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Determination of the relationship between the applied voltage and the
resolution of a BGO detector using a Co®® radioactive source.

Kissy Dayana Iznaga Pino

1. Introduction

Bismuth germanate (BGO) detectors are widely used in various applications due
to their high efficiency and stopping power for gamma ray detection. Several
studies confirm the versatility and effectiveness of these detectors for medical
and nuclear physics applications. In positron emission tomography (PET), BGO
detectors coupled to photodiodes have shown promise in improving spatial
resolution (Derenzo, 1984). BGO active shields are also used to improve the
sensitivity of high-purity germanium detectors by suppressing background
radiation (Kosir et al., 2024). Monte Carlo simulations have been used to compare
the response functions of BGO and Nal(Tl) detectors, highlighting the superior
efficiency of BGO but its lower resolution (Orion and Wielopolski, 2000).

Understanding the relationship between detector resolution and applied voltage
is essential for particle detection and imaging. For this reason, the purpose of this
work is to determine the relationship between the energy resolution and the
voltage applied to a BGO detector.

2. Experiment

The responses of a BGO detector are analyzed, using a Co®° radioactive source
and varying the applied voltage from 1200V to 2000V.

To determine the energy resolution of the detector, the definition of resolution
was used:

R FWHM
=

where FWHM (Full Width at Half Maximum), is the width of the distribution
measured at the average height of the peak, and Ho, its centroid. This magnitude
is dimensionless and is usually expressed as a percentage.

The FWHM value was determined as
FWHM = 235*0
where o is the standard deviation of the distribution.

The Ho and o values were obtained by using the ROOT software.



3. Results and discussion

Table 1 shows the resolution values obtained for the BGO detector at 1173 keV,
making variations in the applied voltage. The peaks were located by their
maximum and not according to the position of their centroid.

Table 1 Energy resolution for the 1173

. Sample o H, Resolution (%)
keV peak of Co® and different voltages.

12 0,366575| 1,65575 | 52,02785747
13 0,222535| 1,34099 | 38,9978486
14 0,264922| 1,92132 | 32,40307185
15 0,397371| 2,99922 | 31,13549023
16 0,536877| 4,42007 | 28,54391333
17 0,741146| 6,11454 | 28,48445018
19 1,23591 | 10,7016 | 27,13975948
20 1,54388 | 13,6882 | 26,50544264

As can be seen in Table 1, the energy resolution obtained for the detector in
question ranges from 26-52% at 1173 keV. Compared to other detectors, BGO
detectors tend to have worse energy resolution due to statistical fluctuations in
photon production. In research, energy resolution values for BGO detectors have
been reported in the range of 10-20% at 662 keV. However, some studies have
shown that resolution can vary depending on factors such as crystal quality,
detector configuration, and operating conditions. However, in preclinical PET
scanners, BGO detectors have demonstrated adequate performance
characteristics, including energy resolution ranging from 15.5% to 42.7% FWHM
(Zhang et al., 2010).

55 , . , ; , . . . ,

S
c
e
5 404 . -
o]
w
o
<. 354 s
>
@ | |
c u
W 30 -
| |
u u
25 4 -
| ! I ! I ! | ! I
1200 1400 1600 1800 2000
Voltage (V)

Figure 1 Variation of detector energy resolution with voltage.

The lower the resolution of a detector, the greater its ability to distinguish two
radiations of very close energies. In this case, the energy resolution of the
detector improves as the voltage is increased. As can be seen in Figure 1, above



1600 V the energy resolution improves by around 27.67%, approaching the upper
limit reported in the literature. However, great care must be taken with increasing
the voltage as it may damage the detector.

4. Conclusions

In the present work, the relationship between the energy resolution of a BGO
detector and the applied voltage was analyzed, using a Co®® source and making
voltage variations in a range of 1200-2000 V. Finally, it was determined that, for
voltage values Above 1600 V, the energy resolution of the detector improves by
around 27.67% at 1173 keV.
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Determination of the relationship between the applied voltage and the
resolution of a Nal detector using a Co®° radioactive source.

