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Abstract

Simulations are performed for seven different geometdoafigurations of CdZnTe (CZT) detector
arrays for Intelligent Personal Radiation Locator (IPREyites. IPRL devices are portable radiation
detectors that have gamma-ray imaging capability. Thecttmt@erformance is analyzed for each type
of IPRL configuration, and the intrinsic photopeak efficigniatrinsic photopeak count rate, detector
image resolution, imaging efficiency, and imaging coure eae determined.

1 Detector simulations

| perform full physics simulations using GEANT4 of each tygfdPRL detector configuration. Seven dif-
ferent types of IPRL detector configurations are simulalgth configuration is an array of CZT detectors.
Each GEANT4 simulation is run once for each specific detapeometry. Source photons from a point
source are generated at a specific energy and tracked thtloaigletector volumes. The positions and en-
ergies for each interaction are stored for further analy$ise exact information is then “digitized”, and
detector resolution effects are introduced, so that thdtieg simulated output mimics the realistic detector
response. The exagtandy coordinates of the interactions within the active detectgstals are pixelized.
Each detector array has pixels in theplane that are each 2.5 me@2.5 mm in size (thexy-plane is parallel
to the front surface of each detector crystal), except ferzh2x2 array of 25 mnx25 mmx5 mm CZT
detectors, which has pixels that are each 1.56x4tB6 mm in size. When more than one interaction occurs
within a pixel, the interactions and deposited energiescarsbined. The detected energy distribution is
determined by smearing individual energy deposits usingas&ian probability distribution with a spec-
ified FWHM at each energy, to model the energy resolution. imtexaction depth within the detector is
represented by thecoordinate, and two different types nfesolution are considered. The first typezof
resolution is modeled by smearing the exacbordinate of each interaction using a Gaussian probgabilit
distribution with a FWHM of 1 mm. The second type ofesolution model replaces the exaaoordinate
of each interaction with thecoordinate of the center of the CZT detector which contdiedrteraction.



1.1 Simulated detector geometry for k2x2 array of CZT detectors

The simulated detector geometry for eact2k 2 array of CZT detectors includes one row of CZT detectors
in thex direction, two rows in thg direction, and two rows in thedirection. Two different types of42x2
arrays are simulated. One type uses CZT detectors whictarer® 20 mmx5 mm in size. The other type
uses CZT detectors which are 20 m20 mmx 7.5 mm in size. For each type of array, each CZT detector
has a thin layer of inactive CZT around the side edges whidhlismm wide. The simulated detector
geometry for a ¥2x2 array is shown in Figure 1.

1.2 Simulated detector geometry for Z2x 1 array of CZT detectors

The simulated detector geometry for eachizX 1 array of CZT detectors includes two rows of CZT detec-
tors in thex direction, two rows in the direction, and one row in thedirection. Two different types of
2x2x1 arrays are simulated. One type uses CZT detectors whickOamemx 20 mmx5 mm in size. The
other type uses CZT detectors which are 20 x##@ mmx 7.5 mm in size. For each type of array, each
CZT detector has a thin layer of inactive CZT around the satges which is 0.1 mm wide. The simulated
detector geometry for ax2x 1 array is shown in Figure 2.

1.3 Simulated detector geometry for Z2x2 array of CZT detectors

The simulated detector geometry for eachizk 2 array of CZT detectors includes two rows of CZT detec-
tors in thex direction, two rows in the direction, and two rows in the direction. Three different types
of 2x2x2 arrays are simulated. One type uses CZT detectors whickOanemx 20 mmx5 mm in size.
The second type uses CZT detectors which are 20@0nmmx 7.5 mm in size. The third type uses CZT
detectors which are 25 mx25 mmx5 mm in size. For each type of array, each CZT detector hasa thi
layer of inactive CZT around the side edges which is 0.1 mmewithe simulated detector geometry for a
2x2x2 array is shown in Figure 3.
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Figure 1: Simulated detector geometry for the2l 2 array of CZT detectors.
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Figure 2: Simulated detector geometry for the2x 1 array of CZT detectors.
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Figure 3: Simulated detector geometry for the2x 2 array of CZT detectors.



2 Energy resolution model

The energy resolution model used for the CZT detectors iethas measured CZT data. To model the
energy resolution, individual energy deposits are smeasetj a Gaussian probability distribution with a
specified FWHM at each energy. The energy resolution mode¢h&CZT detectors is shown in Figure 4.
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Figure 4: Energy resolution for CZT detectors.



