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Abstract

Erbium-doped fibers (EDFs) suffer from radiation-induced absorption (RIA) and radiation-
induced gain variation (RIGV) under ionizing radiation, which limit their applications in
space optical communication systems. To address this issue, a novel core—cladding Ce
co-doped fiber is proposed, in which core Ce suppresses radiation-induced defect formation
while cladding Ce reduces localized energy deposition in the fiber core. GEANT4 Monte
Carlo simulations were performed to optimize the Ce-doping configuration, and three kinds
of fiber samples, namely conventional erbium-doped fiber (EDF), core Ce co-doped EDF
(CEDF1), and core—cladding Ce co-doped EDF (CEDE2), were fabricated for experimental
validation. At a total dose of 1200 Gy, CEDEF2 exhibits a 40.5% reduction in RIA and a
58.1% reduction in RIGV compared with the conventional EDFE. The experimental results
demonstrate that the proposed core—cladding Ce co-doped structure effectively enhances
the radiation resistance of erbium-doped fibers and provides a practical design strategy for
radiation-hardened active optical fibers.

Keywords: erbium-doped fiber; radiation resistance; Ce co-doping; radiation-induced
absorption

1. Introduction

Erbium-doped fibers (EDFs) have become key active optical components owing to
their excellent amplification performance in the 1550 nm communication window. Their
importance has further increased with the rapid development of space optical communi-
cation systems, where they serve as the gain medium in fiber amplifiers and other active
photonic devices [1-5]. However, the space environment presents unique challenges for the
long-term reliability of these technologies. For instance, the Earth is surrounded by the Van
Allen radiation belts, where spacecraft are exposed to various types of harsh radiation [6].
The energetic particles trapped in the radiation belts can cause severe radiation damage to
optical fiber devices, leading to radiation-induced absorption (RIA) and radiation-induced
gain variation (RIGV), thereby degrading the performance and long-term reliability of
fiber-optic communication systems [7-9].

To improve the radiation resistance of optical fibers, researchers have proposed various
methods, including gas loading, photobleaching, and optimization of fiber composition and
dopant distribution [10-12]. Although these approaches have demonstrated effectiveness
in mitigating radiation-induced degradation, each has inherent limitations. Gas loading
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generally requires additional processing and may suffer from gas diffusion and long-
term stability issues. Photobleaching relies on external optical excitation and is therefore
difficult to maintain during continuous operation. Material modification through rare-
earth co-doping offers a more permanent solution, but most existing studies have primarily
focused on suppressing radiation-induced defect formation within the fiber core rather than
regulating the spatial distribution of radiation energy deposition. Cerium (Ce) co-doping
has attracted broad attention due to reversible valence state conversion between Ce* and
Ce** [13,14]. Jiao et al. [15] found that Ce3* ions can neutralize radiation-induced holes
to form Ce**-related centers, thereby preventing the formation of aluminum oxygen hole
centers (Al-OHCs). Ce** ions capture radiation-induced free electrons and are converted
back to Ce3*, inhibiting the formation of Si-E’ and Al-E’ defect centers and consequently
suppressing the growth of RIA. Girard et al. [16] further demonstrated that Ce co-doping
significantly improved the radiation resistance of erbium-doped fibers and fiber amplifiers.
However, previous studies have mainly focused on Ce incorporation within the fiber
core [17,18], while the effects of Er/Ce co-doping concentration and cladding Ce design
on particle transport and energy deposition have not been systematically investigated.
Therefore, engineering the spatial distribution of Ce in both the core and cladding provides
a potential strategy for further improving the radiation resistance of erbium-doped fibers.

