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 A B S T R A C T

This study assesses the suitability of commercial dyed polymethyl methacrylate (PMMA) dosimeters for 
high-dose radiation applications extending into the hundreds of kilograys. Three PMMA dosimeter types 
(Gammachrome YR+, Amber 3042, and Red 4034) were investigated using both online and post-irradiation 
optical transmission measurements in the visible spectral range. The objective was to evaluate their dose 
sensitivity beyond nominal operational limits and to characterize their optical response through multi-
wavelength transmittance and radiation-induced attenuation (RIA) analyses. Dosimeters were exposed to X-rays 
at dose rates of 0.9 and 1.2 Gy[H2O]/s, covering doses from 0.1 Gy to 282 kGy. Monte Carlo simulations using 
the PHITS code were performed to model radiation transport and dose deposition in the different materials. 
The results demonstrate a clear, dose-dependent optical response of dyed PMMA, with wavelength-specific 
behavior indicative of color-center formation and evolution. Recovery measurements show that the RIA signal 
is highly stable over several hours at nominal wavelengths, with only minor relaxation observed in the near-
infrared region, supporting the applicability of these dosimeters for both real-time and passive measurements. 
Comparisons with Radiophotoluminescent (RPL) FD-7 dosimeters reveal consistent trends, suggesting the 
potential for establishing a conversion between RPL and PMMA dose responses. Overall, the findings support 
the extension of dyed-PMMA dosimetry beyond current commercial limits and contribute to the development 
of robust dosimetry techniques for extreme radiation environments.
. Introduction

The use of ionizing radiation is increasingly integral to a wide 
ange of industrial and medical applications, including sterilization of 
edical devices, food preservation, polymer modification, and radi-
tion processing. Furthermore, radiation exposure levels in extreme 
nvironments such as particle accelerators, fission reactors, and nuclear 
aste repositories have steadily increased over the past decade, a trend 
xpected to continue in the foreseeable future (Girard et al., 2018; 
acha et al., 2025). These developments have driven the demand for 
xtending the operational range and real-time capabilities of existing 
osimetry systems through enhanced detection methods and broadband 
eadout techniques (Camanzi and Holmes-Siedle, 2008; Pramberger 
t al., 2022).
Dosimetry systems quantify absorbed dose through the detection of 

adiation-induced physical or chemical changes in specific materials. 

I This article is part of a Special issue entitled: ‘SSD21’ published in Radiation Measurements.
∗ Corresponding author at: European Organisation for Nuclear Research (CERN), Geneve, CH-1211, Switzerland.
E-mail address: ygor.aguiar@cern.ch (Y.Q. Aguiar).

Commonly used detection mechanisms include optical density varia-
tions in polymethyl methacrylate (PMMA) and radiochromic films, as 
well as radiophotoluminescence and transmittance measurements in 
phosphate-based glass dosimeters (Pramberger et al., 2022; Khan et al., 
1988; Devic, 2011; Attix, 1986; Rieker et al., 2025). Among these, 
PMMA dosimeters are widely adopted in industrial gamma process-
ing environments due to their robustness and simple optical readout 
procedures (Barret, 1982; Miller et al., 1975). These dosimeters are 
available in both undyed and dyed formulations. In undyed PMMA 
dosimeters, radiation exposure leads to the formation of degradation 
products that absorb in the ultraviolet (UV) region, typically between 
300 nm and 320 nm. In constrat, dyed PMMA incorporates radiation-
sensitive chromophores into the polymer matrix. Upon irradiation, free 
radicals interact with these dye molecules, forming stable color centers. 
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These centers exhibit characteristic absorption in the visible spectrum, 
enabling dose quantification via spectrophotometric measurements.

Radiophotoluminescent dosimeters (RPLDs), such as those based on 
FD-7 phosphate glass, offer an alternative approach to dose measure-
ment. Compact, passive, and capable of high-resolution dose measure-
ments, RPLDs are widely adopted in clinical and personal dosimetry 
due to their low energy dependence, excellent long-term stability, 
and non-destructive readout capabilities. Beyond these applications, 
similarly to PMMA dosimeters, RPLDs have demonstrated strong per-
formance in high-dose radiation environments as well, where their 
ability to form stable radiation-induced color centers becomes ad-
vantageous (Becker, 1973; Huang and Hsu, 2011; Yamamoto, 2011; 
Okada et al., 2022; Pramberger et al., 2022). RPLDs have demonstrated 
satisfactory response up to megagray (MGy) regimes and are currently 
employed in environments such as CERN to assess the radiation hard-
ness of materials and electronics (Pramberger et al., 2022; Biłko et al., 
2023; Aguiar et al., 2025; Ferrari et al., 2023).