3 Intrinsic photopeak efficiency

The intrinsic photopeak efficiency at a particular energhénumber of detected events withia-43 keV
energy window, divided by the total number of events incidgmon the detector array at the particular
energy. Table 1 shows the results for the intrinsic phothgdiiciency at 662 keV for each type of detector
array. These results show that the CZT detectors which amam thick produce significantly better intrinsic
photopeak efficiency than the CZT detectors which are 5 maktlitigure 5 shows the intrinsic photopeak
efficiency versus energy for the<2x 2 array of 20 mnx20 mmx5 mm CZT detectors.

Intrinsic photopeak efficiency

Detector array type at 662 keV
1x2x2 array with
20mmx 20mmx5mm CZT detectors 10.3%
1x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 15.8 %
2x2x1 array with
20mmx 20mmx5mm CZT detectors 4.8 %
2x2x1 array with
20mmx 20mmx 7.5mm CZT detectors 7.9%
2x2x2 array with
20mmx 20mmx5mm CZT detectors 10.9%
2x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 17.2 %
2x2x2 array with
25mmx 25mmx5mm CZT detectors 11.5%

Table 1: Intrinsic photopeak efficiency at 662 keV, for eagbetof detector array.
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Figure 5: Intrinsic photopeak efficiency versus energy tier2<2x 2 array of 20 mnx 20 mmx5 mm CZT
detectors.



4 Intrinsic photopeak count rate

Table 2 shows the results for the intrinsic photopeak coatatsrat 662 keV for each type of detector array,
for a 1 mCi'3’Cs source located 10 meters away from the detector arrajeocenter axis of the detector
array. These results include the fact that the branchirig i85% for al®’Cs decay to emit a 662 keV
photon. Note that at a distance of 10 meters, a 1 #i@s source generates 662 keV photons at a rate
of 2.50 photons/second/ém These results show that the CZT detectors which are 7.5 riuk pioduce
significantly better intrinsic photopeak count rates th&T @etectors which are 5 mm thick.

Intrinsic photopeak count rate

at 662 keV
Detector array type (counts/second)
1x2x2 array with
20mmx 20mmx 5mm CZT detectors 2.06
1x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 3.16
2x2x1 array with
20mmx 20mmx5mm CZT detectors 1.92
2x2x1 array with
20mmx 20mmx 7.5mm CZT detectors 3.17
2x2x2 array with
20mmx 20mmx 5mm CZT detectors 4.36
2x2x 2 array with
20mmx 20mmx 7.5mm CZT detectors 6.88
2x2x2 array with
25mmx 25mmx 5mm CZT detectors 7.19

Table 2: Intrinsic photopeak count rates at 662 keV, for égpl of detector array, for a 1 m&3’Cs source
located 10 m away from the detector array, on the center dxfealetector array.

