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ABSTRACT   

The radiation tolerance of polarization-maintaining (PM) fibers remains a critical parameter for the performance of fiber 

optic gyroscopes in space. While space-grade PM fibers are widely used, the relevance of developing next-generation of 

deep-space-grade (DSG) fibers remains an open question. This work compares the performances of terrestrial-grade (TG) 

and space-grade (SG) PM fibers under X-rays up to 300 krad(SiO2), with controlled variations in both dose rate and 

temperature of irradiation (-40 °C to 80 °C). Levels and kinetics of radiation-induced attenuation (RIA) are evaluated at 

1550 nm to quantify its impact for typical FOG coil lengths. To investigate the needs for further radiation hardening 

strategy, a complementary study is performed on single-mode (SM) fibers with compositions comparable to PM fibers. 

Similar RIA behaviors are observed between SG PM fibers and their SM counterparts, indicating that the RIA is primarily 

governed by the core and cladding glass composition. Based on this result, a DSG SM fiber is used to estimate the 

achievable radiation hardness of next-generation fibers. However, due to structural differences between SM and PM fibers, 

careful consideration is required when extrapolating these results to DSG PM fibers for future spaceborne FOG systems. 

The results indicate that current SG PM fibers remain appropriate for most spaceborne FOG applications, whereas DSG 

approaches appear advantageous only for deep-space missions involving the higher cumulative doses, up to 1 Mrad(SiO2). 

Keywords: Polarization-maintaining fibers, Radiation-induced attenuation, Fiber optic gyroscopes, Radiation, Space 
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1. INTRODUCTION  

Over the past two decades, significant advances have improved the radiation tolerance of optical fibers, enabling their 

reliable use in spaceborne systems [1]. The development of radiation-hardened erbium-doped fiber sources [2], [3] and 

optimized polarization-maintaining [4] (PM) fibers has allowed fiber optic gyroscopes (FOGs) to be successfully qualified 

and integrated into space applications [5]. The Astrix family of Inertial Reference Units (IRUs), developed jointly by Exail 

and Airbus, relies on high-performance FOGs as core inertial sensors. These systems have undergone extensive ground 

qualification campaigns and are deployed across multiple space missions. Follow-up studies have analyzed long-term in-

orbit telemetry and compared it with a one-year ultra-low dose-rate gamma irradiation campaign on Earth [4], [5], 

providing insight into long-term radiation-induced attenuation (RIA) behavior and strengthening the correlation between 

ground testing and in-flight performance. RIA in the fiber coil has been identified as the dominant degradation mechanism 

and the primary performance-limiting factor under irradiation. 

RIA in silica-based optical fibers originates from the formation of point defects [6], whose generation and recombination 

mechanisms depend on both the glass composition and environmental conditions such as dose rate and temperature. 

Historically, most radiation-tolerant fibers used in space applications have relied on germanium-doped core waveguides, 

optimized to balance optical performance and radiation sensitivity. However, controlling the core composition alone is not 

sufficient to ensure radiation hardness. The overall response of the fiber also depends on the full fabrication process [7], 

[8], including cladding composition [9], and coating materials [10]. As a result, understanding the respective roles of 

material composition and technological parameters becomes essential when designing radiation-hardened optical fibers. 

The appropriate radiation-hardness level for PM fibers is increasingly critical. The rapid growth of the New Space 

ecosystem promotes shorter development cycles and wider use of COTS components [11], [12], while ambitious long-



 

 
 

 

 

 

duration missions, including deep-space and Jovian programs, impose higher cumulative doses and longer operational 

lifetimes [13], [14]. Determining whether terrestrial-grade fibers suffice, whether space-grade designs offer an optimal 

balance, or whether enhanced radiation tolerance is required for specific mission profiles remains a key challenge for next-

generation high-performance spaceborne FOG systems with long fiber coil lengths. 

In this context, we investigate the radiation response of optical fibers intended for spaceborne FOG applications. A 

comparison is performed between terrestrial-grade (TG) and space-grade (SG) PM fibers in order to identify the key 

parameters governing RIA and to assess their relevance for representative mission scenarios. The question of whether 

further improvements beyond current space-grade technologies are required is then addressed through the investigation of 

a deep-space-grade (DSG) fiber. As no DSG PM fiber is currently available for evaluation, this study relies on a DSG 

single-mode fiber as a representative material platform for advanced radiation-hardening approaches. The objective is 

therefore not to compare SM and PM fibers directly, but to estimate the radiation hardness that can realistically be achieved 

through advanced glass compositions and manufacturing processes. A similar comparative approach was previously 

proposed by Kashaikin et al. [15], who investigated both PM and non-PM fibers with different core compositions to assess 

their suitability for long-term space applications. Building on this approach, the present work extends the comparison to 

terrestrial-, space-, and deep-space-grade fiber technologies and uses a deep-space-grade single-mode fiber as a proxy to 

estimate the achievable performance for future radiation-hardened PM fibers. 

2. MATERIAL AND METHODS 

Fiber Sample  

The study focuses on fibers with different expected radiation tolerance levels, including TG, SG, and DSG technologies. 

The selected TG and SG PM fibers are representative of those currently used in fiber optic gyroscopes for terrestrial and 

space applications. Although both PM fibers rely on a germanium-doped silica core and exhibit comparable guiding 

properties, they are manufactured using different fabrication processes. In addition, a SG SM fiber with a similar core 

composition to the SG PM fiber was investigated to further analyze the impact of the PM structure on RIA. Finally, a DSG 

SM fiber based on a pure silica core was evaluated to assess the radiation tolerance achievable through advanced fiber 

compositions. 

