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ARTICLE INFO ABSTRACT
Keywords: Radiophotoluminescence (RPL) FD-7 glass dosimeters find applications in low to high dose radiation environ-
Dosimetry ments. This work presents an experimental characterization of RPL glass dosimeter, irradiated with 100 kV

Radiophotoluminescence (RPL)
Radiation-Induced Attenuation (RIA)
X-ray

Transmittance

X-ray tubes at room temperature at doses ranging from 1.3 kGy to 0.47 MGy, much higher of their common
use range. In this study, a customized set-up has been developed, allowing the online investigation of the glass
transmission changes with radiation, known as Radiation-Induced Attenuation (RIA), as well as the recovery
and post-mortem characterizations up to 2 months after irradiation. Multi-wavelength analysis was performed,
focusing on the range between 200 nm and 800 nm. At 700 nm and 800 nm, RIA increases progressively with
dose up to about 5 kGy, and tends to approach saturation (2-3 dB/mm) for doses higher than 50 kGy. Higher
attenuation is reported at lower wavelengths: 445-nm light transmission reduces to only about 1% of its initial
value after 2 kGy. RIA recovery after irradiation was observed, up to 6% at 700 nm wavelength within 3 h
from the irradiation conclusion and up to 26% 2 months after, especially at doses in the kGy range. Both
online RIA and its recovery are highly dependent on the selected wavelength and on the total absorbed dose.
This information is crucial for the extension of the use of these dosimeters up to high doses, complementary
to the RPL signal, traditionally used alone for the determination of doses up to the Gy range.

1. Introduction Despite the relevance for many scientific and industrial applications,

the use of RPL dosimeters up to high doses, typically in the kGy to MGy

Reliable dosimetry systems are essential to characterize radiation
environments, aiming at ensuring safety for human operators as well as
to minimize the radiation effects on materials, electronics and in gen-
eral every equipment susceptible to radiation damage. In this context,
numerous dosimetry techniques have been developed, targeting spe-
cific radiation environments and applications. Radiophotoluminescence
(RPL) materials, such as Ag-doped phosphate glasses are extensively
used as passive dosimeters and are under permanent development (Mc-
Keever, 2022; KnezZevi¢ et al., 2011). They feature small size, linear
response with accumulated dose up to tens of Gy, low energy depen-
dency, reproducibility, non-destructive multiple readout capability and
long stability against fading effect (Vincke et al., 2007; Pramberger
et al., 2022; Yamamoto, 2011; Huang and Hsu, 2011; Harb et al., 2022;
Wesolowska et al., 2017; Yanagida et al., 2022; KnezZevi¢ et al., 2013;
McKeever, 2022; Sholom and McKeever, 2020).
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range, is less common and still under development. A few studies report
data in this range (Vincke et al., 2007; Pramberger et al., 2022; Sholom
and McKeever, 2020).

RPL dosimeters, made of FD-7, a Ag-doped phosphate glass, are
used at CERN along the accelerator complex, as passive dosimeters. in
combination with other radiation monitors such as beam loss monitor
(BLM) (Holzer et al., 2012), radiation monitoring (RadMON) (Spiezia
et al., 2011) and distributed optical fiber (OF) sensors (Di Francesca
et al., 2018), to monitor doses in selected positions of experimental
areas (Pramberger et al., 2022; Ferrari et al., 2022; Bitko et al., 2023;
Lerner et al., 2023; Garcia Alia et al., 2018) and for the dose monitoring
of materials irradiated in external irradiation facilities (Ferrari et al.,
2023). Accurate monitoring of the radiation levels is primordial not
only for the prevention and maintenance of beam elements against
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material damage, but also to cope with radiation effects on elec-
tronics systems (Aguiar et al., 2021). For the readout of these RPL
dosimeters, CERN has developed a system that employs a dual-channel
measurement set-up, combining Radiation-Induced Attenuation (RIA)
and RPL measurements and strategically extending the dynamic range
of the RPL dosimeters to high-level dose, as the ones available in the
accelerator complex. A comprehensive description of this measurement
methodology is presented in previous works (Pramberger et al., 2022;
Vinke and Trummer, 2014). Two main macroscopic radiation effects in
RPL glasses can in fact be observed. Radiation-induced free electron—
hole pairs produced in the glass are captured by the Ag* ions already
present in the glass, generating RPL centers. They can be then excited
by UV light and the following relaxation results in the emission of a
visible light, that determines the RPL signal (Kurobori et al., 2010;
Miyamoto et al.,, 2011; Okada et al., 2023; McKeever, 2022). The
integrated radiophotoluminescence signal is generally agreed to be
proportional to the dose up to about 10 Gy (Okada et al., 2023;
Yamamoto, 2011), but recent studies suggest that the behavior could
saturate at much higher doses of 1 kGy or 10 kGy (McKeever, 2022;
Sholom and McKeever, 2020), depending on the specific RPL center.
The scientific community seems to still lacks consensus on the nature
and of the exact kinetics of the RPL centers, this being especially true
at doses in the kGy range, where data are scarce.

