
lable at ScienceDirect

Nuclear Engineering and Technology 54 (2022) 3811e3815
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Measurement of low energy beta radiation from Ni-63 by using
peeled-off Gafchromic EBT3 film

Wanook Ji*, Jong-Bum Kim, Jin-Joo Kim
Radioisotope Research Division, Korea Atomic Energy Research Institute, 111, Daedeok-daero 989 Beon-gil, Yuseoung-gu, Daejeon, 34057, Republic of Korea
a r t i c l e i n f o

Article history:
Received 23 February 2022
Received in revised form
8 May 2022
Accepted 10 May 2022
Available online 14 May 2022

Keywords:
Film dosimetry
Peeled-off EBT3 film
Beta-voltaic battery
Beta dosimetry
* Corresponding author.
E-mail address: wanookji@kaeri.re.kr (W. Ji).

https://doi.org/10.1016/j.net.2022.05.009
1738-5733/© 2022 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

Ni-63 is pure beta source which emits low energy beta particles. The Ni-63 sources were fabricated to
develop the beta-voltaic battery which converts decay energy into electrical energy for power genera-
tion. Activity distribution of the source was important factor of power producibility of the beta-voltaic
battery. Liquid scintillation counter widely used for measurement of low energy beta emitters was not
suitable to measure activity distribution. In this study, we used the peeled-off Gafchromic™ EBT3 film to
measure the activity distribution of the Ni-63 source. Absorbed dose was increased proportionally to the
source activity and exposure duration. The low energy beta particles could transport the energy into the
active layer without the polyester protective layer. Also, Activity distribution was measured by using the
peeled-off EBT3 film. Two-dimensional dosimetric distribution was suitable to measure the activity
distribution. To use the peeled-off EBT3 film is user-friendly and cost-effective method for quality
assurance of the Ni-63 sources for the beta-voltaic battery.
© 2022 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

Beta-voltaic batteries are power generator which converts
radioisotope energy into electric energy [1e5]. A fundamental unit
of beta-voltaic is composed of beta source and semiconductor, in
which the beta particles from the source are collected in PeN
junction of the semiconductor and a current is produced in the
same way as the photo-voltaic battery. Since semiconductors are
vulnerable to high energy radiation above 225 keV, low energy beta
emitters are generally used for beta-voltaic batteries [5e7].

Nickel-63 (Ni-63) emits low energy beta particles
(Emax ¼ 66.7 keV, Eavg ¼ 18 keV) with a long half-life (100.1 years).
Due to the low energy particles and long half-life, Ni-63 is widely
used for developing the beta-voltaic battery [3e5]. Since low en-
ergy beta particles have very short range in matter [8e10], the
source was made as very thin plate to minimize self-absorption
problem. In a previous study, we developed a small scale electro-
plating device to make Ni-63 planar source for the beta-voltaic
battery [11e14]. The power producibility of the beta-voltaic bat-
tery is strongly related to the number of the beta particles emitting
from the Ni-63 source. It is important to assure the Ni-63 source by
by Elsevier Korea LLC. This is an
measuring the beta particles. Liquid scintillation counter (LSC) [9],
plastic scintillator [9], Si(Li) detector [10] or a charged particle de-
tector with PIN diode sensor [15e17] are usually used to measure
low energy beta emitters. Activity was measured with both LSC and
the beta detector with PIN diode in previous study [15]. However,
both method were not suitable for measuring activity distributions
of the source.

Gafchromic™ EBT3 film is a film dosimeter with high spatial
resolutionwhich is commonly used formedical radiation treatment
[18e21]. Recently, peeled-off EBT3 film was used to measure dose
for alpha particle which had a very short ranges [21e23]. EBT3 film
is composed of two 125 mm-thick protective polyester layers and
one 28 mm-thick active layer inside. Peeled-off EBT3 filmwas made
by removing one protective layer and the active layer was exposed
to interact with alpha particle (see Fig. 1). The use of peeled-off
EBT3 film demonstrates the feasibility to measure radiation parti-
cle of lower penetration. The average range of the 67 keV of beta
particle is almost 0.007 gcm�2 [8] and its average range is con-
verted to 100 mm in the protective layer of EBT3 film. Therefore,
most beta particles from Ni-63 are blocked in the protective layer.