Table 1.  Investigated optical fibers manufactured by Exail 

Radiation 

tolerance 

Fiber Name Polarization 

maintaining 

Core 

composition 

NA 

Terrestrial-Grade BC019LS TIGER Ge 0.19 

Space-Grade PMG-1550-80-019-E TIGER Ge 0.19 

Space-Grade SM-1550-80-019 No Ge 0.19 

Deep-Space-Grade RAD-SM-1550-014-HT No Pure silica 0.14 

 

A brief consideration should first be given to the choice of using SM fibers instead of PM fibers to investigate radiation-

induced attenuation behavior. The possibility of polarization-dependent RIA in PM fibers, resulting from their stress-

applying structures (SAPs), has been investigated in several studies and recently reviewed in [16]. These studies aimed at 

determining whether the RIA differs between the slow and fast polarization axes due to the anisotropic structure induced 

by the SAPs. While some studies reported a measurable RIA anisotropy, with differences typically ranging from a few 

percent to several tens of percent depending on the irradiation conditions, other investigations observe no significant 

polarization dependence. The reported effects also appear strongly dependent on experimental parameters such as 

irradiation type, dose rate, temperature, and post-irradiation recovery conditions. In [15], Kashaikin et al. concluded that, 

based on their comparison, the RIA of birefringent optical fibers would not be higher than that of isotropic optical fibers. 

Therefore, although RIA anisotropy may affect the polarization-dependent performance of FOGs under specific conditions, 

previous studies suggest that the overall radiation sensitivity remains mainly governed by the glass composition and fiber 

manufacturing process, through their influence on defect generation mechanisms. Consequently, SM fibers with 

comparable or representative glass compositions can be considered relevant platforms for evaluating the intrinsic radiation 

response of PM fiber materials and assessing the potential benefit of advanced radiation-hardening strategies. In this work, 



 

 
 

 

 

 

SM fibers are therefore used as a complementary approach to investigate material-related radiation effects, while 

acknowledging that validation on PM architectures would ultimately be required to fully assess their FOG applicability. 

Irradiation facilities & Experimental setup 

In the present study, a cumulative dose of approximately 100 krad(SiO2) was considered as a representative reference value 

for a typical 10–15 years space mission. The temperature range investigated, from -40 °𝐶 to 80 °𝐶, was selected to account 

for the thermal variations that may be experienced in space [15], [17]. Higher doses were also investigated to explore the 

behaviors of the different fiber technologies under more demanding radiation environments, representative of extended-

duration or deep-space missions. Before describing the irradiation facilities used in this study, it is worth briefly discussing 

the relevance of X-ray and -ray irradiation for reproducing the space radiation environment encountered by optical fibers. 

The space radiation environment is inherently complex, consisting of a mixed field of energetic particles and 

electromagnetic radiation, whose relative contributions strongly depend on the mission profile, orbit, and operational 

conditions [18]. For silica-based optical fibers, however, the dominant radiation-induced degradation mechanism at space-

relevant fluence levels is associated with ionization processes and the subsequent generation of radiation-induced defects. 

It has been established in the literature [9], [19], [20] that, at fluence levels representative of the space environment, the 

RIA of optical fibers is primarily governed by the total ionizing dose and is therefore largely insensitive to the radiation 

type (protons, -rays…)  when considering an equivalent absorbed dose. Consequently, the mixed radiation environment 

encountered in space can be effectively reproduced, to first order, using photon sources providing either -rays or lower 

energy X-rays, provided that the dose deposited in the fiber core is properly considered. 

To reproduce these mission-relevant conditions while covering a wide range of irradiation scenarios, two complementary 

irradiation facilities have been used, combining accelerated X-ray testing with ultra-low dose-rate gamma irradiation 

representative of long-term space exposure. X-ray irradiation campaigns were performed at the Laboratoire Hubert Curien 

(LabHX) [21]. The X-ray source is operated at 100 𝑘𝑉, producing photons with a mean energy fluence of approximately 

40 𝑘𝑒𝑉. This setup offers a high level of flexibility and ease of implementation, making it particularly well suited for 

parametric studies involving dose, dose rate, and temperature variations. RIA was monitored in real time using a custom-

built RIA interrogator operating at 1535 𝑛𝑚. In addition, gamma irradiation experiments were conducted on the space-

grade PM fiber at the PRESERVE facility of the Institut d’Électronique et des Systèmes (IES) in Montpellier, using a 𝐶𝑜60 

source [19]. This environment provides access to ultra-low dose rates that cannot easily be achieved with X-ray facilities. 

Such conditions are essential to reproduce space-relevant irradiation regimes, where the reduced defect generation rate 

allows recombination processes to significantly influence the steady-state defect population during exposure. Three 

measurement lines, each incorporating a 10 𝑘𝑚 fiber spool of space-grade PM fiber, were implemented and independently 

monitored using Optical Time Domain Reflectometers (OTDR) from Viavi Solutions. The OTDR measurements were 

performed at 1550 𝑛𝑚 using a pulse width of 100 𝑛𝑠 and an integration time of 60 𝑠. Each measurement line included a 

transport fiber allowing connection between the instrumentation located outside the irradiation area and the fiber under 

test. To minimize the influence of ambient light-induced photobleaching, the fiber spools were placed inside opaque 

enclosures throughout the experiments. This last experiment was initiated in March 2024 and is still ongoing at the time 

of writing (August 2026), enabling long-term monitoring of RIA under ultra-low dose-rate conditions. The combination 

of these two facilities provides a comprehensive framework for investigating RIA over a broad range of irradiation 

conditions. Detailed descriptions of the two experimental setups can be found in [4], [22]. A summary of the experimental 

conditions and configurations explored in this study is provided in Table 2 for clarity and completeness. 

