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Abstract

The spatial resolution of a collimated CdZnTe Frisch collar detector was experimentally investigated for two different tungsten

collimator designs using a 198Au gamma-ray source at 412 keV. A two-dimensional model for the detector–collimator–source geometry

was developed and applied with some simplifying assumptions. The CdZnTe detector was fabricated from a single crystal using a copper

shim as the Frisch collar. The detector fabrication process is briefly described. Pulse height spectra were collected from 241Am, 198Au and
137Cs using a 3.4� 3.4� 5.8mm3 CdZnTe detector utilizing an insulated Frisch collar mounted inside a tungsten collimator. The

resulting energy spectra are presented. Room-temperature energy resolution of 1.72% full-width at half-maximum (FWHM) was

obtained for 137Cs at 662 keV without electronic correction. The two-dimensional model reasonably predicts the angular response of the

CdZnTe detectors when inserted into two different collimators.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

An ideal hand-held device for gamma-ray spectroscopy
and imaging applications is required to (1) operate at room
temperature, (2) maintain low leakage current at high-
voltage bias, (3) provide high-gamma-ray energy resolution
and (4) provide adequate gamma-ray absorption efficiency.
CdZnTe has shown promising results as a high-energy
resolution gamma-ray detection material when coupled
with a Frisch collar [1–4]. The device leakage current is
low, mostly due to the relatively wide band gap, which also
allows for room-temperature operation. Since CdZnTe is
composed of high atomic number elements, it provides
acceptable gamma-ray absorption efficiency. Therefore,
CdZnTe meets all aforementioned properties needed for a
successful hand-held gamma-ray spectrometer, as well as a
gamma-ray imaging array.
e front matter r 2006 Elsevier B.V. All rights reserved.
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Yet, crystal imperfections in commercial CdZnTe
material cause problems with severe hole trapping, which
works to degrade the energy resolution and performance of
the detectors. Single-carrier sensing (single polarity)
semiconductor detectors, using a similar concept as the
Frisch grid ion chamber [5], have been investigated as a
method to improve spectral performance of CdZnTe
detectors by negating the deleterious effects of hole
trapping [3,4,6–15]. A relatively new and simple single-
carrier design, which is comprised of a CdZnTe planar
detector wrapped in Teflon and copper tape, shows
promising results as a room-temperature-operated high-
resolution gamma-ray spectrometer [1–3,6]. The concept is
shown in Fig. 1. The copper tape serves as a virtual Frisch
grid, while the Teflon tape serves as a resistive barrier to
leakage current. The unique construction of the device,
which is referred to as a ‘‘Frisch ring’’ or ‘‘Frisch collar’’
detector, is particularly suited for assembling into colli-
mated arrays for imaging applications [2], in which the
Frisch collar device is inserted into an extended collimator
shielding tube. A set of such devices can be assembled into
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Fig. 1. The Frisch collar concept. A CdZnTe planar detector block is

wrapped in Teflon and copper tape, which serves as a virtual Frisch grid.

The device can then be inserted into a collimator tube. In some

circumstances, a conductive tube can serve as both Frisch collar and

collimator.
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Fig. 2. Schematic picture of the two-dimensional model for the

detector–collimator configuration. The values b and c are the CdZnTe

detector dimensions (in this work, 3.4 and 5.8mm), L is the collimator

length and t is collimator thickness.
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array modules. In the following work, the directional
sensitivity performance of a Frisch collar CdZnTe planar
detector is investigated for two different collimator lengths.
Further, a simple model is developed to predict the relative
change in detector count rate as a function of irradiation
angle.

2. Theoretical considerations

Basic two-dimensional diagrams of the detector–colli-
mator–source assembly are shown in Figs. 2–5, which are
used to analyze the expected count rate response. Using a
point gamma-ray source in the model, it can be observed
from Figs. 2–5 that as the point source moves on a circular
path with respect to the detector center point, three
different exposure regions can be defined. The three regions
depend on the geometry and positions of the collimator
and detector as well as the position of the source with
respect to the detector–collimator assembly. For the above-
described source path, there are two critical angles
identified, labeled here as ac1 and ac2 (Fig. 3).