Kissy Dayana Iznaga Pino

1. Introduction

Sodium iodide (Nal) detectors are widely used for gamma-ray detection due to
their high efficiency and good energy resolution. Large Nal detectors can achieve
excellent energy resolution, with one system demonstrating 1.6% resolution at
22.6 MeV (Hakansson et al., 1988). Nal detectors are also suitable for in-situ
measurements of 137Cs in alpine environments (Schaub et al., 2010). Recent
developments include CMOS-coupled Nal scintillation detectors, which offer
excellent linearity over a wide range of activity levels without requiring dead-time
correction. These detectors demonstrate similar sensitivity and noise
characteristics to photomultiplier tube-based systems on short time scales
(Bergeson et al., 2020).

Understanding the relationship between detector resolution and applied voltage
is essential for particle detection and imaging. For this reason, the purpose of this
work is to determine the relationship between the energy resolution and the
voltage applied to a Nal detector.

2. Experiment

The responses of a Nal detector are analyzed, using a Co®° radioactive source
and varying the applied voltage from 900V to 1300V.

To determine the energy resolution of the detector, the definition of resolution
was used:

R = FWHM
=~
where FWHM (Full Width at Half Maximum), is the width of the distribution

measured at the average height of the peak, and Ho, its centroid. This magnitude
is dimensionless and is usually expressed as a percentage.

The FWHM value was determined as
FWHM = 235*0
where o is the standard deviation of the distribution.

The Ho and o values were obtained by using the ROOT software.



3. Results and discussion

Table 1 shows the resolution values obtained for the Nal detector at 1173 keV,
making variations in the applied voltage. The peaks were located by their
maximum and not according to the position of their centroid.

Table 1 Energy resolution for the 1173
keV peak of Co® and different
voltages.

Sample o H, Resolution (%)
2 0,562653 | 23,699700 5,579119
0,920517] 40,681700 5,317415
1,486350( 65,829300 5,306030
2,009000| 98,789300 4,779009
2,466190(137,393000 4,218225

|| lw

As can be seen in Table 1, the energy resolution obtained for the detector in
question ranges from 4-6% at 1173 keV. The scintillation detectors used in
gamma ray spectroscopy usually have energy resolutions in the range of 5-10%,
so one could conclude that our Nal detector has good energy resolution. Sharma
et al. (2023) found that resolution improved with increasing gamma-ray energy,
ranging from 11.27% at 356 keV to 4.74% at 1330 keV.
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Figure 1 Variation of detector energy resolution with voltage.

The lower the resolution of a detector, the greater its ability to distinguish two
radiations of very close energies. In this case, the energy resolution of the
detector improves as the voltage is increased. As can be seen in Figure 1, above
1100 V the energy resolution improves to below 5%. However, great care must
be taken with increasing the voltage as it may damage the detector. It is
noticeable that Nal detectors have better energy resolution than BGO detectors.



4. Conclusions

In the present work, the relationship between the energy resolution of a Nal
detector and the applied voltage was analyzed, using a Co®° source and making
voltage variations in a range of 900-1300 V. Good resolution values were
obtained that improved with the increase in voltage, these being less than 5% at
1173 keV for voltages greater than 1100V.
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Energy calibration of BGO and Nal detectors.

Kissy Dayana Iznaga Pino

1. Introduction

Since there is a relationship between the size of the impulse produced by an
incident particle and its energy, it is possible in certain cases to obtain a function
that relates the channel numbers to the energies attributed to them. This process
is called energy calibration, which in most cases corresponds to a linear function.
To do this, it is necessary to have certified radioactive sources with known
energies.