Traditionally, RPL signal is used alone for dose determination up
to 10 Gy, which is of general interest for medical applications, and
personal and environmental dosimetry (McKeever, 2022). Additionally,
radiation induces an increase in the light attenuation through the
sample, corresponding to a transmittance decrease, mainly due to the
generation of optically active point defects (color centers) and related
absorption bands (Girard et al., 2013). This second effect, associated to
a macroscopic glass darkening, becomes particularly relevant at higher
doses, in the kGy—-MGy range, while at lower doses the irradiated glass
remain overall transparent (Pramberger et al., 2022; Ferrari et al.,
2024). The decrease in the transmission capability is generally referred
to as Radiation-Induced Attenuation (RIA), and it is one of the most
common radiation effects in photonics components, such as optical
fibers (Girard et al., 2018b) and bulk optical materials (Allanche,
2020; Girard et al., 2018a). Transmittance at 445 nm is used as a
complementary information for the determination of doses higher than
300 Gy with RPL dosimeters in CERN’s system (Pramberger et al.,
2022).

The RPL dosimeters used at CERN and irradiated in this work are the
FD-7 glass rod elements that are part of commercial GD-301 dosimeters.
They are typically deployed in the vicinity of the accelerator beam
elements of interest before operation. Their retrieval and consequent
measurement after operation and accelerator shut-down are subject to
the radiation protection constraints related to the activation of both
the accelerator elements and the dosimeters themselves. Consequently,
and depending on the specific operation schedule of the accelerator
complex, the dosimeter readout is usually delayed by several weeks
after the operation end. The behavior of the RPL dosimeters during and
immediately after irradiation is not assessed, and the information on
the on-line dosimeter response cannot be investigated.

Various already existing set-ups allow the online evolution of dif-
ferent types of glass samples to be measured as a function of the
dose (McKeever et al., 2020; Okada et al., 2023, 2021; Girard et al.,
2018a; Kurobori, 2018). For example, a system for the measurement of
the RPL signal under X-ray irradiation was developed in Okada et al.
(2023, 2021); a set-up for RIA measurements in bulk glass samples in
the so called ‘free-space’ optic configuration was developed in Girard
et al. (2018a); and online systems for RPL signal measurement in which
an RPL dosimeter is linked to an optical fiber for signal transmission
were developed by Kurobori (2018) and McKeever et al. (2020). In-
spired by these systems, an adapted set-up is described in the present
paper, developed specifically to target the online RIA measurement in
RPL dosimeters.
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Fig. 1. Schematic diagram of the developed set-up for RIA measurements on RPL
samples. The main elements are highlighted.

Fig. 2. Picture of part of the set-up placed inside X-ray irradiator chamber for RPL
online measurements. While the sample itself may not be discernible due to its small
size, its position is highlighted by the red circle. The radiation cone emitted by the
source is pictorically represented by a pale blue triangle. The passage of the light in
free space and through the sample between the two collimators is represented by a
blue arrow.