At present, the radiation resistance of optical fibers is mainly evaluated through -
ray irradiation experiments. The optimization of radiation-resistant fiber structures and
compositions primarily relies on experimental observations and performance characteriza-
tion. In recent years, Monte Carlo simulation has become an effective tool for analyzing
radiation—matter interactions and guiding the design of radiation-resistant optical fibers.
GEANT4, a Monte Carlo simulation toolkit developed by the European Organization for
Nuclear Research (CERN), has been widely utilized to simulate particle transport and en-
ergy deposition processes in radiation-related studies [19]. Unlike experimental irradiation
tests, Monte Carlo simulations can directly reveal particle transport and spatial energy-
deposition processes that are difficult to measure experimentally. Accordingly, GEANT4
provides an effective tool for investigating how different Ce-doping configurations influ-
ence radiation energy deposition and for guiding the optimization of radiation-resistant
fiber structures. In this work, GEANT4 was employed to establish y-ray irradiation models
of conventional EDF, core Ce co-doped EDF (CEDF1), and core-cladding Ce co-doped
EDF (CEDEF2) to investigate the influence of different Ce-doping configurations on the
radiation resistance of erbium-doped fibers. A series of simulations was performed to
evaluate the effects of Er/Ce concentration ratio, cladding Ce concentration, and cladding
thickness on energy deposition behavior. EDF, CEDF1, and CEDEF2 were fabricated using
the modified chemical vapor deposition (MCVD) process combined with solution doping.
The fabricated fibers were subsequently exposed to ®*Co y-ray irradiation. Their radiation
resistance was evaluated by measuring the absorption spectra, gain spectra, RIA, and
RIGV. By combining GEANT4 simulations with experimental validation, this work aims
to establish a structure-guided strategy for developing radiation-hardened erbium-doped
fibers for future space optical communication systems.

2. Materials and Methods
2.1. Radiation Damage Mechanisms

The interaction of 'y-rays with optical fiber materials mainly involves three processes:
the photoelectric effect, the Compton effect, and electron—positron pair production [7].
The probability of each process depends on its corresponding interaction cross-section. In
general, elements with higher atomic numbers exhibit larger interaction cross-sections and
are therefore more likely to interact with incident y-rays. Their energy is first transferred to
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secondary electrons through these interaction processes. The generated secondary electrons
subsequently induce ionization and defect formation within the material. These defects are
responsible for radiation-induced degradation in optical fibers [20].

The growth of RIA is primarily related to the irradiation dose rate and the accumulated
total dose. RIA mainly originates from defect centers associated with co-dopants in the
fiber core rather than from the rare-earth ions themselves. Co-dopants are introduced to
enhance the solubility of Er ions and suppress ion clustering. However, these dopants are
susceptible to color-center formation after irradiation. For example, aluminum, one of the
most widely used co-dopants in erbium-doped fibers, exists in the silica network mainly as
{AlOy/»}~ and {AlO3,,}° structural units [21]. Under irradiation, these precursor centers
can capture radiation-induced holes and electrons, the former converts to an AI-OHC color
center by capturing holes, while the latter converts to an Al-E’ color center by capturing
electrons; their formation processes are shown in Equations (1) and (2) [22,23]:

{AlOy/»}~ +hT = {AlOy,, +h"}0(= Al-0O") (1)

{A103/2}° +¢7 = {AlOz/, +¢7} (= AD) 2

These two types of defects are the primary damage mechanisms leading to the per-
formance degradation of erbium-doped optical fibers in space irradiation environments.
Since the formation of radiation-induced defect centers is driven by irradiation-generated
charge carriers, reducing energy deposition within the fiber core can effectively suppress
defect formation and thereby mitigate the growth of RIA.

2.2. Design of the Core—Cladding Ce Co-Doped EDF

Cerium (Ce) exhibits a multivalent characteristic and can readily undergo reversible
valence transitions between Ce3* and Ce** states. When the fiber core is doped with Ce,
Ce3*/Ce** pairs continuously trap irradiation-generated holes and electrons to hinder
defect nucleation (Figure 1a). Meanwhile, the Ce-doped cladding modifies the transport
behavior of radiation-induced secondary electrons and redistributes the deposited energy
within the fiber structure, thereby reducing the energy deposited in the fiber core, rather
than directly intercepting individual secondary electrons (Figure 1b). Therefore, Ce dop-
ing can enhance the radiation resistance of optical fibers through two complementary
mechanisms: defect-center suppression via charge-carrier trapping and energy-deposition
reduction through secondary-electron attenuation.
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Figure 1. Schematic illustration of the proposed core-cladding Ce co-doped erbium-doped fiber and
its radiation-resistance mechanisms: (a) reversible Ce3* /Ce** valence transitions for radiation-induced
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electron and hole trapping; (b) reduction in energy deposition in the fiber core through attenuation
of secondary electrons by the Ce-doped cladding; (c) cross-sectional structure of the proposed core-
cladding Ce co-doped fiber. The blue arrows indicate the direction of electron/hole migration and
secondary-electron transport.

