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Abstract—We report for the first time on the effects of
electron radiation on the spectral properties of long period
grating (LPG) sensors fabricated in various commercially
available single-mode silica optical fibers, namely, standard
SMF28, a B/Ge co-doped fiber, a pure-silica core fiber, and
a P-doped fiber. These LPGs were exposed to a 5.5-MeV
e-beam with a dose rate of 6 kGy/min and a total accumulated
dose of 192 kGy. The impact is discussed in terms of the
real-time resonance wavelength shift, depending on the fiber
type. To better understand the benefits and limits of utilizing
this technology in specific applications, we also investigated
the long-term recovery of the devices following exposure,
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with intermediate evaluations at 21 h, eight days, six months, and 12 months after irradiation is finished. The main
findings are that LPG in B/Ge co-doped fiber is responding up to 192 kGy, with a resonance wavelength shift exceeding
35 nm and no evidence of saturation. In addition, we demonstrated its long-term data storage potential, showing a
45% recovery toward initial values after post-irradiation stabilization. On the contrary, pure-silica core fiber maintains
radiation-hardening properties against electrons. This study is the first to test the limitations of LPGs fabricated in both
sensitive and radiation-hardened optical fibers, subjected to high dose rates, with a focus on both the temporary and

permanent electron-induced effects.

Index Terms— Dosimetry, electrons, fiber gratings, long period gratings (LPGs), optical fiber sensors, optical fibers,

radiation.
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[. INTRODUCTION

RESEARCH on the effects of ionizing radiation on

optical fibers has been gaining growing attention for
years, as they are getting integrated into increasingly com-
plex systems and infrastructures [1], [2]. Optical fibers are
essential in various fields, from telecommunications to mil-
itary [3] and space applications [4], where exposure to
radiation is a major concern. Studies in this field aim to
understand the degradation mechanisms [5], [6], [7] and
develop solutions to mitigate these effects [8]. Protective
methods include the use of special materials, improving
manufacturing techniques, and developing radiation-resistant
optical fibers [9]. The integration of optical fibers into critical
infrastructures, such as communication networks for nuclear
power plants [10], satellites [11], and spacecraft, requires a
deep understanding of their behavior in high-radiation envi-
ronments. Research in this area is essential to ensure the
reliability and longevity of the systems in such environments.
Ionizing radiation can cause various effects on optical fibers,
such as signal attenuation, changes in spectral characteristics,
and performance losses [12], [13]. These effects depend on
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several factors, including the type and dose of radiation, the
composition and structure of the fiber, and the operating
conditions [7].

On the other hand, structures fabricated in optical fibers,
such as gratings, have demonstrated an excellent ability to
quantify both the effects of ionizing radiation on the compo-
nent materials [14] as well as key parameters of the radiation
itself, such as the accumulated local dose [15]. The dual
capability of optical fiber sensors to evaluate both critical
parameters such as relative humidity, temperature, or strain
in contaminated areas [16], and also radiation metrics is
invaluable in a range of applications. For instance, in medical
settings, these sensors ensure the safety and efficacy of radi-
ation therapies by monitoring doses with high precision [17],
[18]. In nuclear power plants, they help assess the integrity
of materials exposed to radiation, contributing to the safe
operation and maintenance of the facilities [19]. Furthermore,
in space missions, where materials are subjected to high levels
of cosmic radiation, optical fiber sensors may play a critical
role in ensuring the reliability and longevity of spacecraft
components [20].

Radiation tests on optical fiber sensors require well-
calibrated sources of ionizing radiation and standardized
dosimetry systems. Most studies have focused on the
gamma-ray, X-ray, and neutron effects [15], while the most
popular devices characterized were fiber Bragg gratings
(FBGs) fabricated either in standard silica fibers [21], micro-
structured/photonic crystal fibers [22], or polymer ones [23].

Electron radiation effects, however, have only been
addressed in a limited number of scientific reports. FBGs
fabricated in standard and radiation-hardened optical fibers
were subjected to an e-beam up to 8-kGy accumulated dose,
quantifying the radiation effects based on calorimetry [24],
while in [25] the authors report on the induced effects as
dependent on FBG fabrication method, namely, point by point
or plane by plane. In all cases, the spectral changes exhibited
by the devices were very low, in general not higher than a few
hundred pm [26].