This study presents a methodology to measure RIA in RPL FD-7 glass
rods irradiated with a commercial X-ray tube up to doses in the MGy
range. Both online and offline characterizations are reported, including
a multi-wavelength attenuation analysis (spectral RIA), and relative
transmittance decrease during irradiation. Post-irradiation measure-
ments allow the kinetics of possible unstable defects at room tem-
perature to be followed after irradiation. The performed tests aim at
broadening the knowledge of RPL dosimetry, with a special focus on
RIA, whose analysis seems promising for the extension of the dosimeter
range and for the possible applications of this technique.

2. Materials and methods
2.1. Samples

FD-7 glass rods of GD-301 RPL dosimeters commercialized by Chiy-
oda Technology (Japan) are used in the described experiments. FD-7
samples are Ag-doped phosphate glasses produced in the form of cylin-
drical rods, with a diameter of 1.5 mm and length of 8.5 mm. The
composition of the glass is: P: 31.55 wt%, O: 51.16 wt%, Al: 6.12 wt
%, Na: 11% and Ag: 0.17% (Pramberger et al., 2022; McKeever, 2022).
GD-301 dosimeters normally include a plastic container in which the
FD-7 glass rod is embedded. For the experiments here described, the
glass rod is removed from the dosimeter, and the plastic container is not
used. In the present work, the term RPL dosimeter is used to indicate
the FD-7 glass rod alone.

2.2. Experimental set-up

In a traditional RIA online measurement, the signal attenuation
through the sample is measured while the sample is irradiated and
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after irradiation. This allows the RIA kinetics to be monitored during
and after irradiation, providing key information about the competition
between the generation and bleaching mechanisms of defects during
the exposure and the recovery mechanism, if any, after the irradiation
conclusion.

The fundamental experimental setup for RIA measurements consists
of three elements: a light source (either white, or monochromatic), a
radiation source (gamma-rays, X rays, etc.) and a detector (spectrome-
ter, photodiode, etc.). The transmitted light intensity is recorded before,
during and, often, after irradiation.

This type of configuration offers satisfactory performance in terms
of dynamic range. Spectral measurements are generally preferred to
monochromatic RIA growth kinetics, as they are more informative on
the investigated radiation effects and basic mechanisms (Di Francesca
et al., 2019).

A customized set-up, whose scheme is shown in Fig. 1, has been de-
veloped in the present work to perform both online and post-irradiation
characterizations. Light is transmitted through the FD-7 sample longi-
tudinally at multiple wavelengths simultaneously and collected after-
wards. To measure spectral RIA, a DH-2000 Deuterium-Halogen light
source from Ocean Optics, simply referred to as White Light Source
(WLS), is used. QE-Pro 38011 from Ocean Optics, a high-resolution
spectrometer, has been used to detect the transmitted light from around
240 nm to 1000 nm.

Light is injected in the sample in a free-space configuration, as
shown in Fig. 2. Light is at first guided through a pure silica core fiber
(with high OH contents for optimized transmission in the UV-visible
domains) from the WLS to the metal coated mirror, working as a light
collimator. The collimated light beam passes through the dosimeter,
placed on a dedicated holder as shown in Fig. 3. The transmitted light is
then collected by a second collimator identical to the previous one and
transferred to the spectrometer using a second transport optical fiber of
the same type. The specific shape of the transmitted spectrum depends
on the light source and on the guiding medium. However, it does not
affect the RIA measurements, as they are relative measurements.

For online RIA measurements, the sample, the sample holder, whose
design is further described in Section 2.3 and the collimators are placed
inside the X-ray irradiation chamber, while the WLS and spectrometer
are connected to the collimators from the outside of the irradiation
chamber through the transport fibers. Additionally, a 1.5 mm Al filter
was placed between the source and the sample to harden the X-ray
spectrum and improve the dose homogeneity across the sample volume,
as discussed in Ferrari et al. (2024) and as summarized in Section 2.5.