In this study, we measure the radiation dose from the Ni-63
source with peeled-off EBT3 film to estimate the activity and the
activity distribution of the Ni-63 sources. It is important to assure
homogeneity of the Ni-63 source for quality control of the beta-
voltaic battery. EBT3 film is known to have energy dependency at
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low energy region [24,25], but electron beam facilities in the MeV
range are widely used for commercial or medical field but not in
low energy range. The work of Jette Borg and the analysis of the
data suggest to use Monte Carlo calculation for low energy beta
dosimetry based on the agreement with the experimental data [10].
Therefore, radiation dose by the Ni-63 source is determined by
MCNP6 calculation in this study.

2. Material and methods

2.1. Ni-63 sources for beta-voltaic battery

The Ni-63 sources were fabricated with a small batch electro-
plating device [14]. The fabrication condition was set to coat Ni-63
isotope as 2.5 mm thickness on to a natural nickel plate. The size of
the sourcewas 9� 9mm2. Before electroplating, Ni-63 powder was
dissolved in 0.4M boric acid (H3BO3), 2 g/L saccharin, and a pH level
of 4. The solution was also diluted with to make low activities.
Three sources (No.1e3) were fabricated with the undiluted solution
while other sources (No.4e7) were fabricated with the diluted so-
lutions. These were unsealed sources without coating material on
the surface and the surface should be intact for preventing
contamination. Surface emission rate was measured with the beta
detector and source activity was converted from the emission rates
[15]. Details are described in 2.2.

2.2. Beta detector with PIN diode sensor

In order to detect the low energy beta particles, the beta de-
tector system which consisted of a PIN diode sensor (S1223,
Hamamatsu), a charge sensitive amplifier (CSA), a shaper and a
pulse discriminator was developed in our previous study [15]. The
CSA was developed with junction gate effect transistor input
operational amplifier (JFET input OP-AMP, OPA-656, Texas instru-
ment) and the CR-RC2 shaper was used for the signal processing.
The noise threshold value was 5 keV and it was enough to detect
the beta particles from Ni-63. The dead time of the detector was
determined as 7.46 mS by applying two-source method. Measured
count rates was converted to true count rates by applying the dead
time.

From the previous study, the true count rate was compared with
the source activity measured by LSC (PerkinElmer, Tri-Carb
4910 TR). The correlation between the activity and the emission
rate is shown in Eq. (1) (R2 > 0.99). In this study, the electroplated
Ni-63 sources of identical shape were measured with the beta
detector (Table 1). Each measurement was conduct for 10 min.

Surface emission rate (cpm) ¼ activity (mCi) �4160.9 þ 253.62 (1)

2.3. Measurement of Ni-63 with the peeled-off EBT3 film

Gafchromic™ EBT3 film consists of one active layer of 28 mm
thickness and two protective layer (PL) of 125 mm that cover the
active layer outside. The active layer contains diacetylene mono-
mers that change from yellow to green by polymerization after
irradiation [19]. Response of EBT3 film is expressed in the change of
Table 1
Degree of dilution of the Ni-63 sources.

Source 1 2 3 4

Dilution None none none 1/2 of source 3
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optical density (OD) which is due to polymerization of the mono-
mers. The measured OD refers to the particular wavelength of the
absorption spectrum.

One protective layer was peeled off using a cutter knife and the
active layer could be exposed to the Ni-63 source without inter-
fering material. Dose response of EBT3 film was known to be un-
affected by the peeling-off process in previous study [23]. Fig. 2
shows the device to expose the film to the Ni-63 source. The de-
vice consisted of a source insertion part and a board to control
exposure time. Each source was laid onto the insertion part, and
peeled-off EBT3 film was exposed to the source for desired time.
Because the Ni-63 source was unsealed, the source to target dis-
tance (STD) was 2 mm for preventing contact at the source surface.

