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Abstract

The use of single-crystal sapphire optical fibers has been considered to extend fiber-optic
sensing to the extreme temperature (>1000°C) environments encountered in nuclear applications.
However, before these sapphire fiber—based sensors can be deployed, their optical transmission
and dimensional stability (which impacts drift of some sensors) must be characterized under
representative testing conditions. Data regarding the optical transmission of sapphire following
high-dose neutron irradiation at temperatures >100°C is extremely limited. This work provides
measurements of optical density (i.e., attenuation) and directional dimensional changes in bulk
single-crystal sapphire materials irradiated to a fast neutron fluence of 2.4 x 10%! n/cm?
(3.5 displacements per atom) at temperatures ranging from 95 to 688°C. Optical density
measured after irradiation at 95 and 298°C showed ultraviolet and visible absorption bands

corresponding to known defect centers and temperature trends that were generally consistent
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with previous ex situ and in situ measurements made at much lower neutron fluence. However,
optical density measured after irradiation at 688°C was as much as two orders of magnitude
higher, indicating that the fundamental mechanism for radiation-induced attenuation changes at
this irradiation temperature. Additional analysis and comparison with previous works suggest
that the attenuation may result from void formation, leading to increased Rayleigh scattering
losses in the material and increased swelling that would also result in drift of Bragg grating-
based sensors in sapphire fibers. These results pose serious questions regarding the feasibility of

sapphire fiber—based sensors for high-temperature nuclear applications.
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1. Introduction

The nuclear industry has pursued development of advanced high-temperature reactors for
many decades because of their increased thermal efficiency, uranium utilization, and passive
safety, as well as their potential to provide high-temperature process heat and burnup of minor
actinides. For example, high-temperature gas-cooled reactors use a high pressure (~7 MPa)
helium coolant with core outlet temperatures as high as 1000°C [1-3]. Molten salt—cooled
reactors have been considered, with solid fuels or dissolved liquid fuels operating at temperatures
up to 800°C or higher [4, 5]. Considerable efforts have been made to develop materials capable
of surviving the combination of high temperatures, high pressures, radiation damage, and
chemically aggressive media [6], but less focus has been placed on in-core sensors that must
survive the same conditions while providing adequate signal strength with minimal drift over a
period of months to years [7, 8]. While some reactor instrumentation can be located outside the
core, the ability to monitor temperature distributions within the coolant, fuel, and structural
materials would greatly improve the understanding of limiting design- and safety-related core
locations to inform both reactor designers and operators [9]. Furthermore, monitoring of fuel
temperatures during irradiation in test reactors is critical to proving their safety and qualifying
new fuels for light water or advanced reactors [10-12].

Fiber-optic sensors are one candidate technology for in-core instrumentation in advanced
reactors or irradiation experiments in tests reactors due to their small size, immunity to
electromagnetic interference, and ability to measure a wide range of parameters, some of which
include spatially-distributed measurements. For example, fiber-optic—based sensors have been
used to measure pressure [13-15], flow [16-18], and liquid level [19-21], as well as low doses of

neutron and gamma radiation [22-24]. Distributed temperature and strain measurements have



been demonstrated using traditional fused silica fibers at temperatures as high as ~1000°C [25-
27] and ~500°C [28-30], respectively. However, for temperatures beyond ~1000°C, fused silica-
based optical fibers suffer from devitrification [31], which limits long-term use at these
temperatures.

For applications with temperatures >1000°C, single-crystal sapphire optical fibers have
shown promise. Sapphire-based fibers must be single crystalline to limit scattering losses that
would otherwise be introduced at grain boundaries, which can limit the minimum fiber diameter
and maximum fiber length that can be grown. Due to technical challenges associated with
developing a thermally stable, high-temperature cladding for sapphire fibers, these fibers are
often air-clad. The large diameter and lack of cladding makes sapphire fibers highly multimodal
and sensitive to diameter non-uniformities, resulting in significant radiative optical losses [32].
Methods for creating high-temperature sapphire fiber claddings have been demonstrated using
chemical dopants [33-35] and displacement damage from charged particles [36, 37]. The use of
polycrystalline alumina and other ceramic materials have also been proposed [38, 39]. Although
unclad sapphire fibers suffer from prohibitive attenuation in air at 1400°C [40], operating the
fiber in an inert environment can ameliorate these effects [41]. Despite these challenges, it is
possible to conduct distributed temperature sensing using Bragg gratings in sapphire fibers, as
evidenced by previous works that measured temperatures as high as 1500°C using these gratings
[42-45].

In order to extend high-temperature sapphire fiber—based sensors to nuclear applications,
the fibers must have manageable radiation-induced attenuation (RIA) of the light signal due to
color center formation during exposure to ionizing radiation. Radiation-induced dimensional

changes also impact sapphire fiber—based sensors in the form of signal drift that cannot be



separated from changes in temperature. This paper provides new information regarding the
feasibility of operating sapphire fiber—based sensors in high-temperature nuclear applications by
evaluating changes in optical transmission and dimensional stability after high dose neutron

irradiation at various temperatures.