2.3. Sample holder

A custom sample holder, as shown in Fig. 3, was designed to have
the following features:

+ the beam size of the transmitted light has to be smaller than the
diameter of the RPL sample, so that the signal received by the
spectrometer includes only the light that actually passed through
the sample. The holder wall has 1.0 mm diameter aperture to
filter out the excess light.

the correct alignment of the cylindrical RPL dosimeter in re-
spect to the aperture is granted by the 1.52 mm x 0.76 mm
groove, making the positioning more precise and efficient and
ensuring a better measurement repeatability. Intensity measure-
ments performed by positioning the same dosimeter in the holder
several times showed a standard deviation between repeated
measurements below 5%.

the holder is entirely made of aluminum, making it radiation
tolerant and compatible with temperature control to be achieved
in future experiments via heating or cooling plates.
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Fig. 3. Design concept of the sample holder integrated with a filter featuring a 1.0 mm
diameter aperture: (a) schematic with detailed dimensions and (b) photograph of the
fabricated sample holder used in the experimental setup.

2.4. Radiation induced attenuation

The developed set-up allows radiation-induced variations of the
light signal transmitted through the sample to be measured.

The experiments described in the present paper are based on the
RIA measurements performed on optical fiber samples, as reported in Di
Francesca et al. (2018), Girard et al. (2019), Morana et al. (2020), and
on RIA measurements performed on bulk glasses (Allanche, 2020).

RIA can be computed at any time of the experiment corresponding
to signal acquisition using Eq. (1), (Allanche, 2020):

/10 I, ) - Ix(D
RIAG.H==(T) oo <Iref(0, D= IN<A)> W

Where I,.+(0, 1) and I(z, 1) are the intensity of the signal transmitted
through the sample before irradiation start and at a specific time ¢
during or after irradiation, respectively, at a specific wavelength A.

In(4) is the background signal due to thermal noise at a specific
wavelength A.

I+ (0, 2), I(r, A) and Iy(4) are absolute intensities expressed in photon
counts over an integration time specified by the user.

L is the sample length.
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RIA generally depends on dose, dose rate, wavelength, tempera-
ture, type and energy spectrum of radiation, composition of materials,
injected light power etc. (Girard et al., 2013, 2019).

RIA as calculated using Eq. (1) can be referred to using three
different names depending on the set-up and irradiation conditions in
which the measurement of I..¢(0, 4) and I(z, 1) is performed.

2.4.1. Online RIA

When I(#, 1) is measured during irradiation, the quantity calculated
using Eq. (1) is referred to as online RIA. Online RIA values are
presented as a function of the absorbed dose and can be calculated for
any sampled intermediate time value up to the total irradiation time,
corresponding to the total absorbed dose.

One of the advantages of online RIA measurement is that it allows
identifying the possible presence and evolution of optical absorption
bands associated to the induced defects as a function of the dose. This
is not necessarily achievable through post-irradiation measurements
alone, traditionally performed on passive RPL dosimeters, in which
mostly stable defects will be detected, and therefore highlights the
importance of this study.

2.4.2. Recovery

Measurement of I(¢, 1) might be carried on beyond irradiation con-
clusion, typically for some hours immediately following irradiation and
using the same set-up and leaving the sample and the instrumentation
in exactly the same configuration. This measurement provides infor-
mation on the recovery processes that depend on the evolution of the
radiation-induced metastable defects in the sample material with time.

Competitive build-up and recovery processes can lead to RIA in-
creases or decreases, respectively, after irradiation, in correspondence
of specific absorption bands. RIA generally stabilizes to an equilibrium
after a certain post-irradiation time, depending on the temperature and
on other environmental conditions (Girard et al., 2013, 2019; McKeever
et al.,, 2020). When I(#, 1) is measured immediately after irradiation
conclusion, typically for some hours, the RIA calculated using Eq. (1) is
referred to as Recovered RIA or simply Recovery. Recovery values are
presented as a function of time starting from irradiation conclusions.
They can be normalized to the Online RIA value measured at the very
end of the irradiation to appreciate the relative RIA variations as a
function of recovery time.

In the experiments here presented, recovery measurements were
performed for about 3 h starting from the irradiation conclusion.

The recovery kinetics is highly dependent on the nature of the point
defects responsible for the RIA at the considered wavelength and in
particular to its thermal and photo stability.

2.4.3. Post-mortem

Measurement of I(z, A) might be performed on irradiated samples,
typically from few days up to several months after irradiation con-
clusion. Post-mortem measurements are realized out of the irradiation
chamber, in a set-up configuration similar to the ones showed in
Fig. 3(b).

