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8 Abstract

9 Amorphous fused silica (a-SiO2) optical fibers, with and without inscribed Bragg gratings, were 
10 interrogated using infrared (~1550 nm) optical backscatter reflectometry during ~25 days of 
11 intense neutron irradiation to a fast (energy > 0.1 MeV) neutron fluence of ~1021 n/cm2, or ~1.5 
12 atomic displacements per atom. The reflected light amplitudes in Ge-doped core 
13 telecommunications fiber dropped below detection limits (>15 dB attenuation) within 3 days of 
14 irradiation (~1020 fast n/cm2). Amplitudes from a pure silica core, F-doped silica cladding fiber 
15 reached equilibrium levels ~1.5–2 dB higher than pre-irradiation values, whereas Bragg gratings 
16 inscribed in the same fiber using a femtosecond laser (point-by-point method) suffered > 45 dB 
17 attenuation. Blue wavelength shifts were initially consistent with previous radiation-induced 
18 compaction models but increased linearly with increasing neutron fluence (no evidence of 
19 saturation) beyond 1020 n/cm2 and exceeded 0.6%, which corresponds to >1,000 °C drift if used to 
20 measure temperature changes.
21 1. Introduction
22 Optical fibers have long been considered as candidates for signal transmission and sensing in high-
23 radiation environments, including satellite and space applications, high energy physics facilities, 
24 and containment or confinement structures surrounding fusion and fission nuclear reactors [1]. 
25 Significant work has been dedicated to understanding the fundamental point defects introduced in 
26 amorphous fused silica (a-SiO2) caused by ionization or displacement damage, including 
27 dependencies of the radiation-induced attenuation (RIA) on photon wavelength (𝜆), dose, dose 
28 rate, temperature, and fiber composition [2-4]. RIA is the primary limitation of fiber optics for 
29 nuclear applications and is most significant in the ultraviolet to visible spectrum, although some 
30 absorption bands possess tails that extend into the near-infrared. Additionally, atomic 
31 displacements caused by fast neutron irradiation of a-SiO2 are known to compact the amorphous 
32 structure, which eventually reaches an equilibrium metamict phase with a 2–3% increase in density 
33 and a 0.6–0.8% increase in refractive index after accumulating a fast neutron fluence >1020 
34 nfast/cm2 [5-7]. These changes in density and refractive index manifest as a drift in optical fiber-
35 based sensors such as fiber Bragg gratings (FBGs) [8], but this drift is expected to saturate once 
36 the metamict structure is fully formed. Previous works provide more details regarding radiation 
37 effects on different types of FBGs [9, 10], with a significant portion of the experimental data 
38 originating from gamma or X-ray irradiations with a total ionizing dose of ~GGy or less.
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39 Extension of fiber optics to extreme-dose applications such as in-core sensing in fission-based 
40 nuclear reactors has long been met with skepticism based on the poor radiation tolerance of 
41 telecommunication fibers even at relatively low levels (1 kGy) of ionizing dose from gamma rays. 
42 Telecommunications fibers contain dopants such as P and Ge that are known to significantly 
43 increase RIA, becoming intolerable for higher-dose applications [11]. Fluorine-doped silica 
44 cladding fibers with either a pure silica core or lower doping of F in the core (relative to that of the 
45 cladding) have shown promise. For example, RIA < 10 dB/m was measured near 1500 nm in some 
46 cases during gamma and moderate neutron fluence (~1020 nfast/cm2 or lower) irradiation [12-14]. 
47 However, at >1018 nfast/cm2, increased infrared RIA was observed, which increased with increasing 
48 wavelength beyond ~1,000 nm. The origins of this infrared RIA have been attributed to increased 
49 vibrational absorption caused by fast neutron-induced compaction of the a-SiO2 structure [8, 15], 
50 which should also reach an equilibrium once the metamict structure is fully formed at neutron 
51 fluences on the order of 1020 nfast/cm2 [5].
52 To date, testing of radiation-hardened fibers to neutron fluences approaching or exceeding 1020 
53 nfast/cm2 has been performed only using fibers with inscribed FBGs or other laser-induced 
54 scattering enhancements to compensate for RIA. Grating amplitudes decreased by ~6 dB and the 
55 Bragg wavelength drifted by ~0.3% during irradiation up to ~5×1020 nfast/cm2 [16]. Similar ~10 
56 dB reductions in backscattered light amplitude were observed in radiation-hardened fibers with 
57 laser-enhanced Rayleigh backscatter (RBS) irradiated to ~6×1020 nfast/cm2 [17]. The latter work 
58 did not report radiation-induced wavelength shifts relative to the initial pre-irradiation spectra, 
59 potentially because of poor correlations that resulted after the signal attenuation. The challenge in 
60 these cases is that it is not possible to separate fundamental RIA and compaction-induced changes 
61 in a-SiO2 properties (density, refractive index) from radiation effects on the gratings or other signal 
62 enhancements. The critical gaps in assessing the suitability of radiation-hardened, F-doped fiber 
63 optics for extreme nuclear environments (>1021 nfast/cm2 or >1 atomic displacement per atom, dpa) 
64 include the following objectives: (1) determining whether the infrared RIA and wavelength shifts 
65 reach an equilibrium or otherwise remain tolerable, (2) identifying the mechanisms driving 
66 infrared RIA and wavelength shifts, and (3) evaluating whether FBGs or other backscatter 
67 enhancements suffer from additional radiation effects beyond those in the fiber itself.
68 This work summarizes experimental measurements recorded during the continuous interrogation 
69 of optical fibers during intense neutron irradiation at the highest steady-state fast neutron flux and 
70 fluence ever reported in the literature. Multiple fiber types with and without inscribed FBGs were 
71 tested to separate the effects of radiation on the fiber transmission vs. the grating reflectivity. The 
72 interrogation method allowed for evaluation of spatially dependent reflected signal amplitudes 
73 (e.g., RIA) and spectral shifts.
74