Currently, there is no report in the literature to address
the e-beam-induced effects on long period gratings (LPGs).
These have demonstrated a very high potential for use in
various radiation field applications [27]. For example, in [28],
we demonstrated the capacity of an LPG in B/Ge co-doped
fiber to withstand a gamma dose of 52 kGy (at 2.6-kGy/h dose
rate) without reaching a saturation level and exhibiting a shift
of approximately 10 nm; that pure-silica core and F-doped
fibers proved their efficiency as radiation-hardened types, with
the resonance wavelength stable in a region under 0.7 nm.
Moreover, an LPG fabricated in a B/Ge co-doped optical fiber
was also tested at the European Organization for Nuclear
Research (CERN) under proton radiation with a fluence of
4.4-10"% p/cm? over the absorbed dose of 1.16 MGy while
exhibiting a shift of ~44 nm [29]. These works highlighted
that, depending on the optical fiber in which they are manu-
factured, LPGs have a significantly greater capacity to react in
correlation with the accumulated dose, exhibiting shifts of the
resonance wavelength with orders of magnitude higher than
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Fig. 1. Electron accelerator and setup (a) overview and (b) zoom on
beam exit and fiber sensors location.

FBGs [30]. However, despite the investigations under gamma,
neutrons, and protons [31], there is no evidence when exposed
to electron radiation.

In this work, studies on electron radiation impact were con-
ducted on four different optical fibers, in which the inscription
of LPG was performed by the electric arc discharge technique.
The selected fibers include: SMF28 as a standard reference
for comparative evaluation against specialty optical fibers as
well as being one of the most extensively characterized in
literature; a B/Ge co-doped fiber because of high radiation
sensitivity demonstrated in previous works; a pure-silica core
fiber for the radiation-hardened behavior; and a P-doped fiber
as it has garnered attention in several applications in radiation
environments [12], [32]. For the purpose of the work, a linear
electron accelerator was employed to expose the gratings
simultaneously, at the same dose rate of 6 kGy/min and up
to 192-kGy accumulated dose. Real-time radiation-induced
effects as well as long-term recovery changes over a one-year
period were observed.

Il. PRINCIPLE OF OPERATION AND METHODS

A. LPG Preparation

LPGs are typically created through periodic modulation
of the refractive index (RI) in the optical fiber core. This
process enables coupling from the fundamental core mode
to certain resonant cladding modes, resulting in dips in the
transmission spectrum at wavelengths that meet the phase-
matching condition

Ares(M) = [neff,co - neff,cl(m)] “A (1)

where Ares(m) is the resonant wavelength between the core and
the mth cladding mode; A is the grating period; and rneff,co
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Fig. 2.
absorbed dose.

and nefr,o1(m) represent the effective RIs of the core and the
mth order cladding mode, respectively.

For the purpose of the work, the following commercially
available single-mode silica optical fibers were selected: stan-
dard Ge-doped Corning SMF28, pure-silica core with F-doped
cladding Nufern S1310, photosensitive B/Ge co-doped Fiber-
core PS1250/1500, and P-doped FORC P-SM-5. The com-
positions of the fibers are further summarized in Table L.
The LPGs were created using the arc discharge method
in the abovementioned fibers, as detailed in our previous
research [33]. This technique allows for the processing of
a wide variety of fibers, not limited to photosensitive ones.
Briefly, the grating is formed by applying milliseconds of
lasting electrical discharge to a section of uncoated optical
fiber while maintaining constant pulling tension. This leads
to a modification of the RI due to the relaxation of drawing
stresses and a slight tapering of the fiber shape. The process is
repeated by moving the fiber by the grating period after each
discharge using a translation stage with micrometric precision.
The period of the LPG was adjusted to the specific fiber in
order to have the coupling near sixth-order cladding mode
within 1540-1560 nm, according to Table I. For each fiber
under test, after grating fabrication, a 15-cm-long section of
the same, including the LPG area, was spliced to a standard
single-mode patch cord.

Although transmission configuration is trivial in the case
of LPG investigations, in the current scenario, efforts were

LPG spectra acquired during irradiation phases corresponding to different doses: before irradiation and after 6-, 12-, and 192-kGy total

TABLE |
OPTICAL FIBER AND LPG PARAMETERS
Fiber model Core Cladding |y p 4 LPG

composition | composition period A

Corning SMF28 Ge-doped Pure-silica SMF 395 um

Fibercore B/Ge co- -

PS1250/1500 doped Pure-silica BGe 300 pm
Nufern S1310 Pure-silica F-doped Pure-silica 440 um
FORC P-SM-5 P-doped P-doped P-doped 395 um

dedicated to convert them to reflection configurations. The aim
was to decrease the cross-sensitivity to the external effects
such as strain/bending induced given the high sensitivity of
the LPG in general to such mechanisms. For this reason, all
LPG was cut at one end with a 90° angle, further applying
a thin coating of silver-based painting on the fiber tip. This
approach was successfully tested and reported previously [28].

