirconium, is reflective
enough to be considered as a diffusing surface. Therefore, the
light hitting the rods goes back through the whole system. It is
only partially reinjected in the fiber because of the spatial
filtering due to the small fiber core diameter. This filtering
depends on how the beam is focused on the surface in the
optically conjugate plane. That produces a spectral selection,
which can be visualized on an optical spectrum analyzer at the
transport fiber output. Thus, we will detect a peak centered on
a particular wavelength. If the fuel rod was swelling, we would
then detect a change of the peak central wavelength. As we have
an encoding between wavelengths and distance, we can then
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deduce of how many micrometers the rod swelled. The
difference between the initial wavelength and the final one
would give an equivalent value of distance’s difference (Fig. 1).

Here are the targeted specifications for this sensor:

- Diameter of the sensor: 4 mm (mechanic), 3 mm (optics)

- Total length < 10 cm

- Accuracy : 1-10 pm

- Working distance (distance between the sensor output
and the rod): 0.5 mm

- Measuring range (chromatism): 1.5 mm
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Figure 1: confocal chromatic sensor global principle. a) confocal chromatic
in front of a fuel rod before swelling , b) after swelling

Some of the main challenges of this confocal chromatic
sensor design are listed hereafter:

- The size of the sensor (both length and diameter) has to
be very small to fit the reduced available space and to
prevent perturbations on the cooling flow. However, as
a wide measuring range (chromatism) is expected, this
is more difficult to obtain with such small dimensions.
The optical design software —Zemax- is exploited to
conceive and optimize the sensor optical system.

- When a glass bulk is heated, its length is modified
(thermal dilatation), as well as its refractive index,
which will lead to displacement of the focusing points
and therefore to measurement errors. Data relative to
refractive index dependence to temperature from the
literature are needed and if none is available, dedicated
experiments will be mandatory.

- Radiation darkens the optical glasses [3] and optical
fibers [5]. Moreover, large fast neutron fluence is also
known to modify the glass refractive index, at least of
the silica [6] [7]. Depending on the amplitudes of these
effects, additional measurement errors can occur up to a
loss of the signal. We then have to find radiation tolerant
optical glasses and acquire data about their radiation

résponses.

In this paper we will present a brief state-of-the-art regarding
the effects of radiation and thus explain the need to collect data
during an irradiation campaign in BR2 (Belgium Reactor2) in
2022 (irradiation “TESCA”). We first present interferometric
measurement technique to measure the changes of refractive
index of a glass under irradiation. First, the setup is validated in
laboratory conditions (variations with temperature only) before
its future implementation in the 2022 irradiation campaign. In a
second part, we focus on the optical design of the confocal
chromatic sensor, describing the main challenges and the
solutions to overcome them.

II. CHANGE OF REFRACTIVE INDEX AND ATTENUATION WITH
RADIATIONS

A. State of the art

For many years [8], we have known that radiations influence
optical fiber and optical glass properties. For our targeted
environments, the two most impacting radiation effects on
optical fiber and glasses are the Radiation Induced Attenuation
(RIA) and the Radiation Induced Refractive Index Change
(RIRIC).

RIA corresponds to the glass darkening under radiations
related to an increased attenuation of the signal. RIA is caused
by point defects created in the optical fiber core and cladding
[5]. This is quite a complex phenomenon, depending on both
the structural and optical properties of the point defects and on
how the harsh environment constraints (dose, fluence, dose
rate, and temperature) influence their generation mechanisms.
Moreover, the RIA can recover after radiations through the
thermal or photo bleaching of the point defects. For our
confocal chromatic design, we need to choose glasses or optical
fibers presenting lower RIA in the spectral domain of interest.
For optical fibers, few data are available in the literature at high
neutron fluence with a lack of information on the behavior at
high temperature and/or a large spectral domain [9-16]. We will
select a pure silica (or slightly F-doped silica) core optical fiber
with a metallic coating to withstand the high temperature.
About bulk glasses for the chromatic optical system, some
cerium doped radiation-hardened glasses are considered, but no
data at the very high targeted dose levels is available. We also
plan to use pure-silica glass, which the behavior in a high
radiation environment is better known. Finally, we plan to
operate at wavelengths between 800 and 1200 nm where the
optical fibers and glasses present the lowest RIA levels. This is
also compatible with operation in water that is strongly
absorbing above 1200 nm.

