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a b s t r a c t

Obtaining knowledge of the absorbed dose up-taken by a certain material when it is exposed to a specific
ionizing radiation field is a very important task. Even though there are a plenitude of methods for
determining the absorbed dose, each one has its own strong points and also drawbacks. In this article, an
innovative idea for the development of a new gamma-ray dosimetry system is proposed. The method
described in this article is based on optical colorimetry techniques. A color standard is fixed to the back of
a BK-7 glass plate and then placed in a point in space where the absorbed dose needs to be determined.
Gamma-rayeinduced defects (color centers) in the glass plate start occurring, leading to a degree of
saturation of the standard color, which is proportional, on a certain interval, to the absorbed dose. After
the exposure, a high-quality digital image of the sample is taken, which is then processed (MATLAB), and
its equivalent IRGB intensity value is determined. After a prior corroboration between various well-known
absorbed dose values and their corresponding IRGB values, a calibration function is obtained. By using this
calibration function, an "unknown" up-taken dose value can be determined.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The absorbed dose induced to a material by ionizing radiation is
one of the main quantities used to describe the cumulative effects
of such interaction. Whether we are talking about the effects
induced by the ionizing radiation to nonliving matter or we are
talking about effects induced on biological tissue, the absorbed
dose, including the phenomena producing it, is the starting point.
Obtaining precise knowledge of the absorbed dose magnitude in
cases in which a certain material is exposed to a specific ionizing
radiation field, in a certain point in space and for a certain period of
time, is a very important task [1e3]. There are even a plenitude of
methods for determining the absorbed dose, each one having its
own strong points and also drawbacks. In this article, an innovative
idea for a new gamma-ray dosimetry system is proposed. The
method described in this article is based on optical colorimetry
techniques, light being an ideal information-transporting vehicle
that can be used to highlight and quantify some of the effects
induced on matter by ionizing radiation [4].

Transparent optical materials are affected by their interactions
with strong ionizing radiation fields via the occurrence of supple-
mentary defects (color centers) into their structure, besides the
preexisting ones due to the manufacturing processes. These color
centers show associated absorption color bands, mainly in the
ultravioletevisibleeinfrared spectral region, due to redistributions
of the dislocated valence electrons on more stable states. The color
centereproducing phenomenon is also known as “glass browning”.
Color center occurrence leads to variations of the exposed glass
samples’ colors and, implicitly, their absorption proprieties. These
variations are proportional, on certain intervals, to the absorbed
doses [5e7]. These intervals are strongly related to the glass types
used and to the glass thickness. Using glass samples from the same
manufacturer and from the same batch is highly recommended
[8,9]. Color center production is also influenced by the environ-
mental temperature. Eventually, a slow natural reversing process
can be also seen. This reversing process can be accelerated by
applying heat treatment (high temperatures) to the irradiated glass
samples [10,11]. The main benefit of the reversing process it is
economical nature, meaning that the used samples can be reused.

The innovative idea for developing a new gamma-ray dosimetry
system proposed in this article is based on optical colorimetry
techniques, making use of color standards. The color standards are
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officially recognized instruments, containing standardized colors
(pure color and well-determined ratios of mixtures), used for
comparison with other unknown tones of a specific color (deter-
mined in the same measuring conditions). A color standard is used
to describe the colorimetric characteristics of a sample and also to
assure a traceability chain.

First, a color standard is fixed to the back of a BK-7 glass plate;
then, the sample is placed in a point in space where the absorbed
dose needs to be determined. When the exposure time is over, a
high-quality digital image of the sample is taken. After digitally
processing the image (by using of a specific MATLAB-developed
code), the individual IR, IG, and IB and the equivalent (IRGB) color
intensities are determined. It is known that any digital color image
is expressed by its red, green, and blue spectral components. Each
pixel of the image is composed of these three components, with
intensities in the 0e255 interval [12]. The RGB term comes from the
three primary colors: red, green, and blue. In the RGB color space
model, a color can be expressed by its equivalent intensity function
(1) [13]:

IRGB2 ¼ IR2 þ IG2 þ IB2 (1)

The RGB color space model can be described as the color space
interpreted and provided by a personal computer. Relation (1) is
based on the Cartesian coordinates system, inwhich red, green, and
blue colors are combined to obtain all the spectral colors. At the
same time, the RGB model is the only additive color system that
operates with the abstract values of an image, being unaffected by
human eye limits. Basically, the relation (1) represents the
Euclidean distance inside the RGB color space (RGB color space
cubedFig. 1), from the origin [(0, 0, 0) coordinates] to a certain
point [(r, g, b) coordinates], and indicates the equivalent intensity
associated with a certain color. In 8-bitesized coordinates, a color
space of 256*256*256 values, meaning more than 16 million color
tones, can be obtained.

