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Abstract— We present the experimental characterization of
both radiation induced attenuation (RIA) and radioluminescence
(RL) of differently doped optical fiber (OF) radiation sensors.
We present data for different sample lengths and total ionizing
dose (TID) up to 600 kGy (SiO,) under X-rays. Combined RIA
and RL responses are used to attempt explaining the variation
of the RL signal with TID on those fibers.

Index Terms— Cerium, dosimetry, OF sensors, optical fibers
(OFs), radiation detection, radiations, radioluminescence (RL),
silica glass, space applications, space radiation, X-rays.

I. INTRODUCTION

ADIATION is a major concern in many specific envi-

ronments, such as high energy physics facilities, space-
crafts, nuclear power plants, and the medical sector. Not only
does it affect humans but it also impacts electronic systems,
threatening the normal functioning of devices. Silica-based
optical fibers (OFs) can also be subjected to different effects
influencing their optical performances. The major observable
effect is the radiation induced attenuation (RIA) [1]. RIA
evolution depends mainly on the environmental conditions,
the chemical composition of the fiber itself, and wavelength
domain [1]. In some harsh environments, mostly where
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displacement damages in the silica matrix add up to ionization
ones (high neutron fluence for instance), radiation induced
refractive index change (RIRIC) [2], [3] is also possible.
In addition, radiation can induce the emission of light from the
OF material. This effect is known as radiation induced emis-
sion (RIE), which occurs when a particle, traveling through the
material, generates the emission of photons through Cerenkov
or via the excitation/photoemission of point defects and/or
active doping centers [radioluminescence (RL)] [4].

On the one hand, these phenomena can be detrimental to the
performance of OF-based systems in harsh environments [5]
and many studies exist on the hardening techniques of OFs
for data links or sensing applications [1], [6], [7]. On the
other hand, the same effects are an asset for the monitoring of
radiation levels and dosimetry applications. In particular, OFs
can be characterized and used as radiation monitor/dosimeter
if their behavior fulfills some specific requirements [8].

In this study, some specialty OFs are investigated to target
dosimetry applications, in accelerators and space. These sol—
gel silica-based OFs material were previously studied and
proved having interesting detection efficiency under irradiation
at room temperature (RT) [9], [10], [11], [12], [13]. For
instance, a Ce-doped glassy rod showed a linear response
versus dose rate up to 30 Gy(SiOy)/s [14]. In addition,
Cu- [12] and Gd-doped [15] as well as CuCe-codoped fiber
materials [16] were developed and showed interesting features,
such as high detection efficiency and linearity of the RL
signal with the dose rate. It is important to mention that
those fiber material are radioluminescent under any kind of
ionizing particles and were tested under X-rays, gamma-rays,
and proton beam [12]. The PhLAM Laboratory (Lille, France)
developed silica-doped OFs based on those materials. These
fibers are composed of a central doped core surrounded by
a pure silica cladding. They have an outer diameter of about
125 pm, while the doped core section has a diameter of about
50 pm.

The tested fibers trigger interest in the accelerator sector
because they potentially allow for the monitoring of time-
dependent radiation environments within the accelerator com-
plex of CERN, as well as level of radiation in shielded
areas and experiments [17]. At CERN, we can expect radi-
ation levels in the range up to the MGy level over several
years, depending on the location, as well as dose rate up to
10~ Gyis.
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Furthermore, the investigated sensors are also good candi-
dates for space applications because of their high sensitivity
enabling low dose rate levels monitoring in manned and
unmanned missions. To provide such detection capabilities,
these sensors must be able to withstand the harsh space envi-
ronment characterized by total ionizing dose (TID) reaching
up to 5 kGy (most of the time in between 100 and 500 Gy),
dose rate within 107°-10~7 Gy/s, and temperature in the
range —200 °C to +300 °C (outside of the satellite with no
thermal control). For instance, such sensors could be used to
provide an early detection of radiation level increase due to
solar eruptions [18], allowing mitigating measures for sensitive
equipment [19], [20] (temporary shutdown for instance) or
humans (access to better-shielded areas of the spacecraft).

The real-time monitoring of the dose rate through the RL
is directly related to the linearity of the RL level with respect
to the dose rate. Consequently, it should be verified that this
dependence is strictly linear and not affected by spurious
mechanisms. For example, it is known that the RL level can
increase during irradiation at a constant dose rate. This effect
is called bright burn effect (BBE) [21]. This mechanism is
described by the detrapping of electrons staying at energy
levels with higher activation energy than the radioluminescent
trap levels [22]. A significant temperature dependence of the
RL was discovered and documented in [23], which defines
the need of temperature calibration in certain environments.
Such a temperature dependence was measured in glassy rods.
All the tests included in this study are performed at RT
(approximatively 22 °C), with a temperature variation small
enough to have a negligible impact on the RL with regard to
the temperature effects measured in [23].