For post-mortem measurement, a different pristine (unirradiated)
RPL sample is used as reference for the determination of the initial in-
tensity I..;(0, ). Single measurements of I(¢, 1) are performed at selected
time intervals after irradiation, for example 14 days or 2 months after
irradiation. In these conditions, the quantity calculated using Eq. (1) is
referred to as Post-mortem RIA.

In the described experiments, samples were stored at uncontrolled
room temperature and ambient light conditions after irradiation. Re-
peated measurements performed on various pristine samples confirmed
the repeatability of the measurements and the homogeneity between
different pristine RPL samples within 10% variation.

Post-mortem measurements allow the RIA kinetics to be followed
over longer time scales, aiming at observing stabilization of attenuation
phenomena over time and fading.
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Table 1
Summary of the irradiation campaign aiming to assess different dose
effects at constant dose rate. (Ferrari et al., 2024).

Sample Dgp; [kGy] [

D1 1.3 10 min

D2 12.9 99 min 40 s
D3 77.7 10 h

D4 466 60 h

2.5. Irradiation conditions

X-ray tubes emit photons across a spectrum of energies, extending
up to the maximum energy of the electrons striking the target material,
in this case corresponding to 100 keV (Meyer et al., 2023). Photons
with lower energy in this spectrum are highly attenuated by the sample
thickness, depositing most of their energy on the sample top layers and
leading to a highly inhomogeneous dose distribution, as evidenced by
Monte Carlo calculations performed in a previous study (Ferrari et al.,
2024). The introduction of a 1.5 mm thick Al shielding was proven to
effectively harden the X-ray energy spectrum and significantly enhance
dose homogeneity across the RPL volume. Therefore, for each irradia-
tion, a 1.5 mm Al filter has been placed between the X-ray source and
sample, at a distance of 3 cm from the sample, as shown in Fig. 2.

In the present work, four FD-7 samples were irradiated using the
MOPERIX X-ray facility available at Laboratoire Hubert Curien, France.
The source has a tungsten target, and the X-ray tube operated at a
100 kV voltage, and at the maximum available current of 45 mA. All
the samples were irradiated in the same configuration, at a constant
dose rate of 0.58 Gy[H,0]/s, at uncontrolled room temperature, and
for a total duration ranging from 10 min to a maximum of 60 h of
continuous irradiation. The temperature at the sample position was
monitored during irradiation with thermocouples placed in contact
with the sample holder. Temperature varied between a minimum of
23 °C and a maximum of 28 °C in the performed irradiations.

2.6. Dosimetry

Dose rate to water Dy, at the sample position was measured us-
ing a PTW ionization chamber 2334. The readout, corresponding to
0.58 Gy[H,01/s, was used to plan the irradiation campaigns. In a
previous study, Ferrari et al. (2024) determined a conversion factor Cj;,,,
allowing the readout of the ionization chamber to be converted in dose
to RPL material Dyp; in these irradiation conditions. C;,, corresponds
to 3.7 + 0.9 (Ferrari et al., 2024). In this work, all the used dose values
refer to dose to RPL material, and they are obtained with the following
formula:

irr ” Csim @

where t,,, is the total irradiation time.

A readout of the dosimeters was performed at CERN about six weeks
after irradiation, providing experimental dose values comparable with
the expected ones within 10% for D2-D4 samples, and within 20% for
D1, as discussed in Ferrari et al. (2024).

Information on the irradiation campaign are reported in Table 1,
along with the Dgp; values, and the irradiated RPL samples are shown
in Fig. 4.

For the four samples Dgp; varied from 1.3 kGy to 0.47 MGy. An
overall uncertainty of +30% is attributed to total doses, as discussed
in Ferrari et al. (2024). The main source of this uncertainty is the inho-
mogeneity of the dose deposited across the sample volume, determined
by the photon attenuation by the sample thickness.