The EBT films were scanned at 400 dpi (for dose measurement)
or 4800 dpi (for activity distribution measurement) resolution us-
ing a color scanner (Expression 10000XL, Epson, Japan) before and
after 24 h of radiation exposure [20]. The scanner was operated as
positive film mode without colour correction function. The RGB
scan value (SV) was extracted from each pixel in the scanned image.
The red channel was read to measure optical density (OD) in this
study, where OD was calculated by Eq. (2). To read red channel is
commonly adopted at low dose region below 10 Gy for accuracy
[26]. The uncertainty in dose estimation was within 10% by error
propagation in the dose range [27].

Optical Density¼ log 10ð
SV0

SV
Þ (2)

2.4. Dose calculation by MCNP6 simulation

MCNP6® code is a Monte Carlo radiation transport code
developed by Los Alamos National Laboratory, USA. Beta particles
from the Ni-63 were traced by MCNP6 code to calculate the energy
deposition in EBT3 film. A mesh tally card was applied to the target
volume to calculate distribution of energy deposition. Table 2
shows atomic composition and density for simulation. The uncer-
tainty of the calculation is within 5%.

2.5. Measurement of activity distribution of Ni-63 source

A collimator with 11 � 11 circular holes of diameter
(f ¼ 0.3 mm) was fabricated in order to measure activity distri-
bution of the sources (Fig. 4). The collimator was placed closely to
the Ni-63 source and each hole admitted to pass the beta particles
from the right below part. The peeled-off EBT3 film was laid on the
collimator. STD (source to target distance) was set as 1 mm. The
exposed films were scanned with 4800 dpi 24 h after exposure. The
average OD of 10 � 10 pixels at the center of each hole was read to
compare relativeness.

3. Results

3.1. Measurement of emission rates of the Ni-63 sources

The emission rate from the surface of the Ni-63 sources was
measured by using the beta detector. The source activity was con-
verted from true counts rate by applying Eq. (1). Activity of the Ni-
5 6 7

1/4 of source 4 1/4 of source 5 1/4 of source 6



Fig. 2. The experimental device for EBT3 film to be exposed to the Ni-63 source for
dose measurement.

Fig. 3. Schematic diagram for exposure of peeled-off EBT3 film to low energy beta
particles from Ni-63.

Fig. 4. The experimental device for measurement of activity distribution of the Ni-63
source.

Fig. 1. Peeled-off EBT3 film by removing protective layer [22].
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63 source decreased as dilution was processed (see Table 3).
3.2. Measurement of radiation dose from the Ni-63 sources

The absorbed dose of the active layer in the configuration of
Fig. 3 was calculated byMCNP6. Fig. 5 shows the distributionwhich
the higher dose was delivered at central area and the lower dose
was delivered at the edge of the film. Due to the 2 mm of STD, the
central area of the film had higher possibility to interact with the
Table 2
Atomic composition data for MCNP6 simulation.

material Composition (Atom %)

H He Li C N O

Ni-63 coating
Active layer 58.3 0.8 29.6 0.1 10.8
Protective layer
device

Table 3
Activity estimation by measuring the surface emission rates with the beta detector.

Source 1 2 3

Measured Count rates (cpm) 53,800 57,600 57
True count rates (cpm) 89,800 100,900 99
Activity (mCi) 20.72 24.20 23
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particles from the source and it occurred the centralized dose dis-
tribution. The relatively uniform dose was delivered on the 1 �
1mm2 in the central area. For this reason, the target area of the film
was set as 0.5 � 0.5 mm2 in the central area. Two sources
(No.4:12.744 mCi and No.5:3.317 mCi) were used to expose the
peeled-off EBT3 film. Dose rate were 0.114 Gy/s with source No.4
and 0.0296 Gy/s with source No.5, respectively. Doses in the range
of 0.5e10 Gy were exposed to the peeled-off EBT3 film by using
each source. 24 h after exposing the film, OD measurement was
conducted in the target area of interest. As shown in Fig. 6, the OD
values of the filmwere approximated (R2 > 0.99) to absorbed doses
according to both equations (Eqs (3.1) and (3.2).).