To summarize, from the CERN application point of view,
the main point of concern is the BBE, while the temperature
dependence impact remains limited in most intended appli-
cations. From the space application standpoint, temperature
effects are a major concern even though the BBE is still
a major effect. Indeed, we have observed in a dataset not
included in this study that 50 Gy on a pristine sample is
enough to induce 5% BBE effect on the RL signal.

II. SENSORS AND METHOD
A. Silica Glass Sensors

The OF samples were prepared at the PhLAM Labora-
tory, within the FiberTech Lille platform, via the sol-gel
technique. This latter allows to conceive waveguides with
exotic composition not always accessible through chemical
vapor deposition processes. Some cylindrical porous silica
monoliths were synthetized, then soaked in cerium salts based
solution [14], dried before densification at 1200 °C under
helium atmosphere to increase the Ce3* concentration [24],
and thus the RL efficiency. This sol-gel process is used to
produce Ce-doped fiber and repeated using other dopants than
cerium (Cu and Gd) to produce the other fibers included in
this study. The concentration of cerium ions in the Ce-doped
and CuCe-doped fiber was estimated around 300 ppm, while
copper ions in Cu-doped and CuCe-codoped was estimated
to be around 250 ppm via electron microprobe analysis [16].
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Fig. 1. Experimental setup implemented, for RL and RIA measurements.
Optical fibers under test (FUT) are 1 or 5 cm long, and fusion-spliced to a
2-3-m RH-MM transport fiber toward spectrometers to measure either RIA
or RL response of the FUT.

The obtained cylinder was then drawn into a thin rod and
sleeved with a pure silica clad before being drawn a second
time to a cane. Finally, this silica preform was drawn at
2000 °C to obtain a 125-um-diameter fiber, with a 50-um
core diameter which is the sensitive area. The final steps of the
manufacturing included a coating with a low refractive index
polymer (DeSolite! DF-0016) to ensure the guiding properties
of the fiber as well as protective polymer for mechanical
strengthening.

B. Experimental Setup

For the experimental part of the study, we use two spec-
trometers: a QE65000 and a Jaz both from ocean optics. These
are both UV-Vis—NIR spectrometers. We also make use of a
DH-2000-BAL from ocean optics as a white light source
(WLS). A variable multimode optical attenuator (not reported
in Fig. 1) is used to reduce the light power injected in the
sensor 2 fiber, to limit the photobleaching effect. The light
power used in the RIA test is lower than 10 uW.

As described in Fig. 1, we run simultaneously the two spec-
trometers, and each of them connected to an uncoated pristine
sample of FUT via a radiation hardened multimode (RH-MM)
transport fiber. This fiber is fusion-spliced to the sample and
the length of the sample adjusted for each experiment. The Jaz
spectrometer is dedicated to the RL study. The ocean optics
QE65000 spectrometer is used to measure the RIA in the
second sample. For each experiment, sample one and sample
two have the same length, within 1-mm error.

For all experiments, we apply the same irradiation time
sequence: 8 h 20 min of irradiation, followed by a 5-h long
recovery (no radiation) and finally a last 1-h long irradiation.
The reason to perform a second short irradiation is to observe
the evolution of the RL and RIA when the fiber has already
been irradiated to be compared with the pristine fiber.

The samples are placed in the LABHX machine (at Hubert
Curien Laboratory), which provides an irradiation area of 10 x
10 cm? under 40-keV average energy X-rays, emitted via a
tube operated at 100 kV. In the rest of this work, all reported
dose rates are in SiO,. We expect a 10% accuracy on the dose
rate. To investigate the RL and RIA responses for different
fiber lengths and dose rates on the Ce-, Cu-, and Gd-doped

IRegistered trademark.
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TABLE I
EXPERIMENTAL CONDITIONS OF THE RL AND RIA MEASUREMENTS USED

FOR Ce-, Cu-, AND Gd-DOPED AND CuCe-CODOPED FIBERS
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Fig. 2. RL and RIA measurements at 500 nm versus dose (at two different
dose rates) on Ce-doped OF for (a) 1-cm-long and (b) 5-cm-long samples.
RL data are normalized to the response at 10 kGy. Both RIA and RL are
plotted in logarithmic scales.

and CuCe-codoped fibers, we carry out the tests according to
the set of conditions presented in Table I.

