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ABSTRACT

We investigated the nature, optical properties, and decay kinetics of point defects causing large transient attenuation increase observed in
silica-based optical fibers exposed to short duration and high-dose rate x-ray pulses. The transient radiation-induced attenuation (RIA)
spectra of pure-silica-core (PSC), Ge-doped, F-doped, and Ge + F-doped optical fibers (OFs) were acquired after the ionizing pulse in the
spectral range of [∼0.8–∼3.2] eV (∼1500–∼380 nm), from a few ms to several minutes after the pulse, at both room temperature (RT) and
liquid nitrogen temperature (LNT). Comparing the fiber behavior at both temperatures better highlights the thermally unstable point
defects contribution to the RIA. The transient RIA origin and decay kinetics are discussed on the basis of already-known defects absorbing
in the investigated spectral range. These measurements reveal the importance of intrinsic metastable defects such as self-trapped holes
(STHs), not only for PSC and F-doped fibers but also for germanosilicate optical fibers as clearly evidenced by our LNT measurements.
Furthermore, our results show that fluorine co-doping seems to decrease the RIA related to the strain-assisted STHs absorption bands in
both types of optical fibers. Regarding Ge-doped glasses, besides a description of the defects responsible of the RIA, highlighting the STHs’
role in their transient response, we provide a clear correlation between the GeX and GeY centers’ kinetics. In conclusion, the presented
results improve our understanding of the transient RIA origin in the ultraviolet and visible domains. The lack of knowledge about the
defects causing the RIA in the near-infrared domain will require future studies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014165

I. INTRODUCTION

The continuous development of new optical fiber (OF) classes
has motivated the research community to apply them to different
and innovative technological domains such as telecommunications,
innovative sensors for structural health monitoring, diagnostics,
and even radiation dosimetry.1–3 Furthermore, in recent years, OFs
are more commonly used in systems or sub-systems having to
operate in severe radiation-rich environments, e.g., in space mis-
sions.4,5 This interest is explained by the fact that optical fibers
globally present a good tolerance to ionizing and non-ionizing
radiations compared to microelectronic technologies and are also
immune to most electromagnetic perturbations. As a consequence,

optical fibers are used for a variety of needs in fusion-devoted facil-
ities such as the Laser Mégajoule in France and the National
Ignition Facility in the USA.6–10 For these infrastructures, the
plasma and laser fiber-based diagnostics have then to survive a
series of ignition shots that will be associated with a burst of x-rays,
γ-rays, and 14MeV neutrons.11 Under transient radiation exposure,
the waveguide transmission capability is strongly reduced by the
radiation-induced attenuation (RIA) phenomenon as well as by
parasitic light generation through radiation-induced emission
(RIE). The origin of these deleterious effects comes from point
defect generation in the silica-based fiber core and cladding absorb-
ing light through inter-band electronic levels.4,12–14 Accordingly,
studying the basic mechanisms governing the generation and the
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recovery of those point defects remains crucial to better understand
the fiber response. Basically, we can estimate its vulnerability for its
given profile of use and, when needed, to propose ways to improve
its radiation tolerance to fulfill the application requirements. In
order to enhance our understanding of the basic mechanisms
explaining the fiber radiation response, it is crucial to have a com-
plete knowledge of all the fiber intrinsic parameters known to
influence its radiation response, such as its core and cladding com-
position, the potential treatments applied on either the preform or
the fiber.4,5 This is why, instead of using commercial samples for
such studies, it is preferable to use the so-called “canonical
samples”12,13,15 that are manufactured specifically for these studies,
knowing all their details, while having similar radiation responses
to the same type of commercial ones. Moreover, controlling the
manufacturing parameters enables us to adapt the refractive index
profile through fiber doping and highlight the influence of a
co-dopant, such as fluorine in this study. The PSC and Ge-doped
fibers represent the most radiation tolerant fibers14 for the environ-
ments associated with steady state ionizing irradiation (such as
those encountered in space and nuclear industry) while those con-
taining Al or P present RIA levels largely higher and can only be
used for radiation detection or dosimetry applications.14,15 It is
interesting to note that under transient irradiation (pulsed irradia-
tion), such as the one associated with ignition experiments at LMJ
or NIF, the PSC and Ge-doped fibers still present the best perfor-
mances at longer times after the shots, as depicted in Fig. 1 of
Ref. 16. However, at earlier times, where most of the diagnostics
have to operate, the RIA levels could be higher than in the P-doped
optical fiber due to the generation of room temperature metastable
defects with strong absorption levels.14–17 To overcome the com-
plexity to study the fibers’ response at the shortest times, it is possi-
ble to lower the irradiation temperature (LNT in our experimental
conditions), thereby slowing down the decay kinetics of these
metastable defects. Decreasing the irradiation temperature allows
studying the RT metastable defect contribution (impacting at time
<1ms at RT) even with a temporal resolution around hundreds of
milliseconds. The PSC OFs have been investigated in similar experi-
mental conditions,16,18–21 highlighting the strong contribution of
the STHs’ related absorption bands14,20–24 and of chlorine impuri-
ties.25,26 The Ge-doped OFs still deserve such investigation since
they are the most used waveguides for telecommunications or
sensing with fiber Bragg gratings thanks to their ultraviolet photo-
sensitivity, related to the physics of GeX, Ge(1), and GLPC14