75 2. Methodology
76 Pure a-SiO2 core, F-doped a-SiO2 cladding single-mode fibers—SM1250SC(9/125) from 
77 Fibercore—were continuously interrogated using optical backscatter reflectometry (OBR using 
78 the 4600 model from Luna Innovations) during intense neutron irradiation in the High Flux Isotope 
79 Reactor (HFIR) [18, 19] at Oak Ridge National Laboratory. Fig. 1 shows the experimental 
80 configuration. Multiple fibers were tested (see Table 1) with and without inscribed FBGs (~0.5% 
81 reflectivity) and are hereinafter referred to as F-FBG and F-RBS, respectively, denoting the fiber 
82 dopant (F) and light scattering mechanism (i.e., FBG or RBS). A relatively low grating reflectivity 
83 was chosen to minimize reflection losses from the FBGs and improve signal transmission to the 



84 FBGs at the end of the array. The FBGs (Type II) were inscribed through the fiber coating using a 
85 femtosecond laser following the common point-by-point approach. A standard 
86 telecommunications single-mode fiber (SMF-28e+ from Corning) with a Ge-doped a-SiO2 core 
87 and pure a-SiO2 cladding was also included in the test as a reference (denoted as Ge-RBS).
88

89

90 Fig. 1. Experimental configuration showing the locations of all thermocouples (TCs) and optical 
91 fibers (OFs), including the FBGs in the F-FBG fiber and the coreless termination fibers that were 
92 spliced to the end of each fiber. Other sensors were included in the experiment but are not 
93 discussed herein. Those include other OFs, wireless temperature and pressure sensors, passive 
94 temperature monitors (TMs), self-powered neutron detectors (SPNDs), a purge gas line (P), and 
95 multiple control gas lines (G). The two graphite holders have different geometries to 
96 accommodate leads from sensors that terminate at lower elevations. TC2 and TC8 were faulted 
97 from the start of the experiment and were therefore not used.
98

99 The OBR system uses a tunable laser to sweep over a range of wavelengths (1530.0–1571.7 nm) 
100 and performs Fourier analyses to determine the backscattered light amplitude vs. position along 
101 the fiber [20]. Using a sliding spatial window, data from select regions can be transformed back 
102 into the spectral domain and cross-correlated with an unperturbed reference scan made before 
103 irradiation to determine spatially dependent spectral (wavelength) shifts [21]. Data were acquired 
104 from each fiber every 5 minutes and processed using previously established adaptive reference 



105 techniques [22-24] that adjust the reference scan based on the correlation coefficient to more 
106 accurately resolve incremental spectral shifts that can be summed to determine larger spectral 
107 shifts.