Based on these considerations, a novel fiber structure featuring Ce co-doping in both
the fiber core and the outer cladding was designed in this work, as illustrated in Figure 1b.
By combining the advantages of Ce-induced defect suppression in the core region and
energy-deposition mitigation in the cladding, the proposed structure is expected to provide
enhanced radiation resistance compared with conventional EDFs and core-only Ce co-
doped fibers.

2.3. GEANT4 Simulation Model

Two groups of GEANT4 (Version 11.0, CERN, Geneva, Switzerland) simulation models
were established to evaluate the influence of different Ce-doping configurations on the
radiation resistance of erbium-doped fibers. In all simulations, a monoenergetic y-ray
source with an energy of 1.5 MeV was employed. The y-rays were normally incident on
the fiber cross section. The core and cladding radius were fixed at 4.3 um and 62.5 um,
respectively. The concentrations of 5i, O, Ge, Al, and P were kept constant in all models. A
total of 1 x 10° primary photons were simulated for each condition. The electromagnetic
interactions considered included the photoelectric effect, Compton scattering, and pair
production. Dopants were assumed to be uniformly distributed within the corresponding
regions. The total energy deposited in the fiber core and the local energy deposition around
Er ions were recorded as the main scoring quantities. The main simulation conditions and
model parameters are summarized in Table 1.

Table 1. Main GEANT4 simulation parameters.

Parameter Value/Description
Radiation source Monoenergetic y-rays
Photon energy 1.5 MeV
Number of particles 1 x 10° photons per simulation condition
Incident direction Normal to fiber cross section
Fiber geometry Core radius = 4.3 pm; cladding radius = 62.5 pum
Physics processes Photoelectric effect, Compton scattering, and pair production
Dopant distribution Uniform distribution
Scoring quantity Energy deposition in core & around Er ions

The simulation models were divided into two groups according to the Ce-doping
configuration, as summarized in Table 2.

Table 2. GEANT4 simulation groups and doping configurations.

Fiber Group Core Er (Wt%) Core Ce (Wt%) Cladding Ce  Thickness of Ce

(wt%) Cladding (um)
Group 1 0~1.0 0~0.5 0 0
Group 2 0.6 0.3 0~2.0 0~20

The first group of models was designed to examine the effect of Er and Ce concentra-
tions in the fiber core on local energy deposition behavior. The Er concentration was varied
from 0 to 1.0 wt% with a step size of 0.2 wt%, and the Ce concentration ranged from 0 to

https:/ /doi.org/10.3390/photonics13080727


https://doi.org/10.3390/photonics13080727

Photonics 2026, 13, 727

50f 14

0.5 wt% with a step size of 0.1 wt%. By analyzing the energy deposition in the vicinity of
Er ions, the Er/Ce concentration ratio relationship between Er and Ce ions was evaluated,
and the optimal core composition for radiation resistance was determined.

The second group evaluated the effect of the Ce-doped outer cladding on energy
deposition using the optimized core composition identified in the first group. In this group,
the core composition was fixed at 0.6 wt% Er and 0.3 wt% Ce. The Ce concentration in the
outer cladding was varied from 0 to 2.0 wt% with a step size of 0.5 wt%, and the cladding
thickness ranged from 0 to 20 um with a step size of 5 um. The second group quantified
the combined effects of cladding Ce concentration and thickness on energy deposition,
enabling optimization of the proposed core—cladding Ce co-doped fiber.

2.4. Simulation Results and Discussion

Figure 2 presents two-dimensional heat maps of energy deposition in the fiber core
under different Er and Ce concentrations, where the color scale changes from blue to red,
indicating increasing energy deposition. Figure 2a shows the total energy deposition in
the fiber core for the first group of models. The total core energy deposition generally rises
with increasing Er or Ce concentration. For example, when the Er concentration is fixed at
0 wt%, the total core energy deposition increases from 10.00 MeV to 13.72 MeV as the Ce
concentration increases from 0 to 0.5 wt%. Similarly, when the Ce concentration is fixed
at 0 wt%, the total core energy deposition increases from 10.00 MeV to 11.25 MeV as the
Er concentration increases from 0 to 1.0 wt%. These results indicate that the probability of
v-ray interactions with the fiber material increases as the Er or Ce concentration increases,
leading to greater energy deposition in the core and the effect of Ce concentration on energy
deposition is more pronounced than that of Er concentration.