defects. It is known that the germanosilicate OFs radiation response
at RT is more driven by Ge-related defects27–30 than by Si-defects
and that most of them are associated with absorption bands
peaking in the UV14 spectral domain. An increase in attenuation
under steady state ionizing radiation was observed at LNT, suggest-
ing the presence of transient defects such as STHs.15,31 The hypoth-
esis of the STHs’ presence in the Ge-doped OFs justifies their
transient response investigation, especially if compared to PSC OFs
for which the STH key role on the fiber darkening at LNT is now
widely accepted. Furthermore, the present study also investigates
the fluorine doping influence on its radiation response. It is well
known from previous studies that fluorine could reduce the
number of precursor sites such as the strained Si–O–Si bonds that
are converted into strain-assisted (s-a) STH defects under radiation

exposure.32,34 The purpose of the present work is to study the RIA
kinetics after the x-ray pulse, evaluating the PSC, F-doped,
Ge-doped, and Ge + F-codoped OFs. The investigation was per-
formed analyzing the observed differences in terms of RIA levels
and kinetics at RT and LNT in the spectral range between ∼0.8 eV
and ∼3.2 eV (∼1500–∼380 nm) and in a time window of hundreds
of seconds. Moreover, the RIA spectra were decomposed using a
set of Gaussian bands related to already known defects to identify
the center structure causing this excess loss.

II. EXPERIMENTAL SETUP

The pulsed ∼1MeV x-ray radiation responses of our fibers
were characterized using the ASTERIX facility from CEA35 (pulse
duration around tens of nanoseconds) simulating the dose rates
associated with the ignition shots at megajoule class laser facili-
ties.36,37 These experimental conditions lead to very high dose rates
(>1MGy/s) and moderate accumulated doses [on the order of
∼10 Gy(SiO2)]. The dose and dose rate are adjusted by varying the
distance between the x-ray source and the fiber under test.

The online RIA measurements allow us to characterize the
transient fiber response as a function of time, from a few millisec-
onds to a few minutes after the x-ray shot. We characterized several
canonical optical fibers from iXblue manufacturer,38 with varying
core compositions: PSC, F-, Ge-, and Ge + F-doped fibers. In
Figs. 1(a) and 1(b), the fluorine and germanium radial distributions
in the F- and Ge-doped samples, respectively, as measured by
energy dispersive x-ray analysis (EDX) are reported.

The F content in the fluorine doped sample cores is
∼0.25 wt. % and ∼0.1 wt. % for the F-doped and Ge + F-codoped
OFs, respectively. The germanium content in both Ge-doped fiber
cores under test (FUT) is around 8.5 wt. %. For the Ge + F canoni-
cal sample, the F content and distribution were chosen to present
the same refractive index profile than the Ge-doped OF. For all the
samples, the SiOH groups’ concentration is below 10 ppb. This
threshold, given by the manufacturer, is deduced from the fact that
no 1380 nm absorption peak could be detected in the manufactured
samples. The chlorine impurities concentration has been measured
by energy-dispersive x-ray (EDX) spectroscopy and is around
0.2 wt. % in the whole set of samples, while the other impurities are
below the 100 ppm, limit of the EDX analysis. Fiber characteristics
are summarized in Table I.

The experimental setup is depicted in Fig. 2: the fiber is coiled
within a 80mm diameter and its length is adjusted with respect to
expected radiation sensitivity. As shown in Fig. 2, the FUT are
connected with FC-PC connectors to rad hard fiber pigtails allowing the
transport of the signal between the instrumentation and the irradiation
zones. FUT’s input ends are connected to a white light Deuterium–
Halogen source (Ocean Optics DH-200-BAL) and their outputs to mini-
ature spectrometers (Maya 2000 spectrometers for the UV-Vis measure-
ments and the NIR512 spectrometer for IR measurements, both from
Ocean Optics), within tenths of milliseconds resolution time.