The angle a, referred to as the ‘source–detector angle’ is
defined as the angle between the point source and the
detector–collimator center line (Fig. 3), where the angle
apex is at the detector center. The first critical angle ac1
occurs at the point along the arc at which the tungsten
collimator begins to shield the detector from the point
source (Fig. 3). The second critical angle ac2 occurs at the
point along the arc at which the detector becomes
completely shielded by the collimator from the point
source (Fig. 3). The angle a is the only independent variable
as the source moves along its circular path of constant
radius r for each particular test.

In the first region shown in Fig. 4a, the source–detector
angle ranges between zero degrees and ac1. Consequently,
the detector is entirely exposed to the point source. The
second region, shown in Fig. 4b, describes the source–de-
tector angles between ac1 and ac2. Here, the detector is only
partially shielded from the point source. In this second
region, the total gamma-ray flux emitted from the source is
partially attenuated before reaching the detector. Finally,
the third region shown in Fig. 4c is described by those
angles which are between ac2 and 90 1. All gamma-ray
emissions will intersect the collimator before reaching the
detector in this third region, hence the flux will be
attenuated.
In order to derive the relation between the counts and the

source–detector angle the following assumptions are made.
First, it is assumed that the decrease in counts observed will
be a relative function with respect to the total gamma ray
attenuation coefficient of the collimator, which is a function
of the collimator material and the gamma-ray energy. In
other words, the expected gamma-ray interactions in the
detector can be normalized and scaled appropriately for
various gamma-ray energies, collimator materials, and
detector materials. To simplify the geometry, the two
angles a1 and a2 shown in Fig. 4c are approximated as equal
to the source–detector angle a, an approximation that
incorporates little error provided that the exposure angle
between the point source and the detector, o(a), is small.
Indeed, for geometries used in the experiment, also shown
in Figs. 4a–c, the exposure angles are approximately
0.5170.11, hence allowing such a simplifying assumption
to be used. Using this assumption, for a specific source
position and angle a in the third region (Fig. 4c), the
gamma-ray flux is attenuated through an average shielding
thickness, t(a), termed the ‘effective thickness’.
The exposure angle, o(a), can be described as follows.

Retaining the definitions given in Figs. 2 and 3, the shaded
regions in the lower portion of Fig. 4c, which form two
right triangles (note that the corner of the larger triangle is
located at the point source), yield:

d

2

� �
cosðgÞ ¼ r�

d

2

� �
sinðgÞ

� �
tan

oðaÞ
2

� �
(1)
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Fig. 3. Schematic picture of the two-dimensional model for detector–col-

limator–source positions showing the two critical angles and the source

position with respect to detector–collimator assembly (r ¼ 50 cm).
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where

g ¼ 90� � aþ bð Þ (2)

and b is defined as

b ¼ arctan
b

c

� �
. (3)

By substituting b and g into Eq. (1) and rearranging, the
following equation can be obtained for the exposure angle

o að Þ ¼ 2 arctan
d=2 sin aj j þ arctan b=c

� �� �
r� d=2 cos aj j þ arctan d=2

� �� �
" #

(4)

where b and c are the dimensions of the CdZnTe bar
detector (Fig. 2), d can be evaluated as (b2+c2)1/2, and r is
the distance between the source and the detector center
(Fig. 3). Closer inspection reveals that o(a) is an even
function, due to symmetry, and increases with a. The
angular limits under investigation range from 7171, hence
oðaÞ has values of 0.391 and 0.571 at a-values of 01 and
7171, respectively.