108

109 Table 1. Optical fibers included in the irradiation test.

Fiber Vendor Part 
Number Core Cladding Coating Gratings

F-RBS N/A

F-FBG

Fiber-
core

SM1250SC
(9/125)P

Ø9 µm 
SiO2

Ø125 µm
F-doped 

SiO2

Ø155 µm 
polyimide

28 fs gratings, ~1 cm 
spacing, ~0.5% 

reflectivity, 1548 nm 
center wavelength

Ge-RBS Corning SMF-28e+
Ø8.2 µm 
Ge-doped 

SiO2

Ø125 µm 
SiO2

Ø242 µm 
acrylate N/A

110

111 Near the reactor core midplane, the time-averaged thermal neutron flux (energy < 1 eV) and 
112 gamma dose rate were 8.8×1014 nthermal/cm2/s and 33 MGy/hr, respectively, for all fibers. After 
113 25.3 effective full-power days of irradiation, the maximum integrated thermal neutron fluence was 
114 2.0×1021 nthermal/cm2, and the total ionizing dose was 20 GGy. The fast neutron flux (energy > 0.1 
115 MeV) and fluence near the core midplane were in the range of 4.5×1014 nfast/cm2/s and 1.0×1021 
116 nfast/cm2 but varied slightly for each fiber due to their radial distance from the center of the reactor 
117 core. Assuming displacement threshold energies of 15 eV for Si and 28 eV for O [25], the 
118 calculated displacement damage dose near the core midplane was in the range of 1.4–1.5 dpa. Fig. 
119 A1 in the Appendix shows the spatial variations in fast neutron fluence and dose at the end of the 
120 experiment, for positions along each fiber > −10 cm. The fiber temperature (i.e., ~150–400 °C; see 
121 Fig. A2 in the Appendix) was independently monitored using 10 Type N thermocouples (locations 
122 shown in Fig. 1).
123

124 3. Results
125 3.1 Backscattered amplitudes
126 Fig. 2 shows the reflected signal amplitude from all three fibers vs. fast neutron fluence with the 
127 location relative to the reactor core midplane as a parameter. The amplitudes are relative to those 
128 obtained with a gold reflector attached to the OBR system. Positions farther from the core midplane 
129 were exposed to a lower neutron fluence because of the spatial variation in neutron flux. The semi-
130 transparent shadings indicate the standard error of the mean measured amplitudes for each position 
131 and fast neutron fluence. Standard errors were obtained by taking the standard deviation of 521 
132 data points that were measured within the 1 cm wide sensor gauge length, for each reported 
133 location, and then dividing by 521 to obtain the standard error of the mean. In this way, the 
134 standard error quantifies how well the mean amplitude, taken over a discrete gauge length 
135 (sample), is representative of the true mean amplitude that is backscattered from a given position.
136



137
138 Fig. 2. Reflected signal amplitude vs. fast neutron fluence for each fiber at various locations. 
139 Amplitudes are also shown pre- and post-irradiation. The horizontal dashed line indicates the 
140 noise floor of the OBR system and the semi-transparent shadings indicate the standard error of 
141 the mean for each amplitude measurement.
142 All RBS amplitudes initially increased by ~10 dB during the first ascent to full reactor power up 
143 to ~1019 nfast/cm2, followed by a decrease in amplitude. As expected from previous RIA 
144 measurements [11], the Ge-RBS amplitudes decreased most significantly and approached the 
145 system noise floor within < 3 effective full power days of irradiation (<1020 nfast/cm2). The decrease 
146 in amplitude for F-RBS was much less significant. In fact, the amplitudes approached an 
147 equilibrium value that remained ~1.6 dB greater than the pre-irradiation amplitudes over the entire 
148 test.
149 The initial increases in amplitude can be explained by Fresnel reflections caused by compaction-
150 induced increases in refractive index that varied along the length of the fiber as a result of spatial 
151 variations in neutron fluence. Similar reflections have been observed previously during neutron 
152 irradiation [14]. The refractive index has previously been shown to approach an equilibrium value 
153 when the fast neutron fluence is on the order of 1019 nfast/cm2 [5], which reduced the Fresnel 
154 reflections near the reactor midplane as the refractive index profile became more uniform. As the 
155 neutron fluence increased farther above the core, Fresnel reflections became more significant in 
156 these regions, causing the maximum reflected amplitude to shift to locations farther above the core 
157 (see Fig. 3). The large reflection peaks in Fig. 3 near −10 and −20 cm—which are particularly 
158 evident for the F-RBS and Ge-RBS fibers—are caused by reflections that occur at the interface 
159 between the fiber and a coreless termination fiber and the end of the termination fiber, respectively.