To obtain the calibration equation you must have several pairs of data: energy -
channel number. If the relationship is linear, the calibration curve is expressed as:

E=mCh+n (1)

where E represents the energy expressed in its corresponding unit of
measurement, m is the slope of the line, Ch represents the channel number and
n is the intercept of the line on the ordinate axis. These factors do not depend on
the radioactive sample or the detector used, but rather depend on the electronic
pulse amplification and classification devices, the power supply of the
photomultiplier, the characteristics of the detector, among others.

The objective of this work is to perform the energy calibration of BGO and Nal
detectors with known radioactive sources.

2. Experiment

To obtain the calibration curve of the BGO and Nal detectors, the radioactive
sources Cs'3” and Co®° were used, which are gamma emitters of known energies.
ROOT software was used for data treatment and analysis.
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Figure 1 a) Cs'3” Gamma spectrum, b) Co®® Gamma spectrum



3. Results and discussion

BGO Detector Calibration

With the help of the ROOT software, the peaks were selected and fitted to a
Gaussian distribution, to subsequently determine its centroid. With the centroids
determined and the known energies of each peak, a linear regression was
performed that resulted in the following calibration line:

E (keV) = 102.72734 * Ch — 4.94908 (2)
Table 1 Data used for BGO detector Source Channel Energy (keV)
calibration. Cs'3 6.47458 662
Co®0 12,2719 1253
Cob0 24,3759 2500
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Figure 2 Linear fit performed to obtain the linear calibration equation: E (keV) = 102.72734 *
Ch —4.94908, where E is the energy in keV and Ch is the channel number.

Nal Detector Calibration

With the help of the ROOT software, the peaks were selected and fitted to a
Gaussian distribution, to subsequently determine its centroid. With the centroids
determined and the known energies of each peak, a linear regression was
performed that resulted in the following calibration line:

E (keV) = 105.23113 x Ch — 153.00768

(3)



Table 2 Data used for Nal detector calibration. Source Channel | Energy (keV)
Cs'¥ 7,70305 662
Cob0 12,6323 1173
Cob0 14,152 1333
Cob0 25,1911 2500
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Figure 3 Linear fit performed to obtain the linear calibration equation: E (keV) = 105.23113 *
Ch — 153.00768, where E is the energy in keV and Ch is the channel number.

4. Conclusions

The energy calibration of the BGO and Nal detectors was carried out using
radiation sources of known energies Co® and Cs'%. For the BGO detector, the
calibration equation was obtained: E (keV) = 102.72734 « Ch — 4.94908, where
E is the energy in KeV and Ch is the channel number corresponding to the peak
centroid. For the Nal detector, the calibration equation was obtained: E (keV) =
105.23113 « Ch — 153.00768.
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Calibration and determination of the resolution of the X-123CdTe detector.

Kissy Dayana Iznaga Pino

1. Introduction

Cadmium telluride (CdTe) semiconductor detectors have gained significant
attention for X-ray and gamma-ray detection due to their high atomic numbers
and large bandgap energies, allowing operation at room temperature (Takahashi
and Watanabe, 2001). These detectors offer improved spatial and energetic
resolution compared to traditional scintillation detectors, making them suitable for
various medical imaging applications, including single-photon emission
computed tomography (Abbaspour et al., 2017). Despite their advantages, CdTe
detectors face challenges related to charge loss due to low hole mobility and short
lifetime (Takahashi and Watanabe, 2001). Recent advances in crystal production
and electrode design have improved spectral properties and overall detector
performance (Sordo et al., 2009). These advances have expanded the potential
applications of these detectors in the astrophysical and medical fields, and
ongoing research is focused on further improving their capabilities (Sordo et al.,
2009).

In this report, the resolution of the X-123CdTe detector will be determined, as
well as its energy calibration.