Core Energy Deposition (MeV) (b) Er Energy Deposition (MeV)
14.82 1.25

11. 95 12. 72 [13. 42 SEN N E P 0.82 0.72 0.68 0.82

13.86

12.89

11.93

10.96

Concentration of Er (wt%)
Concentration of Er (wt%)

10.00

0.00

Concentration of Ce (wt%) Concentration of Ce (wt%)

Figure 2. Two-dimensional heat maps of energy deposition under different Er and Ce concentra-
tions: (a) total energy deposition in the fiber core; (b) Er-related energy deposition obtained by
differential analysis.

However, total core energy deposition alone cannot characterize the local energy depo-
sition around Er ions. Instead, radiation-induced gain degradation is primarily governed
by the energy deposited in the vicinity of Er ions [16]. Er-related energy deposition was
extracted using a differential analysis. For each Ce concentration, the energy deposition
obtained with an Er concentration of 0 wt% was subtracted from the corresponding values
at higher Er concentrations. The extracted Er-related energy deposition is presented in
Figure 2b.

In Figure 2b, the case with a Ce concentration of 0 wt% represents the conventional
EDF without Ce co-doping and serves as the reference. Compared with the Ce-free fiber,
the introduction of a small amount of Ce leads to a noticeable decrease in Er-related energy
deposition, indicating that Ce co-doping effectively alleviates the deposited energy away
from the vicinity of Er ions. With further increasing Ce concentration, the Er-related energy
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deposition begins to increase, indicating the presence of an optimal Ce concentration.
Moreover, the optimal Ce concentration shifts toward higher values as the Er concentration
increases, indicating a concentration-matching relationship between Er and Ce.

This phenomenon is associated with the generation and transport of secondary par-
ticles during irradiation. At low Ce concentrations, Ce co-doping redistributes part of
the deposited energy away from the vicinity of Er ions. In contrast, excessive Ce doping
enhances the interaction between y-rays and the fiber material, resulting in the generation
of more Compton electrons and other secondary particles. As a result, more secondary
particles interact with Er ions, leading to higher local energy deposition around Er ions.
Consequently, the optimal Ce concentration varies with the Er concentration. Only by
properly matching the Er/Ce concentration ratio can an optimal balance be achieved be-
tween reducing local energy deposition around Er ions and suppressing secondary-particle
effects, thereby maximizing the radiation resistance of Er/Ce co-doped fibers.

The optimized core composition identified in Group 1 (0.6 wt% Er and 0.3 wt% Ce)
was adopted to evaluate the effect of the Ce-doped cladding on energy deposition. The
simulation parameters are listed in Group 2 of Table 1, and the corresponding results are
presented in Figure 3. A cladding Ce concentration of 0 wt% and a cladding thickness of
0 um correspond to the reference fiber without Ce-doped cladding. At a cladding thickness
of 15 um and a Ce concentration of 1 wt%, the core energy deposition reaches a minimum
of 11.43 MeV, corresponding to a reduction of approximately 9.2% compared with the
reference structure. For a given Ce concentration, core energy deposition first decreases
and then increases with increasing cladding thickness. An analogous trend is observed
when the Ce concentration is varied at a fixed cladding thickness. Therefore, the optimal
Ce concentration is not a constant value. For relatively thin cladding layers, a higher Ce
concentration is needed to minimize core energy deposition. As the cladding becomes
thicker, the optimal Ce concentration shifts toward lower values. These results indicate
that both the Ce concentration and the cladding thickness determine the amount of Ce
participating in radiation interactions. Consequently, the radiation-shielding performance
of the Ce-doped cladding depends on the combined effect of these two parameters, both of
which should be considered when designing radiation-resistant optical fibers.
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Figure 3. Two-dimensional distribution of core energy deposition as a function of cladding Ce
concentration and Ce-doped cladding thickness.