160



161
162 Fig. 3. Reflected signal amplitude vs. axial position relative to reactor core midplane at various 
163 effective full power days (indicated in the legends) for the (a) F-RBS, (b) Ge-RBS, and (c) F-
164 FBG fibers. The regions that include the coreless termination fibers that were spliced to the ends 
165 of each sensing fiber are indicated with grey shading. Horizontal dashed lines indicate the noise 
166 floor of the OBR system and the semi-transparent shadings indicate the standard error of the 
167 mean for each amplitude measurement.
168



169 3.2 Spectral shifts
170 Fig. 4 shows local shifts in the reflected wavelength from the F-RBS and F-FBG fibers vs. fast 
171 neutron fluence; the locations relative to the reactor core midplane are indicated in the figure 
172 legends. Additional data are provided in Fig. A4 and Fig. A5 in the Appendix. Wavelength shifts 
173 are relative to the times when the reactor reached full power, and shifts during reactor startup and 
174 shutdown are not accounted for. Wavelength shifts could not be resolved in the Ge-RBS fiber due 
175 to the high RIA. Blue wavelength shifts >10 nm (0.63%) were measured, and the magnitudes of 
176 the wavelength shifts continued to increase with increasing fast neutron fluence with no evidence 
177 of saturation up to 1021 nfast/cm2. The fact that the trends in the measured shifts are the same with 
178 and without FBGs provides greater confidence in the shifts determined from the F-RBS fiber using 
179 adaptive reference techniques. The estimated wavelength shifts caused by changes in temperature 
180 and radiation-induced compaction (and the effects of compaction on refractive index [8]) are also 
181 shown. For neutron fluences on the order of ~1019 nfast/cm2, the compaction model shows relatively 
182 good agreement with the experimental results for the positions with higher neutron flux (≤10 cm). 
183 The disagreement at positions >10 cm (lower neutron flux), even at lower neutron fluence, implies 
184 that the compaction model may have some rate dependence that is not currently captured.



185  
186 Fig. 4. (a) Measured spectral shift vs. fast neutron fluence (log scale) at 0 cm compared with 
187 expected shifts due to temperature and neutron-induced compaction effects. (b) Measured 
188 spectral shifts vs. fast neutron fluence (linear scale) at various positions compared with bounding 
189 values for spectral shifts caused by temperature changes and neutron-induced compaction. (c) 
190 Calculated spatial profile of 𝑑(∆𝜆)/𝑑Ø obtained by fitting the spectral shift vs. neutron fluence 
191 data at high neutron fluence for each position along the F-RBS fiber.
192



193 4. Discussion
194 4.1 Signal transmission and backscatter amplitude
195 Increased backscatter amplitudes in the F-RBS fiber vs. the Ge-RBS fiber were expected based on 
196 previous findings [11], but the enhanced backscatter observed in the F-RBS fiber after reaching 
197 such a high neutron fluence was not expected. After ~2.3 days of effective full-power irradiation 
198 (~8×1019 nfast/cm2), contributions from Fresnel reflections would be negligible near the core 
199 midplane once the refractive index approached a uniform equilibrium value. At this point, the 
200 amplitude near the core midplane remained 1–2 dB higher than pre-irradiation values despite 
201 losses caused by upstream Fresnel reflections and any contributions from RIA. This result 
202 indicates that some other mechanism besides Fresnel reflections must be causing the increased 
203 amplitudes and that this mechanism dominates the effects of RIA. Backscatter amplitudes depend 
204 on the Rayleigh scattering coefficient 𝛼𝑅, which quantifies light scattering from random density 
205 fluctuations that are initially frozen during cooling following fiber drawing:

