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ABSTRACT

Gamma camera is an important apparatus in nuclear medicine imaging. Its detection part is consists of a scintillation detector with a
heavy collimator. Substitution of semiconductor detectors instead of scintillator in these cameras has been effectively studied. In this
study, it is aimed to introduce a new design of P-N semiconductor detector array for nuclear medicine imaging. A P-N semiconductor
detector composed of N-SnO,:F, and P-NiO:Li, has been introduced through simulating with MCNPX monte carlo codes. Its sensitivity
with different factors such as thickness, dimension, and direction of emission photons were investigated. It is then used to configure a
new design of an array in one-dimension and study its spatial resolution for nuclear medicine imaging. One-dimension array with 39
detectors was simulated to measure a predefined linear distribution of Tc®-™ activity and its spatial resolution. The activity distribution
was calculated from detector responses through mathematical linear optimization using LINPROG code on MATLAB software. Three
different configurations of one-dimension detector array, horizontal, vertical one sided, and vertical double-sided were simulated. In
all of these configurations, the energy windows of the photopeak were + 1%. The results show that the detector response increases
with an increase of dimension and thickness of the detector with the highest sensitivity for emission photons 15-30° above the surface.
Horizontal configuration array of detectors is not suitable for imaging of line activity sources. The measured activity distribution with
vertical configuration array, double-side detectors, has no similarity with emission sources and hence is not suitable for imaging
purposes. Measured activity distribution using vertical configuration array, single side detectors has a good similarity with sources.
Therefore, it could be introduced as a suitable configuration for nuclear medicine imaging. It has been shown that using semiconductor
P-N detectors such as P-NiO:Li, N-SnO,:F for gamma detection could be possibly applicable for design of a one dimension array
configuration with suitable spatial resolution of 2.7 mm for nuclear medicine imaging.
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INTRODUCTION

Anger scintillation camera is a selective choice for radionuclide
distributionimaging. Since introducing gamma cameraon 1964,
it has improved greatly in all aspects such as spatial and energy
resolution, uniformity, field of view, and type of detectors.!"!
These improvements made it as a suitable choice for a variety
range of clinical studies. Important parts of a gamma camera
are collimator, sodium iodide crystal, optical channels, and
photomultiplier tubes. Part of gamma camera disadvantage
is due to limitation on scintillation crystal. These limitations
include nonuniformity of the crystal or scintillator failures
due to the sudden increase on temperature, which distorts
the images. Emission history and humidity also decreases its
sensitivity and causes high patient radiation dose. Big size of
photomultiplier tubes and their heavy weights, low energy,
and spatial resolution are other disadvantages of scintillation
camera with respect to semiconductor detectors.” Due to

these limitations, the semiconductor detectors are a good
alternative to be used on gamma camera.® Some researcher
used arrays of CdZnTe semiconductor gamma-ray detectors!”!
and improved the energy resolution to 6% and spatial resolution
to 6.2 mm in gamma camera.l Others have used different
electrode configuration of planar® and coplanar electrode!” as
a charge sensing detectors.

In this study, it was planned to simulate a P-N semiconductor
detector with Monte Carlo N-particle (MCNP) codes for
detection of gamma radiation to be used in one-dimensional
array for imaging in nuclear medicine.

MATERIALS AND METHODS

As powerful and multi-potential MCNP code could be used
to simulate different radiation physics phenomena and get
the selective parameters,® it is tried to simulate a P-N
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semiconductor detector made of a P-type NiO with Li
impurities (P-NiO: Li) and N-type SnO, with F impurities
N-SnO,:F* to be used for nuclear radiation detection. Pulse
height distribution of that has been determined with F8
tally in MCNP code as described by Rédenas et al. (2005).!"°
This tally with Gaussian energy broadening code can
resembles the output simulation pulse of the detector from
photons with energy E through three various factors a, b,
and c.""Relation between full width at half maximum (FWHM)

and these factors are defined as FWHM = a+ b+/(E + cE?) ;12

therefore, these factors can be achieved measuring FWHM
of a detector at least for three different sources.