The Er and Ce concentration ranges adopted in the initial GEANT4 simulations are
higher than those used in the fabricated fibers. Since the experimentally achievable dopant
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concentrations are relatively low, the corresponding variation in radiation energy deposi-
tion becomes less pronounced, making the influence of dopant concentration difficult to
distinguish. Therefore, broader Er and Ce concentration ranges were initially employed to
clearly reveal the relationship between dopant distribution and radiation energy deposition.
However, in practical fiber fabrication, the dopant concentrations cannot be arbitrarily
increased because excessive rare-earth or co-dopant concentrations may lead to ions clus-
tering, and deterioration of fiber fabrication quality. Therefore, experimentally achievable
doping levels need to be considered when designing radiation-resistant fibers.

To verify whether the trends observed in the broad concentration range remain valid
under practical fabrication conditions, additional GEANT4 simulations were performed in
the low-concentration regime. As shown in Figure 4, both the experimentally adopted core
Ce concentration (0.028 wt%) and cladding Ce concentration (0.17 wt%) are located within
the effective energy-deposition reduction regions, as highlighted by the red pentagrams.
The variation trends are consistent with those observed in the broader concentration range,
further supporting the effectiveness of the proposed core-cladding Ce co-doped structure
for improving radiation resistance.
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Figure 4. GEANT4 simulation results in the low-concentration range. (a) Normalized energy
deposited in Er ions versus core Ce concentration. (b) Normalized energy deposited in the fiber core
versus outer-cladding Ce concentration. The asterisk (%) indicates the experimentally fabricated
Ce concentration.

The low-concentration simulations confirm that the experimentally adopted Ce concen-
trations remain within the effective reduction region identified by the broader parametric
study. The present results support the feasibility of the proposed core—cladding Ce co-
doping structure under experimentally achievable doping conditions. Future work will
focus on optimizing the Ce concentration and distribution within experimentally achievable
doping ranges to further improve radiation resistance.

To further clarify the influence of Ce-doped cladding on the radial energy deposition
distribution, the energy deposition along the radial direction from the fiber core to the outer
cladding was extracted from the GEANT4 simulation. The energy deposition in the core
region was normalized to 1, and the relative energy deposition distribution from the core
center to the cladding boundary was analyzed.

As shown in Figure 5, the normalized energy deposition at the fiber core is defined
as 1 because the core contains the Er-doped region where most radiation interactions
occur. The normalized energy deposition at other radial positions therefore represents the
relative energy deposition with respect to the fiber core. Compared with the conventional
EDF, the fiber with Ce-doped cladding exhibits a noticeably lower normalized energy
deposition in the core region. Specifically, the normalized energy deposition at the fiber
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center decreases from 1.00 for the conventional EDF to approximately 0.72 after introducing
the Ce-doped cladding, corresponding to a reduction of about 28%. This result indicates
that less radiation energy is deposited around the Er-doped core, which is beneficial for
suppressing radiation-induced defect formation. Outside the core region, both structures
exhibit fluctuations in normalized energy deposition due to the transport, scattering, energy
loss, and re-deposition of radiation-induced secondary electrons within the silica matrix.

1.0

Without cladding Ce-doped
With cladding Ce-doped

S S S
£ =2} oo
T T T

Normalized Energy Deposition
S
I

0.0 " 1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60

Radial Position (um)

Figure 5. Radial redistribution of radiation-induced energy deposition in Ce-doped core—cladding
fiber structure.

A more pronounced difference appears near the outer cladding region. As the ra-
dial position approaches the Ce-doped cladding layer (approximately 57.5-62.5 um), the
normalized energy deposition of the Ce-containing structure increases significantly, reach-
ing approximately 0.68-0.86, whereas the conventional EDF remains at approximately
0.32-0.43 over the same radial range. This redistribution demonstrates that part of the
radiation energy is transferred from the fiber core toward the Ce-doped cladding instead of
remaining concentrated within the Er-doped core.

Considering that the penetration range of keV-level electrons in SiO, is typically
limited to several micrometers, the effect of cladding Ce should be understood as a local-
ized modulation of electron scattering and energy deposition rather than direct electron
shielding. The radial energy deposition results provide direct evidence that Ce-containing
cladding can alter the spatial distribution of radiation energy deposition and reduce the
energy accumulation in the core region, which contributes to the improved radiation
resistance of CEDF structures.