In this study, we investigate the performance of dyed PMMA dosime-
ters across and beyond their standard calibration range and bench-
mark their response against FD-7 RPL dosimeters. Post-irradiation 
optical absorbance in the visible region was measured after irradiation 
with X-rays. Monte Carlo simulations using PHITS version 3.34 (Sato 
et al., 2024) were employed to investigate radiation transport and 
dose deposition within the dosimetric materials. In addition, spectral 
dependencies arising from radiation-induced attenuation (RIA) and 
photoluminescence are also evaluated. The findings aim to enhance 
high-dose dosimetry capabilities, particularly for industrial applications 
and high-energy accelerator environments.

2. Dyed-PMMA and RPL dosimeters

2.1. PMMA dosimetry

Polymethylmethacrylate (PMMA) dosimeters are widely used for 
high-dose gamma and X-ray measurements in industrial radiation pro-
cessing due to their reliability, ease of use, and straightforward optical 
readout mechanisms. The dosimetric response of PMMA is governed by 
radiation-induced chemical transformations in the polymer matrix.

When exposed to ionizing radiation, PMMA polymer undergoes 
main-chain scission, which results in the formation of free radicals and 
various degradation products. In dyed-PMMA variants, these radiation-
induced radicals interact with embedded dye molecules, giving rise 
to chromophores that absorb light in the visible spectrum in a dose-
dependent manner. In Fig.  1, the commercial Harwell PMMA dosime-
ters are shown. For instance, the Red 4043 dye exhibits a prominent 
absorption band in the 600–650 nm range (Barret, 1982; Miller et al., 
1975). In contrast, undyed PMMA shows absorbance primarily in the 
ultraviolet (UV) region (300–320 nm), and this phenomenon is at-
tributed to the accumulation of polymer degradation products with 
dose rather than dye-radical interactions (Barret, 1982; Boag et al., 
1958; Chapiro, 1956).

To ensure reproducibility and optical stability, dyed-PMMA dosime-
ters are manufactured under tightly controlled environmental condi-
tions, including specific humidity and temperature constraints, and are 
often sealed in protective foils. Their response is sensitive to extrinsic 
factors such as ambient conditions and post-irradiation fading, as well 
as intrinsic factors like batch-to-batch variations (Miller et al., 1975). 
As a result, the use of these dosimeters requires rigorous and well-
characterized calibration protocols (Barret, 1982; Glover et al., 1993; 
Fitriana and Putri, 2020). The incorporation of dye molecules mitigates 
post-irradiation bleaching and enhances color stability, making dyed 
dosimeters suitable for industrial dosimetry applications reaching into 
the tens of kilogray (kGy) dose range (Barret, 1982).

Optical absorbance measurements using a spectrophotometer at spe-
cific wavelengths remain the primary method for quantifying radiation-
induced changes in PMMA dosimeters. In dyed-PMMA systems, the 
2 
Fig. 1. Harwell perplex PMMA sample types (from left to right): Gam-
machrome YR+, Amber 3042 and Red 4034.

Fig. 2. Calibration curves provided by Harwell for the three PMMA sample 
types: Gammachrome YR+, Amber 3042 and Red 4034.

increase in absorbance at selected wavelengths within the visible spec-
trum provides a direct and reliable correlation to the absorbed dose. 
Calibration curves, such as those developed for Harwell PMMA dosime-
ters (see Fig.  2), establish this correlation and enable dose quan-
tification. To ensure accurate comparisons across samples of varying 
thicknesses, absorbance is typically normalized to the optical path 
length. The resulting specific absorbance, defined as 𝑘 = 𝐴∕𝑡 where 𝐴 is 
absorbance or optical density, and 𝑡 is optical path length or dosimeter 
thickness, is reported in units of cm−1.

The baseline optical density before irradiation must be recorded to 
account for intrinsic absorption and potential batch-to-batch variabil-
ity. Environmental conditions, such as temperature and humidity, and 
intrinsic parameters such as dosimeter thickness, must be taken into 
account during analysis to improve accuracy (Barret, 1982).