Since the incident gamma rays on the CdZnTe detector
are absorbed based on the detector efficiency, e, it is
important to consider the effect of attenuation for the
incident gamma-ray energy in the CdZnTe. It is an
appropriate assumption to consider the gamma rays
impinging upon the detector to be a parallel beam at a
given angle, a (Fig. 5) due to the fact that the exposure
angle oðaÞ is small and the detector–source distance, r, is
much greater than the detector sizes, b and c. In order to
evaluate the detector efficiency, e, at non-zero angles, an
equivalent detector of thickness tv is assumed which rotates
with the source such that the detector face is always
perpendicular to the beam for the same oðaÞ evaluated by
Eq. (4). The aforementioned assumption is illustrated in
Fig. 5. The equivalent CdZnTe detector at the non-zero
angles in Fig. 5 is shown by the hatched rectangle and
labeled the ‘virtual detector’. The virtual CdZnTe detector
must have the same volume (or area in this two-
dimensional analysis) as the original CdZnTe detector.
The virtual detector also has the same exposure angle oðaÞ
to the point source and the exact detector–source distance,
r, as the original CdZnTe detector. To maintain equal
detector–source distances, the center of the two detectors
must be at the same point (Fig. 5). Geometrical relations
were employed to find the dimensions of the virtual
detector. For the triangle ABC in Fig. 5, AB ¼ AC cos(g)
or AB ¼ d cos(g). Considering the same amount of volume
for both detectors, the following relation is valid:

AB tv ¼ bc (5)

where b and c are the original CdZnTe detector dimensions
(Fig. 2), and tv is the thickness of the virtual detector
exposed to the point source and is varying with angle a
(Fig. 5); therefore,

tv ¼
bc

d cosðgÞ
. (6)

The angle, g, is defined in Eq. (2) as a function of angle, a.
The dimensions of the virtual detector are well defined.

As mentioned, it is assumed that the parallel beams are
impinging upon the virtual detector of thickness tv, for any
angle a. Hence, if one gamma-ray interaction within the
CdZnTe detector generates a detectable pulse, then the
CdZnTe detector efficiency is given by [17] as

eðaÞ ¼ 1� expð�mCtvÞ (7)

where mC is the CdZnTe total linear attenuation coefficient
for the incident gamma-ray energy. For CdZnTe in this
study, the total linear attenuation coefficient for the
gamma-ray energy of 412 keV emitted by 198Au is given
as 0.60 cm�1 [18]. Lastly, the aforementioned virtual
detector approximation is used only as a simplistic
analytical method to predict the gamma-ray response,
whereas a more rigorous and accurate result may be found
through numerical methods.
The detector count rate in the first region (Fig. 4a) is

proportional to product of the CdZnTe detector efficiency
and the exposure angle in the first region. However, in
the second region (Fig. 4b), the tungsten collimator
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Fig. 4. Schematic picture of the two-dimensional model for detector–collimator–source position while the source is in (a) region 1, (b) region 2 (c) and

region 3.
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dramatically impacts the total number of counts observed,
although the detector is only partially shielded by the
tungsten collimator. In the third region, the gamma-ray
flux is completely shielded by the tungsten collimator, yet
the effective thickness, t(a), is decreasing with increasing a
(Fig. 4c). The decrease in effective thickness in the third
region results in an increase in count rate as a increases.
Consequently, the predicted number of counts, N(a), in the
first and third regions (Figs. 4a and c) can be expressed as

NðaÞ ¼ ZoðaÞeðaÞ for 0�papac1 (8)

NðaÞ ¼ ZoðaÞeðaÞ exp �mrtðaÞð Þ for ac2oaoamax (9)
where Z is a normalization factor, m is the gamma
attenuation coefficient of the collimator material at the
desired energy, and r is the mass density of the collimator
material, respectively. For tungsten, the mass density is
approximately 19.3 g/cm3. The gamma-ray energy of
interest in this work is the 412 keV emission from 198Au,
in which the attenuation coefficient for tungsten is
0.183 cm2/g [16]. The effective thickness, tðaÞ, can be easily
obtained from Fig. 4c as

tðaÞ ¼
t

sinðaÞ
(10)

where t is the nominal collimator wall thickness (Fig. 2).
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The value of NðaÞ can be obtained in the second region
from Fig. 4b by considering the entire exposure angle as a
sum of the angle for which part of the detector is
unshielded ðo1ðaÞ on Fig. 4b), and the angle for which
attenuation occurs ðo2ðaÞ on Fig. 4b), such as

oðaÞ ¼ o1ðaÞ þ o2ðaÞ. (11)