3. Experimental Results and Discussion
3.1. Fiber Fabrication and Irradiation Conditions

Three EDF samples with different Ce-doping configurations were prepared us-
ing the modified chemical vapor deposition (MCVD) process combined with solution
doping [24,25]. Their elemental compositions and geometric parameters are summarized
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in Table 3. The three fibers exhibited comparable dimensions, with core diameters of
approximately 8.6 pm, 8.4 um, and 8.5 um for EDF, CEDF1, and CEDEF2, respectively, while
all samples shared a cladding diameter of 125 pm. The Er concentrations were maintained
within a comparable range of approximately 0.06-0.07 wt% among all fibers. CEDF1 and
CEDF2 contained the same core Ce concentration of 0.028 wt%, whereas CEDF2 further
incorporated a Ce-doped cladding layer with a Ce concentration of 0.17 wt%, forming the
proposed core—cladding Ce co-doped structure. Besides Er and Ce, Ge, Al, and P were
also introduced to tailor the refractive-index profile and spectroscopic properties of the
fiber core, and their concentrations are listed in Table 3. The core doping was primarily
achieved through MCVD combined with solution doping, while the Ce-doped cladding
layer was introduced by incorporating Ce-doped silica sleeves during preform fabrication.
The relatively short heat treatment time and controlled fabrication parameters in the MCVD
process effectively minimize excessive dopant migration between the core and cladding
regions. It should be noted that the fabrication repeatability and compositional uniformity
of the prepared fiber samples require further statistical verification.

Table 3. Main parameters of fiber samples.

Fiber Parameters EDF CEDF1 CEDF2
Core/cladding diameter (um) 8.6/125 8.4/125 8.5/125
Core Er (wt%) 0.070 0.068 0.061
Core Ce (wt%) 0 0.028 0.028
Cladding Ce (wt%) 0 0 0.170
Ge (wt%) 4476 5.206 5.665
Al (wt%) 0.632 0.523 0.541
P (wt%) 1.48 2.240 2.364

Gamma-irradiation experiments were conducted using a ®*Co source at the Zhongxin
Irradiation Center in Qingdao, China. All irradiations were performed at room temperature
with a dose rate of approximately 700-800 Gy /h. The total irradiation doses were set to 300
Gy, 600 Gy, and 1200 Gy, respectively. It should be noted that the radiation environment
in practical space missions is highly complex, involving multiple particle species (e.g.,
trapped protons/electrons, solar particles, and heavy ions [26]), various dose rates, and
additional environmental factors such as vacuum and thermal cycling. The ®*Co y-ray
irradiation employed in this work does not aim to fully reproduce the orbital radiation
environment, but rather serves as a controlled and repeatable method to evaluate the rela-
tive radiation tolerance of different fiber structures and investigate the radiation-induced
degradation mechanisms.

3.2. Gain Spectra

The amplification performance of EDF, CEDF1, and CEDF2 was characterized using a
forward-pumping configuration. A 980 nm laser was used as the pump source with a pump
power of 800 mW, while the input signal power was fixed at —20 dBm. The corresponding
C-band gain spectra are presented in Figure 6. All three fibers exhibited stable amplification
across the C-band. At 1550 nm, the maximum gains of EDF, CEDF1, and CEDF2 reached
24.14 dB, 27.27 dB, and 24.71 dB, respectively. These results indicate that the introduction of
Ce does not adversely affect the amplification performance of erbium-doped fibers. Among
the three samples, CEDF1 achieved the highest gain, whereas CEDF2 retained a comparable
amplification level despite the introduction of the Ce-doped cladding. The slightly lower
gain of CEDF2 is likely caused by additional pump or signal attenuation introduced by the
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Ce-doped cladding layer. The measurement uncertainty of the gain mainly originates from
pump power fluctuation, optical coupling variation, and spectral acquisition noise.