Table 2.  Investigated optical fiber manufactured by Exail 

Irradiation 

condition 
𝜸 − 𝒓𝒂𝒚𝒔* X-rays 

Dose rate 

(rad/h) 
2.2 8.6 32 1.44 × 103 14.4 × 103 144 × 103 

Temperature 

(°C) 
RT RT RT 25°𝐶 - 40°𝐶 25°𝐶 80°𝐶 25°𝐶 

Dose (krad) > 35 > 150 > 570 100 100 300 300 300 

*Ongoing experiment only on the SG PM fiber. Dose deposited from the start through August 2026 



 

 
 

 

 

 

3. EXPERIMENTAL RESULTS 

Influence of fiber composition and manufacturing process 

In order to establish a reference framework for comparing the different fiber technologies, measurements were first 

performed under standard irradiation conditions at 25 °𝐶 and a dose rate of 14.4 𝑘𝑟𝑎𝑑/ℎ using X-rays. These conditions 

correspond to a typical accelerated test configuration, allowing clear differentiation between the radiation responses of the 

investigated fibers. The corresponding results are presented in Figure 1. Several key insights can already be drawn from 

these measurements. 

 

Figure 1. RIA at 1535 nm under X-ray irradiation at 14.4 𝑘𝑟𝑎𝑑/ℎ and 𝑇 = 25°𝐶 up to 300 𝑘𝑟𝑎𝑑 for the different fibers 

listed in Table 2 

First, although both terrestrial-grade and space-grade fibers rely on germanium-doped cores, their radiation responses 

differ significantly. The TG fiber exhibits a much higher infrared RIA (800 𝑑𝐵. 𝑘𝑚−1 @ 300 𝑘𝑟𝑎𝑑), highlighting its lower 

radiation resistance compared to the SG counterpart (13 𝑑𝐵. 𝑘𝑚−1 @ 300 𝑘𝑟𝑎𝑑). Since both fibers rely on Ge-doped 

cores, this result clearly demonstrates that radiation tolerance cannot be explained by core composition alone. Instead, it 

emphasizes the critical role of the overall manufacturing process in determining the final radiation response of the fiber, 

in agreement with the observations reported by [15].  

The comparison between the SG PM and SG SM fibers shows very similar dose dependence and overall radiation-induced 

attenuation behavior under these irradiation conditions. A slightly higher RIA is nevertheless observed in the SG SM fiber, 

although the difference remains limited. This indicates that the presence of stress-applying parts does not significantly 

influence the overall RIA response. It should be noted, however, that the present measurements correspond to the overall 

fiber attenuation and do not resolve the differential RIA between the slow and fast polarization axes. Although this 

conclusion cannot be directly extended to the DSG SM fiber without further experimental verification, owing to its 

different core composition, the absence of a significant difference between the SG PM and SG SM fibers is consistent with 

the observations previously reported from the literature. 

The DSG SM fiber investigated in this study exhibits an even lower RIA, reaching approximately 2.5 𝑑𝐵. 𝑘𝑚⁻¹ at 

300 𝑘𝑟𝑎𝑑 under the same irradiation conditions which is five time lower than the SG PM. However, at lower dose levels 

below 10 krad, corresponding to the cumulative dose expected for approximately one year of operation in a typical space 

mission [15], the RIA of the DSG fiber remains comparable to SG PM. This indicates that the benefit of advanced radiation-

hardening strategies becomes increasingly significant only at higher cumulative doses. 

Temperature influence 

Temperature is a key parameter influencing the radiation response of silica-based optical fibers, as it directly affects the 

balance between defect generation and thermally activated recombination processes. In space, the temperature experienced 

by optical components strongly depends on the mission profile, spacecraft architecture, and thermal control strategy. While 

fibers located inside thermally regulated spacecraft compartments typically experience temperatures ranging from 

approximately -20 °C to +40 °C during operation, wider excursions from -40 °C to +60 °C may occur during storage or 

non-operational phases. Even more extreme temperatures, from about -150 °C to +150 °C, can be encountered by fibers 

installed in unheated external structures [17]. Although such extreme conditions are not representative of fiber optic 



 

 
 

 

 

 

gyroscope coils, they illustrate the broad range of thermal environments encountered in space. Consequently, the influence 

of temperature was investigated over the range from -40 °C to 80 °C under the irradiation conditions described in Table 2. 

The corresponding results are presented in Figure 2.  

 

Figure 2. Radiation-induced attenuation at 1535 𝑛𝑚 as a function of temperature under X-rays at 100 𝑘𝑟𝑎𝑑 (14.4 𝑘𝑟𝑎𝑑/ℎ). 

for the different fibers listed in Table 2. 