𝛼𝑅 = 8𝜋3

3𝜆4𝑛8𝑝2𝑘𝐵𝛽𝑇𝑓, (1)

206 where 𝑛, 𝑝, 𝛽, and 𝑇𝐹 are the fiber’s refractive index, photo-elastic coefficient, isothermal 
207 compressibility, and fictive temperature, respectively, and 𝑘𝐵 is the Boltzmann constant.

208 Compaction-induced increases in refractive index as high as ~0.8% were previously reported [5]. 
209 With an 8th power dependence on 𝑛, this increase in refractive index would increase the Rayleigh 
210 scattering coefficient by 6.6% (<0.3 dB), much less than the ~1.6 dB increase observed 
211 experimentally. The increases in backscattered amplitudes could also be explained by increases in 
212 𝑇𝐹 as local “thermal spikes” generated from neutron collision cascades are rapidly cooled from a 
213 higher temperature than the initial 𝑇𝐹 that was established during fiber manufacturing [7]. For 
214 example, Leon et al. reported 12–20% increases in 𝑇𝐹 following low neutron fluence (~1018 n/cm2, 
215 no indication of neutron energy) irradiations of a-SiO2 [26].
216 The combination of Fresnel reflections and enhanced RBS appears to explain most of the time and 
217 spatial dependences of the F-RBS amplitudes without considering the effects of RIA. Quantitative 
218 estimates of RIA were obtained by performing a linear fit of the amplitude vs. position data over 
219 select spatial positions along each fiber. The F-RBS data were fit from 0 to 20 cm, and the Ge-
220 RBS data were fit from 35 to 45 cm. These positions were selected to avoid the effects of Fresnel 
221 reflections and end reflections (see Fig. 3). The RIA in F-RBS approached an equilibrium value 
222 of 2–4 dB/m, which is significantly less than previously reported values [12, 14] and is manageable 
223 for many sensor systems with a dynamic range of 20–40 dB and irradiated fiber lengths on the 
224 order of meters. By comparison, the Ge-RBS fiber suffered RIA >100 dB/m before the amplitudes 
225 reached the noise floor of the OBR system.
226 The F-FBG data show that gratings inscribed in the same fiber as F-RBS suffer significant 
227 reductions in amplitude (> 45 dB) that must be unrelated to RIA in the fiber itself due to the 
228 minimal RIA observed in the F-RBS fiber. The FBGs were inscribed using a femtosecond laser 
229 pulse to create a point-by-point modulation of the refractive index via a multiphoton absorption 
230 process to introduce defects in the glass network. Eventually, the atomic displacements generated 
231 from neutron-induced collision cascades dominate the defects that establish the local refractive 
232 index modulations within the FBG, thus effectively annihilating the grating. When the 
233 displacement damage dose approaches 1 dpa (~7×1020 nfast/cm2), all atoms that define the gratings 
234 statistically will have been displaced from their original atomic position. Fig. 2 shows that the F-