B. E-Beam Irradiation Setup

Radiation tests were carried out by using a traveling-
wave linear accelerator powered by a 2-MW peak power
tunable EEV MS5125 magnetron operating in the S-band
(2992-3001 MHz). To achieve maximum output power Pgp
for a given pulse duration fgg and repetition frequency fgg,
the optimal settings were: Egg = 5.5 MeV, Igp 130 mA,
and Pgg = 670 W, with fgg = 250 Hz and tgg = 3.75 us.
The resulting dose rate was 6 kGy/min and the irradiation was
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performed 40 cm far from the beam exit. Fig. 1(a) illustrates
an overall picture of the electron accelerator and measurement
setup, whereas Fig. 1(b) shows the details of the beam exit and
sensor location.

The LPGs under test were acquired using an SM125
Micron Optics 4-channel optical interrogator via 20-m-long
connecting fibers. The data acquisition was performed
in real time during the irradiation, within the range of
1510-1590 nm. While the interrogation equipment was placed
in a shielded room, the LPGs were centrally placed within the
e-beam region. One J-type thermocouple was placed near the
gratings location to address any temperature-induced effects
on the LPG and to perform the required data corrections,
so extract solely the radiation-induced effects on the key
spectral parameters. The dosimetry at a specific distance from
beam exit was conducted both prior to and after the experiment
utilizing graphite calorimeters, calibrated at Risg High Dose
Reference Laboratory.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION
A. E-Beam Exposure of LPGs

The experimental session was divided into three phases. The
first two consisted of successive exposures of 6-kGy accumu-
lated dose (1-min exposure) followed by a 10-min break each.
These phases aimed twofold: to observe the reproducibility of
the induced effects and to check the variation of the resonance
wavelength as dependent on previously accumulated dose. The
third phase consisted of continuous irradiation of 180 kGy
(30-min exposure). In this case, the focus was on testing the
limitations of the LPGs in terms of the saturation level of the
wavelength shift and the radiation-induced attenuation (RIA),
as observed at a high dose rate. Overall, the total accumulated
dose was 192 kGy after about 52 min from the beginning of
the experiment.

For each selected LPG, Fig. 2 plots the spectra corre-
sponding to the end of each irradiation phase, i.e., after an
accumulated dose of 6, 12, and 192 kGy, compared with the
pristine spectra (before irradiation). Overall, a redshift of the
LPG attenuation bands can be observed, with the magnitude
strongly depending on the absorbed dose and the fiber type.
The most radiation-sensitive device has been the B/Ge LPG
and the most resistant one in pure-silica core fiber. As the
LPG resonances are related to the core and cladding refractive
indices through the effective RIs of the modes involved in
the coupling mechanism [according to (1)], the main rea-
son for the LPG shift is the radiation-induced RI change
(RIRIC) occurring in the fiber core [31]. Besides the RIRIC,
information about the RIA through the monitoring of the
power level of the baseline can also be obtained from Fig. 2.
Here, small changes can be observed in all cases, except
for P-doped fiber exhibiting an attenuation of about 3 dB
at the highest dose, with a trend similar to previous works
that were focused on gamma induced variations and literature
[28], [34].

For the deeper observation of electron-induced effects, the
real-time variation of the resonance wavelengths for all four
LPGs is plotted in Fig. 3(a). The three irradiation phases
are represented by the shaded regions, followed by a short
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Fig. 3. (a) Real-time wavelength shift of the LPGs during e-beam

radiation at 6 kGy/h in three phases, i.e., exposing to 6-, 6-, and 180-kGy
radiation dose (up to 192-kGy total accumulated dose). The shadowed
regions are marking the different irradiation phases. (b) Wavelength
shifts after an additional exposure to 6-kGy dose, starting from different
previously accumulated doses (0, 6, and 12 kGy).

stabilization time of around 30 min after the last exposure.
Overall, it can be confirmed that the exposure induced a
redshift in the resonance wavelengths for all LPGs during the
irradiation, combined with a slight recovery as the irradiation
is stopped. The magnitude of redshift, recovery, and trends are
strongly dependent on the fiber type.