Figure 2 shows that the TG PM fiber exhibits only a weak dependence of RIA on irradiation temperature over the 

investigated range. As a result, increasing the fiber temperature does not significantly reduce the accumulated attenuation, 

indicating that thermal bleaching cannot be considered an effective mitigation strategy for this fiber technology. In contrast, 

both the SG PM and SG SM fibers exhibit a pronounced increase in RIA when irradiated at -40 °C, whereas similar 

attenuation levels are measured at room temperature and 80 °C. This behavior is characteristic of radiation-hardened Ge-

doped fibers [23]. The radiation response of the DSG SM fiber does not exhibit any significant temperature dependence in 

our tested range. However, previous studies have shown that the radiation response of pure-silica-core fibers can be 

influenced by temperature under specific irradiation conditions, such as higher dose rates [24] or lower temperature 

regimes [15], [16]. It should also be noted that the radiation response of pure-silica-core fibers is strongly dependent on 

fabrication parameters, which can lead to significant variations in radiation sensitivity from one fiber to another [25] even 

with the same fabrication process [26]. 

Dose rate influence 

Understanding the influence of dose rate on RIA is essential for space applications. While ground-based irradiation 

experiments are often performed under accelerated conditions at relatively high dose rates, most space environments are 

characterized by lower dose rates. The radiation-induced defects responsible for RIA can exhibit different generation and 

recovery kinetics, particularly when metastable defect populations are involved. At low dose rates, recombination 

processes can occur during irradiation, leading to a radiation response that may differ from accelerated ground-based tests. 

Therefore, ultra-low dose-rate experiments are required to properly assess the long-term behavior of optical fibers under 

space-relevant conditions. While some approaches rely on modeling the dose-rate dependence of RIA to extrapolate 

accelerated irradiation results toward space-relevant conditions [15], [27], the present work adopts a complementary 

experimental approach. The influence of dose rate is directly investigated over five orders of magnitude, combining 

accelerated X-ray irradiation with ultra-low dose-rate gamma irradiation. This approach provides direct insight into the 

evolution of RIA across a wide range of irradiation regimes, from laboratory testing conditions to values closer to those 

encountered in long-duration space missions. Due to experimental constraints related to space availability and the number 

of available measurement channels, the ultra-low dose-rate gamma irradiation campaign was performed only on the SG 

PM fiber. This fiber was selected as a representative space-grade technology currently used in spaceborne FOG 

applications. 

Figure 3 presents the time evolution of the RIA measured at 1550 nm for three dose rates (2.2, 8.6, and 32 rad/h) for the 

SG PM fiber during the ongoing gamma irradiation campaign conducted over more than two years at PRESERVE. This 

irradiation campaign was previously analyzed in [4]; however, as the experiment has continued since this initial analysis, 

the results presented here have been updated to include the additional irradiation time and accumulated dose. The facility 

operates nearly continuously, with only occasional interruptions to allow access to the irradiation room. These short 

interruptions have a negligible impact on the overall experiment and are accounted for in the dose calculation using facility 



 

 
 

 

 

 

log data. A few longer interruptions (greater than 12 hours), mainly due to planned shutdowns or source outages, were also 

recorded during the campaign and highlighted in blue in Figure 3.  

 

Figure 3. Time evolution of the RIA measured at 1550 nm for three dose rates (2.2, 8.6, and 32 rad/h) for the SG PM fiber during 

the ongoing gamma irradiation campaign conducted over more than two years at PRESERVE facility (Updated from [4]) 

Figure 4 shows that the variation of RIA measured at 30 𝑘𝑟𝑎𝑑 remains limited, with a dispersion of approximately 8% 

between the different dose rates investigated during the gamma irradiation campaign. This limited variation suggests that 

no significant dose-rate dependence is observed over the considered range.  

 

Figure 4. RIA measured at 1550 nm for three dose rates (2.2, 8.6, and 32 rad/h) versus dose for the SG PM fiber during the 

ongoing gamma irradiation campaign conducted over more than two years at PRESERVE (Updated from [4]) 

Figure 4 also reveals that the RIA evolution with accumulated dose does not follow a linear trend and can be described, at 

least up to 105 rad, by a power-law relationship. At higher doses, a deviation from this behavior is observed, suggesting a 

progressive saturation of the RIA. Nevertheless, for dose levels representative of most current space missions, the power-

law approximation provides a good description of the RIA evolution. 

Figure 5 provides a synthetic view of the RIA measured at 1535/1550 nm after a deposited dose of 30 krad as a function 

of dose rate for the different fibers listed in Table 2. Dose rates above 10³ rad/h correspond to X-ray irradiation performed 

at LabHX, whereas dose rates below 10² rad/h were obtained through the ongoing gamma irradiation campaign at the 

PRESERVE facility. A first noteworthy result is the atypical behavior observed for the TG PM fiber, for which the RIA 

increases as the dose rate decreases. This trend suggests the involvement of metastable defects that do not contribute 

significantly to attenuation at 1550 nm but progressively convert into stable defects that absorb at this wavelength. Lower 

dose rates provide more time for this conversion process to occur during irradiation, resulting in a larger population of 

absorbing defects and therefore a higher RIA at a given accumulated dose. In contrast, the DSG SM fiber exhibits no 

significant dose-rate dependence over the investigated range. Previous studies have shown that pure-silica-core fibers may 

exhibit a strong dose-rate dependence at much higher dose rates [25], [28]. Under the irradiation conditions considered in 

this work, however, the observed RIA appears to be dominated by stable defect populations. This suggests that further 



 

 
 

 

 

 

reducing the dose rate may not significantly decrease the RIA of this fiber. Finally, the SG PM and SG SM fibers exhibit 

the opposite behavior to the TG PM fiber, with RIA increasing as the dose rate increases. This observation is consistent 

with the presence of metastable defects that absorb at 1550 nm and progressively recombine. At high dose rates, these 

defects accumulate faster than they can recombine, leading to a larger measured RIA at a given dose during irradiation. At 

lower dose rates, recombination processes become more efficient and reduce the concentration of absorbing defects.  