III. EXPERIMENTAL RESULTS

In the rest of this work, we present the results of the RL and
RIA measurements performed on the Ce-, Cu-, and Gd-doped
and CuCe-codoped fibers. We report them in the following
way: panel (a) in top part of the figure—we directly compare
the measurements of RL and RIA performed on 1-cm-long
samples, at 5 and 20 Gy/s. In panel (b) in the bottom part
of the figure, we show the measurements performed on 5-cm-
long samples at 5 and 0.5 Gy/s.

We normalize the RL signal to its amplitude at 10 kGy
(arbitrary choice), to be able to compare the dynamics across
different experiments. In the same figure, we plot on a second
y-axis, the RIA measurement (same sample length), under the
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Fig. 3. RL spectrum measured on Ce-doped fiber for different TID levels

shown as (a) 1-cm-long sample at 20 Gy/s and (b) 5-cm-long Ce-doped fiber
at 5 Gy/s. Data are normalized to their own maximum amplitude in the insets.

same irradiation condition. Both the RL and RIA are spectral
measurements thus, to plot the evolution of the RL and RIA,
we choose to plot the signal averaged around the wavelength
of the maximum amplitude of the RL emission band of each
fiber.

A. Ce-Doped Fiber RL and RIA Measurements

First, we performed the investigations on the Ce-doped fiber,
for which we plot the results in Fig. 2. All the data are
measured by averaging the signal over 5 nm around 500 nm,
which is close to the maximum of the RL emission band of this
fiber. In the case of 1-cm-long measurements, we can observe
that the RL signal increases significantly until a TID of a few
kGy and then reaches a saturation value above 100 kGy.

The saturation/stabilization of the RL signal maintains itself
within 0.2% from 100 kGy until at least 600 kGy. In parallel to
the RL, we observe an increase of the RIA, until a maximum
value located around a TID of 2 kGy. After that, the RIA (in
dB/m) decreases slowly and stabilizes after 100 kGy within
1.5%. For 5-cm-long samples reported in Fig. 2(b), the RL
signal increases at the beginning of the irradiation and then
decreases to a flex point at 2 kGy, before increasing again until
the end of the irradiation. We also noted that the maximum
amplitude measured for the 1-cm experiment under 20 Gy/s is
5 x 10* counts (arbitrary units), whereas we reach 3.5 x 10*
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Fig. 4. RL and RIA measurements at 550 nm versus dose on Cu-doped OF
for (a) 1-cm-long and (b) 5-cm-long sample. RL data are normalized to the
response at 10 kGy. Both RIA and RL presented in logarithmic scales.

counts (arbitrary units) for the 5 cm with 5 Gy/s. We would
expect in the second case 6.2 x 10* counts, but we can explain
the mismatch by self-absorption of the emitted light in the
5-cm-long sample.

A conclusion that can be made from the comparison of RL
and RIA dynamics is that the RIA levels observed in the 1-cm
experiment cannot explain by itself the RL variation. We can
deduce that in such short sample, the RIA is not dominating
the RL response. In the case of 5-cm-long sample, the RL is
correlated with the RIA evolution, which means that for such
length, the RIA plays a major role on the RL signal output
of the fiber. This is explained by the fact that the average
distance traveled by the light in long samples is longer than
that in short samples. Therefore, the impact of the RIA on the
signal is more important.

When focusing on the spectral data, as shown in Fig. 3(a),
the amplitude change of the RL highlighted in Fig. 2(a) is
clearly noticeable. However, when the spectra are normalized
to their maximum amplitude, it is observable that the change
in amplitude is not supported by any noticeable change in the
shape of the emission band even at doses of 600 kGy.

However, a slight change of shape is observable in long
samples data, as shown in Fig. 3(b), which supports the idea
of higher RIA effects in long samples.

B. Cu-Doped Fiber RL and RIA Measurements

In the case of Cu-doped fiber, the RL and RIA data are
measured at 550 nm and shown in Fig. 4.
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Fig. 5. RL spectrum measured on Cu-doped fiber for different TID levels
shown as (a) 1-cm-long sample at 20 Gy/s and (b) 5-cm-long Ce-doped fiber
at 5 Gy/s. Data are normalized to their own maximum amplitude in the insets.

In 1-cm-long sample testing reported in Fig. 4(a),
we observe an increase of the RL signal until 3 kGy, then
a decrease until the end of the irradiation. During the same
irradiation, the RIA increases monotonically until becoming
more stable toward the end of the irradiation within 2.3%
variation on the RIA from 150 to 600 kGy.

For 5-cm-long samples, the dynamics of the RL is very
similar. On the RIA side, we also observe a beginning of
saturation at 100 kGy. One can also note the higher RIA
levels observed in the Cu-doped fiber with respect to the
Ce-doped fiber, with maximum RIA levels in the order of
180 and 250 dB/m, respectively.