The highest variation was experienced by the B/Ge LPG;
however, the peak tracking was not possible after about 35 min
because the redshift moved the attenuation band beyond the
upper limit of the instrumentation range (1590 nm). Never-
theless, although real-time monitoring was not possible in this
case, once the maximum accumulated dose was reached, the
LPG transmitted spectra were measured by using an optical
spectrum analyzer with a broader range, permitting to observe
a wavelength shift of about 35 nm at the end of the irradiation
[red marker in Fig. 3(a)]. Differently, in the case of LPGs
in SMF and P-doped fiber the wavelength shift saturated to
a value between 5 and 6 nm. Finally, trivial changes were
obtained for the pure-silica core fiber LPG with changes below
0.5 nm.

Fig. 3(a) also reveals that, after the redshift of the resonant
wavelengths, the LPGs suddenly exhibit a slight relaxation
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toward lower wavelengths to recover the pristine position when
the radiation is switched off (unmarked regions), in agreement
with the literature [35]. The phenomenon is evident for both
B/Ge and SMF LPGs equally after phases 1 and 2, whereas
it was trivial for the P-doped fiber. Finally, after the irradi-
ation was turned off in phase 3, a long-term recovery has
been observed too after 52 min, which will be discussed in
Section III-B with details.

Finally, in order to evaluate the changes depending on previ-
ously accumulated dose, Fig. 3(b) summarizes the wavelength
shift after an additional 6-kGy dose, i.e., after 1-min exposure,
for each of the three phases: AA; considering the shift from
pristine condition (0 kGy) to 6-kGy dose, A, for the shift
from 6 kGy (plus after 10-min recovery) to 12 kGy, and AX3
for the shift from 12 kGy (plus after 10-min recovery) to
18 kGy. These data clearly highlight that the changes decrease
with previously accumulated dose, i.e., AA; > AXy > AAj3 for
all the fibers. The corresponding sensitivities are reported in
Table II, which were calculated using a linear approximation,
i.e., dividing the wavelength shift A); of the corresponding
interval by a 6-kGy dose. Here, one can observe, for example,
a decrease in sensitivity when moving from the range 0-6 kGy
to 12-18 kGy of 65%—-80% depending on fiber type. Moreover,
these data translate into the possibility for B/Ge LPG within
the 0-6-kGy range (i.e., when the sensitivity is maximum) of
detecting a minimal dose of about 0.5 Gy, in case of read-
out setup with the 1-pm resolution, whereas, for SMF and

TABLE I
SUMMARY OF THE SENSITIVITIES (S) TO AN ADDITIONAL 6-KGY
EXPOSURE, CALCULATED FOR DIFFERENT PREVIOUSLY
ACCUMULATED DOSES (0, 6, AND 12 KGY)

LPGid | S10-6kGy | S26-12kGy | S5 12-18 kGy
[pm/kGy] | [pm/kGy] [pm/kGy]
SMF 570 257 198
BGe 2057 1015 533
P-doped 358 128 77

P-doped LPGs the minimal detectable doses are 2 and 3 Gy,
respectively, under the same conditions.

It is worth pointing out that, despite the physical difference
between electron and gamma radiations due to the absence of
both the mass at rest and charge of gamma radiation, the results
plotted in Fig. 3(a) show a similar trend as compared with the
responses of LPGs within same fiber types and exposed to
gamma irradiation from [28]. We can observe that the same
relationship of order was maintained for the mentioned fibers.
Specifically, the most responsive is always the B/Ge LPG
whereas SMF and P-doped show a similar smaller behavior;
finally, LPG in pure-silica core fiber is confirmed as the most
resistant. As currently there is no previous report regarding
the electron irradiation effects on LPGs, the attention can be
focused on the few reports involving FBGs for comparison.
The results of B/Ge LPG are in agreement with [26]. In fact,
the authors found that X-rays and protons induce comparable
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redshifts of the FBGs in the Ge-doped or B/Ge co-doped
fibers up to the dose of 10 kGy; moreover, the grating in
the B/Ge co-doped fiber was found to be the most sensitive to
electrons at higher doses with respect to X-rays. Another study
is reported in [25], where different femtosecond fabricated
FBGs in SMF28 were irradiated under gamma and electron
up to 15 kGy obtaining similar (blue) shifts between the two
radiation conditions in the case of plane-by-plane method, and
significantly higher shift under electron in the case of point-by-
point inscription. Therefore, it is evident that the fabrication
process is also affecting the radiation response.