 

Figure 5. Radiation-induced attenuation at 1535/1550 𝑛𝑚 at 30 𝑘𝑟𝑎𝑑 as a function of dose rate for the different fiber listed in 

Table 2. Dose rates above 10³ 𝑟𝑎𝑑/ℎ correspond to X-ray irradiation performed at LabHX, while dose rates below 10² 𝑟𝑎𝑑/ℎ 

are obtained under gamma irradiation at the PRESERVE facility. 

The ultra-low-dose-rate measurements performed at the PRESERVE facility, shown in Figure 5, further demonstrate that 

the RIA of the SG PM fiber becomes comparable to that measured for the DSG SM fiber under accelerated irradiation 

conditions. Since space environments are characterized by very low dose rates, this result provides a plausible explanation 

for the excellent in-orbit performance previously reported for SG PM fibers. It also suggests that, despite their higher RIA 

during accelerated qualification tests, SG PM fibers remain particularly well suited for most current spaceborne FOG 

applications. 

Influence of the mission parameters  

The practical relevance of the radiation responses observed in this study ultimately depends on the targeted mission profile. 

As highlighted in the previous sections, environmental parameters such as temperature and dose rate can significantly 

influence the radiation response of an optical fiber. Consequently, assessing the suitability of a given fiber technology 

requires consideration of the actual conditions that will be encountered throughout the mission lifetime.  

In particular, the thermal environment experienced by the fiber strongly depends on the spacecraft architecture, thermal 

control strategy, and location of the optical subsystem. Depending on the mission, optical fibers may operate under 

relatively stable and controlled temperatures or be subjected to much larger temperature excursions. 

However, the most critical mission-dependent parameter remains the accumulated radiation dose. The total dose deposited 

in the fiber is governed by the surrounding radiation environment, which varies considerably depending on the region of 

space being explored. Low Earth Orbit (LEO), Medium Earth Orbit (MEO), Geostationary Orbit (GEO) [29], lunar surface 

missions [30] and Jovian exploration missions [13], [14] are all characterized by different particle spectra and radiation 

levels. As a result, the cumulative dose received by the fiber coil of a FOG can differ by several orders of magnitude from 

one mission to another, leading to very different requirements in terms of radiation tolerance. It should also be emphasized 

that the dose deposited in the fiber is not equal to the external radiation dose. Spacecraft structures provide a significant 

level of shielding and strongly modify the local radiation environment through both attenuation and secondary particle 

generation. Such shielding is essential for limiting the radiation exposure of onboard equipment and, in the case of crewed 

platforms such as the International Space Station (ISS), for maintaining a radiation environment compatible with long-

duration human presence [31], [32]. Modern radiation environment simulation tools, such as OMERE [33] or SPENVIS 

[34], are commonly used to estimate the total ionizing dose associated with a given mission profile.  

The results presented in the previous sections can then be used to assess the suitability of the investigated fiber technologies 

for the considered application. For a typical spaceborne FOG incorporating a fiber coil length of approximately 600 𝑚, 

the use of the TG PM fiber does not appear to be a viable option. Even under low-dose-rate conditions, the measured RIA 



 

 
 

 

 

 

remains sufficiently high to induce excessive losses. Indeed, Figure 5 shows that a RIA of ~100 𝑑𝐵/𝑘𝑚 is reached after 

only 30 𝑘𝑟𝑎𝑑 under space-representative dose-rate conditions. For a 600 𝑚 coil, this corresponds to an additional loss of 

about 60 𝑑𝐵, incompatible with the optical power budget of a practical FOG. In contrast, the SG PM fiber appears 

particularly well suited to conventional space applications. The combined analysis of Figures 1 and 5 shows that this fiber 

exhibits a moderate RIA at low accumulated doses and benefits from a favourable dose-rate dependence under space-

representative irradiation conditions. The excellent suitability of this technology for spaceborne FOGs is further supported 

by operational feedback from users of this fiber, notably through the Astrix family of fiber-optic gyroscopes [4]. 

The question therefore becomes whether the radiation tolerance offered by current SG PM fibers remains sufficient for 

future exploration missions. While current space missions typically expose optical fibers to cumulative doses of a few tens 

of krad, future exploration programs are expected to involve significantly more demanding radiation environments. Long-

duration deep-space missions, solar missions, or missions operating within the radiation belts of Jupiter may expose optical 

subsystems to cumulative doses reaching several hundreds of krad or even the Mrad range. In this context, the reduced 

RIA exhibited by the DSG fiber becomes increasingly attractive. Figure 1 shows that, after a total dose of 300 krad, the 

DSG SM fiber exhibits a RIA of approximately 2.8 𝑑𝐵/𝑘𝑚. For a typical 600 𝑚 FOG coil, this corresponds to an 

additional loss of only about 1.68 𝑑𝐵. By comparison, the SG PM fiber irradiated under the 32 rad/h gamma-ray conditions 

exhibits a RIA of 6.4 dB/km at the same dose level, corresponding to an excess loss of about 2 dB for the same coil length. 

The difference becomes increasingly significant as the dose accumulates. An additional benefit the DSG fiber may arise 

for missions involving prolonged operation at low temperatures. As shown in Figure 2, the RIA of the SG fibers increases 

significantly when the irradiation temperature decreases to -40 °C, whereas the DSG exhibits a much weaker temperature 

dependence. Consequently, for spacecraft architectures in which the fiber coil may operate at low temperature and cannot 

be maintained within a tightly controlled thermal environment, the relative advantage of PSC-based technologies could 

become more pronounced than suggested by room-temperature comparisons alone. Consequently, while SG PM fibers 

appear fully adequate for most current spaceborne FOG applications, DSG technologies may offer valuable additional 

margin for future missions operating in particularly harsh radiation environments or requiring extended operational 

lifetimes. 