235 FBG amplitude approaches that of the F-RBS fiber (within 4 dB) after accumulating ~1.5×1020 
236 nfast/cm2. The ~4 dB discrepancy is primarily caused by increased noise in the F-FBG fiber when 
237 the reactor is operating, as this discrepancy is much lower (<0.9 dB) post-irradiation. Therefore, 
238 the Type II FBGs tested herein provide no long-term benefit for OBR-based distributed fiber optic 
239 temperature sensing when compared with the F-RBS fiber.
240 4.2 Spectral shifts and implications on distributed temperature sensing
241 The large, unsaturated blue wavelength shifts that were observed in the pure silica core, F-doped 
242 silica cladding fibers are a concern for some sensing techniques, such as OBR, because these blue 
243 wavelengths shifts cause severe sensor drift. Blue wavelength shifts >10 nm (0.63%) correspond 
244 to a >1,000 °C decrease in temperature for a typical FBG temperature sensor with a sensitivity of 
245 10 pm/°C near 1550 nm [27]. Uncertainties are not reported in Fig. 4 or the additional data in the 
246 Appendix, but the magnitude of the sensor drift is clearly a concern. It is difficult to quantify the 
247 uncertainties in the spectral shift data. Although uncertainty metrics have been proposed when 
248 performing cross-correlations of two spectral measurements [28], the adaptive reference 
249 techniques that were used here were only developed recently and methods for quantifying 
250 uncertainties using these approaches are still in development. The vendor of the OBR system tested 
251 herein quotes temperature uncertainties on the order of 0.1°C, which translates to a wavelength 
252 uncertainty of 1 pm. A previous study observed hysteresis in the range of 7 to 10°C (70 to 100 pm) 
253 after using adaptive reference techniques to recover spectral shifts during thermal testing to 
254 temperatures up to 1000°C [29]. This hysteresis may have resulted from error propagation using 
255 the adaptive reference techniques or from physical changes in the fiber itself. While there is no 
256 established approach to quantify uncertainties in the spectral shift data, the authors estimate the 
257 uncertainty to be on the order of tens of picometers.
258 The mechanism responsible for the unsaturated wavelength shifts is not currently known, but it is 
259 likely unrelated to radiation-induced compaction and changes in refractive index, as these 
260 parameters have been shown to reach an equilibrium in irradiated bulk materials [5]—some of 
261 which were irradiated to higher fast neutron fluences than the fibers tested in the present study [8]. 
262 Fig. 4(c) shows the spatial profile of the rate of change in spectral shift. These rates of change were 
263 determined from the slopes of the linear (high fluence) portions of the data in Fig. 4(b). The drift 
264 is most significant near 5 cm, which is closer to the maximum temperature location as opposed to 
265 the location with maximum neutron flux (approximately −5 cm). Therefore, the mechanism 
266 driving unsaturated blue wavelength shifts may have a strong temperature dependence. Additional 
267 information will be generated during post-irradiation examination of the fibers to better inform 
268 potential mechanistic explanations.
269 As mentioned previously, fused silica compaction has been shown to saturate at 2–3 vol% (0.67–
270 1% linear compaction), which would cause a blue wavelength shift in the range of 10.3–15.5 nm 
271 after accumulating a fast neutron fluence >1020 nfast/cm2 [5-7]. However, the corresponding ~0.6–
272 0.8% increase in refractive index partially offsets these blue wavelength shifts by including a 
273 positive (red) wavelength shift in the range of 9.3–12.4 nm. The net blue shifts predicted by the 
274 compaction model (see Fig. 4 and the detailed description in the Appendix) are <1 nm in 
275 magnitude. Indeed, previous works have measured blue wavelength shifts <1 nm following 
276 neutron irradiation to fast neutron fluences on the order of 1019 n/cm2 [30]. Moreover, the 
277 compaction model generally agrees with the experimental data presented herein up to 1019 n/cm2.



278 Although some gamma (or X-ray) irradiations and low neutron fluence (~1017 n/cm2) irradiations 
279 have shown small (tens to hundreds of pm) red wavelength shifts [9], these tests did not subject 
280 the fibers to the significant displacement damage levels that are required to achieve saturation of 
281 the radiation-induced compaction. Zaghloul et al. observed unsaturated blue wavelength shifts in 
282 FBGs on the order of nanometers during neutron irradiation to fast neutron fluences on the order 
283 of 1020 n/cm2 [16], which is consistent with the data obtained herein using fibers without FBGs 
284 that were tested to a higher neutron fluence. On the other hand, Fernandez et al. tested regenerated 
285 gratings (chemical composition gratings) written in a Ge/F-co-doped fiber to a fast neutron fluence 
286 of ~1019 n/cm2 and observed a large red wavelength shift that reached saturation at ~14 nm [31].
287 The present results provide more fundamental data regarding spectral shifts in unaltered (no FBGs) 
288 fused silica fibers to help improve mechanistic understandings of radiation-induced compaction 
289 and its effect on sensor drift. The consistency between the results of Zaghloul et al. and the present 
290 study suggest that the regenerated FBGs tested by Fernandez et al. may have been affected by 
291 more complex chemical evolutions in the regenerated FBGs that would not be observed in Type 
292 II FBGs. In any case, it appears that higher neutron fluences on the order of 1020 n/cm2 are required 
293 to observe the unsaturated drift phenomenon and the observed drift cannot be explained by 
294 radiation-induced changes in the fiber density and refractive index.
295 5. Summary and conclusions
296 This work used OBR to interrogate fiber optic sensors under extreme neutron irradiation to reveal 
297 several critical findings, which are summarized below. The results are encouraging for F-doped 
298 fiber optic signal transmission in extreme radiation environments but pose significant challenges 
299 to the use of OBR and other distributed sensing techniques given the large, unsaturated drift that 
300 was observed at high neutron fluence.