For LNT measurements, the fibers were located in a container
filled with liquid nitrogen: the experiments started after full fiber ther-
malization. In order to guarantee the same dose and dose rate for the
measurements in both UV/visible and near-IR ranges, these data
acquisitions were performed simultaneously (during the same shot).
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III. EXPERIMENTAL RESULTS

Figures 3(a) and 3(b) report the RIA spectra acquired 1 s after
the x-ray pulse, between 380 nm and 1500 nm for the four fibers, at
RT and LNT, respectively. At RT [Fig. 3(a)], the fibers’ RIA spectra

seem to be explained by the tail(s) of UV absorption band(s). For
the PSC OF, the involved defects are probably those associated with
chlorine impurities and a small contribution from both SiE0 and
NBOH39,40 centers, having absorption bands centered at ∼215 nm
and ∼260 nm. It is important to underline that the main contribu-
tor in the UV part of the investigated spectral range is due to the
Cl-related defects, as already observed in Refs. 33 and 41 for other
irradiation conditions on the same samples, where above 3 eV, it
was observed that the SiE0 and NBOHC contributions to the RIA
remain negligible. While for Ge-doped fibers, we can have the con-
tributions of GeX and Ge(1) centers with absorption signatures
around 475 nm and 280 nm, respectively. Despite the different
origins for RIA, the various fiber induced loss levels are compara-
ble. The F co-doping impact differs for the PSC and Ge-doped
fibers: the RIA of the F-doped and the PSC OFs show only a slight
difference, whereas the Ge + F-doped OF is more radiation tolerant
than the Ge-doped one.

At LNT [Fig. 3(b)], the RIA levels and spectra are different
compared to RT results. The RIA spectra are more defined as
losses are higher, highlighting new spectral features more clearly,
probably composed of more bands, around 500–600 nm. These
new profiles can be explained by the major contribution of new
absorption bands, as already observed under pulsed and steady
state x- and γ-rays.15,20,21,42 At least for the PSC, these bands were
interpreted as the manifestation of STHs at low temperature. STHs
are associated with several absorption bands peaking between 1.6–
1.88 eV and 2.16–2.6 eV. The absence of these defects in the
spectra at RT can be explained by their strong instability in these
conditions and the disappearance of their contribution within a
millisecond time scale.

At LNT, the RIA observed for the Ge- and Ge + F-doped OFs
is at least one order of magnitude higher compared to RT measure-
ments. The RIA increase is observed even for the PSC and F-doped
OFs: RIA at LNT is about three times higher than at RT. All these
observations are confirmed even for longer times, as highlighted by
the 650 nm RIA decay kinetics shown in Figs. 4(a) and 4(b) at RT
and LNT, respectively. The ability of LNT to slowdown the defect
decay kinetics is obvious: the PSC RIA is reduced by a factor of 10
at RT in the 100 ms–100 s time window, while at LNT, RIA is only
reduced by a factor of 2 over the same period.

FIG. 1. (a) Fluorine and (b) germanium radial distributions in the F-doped and
Ge-doped samples, respectively, measured by EDX analysis.

TABLE I. Samples, dopant nature and amounts in the core, used sample lengths for irradiation tests, Δn, core, cladding and coating dimension, and the initial loss measured
at 1310 nm.

Fiber PSC F-doped Ge-doped Ge + F-doped

F content in the core (wt. %) None 0.25 None 0.1
Ge content in the core (wt. %) None None 8.5 8.5
UV/visible RT length (m) 10 10 1 10
Near-IR RT length (m) 50 50 10 50
UV/visible LNT length (m) 1 10 1 1
Near-IR LNT length (m) 1 50 10 50
Δn (×10−3) 5.3 5 9 9
Core dimension (μm) 62.5 42.5 62.5 62.5
Cladding dimension (μm) 125 125 125 125
Coating dimension (μm) 250 250 250 250
Initial loss @ 1310 nm (dB/km) 10 6 2 2
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IV. DISCUSSION

A. PSC and F-doped OFs

To highlight the difference between the RIA spectra acquired
at both temperatures and to better determine the fluorine doping
influence on the induced losses, we reproduced the RIA spectra
using decomposition based on a set of Gaussian functions

representing the point defects’ absorption bands already discussed
in the literature. A Gaussian band is defined by

G(x) ¼ A
2

ffiffiffiffiffiffiffiffiffiffi
ln(2)

p
ffiffiffi
π

p
FWHM

e
� 2

ffiffiffiffiffiffi
ln (2)

p
FWHM (x�xc)

h i2

,

where A is the band area, xc is the center of the optical absorption
(OA) band, and FWHM is the full width at half maximum.

FIG. 2. Experimental setup for online RIA measurements at ASTERIX pulsed x-ray facility.