RIRIC is mostly observed under neutron exposure and
corresponds to the radiation induced change of the refractive
index. This is also a topic with little data available in the
literature. Moreover, temperature will also induce a variation of
refractive index [17].

For the development of the confocal chromatic sensor, we
need to consider the glass darkening, if we want to perform the
measurement with a better signal to noise ratio. We also have
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to consider the change of refractive index when glasses are
exposed to high fast neutron fluence and/or high temperature in
order to avoid measurement errors. Most of all, we want to
reduce the degradation of the focusing quality of the chromatic
optical system.

In order to consider glass darkening and refractive index
change we have designed an experiment to collect data on
candidate optical glasses. That will be one of the objectives of
the TESCA experiment in Belgium Reactor 2 in 2022.

B. Experimental setups and preliminary results at high
temperature

We developed two small measurement systems aiming to
collect online data when performing TESCA irradiation. First
one is designed to collect RIA data and the second one for
refractive index change measurements, more precisely for
optical path measurement n(4, radiations, T) X
L(radiations,T).

We have developed an opto-mechanical device bringing a
light beam at the exact center of a mirror curvature. Light is
fully reinjected in the fiber except when the RIA of a glass
sample (placed in between) attenuates the beam (Fig. 2). We
use an halogen lamp to illuminate the system and we collect the
output signal on an Optical Spectrum Analyzer (OSA). RIA at
a particular wavelength corresponds to the ratio of intensity
going in the system and the one going out.

Before irradiation, we had to check if the setup is functioning
well under high temperature i.e. that heating the device will not
unsettle the optical alignment. The results of a preliminary test
are presented in Fig. 3. Blue curve represents the time evolution
of temperature (we aim 350-400 °C) and the orange one
illustrates the power evolution at 970 nm. This illustrates the
good stability of the setup through time and so with
temperature. We conclude that the setup is suitable for radiation
experiments at high temperature.
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Figure 2: RIA setup
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Figure 3: Stability of RIA setup with temperature

We also developed a setup in order to measure the variations
of the refractive index with radiations. The first objective is
indeed to measure the refractive index change. But since high
neutron fluence is likely to produce density change leading to
dimension change, the targeted online measurement of
refractive index (n) therefore becomes an optical length (n X L)
measurement. We are also preparing pre and post-irradiation
measurement of glass samples to decorrelate variations of n and
L. The setup is represented in the Fig.4. This is an
interferometric measurement; we get a channeled spectrum
from the interferences coming from both sides of the glass
sample. From that spectrum and after signal processing, we get
the value of the glass optical length which allows deducing the
refractive index if the length is known. We have not yet tested
the setup under radiative environment but the setup
performances were estimated on different glasses, at different
wavelengths and at different temperatures up to 350°C.
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Figure 4: Schematic diagram of the interferometric setup to measure
optical path or refractive index change under radiative environment.
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Table 1 compares the theoretical values of refractive index and
the data collected from our experimental setup.

A [nm] CO 79- SF6G05 LF5G19 BK7G18 K5G20
40
1010,y 1.4503 1.7789 1.5813 1.5102 1.5132
10105 1.4524 1.7798 1.5769 1.5116 1.5176
1110,y 1.4491 1.7761 1.5796 1.5089 1.5119
11105 1.4512 1.7768 1.5752 1.5104 1.5164
1210,y 1.4479 1.7737 1.5782 1.5076 1.5108
1210y 1.4500 1.7745 1.5738 1.5090 1.5151

Table 1: Refractive index at room temperature
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We can observe a difference of about 1073 for absolute
values of refractive index at 1010, 1110 and 1210 nm for optical
glasses CO 79-40, SF6GO05, LF5G19, BK7G18 and K5G20.
The theoretical refractive index values of our glasses at room
temperature (not under radiation environment) are obtained
from the glassmaker Corning and Schott datasheets. We might
observe some differences due to different glass batches. Other
possible sources for these differences might be a shift in the
wavelength calibration of the OSA or an error when measuring
the length of the sample. All these errors will remain constant
during the irradiation campaign and should not affect the ability
of the developed system to measure the refractive index
changes.

This can be confirmed by measuring the evolution of
refractive index for a particular glass, at a specific wavelength,
with the temperature aiming 350°C. By doing so, we also tested
the robustness of the device with temperature. When increasing
it, we have been able to observe relative changes in the optical
path in the range of few 10-. We have obtained data that is not
yet available in the literature, and which is necessary to design
the targeted optical system operating at high temperature. The
setup is then almost ready to perform online measurement under
a high radiative environment in 2022.