4. CONCLUSION 

This work investigated the radiation response of terrestrial-grade, space-grade, and deep-space-grade optical fibers for 

spaceborne fiber optic gyroscope applications. By combining accelerated X-ray irradiations with ultra-low-dose-rate 

gamma irradiations, the respective influences of manufacturing process, temperature, dose rate, and fiber composition were 

assessed. The results demonstrate that radiation tolerance cannot be explained by the sole fiber core composition and 

strongly depends on the overall manufacturing process. Temperature and dose-rate effects were shown to depend strongly 

on the investigated fiber. In particular, the favorable low-dose-rate behavior observed for SG fibers provides a consistent 

explanation for their demonstrated in-orbit performance in current spaceborne FOG systems. Finally, the mission-oriented 

analysis highlights that SG PM fibers remain fully adequate for most present-day space applications. However, the 

increasing radiation constraints associated with future deep-space and Jovian exploration missions may justify the 

development of DSG technologies, whose improved radiation tolerance can provide additional optical power margin at 

high accumulated doses. These results provide a practical framework for selecting the most appropriate fiber technology 

according to the targeted mission profile and radiation environment. 

REFERENCES 

[1] S. Girard, A. Morana, A. Ladaci, T. Robin, L. Mescia, J.-J. Bonnefois, M. Boutillier, J. Mekki, A. Paveau, B. Cadier, 

E. Marin, Y. Ouerdane, and A. Boukenter, « Recent advances in radiation-hardened fiber-based technologies for 

space applications », J. Opt., vol. 20, no 9, Art. no 9, août 2018, doi: 10.1088/2040-8986/aad271. 

[2] S. Girard, M. Vivona, A. Laurent, B. Cadier, C. Marcandella, T. Robin, E. Pinsard, A. Boukenter, et Y. Ouerdane, 

« Radiation hardening techniques for Er/Yb doped optical fibers and amplifiers for space application », Opt. Express, 

vol. 20, no 8, p. 8457, avr. 2012, doi: 10.1364/OE.20.008457. 

[3] B. Cadier, A. Laurent, T. Robin, S. Girard, and C. Marcandella, “Radiation-resistant rare-earth-doped optical fiber 

and method of radiation-hardening a rare-earth-doped optical fiber,” U.S. Patent US20130101261A1, Apr. 25, 2013. 

[4] H. Boiron, J. J. Bonnefois, N. Deleris, S. Masson, T. Maraine, F. Saigné, J. Boch, M. Roche, T. Villedieu, T. Robin, 

and S. Girard, « Astrix Fiber Gyros Radiation-Induced Attenuation Flight data and Ultra-low Dose Rate On-ground 



 

 
 

 

 

 

Test Comparison », in 2025 DGON Inertial Sensors and Applications (ISA), Braunschweig, Germany: IEEE, oct. 

2025, p. 1‑14. doi: 10.1109/ISA67150.2025.11279468. 

[5] A. Paveau, G. Cros, S. Masson, R. Mangeret, S. Marioujouls, and J.-J. Bonnefois, « Robustness of Astrix Fiber 

Optic Gyros in space radiative environment », CEAS Space J, vol. 11, no 2, p. 219‑227, juin 2019, doi: 

10.1007/s12567-018-0231-7. 

[6] S. Girard, J. Kuhnhenn, A. Gusarov, A. Morana, P. Paillet, T. Robin, L. Weninger, F. Fricano, M. Roche, C. 

Campanella, G. Mélin, D. Lambert, E. Marin, A. Boukenter, and Y. Ouerdane, « Overview of Radiation Effects on 

Silica-Based Optical Fibers and Fiber Sensors », IEEE Trans. Nucl. Sci., vol. 72, no 4, p. 982‑1020, avr. 2025, doi: 

10.1109/TNS.2024.3511455. 

[7] G. Origlio, M. Cannas, S. Girard, R. Boscaino, A. Boukenter, and Y. Ouerdane, « Influence of the drawing process 

on the defect generation in multistep-index germanium-doped optical fibers », Opt. Lett., vol. 34, no 15, p. 2282, 

août 2009, doi: 10.1364/OL.34.002282. 

[8] P. F. Kashaykin, A. L. Tomashuk, M. Yu. Salgansky, N. N. Vechkanov, A. N. Guryanov, A. F. Kosolapov, and S. 

L. Semjonov, « Radiation-Induced Absorption of Light in Undoped-Silica-Core Optical Fibers in the Near-Infrared 

Range: Effect of Drawing Conditions », Bull. Lebedev Phys. Inst., vol. 46, no 11, p. 340‑343, nov. 2019, doi: 

10.3103/S1068335619110034. 

[9] S. Girard, J. Baggio, and J. Bisutti, « 14-MeV Neutron,  𝛾-Ray, and Pulsed X-Ray Radiation-Induced Effects on 

Multimode Silica-Based Optical Fibers », IEEE Trans. Nucl. Sci., vol. 53, no 6, p. 3750‑3757, déc. 2006, doi: 

10.1109/TNS.2006.886222. 