In Eq. (11), o1ðaÞ is defined as the angle between the point
source and the portion of the detector for which no
shielding occurs and o2ðaÞ is the angle between the point
source and the portion of the detector which is shielded by
the collimator. From Fig. 4b, o1ðaÞ and o2ðaÞ can be
evaluated as

o1ðaÞ ¼
1

2
oðaÞ þ o0 (12)

o2ðaÞ ¼
1

2
oðaÞ � o0 (13)

where from the shaded triangle, SMX, in Fig. 4b,
o0 ¼ a� yðaÞ. In the triangle defined as XYZ in Fig. 4b
with the dimensions given in Fig. 2, yðaÞ can be written as

yðaÞ ¼ arctan
bþ a

Lþ hðaÞ

� �
.

By applying the fundamental theorem of similar triangles
to XYZ and XSW in Fig. 4b, where SW=XW ¼ YZ=XZ,
h(a) can be described as

r sinðaÞ þ ðb=2Þ
hðaÞ þ ðc=2Þ þ r cosðaÞ

¼
bþ a

hðaÞ þ L
. (14)

Solving Eq. (14) for h(a), the following equation can be
obtained:

hðaÞ ¼
L r sinðaÞ þ b=2
� �

� bþ að Þ r cosðaÞ þ c=2
� �

bþ að Þ � r sinðaÞ þ b=2
� � (15)

where L is the length of the collimator (Fig. 2). Given the
above expressions, the normalized total counts, NðaÞ, in the
second region is described by

NðaÞ ¼ Z o1ðaÞ þ o2ðaÞ exp �mrtðaÞð Þ½ �eðaÞ for ac1oapac2.

(16)

Over the range of source–detector angles, Eqs. (8), (9) and
(16) are the main relations utilized in predicting the
behavior of the normalized total number of counts with
respect to source–detector angle variations.

3. Detector fabrication

The detector fabrication process has been previously
reported [6]. However, a brief summary of the fabrication
process is described here. Bulk CdZnTe material was first
cut into 5.5� 5.5� 7.5mm3 pieces, which were then formed
to the desired size through wet grinding with silicon carbide
(SiC) papers. Grinding was followed by mechanical
polishing using alumina powder solutions, ending with a
final slurry of 0.05 mm powder. Lapping and polishing
ceased with the detector at the final dimensions of
3.4� 3.4� 5.8mm3, and was then ready for chemical
surface treatments.
Chemical etching was performed for 2min using a 2%

bromine/methanol solution. Gold chloride (AuCl3) was
used to deposit Au on the ends of the crystal. As a result of
the chemical reaction between AuCl3 and CdZnTe,
‘‘ohmic’’ contacts were formed through the electroless
deposition of Au. Surface treatment was completed by
oxidizing the side-surfaces using a solution of ammonium
fluoride, deionized (DI) water and hydrogen peroxide [19].
The crystal was then wrapped with thin Teflon tape. A thin
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Fig. 6. The 3.4mm� 3.4mm� 5.8mm CdZnTe Frisch collar detectors.

Fig. 7. The aluminum test stage inside the Faraday cage.

Fig. 8. The aluminum test box with the 4 cm long tungsten collimator and

the CdZnTe detector.
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copper shim was used as the Frisch collar and was
connected to the device cathode to be held at the cathode
potential (Fig. 6). Thin Au wires were attached to the
anode and cathode using conductive silver epoxy. To make
a strong connection between the Au wires and the contacts,
the device was baked in an oven at 50 1C for 11 h.

4. Experimental arrangement

Two different lengths of tungsten collimators were
designed to investigate the spatial resolution of collimated
Frisch collar detectors. The first collimator type was 4 cm
long with a 4.8mm inside width and a 1mm wall thickness.
The second was 8 cm long with a 4.7mm inside width and a
0.5mm wall thickness. Both collimators were fabricated by
Tungsten Co. using electrical discharge machining (EDM)
techniques. Since the angular dependency experiment was
conducted for both 4 cm and 8 cm long collimators, the
experimental arrangement described below was performed
for both collimators, individually.