PMMA dosimeters are typically calibrated using irradiation condi-
tions as close as possible to the intended application. This involves 
exposing dosimeters to known doses, typically from standardized 60Co 
gamma or X-ray sources, and establishing calibration curves based on 
their optical response. Due to inherent sensitivity to environmental 
factors and manufacturing variability, recalibration is advised following 
any significant change in storage, handling, or irradiation conditions. 
When exploring the use of PMMA dosimeters for high-dose applica-
tions, beyond the producer’s declared limits, it is essential to assess both 
the dose dependence of optical absorbance and the dynamic range of 
the dosimeter response, as saturation or non-linear behavior can occur 
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beyond specific thresholds (Barret, 1982). Typically, the wavelengths 
selected for dosimetry correspond to regions of the spectrum where 
the optical response exhibits the highest sensitivity, i.e. the largest 
variation with dose in the intended measurement range. While this 
maximizes signal-to-noise and measurement precision, it also implies 
that these wavelengths can reach saturation at high doses more quickly 
than other wavelengths. Therefore, evaluating the full spectral ab-
sorbance evolution across the visible range is valuable, as it may reveal 
alternative wavelengths with usable sensitivity, providing a possible 
route to extend the dosimeter’s dynamic range and maintain accu-
rate dose assessment even in regimes where the primary wavelength 
saturates.

2.2. RPL dosimetry

Radiophotoluminescence (RPL) dosimeters are passive detectors 
that have gained increasing popularity due to their high sensitivity, 
stability, and versatility across a wide range of radiation environments, 
including mixed fields and high-dose scenarios (Pramberger et al., 
2022; Becker, 1973; Huang and Hsu, 2011; Yamamoto, 2011; Okada 
et al., 2022). RPL dosimeters, typically made of Ag-doped phosphate 
glass (e.g., FD-7), operate on the principle of radiophotoluminescence, 
where ionizing radiation induces the formation of RPL centers and 
clusters (such as 𝐴𝑔0 or 𝐴𝑔2+) in the glass matrix. These centers can 
be excited with ultraviolet light causing luminescence at characteristic 
wavelengths. Within certain dose ranges, typically up to hundreds of 
Gy, the intensity of the emitted light is proportional to the absorbed 
dose, allowing quantitative RPL-based dose measurements (Yamamoto, 
2011).

The readout of RPL dosimeters is performed using non-destructive 
readout techniques. Typically, a UV or blue light source excites the 
Ag centers, and the resulting photoluminescence is measured with a 
photomultiplier or spectrometer. This non-destructive approach allows 
repeated measurements to be performed without affecting the accu-
mulated dose measurement. This is particularly advantageous for long-
term follow-up after irradiation. Radiation-induced absorption (RIA) in 
the visible spectrum can also be measured to assess dose-dependent 
changes in optical properties, typically becoming relevant at higher 
doses, in the kGy range.

RPL dosimeters are calibrated using reference radiation sources, 
commonly 60Co gamma rays, to establish the relationship between 
luminescence intensity and absorbed dose. Calibration accounts for 
factors such as dose rate, temperature, and radiation energy spec-
trum. Conversion factors can be applied to estimate dose in different 
materials, which is particularly important when dosimeters are used 
in neutron-dominated or mixed radiation fields (Ferrari et al., 2024; 
Avesani et al., 2025). RPLDs show excellent stability against fading and 
environmental influences, although some non-linearities or dose-rate 
dependencies may still arise and warrant characterization at extremely 
high doses or in fast irradiation scenarios characterized by very high 
dose rates (Pramberger et al., 2022; Aguiar et al., 2025).

Compared to PMMA dosimeters, RPL dosimeters are highly effec-
tive at low doses and are explicitly designed for measurements up to 
roughly 100 Gy. Extending their use to higher doses requires combining 
traditional RPL readout with transmission measurements, but in this 
regime the fundamental dosimetric mechanism shifts to a complex 
relationship between different optical center concentrations. This ne-
cessitates additional excitation sources, modified readout systems, and 
re-characterization of the dose response (Pramberger et al., 2022). 
By contrast, PMMA dosimeters are inherently suitable for high-dose 
applications, with nominal ranges extending to tens of kGy. Build-
ing on the successful optical readout strategies developed for RPL 
dosimeters, the present study explores applying the same approach 
to dyed-PMMA systems, aiming to extend their applicability while 
retaining the same dosimetric principle, formation of radiation-induced 
color centers, without major modifications to the measurement system.
3 
3. Methodology

3.1. Dosimeter samples

In this study, three commercially available dyed polymethyl
methacrylate (PMMA) Harwell dosimeters were selected for high-dose 
radiation characterization (shown in Fig.  1). These dosimeters, namely 
Gammachrome YR+, Amber 3042, and Red 4034, are designed for 
gamma and X-ray processing environments and are each calibrated for 
specific dose ranges and wavelengths of optical transmission, as shown 
in Table  1. The measurement wavelengths correspond to the peak 
absorbance bands of each dye type, as provided by the manufacturer 
and confirmed by spectrophotometric analysis. For Amber 3042, two 
wavelengths are used depending on the dose range, 603 nm from 1 to 
10 kGy and 651 nm from 10 kGy to 30 kGy.