As there was no access to such a NiO-SnO, detector, FWHM
data of a similar P-N semiconductor detector made of CdTe,
model XR-100T"™* has been used. Plotting FWHM versus
energy and matching above equation yield ¢ = —0.00037
MeV, b = 0.00648 MeV'?, and ¢ = 0.6146/MeV.

To evaluate functional performance and optimum dimension
of a simulated detector, pulse height distribution from a
Tc*™ radioactive source in the air and scattering medium of
water and also its sensitivity versus detector thickness and
source-detector distance and directions were measured.

In these evaluations, the detector cell was composed of two
rectangular cubic made of SnO, and NiO, with dimension
of 2 X 5 cm? and thickness of 0.2 mm (thickness of each
layer was 0.1 mm). Pulse height distribution versus radiation
energy of photons from a Tc*™ radioactive source in the air
and scattering medium of water, when emitting from 7.5 cm
and perpendicular to detector’s surface are shown in Figure 1.
Energy resolution in all of these measurements was 1.6%.

To evaluate detector performance, first the sensitivity
versus source-detector distance was measured with energy
windows of = 1%. Counts from a Tc®™ source at 5, 10, 15,
and 20 cm from the detector are shown in Figure 2. As
expected it is shown that the sensitivity will reduce with the
inverse square of distances due to reduction of field of view.

Sensitivity for detector thickness of 0.1, 0.2, 0.5, 1, 2, and
10 mm with source-detector distance of 5 cm was also
measured and shown in Figure 3. As expected the sensitivity
linearly increases with an increas e of detector thickness. As
the electrical resistance of a semiconductor 1 mm thick made
of Sn0O, and NiO will be very high (about few MQ), and its
electrical pulse is not measurable; therefore, detectors with
less than a millimeter thick with low resistance, although with
weaker sensitivity are preferred for signal measurements.

Detector sensitivity at a different direction was evaluated by
measuring detector counts at different angles on xy and yz
planes as shown in Figure 4. The sensitivity will increase on
yz plane from 0° to 30° and will decrease a little up to 90° as
shown in Figure 5.
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Figure |: Pulse height distribution versus radiation photon energy in the
air and water
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Figure 2: Detector counts versus source-detector distances
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Figure 3: Detector sensitivity versus detector thickness

Sensitivity of the detector at different angles on xy plane,
due to its small thickness is very low and for different
radiation angles have no significant variations.

Results of these measurements confirm the physical
principals of radiations, hence verifies performance of
simulated detectors with Monte Carlo method. Therefore,
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Figure 4: Situation of source and its direction to detector surface on xy and
yz plane

several of these detectors have been used to design one
dimension detector array. Detector arrays composed
of 39 detectors with three different configurations of
horizontal, vertical double-side, and vertical single side was
then simulated, and the activity distribution of predefined
linear sources and their spatial resolutions were measured.

In double-side detector array both side of the detectors
could detect the radiation photons, while in single side
detector array one side of the detectors are covered with
a lead layer and emitted photons from one side will be
detected.

In all of these configurations each detector will receive
emitted photons from source voxels distributed on a linear
narrow *Tc™ tube at 5 cm in front of that.

Compton scattering formula predicts a decrease of 1% in
energy of 140 KeV photons, undertaking scatter of 15°.
Therefore, detector outputs, setting a narrow * 1% energy
window, will counts only nonscattered emitted photons of
sources or scattered <15° in source-detector directions.
Denoting g, for i™ detector output, Jj for activity of j™ voxel
of the source and A for probability of emitted photons
from j™ voxel of the source to be received with i™ detector,
there would be the following formula:!"*l

g = [Ai’j]j?fori =1,2,..,nandj=1,2,....m

Finally, activities of m image pixels were calculated
from counts of n detectors using mathematical linear
optimization algorithm through LINPROG code in MATLAB
software (R2009a).