FIG. 3. RIA spectra recorded 1 s after the x-ray pulse at RT (a) and at LNT (b)
at ∼10 Gy(SiO2) of the accumulated dose: PSC OF in black line, F-doped OF
in red, Ge-doped OF in blue, and Ge + F-doped OF in magenta.

FIG. 4. Post-pulse recovery kinetics for the four different optical fibers at
650 nm at ∼10 Gy(SiO2) of the accumulated dose at RT (a) and LNT (b): PSC
in black, F-doped in red, Ge-doped in blue, and Ge + F-doped in magenta.
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The fitting routine consists in using a set of Gaussian bands
with fixed parameters, such as the center of the Gaussian and its
FWHM, taken from Ref. 14. The Gaussian area is the free parameter
and is proportional to the defect’s concentration and oscillator
strength. The obtained results are reported in Table II and Fig. 5 for
both the PSC and the F-doped fibers. Point defects for which the
optical absorption band area is under the detection limit of our anal-
ysis are not reported. They may exist in the irradiated optical fibers
but do not contribute significantly to the measured RIA.

At RT, as illustrated in Figs. 5(a) and 5(c), the spectrum in the
UV/visible range is quite well reproduced with a limited set of spe-
cific defects associated with chlorine impurities (Cl0 and Cl2 and
their absorption bands at 3.26 eV and 3.78 eV, respectively) and the
inherent STH1 (absorption band at 2.6 eV). The same decomposi-
tion is valid for both fibers: a higher relative contribution of

Cl-related defects is observed in the F-doped fiber, justifying the
slightly higher RIA level in the UV for this fiber [see Fig. 3(a)].
Nevertheless, a lack of knowledge regarding the RIA contribution
in the NIR is obvious, resulting in an underestimation of the RIA
in this spectral range by the theoretical curve using the available set
of defects.

As mentioned above and shown in Figs. 5(b) and 5(d) for the
LNT measurements, the new spectral features between ∼1.5 eV and
∼2 eV are attributed to the STHs’ related absorption bands, such as
the strain-assisted STH2 peaked at 1.63 eV, the strain-assisted STH1

peaked at 1.88 eV, and the inherent STH2 peaked at 2.16 eV.
These absorption bands are strongly unstable at RT and are

typically observed at low temperature in these experimental condi-
tions.15 Moreover, the inherent STH1 amount increased by a factor
of ∼3 for both samples. These results, consistent with those
observed in Ref. 15, show a decrease in the Cl0 band contribution
for both fibers at LNT, thereby supporting the hypothesis from
Griscom et al. of the inter-dependence between STHs and Cl0

defects.43 Even at LNT, it is not possible to reproduce the RIA
profile in the NIR, as depicted in Figs. 5(b) and 5(d), as for the
RT measurements: below ∼1.5 eV, the fitting curve does not
match the experimental data. The missing contribution, especially
at LNT, could be one of the non-Gaussian absorption bands,
the so-called low-temperature-infrared-absorption (LTIRA), attrib-
uted to strain-assisted STHs.20,24 In fact, the difference between the
theoretical function and the experimental data is higher at LNT,
where the appearance of the strain-assisted STHs’ bands is more
probable. A recent work44 attributes this discrepancy to new
absorption bands linked to the STH and peaking around 1 eV (not
used in our decomposition). Therefore, the above-mentioned
fitting routine allows the experimental data reproduction, up to

TABLE II. Parameters of the Gaussian absorption bands associated with a variety
of pure silica related defects. This set, from Ref. 14, serves to reproduce the
acquired RIA spectra.

Defect

OA
peak
(eV)

FWHM
(eV)

PSC
RT

(dB/m)

PSC
LNT

(dB/m)

F-doped
RT

(dB/m)

F-doped
LNT

(dB/m)

S-a STH2 1.63 0.6 0.10 0.07
S-a STH1 1.88 0.5 0.13 0.10
STH2 2.16 0.6 0.50 0.30
STH1 2.61 1.2 0.50 1.60 0.50 1.30
Cl0 3.26 1.2 2.40 0.70 5.00 0.04
Cl2 3.78 0.7 2.90 0.90 6.00 2.10

FIG. 5. Decomposition of the RIA
spectra measured 1 s after the x-ray
pulse, at ∼10 Gy(SiO2) of the accumu-
lated dose, for the PSC [(a) RT and (b)
LNT] and for the F-doped [(c) RT and
(d) LNT] fibers: open circles are the
experimental data, red lines are the
global fitting functions, the brown and
gray lines are the strain-assisted STH2
and strain-assisted STH1 contributions,
green and blue are the inherent STH2
and inherent STH1, and orange and
purple are the Cl0 and the Cl2 defect
contributions.
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1.5 eV, at both temperatures within a 10% error, as highlighted in
Fig. 6, where the normalized residuals between the experimental
data and the global fitting function are reported. The discrepancy
in the NIR spectral range lies between 40% and 80% at RT and

even 100% at LNT for the longer wavelengths. In this spectral
domain, data could not be fitted by only one Gaussian curve, sup-
porting the hypothesis made in Ref. 44. Clearly, further studies are
still needed to clarify this contribution.