Each of these dosimeter types is manufactured under strict quality 
control protocols. Prior to distribution, they are calibrated using a stan-
dardized cobalt-60 gamma irradiator and verified through spectropho-
tometric absorbance measurements. The coefficient of variation in 
specific absorbance values is maintained below 2.5%, ensuring batch-
to-batch uniformity (Harwell Dosimeters Ltd., 2024). All calibrations 
and irradiator operations are traceable to national measurement stan-
dards in the United Kingdom. The absorbed dose is estimated using the 
calibration curves provided by the producer and shown in Fig.  2. The 
three dosimeter types used in this work are shown in Fig.  1.

To provide a comparative benchmark, radiophotoluminescence
(RPL) FD-7 dosimeters were also employed. These dosimeters are part 
of the GD-301 series manufactured by Chiyoda Technol Corporation 
(Japan) and consist of silver-doped phosphate glass rods. The cylin-
drical glass rods have a diameter of 1.5 mm and a length of 8.5 mm. 
Their nominal composition includes phosphorus (31.55 wt %), oxygen 
(51.16 wt %), aluminum (6.12 wt %), sodium (11 wt %), and silver 
(0.17 wt %), as previously reported in the literature (McKeever, 2022). 
In standard commercial configuration, the glass rod is embedded in a 
plastic housing. For the experiments described here, the glass rod was 
carefully removed from its container to characterize its optical response 
alone. In the context of this study, the term RPL dosimeter refers exclu-
sively to the bare FD-7 glass rod. The performance of these dosimeters 
under high-dose conditions has been extensively documented in earlier 
work (Pramberger et al., 2022; Ferrari et al., 2024; Raj Mandal et al., 
2025; Aguiar et al., 2025).

3.2. Irradiation setup

As illustrated in Fig.  3, a custom-built experimental setup was de-
veloped for real-time (online) light transmission measurements (Hasan 
et al., 2024; Raj Mandal et al., 2025). This configuration allows for 
transmission of multi-wavelength broadband light through the dosime-
ter sample during irradiation. The setup consists of a deuterium-
halogen white light source (DH-2000, Ocean Optics) and a high-
resolution spectrometer (QE-Pro 38011, Ocean Optics), optimized for 
the detection of wavelengths in the range of 240 nm to 1000 nm. 
Light from the source is transmitted via a high-hydroxyl content, pure 
silica-core transport fiber, optimized for transmission in the ultraviolet–
visible range. A metallic-coated mirror serves as a collimator, directing 
the beam through the dosimeter sample positioned on a custom holder. 
On the opposite side, a second collimator collects the transmitted 
light and channels it to the spectrometer via a second optical fiber of 
identical type.

In the online measurement configuration, the sample, sample holder,
and optical collimators are placed inside the X-ray chamber, while the 
white light source and spectrometer are located out of the irradiator 
chamber, to remain shielded. PMMA samples are placed vertically with 
the light beam focused perpendicularly to the largest surface of the 
dosimeter, as shown in Fig.  3. The system records transmitted optical 
intensity at a selected acquisition rate, enabling the measurement of 
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Table 1
Characteristics of dyed PMMA dosimeters with measurement wavelength provided by Harwell and the characteristics of the FD7 
RPL dosimeter used in this study.
 Gammachrome YR+ Amber 3042 Red 4034 RPL FD7  
 Nominal dose range 0.1–3 kGy 3–30 kGy 5–50 kGy up to MGy  
 Measurement wavelength 530 nm 603/651 nm 640 nm 365 and 440 nm  
 Thickness 1.7 mm 3 mm 3 mm 1.5 mm  
 Size 30 x 11 mm 30 x 11 mm 30 x 11 mm 8.5 x 1.5 mm  
 Color change Yellow → Red Amber → Brown Red → Dark Red Transparent → Yellow 
Fig. 3. Schematic diagram of the experimental setup for online RIA mea-
surements. PMMA samples are positioned vertically with the light beam 
perpendicular to the largest surface of the dosimeter.

radiation-induced absorption (RIA) as a function of dose and wave-
length. RIA is calculated at any point in time using the following 
relation: 

𝑅𝐼𝐴 (𝑡, 𝜆) = −
( 10
𝐿

)

⋅ log10

(

I(𝑡, 𝜆) − IN(𝜆)
Iref (0, 𝜆) − IN(𝜆)

)

(1)

Where Iref (0, 𝜆) represents the pre-irradiation transmitted signal at 
wavelength 𝜆, and I(𝑡, 𝜆) signal at time 𝑡 during or after irradiation. IN(𝜆)
is the background signal due to thermal noise at the same wavelength. 
The sample length is denoted as 𝐿. All intensities are expressed in 
photon counts, integrated over a fixed acquisition time. RIA depends 
on various parameters including the absorbed dose, dose rate, tem-
perature, wavelength, light intensity, and material composition, as 
previously reported in the literature (Girard et al., 2013, 2019).