2. Experiment
2.1 Energy resolution calculation

To determine the resolution of the X-123CdTe detector, its response to a Co®’
radioactive source was analyzed using the Amptek _DppMCA software. To carry
out the calculation, the definition of resolution was used:

R = FWHM
=~
where FWHM (Full Width at Half Maximum), is the width of the distribution
measured at the average height of the peak, and Ho, its centroid. This magnitude

is dimensionless and is usually expressed as a percentage. The Ho and FWHM
values were obtained using the aforementioned software.

2.2 Energy calibration

To perform the energy calibration, the radioactive sources Cs'3’, Co® and Am?*!
were used, which are gamma emitters of known energies. For data treatment and
analysis, the Amptek _DppMCA software was used in the same way, with the help
of the OriginPro9 software to construct the calibration curve.



3. Results and discussion
3.1 Energy resolution calculation

Table 1 shows the FWHM and centroid data obtained for the Co®” spectrum, as
well as the respective resolution value determined using these values. The peaks
were located by their maximum and not according to the position of their centroid.

Table 1 Parameters and energy resolution for | FwHM H, Resolution (%)
the 122 keV peak of Co®’.

4,1042 322,57 1.27

As can be seen in Table 1, the resolution obtained for the X-123CdTe detector
is 1.27% at 122 keV, which represents a good resolution, since the characteristic
resolutions of semiconductor detectors are around 1% and even less.

3.2 Energy calibration

With the help of the Amptek DppMCA software, the peaks were selected and
fitted to an ROI to subsequently determine its centroid. With the centroids
determined and the known energies of each peak, a linear regression was
performed in the OriginPro9 software that resulted in the following calibration line:

E (keV) = 1.70369 * Ch — 452.07993

Table 2 Data used for calibration of the X- Source Channel | Energy (keV)
123CdTe detector Cs'37 654.27 662
Co%’ 322.57 122
Am?*1 314.32 59.5
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Figure 1 Linear fit performed to obtain the linear calibration equation: E (keV) = 1.70369 *
Ch — 452.07993, where E is the energy in keV and Ch is the channel number.



4. Conclusions

In this report, the resolution of the X-123CdTe detector was determined using a
Co% source, which turned out to be 1.27% at 122 keV. The calibration curve for
said detector was also carried out with the known sources Cs'3’, Co%” and Am?*1,
which turned out to be E (keV) = 1.70369 « Ch — 452.07993, where E is the
energy in keV and Ch is the channel number.
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Determination of the attenuation coefficient of Al and Cu using the X-
123CdTe detector.

Kissy Dayana Iznaga Pino

1. Introduction

The attenuation of ionizing radiation in medical physics is a crucial topic for
radiation protection and imaging. Computational simulations can model radiation
attenuation through various materials, providing insights into shielding
requirements and dose calculations (Silva, 2012; Paez Loépez et al., 2022). The
interaction of X-rays with matter involves processes such as coherent scattering,
photoelectric ~ effect, Compton  scattering, pair  production, and
photodisintegration, which contribute to beam attenuation depending on photon
energy and medium composition (Sethi, 2006).

The objective of this work is to determine the attenuation coefficient of Al and
Cu, which are materials used in shielding certain radioactive sources.

2. Experiment

The X-123CdTe detector and a radioactive source of Am2*' are used. To
determine the attenuation coefficient of Al and Cu, the expression was used:

[ =Ie™#* (1)

where I, is the initial intensity of the radiation beam, I is the intensity of the
radiation beam once it passes through the material, u is the attenuation coefficient
of the material and x is the thickness of the material.

The values referring to the intensities of the beams were obtained using the
DppMCA software. For this, the areas under the photoabsorption peaks were
analyzed, since the emission energy of Am#*' is 59.5 keV and it is observed that
the total attenuation of the photon is through photoelectric absorption (figure 1).