Dose¼14:572� ODþ 123:87� OD2 (3.1)

Dose¼11:763� ODþ 139:59� OD2 (3.2)
Density (g/cm3)

Na Cl Br Ni-63 Cu

100 8.0
0.1 0.2 0.1 1.2

1.39
100 8.96

4 5 6 7

,000 38,100 12,700 4000 1200
,300 53,300 14,100 4100 1200
.80 12.74 3.32 0.93 0.24



Fig. 5. The calculated dose distribution in the active layer in the configuration of Fig. 3.

Fig. 6. Dose calibration curves fitted to the OD measurement with peeled-off EBT3 film
to the No.3 (3.77 mCi) and No.4 (12.744 mCi) sources. The error bars indicate standard
deviations of the mean OD value.

Fig. 7. (a) A scanned image of the peeled-off EBT3 film by using the collimator (11 � 11
interpretation of the references to colour in this figure legend, the reader is referred to the
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3.3. Activity distributions of electroplated Ni-63 source

The activity distribution of the Ni-63 source was measured by
using the collimator in Fig. 4. Fig. 7 shows the scanned image of the
film after exposure and intensity graph of the red channel value
read from the image. The OD value was measured at the center of
each hole. The radiation dosewas converted from the OD value. The
11 �11 measurement values were averaged and each relative value
to the average is shown in Fig. 8. The relativity ranged from 70% to
118% of the average in source No.1, from 73% to 121% of the average
in No.7, and from 73% to 115% of the average in No.8.

4. Discussion

4.1. Applicability of peeled-off EBT3 film for low energy beta particle

In this study, radiation dose of low energy beta radiation was
measured by using peeled-off EBT3 film. First, we calculated the
absorbed dose rates from the Ni-63 sources by MCNP6 simulation
and two different sources (No. 4 & No. 5) were used to deliver ra-
diation energy. In Fig. 6, we found that the net OD values of peeled-
off EBT3 film were in good agreement with the absorbed doses.
Therefore, we demonstrate that to use peeled-off EBT3 film is
appropriate tomeasure dose fromNi-63. Since the absorbed dose is
proportional to the source activity, we can estimate activity of the
Ni-63 source without conducting LSC. Also, this technique can be
applicable to measure other low beta emitters, such as C-14.

4.2. Activity distribution of the Ni-63 sources

The primary object to use the peeled-off EBT3 film is for mea-
surement of activity distribution of the Ni-63 sources. Verification
of homogeneity of the isotope is important for quality control of the
beta-voltaic battery. The use of peeled-off EBT3 film provides two-
dimensional distribution of the activity. The results shows that the
areal activity varied from 70% to 121% of the average. This in-
homogeneity might be caused during the fabrication of the Ni-63
sources. Electroplating in the small scale electroplating bath
caused lack of uniformity [16].

5. Conclusion

To measure activity distribution of the electroplated Ni-63
holes) with source No.3, and (b) a image of red channel intensity of Fig. 7(a). (For
Web version of this article.)



Fig. 8. The relative value to the average for measuring the activity distribution of the Ni-63 sources for the beta-voltaic battery (a) source No.1 (20.717 mCi), (b) source No.2
(24.191 mCi), (c) source No.3 (23.804 mCi).
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sources was required for quality assurance of the beta-voltaic bat-
tery. A conventional method of LSC was not possible for the mea-
surement. The peeled-off EBT3 film was used to measure radiation
dose of the Ni-63 source. The OD was well corresponded to the
absorbed dose in the peeled-off EBT3 film and source activity. Ac-
tivity distribution of the source was measured with the peeled-off
EBT3 film. Two-dimension distribution of the film was appropriate
tomeasure activity distribution. The use of the peeled-off EBT3 film
could provide simple and cost-effective method to assure quality of
the Ni-63 sources.
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