When the transmitted signal is measured during irradiation, the 
resulting attenuation is referred to as online RIA. This measurement 
provides insight into the growth and evolution of absorption bands 
associated with radiation-induced defect centers. Such observations are 
not always accessible through conventional post-irradiation methods, 
which primarily capture long-lived defect states. Therefore, the online 
4 
measurement technique is essential for understanding the complete 
optical response of dosimetric materials.

3.3. Irradiation conditions

The radiation source used in this study was operated on the PE-
TRA (Girard et al., 2025) experimental platform at Laboratoire Hubert 
Curien in France. The MOPERIX X-ray irradiator, equipped with a 
tungsten target, was set to operate at 160 kV (Meyer et al., 2023). 
Absorbed dose values in this irradiation campaign range from 0.1 kGy 
to 282 kGy, measured in water-equivalent material. Two dose rates 
were selected for the experiments: 0.9 and 1.2 Gy[H2O]/s at 20 ± 4 ◦C, 
and for a total duration ranging from 3 min to a maximum of 64 h of 
continuous irradiation. Dose rates are modulated by adjusting the tube 
current.

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 using PHITS, the adoption of a 
1.5 mm thick Al shielding, as shown in Fig.  3, was proven to effectively 
improve spectral hardness and improve dose homogeneity within the 
PMMA and RPL volume (Ferrari et al., 2024).

Reference dose-to-water at the sample position was measured using 
a PTW 23344 ionization chamber. In Avesani et al. (2025), a conversion 
factor 𝐶𝑠𝑖𝑚 is reported which allows the readout of the ionization cham-
ber to be converted in dose to RPL material 𝐷𝑅𝑃𝐿 in these irradiation 
conditions. 𝐶𝑠𝑖𝑚 corresponds to 3.2 ± 0.2 (Avesani et al., 2025). In this 
work, RPLD dose values refer to dose to RPL material, and they are 
obtained with the following formula: 
𝐷𝑅𝑃𝐿 = ̇𝐷𝑊 ⋅ 𝑡𝑖𝑟𝑟 ⋅ 𝐶𝑠𝑖𝑚 (2)

where ̇𝐷𝑊  is the dose rate in water measured with the ionization 
chamber at the irradiation position and 𝑡𝑖𝑟𝑟 is the total irradiation time.

RPL dosimeters were positioned on both sides of the PMMA sample. 
PMMA samples were removed from their sealed packages and irradi-
ated horizontally, except for online measurements, where they were 
placed vertically. For thicker amber and red PMMA types, samples 
were irradiated horizontally but flipped midway to ensure more uni-
form dose deposition on the dosimeter volume. Subsequent simulation 
results confirm improved depth-dose uniformity in these cases.

3.4. Monte Carlo simulations

Monte Carlo simulations were performed using the PHITS code to 
evaluate the energy deposition of X-rays in PMMA and to compute a 
conversion factor to assess the ratio between dose-to-water and dose-
to-PMMA values in the selected irradiation conditions. Additionally, the 
simulations assessed the spatial uniformity of energy deposition within 
PMMA samples under the irradiation conditions detailed in Section 3.3. 
A schematic view of the simulated geometry is illustrated in Fig.  4. The 
X-ray source is modeled as a point emitting X-rays isotropically and 
located in the center of a vacuum chamber, with the PMMA sample 
positioned approximately 6 cm downstream of the source. The source 
energy spectrum was computed using SpekPy 2.0 (Poludniowski et al., 
2021a) for 160 kV voltage with a 4 mm beryllum filter and a 1.5 mm 
aluminum filter useful to harden the spectrum. Comparing the spectrum 
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Fig. 4. PHITS simulation setup considering the horizontal placement of PMMA 
samples (offline measurements).

with (blue line) and without (gray line) a 1.5 mm-thick aluminum 
filter, shown in Fig.  5, in the filtered spectrum a notable suppression of 
low-energy photons is observed, improving penetration and minimizing 
near-surface dose peaks. The PMMA was simulated with a composition 
of C5H8O2 and a density of 1.18 g/cm3.