The point having (0, 0, 0) coordinates represents pure black
color; the one having the (256, 256, 256) coordinates represents
pure white color. The diagonal of the RGB color space cube (equal R,
G, B intensities values) represents the gray tones. To numerically
describe a certain color, it is sufficient to assign 8 bits to each of its
three primary colors. This way, 256 intensity levels can be codified,
starting from (00000000) (pure blackdzero intensity) to
(11111111) (pure whitedmaximum intensity).

In this article, using relation (1), a specific MATLAB code was
developed to decompose the captured digital images and to obtain
their corresponding equivalent RGB intensities (IRGB).

In relation (1), the IR, IG, and IB components associated with the
images of the color standards, taken through BK-7 glass samples
exposed to ionizing radiation, are influenced by the doses up-taken
in the glass's volume. An increased absorbed dose leads to
increased absorption of light in the glass volume (wavelength
dependent).

After corroboration using various well-known absorbed dose
values and their corresponding IRGB values, a calibration function is
obtained. Using this calibration function and determining the IRGB
value corresponding to the image of an arbitrary-exposed sample,
its “unknown” up-taken dose value can be determined. Comparison
of the IRGB values obtained for the irradiated samples with the
standard values (nonirradiated glass) was done for each pure
color and also for the other tones (well-known ratios of mixtures
between pure color and white/black).

The proposed method is a relative one, its precision resulting
mainly from its calibration procedures. Therefore, in the calibration
protocol, it is very important that all the parameters contributing to
the resulted IRGB values be taken into account. To obtain high-
quality calibration curves, it is important to take into account all the
phenomena involved in the interaction between the ionizing radi-
ation and the chosen glass samples. In the calibration process, it is
very important to use a gamma-ray source that provides a precisely
known energy distribution and dose rate because these two pa-
rameters involve the specific response of the exposed glass samples.
Different dose rates can lead to different color center occurrence
rates. The effects of different gamma-ray energies on an exposed
glass sample consist of different probabilities of occurrence of the
involved interaction mechanisms: photoelectric effect, Compton
effect, and electronepositron pair creation. In the calibration pro-
cess, as many as possible absorbed dose points must be assured by
using high-quality reference dosimeters. It is very important to
perform precise measurements and calculations in the calibration
procedure.

An important benefit of the proposed colorimetric method is the
ease of obtaining different shapes and sizes of glass samples,
mandatory conditions in some nuclear physics experiments and
applications. The possibility of analyzing the exposed samples at
the pixel level also allowsmapping of the dose distributions in field
homogeneity studies.

Fig. 1. Theoretical representation of RGB color spacedcube.
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In this article, 10-mmethick glass samples were used, in a dose
range between 0 kGy and 24 kGy. Following the BeereLambert Law,
the dose range can be extended (by using thinner glass samples) or
narrowed (by using thicker glass samples).

2. Methods and materials

Nine BK-7 glass samples (10-mm thickness) were exposed to a
Co-60 gamma-ray source at the Horia Hulubei National Institute for
Nuclear Physics and Engineering (IFIN-HH) irradiation facility and
nine different absorbed doses were obtained. Using these results,
the calibration curves, representing the dependencies of the IRGB
values on absorbed dose values, were determined. A maximum
dose value of 24 kGy was reached, at a constant dose rate of
5.2 kGy/h (5% uncertainty, k ¼ 2). The absorbed dose values were
first calculated and then double checked using of Ethanole-
ChlorineeBenzene (ECB) dosimeters, with an average measure-
ment uncertainty of 2.5% (k ¼ 1). The achieved dose values were
placed between 0 kGy and 24 kGy. Each one of the nine irradiated
glass samples was placed in front of six color standards, and a
Canon Power Shot G6-type (7.1 Mega Pixels) high-quality digital
camera was used for taking the pictures. A stable Ne light source
(40 W) was used to obtain proper illumination (150 lx). The illu-
mination parameters were checked over the entire measuring time
using a MOBILE-CASSY-524009 type luxmeter. The experimental
setup [14e16] can be seen in Fig. 2.