Dppr =Dy - 1

3. Results and discussion
3.1. Online transmitted signal measurements

During irradiation, the color of the FD-7 sample progressively
changed, as show in Fig. 4. As the total dose increases, the sample



A. Hasan et al.

Dl D2 D3 D4

L0
J |

Fig. 4. Irradiated RPL samples D1, D2, D3 and D4. It is evident the darkening
mechanism induced by the absorbed dose and the consequent formation of color centers
in the glass.
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Fig. 5. Online Transmitted intensity through D4 sample as a function of the wavelength
for selected dose values.

becomes progressively darker. The darkening of the sample with in-
crease in deposited dose is a macroscopic indication of the increase in
the number of color centers with dose.

In Fig. 5(a), an example of reference spectral transmitted signal
I+ (0, ), expressed in total photon count as recorded with the spectrom-
eter, is reported as a function of the wavelength (black curve). In all
the reported measurements, the wavelength range is selected between
300 nm to 800 nm, as signals out of this wavelength range have intensi-
ties comparable to noise level. High OH transport fibers are responsible
for the observed absorption peak around 920 nm. Transmitted signals
1(#, 2) sampled in correspondence to selected intermediate dose values
ranging from 0.1 kGy to the maximum dose of 0.47 MGy are shown.
As the total absorbed dose increases, the intensity of the transmitted
spectrum progressively reduces. Attenuation is highly dependent on the
considered wavelength, experiencing greater attenuation with dose at
shorter wavelengths. The light absorption increases with dose as the
number of color centers, acting like absorption centers.

3.2. Online RIA measurements

Spectral online RIA as a function of wavelength for representative
dose values of the four irradiated samples is shown in Fig. 6(a). RIA
progressively increases with total absorbed dose at all wavelengths, and
exhibits higher values at lower wavelengths.

The RIA growth of all the four samples at same dose levels and
at same wavelengths superimpose, evidencing the repeatability of the
measurement. Accordingly, Fig. 6(b) D4 alone is reported as represen-
tative of the four samples.

At least two absorption bands are visible in Fig. 6(a). Peaks of those
bands seem to be located around 550 nm and around 380 nm. The
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Fig. 6. (a) Spectral online RIA measured at different dose levels, as a function of
wavelength, for samples D1-D4; (b) Online RIA kinetics as a function of absorbed dose
at some specific wavelengths during irradiation for sample D4.

contribution to the total RIA of the absorption peak around 550 nm
wavelength exhibits gradual reduction with increase in total dose.

These bands might be associated to the activation of precursor sites
in limited number, that are efficiently generated at the beginning of
irradiation and that are the main contributor to RIA around 550 nm. As
the dose increases and when the generation of these defects saturates,
the contribution to RIA decreases up to the point that it became
negligible compared to the ones associated to different defect types.
Similar phenomena are observed in irradiated optical fibers (Girard
et al., 2013; Morana et al., 2020).

The origin of these absorption bands cannot be identified with
RIA measurement alone, and its systematic investigation is beyond the
scope of the present work. However, in the literature, the 550 nm
absorption band is suggested to be related to the Phosphorous Oxygen
Hole Centres (POHC) (Dmitryuk et al., 1989; Yokota and Imagawa,
1967; McKeever et al., 2019). POHC centers are formed when At
holes are trapped by the POi‘ tetrahedra sites, which are elemental
constituents of the network structure of phosphate glasses, via the
following mechanism (McKeever et al., 2019):

h* + PO}” = POHC 3

On the other hand, the absorption band around 380 nm is suggested
to be associated with the Ag” centers, produced when free electrons,
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produced by radiation, are captured by the Ag*t ions present in the
glass dosimeters (Miyamoto et al., 2011; McKeever et al., 2019). Com-
plementary analyses such as RPL and EPR measurements could help
precisely identifying their origin and their kinetics.

RIA kinetics is plotted in Fig. 6(b), as a function of the absorbed
dose at six selected wavelengths: 445 nm (the wavelength used at CERN
to identify different dose ranges (Pramberger et al., 2022)); 500 nm,
560 nm, and 600 nm (near to the absorption band) 700 nm and 800 nm.
RIA at all the analyzed wavelengths increases progressively with ab-
sorbed dose, and is higher at lower wavelengths. For values higher
than approximately 3 dB/mm, the intensity of measured signal becomes
comparable to the noise, and accordingly, the RIA measurement cannot
be reliably determined.