1.1. Radiation-induced attenuation

Because of the relatively recent commercialization of single-crystal sapphire optical
fibers, significantly less work has been devoted to developing radiation-hard sapphire optical
fibers compared to their fused silica counterparts. Previous measurements of RIA in sapphire
optical fibers from both neutrons and gamma rays have generally shown significant growth in
point defect absorption in the ultraviolet (UV)-to-visible range that extends into the near infrared
range [46-50]. Irradiation with gamma rays showed a saturation of the RIA [47], whereas
irradiation with neutrons resulted in linear increases in RIA that did not show any signs of
approaching saturation up to a maximum fast neutron fluence of 1.4 x 10'® n/cm? [48].
Increasing temperature up to 1000°C during irradiation resulted in monotonic reductions in the
equilibrium gamma ray RIA [47] and monotonic decreases in the rate of increase in RIA during
neutron irradiation [49]. Similar decreases in neutron RIA were observed with increasing
temperature from cryogenic temperatures to room temperature [51].

RIA in sapphire has also been measured using “bulk” slab or disk geometries. Early
studies focused on the identification of the fundamental optical absorption bands that form
following irradiation with gamma rays, ions, or low fluences (10'® n/cm? or lower) of neutrons
[52-54], as well as their high-temperature annealing behaviors [55-57]. Later studies tested
samples irradiated to higher fast neutron fluences on the order of 10'° to 10%° n/cm? [58-61].

However, nearly all previous RIA measurements of bulk Al,O; were performed following



irradiation at temperatures <100°C. Pells reported the optical density of sapphire samples
following neutron irradiation to 3 x 10'° n/cm? at temperatures up to 290°C, but the optical
density was only reported at a single wavelength [61]. The spectral features of the RIA observed
previously in bulk samples were largely similar to those of the RIA observed in sapphire fibers,
with absorption peaks located in the UV-to-visible range that extend into the near-infrared range.
Post-irradiation thermal annealing of the RIA showed significant reductions in absorption,
particularly when the annealing temperature exceeded 400°C [56, 59]. These results are
consistent with previous in situ measurements showing the largest reduction in RIA occurring as
the irradiation temperature was increased from 300 to 600°C [49]. Still, there are no data
available regarding high-dose (on the order of 1 displacement per atom, or dpa) neutron

irradiation effects on RIA in sapphire at temperatures >100°C.

1.2. Radiation-induced swelling

Displacement damage cascades from neutron radiation are known to generate point
defects (vacancies and interstitials) that can eventually aggregate and form defect clusters such
as dislocations or voids [62]. The evolution of these microstructural defects is complex, and
depends on the crystal structure, dose, and defect mobility (i.e., temperature), among other
parameters. The most obvious neutron radiation effect on single-crystal sapphire fibers is the
increased RIA (discussed in Section 1.1) resulting from trapping states that are created within the
bandgap due to point defects [54]. However, some sapphire fiber-based sensors are also
susceptible to signal drift that results from radiation-induced microstructural defects that cause
dimensional changes that cannot easily be distinguished from changes in the measurand (i.e.,
temperature or strain). Diffraction-based techniques can be used to evaluate contributions to the

net macroscopic dimensional change from simple lattice expansions caused by point defects and



small defect clusters. However, larger defect clusters such as voids and dislocations also
contribute to macroscopic dimensional changes and these contributions cannot be measured
using diffraction-based techniques.

During irradiation of a-Al,O3 to neutron fluences up to ~3 x 1020 n/cm?, at temperatures
below ~100°C, lattice expansion is isotropic and the volumetric swelling calculated from lattice
expansion is essentially equal to that calculated from macroscopic dimensional changes [63].
With increasing dose and temperature, mobile interstitials have been shown to cluster into
dislocation loops that form on the basal planes, resulting in anisotropic macroscopic dimensional
changes [64, 65]. Because these basal loops unfault with continued irradiation via shearing
across the loop plane, they continue to grow until they intersect to form dislocation networks that
maintain the same Burgers vector [66, 67], thus providing an unsaturable sink for interstitials and
maintaining the increase in anisotropic dimensional changes. Interstitial trapping within the
dislocation network also provides an excess of vacancies that can agglomerate into voids [68,
69], resulting in increased macroscopic dimensional expansion due to void swelling. Because
voids have been shown to align in rows along the c-axis [68], contributions to macroscopic
dimensional changes due to void swelling further increase the swelling anisotropy.