Working mathematically with expression 1, we can arrive at the following
relationship that corresponds to a linear fit, where the slope of the fit will be the
attenuation coefficient of the material:

lnIT":u*x (2)

3. Results and discussion

Table 1 shows the beam intensity values before and after passing through the
Al, as well as its thickness.
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Figure 1 Total photon cross sections.
Table 1 Values used to determine the linear attenuation coefficient of Al.
X (cm) lo | lo/I Ln (1o/1)

0,052 2849 2778 | 1,025558 | 0,025237
0,11 2849 2471 | 1,152975 | 0,142345
0,16 2849 2457 | 1,159544 | 0,148027
0,22 2849 2387 | 1,193548 | 0,176931

0,281 2849 2363 | 1,205671 | 0,187036

0,3 2849 2134 | 1,335052 | 0,28897
0,5 2849 1896 | 1,502637 | 0,407222
0,8 2849 1386 | 2,055556 | 0,720546

1,6 2849 741 | 3,844804 | 1,346723
2,897 2849 277 | 10,2852 | 2,330706
3,397 2849 213 | 13,37559 | 2,593431
4,374 2849 86 | 33,12791 | 3,500376

After performing the linear fit (Figure 2), it was obtained that the linear
attenuation coefficient of Al is 0.7866 cm™?! for 59.5 keV (= 6*10-2 MeV) of energy.
Since the density of aluminum is 2.7 g/cm?3, the mass attenuation coefficient was
determined, this being u / p = 0.2913 cm? / g. Table 2 shows the tabulated mass
attenuation coefficient value for Al as a function of the incident photon energy. For
an energy of 6*102 MeV, the mass attenuation coefficient of Al is u/p =
0.2778 cm? / g. Therefore, the result reported in this work has a relative error of
4.86%.

Table 3 shows the intensity values of the beam before and after passing through
the Cu, as well as its thickness.
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Figure 2 Linear attenuation curve for Al.

Table 2 Values of mass attenuation coefficients of Cu and Al as a function of photon energy.

Copper Aluminum
Zz=29 Z=B
ASCII format ASCII format
Energy u/p Hen/P Energy ulp Hen/P
(Mev) (cm?/g) (cm?/g) (Mev) (cm?/g) (cm?/g)
1.00000E-03 1.057E+04 1.049E+04 1.00000E-03 1.185E+83 1.183E+03
1.04695E-03 9.307E+03 9.241E+03 1.50000E-03 4.022E402 4.001E+02
1.09610E-03 8.242E+03 8.186E+03 1.55960E-03 3.621E162 3.600E:02
L1 1.09610E-03 9.347E+03 9.282E+03
1 SEGROE 03 3. WAREI0S. /4 B6aEses 1.55960E-03 3.957E+@3 3.829E+03
3 BosbGE B3¢ Blitities 3 T4BEIG 2.00000E-03 2.263E+03 2.204E+03
3.00000E-03 7.488E+02 7.430E+02 3.00000E-03 7.880E+02 7.732E+02
4.00000E-03 3.473E+02 3.432E+02 4.00000E-03: 3.605£402 3.545E£+62
5.00000E-03 1.899E+02 1.866E+02 5.00000E-03 1.934E+82 1.902E+02
6.00000E-03 1.156E+02 1.128E+02 6.00000E-03 1.153E+02 1.133E+02
8.00000E-03 5.255E+01 5.054E+01 8.00000E-03 5.033E+01 4.918E+01
8.97890E-03 3.829E+01 3.652E+01 1.00000E-82 2.623E+01 2.543E+01
K 8.97890E-03 2.784E+02 1.824E+02 1.50000E-02 7.955E+00 7.487E+00
1.00000E-02 2.159E+02 1.484E+02 2.00000E-02 3.441E+00 3.094E+00
1.50000E-02 7.405E+01 S.788E+01 3.00000E-02 1.128E+80 8.778E-01
2.00000E-02 3.379E+01 2.788E+01 A.00000E-02 5.685E-01 3.601E-01
:-m:‘g§ :-::i:zg; 3-i:§§$ 5.00000E-02 3.681E-01 1.840E-01
5.00000E-02 2.613E+00 2.192E+00 G:WE_M 2:7785_01 ;:232:_:;
::eeeeez:eg 1:523202 ;:gzss‘_’gﬁ 1.00000E-01 1.704E-01 3.794E-02
1. 00000E-01 4.SBAE-01 2. 0A9E-OL 1.50000E-01 1.378E-01 2.827E-02
1.50000E-01 2.217E-01 1.027E-01 2-00600E-O1: 1.223t-01, 2.735t-92
2.00000E-01 1.559E-01 5.781E-02 3.00000E-01 1.042E-01 2.816E-02
3.00000E-01 1.119E-01 3.617E-02 4.00000E-01 9.276E-02 2.862E-02
4.00000E-01 9.413E-02 3.121E-02 5.00000E-01 8.445E-02 2.868E-02
5.00000E-01 8.362E-02 2.933E-02 6.00000E-01 7.802E-02 2.851E-02
6.00000E-01 7.625E-02 2.826E-02 8.00000E-01 6.841E-02 2.778E-02
8.00000E-01 6.605E-02 2.681E-02 1.00000E+00 6.146E-02 2.686E-02
1.00000E+0© 5.901E-02 2.562E-02 1.25000E+00 5.496E-02 2.565E-02
1.25000E+00 5.261E-902 2.428E-02 1.50000E+00 5.006E-02 2.451E-02
1.50000E+00 4.803E-02 2.316E-02 2.00000E+00 4.324E-02 2.266E-02
2.00000E+00 4.205E-02 2.160E-02 3.00000E400 3.541E-02 2.024E-02
3.00000E+00 3.599E-02 2.023E-02 4 GOBGOEL00: S 4BEE 63 AIREIE 0D
4.00000E+00 3.318E-02 1.989E-02

