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Abstract—The performance of gamma-ray spectrometers at
high energies (several MeV) can be greatly improved through
intelligent spectroscopic analysis if spatial information is obtained
for each energy deposition. In position-sensitive detectors, the
energy and three-dimensional (3-D) position of each interaction
in the detector are determined. Recognizing the signatures of
multiple interactions in the detector can help to reconstruct the
energies of the initial gamma-rays even when the full energies
are not deposited. Experimental work by our research group has
demonstrated the feasibility of carrying out spatially resolved
measurements of individual gamma-ray interactions throughout
the volume of a CdZnTe spectrometer. We present the results of a
simulation study for gamma-rays incident upon a 6-cm3 CdZnTe
detector using two reconstruction methods: high-efficiency in-
telligent spectroscopy (HEIS) in which the peak-to-total ratio is
greatly improved relative to traditional spectroscopy while main-
taining almost the same intrinsic peak efficiency; and peak-only
intelligent spectroscopy (POIS) in which the peak-to-total ratio
can approach 0.9, assuming realistic values for energy resolution.
Although POIS reduces the intrinsic peak efficiency, it will signifi-
cantly improve the signal-to-noise ratio for many measurements.
The predicted performance is unprecedented for a detector of
such small volume and illustrates the gains that can be expected
by exploiting 3-D information.

Index Terms—Gamma-ray detector, intelligent spectroscopy,
position-sensitive detectors, three-Compton reconstruction.

I. INTRODUCTION

T RADITIONALLY, the performance of a gamma-ray spec-
trometer has been limited by the energy resolution and

sensitivity of the detector. To improve the performance, many
efforts have concentrated on suppressing the Compton back-
ground, which dominates the spectrum for gamma-rays with en-
ergies above a few hundred keV in most detector materials. One
common method is to implement anti-coincidence techniques,
which require a second detector and reduce the detector field of
view. Compton suppression in a single detector has also been
performed using energy cutoff techniques [1]. However, the ef-
ficiency of such systems is always reduced.

Position-sensitive detectors in which the three-dimensional
(3-D) interaction locations and deposited energies can be de-
termined provide additional information about the gamma-ray
source. With 3-D detectors it is possible to reconstruct the orig-
inal gamma-ray energy using Compton scatter kinematics [2],
[3]. This is a useful technique for intermediate gamma-ray en-
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ergies (few hundred keV), but the algorithm does not account
for the pair production processes that occur at higher energies
(several MeV).

Following our preliminary work on improving detector
performance using 3-D position and energy information [4],
we present two algorithms for intelligent spectroscopy that
use the information available from position-sensitive detectors
to reconstruct incident gamma-ray energies above the pair
production threshold. The first algorithm—high efficiency
intelligent spectroscopy (HEIS)—is used to maximize the
efficiency, which can equal or exceed that of a traditional
spectroscopy system. The second algorithm—peak-only intel-
ligent spectroscopy (POIS)—is used to improve the spectral
response function. These methods are independent of detector
geometry and material and can be implemented for any 3-D
detector system. They can be implemented in parallel with the
usual spectroscopy technique of summing energy depositions
at multiple sites. Thus one can display three separate spectra
that relate in different ways to the incident energy spectrum of
the gamma-rays.

To demonstrate the benefits of intelligent spectroscopy the
performance of these algorithms is reported for a simulated 2
cm 2 cm 1.5 cm CdZnTe detector and compared to tradi-
tional spectroscopy techniques. We examine the effectiveness
of the algorithms for different gamma-ray energies and detector
energy and position resolutions. Finally, a realistic source is
modeled and analyzed. This work is motivated by our current
research with 3-D position-sensitive CdZnTe detectors (see for
example [5], [6]).

II. SPECTROSCOPYALGORITHMS

A. Traditional Spectroscopy

In traditional spectroscopy, the only information available
is the total energy deposited in the detector by an incident
gamma-ray. All interaction sequences in the detector that
deposit any energy, regardless of the quantity, are accepted in
the energy spectrum. Thus, any sequence of interactions that
does not deposit full energy results in extraneous features in the
spectrum such as the Compton continuum or single and double
escape peaks.

B. High Efficiency Intelligent Spectroscopy

High efficiency intelligent spectroscopy (HEIS) can be used
to eliminate much of the extraneous spectrum features while
maintaining an intrinsic peak efficiency near (or even larger
than) that of traditional spectroscopy. Hence the information
about the true gamma-ray energy is preserved while the
Compton continuum and escape peaks are reduced. HEIS is
performed on an event-by-event basis with noa priori knowl-
edge of incident gamma-ray energy or direction. The algorithm
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Fig. 1. The alignment of pair production sequences. The annihilation photons
are emitted in nearly opposite directions, yielding a line of three interaction
points. The center point is the initial pair production event.

is a series ofif-else if statements that can be implemented in
any data analysis program in list-mode or real-time operation.

There are three pieces of information available for each inter-
action sequence in the detector: the number of events, the energy
deposited in each event, and the 3-D location of each event. The
reconstruction technique differs depending on the number of in-
teractions observed.

1) Single-event sequences:All sequences with only one
interaction are discarded. Thus, the single-scatter Compton
continuum and most of the double escape peak are eliminated.
There will also be some efficiency loss due to photoabsorptions
that are discarded, but as gamma-ray energy increases the
probability of depositing full energy in one interaction sharply
decreases and the effect is small.