The magnitude of the volumetric radiation-induced swelling does not appear to saturate
for a fast neutron fluence as high as 6.9 x 10?2 n/cm? (Figure 1) [63, 68, 70-74]. Figure 1 only
shows data obtained from single-crystalline samples due to the potential for grain separation that
can influence the swelling behavior of polycrystalline Al,O5 as a result of the significant
anisotropy in the observed swelling [71, 75, 76]. Additional data regarding the directionally

dependent macroscopic dimensional changes as a function of fast neutron fluence and



temperature are required to provide a more comprehensive evaluation of the potential swelling-

induced drift of sapphire optical fiber-based sensors.
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Figure 1. Volumetric swelling vs. fast neutron fluence for single crystal sapphire at various
temperatures obtained from the literature [63, 68, 70-74].

1.3.  Scope of this paper

This paper provides the first known measurements of broadband RIA in sapphire samples
exposed to high-dose (3.5 dpa) neutron irradiation at temperatures above 100°C. Temperature-
dependent measurements of directional lattice expansion and macroscopic dimensional change
are also reported for single-crystal sapphire samples irradiated to fast neutron fluences (2.4 x

10%! n/cm?) in between those previously reported by Wilks (6 x 10%° n/cm?) [70] and Roof and



Ranken (5.6 x 102! n/cm?) [74]. The objective of this research is to improve the fundamental
understanding of radiation effects on a-Al,O; to determine the suitability of single-crystal

sapphire fiber-optic sensors for high-temperature nuclear applications.

2. Experimental methodology

2.1. Samples and irradiation testing

Single-crystal sapphire samples were obtained from Kyocera with the c-axis oriented in
the thickness direction. The samples were nominally 16 mm long x 5 mm wide x 0.85 mm thick,
with the optical transmission measured through the thickness. The pre-irradiation density was
measured to be 3.912 £ 0.016 g/cm?. Samples were irradiated in “rabbit” capsules in the flux trap
of the High Flux Isotope Reactor (HFIR) [77, 78] with an average thermal (neutron energy < 0.5
eV) neutron flux of 1.9 x 10'5 n/cm?/s and an average fast (neutron energy > 0.1 MeV) neutron
flux of 1.1 x 10! n/em?/s. The samples were irradiated for 25.7 effective full power (85 MW)
days, resulting in thermal and fast neutron fluences of 4.2 x 10%! and 2.4 x 10! n/cm?,
respectively. The calculated displacement damage is 3.5 dpa using values of 20 and 50 eV for the
displacement threshold energies of Al and O, respectively [79]. Three capsules were irradiated,
each containing four samples. The average sample temperatures in each of the capsules were
previously determined to be 95+8, 298430, and 688+6°C [80] based on the combination of
thermal finite element simulations and post-irradiation dilatometric analyses [81] of passive
silicon carbide temperature monitors that were located inside the capsules.

The samples were in contact with a V-4Cr4Ti holder during the irradiation. Therefore,
energy dispersive x-ray spectroscopy (EDS) measurements were performed to look for evidence

of V [82, 83], Cr [84], and Ti [85] impurities, which can affect the optical transmission in



sapphire. Results showed that V, Cr, and Ti concentrations for all irradiated and virgin samples

were indistinguishable from background within the experimental detection limits (~0.5 at%).

2.2. Dimensional and optical transmission measurement

The capsules were cut open in a hot cell post-irradiation. The samples were extracted,
cleaned, and transferred to a separate facility where they could be handled using more delicate
instruments. Dimensional inspection was performed to measure the sample lengths (a-axis
orientation) before and after irradiation using a micrometer to determine radiation-induced
dimensional changes. Post-irradiation measurements of sample thickness were also performed to
determine optical density (OD) per unit thickness. However, because the thickness was
considerably smaller than the length, accurate measurements of the c-axis dimensional changes
could not be made.

The samples were then interrogated using a broadband (190—1700 nm) optical
transmission system that uses both deuterium (StellarNet SL3) and tungsten halogen (StellarNet
SL1) light sources, a custom sample holder, and a pair of spectrometers: a StellarNet SILVER-
Nova with a 190—1100 nm range and a StellarNet DWARF-Star with a 900—1700 nm range. The
spectrometers were used to determine the wavelength-dependent changes in light intensity for
each sample before and after irradiation. Measurements were first made without a sample
inserted into the sample holder (the reference scan), and then they were repeated with a sample
inserted (the active scan). The RIA in the sample was determined as an OD (in units of cm™!),

which is calculated as shown in Eq. (1):

1 IA(E
OD(E) = — flog:o (22), ()
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where L is the transmission length (equal to the sample thickness), and I, and Iy are the

intensities for the active and reference scans, respectively, as a function of photon energy E = %
(where h and c are Planck’s constant and the speed of light, respectively), or alternatively,
wavelength A. OD measurements in units of cm™! can be converted to dB/cm (more commonly
used for optical fiber geometries) by multiplying by a factor of 10. More details regarding the
measurement system and the processing of the optical intensity data are provided in a previous
paper [80].
2.3. X-ray diffraction