In the same way as shown for Ce-doped fiber, we note
that RIA impact on RL response is dominant only for the
longer sample. When inspecting the spectral data, presented
in Fig. 5(a), the amplitude change of the RL highlighted in
Fig. 4(a) is clear. However, when the spectra are normalized
to their maximum amplitude, it is observable that the change
in amplitude is accompanied by a small change in the shape of
the emission band. The shape of the spectrum below 520 nm
seems to change slightly. The same effects are observed in long
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sample data of Fig. 5(b), in a less important way because of
the smaller final TID.

C. CuCe-Codoped Fiber RL and RIA Measurements

Later, the same characterization was performed on the
CuCe co-doped fiber. The obtained data shown in Fig. 6 are
measured around 525 nm.

In this fiber, the radiation response is analogous to that of the
Cu-doped fiber. First, the RIA levels follow a similar trend and
reach comparable amplitudes for both short and long sample
lengths, with respect to that of Cu-doped fiber. Second, the
RL signal also follows a similar trend as Cu-doped fiber. It is
certainly explained by the presence of Cu dopants, which have
a predominant effect on the overall response of the fiber due
to its strong RIA contribution.

Regarding the spectral data, presented in Fig. 7(a), here
again, the change of amplitude of the RL highlighted in
Fig. 4(a) is clearly visible. Moreover, when the spectra are
normalized to their maximum amplitude, an observation can be
made: the change in amplitude is concomitant to a significant
change in the shape of the emission band. This change is
easily explained by the difference in the dynamics of the RL
responses of Ce- and Cu-centers, as shown earlier in singly
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Fig. 7. RL spectrum measured on CuCe-codoped fiber for different TID

levels shown as (a) 1-cm-long sample at 20 Gy/s and (b) 5-cm-long Ce-doped
fiber at 5 Gy/s. Data are normalized to their own maximum amplitude in the
insets.

doped samples. Indeed, at the beginning of the irradiation
(1 kGy), the maximum amplitude of the emission band is
located at a wavelength compatible with copper ion centers
(550 nm), whereas toward the end, the maximum amplitude
is around the wavelength of the cerium ions (500 nm).

However, in long samples, we observe a faster decrease at
lower wavelength of the spectra, which is compatible with
higher RIA effects in long samples.

D. Gd-Doped Fiber RL Measurements

Whereas the OFs doped with Ce, Cu, or a combination
of both compounds emit light in the visible domain, the
Gd-doped fiber emits light around 314 nm. The RL signal
data shown in Fig. 8 are measured at this wavelength.

In the 1-cm-long samples, it can be observed that the RL
signal increases until 2 kGy and decreases slowly afterward.
In between 2 and 100 kGy, the signal changes by less
than 10%. However, in the 5-cm-long samples, we observed
a different behavior. In the first part of the irradiation, the
signal decreases strongly until 5 kGy before reducing much
slower until 150 kGy. This could be explained by strong RIA
effects in the UV region, more effective in this case because
of the longer length of the sample. Unfortunately, due to
experimental limitations, it was not possible to perform an
RIA measurement in the UV-region on this fiber to verify this
hypothesis.
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When focusing on the spectral measurements displayed in
Fig. 9(a), we can observe a sharp RL emission band peak
centered at 314 nm and roughly 10 nm wide, characteristic
of Gd centers. We also clearly notice the decrease of ampli-
tude during the irradiation. At the same time, as shown in
Fig. 9(b), when normalizing the spectra obtained at different
TID, to their own maximum amplitude, we observe that there
is no noticeable effect of the irradiation on the spectral shape
of the emission.

E. RIA Spectral Data

To understand the impact of RIA effects on the RL,
it is important to know the spectral distribution of this phe-
nomenon. Generally, one can expect to have more RIA at
smaller wavelength, which is the case for the investigated
fibers.

In Fig. 10, we show the spectral data of the RIA measure-
ments on the Ce- and Cu-doped and CuCe-codoped fibers,
using a l-cm-long sample, at a TID of 600 kGy (dose rate
being 20 Gy/s). On the same figure, we also show the RL
spectra of these fibers to highlight to what RIA these spectra
are submitted.

One can notice in this figure that all spectra increase with
decreasing wavelength illustrating the observation made in
Figs. 3(a), 5(a), and 7(a), highlighting a noticeable impact
of the left side of the spectra with increasing TID, on long
samples. Additionally, the amplitude reached by Cu-doped and
CuCe-codoped is significantly higher than that of Ce-doped
fiber.
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F. Ce- and Cu-Doped Fiber RL Responses After Recovery
Time

In Fig. 11, it is interesting to note that when we start the
second irradiation, the response of the Ce-doped and Cu-doped
fibers restarts at the same level of the first irradiation (within
0.5% and 3%, respectively), after several hours recovery time.