To analyze depth-dose uniformity, the PMMA volume was seg-
mented into 0.1 mm thick slabs along the 𝑥 axis allowing for detailed 
profiling of fluence and energy deposition as a function of sample 
depth. For the first 15 slabs, corresponding to the 1.5 mm thickness 
of the Gammachrome YR+ dosimeter, the photon fluence decreased 
by approximately 6%. In contrast, the final slab, corresponding to the 
full 3 mm thickness of Amber and Red dosimeters, shows a fluence 
reduction of around 15%. To compensate for this gradient and improve 
dose uniformity of the 67% in thicker samples, the Amber 3042 and 
Red 4034 dosimeters were irradiated from both sides (flipped halfway 
through the exposure).

4. Results and discussion

Based on the deposited dose results, a conversion factor was derived 
to relate dose-to-water, obtained using in the simulation the same 
geometry as the one described for the PMMA but with the dosimeter 
made of water and dose-to-PMMA: 
CSim =

𝐷PMMA
𝐷Water

≈ 0.73 (3)

This factor was consistently applied to all PMMA dose evaluations 
in the present study, enabling a direct comparison of dose deposited in 
PMMA and water-equivalent dosimetry systems and ensuring a quan-
titative comparability with dose-to-water reference measurements. As 
discussed earlier, the factor accounts for both spectral differences and 
energy-dependent mass absorption characteristics of PMMA relative to 
water under X-ray irradiation. For all the performed simulations the 
computational errors of the scored results were below 5%, it can be 
assumed that the conversion factor is 0.73 ± 0.04.

4.1. Absorbance and transmission measurements

In this section, the results from the post-irradiation absorbance mea-
surements using the Cary 6000i UV–Vis-NIR spectrophotomer (Agilent 
5 
Fig. 5. Comparison of X-ray spectra obtained with a 4 mm Be filter, with 
(blue) and without (gray) an additional 1.5 mm Al filter, using the X-ray tube 
operated at 160 kV (Poludniowski et al., 2021b).

Technologies) are shown and discussed. Fig.  6 presents absorbance 
data at the wavelengths used for dosimetry for each of the PMMA 
dosimeters (as reported in Table  1). For each dyed-PMMA sample, 
absorbance was measured at two distinct locations on the sample 
surface (designated as point A and point B) to assess reproducibility, 
particularly in the case of passively irradiated samples. Since these 
samples were uniformly irradiated under well-controlled conditions, all 
surface points were assumed to be equivalent. Additionally, a second 
measurement was performed approximately one week after the first 
to evaluate the temporal stability of the readout after irradiation. 
Across the entire dataset, a high degree of consistency was observed, 
with variation remaining within 8%, even for samples exposed beyond 
their nominal calibration range. As expected, absorbance increased 
monotonically with absorbed dose for all PMMA types irradiated within 
their respective calibration windows. This trend is also observed in 
most of the PMMA irradiated out of the range. Notable exceptions were 
observed for the PMMAs irradiated actively (Amber 3042 at 50 kGy 
and Red 4034 at 280 kGy). These anomalies are attributed to less 
homogeneous dose deposition resulting from their vertical orientation 
during online irradiation measurement (as illustrated in Fig.  3). This 
effect is clearly observed in the transmission spectra of Amber 3042 
irradiated vertically at 50 kGy, where measurements taken at different 
points on the sample surface (Fig.  7) show significant variation. The 
observed inhomogeneity contributed to larger discrepancies between 
measurement points (A and B) compared to the passively irradiated 
samples.

PMMA samples were irradiated either sealed inside the package 
or unsealed, in order to investigate the impact of the package during 
the irradiation since its role is to protect the dosimeter from humidity 
and other environmental condition, as previously mentioned. For in-
stance, the Gammachrome YR+, Amber 3042 and Red 4034 samples 
irradiated at 2 kGy, 3.48 kGy and 20 kGy respectively were sealed. 
As shown in Fig.  6, the absorbance values of these sealed samples 
do not exhibit a different trend compared to those irradiated without 
their package, indicating negligible influence from packaging under the 
tested conditions.