5 Detector image resolution

The detector image resolution is defined using the distahcisest approach (DOCA) of an image ring
to the true source location. The Compton scattering angteofirst interaction and the positions of the
first two interactions of an event define the opening angleaaigldirection of a cone. This cone is back-
projected onto a sphere which is centered at the detectae. intéarsection of the cone and the sphere is
the Compton image ring, which is a ring-shaped curve thae&ly circular if the radius of the sphere is
large compared to the detector length scale. Improving tieegy resolution and the position resolution for
interactions within the detector crystals improves thegeneesolution, because reducing the uncertainties
in the photon interaction energies and positions reduaearntount by which an image ring is shifted away
from the true source location. Figures 6 - 12 show the sirdl@OCA distributions for both types of
zresolution for each type of detector array. For each siradl&®OCA distribution, the source is a 662 keV
point source located 10 meters away from the detector asrathe center axis of the detector array.
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Figure 6: Simulated DOCA distributions for thex2x2 array of 20 mnx20 mmx5 mm CZT detectors,
for a 662 keV point source located 10 m away from the deteataryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussualpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zte@ordinate of
the center of the CZT detector containing the interactiait@m).
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1x2x2 array of 20mmx20mmx7.5mm CZT detectors
z resolution =1 mm FWHM
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Figure 7: Simulated DOCA distributions for thex2x 2 array of 20 mnx20 mmx 7.5 mm CZT detectors,
for a 662 keV point source located 10 m away from the detectaryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussialpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zloeordinate of
the center of the CZT detector containing the interactiarit@m).
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2x2x1 array of 20mmx20mmx5mm CZT detectors
z resolution =1 mm FWHM
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Figure 8: Simulated DOCA distributions for thex2x 1 array of 20 mnx20 mmx5 mm CZT detectors,
for a 662 keV point source located 10 m away from the detectaryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussialpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zloeordinate of
the center of the CZT detector containing the interactiarit@m).
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2x2x1 array of 20mmx20mmx7.5mm CZT detectors
z resolution =1 mm FWHM
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Figure 9: Simulated DOCA distributions for thex2x 1 array of 20 mnx20 mmx 7.5 mm CZT detectors,
for a 662 keV point source located 10 m away from the detectaryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussialpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zloeordinate of
the center of the CZT detector containing the interactiart@m).
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Figure 10: Simulated DOCA distributions for thex2x 2 array of 20 mnx20 mmx5 mm CZT detectors,
for a 662 keV point source located 10 m away from the deteataryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussialpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zlw®ordinate of
the center of the CZT detector containing the interactiart@m).
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2x2x2 array of 20mmx20mmx7.5mm CZT detectors
z resolution =1 mm FWHM
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Figure 11: Simulated DOCA distributions for the2x 2 array of 20 mnx20 mmx 7.5 mm CZT detectors,
for a 662 keV point source located 10 m away from the deteataryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussialpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zlw®ordinate of
the center of the CZT detector containing the interactiart@m).
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2x2x2 array of 25mmx25mmx5mm CZT detectors
z resolution =1 mm FWHM
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Figure 12: Simulated DOCA distributions for thex2x 2 array of 25 mnx25 mmx5 mm CZT detectors,
for a 662 keV point source located 10 m away from the deteataryaon the center axis of the detector
array, with the exact coordinate for each interaction smeared using a Gaussialpitity distribution with

a FWHM of 1 mm (top), and with the exaztoordinate for each interaction replaced by zle®ordinate of
the center of the CZT detector containing the interactiart@m).
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6 Imaging efficiency

The imaging efficiency at a particular energy is defined asithmber of events in the signal DOCA distri-
bution within the signal region, divided by the total numbgsignal events incident upon the detector array
at the particular energy. The signal region radius is deflmedpecifying a particular number of degrees
along the signal DOCA distribution. Imaged events must plasdollowing event selection requirements.
The event energy deposited in the detector crystals musithanva +13 keV energy-cut window centered
on the initial generated source photon energy. An event progiuce at least two interactions in the detector
crystals to be imaged. The first two interactions give theafional information of the incident photon. The
total energy deposition for an event is the sum of all enegpodits for all interactions within the detector
crystals. If the first two interactions for an event occurhiwitthe same pixel, then that event is rejected.
If the first two interactions for an event are both within tlaeng detector crystal, then the two interactions
must be separated by at least 4 pixel widths.

Table 3 shows the results for the imaging efficiencies at 682 for each type of detector array, in
which the exactk coordinate for each interaction is smeared using a Gaudgstibution with a FWHM
of 1 mm. Thisz resolution model produces a sufficiently narrow DOCA disttion such that most of the
signal events are contained within a signal region radiuOodlegrees. Thus, increasing the signal region
radius from 10 degrees to 30 degrees does not produce atargase in imaging efficiency.

Table 4 shows the imaging efficiencies at 662 keV for each vfpsetector array, in which the exact
zcoordinate for each interaction is replaced byzleeordinate of the center of the CZT detector containing
the interaction. Thig resolution model produces a sufficiently wide DOCA distiibn such that a large
fraction of the signal events in the DOCA distribution aréwseen 10 degrees and 30 degrees. This causes
a significant increase in imaging efficiency if the signalioegradius is increased from 10 degrees to 30
degrees.

Imaging efficiency Imaging efficiency
with signal region with signal region
Detector array type radius of 30 degrees radius of 10 degrees
1x2x2 array with
20mmx 20mmx5mm CZT detectors 1.8% 15%
1x2x2 array with
20mmx20mmx 7.5mm CZT detectors 29% 24 %
2x2x1 array with
20mmx 20mmx5mm CZT detectors 0.4% 0.3%
2x2x1 array with
20mmx 20mmx 7.5mm CZT detectors 0.8% 0.7%
2x2x2 array with
20mmx 20mmx5mm CZT detectors 24 % 19%
2x2x2 array with
20mmx20mmx 7.5mm CZT detectors 40% 34%
2x2x2 array with
25mmx 25mmx5mm CZT detectors 3.3% 28%

