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In this study, a 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar device was characterized through probing the
device with a highly collimated 662 keV gamma rays (*3”Cs check source) along the length and width of

Hegl, the device. In a systematic series of experiments, the detector was probed along its central line under

Frisch collar detector
Gamma-ray

different operating voltages of 1600, 1300, 1000, 800, 600 and 500V. The experimental results were
confirmed through a simulation of the charge collection for a device with the same size and operating

conditions. It is shown that the Hgl, Frisch collar device has a uniform response to gamma rays over
two-thirds of the detector volume. The Hgl, crystals and the Frisch collar detectors were grown and
fabricated within the S.M.A.R.T Laboratory at Kansas State University.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An important characteristic of gamma-ray spectrometer is the
uniformity of response to gamma-ray interactions. In other words,
it is important that the pulse height response is constant for any
given energy deposited in the detector and is not dependent upon
the location where the gamma ray was absorbed. Materials with a
large difference in charge carrier trapping characteristics between
electrons and holes can benefit from a single carrier device design
to achieve a uniform current induction distribution, which leads
to an enhanced energy resolution. The single carrier device
method achieves the uniform current induction distribution by
negating the deleterious effects of hole trapping [3,13,16]. One of
the most promising single carrier device designs is the Frisch
collar configuration, which performs as a high energy resolution
gamma-ray spectrometer [4,12,14-22].

A uniform and flat charge collection efficiency (CCE) profile
along the device length allows for a better pulse high spectrum
and enhances energy resolution [5,6,11]. When compared to the
performance of a planar configuration, the performance of the
corresponding Frisch collar device configuration is considerably
improved [5].

In this study, the CCE characterization of a two terminal
2.1 x2.1 x4.1mm> Hgl, Frisch collar device is performed by
probing the Frisch collar device with a highly collimated '37Cs
gamma-ray source. A 43.0 x 43.0 x 43.0mm? lead block with a
0.6 mm diameter hole through its central axis was used as the
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collimator. The entire lateral side of the Hgl, Frisch collar device
was probed with the collimated '*’Cs gamma-ray source. The
results were confirmed with CCE map simulations of the device
under the operating conditions.

2. Theory
2.1. Charge collection efficiency (CCE)

The charge collection efficiency at a given point xo CCE(xg)
within a gamma-ray detector and along its central line is defined
as the normalized change in induced charge between the
interaction location xo and the collecting electrode. For instance,
if Qo is the charge generated by a single photon interaction at
point xo within the device, and Q«x) is the total induced charge
sensed by the collecting electrode after all charges are collected,
taking into account trapping effects, then CCE(xy) is defined by

Qt(xo)
Q

In most compound semiconductors there is a significant charge
carrier trapping, which degrades the device performance due to
incomplete and non-uniform charge collection. Therefore, CCE(xq)
is typically smaller than unity. CCE(xq) considers the contribution
to charge induction from the electrons and holes over the entire
path of their motion. The application of the Shockley-Ramo
theorem [23-25] and the details of the calculation techniques are
described elsewhere [5,6,8-11,23-25].

CCE(xg) = ) M
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Fig. 1. The charge collection efficiency (CCE) profile at different voltages of 1600,
1300, 1000, 800, 600 and 500V applied to the anode (collecting electrode) along
the central line of a 2.1 x 2.1 x4.1mm? Hgl, Frisch collar device. The CCE is
plotted based on the Shockley-Ramo theorem and through electric field and
weighting field modeling of the device with 4.1 mm long Frisch collar (entire
device) held at cathode bias (grounded).

2.2. Effect of applied voltage on CCE

Plots of CCE for a 2.1 x 2.1 x 4.1 mm?® two-terminal Hgl, Frisch
collar device at different values of applied voltage are provided in
Fig. 1. The plots correspond to the CCE profiles along the device
central line where the electric field (and weighting field) vectors
lie on a straight line. The device length L was divided into 1000
segments for numerical simulation. The device was modeled in
three-dimensional geometry, and the weighting field and electric
field distributions were determined using Integrated Engineering
Software, LORENTZ. The mobility-lifetime products of 0.0008 and
0.00003 cm?V~! were assumed for electrons and holes, respec-
tively.