Fig.  8 presents the spectral transmission behavior of each PMMA 
dosimeters irradiated at selected doses within and beyond their nom-
inal calibration range. The transmission spectra show a clear dose-
dependent decrease in optical transmission, attributed to the formation 
of radiation-induced color centers within the PMMA matrix. Compared 
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Fig. 6. Post-irradiation absorbance measured at characteristic dosimetry wavelengths for (a) Gammachrome YR+ @603 nm, (b) Amber 3042 @603 nm, (c) 
Amber 3042 @651 nm, and (d) Red 4034 @640 nm. Absorbance trends confirm dose-dependent optical response at target wavelengths.
Fig. 7. Transmission spectra for several points within the Amber 3042 sample 
irradiated vertically at 50 kGy (online measurement configuration).

to the pristine state, the irradiated samples exhibit progressive darken-
ing, particularly evident in the visible region between 500 and 800 nm. 
For example, as the dose increases from 2 to 50 kGy in Gammachrome 
YR+ samples, the transmission curve shifts toward longer wavelengths, 
6 
with significant attenuation observed near the 530–580 nm range. This 
behavior is consistent with the accumulation of absorption bands linked 
to polymer degradation and dye radical interactions. In accordance 
with this, the values of the absorbance at 20 kGy, 50 kGy and higher 
doses are not reported in Fig.  6, as the measured absorbance is so 
low that it cannot be distinguish from the background noise, and are 
therefore considered unreliable. Similar responses are observed for 
Amber 3042 samples with significant attenuation near the 550–650 nm 
range and Red 4034 with significant attenuation near the 600–650 nm 
range.

4.2. Online RIA measurements

Fig.  9 displays RIA as a function of dose and time for selected 
wavelengths, measured online at a dose rate of 1.22 Gy[H2O]/s. 
The RIA growth in Gammachrome YR+ sample (Fig.  9(a)) exhibits a 
strong spectral dependence, with shorter wavelengths (e.g., 530 and 
570 nm) showing a steeper increase compared to longer wavelengths. 
At 580 nm, a substantial RIA signal is sustained up to 50 kGy, indicating 
the material’s sensitivity and dynamic response across the visible range. 
For wavelengths above 600 nm, the RIA increase is less pronounced but 
still monotonic and measurable. While the RIA evolution at 530 nm 
confirms its usability for dosimetry up to few kGy, after which the 
absorption is too high to be measured with the used setup, the RIA 
evolution at longer wavelengths suggests that they can be possibly 
considered for Gammachrome PMMA extended usability up to tens of 
kGy. Similarly, the Amber 3042 sample exhibits steeper growth in RIA 
at 600 and 650 nm compared to longer wavelengths (see Fig.  9(b)). The 
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Fig. 8. Transmission spectra of (a) Gammachrome YR+, (b) Amber 3042, and 
(c) Red 4034 PMMA dosimeters after increasing doses. Increasing radiation 
dose results in visible darkening and spectral red-shifting.
7 
Fig. 9. Online RIA growth in (a) Gammachrome YR+, (b) Amber 3042, and (c) 
Red 4034 PMMA dosimeters at selected wavelengths during X-ray irradiation 
at a dose rate of 1.22 Gy[H2O]/s. Higher RIA response is observed at shorter 
wavelengths.
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RIA growth at longer wavelengths (e.g., 700 nm) remains monotonic, 
though less pronounced, indicating potential usability beyond the 
commercial calibration dose range. A similar trend is also observed 
for the Red 4034 sample. However, in this case, the RIA increases 
monotonically up to 50 kGy across all selected wavelengths as shown 
in Fig.  9(c), after which the growth slows down, reaches a saturation 
region, and eventually shows a slight decline beyond 200 kGy.

These results confirm the interest for further exploring PMMA 
dosimeter suitability for online dosimetry applications, offering reliable 
signal development with minimal post-irradiation fading across a wide 
dose interval.

4.3. Recovery kinetics

To assess the post-irradiation stability of the RIA signal, recovery ki-
netics were monitored for up to 3 h following exposure. Measurements 
were conducted in the irradiation chamber using the online setup, 
under ambient temperature and atmosphere laboratory conditions for 
all three dyed-PMMA types and results as shown in Fig.  10.