At 700 nm and 800 nm, the RIA increases monotonically as a
function of the dose with a power-law behavior up to approximately
10 kGy, and then it tends to reach a saturation for doses higher than
about 50 kGy. At 445 nm RIA increases progressively up to approxi-
mately 2 kGy, corresponding to the maximum measurable value. RIA
saturation indicates that the number of color centers stabilizes.

3.3. Recovery measurements

In Fig. 7(a), spectral online RIA for all the four samples at the end
of the irradiation is compared with Recovery after three hours from the
irradiation end. The difference between solid lines and dashed lines at
each dose level shows the RIA variations in this time range. Transmis-
sion window decreases as dose increases, being the narrowest for D4
sample. At 0.47 MGy in fact, as reported in Fig. 6, most wavelengths
are not measurable anymore with our set-up and dosimeter length.

For the samples irradiated at the highest doses (D3 and D4), and
for which the highest RIA is reported, recovery was comparatively
lower and almost not measurable. D1 and D2 samples showed higher
recovery, mostly in the wavelengths ranging from about 450 nm to
650 nm.

Normalized recovery kinetics of all the samples at 700 nm wave-
length is reported in Fig. 7(b) for comparison. Recovery looks higher
and faster at lower doses in the kGy range, while it decreases at higher
doses. For instance, at 700 nm wavelength D4 sample shows only 1%
of recovery over 2 h 30 min where D1 sample shows a recovery of 1%
within 15 min reaching around 6% after 3 h of recovery. The possible
reason is that longer irradiation time is necessary to reach higher doses
at constant dose rate, and accordingly metastable defects get enough
time to stabilize during irradiation. As a result, the remaining defects
at higher doses are permanent ones.

Recovery at 445 nm and 550 nm is reported in Fig. 7(c). At these
wavelengths, RIA at the end of irradiation is still measurable for D1
samples only. A 6 % recovery is observed at 445 nm, similar to the one
observed at 700 nm wavelength at the same dose. By contrast, a much
higher RIA recovery is observed at 550 nm, exceeding 25% in about
3 h after irradiation.

It is interesting to note that recovery is particularly relevant in
correspondence with the same wavelengths at which one of the absorp-
tion bands is located, at about 550 nm. This finding is in agreement
with the hypothesis that this absorption band is associated with the
POHCs, which are unstable at room temperature and therefore release
the trapped holes after irradiation, as described by the reversible
Eq. (3). McKeever et al. (2019) studied the evolution of the optical
absorption in the same RPL samples at various wavelengths. The irradi-
ation was performed in different conditions and at different dose levels,
and the used set-up differs from the one here presented. The developed
set-up was not intended to be used for absolute measurements in the
present work, however it is interesting to note that McKeever et al.
(2019) observed a similar decrease of the normalized absorbance at
550 nm of 6% after irradiation at 720 nm, confirming the trend here
reported.
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Fig. 7. (a) Spectral online RIA at the end of irradiation and recovery after 3 h.
Normalized RIA (b) at 700 nm and (c) at 445 nm and 550 nm wavelengths as a
function of time after irradiation.

3.4. Post-mortem measurements

Two post-mortem measurements were realized on the described set
of samples. D2, D3, D4 were measured 14 days after the irradiation
conclusion and all the samples were measured 2 months after the
irradiation conclusion. Results are shown in Fig. 8.
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Fig. 8. Comparison of online RIA at the end of irradiation (continuous black line) with Recovery up to 3 h following irradiation and post-mortem measurements measured after
14 days for samples D2-D3 and up 2 months for samples (a) D1, (b) D2, (c) D3 and (d) D4.

Significant RIA decrease is observed after 14 days from irradiation
end (0 s in Fig. 7) for all the tested samples at all wavelengths before
saturation is reached. For example, for D1 sample at 445 nm a total
RIA recovery of about 26 % is reported after 2 month from irradiation.
A similar recovery value is observed at 700 nm as well. This recovery
value increases up to 39 % at around 550 nm.