One more BK-7 glass sample, from the same manufacturer, from
the same batch, and having the same thickness as the ones used for
the calibration, was exposed to the Co-60 gamma-ray source, in an
arbitrary position. This one was an “unknown” dose sample and
was used to validate the method proposed in this article.

In Fig. 3, pictures of the six color standards, taken through
gamma-rayeexposed BK-7 glass samples (5.6 kGy, 10.7 kGy, and
23.2 kGy), can be seen.

3. Results and discussion

Because colorimetry measurements involve measuring the light
reflected by the color standards and because the glass samples are
placed in front of them before taking the pictures, some geomet-
rical optics phenomena are involved. Therefore, the absorption
coefficients of the irradiated BK-7 glass samples at 532 nm (Nd:YAG
laser) and 633 nm (He-Ne laser) were determined using an optical
power meter and the BeereLambert Law, in the form (2):

a ¼ 1
x
� ln

P0
Ptr:

(2)

where P0 and Ptr. are the initial and transmitted laser power,
respectively;

x is the sample thickness (10 mm).
The variation of the absorption coefficient as a function of the

absorbed dose can be seen in Fig. 4. The intensities of the trans-
mitted and reflected light were also determined for each absorbed
dose (Fig. 4). The optical measurements were performed at a dis-
tance of 10 mm from the surface of the samples. In both cases
(transmission/reflection), a nonlinear response, with a strong
decrease to a certain value, followed by saturation, is observed. This
dependence of transmission/reflection as a function of the absor-
bed dose is caused by the significant increase of the absorption in
the irradiated glass samples, leading to a strong decrease of
transmission and reflection. A nonlinear variation of the absorption
coefficient as a function of the absorbed dose, which begins satu-
rating above a dose value of about 10 kGy, can be seen. A decrease of
the absorption coefficient with the increase of the light wavelength
can also be seen in Fig. 4. Values of the absorption coefficient
ranging between 0.009 mm�1 and 0.080 mm�1 at 633 nm and
between 0.008 mm�1 and 0.090 mm�1 at 533 nm were obtained.

The six color standards used in this article, each one containing a
pure color and other five tones (pure color mixed with white/black,
in well-known ratios), are presented in Fig. 5.

The calibration curves for each of the six color standards (pure
and also their white/black mixtures), indicating the dependence of
the IRGB intensities on the absorbed doses, are presented in Fig. 6.

The fitting parameters of the calibration curves for each of the
six color standards and for their white/black mixtures are pre-
sented in Table 1. Fig. 6 shows the measurements of equivalent
color intensities for each of the nine irradiated glasses. For each
color standard, an increase of the IRGB values with the increase of

Fig. 2. Experimental setup.
PC, personal computer.

Fig. 3. Color standard pictures taken through gamma rayseexposed BK-7 glass
samples.
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the white to pure ratio and a decrease of the IRGB values with an
increase of the black to pure ratio can be observed. When the
absorbed dose is increasing, a depopulation of the whiter tones and
a stronger population of the darker ones were observed.

An exponential decrease of the IRGB values as a function of
increasing absorbed dose can be seen in Table 1. The dependence of
IRGB on the absorbed dose is expressed, in a general form, as (3):

IRGB ¼ aþ b� expð � k� DÞ (3)

where a, b, and k are the fitting parameters and D is the absorbed
dose. Using the fitting parameters obtained for each color standard
in the calibration protocol, an “unknown” absorbed dose value can
be determined for a certain IRGB value (same glass type, same
thickness, and same batch), using relation (4):

D ¼ 1
k
� ln

b
IRGB � a

(4)

Using the colorimetric method proposed in this article, absor-
bed dose values can be determined in any types of activities
involving the presence of gamma-ray fields. Certain values of IRGB
equivalent color intensities can serve as decision thresholds. For
live-time measurements involving a high-quality digital camera
focused on a colorimetry-based detector during exposure, an “a
priori” IRGB threshold value can be set to be compared with the real-
time one, and as a result, an alarm can be triggered or an activity
can be initiated/stopped.