B. Ge- and Ge + F-doped OFs

The same fitting procedure was employed to better analyze
the Ge- and Ge + F-doped optical fibers, as depicted in Fig. 7. In
this case, the set of defects comprising both Si- and Ge-related
defects, from Ref. 14, was used, and their main characteristics are
given in the Table III. At RT [Figs. 7(a) and 7(c)], the experimental
data are quite well reproduced using the GeY OA band at 1.38 eV30

and by the defect tails with absorption bands in the UV: GeX at
2.6 eV, the so-called “transient defect” (TD) at 3.26 eV, already
observed after x-ray pulses,14,45 and of Ge(1) defect absorbing at
4.4 eV. By comparing the Ge and Ge + F fibers, it is observed, con-
trary to the Ge(1) contribution, that it increases by a factor of 2
(even if this band with the peak far away from the experimental
data has a higher uncertainty in the fitting routine), a general
decrease in the defect contributions for the Ge + F fiber, justifying
its higher radiation tolerance noted at RT in Fig. 3.

Even at LNT [Figs. 7(b) and 7(d)], the discrepancy between
the experimental data and the fit remains within the experimental
data dispersion, meaning that the set of defects is able to reproduce
the RIA spectra. As already observed previously,15,20 at low temper-
ature, the RIA of the Ge-doped OF increases showing a strong tem-
perature dependence of defect stabilities. Furthermore, the large
differences in the RIA spectra are explained by the appearance of

FIG. 6. Normalized residuals between the experimental RIA data and the global
fitting function: in black for the PSC OF at RT, in red for the F-doped OF at RT,
in blue for the PSC OF at LNT, and in magenta for the F-doped OF at LNT. The
green and the orange dashed lines are guide lines for ±10% and 0%,
respectively.

FIG. 7. Decomposition of the RIA
spectra measured 1 s after the x-ray
pulse, at ∼10 Gy(SiO2) of the accumu-
lated dose, for the Ge-doped OF [(a)
RT and (b) LNT] and for the
Ge + F-doped OF [(c) RT and (d) LNT]:
open circles are the experimental data,
the red line is the global fitting function,
pink is the Ge-STH contribution, yellow
is the GeY band, brown and gray are
the strain-assisted STH2 and
strain-assisted STH1 contributions,
respectively, green is the inherent
STH2 absorption band, blue is the GeX
contribution, magenta is the transient
defect, and dark gray is the Ge(1)
absorption band.
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new absorptions bands, especially around ∼1.5 eV and ∼2.0 eV,
that are not related to known Ge-defects. As hypothesized in
Ref. 15, the strain-assisted STHs appear to be good candidates to
fill this discrepancy, having absorption bands in this spectral
domain.

Indeed, these absorption bands were employed in our fitting
routine, leading the theoretical function to quite well reproduce the
experimental data. However, as expected, the transient defects
present a much lower relative contribution to the total RIA at LNT,
while the Ge(1) contribution decreases by a factor of 4; both
defects start to be below our sensitivity threshold for the Ge-doped
fiber while remaining discernable in the Ge + F-doped fiber
response. The involved STHs’ absorption bands are the Ge-STH
ones that peaked at 0.54 eV, whereas those of strain-assisted STH2

and strain-assisted STH1 peaked, respectively, at 1.63 eV and
1.88 eV and the inherent STH2 at 2.16 eV. The strain-assisted
defects present a slightly lower area in the Ge + F-doped fibers, this
may be explained by a precursor site concentration decrease due to
F-doping.33,34 The inherent STH1 absorption band is not needed to
reproduce our experimental data. This could be explained by the
OA band overlap with the GeX one, in any case both defects
should present similar temperature dependence. At the present
analysis stage, it is difficult to discuss the exact temperature depen-
dence of Ge-related defects. For example, our results regarding GeX
differ from those of Ref. 30, where the authors observed an oppo-
site trend, with an increase in GeX concentration with the tempera-
ture. However, it should be reminded that the irradiation
temperature effect on a single defect behavior is strongly dependent
on irradiation conditions (dose, dose rate, and temperature) and
could then have either a negative or positive impact on the RIA
depending on the exact test conditions [this is more discussed in
Ref. 46 for the Ge(1) case]. More systematic experiments are then
needed to clarify the defect dependencies as a function of irradia-
tion temperature.