3. Experimental procedure

A 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar device was fabricated
as previously reported [1,2,7]. The Hgl, crystals for this study
were grown at the S.M.ART. Laboratory at Kansas State
University [2]. The collimator was fabricated by pouring molten
lead into a cast with a 0.6 mm diameter steel rod placed vertically
in the center of the cast. After the lead cooled, the steel rod was
removed, leaving behind the collimator hole. The Pb-collimator
was mounted on a linear stage with two degrees of freedom. This
arrangement allowed for the 2.1 x 2.1 x 4.1 mm? Hgl,, Frisch collar
device to be probed by a highly collimated '*’Cs gamma-ray
source at desired locations along the length and width of the
device (see Figs. 2 and 3). A matrix of 3 x 6 irradiation points, for
a total of 18 locations, with six x-coordinate positions (1-6) and
3 y-coordinate positions (A, B and C), were used for the study.
The Hgl, Frisch collar detector was placed 8.7 mm away from the
Pb-collimator and was held stationary during all measurements.
The '37Cs gamma-ray source was placed on the linear stage and
aligned underneath the Pb-collimator hole. The detector, gamma-
ray source, Pb-collimator and the linear stage were placed inside
an aluminum test box.

The 2.1 x2.1 x4.1mm> Hgl, Frisch collar device was then
probed with the collimated '*’Cs gamma-ray source to investi-
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Fig. 2. The experimental arrangement for the gamma-ray source, Pb-collimator,
and the Hgl, Frisch collar detector, showing only the narrow collimator hole
section of the 43.0 x 43.0 x 43.0mm?> Pb-collimator. A 2MBq '*’Cs gamma-ray
source was placed at the far end of the 0.6 mm circular hole. The Hgl, Frisch collar
detector was held stationary at a distance of 8.7 mm from the emerging end of the
Pb-collimator. The Pb-collimator block and gamma-ray source were mounted on a
linear stage with two degrees of freedom. The linear stage can be adjusted to
irradiate specific probing locations along the Frisch collar detector. Only irradiated
points on central line (position C) are shown on this figure.
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Fig. 3. The irradiated points on the 2.1 x 2.1 x 4.1 mm® Hgl, Frisch collar device.
The collimated gamma-ray source on a linear stage allows for the desired points to
be irradiated at specific probing points, as shown on the Hgl, device. The Frisch
collar device was radiated in increments of 0.65 mm along its length and width,
respectively.

gate the uniformity of the Frisch collar device’s response to
662 keV gamma rays. The aluminum test box was connected to an
eV-550 preamplifier through an SHV connector. The aluminum
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test box and preamplifier were placed inside a copper Faraday
cage. The preamplifier was connected to a high-voltage supply, an
amplifier (CANBERRA Model 2021) and a pulse generator. An
oscilloscope, a multichannel analyzer (MCA) and a personal
computer were used to monitor and acquire the data. Along the
central line (position C), different operating biases of 1600, 1300,
1000, 800, 600 and 500V were applied, while the device lateral
side was probed at the indexed positions A and B at the 1000V
operating bias. A 4h (real time) radiation measurement was
conducted for each of the probed locations. The pulse height
spectra acquired for all data points are presented in Section 4.

4. Results

Pulse height spectra were taken, while the entire device was
irradiated with 662 keV gamma rays. The 3’Cs gamma-ray source
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Fig. 4. Pulse height spectra taken with a 2.1 x 2.1 x 4.1 mm? Hgl, device in Frisch
collar and planar configurations being fully radiated with a '*’Cs gamma-ray

source positioned 3.0cm away from the detector side. A 1.8% FWHM energy
resolution is achieved at 662 keV.
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Fig. 5. Pulse height spectra collected from a collimated '3’Cs gamma-ray source
with the 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar device. The Frisch collar device was

probed with a highly collimated gamma-ray source along central line at 1600V for
4h real time.