In order to investigate the directional-sensitivity of
gamma-ray detection with respect to the source–detector
angle, it is important to perform the experiment with the
detector–source distance considerably larger than the
dimensions of the detector. In this manner, the exposure
angle oðaÞ can be kept small in magnitude and reduce any
measurement error of the source–detector angle. An
aluminum test stage, shown in Fig. 7, was designed and
built such that the detector–source distance was constant
(50 cm) for a variety of source–detector angles. A laser
pointer (Fig. 7) was included in the design to facilitate
accurate source positioning with respect to the collimator
centerline.

Once the collimator was aligned, its position was fixed
inside the aluminum test box as illustrated in Figs. 8 and 9.
To reduce the effect of shielding from the aluminum box, a
window was cut and covered with thin aluminum foil,
thereby reducing the aluminum thickness between the
source and detector while retaining electro-magnetic
shielding. Next, the fabricated CdZnTe detector with a
Frisch collar and Au connecting wires was placed inside the
tungsten collimator such that the cathode faced the
gamma-ray point source (Fig. 9). The CdZnTe detector
sides were covered with plastic wrapping before positioning
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Fig. 9. The 4 cm long tungsten collimator and the CdZnTe detector with

the gold wires. The cathode faces in the direction of radiation.

Fig. 10. Room-temperature spectrum of a 241Am source from the

3.4mm� 3.4mm� 5.8mm CdZnTe semiconductor detector inside the

4 cm long tungsten collimator.

Fig. 11. Room-temperature spectrum of a 137Cs source from the

3.4mm� 3.4mm� 5.8mm CdZnTe semiconductor detector inside the

4 cm long tungsten collimator.
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inside the collimator in order to insulate the device and to
center the detector within the collimator. Once in place, the
CdZnTe detector was ready for spectral collection.

The detector was connected to an Ortec model 142A
preamplifier. To minimize electronic noise, the aluminum
test stage and preamplifier were placed inside a copper
Faraday cage. The measurement system consisted of an
amplifier, an oscilloscope, a multichannel analyzer (MCA),
a high-voltage supply and a personal computer, all
positioned outside the Faraday cage. The temperature
and the relative humidity were recorded to be 271C and
60%, respectively. Operating parameters were held con-
stant at a voltage bias of 1000V, amplifier gain of 700 and
shaping time of 1 ms.

5. Experimental procedure

All data collected in this study came from the same
CdZnTe Frisch collar detector. To determine the detector
quality, pulse height spectra were taken with 241Am and
137Cs gamma-ray calibration standards placed inside the
aluminum test box at the end of the 4 cm long tungsten
collimator. Fig. 10 shows the energy spectrum for 241Am as
taken with a CdZnTe Frisch collar detector. Energy
resolution of 12.5% (7.43 keV) FWHM was recorded for
the 59.5 keV photopeak of 241Am. The low noise and the
high resolution of the device allow for the discernment of
Cd and Te X-ray escape peaks near 35 keV. The 662 keV
photopeak of 137Cs exhibited energy resolution of 1.72%
(11.4 keV) FWHM as shown in Fig. 11. The lower level
discriminator was set at 25 keV, allowing for the observa-
tion of barium (Ba) X-rays, also shown in Fig. 11. The
Compton continuum and backscatter peak are clearly
discernable as well. The energy resolutions reported for the
gamma-ray photopeaks of 241Am and 137Cs were achieved
without any electronic correction.
The gamma-ray calibration sources have low activity,
hence were unable to provide adequate counts in a
reasonable time period to investigate the device spatial
resolution. Thus, an activated Au foil to produce the 198Au
gamma-ray source was prepared through neutron activa-
tion by irradiating 1372mg samples of Au foil in the
Kansas State University TRIGA Mk II nuclear reactor
core. Activation was conducted for 5min under a measured
fast neutron flux of 3.5� 1012 cm�2 s�1 and thermal
neutron flux of 4.3� 1012 cm�2 s�1. The Au samples were
sliced from commercially available (Alpha Aesar) 99.95%
purified 0.025mm thick Au foil. To avoid possible
contamination, the Au foils were sliced and weighed in a
class 1000 clean room. Each activated foil was transported
immediately to the counting configuration via a pneumatic
tube, whereupon a single measurement was conducted. A
new activated foil was used for each measurement. Due to
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Fig. 12. Room-temperature spectra of 198Au gamma-ray emissions from