@, bl )

EDF —m CEDF1 ——10m CEDF2 ——i2m

251 25 2%

Gain(dB)
- o=
=) n =]
Gain(dB)
=
< 2 =]
Gain(dB)
[
< 2 =]

n
n
n

. s N . N s s 0
1520 1530 1540 1550 1560 1570 1580 1520 1530 1540 1550 1560 1570 1580

1520 1530 1540 1550 1560 1570 1580
‘Wavelength(nm) Wavelength(nm)

‘Wavelength(nm)

Figure 6. Gain spectra of EDF, CEDF1, and CEDEF2 before irradiation under 980 nm pumping
conditions. (a) EDFE. (b) CEDF1. (c) CEDF2.

3.3. Radiation-Induced Absorption

Figure 7 compares the absorption spectra before and after y-ray irradiation to-
gether with the corresponding RIA spectra. Figure 7a—c show the absorption spectra,
whereas Figure 7d-f present the corresponding RIA spectra obtained by subtracting the
pre-irradiation spectra from the post-irradiation spectra. The RIA decreases with increasing
wavelength, with substantially higher absorption observed in the short-wavelength region
than in the long-wavelength region. This behavior is attributed to Al-related radiation-
induced defect centers in the silica matrix [27]. For all three fibers, the RIA increases
with irradiation dose, reflecting the progressive accumulation of radiation-induced defects.
Both CEDF1 and CEDEF2 exhibit lower RIA than conventional EDF at all irradiation doses,
confirming the effectiveness of Ce co-doping in suppressing radiation-induced defect for-
mation. After irradiation to 1200 Gy, the RIA at 1200 nm is 6.91 dB/m for EDF, 4.98 dB/m
for CEDF1, and 4.11 dB/m for CEDF2. Relative to EDEF, the RIA decreases by approximately
27.9% and 40.5% for CEDF1 and CEDEF2, respectively. The observed trend agrees well with
the energy-deposition characteristics predicted by the GEANT4 simulations. This result
confirms the effectiveness of the proposed core-cladding Ce co-doped design in improving
the radiation resistance of erbium-doped fibers.
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Figure 7. Absorption spectra and corresponding radiation-induced absorption (RIA) spectra of EDF,
CEDF1, and CEDF2 under different y-ray irradiation doses: (a,d) EDF; (b,e) CEDF1; and (c,f) CEDF2.
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3.4. Radiation-Induced Gain Variation

The radiation-induced gain variation (RIGV) was calculated according to Equation (3):
RIGV = Gbefore - Gafter (3)

where Gpefore and Gagier represent the fiber gain before and after irradiation, respectively.
The uncertainty of RIGV mainly results from the accumulated errors of the gain measure-
ments before and after irradiation, including pump fluctuation and measurement noise.
The optimal fiber length of each sample was first determined based on its amplification
performance. The radiation-induced degradation was then evaluated using the same fiber
length before and after irradiation for each sample. Therefore, the calculated gain variation
reflects the relative radiation-induced degradation of each fiber structure, which provides a
more direct evaluation of the radiation resistance rather than the absolute gain difference
caused by slight variations in Er concentration.

Figure 8 presents the RIGV at 1550 nm as a function of pump power for EDF, CEDF1,
and CEDF2 under different irradiation doses. At a given pump power, the RIGV of
all three fibers increases with irradiation dose, reflecting the progressive degradation of
radiation tolerance, consistent with previous reports. RIGV decreases with pump power
and approaches a plateau above approximately 300 mW. Under the 1200 Gy irradiation
condition, increasing the pump power from 50 mW to 500 mW reduces the RIGV from
10.3 dB to 5.2 dB for EDF, from 6.2 dB to 3.75 dB for CEDF1, and from 3.5 dB to 2.18 dB
for CEDF2. At higher pump powers, enhanced photobleaching and thermal bleaching
help mitigate radiation-induced gain degradation [28,29]. However, the reduction in
RIGV becomes progressively smaller as the pump power continues to increase, suggesting
that the photobleaching effect gradually reaches saturation. Across the investigated dose
range, both CEDF1 and CEDEF2 exhibit lower RIGV than conventional EDF, with CEDF2
consistently showing the smallest gain variation. At an irradiation dose of 1200 Gy and a
pump power of 50 mW, the RIGV of CEDEF?2 is 58.1% lower than that of EDFE. This trend is
consistent with the RIA results, confirming that Ce co-doping effectively mitigates RIGV.
The additional introduction of Ce into the cladding further enhances this effect, leading to
the highest radiation tolerance among the three fibers.
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Figure 8. Radiatio Radiation-induced gain variation (RIGV) characteristics under different irradiation
doses. (a) EDF. (b) CEDF1. (¢) CEDF2.