X-ray diffraction (XRD) was performed on the irradiated samples to determine changes
in lattice constants resulting from radiation-induced swelling. Because of radiation and
contamination concerns, the only instrument that could handle these samples was a PANalytical
X'Pert Pro powder diffractometer that uses a Cu Ka source. This diffractometer could only
accommodate the samples when they were oriented with the c-axis (sample thickness) aligned
with the x-ray beam. Therefore, only changes in the c-axis lattice parameter could be measured.
As mentioned previously, XRD analysis can quantify changes in lattice parameters, but it does

not capture the effects of larger defect clusters, such as voids or dislocations, that can affect

macroscopic dimensions.

3. Results

3.1. Radiation-induced swelling

Table 1 summarizes macroscopic dimensional changes (a-axis) and changes in the c-axis
lattice parameter relative to pre-irradiation values. XRD measurements could not be obtained for
two specimens because no peak was observed in the recorded spectra, likely due to sample

alignment issues. The magnitude of the a-axis dimensional changes decreased with increasing
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irradiation temperature from 95 to 298°C, but it increased with increasing irradiation temperature
from 298 to 688°C. The c-axis lattice expansion monotonically decreased with increasing
irradiation temperature for all irradiation temperatures and was essentially zero after irradiation
at 688°C (i.e., the c-axis lattice parameter did not change relative to its pre-irradiation value).
Although this may be coincidental, the measured a-axis dimensional change and c-axis lattice

expansion were equal to within experimental uncertainties after irradiation at both 95 and 298°C.
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Table 1. Summary of changes in macroscopic dimensions (a-axis) and lattice parameters (c-axis)
before and after neutron irradiation to a fast neutron fluence of 2.4x10%! n/cm?.

a-axis macroscopic c-axis lattice
Irradiation dimensional change expansion
temperature Average Average
Value [standard Value [standard
deviation] deviation]
0.45% 0.42%
95°C 0.48% 0.48% 0.52% 0.45%
0.50%  [0.03%] 0.41% [0.06%]
0.53% N/A
0.43% 0.43%
298°C 0.46% 0.41% N/A 0.41%
0.39%  [0.02%]  0.44%  [0.04%)]
0.40% 0.37%
0.64% -0.02%
688°C 0.57% 0.63% 0.05% 0.01%

0.64%  [0.04%] 0.04%  [0.03%]
0.65% -0.01%

3.2.  Optical transmission

Figure 2 shows OD as a function of photon wavelength for virgin and irradiated samples,
with irradiation temperature (T) as a parameter. These OD values were consistent across each of
the four samples that were irradiated at each temperature. Increasing the irradiation temperature
from 95 to 298°C resulted in an increase in OD over all photon wavelengths <570 nm (energies
>2.18 V). The spectral features of the OD are generally similar after irradiation at temperatures
of 95 and 298°C. Increasing the irradiation temperature from 298 to 688°C resulted in large
increases in OD. The OD after irradiation at 688°C shows new peaks near 822 nm (1.5 eV) and
587 nm (2.1 eV) that were not present after irradiation at temperatures of 95 and 298°C. For
photon wavelengths <410 nm (energies >3 eV), some spectral features of the OD may be similar
after irradiation at 688°C vs. after irradiation at 95 and 298°C, although it is difficult to say for
certain due to the large uncertainties in the measurements made after irradiation at 688°C. It is

also worth mentioning that, even for the measurements made after irradiation at 95 and 298°C,
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the optical densities measured in the sapphire samples were significantly greater at all measured
wavelengths when compared to those previously measured in amorphous SiO, samples irradiated

under the same conditions (temperature and neutron fluence) [80].
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Figure 2. OD vs. photon wavelength for virgin and irradiated samples, with the irradiation
temperature (T) as a parameter.

4. Discussion

4.1. Impact of impurity absorption

As mentioned previously, V, Cr, and Ti concentrations for all irradiated and virgin
samples were indistinguishable from background within the experimental detection limits (~0.5
at%). Results from previous works can be used to estimate the approximate magnitude for the
impurity concentrations that would be required to produce an OD that matches the OD spectra
measured after irradiation. These concentrations can then be compared with the EDS detection

limits. Moulton determined the effective cross section for the 490 nm Ti** absorption peak to be
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~6.5 x 102 cm? or ~2.8 x 10-2° cm?, depending on the polarization [85]. Ignoring the fact that
there is no clear peak in the absorption spectra measured in this work, the measured OD in the
range of 490 nm is ~45 cm!. Depending on which absorption cross section is used, this
corresponds to a Ti** concentration of ~6.9 x 10%° cm= (5.5 at%) or ~1.6 x 10?! cm3 (12.7 at%).
Similarly, Govinda observed an ~10 cm™! increase in absorption near 550 nm for sapphire
samples with 2 at% of Cr compared to un-doped sapphire [84]. Therefore, the Cr impurity
concentration would have to be on the order of 9 at% to cause ~45 cm™! absorption. Finally,
McClure measured the OD of sapphire samples doped with ~0.2 at% of V [83]. For both light
polarizations, the maximum measured OD in the range of 300—700 nm was ~1 cm!. Therefore,
the V impurity concentration would also have to be on the order of 9 at% to cause ~45 cm’!
absorption. Comparing these concentrations to the EDS detection limits (~0.5 at%), it is unlikely
that the large increases in OD observed after irradiation at 688°C were caused by impurity

absorption.