the 3.4mm� 3.4mm� 5.8mm CdZnTe semiconductor detector inside the

8 cm long tungsten collimator at three different source–detector angles,

showing the photopeaks and the Compton edges. Different Au foil

samples were used for each measurement.

Fig. 13. Room-temperature spectrum of a 1370.5mg activated 197Au

source taken with a 3.4mm� 3.4mm� 5.8mm CdZnTe semiconductor

detector inside the 4 cm long tungsten collimator. The source was placed at

01 for a counting time of 11 h.

Table 1

The net counts in the full energy peak obtained from 198Au sources at

different source-detector angles

Angle (deg.) Counts per

13mg 98Au

Standard

counting error

(7s)

Gold foil mass

(mg)

�17 2796 129 12

�13 2444 99 14

�12 1864 90 12

�10 1498 74 12

�9 1400 76 11

�8 1323 56 15

�7 1202 54 14

�6 1883 79 14

�5 3296 130 14

�4 4030 167 13

�3 5468 223 13

�2 6152 249 13

�1 6349 277 12

0 6927 279 13

1 6543 285 12

2 6195 251 13

3 4736 182 14

4 4418 170 14

5 3291 130 14

6 1138 55 13

7 1057 49 14

8 1153 60 12

9 1273 65 12

10 1373 65 13

12 1957 82 14

13 1715 78 13

17 2773 111 14

Also shown in the table are the actual measured Au foil sample masses. As

explained in the text, the counts from the irradiated Au foils were all

normalized to that of a 13mg sample. The CdZnTe detector used had

dimensions of 3.4mm� 3.4mm� 5.8mm and was placed inside the 4 cm

long tungsten collimator.
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time constraints and large dead time problems with
commercial systems, the Au foil activities were not
calibrated before the CdZnTe measurements were con-
ducted, but instead the foil mass was used as the normal-
ization factor.

Pulse height spectra were collected from the activated Au
foils at a variety of source–detector angles, each for 60min
using the two different tungsten collimators. The Au
sample was placed in the sample holder shown in Fig. 7 for
each angular measurement. Three 198Au spectra are shown
in Fig. 12 for three different source-detector angles, those
being of 01, 21 and 31, using the 8 cm collimator.
Additionally, a spectrum of 198Au at 01 was collected over
an eleven hour period, yielding energy resolution of 2.56%
(10.54 keV) FWHM for the 412 keV spectral line (Fig. 13).
All Au foils were corrected for mass differences by
normalizing the observed counts to a 13mg sample. The
accuracy of the mass scale was limited to70.5mg. Error
propagation was used to determine the error contributions
from the radiation counting and Au foil mass measurement
error.

6. Results

The total number of counts collected for a certain
source–detector angle can be evaluated by finding the net
counts within the full energy peak of the pulse height
spectrum (minus background). A complete set of source–
detector angles with the evaluated net photopeak counts
are presented in Tables 1 and 2 for the 4 and 8 cm
collimators, respectively. The data presented in Tables 1
and 2 are plotted in Fig. 14 to compare the directional
sensitivity of the two collimators. As expected, the longer
collimator is more sensitive to changes in the source–de-
tector angle. Between the source–detector angles of 711,
the detected counts from both collimators are nearly the
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Table 2

The net counts in the full energy peak obtained from 198Au sources at

different source–detector angles

Angle (deg.) Counts per

13mg 98Au

Standard

counting error

(7s)

Gold foil mass

(mg)

�15 3792 148 14

�10 3083 131 13

�5 1278 61 13

�4 987 53 12

�3 493 31 12

�2 3783 158 13

�1 6170 250 13

0 6897 300 12

1 6123 231 14

2 2961 118 14

3 612 34 13

4 1058 52 13

5 1453 64 14

10 3558 149 13

15 3979 166 13

Also shown in the table are the actual measured Au foil sample masses. As

explained in the text, the counts from the irradiated Au foils were all

normalized to that of a 13mg sample. The CdZnTe detector used had

dimensions of 3.4mm� 3.4mm� 5.8mm and was placed inside the 8 cm

long tungsten collimator.