RESULTS

In a simulation, an array with 36 horizontal detectors,
2 mm long, 1 mm width, 0.2 mm thick, and 4 mm apart
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Figure 5: Sensitivity versus emission direction on xy and yz plane

from each other, was placed at 50 mm in front of 71
narrow linear source voxels, 2 and 0.2 mm long with
1.9 mm separation, and different activities as shown in
Figure 6a. Disintegration probability of source voxels
No. 13, 29, 43 and 57 was, respectively 0.05, 0.15, 0.25,
0.45, and 0.002 for the other sources. The measured
activity spectrum using * 5% energy window is shown
in Figure 6b.

Peak activities of the sources could not be seen on the
measured spectrum with this configuration of detectors.

A vertical array with 36 double-side detectors, 5 cm long,
2 ¢cm wide, 0.2 mm thick and at 5 mm distance from each
other was simulated to measure the activity of 70 linear
source voxels 0.2 mm long and 2.4 mm separation with
different activities as shown in Figure 7a. Disintegration
probability of source voxels No. 13, 29, 43, and 57 was,
respectively 0.05, 0.15, 0.25, 0.45, and 0.0015 for the other
sources. The measured activity spectrum using = 1% energy
window is shown in Figure 7b.

Measured spectrum in this configuration, also does not
resemble to the position of the peak activities of sources
and hence cannot be used for imaging.

Another similar vertical array with 36 single side detectors
was simulated to measure the activity of 71 source voxels of
no equally activities, as described for double side detectors.
Position of sources and detector array is shown in Figure 8a.
In this configuration, peak activity of the sources has been
detected in measured spectrum with spatial resolution of
2.7 mm.

DISCUSSION

One-dimension detector array composed of several thin P-N
semiconductor detectors with different configurations used
for detection of a linear distributed **Tc™ sources.
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Figure 6: (a) Detector array with 36 horizontal detector and (b) 7| source voxels with different activity
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Figure 7: (a) Detector array with 36 vertical double side detector and (b) 7| source voxels with no equally activity
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Figure 8: (a) Detector array with 36 vertical single side detector and (b) 7| source voxels with no equally activity

System matrix elements a for horizontal configuration
array is maximum at j = i and will gradually decrease
for sources farther than that on both side. In this
configuration field of view of every detectors is vide and
position of single sources as shown in Figure 6a is not
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detectable. Therefore, it is not applicable for imaging
purposes.

On double-side vertical configuration the system matrix
elements of a, ; is minimum at j = i and will gradually
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changes for sources farther than that on both side. It will
first increase and then due to increase of source-detector
distance will decrease. Field of view of detectors in this
configuration is similar to horizontal array and cannot
detect the position of the sources as shown in Figure 7a;
therefore, is not applicable for imaging purposes. To limit
the detector field of view, single side vertical array was
used. In this configuration as shown in Figure 8a, position of
sources could be detected with spatial resolution of 2.7 mm.

CONCLUSION

It has been shown that a configuration of single side detector
array composed of semiconductor P-N detectors such as
P-NiO: Li, N-SnO,:F is applicable for gamma detection with
suitable spatial resolution of 2.7 mm. Fine energy resolution
of the P-N detectors are promising this technique to be used
for two-dimensional detector array as a gamma camera with
scattered photon rejection during image data acquisition.

ACKNOWLEDGMENTS

The authors would like to thanks research Vice Chancellor of
Mashad University of Medical Sciences for financial support of this
research as a medical physics M.Sc. thesis and also Mr. Sh. Bayani
from Medical Physics Research Center for his sincere cooperation’s.

REFERENCES

1. Ogawa K, Ohta A, Shuto K, Motomura N, Kobayashi H, Makino S, et al.,
editors. Development of semiconductor gamma-camera system with
CdZnTe detectors. Nuclear Science Symposium Conference Record,
IEEE; 2006.

10.

12.

13.

in semiconductor nuclear radiation detectors. Nucl Instrum Methods
Phys Res A 1997;396:427-30.

Barrett HH, Eskin JD, Barber HB. Charge transport in arrays of
semiconductor gamma-ray detectors. Phys Rev Lett 1995;75:156-9.
Mortreau P, Berndt R. Characterisation of cadmium zinc telluride
detector spectra-application to the analysis of spent fuel spectra. Nucl
Instrum Methods Phys Res A 2001;458:183-8.