5.00000E+00 2.836E-02 1.795E-02
5.00000E+00 3.177E-02 1.998E-02 & GbGOOEiGD. 3.E55E 60 1 %0805

6.00000E+00 3.108E-02 2.027E-02 ¥ X 2
8.00000E+00 3.074E-02 2.100E-02 8-90000CHA0, 2.437€ 62. 1:676C 02
1.00000E+01 3.103E-02 2.174E-02 1.00000E+01 2.318E-02 1.650E-02
1.50000E+01 3.247E-02 2.309E-02 1.50000E4+01 2.195E-62 1.631E-02
2.00000E+01 3.408E-©02 2.387E-02 2.00000E+01 2.168E-02 1.633E-02



Table 3. Values used to determine the linear attenuation coefficient of Cu.

X (cm) lo | lo/I Ln (lo/1)
0,02 2634 2085 | 1,26330935 | 0,23373475
0,05 2634 1490 | 1,76778523 | 0,56972748
0,07 2634 1215 | 2,16790123 | 0,77375953

0,1 2634 701 | 3,7574893 1,323751
0,15 2634 298 | 8,83892617 | 2,1791654
0,2 2634 160 16,4625 | 2,80108507
0,25 2634 73 | 36,0821918 | 3,58579944

After performing the linear fit (Figure 3), it was obtained that the linear
attenuation coefficient of Cu is 14.93 cm™! for 59.5 keV (= 6*102 MeV) of energy.
Since the density of copper is 8.96 g/cm?3, the mass attenuation coefficient was
determined, this being p / p = 1.666 cm? / g. Table 2 shows the tabulated mass
attenuation coefficient value for Cu as a function of the incident photon energy.
For an energy of 6*102 MeV, the mass attenuation coefficient of Cuis u / p =
1.593 cm? / g. Therefore, the result reported in this work has a relative error of
4.58%.
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Figure 3 Linear attenuation curve for Cu.

4. Conclusions

The mass attenuation coefficients of Al and Cu were determined, which turned
outto be 0.2913 cm? / g and 1.666 cm? / g, respectively. Both with a relative error
of less than 5% with respect to the values tabulated for the photon energy used.
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