III. OPTICAL DESIGN

We discuss in this part, the optical design of the optical
sensor for the fuel rod swelling monitoring in a research core
reactor. At this design stage, the application requires a small
size of the sensor. Temperature and radiation constraints are
considered.

We require reaching 1.5 mm measuring range while keeping
a good focus quality. Indeed, when the light reflects on the rod
and goes back on the optical fiber, we need to read a wavelength
with the best selectivity possible in order to give a swelling
measurement with the ~1-10 pm accuracy. We then have to
optimize our optical design with a compromise between
chromatism and spot quality while fulfilling the specifications
in terms of diameter and total track.

If we look at a common lens commercialized by Thorlabs,
LB4879, f=35.0 mm, ®1"” UV Fused Silica Bi-Convex Lens,
for instance- with an object numerical aperture of 0.12, we get
the results described below.

The initial configuration for this bi-convex lens is near to a
2f-2f and we get:

- An image numerical aperture of 0.10 i-e. a paraxial

magnification of about.1.15

- A focal shift (chromatism) of 1878 pm

- A very bad quality of spot due to a high spherical

aberration. In order to improve this point we could
consider the lens curvatures as variables and even
aspherize one face of the lens.

Now, if we consider the same lens but with smaller diameter,
the numerical aperture is reduced leading to reduced
wavelength selectivity too. To avoid that we can change the
configuration (object-image position). By doing so, we will not
get better results in terms of chromatism and selectivity.

Table 2 illustrates the impossibility to design a confocal
chromatic sensor with a single lens of the required size. This
table shows the results obtained from the Thorlabs —LB4879
lens with an object numerical aperture of 0.12 and for
wavelengths between 800 and 1200 nm. The Design referenced
as “1” on this table refers the 2f-2f configuration spoken below
and design “2” were obtained after optimization aiming a bigger
image numerical aperture, a good spot quality with
aspherization on the first surface of the lens and both curvatures
set as variables —also aiming smaller diameters of the lens. On
table 2, D1 refers to the distance between the source and the
first surface of the lens and D2 corresponds to the distance
between the second surface of the biconvex lens and the Image
at 800 nm.

Design 1 2
D1 [mm] 63.749 10,41
D2 @ 800 nm [mm] 70.486 71,1185
Thickness [mm] 7.440 7.440
Curvature 1 [mm] 30.96 2,5
Curvature 2 [mm] -30.96 -2,5
Conic of Curvature 1 X -0.882
Clear Semi Diameter 1 13 1,319
[mm]
Clear Semi diameter 2 13 0.338
[mm]
Spot diagram X v
Airy Radius [um] 5 2,755
Chromatism (Focal shift) 1878 70
[pm]
Numerical Aperture (Image) 0,10 0,23

Table 2: Thorlabs-LB4879, f=35 mm, ®1" UV Fused Silica Bi-
Convex Lens. Design 1: starting design. Design 2: constraint on
diameter of optics with aspherization.

As we can see, with a single lens (even with a more
chromatic glass), it is impossible to design a small diameter
confocal chromatic sensor. We have to work on a more complex
design, which finally will have to combine different radiation
hardened glasses, especially the most dispersive ones.

IV. CONCLUSIONS

We are developing a confocal chromatic sensor in order to
measure fuel rod’s swelling in a research nuclear reactor. We
have discussed the main scientific and technological challenges
that have to be overcome: temperature, radiations and optical
design under strict specifications. Temperature changes the
refractive index of about 10~3. Radiation also induces a change
in refractive index and a glass darkening. Small dimensions of
the sensor probe are limiting the measuring range resulting from
chromatism.

New data on the behavior of bulk glasses under radiation are
expected to result from the TESCA irradiation (2022, in the
BR2 research reactor). We have developed miniature devices in
order to measure RIA and the variations of the optical path of
some glass samples under harsh environment. These devices
will be set in the research reactor’s core for online
measurements; they have been tested and validated under high
temperature. The optical path-measuring device gives data on
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the refractive index of glasses at high temperature. These data
are necessary for the design of the confocal chromatic sensor,
and are not yet all available in literature. Our next step will be
the irradiation campaign in 2022 at BR2. While we will
consolidate refractive index change setup and signal processing
in order to get a better accuracy, confocal chromatic sensor
design on Zemax with silica and a mix of silica and radiation-
hardened (and more dispersive) glasses will be achieved.
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