Table 3: Imaging efficiencies at 662 keV for each type of detearray, in which the exaacoordinate for
each interaction is smeared using a Gaussian distributitma¥WHM of 1 mm.
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Imaging efficiency Imaging efficiency

with signal region with signal region
Detector array type radius of 30 degrees radius of 10 degrees
1x2x2 array with
20mmx 20mmx5mm CZT detectors 1.8% 1.0%
1x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 2.7% 1.5%
2x2x1 array with
20mmx 20mmx5mm CZT detectors 0.4% 0.2%
2x2x1 array with
20mmx 20mmx 7.5mm CZT detectors 0.8% 0.4 %
2x2x2 array with
20mmx 20mmx5mm CZT detectors 2.3% 1.4%
2x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 3.7% 2.1%
2x2x2 array with
25mmx 25mmx5mm CZT detectors 3.1% 1.9%

Table 4: Imaging efficiencies at 662 keV for each type of detearray, in which the exaacoordinate for
each interaction is replaced by theoordinate of the center of the CZT detector containing titeraction.
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7 Imaging count rate

The imaging count rates are calculated for each type of tietacray, for a 1 mCH3’Cs source located 10
meters away from the detector array, on the center axis aldbector array. These results include the fact
that the branching ratio is 85% forld’Cs decay to emit a 662 keV photon. Note that at a distance of 10
meters, a 1 mCi*’Cs source generates 662 keV photons at a rate of 2.50 phegoost/cr.

Table 5 shows the imaging count rates at 662 keV for each tfpketector array, in which the exact
z coordinate for each interaction is smeared using a Gaudss#ibution with a FWHM of 1 mm. Thig
resolution model produces a sufficiently narrow DOCA disttion such that most of the signal events are
contained within a signal region radius of 10 degrees. Theseasing the signal region radius from 10
degrees to 30 degrees does not produce a large increasegimgntaunt rate.

Table 6 shows the imaging count rates at 662 keV for each tfpketector array, in which the exact
zcoordinate for each interaction is replaced byzleeordinate of the center of the CZT detector containing
the interaction. Thig resolution model produces a sufficiently wide DOCA distiiba such that a large
fraction of the signal events in the DOCA distribution aréwseen 10 degrees and 30 degrees. This causes
a significant increase in imaging count rate if the signalamegadius is increased from 10 degrees to 30
degrees.

Imaging count rate Imaging count rate
with signal region with signal region
radius of 30 degrees radius of 10 degrees
Detector array type (counts/second) (counts/second)
1x2x2 array with
20mmx 20mmx5mm CZT detectors 0.36 0.30
1x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 0.58 0.48
2x2x1 array with
20mmx 20mmx5mm CZT detectors 0.16 0.12
2x2x1 array with
20mmx 20mmx7.5mm CZT detectors 0.32 0.28
2x2x2 array with
20mmx 20mmx5mm CZT detectors 0.96 0.76
2x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 1.60 1.36
2x2x2 array with
25mmx 25mmx5mm CZT detectors 2.06 1.75

Table 5: Imaging count rates at 662 keV for each type of detentray, for a 1 mCt3’Cs source located
10 m away from the detector array, on the center axis of thectlatarray, in which the exaetcoordinate
for each interaction is smeared using a Gaussian diswibutith a FWHM of 1 mm.
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Imaging count rate Imaging count rate

with signal region with signal region
radius of 30 degrees radius of 10 degrees
Detector array type (counts/second) (counts/second)
1x2x2 array with
20mmx 20mmx5mm CZT detectors 0.36 0.20
1x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 0.54 0.28
2x2x1 array with
20mmx20mmx5mm CZT detectors 0.16 0.08
2x2x1 array with
20mmx 20mmx7.5mm CZT detectors 0.32 0.16
2x2x2 array with
20mmx 20mmx5mm CZT detectors 0.92 0.56
2x2x2 array with
20mmx 20mmx 7.5mm CZT detectors 1.48 0.84
2x2x2 array with
25mmx 25mmx5mm CZT detectors 1.94 1.19

Table 6: Imaging count rates at 662 keV for each type of detentay, for a 1 mCt3’Cs source located
10 m away from the detector array, on the center axis of thecti@tarray, in which the exaztoordinate for
each interaction is replaced by theoordinate of the center of the CZT detector containing titeraction.
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