301  Near-infrared (~1550 nm) RIA in Ge-doped fibers quickly becomes intolerable (>100 dB/m) 
302 at ~1019 nfast/cm2, whereas pure silica core, F-doped silica cladding fibers exhibit significantly 
303 lower RIA (2–4 dB/m) that approaches an equilibrium for fast neutron fluences up to ~1021 
304 nfast/cm2.

305  At high neutron fluence, the equilibrium RBS amplitude remains higher than pre-irradiation 
306 values, likely because of some combination of the compaction-induced increases in refractive 
307 index as well as increases in fictive temperature during rapid cooling from local “thermal 
308 spikes” generated during the displacement damage cascade.

309  Type II FBGs inscribed in pure silica core, F-doped silica cladding fiber suffered >45 dB 
310 attenuation independent of RIA in the fiber once the defects that comprise the FBGs are 
311 annihilated by displacement damage. This shows that the Type II FBGs tested herein provide 
312 no long-term benefit for OBR-based distributed fiber optic temperature sensing in high-dose 
313 applications approaching 1 dpa.

314  Reflected light signals from RBS and FBGs inscribed in pure silica core, F-doped silica 
315 cladding both indicate unsaturated blue wavelength shifts that cannot be explained by 
316 compaction effects or temporal temperature variations. Therefore, although the ability to 
317 transmit near-infrared light during extreme neutron fluence exposure is encouraging, the drift 
318 that would result from the unsaturated blue wavelength shifts is a major concern for some fiber 
319 optic–based sensors and may not be easily compensated for if the mechanism is unrelated to 
320 fused silica compaction.
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389 Appendix
390 Methods. Fig. A1 shows the spatial variations in fast neutron fluence and dose at the end of the 
391 experiment, for positions along each fiber > −10 cm. Fig. A2 shows the time evolution of the 
392 reactor power, with initial low-power operations at ~10 MW followed by continuous operation at 
393 85 MW for approximately 25 total days. After ~10 days of full-power operation, the reactor was 
394 shut down for several days before returning to full power. Fig. A3 shows temporal and spatial 
395 variations in temperature, as measured by the thermocouples, throughout the duration of the 
396 irradiation experiment.
397

398
399

400

401 Fig. A1. Axial fast neutron fluence profiles for each fiber at the end of the irradiation testing. 
402 The positions shown are relative to the midplane of the reactor core. The peak neutron fluence 
403 occurs below the reactor midplane due to shifts in neutron flux that occur over the duration of the 
404 reactor cycle as the control plates are withdrawn.
405



406

407 Fig. A2. Time evolution of the reactor power showing (a) the entire operating history and (b) the 
408 initial startup operations.
409



410

411 Fig. A3. (a) Time evolution of the experiment temperatures measured by thermocouples at 
412 various locations relative to the core midplane and (b) the spatial temperature profiles after 
413 various effective full-power days (EFPDs) of irradiation.
414



415 Analysis. The wavelength shifts that would be expected due to the effects of compaction were 
416 determined using a previously established model that determines the volumetric compaction (𝐶) 
417 in a-SiO2 as a function of temperature (T, in Kelvin) and fast neutron fluence (𝛷 in nfast/cm2) [1]:
418

419 𝐶(𝛷,𝑇) = 𝐶∞(𝑇) 1 ― 𝑒― 𝛷
𝛷𝑆(𝑇) , (A1) 