B. Long-Term Recovery Mechanism

Although the study of the effects of different ionizing
radiations on optical fiber devices is of large interest, their
recovery (amount and duration) is a less investigated aspect.
Depending on the application, one may need the information
acquired by a device to be stored and preserved after the
application, for that information to be available for a long
time or to be sequentially accumulated, such as in the case of
a dosimeter in radioprotection scenarios. These effects arise
primarily from the interaction of radiation with the material
of the fiber (glass and dopant ions), leading to the formation
of color centers or point defects and the breaking of chemical
bonds. When the irradiation is turned off, certain recovery
mechanisms begin to mitigate this damage, such as thermal
annealing, which can cause defects to recombine or migrate;
dopant ions can slowly migrate back to their original positions,
reducing defect density; opposite charge carriers that were
separated may recombine naturally over time [6].

Usually, such analysis is limited to a few hours/days after
the irradiation session [35]. Here, for the first time, long-term
post-irradiation recovery effects of up to one year are reported.
The LPGs were preserved at room temperature and data were
collected at different time intervals, i.e., after 21 h, after eight
days, after six months, and after 12 months from the end of
irradiation.

Fig. 4 plots the LPG spectra under different conditions:
1) before irradiation; 2) after accumulating a maximum dose
of 192 kGy; 3) after short relaxation of 21 h; 4) after eight
days; and 5) after total recovery, i.e., resonance wavelength
being stabilized in six months. It is visible that after the
irradiation, a progressive and partial recovery starts, which
practically ends within six months. This mechanism manifests
by modifying the spectra toward the initial reference prior to
radiation exposure, experiencing a blueshift.

For a better comparison, the summary of the wavelength
shift during recovery is numerically represented in Fig. 5(a),
where the information about recovery after 12 months is also
included. It can be observed that, although in the case of SMF
or Nufern pure-silica core fiber, the difference in wavelength
from the initial one is very small, a complete return to the
initial values does not occur for any of the LPGs. In the case
of the B/Ge LPG, the radiation sensitivity demonstrated for
other radiation types is maintained [31]. Moreover, what is of
notice is that this grating becomes permanently affected by
the radiation, the recovery being around 45% and remained
stable at that value. Concerning the P-doped fiber, while the
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irradiation condition: after 192-kGy accumulated dose; recovery after
21 h, after eight days, after six months, and after 12 months irradiation
finished. (b) Wavelength shift versus time during recovery, where the
initial condition is the value at a maximum accumulated dose of 192 kGy.

recovery was almost trivial in the case of lower doses and
short observation times (phases 1 and 2 in Fig. 2), it becomes
more similar to SMF fiber after the dose reaches 192 kGy.

In addition, Fig. 5(b) illustrates the temporal evolution
of the resonance wavelength during the recovery phase of
12 months. Here, the reference value for each grating is taken
at a maximum total dose of 192 kGy. It is clearly visible that
in all cases, half of the wavelength shift is recovered during
the first day, while there is no significant variation from 6 to
12 months.

V. CONGLUSION

In this work, we have investigated for the first time the
electron radiation-induced real-time effects on LPG sensors
inscribed in standard and specialty fibers. Besides comparing
commercially available fibers with four different compositions
(Ge-doped, B/Ge-doped, pure silica, and P-doped), we have
reported on the long-term relaxation mechanisms occurring
after the exposure, starting from the initial hours up to one
year. The effects on the sensitivity due to radiation, specifically
the resonance wavelength shift as a direct function of the accu-
mulated dose, are discussed with respect to prior irradiation.
In particular, the LPG in B/Ge co-doped fiber demonstrates
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exceptional versatility across an extended dose range, provid-
ing a response from low doses up to a little under 200 kGy
with a variation of the resonance wavelength of more than
35 nm and no saturation. Furthermore, we have demonstrated
its long-term information-storing capacity, with a 45% recov-
ery toward initial values after post-irradiation stabilization.
While pure-silica core fibers retain their radiation-hardening
properties against electrons with no more than 0.5-nm reso-
nance variation, the LPG fabricated in P-doped fiber exhibits
similar performance as the one in SMF28. However, after
long-term monitoring, none of the fibers above show full
radiation annealing at room temperature, demonstrating the
permanent induced effects in the fiber composition. Based
on these findings, although the LPGs in both SMF28 and
P-doped fibers respond to electron radiation, the ones written
in B/Ge co-doped fiber retain their suitability for radiation
detection purposes due to their high sensitivity; differently,
the LPGs in pure-silica core fibers proved their radiation-
hardened behavior; thus, their use is suggested for measuring
other parameters (e.g., temperature and humidity) in electron
particle exposed environments.
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