4.2. OD measurements compared to previous works

The OD measurements presented in Figure 2 are replotted in Figure 3 on a logarithmic
scale so that they can be compared with previous measurements obtained after irradiation to
orders-of-magnitude lower neutron fluences at a temperature of 77°C [58]. Measurements
obtained during this work that were made after irradiation at 95 and 298°C are only shown for
wavelengths up to 700 nm, which is the wavelength at which the OD was equal to that of the
virgin sample within experimental uncertainties. The most obvious difference between all these
data is that the OD measured after irradiation at 688°C is much larger and extends further into
the infrared range. The hypothesized origins of the OD observed after the highest temperature

irradiation are discussed below in Section 4.3.
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The OD measured after irradiation at 95 and 298°C generally shows broader absorption
peaks compared to those from Islamov after irradiation to much lower neutron fluences.
Nevertheless, many of the absorption peaks identified by Islamov and found in earlier works are
evident in the OD spectra reported herein after irradiation at 95 and 298°C. For example, the
peak absorption in this work occurs near 250-260 nm, which has been attributed to the F* center,
a positively charged oxygen vacancy [86, 87]. Although there are no specific peaks in the 300—
350 nm range, there does appear to be a broad absorption band centered near 325 nm, which lies
in between the 300 and 355 nm bands observed by Islamov [58]. These bands have been
attributed to oxygen divacancies with a neutral and +1 charge, respectively [88, 89]. Islamov also
observed a broad band near 450 nm [58], previously attributed to an oxygen divacancy with a +2
charge [88], and the present work may show evidence of a weak absorption band in this range
after irradiation at 298°C. After irradiation at 95°C, the OD spectrum shows an inflection point
closer to 400 nm, which is close to a known V center (413 nm), that has been postulated to be a
composite of aluminum vacancy centers [87, 90, 91]. Therefore, while there are some differences
in the spectral features of the OD observed in this work vs. those in Islamov’s work, the general
trends are similar, and many of the observed features can be explained by known defects that

have been identified in the literature.
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Figure 3. OD measured in this work (blue, black, red) compared to a previous work [58] that
tested to lower neutron fluences at a temperature of 77°C. Measured OD values from this work
after irradiation at 95 and 298°C are only shown for wavelengths for which the OD was
statistically greater than that of the unirradiated sample.

The only previous work that evaluated the effects of temperature (beyond ~100°C) during
neutron irradiation on the optical transmission of sapphire is the work by Petrie et al., in which
sapphire fibers were interrogated in situ during neutron irradiation while the temperature was
actively varied [49]. Petrie et al. observed linear increases in optical attenuation at 650 nm with
increasing irradiation time and reported the time rate of change in this attenuation (A) as a
function of temperature. Figure 4 shows normalized attenuation at 650 nm vs. irradiation
temperature comparing OD data from this work (red) with the previous time rates of change in
attenuation (blue). Data are normalized to values measured at the lowest irradiation temperature.

The normalized attenuation shows reasonable agreement moving from the lowest temperature

(56 or 95°C) to ~300°C. However, the previous work shows a significant reduction in attenuation
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when the temperature is increased to 600°C or higher, in stark contrast to the present work,
which shows an increase in attenuation by a factor of nearly 16. Clearly, the much lower fast
neutron fluence in the previous work (6.9 x 10> n/cm?) resulted in significant differences in

temperature trends.
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Figure 4. Normalized attenuation at 650 nm vs. irradiation temperature comparing OD data from

this work (red) with previous in situ measurements of the time rates of change in attenuation (A,

blue) during lower neutron flux irradiations [49]. Data are normalized to values measured at the
lowest irradiation temperature.