Post-mortem RIA after 14 days and 2 months overlap at all wave-
lengths for D2, D3 and D4 samples, suggesting that saturation and
defect stability at room temperature is reached within 14 days after
irradiation.

3.5. Relative transmission

The presented set-up was not intended to perform absolute trans-
mission measurements in the present work. However, aiming at a
comparison with previous studies, the following formula can be used
to calculate relative transmission variations during irradiation:

1(t, 1) — In(4)
Lt (0, 1) = In(D)

Online Ty values are reported as function of the dose for selected
wavelengths in Fig. 9. At 445 nm, Ty is reduced to 10% of its initial
value at 0.9 kGy and to 1% of its initial value at 2 kGy.

The presented results can be compared with the ones collected
by Pramberger et al. (2022) on the same RPL dosimeters. Using a differ-
ent set-up, Pramberger et al. (2022) reported a transmission decrease to

T (1) = C))

10% of its reference value at 445 nm at doses ranging between 0.89 kGy
and 1.8 kGy, and a decrease to 1% at about 2.7 kGy.

As further discussed in Sections 3.3 and 3.4, online and passive post-
irradiation results might not be directly comparable due to recovery
phenomena. In fact, in the experiment reported in this study, in the
kGy range at 445 nm, RIA recovered up to 26% of the value at the end
of irradiation after 2 months from the irradiation conclusion.

Despite the different irradiation conditions in terms of radiation
quality, dose rate, measurement time in comparison to irradiation
(online vs offline), overall comparable results are found.

4. Summary and conclusions

The study presents a characterization of commercial FD-7 glasses
used as RPL dosimeters during and after X-ray irradiation. A new
customized setup was developed, enabling online multi-wavelength RIA
measurement and its evolution after irradiation.

An experimental campaign was realized irradiating dosimeters in
a specific set of irradiation conditions at high doses ranging between
1.3 kGy and 0.47 MGy, a range rarely explored using X-ray irradia-
tion and so far lacking online investigations. Transmitted signal was
monitored for the entire irradiation time and for three hours following
irradiation for RIA and recovery assessment. Samples were followed-up
for two months after irradiation.

The RIA dependency on the absorbed dose and on the wavelength
was assessed in a specific set of irradiation conditions. RIA increases
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with dose for all the investigated wavelengths, having higher values at
lower wavelengths.

Apart from providing information on the spectral RIA as a function
of the dose, the outcomes of the study are particularly relevant for high
dose applications of these RPL dosimeters. In this range, the transmitted
signal is indeed utilized, complementing the traditionally used RPL
signal, to determine the absorbed dose.

Recovery kinetics should in fact be accounted for when comparing
online measurements with passive readout systems. The recovery ob-
served 14 days and 2 months after irradiation potentially impacts the
accurate readout of the dosimeters, currently based on a calibration
performed 26 days after 60-Co irradiation. Delays between irradiation
conclusion and readout need to be taken into account, especially when
this time cannot be easily standardized. This is the case of CERN,
where passive RPL dosimeters are generally read weeks to months
after irradiation conclusion, in many cases after prolonged exposure to
uncontrolled ambient light and temperature conditions. This is common
to many other facilities, in which the accessibility of experimental areas
limits the retrieval and readout of the dosimeters due to radiation
protection and technical constraints. Further recovery and post-mortem
investigations would provide useful insights on the possibility of using
RPL FD-7 glass dosimeters for online dosimetry as well, especially for
doses exceeding the kGy.

This study paves the way for new and broader developments of the
dosimetry system currently in use for high doses, possibly integrating
transmittance information at multiple wavelengths to enhance dosime-
try accuracy in this range, mitigate current method limitations and
extend the system sensitivity at higher doses.

Future works will focus on the dependency of spectral RIA and
recovery phenomena on dose rate and temperature, which could greatly
impact recovery phenomena. Ultimately, the developed methodology
together with this first set of results provides insights and prospects
for extending RPL dosimeter applications in a wide range of domains
beyond particle accelerators, like space, nuclear technology, irradiation
facilities and medical physics, where high level doses up to kGy and
MGy levels are available and need to be monitored.
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