Being a relative method, the method proposed in this article is
based on indirect calculus of the absorbed dose according to

relation (4), which relates the absorbed dose to other directly
determinable quantities. All these quantities are affected by indi-
vidual uncertainties. By applying the error propagation theory, the
uncertainty associated with the proposed colorimetric method can
be determined. Knowing the values of a, b, k, and IRGB and their
associated individual uncertainties (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðaÞp

,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðbÞ

p
,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðkÞ

p
,

and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðIRGBÞ

p
), the variance associated with relation (4) can be

calculated as follows (5):

VarðDÞ ¼
�
vD
va

�2
� VarðaÞ þ

�
vD
vb

�2
� VarðbÞ þ

�
vD
vk

�
� VarðkÞ2

þ
�

vD
vIRGB

�2
� VarðIRGBÞ

(5)

obtaining (6)

VarðDÞ ¼ 1

ðIRGB � aÞ2 � k2
� VarðaÞ þ 1

k2 � b2
� VarðbÞ þ 1

k4

� ln2 b
IRGB � a

� VarðkÞ þ 1

ðIRGB � aÞ2 � k2
� VarðIRGBÞ

(6)

In relation (6), all the involved quantities are known. From
variance (6), the uncertainty associated with the method is ob-
tained as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðDÞp

. The final result will be reported as (D
±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðDÞp

), expressed in Gy (Gray).

Fig. 4. Absorption coefficient and transmitted/reflected light intensity as a function of the absorbed dose. (A) Absorption coefficient. (B) Transmitted/reflected light intensity.

Fig. 5. Six color standards used in this article. (A) Color standard 0.0. (B) Color standard 1.0. (C) Color standard 4.0. (D) Color standard 5.0. (E) Color standard 9.0. (F) Color standard
13.0.
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The absorbed dose value corresponding to the “unknown” BK-7
glass sample (from the same manufacturer, from the same batch,
and having the same thickness as the ones used for the calibration),
exposed to the Co-60 gamma-ray source at an arbitrary point in
space, was (4.6 ± 0.36) kGy (determined by using the colorimetric
method proposed in this article). The value determined using a
classical ECB dosimeter was (4.8 ± 0.24) kGy. In both cases, the
uncertainties were reported for a coverage factor k ¼ 2.

The good agreement between the two results, as can be seen in
Fig. 7, validates the method proposed in this article.

4. Conclusions

In this article, an innovative idea for developing a new gamma-
ray dosimetry systemwas proposed. The proposedmethod is based
on optical colorimetry techniques and was tested and validated by
comparing its results with results obtained by the classical method

(ECB dosimeter). The absorbed dose value obtained by the pro-
posed colorimetric method for an “unknown” sample was
(4.6 ± 0.36) kGy. The value determined by a classical ECB dosimeter
was (4.8 ± 0.24) kGy. Uncertainties were reported for a coverage
factor k¼ 2. The good agreement between the two results validates
the method.

The proposed colorimetry-based dosimeters can be used
“offline,” meaning the exposure of their glass component at
a chosen arbitrary point in space (related to a gamma-ray source)
where the absorbed dose value needs to be determined and, after
that, their placement in front of the color standards in the experi-
mental setup. The color standards can be part of each dosimeter or
can be part of only the measuring setup. In this “offline” method of
use, a high-quality digital camera is used to obtain the images.

The method can also be used in an “online” manner, meaning
that the acquisition camera is used in live-time filming mode and
the obtained IRGB values (corresponding to certain absorbed doses)

Fig. 6. Equivalent color intensity as a function of the absorbed dose (the calibration curves). (A) Color standard 0.0. (B) Color standard 1.0. (C) Color standard 4.0. (D) Color standard
5.0. (E) Color standard 9.0. (F) Color standard 13.0.
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can be compared with certain prechosen values; as a result, an
alarm can be triggered or an operation can be initiated/stopped.

The use of certified color standards gives traceability to the
measurements. Only one color standard is sufficient to obtain a
result, but using more of them and reporting the mean value
give coherence to the method. The use of different tones of each
pure color (mixtures with white or black in well-known pro-
portions) and different types and thicknesses of glass improves the

sensitivity of the method. This way, the usable dose interval can be
also shifted/extended. The method can also provide field unifor-
mity information with a resolution equal to the pixel size of the
digital camera used.

The proposed colorimetric glass dosimeters are especially rec-
ommended for use as preliminary instruments in the case of strong
gamma-ray fields, similar to the ones involved in state-of-the-art
nuclear physics experiments such as the Extreme Light Infra-
structureeNuclear Physics. In these kinds of experiments, the
presence of high-energy neutron fields can activate other types of
expensive measuring systems. The colorimetric glass detectors
show superior economic effectiveness and can be manufactured in
various geometries and dimensions. By thermal resetting of
gamma-rayeinduced optical density, these detectors can be reused.
The convenient economic impact of this absorbed dos-
eedetermining method makes it very practical.
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