The quality of the fit is acceptable in the whole spectra, high-
lighting that the presence of germanium in the core prevents the
unknown Si-related defect formation involved in the PSC and
F-doped fiber responses. This is obvious from the normalized
residuals between the experimental data and the global fitting

function, as reported in Fig. 8, in which the fit procedure quality is
within ±10% for the whole spectral range.

C. Point defect kinetics

Applying the same fitting routine to all the recorded spectra
up to 200 s after pulse (from 2000 to 20 000 spectra depending on
the integration time on the order of tens of ms), it becomes possi-
ble to study the kinetics of each defect instead of the one of the
total RIA at a given wavelength. For times longer than 200–300 s,
the RIA value is closer to our detection limit, making the fitting
routine less robust, and then these longer times were not been con-
sidered in our analysis. For the first 200 s after the shot, it was pos-
sible to achieve decomposition for the same spectral range
(depending on each fiber type) keeping the same fitting quality
than the one illustrated for the spectra acquired at 1 s after the
pulse. After this analysis, we are then able to plot the intensity time
evolution of each optical absorption band, highlighting the behav-
iors of different point defects. The obtained kinetics are illustrated
in Figs. 9 and 10. Indeed, we reported the normalized decay kinet-
ics of various point defects identified in PSC and F-doped OFs at
RT and LNT in Fig. 9. Furthermore, the different kinetics are
studied with the fractal formalism proposed by Griscom et al. in
Ref. 47 by the following equation:

N[(kt)β] ¼ N(0)e�(kt)β ,

where N[(kt)β] is the defect concentration at a given time t, k is the
decay-rate parameter, and β is linked to diffusion-controlled reac-
tions and its value ranges between 0 and 1. The best fit curves are
depicted in Fig. 9 for the defects involved in the fitting procedure.

TABLE III. Parameters of the Gaussian absorption bands associated with a variety
of Ge- and Si-related defects. This set, from Ref. 14, was used to reproduce the
acquired RIA spectra.

Defect

OA
peak
(eV)

FWHM
(eV)

Ge RT
(dB/m)

Ge
LNT

(dB/m)

Ge + F
RT

(dB/m)

Ge + F
LNT

(dB/m)

Ge-STH 0.54 0.35 0.014 0.01
GeY 1.38 0.71 0.006 0.48 0.002 0.3
S-a STH2 1.63 0.60 0.20 0.14
S-a STH1 1.88 0.50 1.90 1.4
STH2 2.16 0.60 3.00 3.0
GeX 2.60 0.97 0.60 16 0.15 8.0
TD 3.26 1.30 1.9 0.81 5.0
Ge(1) 4.40 1.20 180 200 54

FIG. 8. Normalized residuals between the RIA experimental data and the global
fitting function: black for the Ge-doped OF at RT, red for the Ge + F-doped OF,
blue for the Ge-doped OF at LNT, and magenta for the Ge + F-doped OF at
LNT. The green and the orange dashed lines are guide lines for ±10% and 0%,
respectively.
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For a few defects listed in Table II, those decay kinetic parameters
are too noisy in our test conditions to be analyzed in this paper.

There is a good quality fit for all the extracted defect kinetics
at both temperatures, highlighting how the fractal model could well

describe the experimental results. Comparing RT and LNT data, it
is obvious that the additional STH-related absorption band
contributions (STH2, strain assisted STH1, and STH2) explain the
different RIA spectra shapes at both temperatures. The different

FIG. 9. Normalized decay kinetics of
the defects as extracted from the fitting
routine, at ∼10 Gy(SiO2) of the accu-
mulated dose, for the PSC and
F-doped fibers, at RT (a) and (c) and
at LNT (b) and (d). The lines in color
are as follows: black is the STH1, red
is the STH2, blue is the strain-assisted
STH1, magenta is the strain-assisted
STH2 and in orange the Cl0. The
dashed lines are the fits relative to the
overlapped defects kinetics.

FIG. 10. Normalized decay kinetics of
the defects as extracted from the fitting
routine, at ∼10 Gy(SiO2) of the accu-
mulated dose, for the Ge- and
Ge + F-doped samples, at RT (a) and
(b) and at LNT (c) and (d). The lines in
color are follows: black is the GeX, red
is the STH2, blue is the strain-assisted
STH1, magenta is the strain-assisted
STH2; green is the GeY, and dark
yellow is the Ge-STH. The dashed
lines are the fits relative to the over-
lapped defects kinetics.
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kinetics reflect the irradiation temperature slowing down effect:
indeed, the difference is due probably to defects that could be
present at RT too but are unstable and bleached in a time scale
faster than the current experimental measurement setup. Their
contribution to RIA at RT consequently appears negligible.