A. Kargar et al. / Nuclear Instruments and Methods in Physics Research A 652 (2011) 186-192

was placed 3.0 cm away from the Hgl, detector side. Comparison
pulse height spectra for the entire device being irradiated
with 662keV gamma rays are shown in Fig. 4 for the Hgl,
detector in both planar and Frisch collar configurations. The
1.8% full width half maximum (FWHM) energy resolution at
662 keV is achieved for the Frisch collar device with no electronic
correction. The Hg X-ray escape is observable on pulse height
spectrum of 137Cs,

The spectra collected from the 2.1 x 2.1 x 4.1 mm? Hgl, Frisch
collar device irradiated with the collimated '3>’Cs gamma-ray
source are presented in Figs. 5-12. Pulse height spectra collected
along the device central line (positions C1-C6) at operating
biases of 1600, 1300, 1000, 800, 600 and 500V are presented in
Figs. 5-10. The collected spectra along device lateral side

(positions A1-A6 and positions B1-B6) at 1000V operating bias
are presented in Figs. 11 and 12.
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Fig. 6. Pulse height spectra collected from a collimated '*’Cs gamma-ray source
with the 2.1 x 2.1 x 4.1 mm?> Hgl,, Frisch collar device. The Frisch collar device was

probed with a highly collimated gamma-ray source along central line at 1300V for
4h real time.
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Fig. 7. Pulse height spectra collected from a collimated '*’Cs gamma-ray source
with the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The Frisch collar device was

probed with a highly collimated gamma-ray source along central line at 1000V for
4h real time.
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Fig. 8. Pulse height spectra collected from a collimated '*’Cs gamma-ray source with
the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The Frisch collar device was probed

with a highly collimated gamma-ray source along central line at 800V for 4 h real time.
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Fig. 9. Pulse height spectra collected from a collimated '*’Cs gamma-ray source with
the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The Frisch collar device was probed
with a highly collimated gamma-ray source along central line at 600V for 4 h real time.
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Fig. 10. Pulse height spectra collected from a collimated *’Cs gamma-ray source with
the 2.1 x 2.1 x 4.1 mm> Hgl, Frisch collar device. The Frisch collar device was probed
with a highly collimated gamma-ray source along central line at 500V for 4 h real time.
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Fig. 11. Pulse height spectra collected from a collimated '*’Cs gamma-ray source with
the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The Frisch collar device was probed
with a highly collimated gamma-ray source along position A at 1000V for 4 h real time.
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Fig. 12. Pulse height spectra collected from a collimated '>’Cs gamma-ray source with
the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The Frisch collar device was probed
with a highly collimated gamma-ray source along position B at 1000V for 4 h real time.

5. Discussion

As shown in the collected spectra (Figs. 5-12), there is a
uniform response to gamma rays for most of the device volume.
The full energy peak channel location is consistent for the spectra
collected along positions A, B and C at 1000V (Figs. 7, 11 and 12,
respectively). To confirm the uniformity of response to gamma
rays, the full energy peak channel for spectra along the device
central line (positions C) at different applied voltages are plotted
in Fig. 13. The peak channel of the full energy peak remained
unchanged for approximately two-thirds of the device (from
positions 1 to 4) even at 500V.

The experimental results in Fig. 13 and the theoretical
predictions in Fig. 1 compare well. Comparisons for each bias
voltage increment are shown in Figs. 14-19. Notice in all cases,
the experimental results match well with the theoretical predic-
tion, showing that the Frisch collar device responds uniformly to
gamma rays over most of the detector volume. This uniform
response is observed despite the non-uniform electric field

189
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Fig. 13. The peak channel of full energy peak for the irradiated points of the
2.1 x 2.1 x 41 mm? Hgl, Frisch collar device. The Frisch collar device was probed
with a highly collimated gamma-ray source of '>’Cs along central line at different
voltages of 1600, 1300, 1000, 800, 600 and 500V applied to anode (collecting
electrode).
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Fig. 14. The CCE profile with 1600V applied to the anode (collecting electrode)
along the central line of the 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar device. The
experimental data points are the normalized peak channel of full energy peak for
the irradiated points along the central line of the Frisch collar device. The error
bars represent the full energy peak FWHM.

distribution within the device and the relatively low electric field
near the cathode region [6]. Even though the electric field is
relatively low near the cathode, the device performance is
enhanced in that region.