[10] G. Melin, P. Guitton, R. Montron, T. Gotter, T. Robin, B. Overton, A. Morana, S. Rizzolo, and S. Girard, « Radiation 

Resistant Single-Mode Fiber With Different Coatings for Sensing in High Dose Environments », IEEE Trans. Nucl. 

Sci., vol. 66, no 7, p. 1657‑1662, juill. 2019, doi: 10.1109/TNS.2018.2885820. 

[11] E., “A Survey of COTS Optical Systems for Space Applications”, in Proceedings of the Advanced Maui Optical 

and Space Surveillance (AMOS) Technologies Conference, 2023, Art. no. 108.  

[12] R. E. Lafon, Y. Bai, A. Caroglanian, J. M. Dailey, N. Desch, H. Garon, S. Hall, R. Miller, D. A. Paulson, H. Safavi, 

P. Sekulic, J. V. Speer, P. Thompson, and V. Wu, « NASA’s Low-Cost Optical Terminal (LCOT) at Goddard Space 

Flight Center », in Free-Space Laser Communications XXXV, H. Hemmati et B. S. Robinson, Éd., San Francisco, 

United States: SPIE, mars 2023, p. 32. doi: 10.1117/12.2652103. 

[13] E. Roussos, O. Allanson, N. André, B. Bertucci, G. Branduardi-Raymont, G. Clark, K. Dialynas, I. Dandouras, R. 

T. Desai, Y. Futaana, M. Gkioulidou, G. H. Jones, P. Kollmann, A. Kotova, E. A. Kronberg, N. Krupp, G. Murakami, 

Q. Nénon, T. Nordheim, B. Palmaerts, C. Plainaki, J. Rae, D. Santos-Costa, T. Sarris, Y. Shprits, A. Sulaiman, E. 

Woodfield, X. Wu, and Z. Yao, « The in-situ exploration of Jupiter’s radiation belts », Exp Astron, vol. 54, no 2‑3, 

p. 745‑789, déc. 2022, doi: 10.1007/s10686-021-09801-0. 

[14] R. Meitzler, I. Jun, R. Blase, T. Cassidy, R. Clark, C. Cochrane, S. Fix, R. Gladstone, J. Goldsten, M. Gudipati, K. 

Hand, B. Henderson, X. Jia, J. Kammer, P. Kollmann, A. McEwen, H. Meyer, T. Nordheim, C. Paranicas, C. Paty, 

K. Retherford, E. Roussos, A. Rymer, T. Smith, J. Westlake, and Z. Yokley, « Investigating Europa’s Radiation 

Environment with the Europa Clipper Radiation Monitor », Space Sci Rev, vol. 219, no 7, p. 61, oct. 2023, doi: 

10.1007/s11214-023-01003-8. 

[15] P. F. Kashaikin, A. L. Tomashuk, M. Yu. Salganskii, I. S. Azanova, M. K. Tsibinogina, T. V. Dimakova, A. N. 

Gur’yanov, and E. M. Dianov, « Prediction of Radiation-Induced Light Absorption in Optical Fibers with an 

Undoped Silica Core for Space Applications », Tech. Phys., vol. 64, no 5, p. 701‑707, mai 2019, doi: 

10.1134/S1063784219050098. 

[16] P. F. Kashaykin, E. A. Pospelova, Yu. O. Sharonova, O. L. Vokhmyanina, I. S. Azanova, and A. L. Tomashuk, 

« Temperature and polarization dependence of radiation-induced attenuation in pure-silica-core PANDA optical 

fiber », Optical Materials, vol. 131, p. 112510, sept. 2022, doi: 10.1016/j.optmat.2022.112510. 

[17] E. J. Friebele, M. E. Gingerich, and D. L. Griscom, « Survivability of optical fibers in space », présenté à Fibers ’92, 

R. A. Greenwell and D. K. Paul, Éd., Boston, MA, févr. 1993, p. 177‑188. doi: 10.1117/12.141177. 

[18] J.-C. Boudenot, « Radiation Space Environment », in Radiation Effects on Embedded Systems, R. Velazco, P. 

Fouillat, and R. Reis, Éd., Dordrecht: Springer Netherlands, 2007, p. 1‑9. doi: 10.1007/978-1-4020-5646-8_1. 

[19] A. Morana, S. Girard, M. Cannas, E. Marin, C. Marcandella, P. Paillet, J. Périsse, J.-R. Macé, R. Boscaino, B. Nacir, 

A. Boukenter, and Y. Ouerdane, « Influence of neutron and gamma-ray irradiations on rad-hard optical fiber », Opt. 

Mater. Express, vol. 5, no 4, p. 898, avr. 2015, doi: 10.1364/OME.5.000898. 

[20] D. Lambert, S. Girard, G. Santin, M. Gaillardin, A. Morana, A. Meyer, J. Vidalot, J. Baggio, J. Mekki, H. Cintas, 

O. Duhamel, C. Marcandella, and P. Paillet, « Simulation-Assisted Methodology for the Design of Fiber-Based 



 

 
 

 

 

 

Dosimeters for a Variety of Radiation Environments », IEEE Trans. Nucl. Sci., vol. 71, no 8, p. 1846‑1853, août 

2024, doi: 10.1109/TNS.2024.3380318. 

[21] A. Meyer, D. Lambert, A. Morana, P. Paillet, A. Boukenter, and S. Girard, « Simulation and Optimization of Optical 

Fiber Irradiation with X-rays at Different Energies », Radiation, vol. 3, no 1, p. 58‑74, mars 2023, doi: 

10.3390/radiation3010006. 