In a similar way, the defect decay kinetics responsible for the
RIA in Ge- and Ge + F-doped fibers at both temperatures were
extracted. The obtained results are reported in Fig. 10 with the cor-
responding fit obtained using the fractal model. At LNT, the
Si-STH-related absorption bands have the highest recovery rate,
while the Ge-STH seems more stable. The STH-defect instability
shows their contribution to be negligible in the RIA spectra of the
Ge- and Ge + F-doped optical fibers at RT. To better compare the
different kinetic behaviors, the best fitting values are listed in
Tables IV–VI, reporting, respectively, the values of N(0), k, and β.
It is important to note that the N(0) value in Table IV is the one
obtained before applying the normalization routine.

The N(0) values are proportional to the defect concentrations
after the x-ray pulse. Coherently with what is expected, the kinetic
decay rate, described by the k value, is higher for the faster kinetics.
In particular, this parameter can quantify the temperature slowing
down effect in the defect kinetics. Indeed, comparing the centers
observed at both temperatures, the variety of Si- and Ge-related
defects present k values higher than 102 s−1 at RT, while at LNT,
these values are lower than 1 s−1.

A very important feature shown by our analysis involves the
similarity between the GeX and GeY kinetics in both germanosili-
cate fibers and at both temperatures, as highlighted by the close
values for the parameters given in Tables IV–VI. Even if the tem-
perature strongly affects the recovery rates, the two defects follow
the same kinetics. To better highlight this relationship between
these two defects, not yet identified, we investigate the GeY absorp-
tion band area dependence on the GeX area, as depicted in Fig. 11.

These results show a good linear dependency between the
GeY and GeX kinetics for all the tested conditions and fibers. Even
if dedicated experiments are needed to determine the nature of this
relationship, two hypotheses could be suggested to explain this
linear tendency: the first one is that the two defects could be gener-
ated from the same precursor site and could also recombine; the
second one is that the two absorption bands could indeed be
related to the same defect structure.

It could be interesting to compare this behavior with the
observations done in Ref. 30 under γ-ray steady state irradiation, in
which an anti-correlation has been clearly shown between the
intensities of the GeX and GeY absorption bands as a function of
the temperature of irradiation. This apparent contradiction could
be understood considering different thermal bleaching efficiencies
for the two defects generated simultaneously from the same precur-
sor site. The first hypothesis seems then more probable than the
second that could not explain the results in Ref. 30. According to
this framework, under pulsed ionizing irradiation, the same precur-
sor site generates both GeY and GeX defects, and these defects
mostly recover by direct recombination, justifying the linear corre-
lation of the recovery kinetics at fixed temperature. Under steady
state irradiation and varying the temperature of irradiation, it is
evident30 that an additional process related to thermal bleaching
should be considered. The GeY bleaching is more efficient than the
one of GeX (almost flat as a function of the temperature in the
tested range), justifying that an anti-correlation between GeX and
GeY can be observed as a function of the irradiation temperature.

From our dataset, finally, it appears possible to study in more
depth the STHs’ impact on the Ge-doped fiber radiation responses
at LNT. To this purpose, Fig. 12 compares the kinetics of the nor-
malized STHs’ kinetic areas of all the tested canonical samples.
Furthermore, since the GeX absorption band overlaps strongly with
the STH1 one, assuming the same behavior during the fitting

TABLE IV. Best N(0) fit values obtained before the normalization routine, used to
reproduce the kinetics in Figs. 9 and 10, respectively.

N(0) (dB/m)
STH1/
GeX STH2

s-a
STH1

s-a
STH2 GeY Cl0 Ge-STH

PSC (RT) 3 3.3
PSC (LNT) 1.05 0.29 0.08 0.18
F (RT) 6 19
F (LNT) 1.26 0.4 0.18 0.13
Ge (RT) 14 0.3
Ge (LNT) 10 8.2 3 0.83 0.6 0.02
Ge + F (RT) 7.6 0.1
Ge + F (LNT) 9.8 3.4 1.4 1.2 0.3

TABLE V. Best fit k parameter used to reproduce the kinetics in Figs. 9 and 10,
respectively.

k (S−1)
STH1/
GeX STH2

s-a
STH1

s-a
STH2 GeY Cl0 Ge-STH

PSC (RT) 155 0.02
PSC (LNT) 0.0001 0.001 0.018 1.5
F (RT) 64 0.24
F (LNT) 0.0004 0.008 0.065 0.5
Ge (RT) 1540 2500
Ge (LNT) 0.014 0.42 0.16 34 0.038 0.007
Ge + F (RT) 1500 2000
Ge + F (LNT) 0.0024 0.009 0.19 40 0.006

TABLE VI. Best fit β parameter used to reproduce the kinetics in Figs. 9 and 10,
respectively.