4.3. Hypothesized origins of high-temperature radiation-induced optical absorption

The large increase in OD following irradiation at 688°C was not observed after lower
temperature irradiations to the same neutron fluence (Figure 2) or after lower neutron fluence
irradiation at similar temperatures [49]. Therefore, it appears that this phenomenon is caused by a
combination of higher irradiation temperature and higher neutron fluence. Previous works have
found that void formation in a-Al,O; following neutron irradiation depends on both temperature

and neutron fluence. Kinoshita et al. performed transmission electron microscopy to look for the
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presence of voids in a-Al,O3 samples exposed to many different combinations of neutron fluence
and temperature and produced a curve that predicts the threshold for void or cavity formation
[69]. Kinoshita’s data can be reasonably well fit (R? = 0.964) to give the following equation for
the threshold temperature (T, ~650—1100 K or 377-827°C) required for void formation as a

function of the neutron fluence (¢, ~10'°-102?? n/cm?):

}—0.211

T[K] = 2.28 x 107{| -] )

For the fast neutron fluence tested in this work (2.4 x 10?! n/cm?), void formation would be
expected when the irradiation temperature exceeds 410—420°C. Therefore, it is possible that the
large increases in OD that were only observed following irradiation at 688°C, and not after
irradiation at 95 and 298°C, are related to void formation. Clinard et al. performed transmission
electron microscopy on a-Al,O; samples irradiated at similar temperatures (652—827°C) at
slightly higher neutron fluences (3 x 10! to 2.1 x 10?2 n/cm?) and found voids aligned in rows
along the c-axis with diameters ranging from 3.6 to 9 nm and spacing ranging from 7 to 21 nm
[68]. Because these voids are small compared to the tested optical transmission wavelengths
(220-1600 nm) and have a lower refractive index (unity) compared to the bulk material, they
could cause significant Rayleigh scattering of light.

The spectral features of the OD can provide additional insights into whether Rayleigh
scattering from voids formed at higher irradiation temperatures are responsible for the observed
increases in OD. The spectral features following irradiation at 688°C are significantly different
than those observed after irradiation at 95 and 298°C. Figure 2 shows a strong wavelength
dependence of the OD, particularly in the range of 1100 to 1600 nm. It is well known that
Rayleigh scattering losses following a A* dependence [92]. Fitting the OD in the 1100 to 1600

nm range to L™ multiplied by a constant gives a value of m = 4.3 (R? = 0.999), which is within
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10% of the theoretical value for Rayleigh scattering. The fact that the A trend does not continue
for lower wavelengths could potentially be explained by coupling of scattered light from the
sample back into the collection optics. At a low enough wavelength, the incident light could be
scattered multiple times while passing through the specimen. At this point, the directionality of
the scattered light would be more random and have a reduced dependence on wavelength. A
small portion of the light escaping the specimen could be coupled back into the collection optics
and contribute to the measured light intensities. Although transmission electron microscopy
would be required to confirm the presence of voids, the spectral features of the attenuation
provide additional evidence that void formation following higher temperature neutron irradiation

of sapphire may be responsible for the large increases in OD.

4.4. Dimensional and lattice parameter measurements compared to previous works

Volumetric swelling in a-Al,O; has been thoroughly investigated over a wide range of
neutron fluence and temperature, particularly for polycrystalline a-Al,O5 [63, 68, 70-72, 93-98].
However, there are fewer data that report the crystallographic directional-dependence of
radiation-induced dimensional changes in single-crystal sapphire as a function of fast neutron
fluence and temperature. This crystallographic dependence is required to estimate drift of some
single-crystal sapphire optical fiber—based interferometric sensors. Figure 5a shows both a-axis
and c-axis macroscopic dimensional changes in single-crystal sapphire as a function of fast
neutron fluence at various temperatures, including the a-axis measurements made in this effort
and data that are available in the literature [70, 71, 74]. Figure 5b shows similar data for the a-
axis and c-axis lattice expansion, including the present c-axis measurements as well as

measurements from the literature [63, 74, 75, 97, 99].
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Figure 5. Measurements from this work compared with literature data for (a) macroscopic
dimensional changes [70, 71, 74] and (b) lattice expansion [63, 74, 75, 97, 99] along the a- and c-
axes vs. fast neutron fluence and temperature. The dashed red lines indicate the expected fluence
at which void formation is expected during irradiation at 688°C based on Kinoshita’s work [69].
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The a-axis dimensional change measured in this work after irradiation at 95°C is
consistent with previous measurements made after irradiation to lower neutron fluences at
similar temperatures of 75-150°C. These data show some evidence of plateauing, although data
at higher neutron fluence would be required to confirm this. Following irradiation at 298°C, the
a-axis dimensional change (0.41%) is slightly lower compared to the value after irradiation at
95°C (0.48%). However, previous measurements showed significantly higher a-axis dimensional
change (0.61%) following irradiation to 5.6x10?! n/cm? at 377°C [74], implying that a-axis
dimensional changes may continue to increase beyond 2.4x10?! n/cm? for temperatures <400°C.
After irradiation to 2.4x10?! n/cm? at 688°C, the a-axis dimensional change (0.63%) measured in
this work is larger than previously reported values of 0.38% following irradiation to 9.8x102°
n/cm? at 650°C [70], and 0.3% following irradiation to 4.3x10%! n/cm? at 602°C [74]. More
important for sapphire optical fibers is the c-axis dimensional change, which continues to
increase at a higher rate compared to the a-axis with increasing neutron fluence for all irradiation
temperatures. This increased anisotropic swelling can eventually result in grain boundary
separation in polycrystalline materials [71, 75, 76].