Howeyver, even if the RL levels before and after irradiation
are comparable, we can observe that the RL signal on the
Cu-doped fiber increases by a few percentage, for a short time
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a recovery time of 5 h, a second irradiation of 72 kGy at the same dose
rate is carried out. Both measurements are normalized to their own maximum
amplitudes.

at the beginning of the second irradiation. This is probably
due to some annealing effect occurring in the fiber during
the recovery. Consequently, the Ce-doped fiber has the best
performances in terms of stability of the RL signal during the
first irradiation and compatibility of the amplitude before and
after recovery.

IV. DISCUSSION

In the fibers investigated in this work, we observe a simul-
taneous increase of the RL and RIA at the beginning of the
irradiation run, which provides strong evidence of the increase
of the RL efficiency of the fibers in this first phase. Indeed,
at fixed dose rate if the RIA increases, an increase of the RL
clearly can physically only be explained by an increase of the
RL efficiency.

In the Ce-doped fiber, for 1-cm-long samples, the RL
reaches a very stable response after 100 kGy, which is compat-
ible with the fact that the RIA becomes also more stable. This
stabilization of the RL response after a 100-kGy preirradiation
is very interesting for dosimetry applications, because after
this simple operation, the fiber keeps its stable response for
several hundreds of kGy, after several hours of recovery time.
This strongly suggests that this stabilization could work at long
term. In other words, a preirradiation needs to be included in
the calibration process of such sensors for future dosimetry
applications, for doses higher than few tens of Gy. In addition,
for long samples, we show that RIA plays a bigger role in
the RL response dynamics than in short samples, because
the emitted photons cross a longer path in the sample (on
average) before collection by the transport fiber. Thus, making
use of the highly efficient short OF sensor coupled with high
efficiency detector is a better option to keep under control RTA
effects.

In the Cu-doped fiber, we observe a decrease of the
RL signal during the second phase of the irradiation

1923

(from 100 to 600 kGy). In some cases, this is explained
by the fact that the RIA levels continue to increase, but
in certain cases (see Fig. 4), we observe a decrease of the
RL signal even when the RIA level becomes more sta-
ble. This observation strongly suggests a decrease of the
RL efficiency in this fiber with increasing TID, at least
after 100 kGy. Indeed, if the RIA remains stable while the
RL decreases, it can only be explained by a decrease in
RL efficiency.

The kinetics of the RL response in the CuCe-codoped
fiber is similar to that observed in the Cu-doped fiber, which
indicates that the Cu-dopants have a predominant effect in
the overall response of the OF sensor. Additionally, spectral
measurement in short samples has shown that the shape of
the RL emission bands of both Ce- and Gd-doped fibers
does not change significantly during the irradiation, whereas
we observe a slight change in Cu-doped sample and a more
important one in CuCe-codoped fiber. We can observe in this
latter fiber a change of the RL emission spectrum due to the
relative intensity changes of Cu- and Ce-centers emissions.
This is highlighted by comparing the evolution of the RL
spectra at several doses in CuCe-codoped and Ce- and Cu-
doped fibers. Furthermore, spectral measurements on long
samples support the idea of dominating RIA effects in long
OF sensors.

The Gd-doped fiber has also shown strong dynamics in the
RL response during the irradiation and a limited improvement
in the stability of the response after a 100-kGy preirradiation
(stable within 5% between 10 and 100 kGy). This stabilization
is not comparable to the result obtained in Ce-doped fiber,
where the preirradiation is more effective, over a larger dose
range.

V. CONCLUSION AND OUTLOOK

We experimentally investigated the RL and RIA levels
in differently doped OFs, for different fiber lengths, under
different dose rates, to understand the combined effects of RIA
and RL. A variation of the RL response with TID was observed
in the tested fibers and is explained by combined RIA and RL
efficiencies variations.

Furthermore, we identified a stabilization of the RL response
of Ce-doped fiber after 100 kGy, which is very interesting
from an application point of view, since it means that a
preirradiation of the sample could allow the use of this
fiber for radiation monitoring without significant change of
its calibration. In addition, this effect remains effective after
several hours of recovery, which indicates that this procedure
could work over a long period of time.

The same effect was observed in the other fibers included in
this study, but the 1-cm-long sample of Ce-doped fiber remains
the best OF sensor candidate in terms of stability of the RL
response during irradiation.
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