Β
STH1/
GeX STH2

s-a
STH1

s-a
STH2 GeY Cl0 Ge-STH

PSC (RT) 0.14 0.27
PSC (LNT) 0.42 0.34 0.36 0.1
F (RT) 0.13 0.16
F (LNT) 0.55 0.32 0.28 0.2
Ge (RT) 0.15 0.15
Ge (LNT) 0.49 0.25 0.34 0.25 0.29 0.54
Ge + F (RT) 0.16 0.15
Ge + F (LNT) 0.55 0.35 0.45 0.15 0.6
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routine. It is interesting to investigate the possible relationship
between these two defects, to understand whether the GeX repre-
sents a variety of inherent STH1 structure, in a matrix disturbed by
the germanium presence. The GeX decay kinetics are, thus, com-
pared to the ones of the inherent STH1 in Fig. 12.

Considering the hypothesis that the GeX could represent a
variety of inherent STH1 structure, when surrounded by germa-
nium atoms, Fig. 12 highlights the strong STHs instability in the
Ge-doped fiber in all presented cases: in the presence of Ge, the
STH defects are bleached faster than in the PSC optical fiber. This
could be assigned to the germanium presence in the silica matrix,
which distorts the structure making the STH sites in the lattice

more unstable. The same tendency was observed when comparing
the inherent STH1 and GeX, even if further studies, including theo-
retical calculations, appear necessary to underline this possible
correspondence.

V. CONCLUSION

In the present work, we investigated the basic mechanisms
governing the responses of PSC, F-, Ge-, and Ge + F-doped optical
fibers when exposed to an x-ray pulse (∼10 Gy per shot). To better
highlight the role of metastable defects in their transient response,
we performed RIA measurements at both RT and LNT; using
canonical fibers, we can also discuss the fluorine doping influence
in the core on fiber radiation sensitivity. The experiments were
done online, investigating the RIA in a spectral range between
0.8 eV and 3.2 eV, following the RIA spectra evolution in the ms to
200 s range. To identify the origins of the RIA in the tested ranges,
we performed a Gaussian decomposition of the measured RIA
spectra using point defect sets already known to be related to the
dopants present in the fibers. From this analysis, our work reveals
that the fluorine presence in the fiber core seems to reduce the pre-
cursor site concentration, such as strained Si–O–Si bonds, leading
to a decrease in the RIA caused by the strain-assisted STHs, in
agreement with Refs. 33 and 34. For the PSC and F-doped OFs, at
both RT and LNT, the defect sets reproduce the measured RIA in
the UV/visible range quite well. The observed differences between
the RIA spectra at RT and LNT are explained by the stronger con-
tribution of STHs’ related absorption bands at LNT. Regarding the
NIR range, the RIA origins remain still unresolved in this part of
the spectrum, and additional studies are required. However, for the
two Ge- and Ge + F-doped fibers, the used defect set is available to
reproduce the RIA in the whole investigated spectral range, from
the UV to the NIR. The major result of this work is not only to
provide a description of the defects responsible to attenuation,

FIG. 11. Dependence of the normalized GeY related RIA vs the normalized
GeX related RIA. In black triangles, the GeY RIA measured for the Ge-doped
OF at RT and in pink diamonds at LNT, while in red and blue circles are the
ones obtained for the Ge + F-doped OF at RT and LNT, respectively. The black
continuous line has a slope of 1.

FIG. 12. Normalized STH-related
absorption bands area obtained by the
fitting routine for all the samples.
Inherent STH1 for the PSC and
F-doped and GeX for Ge- and
Ge + F-doped fibers (a), inherent STH2
(b), strain-assisted STH1 (c), and strain
assisted STH2 (d).
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between RT and LNT, of the Ge-doped fiber, but we have also
reported a linear correlation between the kinetics of GeY and GeX
absorption bands. The nature of this correspondence needs further
investigations to be clarified. Moreover, our data highlight a strong
STHs contribution in the germanosilicate optical fiber response at
LNT in the [1.5 eV−2.7 eV] spectral range. Based on our experimen-
tal results, we suggest the GeX center as a Ge-variant of the inherent
STH1. By the way, comparing the LNT decay kinetics of the STHs in
PSC and Ge-doped glasses, it seems that the Ge presence is associ-
ated with a greater STHs instability. Further experiments are neces-
sary to investigate the physics at stake at shorter times (<1ms) after
the pulse to assess infrared RIA origins in pure silica and F-doped
optical fibers. This experimental work might merit additional theo-
retical investigations, through ab initio calculations, of the STH
properties in the presence of Ge atoms.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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