Fig. 14. The experimental angular dependency of counts from 198Au

sources with the 3.4mm� 3.4mm� 5.8mm CdZnTe semiconductor

detector for the 4 and 8 cm long tungsten collimators.

Fig. 15. The experimental and theoretical angular dependency of counts

from 198Au sources with the 3.4mm� 3.4mm� 5.8mm CdZnTe semi-

conductor detector inside the 4 cm long tungsten collimator.

Fig. 16. The experimental and theoretical angular dependency of counts

from 198Au sources with the 3.4mm� 3.4mm� 5.8mm CdZnTe semi-

conductor detector inside the 8 cm long tungsten collimator.
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same. However, once the gamma-ray source was moved
past the respective critical angle of each collimator, the
shielding began to reduce the counts significantly. The
second critical angle ac2 for each collimator was experi-
mentally observed to be at 731 and 771 for the 8 cm and
4 cm collimators, respectively.

The normalized counts from the experiment were
compared to the analytical solutions, predicted by using
Eqs. (8), (9) and (16). The comparisons between theory and
experiment are shown in Figs. 15 and 16 for the 4 and 8 cm
collimators, respectively. It can be understood from the
figures that the two-dimensional simple model is relatively
acceptable in predicting the directional sensitivity of each
collimator. Based on the model, the second critical angle
occurs at 76.61 and 72.91 for the 4 and 8 cm collimators,
respectively. By comparison, the values of ac2 were
experimentally verified as being 771 for the 4 cm collima-
tor and 731 for the 8 cm collimator (see Figs. 14–16). The
slight disagreement between theoretical and experimental
data in Figs. 15 and 16 can be explained by a few factors.
The predicted small plateau in counts in the analytical
model for region 1 was not experimentally observed, in
which it was assumed that the exposure angle and the
efficiency of the CdZnTe detector accounted for the
observed counts, and the effects of the copper, plastic,
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Fig. 17. CdZnTe-collimated Frisch collar detectors are to be arranged

into imaging array modules.
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and Teflon tape were not included, thereby explaining, at
least in part, the slight discrepancy. Subsequently, while
considering the shielding effect of the tungsten collimator,
the edge thicknesses (0.5 and 1.0mm) for the collimators
were not taken into consideration. In other words, it was
assumed that as the source passed the critical angles, the
effective thickness of the collimator was tðaÞ. Overall, the
simple analytical model predicts the performance of the
collimated CdZnTe Frisch collar device quite well.

7. Conclusion and future plan

The angular resolution of a collimated CdZnTe Frisch
collar gamma-ray spectrometer depends strongly on the
collimator length. It is shown that the longer collimator
(8 cm) results in more directional sensitivity, while the total
counts observed at 01 is practically the same for both the 8
and 4 cm collimator. However, there is a trade off between
the length, weight, and cost of collimator, which may
become a concern for stacked collimator imaging arrays,
which are a subject of a future study (Fig. 17). The imaging
arrays with individual collimated detectors have some
advantages over common pixilated devices. The proposed
array design has individual electronic read out for each
detector pixel, and each pixel is isolated and shielded from
its neighbor, resulting in little to no cross-talk among the
pixels, unlike current pixilated devices sharing a single
crystal. By using small single crystals rather than large
single crystals, material requirements are less stringent
since small portions of high-quality CdZnTe materials are
much easier to extract from an ingot than large pieces.
Further, the simple device structure, along with less
demanding material requirements, reduce the overall
device cost.
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