[22] M. Roche, H. Boiron, T. Maraine, E. Marin, A. Meyer, F. Fricano, Y. El Gaabouri, D. Lambert, P. Paillet, J. Boch, 

F. Saigné, A. Morana, Y. Ouerdane, A. Boukenter, and S. Girard, « Very Low to Very High Dose Rate Irradiation 

Response of a Single-Mode Optical Fiber at Telecom Wavelengths », IEEE Trans. Nucl. Sci., vol. 73, no 4, p. 

879‑889, avr. 2026, doi: 10.1109/TNS.2025.3646855. 

[23] A. Morana, C. Campanella, M. Aubrey, E. Marin, A. Boukenter, Y. Ouerdane, and S. Girard, « Temperature 

Dependence of Low-Dose Radiation-Induced Attenuation of Germanium-Doped Optical Fiber at Infrared 

Wavelengths », IEEE Trans. Nucl. Sci., vol. 69, no 3, p. 512‑517, mars 2022, doi: 10.1109/TNS.2021.3133421. 

[24] A. Morana, M. Roche, C. Campanella, G. Mélin, T. Robin, E. Marin, A. Boukenter, Y. Ouerdane, and S. Girard, 

« Temperature Dependence of Radiation-Induced Attenuation of a Fluorine-doped Single-Mode Optical Fiber at 

InfraRed Wavelengths », IEEE Transactions on Nuclear Science, vol. 70, no 4, p. 549‑555, 2023, doi: 

10.1109/TNS.2023.3239986. 

[25] T. Wijnands, L. K. De Jonge, J. Kuhnhenn, S. K. Hoeffgen, and U. Weinand, « Optical Absorption in Commercial 

Single Mode Optical Fibers in a High Energy Physics Radiation Field », IEEE Trans. Nucl. Sci., vol. 55, no 4, p. 

2216‑2222, août 2008, doi: 10.1109/TNS.2008.2001859. 

[26] J. Blanc, F. Achten, A. Alessi, A. Amezcua, J. Kuhnhenn, A. Pastouret, D. Ricci, and I. Toccafondo, 

« Characterization of Radiation-Resistant Multimode Optical Fibers for Large-Scale Procurement », IEEE Trans. 

Nucl. Sci., vol. 68, no 7, p. 1407‑1413, juill. 2021, doi: 10.1109/TNS.2021.3074633. 

[27] M. J. Lu Valle, E. J. Friebele, F. V. Dimarcello, G. A. Miller, E. M. Monberg, L. R. Wasserman, P. W. Wisk, M. F. 

Yan, and E. M. Birtch, « Radiation-induced loss predictions for pure silica core, polarization-maintaining fibers », 

Proc. SPIE 6193, Reliability of Optical Fiber Components, Devices, Systems, and Networks III, 61930J, may 2006, 

p. 61930J. doi: 10.1117/12.682973. 

[28] L. Weninger, A. Morana, C. Campanella, J. Vidalot, E. Marin, Y. Ouerdane, A. Boukenter, R. García Alía, and S. 

Girard, « Radiation Monitoring With Radiosensitive Pure-Silica Core Ultralow Loss Optical Fiber », IEEE Trans. 

Nucl. Sci., vol. 71, no 8, p. 1813‑1820, août 2024, doi: 10.1109/TNS.2024.3380999. 

[29] B. Kocaman and M. Harmandali, « Total ionizing dose (TID) and displacement damage (DD) analyses for different 

space missions », AIP Conf. Proc., Yekaterinburg, Russia, 2023, p. 020042. doi: 10.1063/5.0125466. 

[30] J. E. Mazur, W. R. Crain, M. D. Looper, D. J. Mabry, J. B. Blake, A. W. Case, M. J. Golightly, J. C. Kasper, and H. 

E. Spence, « New measurements of total ionizing dose in the lunar environment », Space Weather, vol. 9, no 7, p. 

2010SW000641, juill. 2011, doi: 10.1029/2010SW000641. 

[31] M. Roche, N. Balcon, F. Clément, P. Cheiney, A. Morana, D. Di Francesca, M. Jean-Christophe, N. Kerboub, L. 

Oro Marot, D. Ricci, J. Mekki, R. Canton, E. Marin, G. Mélin, T. Robin, G. De La Fuente, and S. Girard, « Solar 

Particle Event Detection With the LUMINA Optical Fiber Dosimeter Aboard the International Space Station », IEEE 

Trans. Nucl. Sci., vol. 71, no 8, p. 1580‑1588, août 2024, doi: 10.1109/TNS.2024.3368137. 

[32] G. Reitz, R. Beaujean, E. Benton, S. Burmeister, Ts. Dachev, S. Deme, M. Luszik-Bhadra, and P. Olko, « Space 

radiation measurements on-board ISS—the DOSMAP experiment », Radiation Protection Dosimetry, vol. 116, no 

1‑4, p. 374‑379, déc. 2005, doi: 10.1093/rpd/nci262. 

[33] A. Varotsou, T. Cardaire, P. Pourrouquet, J. Guillermin, R. Fonta, R. Ecoffet, G. Rolland, and D. Standarovski, « 

OMERE space radiation environment and effects tool: new developments and new interface », 2017. 

[34] D. Heynderickx, B. Quaghebeur, J. Wera, E. J. Daly, and H. D. R. Evans, « New radiation environment and effects 

models in the European Space Agency’s Space Environment Information System (SPENVIS) », Space Weather, 

vol. 2, no 10, p. 2004SW000073, oct. 2004, doi: 10.1029/2004SW000073. 

 