420 𝐶∞(𝑇) = 0.023 + 6.30 × 10―6𝑇 ― 2.60 × 10―8𝑇2, (A2) 
421

422 𝛷𝑆(𝑇) = 3.42 × 1019 𝑛
𝑐𝑚2𝑒𝑥𝑝( ― 0.036 𝑒𝑉

𝑘𝑇
), (A3) 

423 where 𝑘 = 8.617 × 10―5 eV/K is the Boltzmann constant.
424
425 The wavelength shift (𝛥𝜆) caused by compaction is calculated as

426 𝛥𝜆(𝛷,𝑇) = 𝜆 ― 𝐶(𝛷,𝑇)
3

+ 𝛥𝑛
𝑛

, (A4) 
427 where 𝜆 is the initial wavelength (1550 nm) and 𝛥𝑛  is  the change in the refractive index caused 
428 by radiation-induced compaction effects. 
429

430 The 𝛥𝑛
𝑛 =

𝑛(𝛷,𝑇) ― 𝑛(0,20°𝐶)
𝑛(0,20°𝐶)  term was calculated from correlations between the refractive index and 

431 density (𝜌(𝛷,𝑇) = 2.20[1 ― 𝐶(𝛷,𝑇)] g/cm3) developed by Kitamura et al. for evaluating densified 
432 silica glass based on extended point dipole theory [2]:

433 𝑛(𝛷,𝑇) = 1 + 4𝜋𝜌(𝛷,𝑇)
𝑀

∑𝑖
𝐴𝑖𝐵𝑖(𝛷,𝑇)𝜆2

𝜆2 ― 𝐵𝑖(𝛷,𝑇)𝜆2
𝑖
, (A5) 

434 𝐵𝑖(𝛷,𝑇) =
1

1 ― 𝑏𝑖𝐴𝑖𝜌(𝛷,𝑇)
𝑀

, (A6) 
435 where 𝑀 = 60.084 g/mol is the molecular weight of SiO2. The constants 𝐵𝑖 depend on 𝛷 and 𝑇 
436 because of the dependence on 𝜌(𝛷,𝑇) in Equation (A6). The constants 𝐴𝑖, 𝑏𝑖, and 𝜆𝑖 are 
437 summarized in Table A1 (taken from Kitamura et al. [2]).

438 Table A1. Previously determined parameters [2] used for determining radiation-induced changes 
439 in refractive index and their effect on local wavelength shifts.

Parameter 𝑖 = 1 𝑖 = 2 𝑖 = 3
𝐴𝑖 (cm3/mol) 1.483564 0.583781 6.067029

𝑏𝑖 3.084249 2.684692 -15.582117
𝜆𝑖 (µm) 0.068149 0.118332 17.624056

440
441 Fig. A4 and Fig. A5 provide more detail regarding the measured local shifts in the reflected 
442 wavelength from the F-RBS fiber vs. fast neutron fluence at multiple locations relative to the 
443 reactor core midplane. Both figures show the same data, but the fast neutron fluence data are shown 
444 on different scales (linear vs. log scale) to provide more detail at both low and high neutron fluence. 
445 Wavelength shifts are relative to the times when the reactor reached full power and do not account 
446 for shifts during reactor startup or shutdown. The estimated wavelength shifts caused by changes 
447 in temperature and radiation-induced compaction are also shown. The wavelength shifts that would 
448 be expected due to temperature changes were estimated by determining the change in temperature 



449 measured by the closest thermocouple and multiplying by a temperature coefficient of 10 pm/°C 
450 [3]. The disagreement between the measured vs. estimated wavelength shifts at 18 and 30 cm could 
451 be related to the larger spatial temperature variations in these positions and the fact that the fiber 
452 optic sensors and thermocouples may have been exposed to different temperatures.
453

454

455 Fig. A4. Measured spectral shift vs. fast neutron fluence (log scale) for various positions from 
456 the F-RBS fiber. Data are compared with expected shifts due to temperature and neutron-induced 
457 compaction effects.
458



459

460 Fig. A5. Measured spectral shift vs. fast neutron fluence (linear scale) for various positions from 
461 the F-RBS fiber. Data are compared with expected shifts due to temperature and neutron-induced 
462 compaction effects.
463
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