For the Gammachrome YR+ dosimeter irradiated to 50 kGy, mini-
mal recovery was observed across the visible and near-infrared spec-
trum. At the wavelengths of 580 nm and 600 nm, the RIA signal 
decayed by less than 3%, indicating excellent temporal stability in this 
conditions, e.g. up to 3 h after irradiation. At longer wavelengths, minor 
relaxation was detected, approximately 0.3% at 700 nm, suggesting a 
more limited involvement of metastable defects at room temperature 
at this spectral position. A slight increase in the recovery at 800 nm 
is possibly due to instability of signal at longer wavelength, though 
the variation is lower than 0.4%. The Amber 3042 dosimeter, also 
irradiated to 50 kGy, exhibited exceptional stability at both wave-
lengths used for dosimetry. Specifically, the RIA signal at 620 nm and 
650 nm decreased by less than 0.2% only, demonstrating negligible 
short-term fading. However, more pronounced recovery was observed 
at longer wavelengths, with less than 5% RIA reduction at 700 nm and 
10% at 800 nm. This behavior may be attributed to the relaxation of 
metastable radiation-induced defects that absorb in the near-infrared 
region. Notably, this trend is consistent with the behavior observed 
during the post-irradiation absorbance measurements using spectropho-
tometry, further confirming the wavelength-specific nature of recovery 
dynamics. For the Red 4034 dosimeter subjected to a significantly 
higher dose of 282 kGy, the recovery kinetics appeared fully saturated. 
At the dosimetry wavelength of 640 nm, only a 1% decrease in RIA 
was detected after 3 h post-irradiation. The negligible change is likely 
due to the high dose deposition, which, at constant dose rate, implies a 
correspondingly longer irradiation time. This extended exposure period 
allows for significant recombination and migration of radiation-induced 
defects during irradiation, leading to the in-situ formation of stable 
color centers and partial annealing of unstable ones. Consequently, 
the optical signal reaches a near-equilibrium state by the end of the 
irradiation, resulting in a very limited recovery afterward. In contrast, 
samples irradiated for shorter durations tend to exhibit higher apparent 
recovery, as a greater fraction of defect relaxation processes occur 
post-irradiation rather than during exposure.

Overall, these results suggest a robust temporal stability of dyed-
PMMA dosimeters, particularly at their primary dosimetry wavelengths,
while slight wavelength-dependent fading can occur in the near-infrared
region. Although further study is needed, the low recovery rates seem 
promising for suitability of these systems for both real-time and post-
irradiation dosimetry applications.

4.4. Dose estimation

Fig.  11 presents the readout measurements for the three types of 
dyed PMMA dosimeters (Gammachrome YR+, Amber 3042, and Red 
4034) as well as the FD-7 radiophotoluminescent (RPL) dosimeters, 
plotted against the reference dose to water. Linear regression fits were 
8 
Fig. 10. Post-irradiation RIA recovery kinetics for (a) Gammachrome YR+, (b) 
Amber 3042, and (c) Red 4034 PMMA dosimeters over 3 h. Recovery behavior 
is wavelength-dependent, with high stability observed at primary dosimetry 
wavelengths.
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Fig. 11. Dose–response curves: (a) over the entire range of investigated doses, 
and (b) in the low-dose range for Gammachrome YR+, Amber 3042, Red 4034, 
and FD-7 RPL dosimeters. Linear fits demonstrate proportionality between 
dosimeter readout and reference dose across a broad range.

applied to all datasets in range, confirming the proportionality between 
the measured signal and absorbed dose over their respective sensitivity 
ranges. The Gammachrome YR+ dosimeter demonstrates accurate dose 
tracking within its nominal range of 0.1 to 3 kGy, while Amber 3042 
and Red 4034 extend the sensitivity range to approximately 30 kGy and 
50 kGy, respectively. The RPL dosimeters maintain excellent linearity 
across the entire dose range and serve as a reliable reference standard 
for comparison.

The RPL readout and each PMMA dosimeter demonstrated a highly 
linear response with a coefficient of determination (R2) higher than 
0.98. Nonetheless, the response of RPLs and PMMAs with reference 
dose shows a similar trend.

5. Conclusions

This study systematically evaluated the dosimetric performance of 
dyed-PMMA under high-dose X-ray irradiation. Monte Carlo simula-
tions confirmed that careful management of sample thickness and 
irradiation geometry ensures sufficiently uniform energy deposition 
within the PMMA volume, while providing a robust conversion factor to 
9 
relate dose-to-water to dose-to-PMMA. Post-irradiation absorbance and 
online radiation-induced attenuation (RIA) measurements revealed a 
clear dose-dependent optical response, with characteristic wavelength-
specific kinetics that reflect the formation and evolution of color centers 
within the polymer.

Recovery studies showed that the RIA signal remains remarkably 
stable over several hours, particularly at the nominal wavelengths, with 
only minor relaxation observed in the near-infrared region. This high 
temporal stability suggests that dyed-PMMA dosimeters can be suitable 
for both real-time monitoring and passive dosimetry. A similar trend 
and perhaps a conversion factor between the dose in RPL and the dose 
in PMMA can be seen in the responses of RPLs and PMMAs to the 
reference dose.
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