Comparing Figure 5b with Figure 5a can provide some insights into whether lattice
expansions are contributing significantly to the radiation-induced dimensional changes. The c-
axis lattice expansion data reported in this work are generally consistent with previous
measurements made at similar fast neutron fluences and temperatures. Figure 5b shows that
lattice expansions are relatively small compared to the macroscopic dimensional changes except
for measurements made following irradiation to fast neutron fluences less than ~10%! n/cm? at
temperatures of 75—150°C. This is consistent with previous conclusions that high-dose

macroscopic dimensional changes in a-Al,O5 are driven by larger defect clusters. The dashed red
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lines in Figure 5 show the fast neutron fluence at which voids are expected to form during
irradiation at 688°C according to Kinoshita’s data (Equation 2) [69]. There is a significant
increase in slope near this fluence in Wilks’s c-axis dimensional change data (Figure 5a) at
650°C, whereas lattice expansion (Figure 5b) does not change significantly near this fluence.
Therefore, it is likely that void formation plays a significant role in the c-axis dimensional

changes observed in this temperature and neutron fluence regime.

4.5. Implications for in-core fiber-optic measurements

The optical absorption reported in this work increased significantly following exposure to
a high neutron fluence of 2.4 x 10?! n/cm? at a temperature of 688°C vs. at lower irradiation
temperatures (95 and 298°C). The lack of significant chemical impurities, the spectral features of
the OD, and previous observations of voids following irradiation under similar conditions all
point to Rayleigh scattering from radiation-induced voids as the mechanism for this large
increase in OD. If this Rayleigh scattering is indeed responsible for the observed OD following
irradiation at 688°C, then sapphire fiber—based sensors would have to be limited to fast neutron
fluences below the threshold for void formation (Equation 2) to prevent these prohibitively large
increases in attenuation. Future work could investigate the impact of rate effects on the threshold
neutron fluence for void formation and whether this threshold could be higher for sapphire fibers
irradiated under a lower fast neutron flux.

In addition to being impacted by increased optical attenuation, Bragg grating—based
temperature or strain sensors in sapphire optical fibers may also be impacted by radiation-

induced c-axis dimensional changes that cannot be distinguished from changes in temperature or

AV
strain. For single crystalline fibers, the volumetric swelling (V_o’ Figure 1) is equal to

AV Ac Aa
Vo = o T2a5 )

Co
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Ac Aa . . . . . .
where o and 2, are the changes in macroscopic c-axis and a-axis dimensions, respectively,

relative to their pre-irradiation values (denoted with a zero subscript). A Bragg grating sensor

inscribed in a sapphire fiber with the fiber’s axis aligned along the c-axis would experience a

AX
relative shift in wavelength (7\_0) equal to

Ao Co ng’

An . . . .. . .
where o 18 the relative change in refractive index An = n — ng relative to the value nq prior to

irradiation.

The authors are unaware of any reported data regarding the change in refractive index for
sapphire as a function of neutron fluence and irradiation temperature. However, to a first order,
the Lorentz-Lorenz formula can be used to estimate changes in refractive index caused by

volumetric swelling:

Aav. L @2+ 2)(mi—1)
Vo T T m3+2)(n2—1)

)

AX A
Equations 3-5 can be solved for I using the values for a—: in this work (Table 1) and assuming

ng = 1.75 near 1550 nm, which is a common wavelength for fiber Bragg gratings. For the 95°C

A A
a—: data point, a value of c_:): = 0.70% was used because this dimensional change was directly
A
measured after irradiation to 2.3 x 10?! n/cm? at 75°C [71]. For the 298°C a—: data point, a coarse
. . AV Ac . .
approximation of Vo = 1.69% (g = 0.87% per Equation 3) was made by performing a neutron

AV
fluence-based interpolation between values in Figure 1 at 1.1 x 102! n/cm? (150°C, Vo = L5%
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A
[70]) and 5.6 x 10%! n/cm? (377°C, V_Z = 2.2% [73]), while ignoring the differences in

temperature between the two data points. Considering that nearly all the previously reported
swelling data in Figure 1 are between 1.5 and 2%, for neutron fluences between 1.1-4.3 x 10!

n/cm? and temperatures between 75-602°C, the uncertainty in this interpolated volumetric

A
swelling value is likely in the range of 0.2%. For the 688°C a_z data point, an approximate value
A
of C—: = 1.24% was determined by performing a neutron fluence-based interpolation between
A
values in Figure 5a at 9.8 x 10%° n/cm? (650°C, C—z = 0.94% [70]) and 4.5 x 10?! n/cm? (752°C,

c . . . . ) .
o 1.68% [74]). Once again, the differences in temperature between the interpolation points

were ignored. There is clearly a need for additional data regarding the directionally dependent
dimensional changes in sapphire, as well as the changes in refractive index, as a function of
irradiation temperature and neutron fluence. However, the data presented here provide at least an
initial estimate for the trends in the expected drift in sapphire fiber—based temperature sensors as
a function of irradiation temperature for a constant fast neutron fluence.