In this work, RIA and RIGV at 1550 nm were selected as the main evaluation param-
eters because 1550 nm is a representative wavelength in the C-band and enables direct
comparison of radiation-induced degradation among different fiber structures. Neverthe-
less, practical EDFA applications require further evaluation of system-level parameters,
including noise figure, C-band gain flatness, pump efficiency, output power stability, and
post-irradiation recovery behavior. These parameters were beyond the scope of the present
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study and will be investigated in future work to further evaluate the practical applicability
of the proposed radiation-resistant fibers.

4. Discussion

The significant reductions in RIA and RIGV achieved by the proposed core—cladding
Ce co-doping structure are expected to improve the long-term gain stability and opera-
tional reliability of erbium-doped fiber amplifiers operating in radiation environments,
demonstrating its potential for radiation-hardened space optical communication systems.

Future work will focus on further optimizing the Ce concentration and distribution to
achieve improved radiation resistance within experimentally achievable doping ranges. It
should also be noted that, besides Ce, slight variations in Ge, Al, P, and Er concentrations
among different fiber samples may influence defect formation and radiation-induced degra-
dation behavior. Therefore, their contributions cannot be completely excluded. However,
the consistent improvement observed after introducing core—cladding Ce co-doping indi-
cates that Ce incorporation and distribution are considered to be the primary contributors
to the enhanced radiation resistance. A more comprehensive evaluation of the engineering
applicability of the proposed fibers will require further investigation of intrinsic opti-
cal properties, including background loss, fluorescence lifetime, and quantum efficiency.
Furthermore, validation under low-dose-rate and mixed-particle irradiation conditions
representative of practical space environments will be carried out in future studies.

5. Conclusions

In this work, GEANT4 Monte Carlo y-ray irradiation models were constructed to
systematically investigate Er/Ce concentration ratio in fiber cores, as well as the synergistic
influence of Ce-doped cladding concentration and thickness on core-localized energy
deposition. The simulation results indicate that Ce co-doping can effectively reduce the
local energy deposition around Er ions. However, the optimal Ce concentration is not
a fixed value and varies with the Er concentration. Furthermore, the introduction of a
Ce-doped cladding provides additional suppression of energy deposition in the fiber core
and exhibits a distinct concentration—-thickness synergistic optimization effect. The results
demonstrate that the energy-deposition distribution within the fiber is jointly determined
by the Ce concentration and thickness of the cladding, with the minimum energy deposition
occurring within an optimized parameter region formed by their combined influence.

Based on the simulation results, EDF, CEDF1, and CEDF2 were fabricated using
MCVD process combined with solution doping. The compositional designs of CEDF1 and
CEDEF2 were selected according to the low-energy-deposition regions identified by the
simulations. Gamma irradiation experiments were subsequently carried out at total doses
of 300 Gy, 600 Gy, and 1200 Gy. At 1200 Gy, the RIA of CEDF1 and CEDF2 were reduced
by approximately 27.9% and 40.5%, respectively, compared with that of conventional EDF.
After irradiation, all fiber samples exhibited varying degrees of gain degradation, while
CEDEF?2 showed the best gain stability. Under a total dose of 1200 Gy, the RIGV of CEDF2
decreased to 2.18 dB, corresponding to a reduction of approximately 58.1% relative to EDF.

The experimental results are consistent with the energy-deposition behavior predicted
by the GEANT4 simulations and with the observed RIA characteristics, demonstrating that
the proposed core-cladding Ce co-doped structure can effectively reduce radiation energy
deposition in the fiber core and suppress the degradation induced by radiation-generated
defects. These findings suggest that optimizing the spatial distribution of Ce ions in both
the core and cladding regions is an effective strategy for further improving the radiation
resistance of erbium-doped fibers, providing valuable guidance for the development of
radiation-hardened erbium-doped fibers and related fiber amplifiers.
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