Luke P. Unipolar charge sensing with coplanar electrodes-application
to semiconductor detectors. IEEE Trans Nucl Sci 1995;42:207-13.
Sadoughi HR, Nasseri S, Momennezhad M, Sadeghi HR,
Bahreyni-Toosi MH. A comparison between GATE and MCNPX Monte
Carlo codes in simulation of medical linear accelerator. ] Med Signals
Sens 2014;4:10-7.

Juybari HA, Bagheri-Mohagheghi MM, Ketabi SA, Shokooh-Saremi M.
Fabrication and characterization of transparent p-n and p-i-n
heterojunctions prepared by spray pyrolysis technique: Effect of
post-annealing process and intrinsic middle layer. Physica E Low
Dimens Syst Nanostruct 2010;43:93-6.

Rédenas J, Burgos MC, Zarza I, Gallardo S. Simulation of germanium
detector calibration using the Monte Carlo method: Comparison
between point and surface source models. Radiat Prot Dosimetry
2005;116:55-8.

Rédenas |, Gallardo S, Ballester S, Primault V, Ortiz J. Application of the
Monte Carlo method to the analysis of measurement geometries for
the calibration of a HP Ge detector in an environmental radioactivity
laboratory. Nucl Instrum Methods Phys Res B 2007;263:144-8.
Hakimabad HM, Panjeh H, Vejdani-Noghreiyan A. Response function of
a 3x3 in. Nal scintillation detector in the range of 0.081-4.438 MeV.
Asian J Exp Sci 2007;21:233-7.

XR-100T-CdTe X-Ray & Gamma Ray Detector, available from:
http://www.amptek.com/products/xr-100t-cdte-x-ray-and-gamma-
raydetector/. [Last accessed on 2014 Mar 11].

Hajizadeh M, Zakavi SR, Momen-Nejad M, Naji M. Evaluation the role
of system matrix in SPECT images reconstructed by OSEM technique.
Iran J Nucl Med 2008;16:31-6.

Eisen Y, Shor A, Mardor I. CdTe and CdZnTe gamma ray detectors for
medical and industrial imaging systems. Nucl Instrum Methods Phys
Res A 1999;428:158-70.

Butler J, Lingren C, Friesenhahn S, Doty F, Ashburn W, Conwell R,

How to cite this article: Hajizadeh-Safar M, Ghorbani M,
Khoshkharam S, Ashrafi Z. Study of a New Design of P-N
Semiconductor Detector Array for Nuclear Medicine Imaging by
Monte Carlo Simulation Codes. J Med Sign Sence 2014;4:231-5.

Source of Support: Medical Physics Research Center; Mashad

et al., editors. CdZnTe solid-state gamma camera. Nuclear Science
Symposium, IEEE; 1997.
4. Butler JE Novel electrode design for single-carrier charge collection

University of Medical
Interest: Nill

Sciences Mashad, Iran, Conflict of

BIOGRAPHIES

M. Hajizadeh-Safar Professor in medical
physics, Department of Medical Physics,
Faculty of Medicine, Mashhad University of
Medical Sciences, Mashhad, Iran

E-mail: hajizadeh@mums.ac.ir

M. Ghorbani Assistant Professor in medical
physics, Department of Medical Physics,
Faculty of Medicine, Mashhad University of
Medical Sciences, Mashhad, Iran

E-mail: ghorbaniM@mums.ac.ir

S. Khoshkharam MSc in Medical physics, Department of
Medical Physics, Faculty of Medicine, Mashhad University of
Medical Sciences, Mashhad, Iran

E-mail: khoshkharam89@yahoo.com

Z. Ashrafi MSc in Semiconductor physics, Department of
Electrical Engineering, Imam Reza University, Mashhad, Iran

E-mail: zohreh_ashrafi@yahoo.com

Vol 4 | Issue 3 | Jul-Sep 2014

235

Journal of Medical Signals & Sensors