The calculated signal drift for Bragg gratings sensors as a function of irradiation

. o AA '
temperature is summarized in Table 2. Values are shown for I and the corresponding

temperature drift (AT) using the thermal sensitivity of 25 pm °C-! reported by Grobnic [42] for a
Bragg grating centered near 1550 nm, corresponding to ~16 ppm °C-!. In general, the decrease in
refractive index has a larger effect on the drift compared to the c-axis swelling. Table 2 shows
that the drift results in an apparent decrease in temperature that is as high as 139°C following

irradiation at 95°C. Increasing the irradiation temperature from 95 to 298°C does not

o AV An ) . : . . .
significantly change Vo O 1o but the increase in anisotropic swelling results in a higher value of
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A . . . A . . . ..
C—: that is closer in magnitude to n_Z’ thus reducing the drift. Volumetric swelling in

polycrystalline a-Al,O3 has been shown to have minimal temperature dependence in the range of

70 to 325°C following irradiation to fast neutron fluences of ~2.4x102! n/cm? [76]. Increasing the

T . ) A A .
irradiation temperature from 298 to 688°C increases the magnitude of c—z and n_Z’ but the relative

. . Ac, . . . . . .
increase in - is lower, causing a net increase in the calculated drift. This behavior illustrates the

importance of quantifying the swelling anisotropy to determine the relative contributions to c_s

\"% An . ip e o
vs. g (and consequently, n_o)' For comparison, the drift in amorphous fused silica-based sensors

after accumulating the same neutron fluence was calculated to be -103, -83, and -23°C at

nominal temperatures of 95, 298, and 688°C, respectively [80].

Table 2. Summary of changes in dimensions (i—z and ﬁ—z), volumetric swelling (%), and refractive
A
index (i—Z), as well as the calculated signal drift (i—o and AT) in sapphire fiber-based Bragg

grating temperature sensors after accumulating a fast neutron fluence of 2.4x10%! n/cm? at
various irradiation temperatures.

Temperature ~ Aa Ac AV An AX AT
(OC) dg Co VO Ny 7\0 (OC)
95 0.48% 0.70% 1.66% -0.92% -0.22% -139

298 0.41% 0.87% 1.69% -0.94% -0.07% -43

688 0.63% 1.24% 250% -1.37% -0.13% -83

5. Conclusions

This work presents optical absorption and directionally dependent dimensional
measurements of single-crystal sapphire samples following irradiation to a high fast neutron
fluence of 2.4 x 10%! n/cm? at temperatures of 95, 298, and 688°C. Following irradiation at 95

and 298°C, the spectral features of the optical absorption are similar (although with higher
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magnitude) to those from earlier measurements [58] on samples irradiated at lower temperatures
to an approximately order of magnitude lower neutron fluence. The change in optical absorption
at 650 nm following irradiation at 298°C relative to that after irradiation at 95°C was also found
to be generally consistent with a similar ratio (data at 300°C relative to that at 56°C) of the time
rates of change in optical attenuation observed in situ during a previous neutron irradiation [49]
at a far lower neutron flux. However, following irradiation at 688°C, the optical absorption
increased dramatically and showed significantly different spectral features, which is in stark
contrast to the prior in situ measurements at much lower neutron flux, which showed a
significant reduction in the time rate of change in optical attenuation.

Spectral analyses of the OD following irradiation at 688°C showed a 13 dependence
from 1100-1600 nm, which is close to the expected A trend that is known for Rayleigh
scattering losses. This, combined with previous observations of voids in this temperature and
fluence regime [69], offers compelling evidence that Rayleigh scattering is responsible for the
prohibitively large attenuation observed following irradiation at 688°C. Finally, analysis of the
radiation-induced swelling reported here, and previously, predicts that swelling should result in a
net negative drift in Bragg grating temperature sensors in sapphire optical fibers, because the
reduction in refractive index is larger than the c-axis expansion. After accumulating a fast
neutron fluence of 2.4 x 10?! n/cm?, the calculated drift is as large as -139°C following
irradiation at 95°C, and the magnitude of the drift varies with temperature according to the
anisotropy in the radiation-induced dimensional changes. The observed optical attenuation and
predicted signal drift pose serious questions regarding the use of sapphire fiber—based sensors for

high-temperature, high-dose nuclear applications, particularly within the void swelling regime.
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