6. Conclusions

The collected spectra from the collimated '*’Cs gamma-ray
source with the 2.1 x2.1 x4.1mm?> Hgl, Frisch collar device
prove the uniformity of the device response to gamma rays. This
uniform response to gamma rays is confirmed by considering the
peak channel number of each spectrum versus the irradiated
points (Fig. 13). As shown, the peak channel of the full energy
peak remained unchanged as the collimated gamma-ray source
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Fig. 15. The CCE profile with 1300V applied to the anode (collecting electrode)
along the central line of the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The
experimental data points are the normalized peak channel of full energy peak for
the irradiated points along the central line of the Frisch collar device. The error
bars represent the full energy peak FWHM.
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Fig. 16. The CCE profile with 1000V applied to the anode (collecting electrode)
along the central line of the 2.1 x 2.1 x 4.1 mm?> Hgl, Frisch collar device. The
experimental data points are the normalized peak channel of full energy peak for
the irradiated points along the central line of the Frisch collar device. The error
bars represent the full energy peak FWHM.

probed more than half of the device length. This consistency in
peak channel number on each collected spectrum (with respect to
irradiated points along the device length) can be easily noted from
the presented spectra. The non-uniformity near the anode region
is mainly due to the low mobility-life time product of holes [6].
Note that the Frisch collar configuration is designed to negate
the effects of severe hole trapping and low mobility. Hence, long
Hgl, Frisch collar device performance is dominated by electron
motion, and therefore, the performance will be limited almost
entirely by the electron transport properties. As reported
previously, a planar device shows a non-uniform response along
device length [5]. Hence, planar Hgl, detector designs are not
well-suited for spectroscopic measurements of high energy
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Fig. 17. The CCE profile with 800V applied to the anode (collecting electrode)
along the central line of the 2.1 x 2.1 x 4.1 mm> Hgl, Frisch collar device. The
experimental data points are the normalized peak channel of full energy peak for
the irradiated points along the central line of the Frisch collar device. The error
bars represent the full energy peak FWHM.
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Fig. 18. The CCE profile with 600V applied to the anode (collecting electrode)
along the central line of the 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar device. The
experimental data points are the normalized peak channel of full energy peak for
the irradiated points along the central line of the Frisch collar device. The error
bars represent the full energy peak FWHM.

gamma rays. Poor hole transport necessitates the use of a single
carrier device, which Frisch collar design is one of the most
inexpensive and robust techniques.

7. Summary

The uniformity of the gamma-ray response for a 2.1 x 2.1 x 4.1
mm?> Hgl, Frisch collar device was investigated by probing the
detector from the lateral side, along its length and width with a
collimated 662 keV gamma rays. The results show uniform charge
collection efficiency (CCE) over two-thirds of the device volume,
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Fig. 19. The CCE profile with 500V applied to the anode (collecting electrode)
along the central line of the 2.1 x 2.1 x 41 mm? Hgl, Frisch collar device. The
experimental data points are the normalized peak channel of full energy peak for
the irradiated points along the central line of the Frisch collar device. The error
bars represent the full energy peak FWHM.

which was predicted with simple CCE simulations. This uniform
response was investigated experimentally and theoretically for a
wide range of applied voltages. The reduced performance for
irradiations in the near-anode region, where the Frisch collar
effect diminished, was mainly due to the low mobility-lifetime
product (ut) of hole charge carriers. The low ut product for holes
necessitates the use of advanced single carrier device designs such
as Frisch collar design.
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