2) Double-event sequences:First, check for either event de-
positing energy equivalent to the electron rest mass, (511
keV). This most likely corresponds to the photoabsorption of a
photon resulting from the annihilation of positrons generated in
pair production interactions. If one event is observed to deposit

, then is automatically added to the other energy.
Thus, the gamma-ray energy can be correctly reconstructed for
any two-event sequence in which a pair production occurs, fol-
lowed by positron annihilation in which one of the photons is
immediately absorbed. If neither event deposited , then the
two energies are summed, as in traditional spectroscopy.

3) Triple-event sequences:Check for any of the events de-
positing . If observed, add to higher of the other
two energies. Also check for any two events summing to ,
and add to the remaining energy. This corresponds to a
pair production sequence in which one annihilation photon es-
capes while the other scatters and is then absorbed. If these are
not observed, then check the alignment of events. As shown in
Fig. 1, the interaction locations should lie approximately on a
line if each annihilation photon is scattered once before leaving
the detector. In this case, the central event corresponds to the ini-
tial pair production, and is added to the energy deposited
there. (The effectiveness of this method is subject to the finite
deceleration distance of the positron and the angular correla-
tion of the annihilation photons.) If none of the above applies,

three-Compton reconstruction is performed for the six possible
sequence orders. If any of the reconstructed gamma-ray ener-
gies is equal to the sum of the energies deposited, then the ener-
gies are summed. Thus, we use three-Compton reconstruction
to verify that the full energy was deposited in a sequence of
Compton scatters and a photoabsorption. If none of the above
applies, then the sequence is rejected. At this point, we have
reconstructed the gamma-ray energy for most three-event se-
quences involving pair production, and we have accounted for
every sequence that deposits full energy.

4) Quadruple-event sequences:We extend the three-event
analysis to four events. First, check for any one, two, or three
events whose energies sum to . If observed, add to
the highest energy remaining. For all possible sequences, check
the alignment of the first three events, and reconstruct as before
if they lie on a line. For each group of three events, perform
three-Compton reconstruction, and compare the reconstructed
energies to the sum of all the energies. If none of the above
applies, reject the sequence.

5) Sequences with more than four events:It is simple to ex-
tend the analysis for more than four events. However, the com-
putation time may become prohibitively long and the contribu-
tion to the spectrum will be minimal for high-Z detector mate-
rials in which the number of interactions can be expected to be
relatively low. Thus, for any sequence involving more than four
events the energies are simply summed in the HEIS algorithm.

With this procedure we have tried to relocate to the full-en-
ergy peak the sequences that lead to single escape peaks in the
traditional energy spectrum. We have also eliminated most of
the double escape peaks and all of the single-scatter Compton
continuum. When sequences could not be identified as having a
pair production, three-Compton reconstruction is performed. Fi-
nally, energies are summed for sequences that could lead to a full
energy event but do not satisfy the other criteria. There are some
sequences that will reconstruct incorrectly using this method,
although their probability of occurrence is small. For example,
in any sequence that begins with a Compton scatter event and
has an identifiable pair production event, adding to the
energy of the appropriate event will not account for the energy
deposited in the initial scatter. However, the relative probability
of occurrence is small compared with that of a sequence that
begins with a pair production event. Also, a sequence in which
about 511 keV is deposited in a Compton scatter will be recon-
structed as if a pair production occurred. Despite these incor-
rectly reconstructed sequences, the HEIS algorithm reduces the
extraneous features in the spectrum while retaining a peak effi-
ciency near that of traditional spectroscopy.

C. Peak-Only Intelligent Spectroscopy

POIS is useful for applications in which a near-perfect re-
sponse function is desired. The Compton continuum and escape
peaks usually present in the energy spectrum are nearly elimi-
nated because the accepted sequences are those in which the full
gamma-ray energy can be reconstructed. As in HEIS, there is no
a priori knowledge of gamma-ray energy or source direction.

The POIS and HEIS methods are identical with one excep-
tion. For sequences in which the HEIS algorithm sums the en-
ergies deposited if no other criterion is satisfied, in POIS these
sequences are rejected. As in HEIS, the POIS algorithm could
be extended beyond four interactions. However, the contribution
to the spectrum will be minimal for high-Z materials. Thus, all
sequences with more than four events are discarded in order to
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TABLE I
SUMMARY OF HEIS AND POIS METHODS

TABLE II
MOST LIKELY SEQUENCEPROBABILITIES AND HEIS RECONSTRUCTIONPROCESSES FOR2.5 MEV GAMMA RAYS

maintain the best possible spectral response while minimizing
execution time.

The POIS and HEIS methods are summarized in Table I.

III. I DEAL ALGORITHM PERFORMANCE

To test the ideal performance of the intelligent spectroscopy
methods, we simulated a CdZnTe detector using the Geant4
simulation package [7]. A flood source of monoenergetic 2.5
MeV gamma-rays was incident on the square face of a 2 cm2
cm 1.5 cm block of . Detector housing and elec-
tronics were neglected in the geometry. Coherent and incoherent

scatter, photoelectric absorption, and pair production were all
modeled in the simulation. The effects of finite electron mo-
mentum were not modeled, although they could be estimated
by introducing an additional uncertainty in the measured en-
ergies according to the physics of Doppler broadening. (For
511 keV, the maximum Doppler contribution is nearly 6 keV
full width at half maximum (FWHM) or roughly 1%, and the
percent contribution decreases with increasing energy). Coinci-
dences involving multiple incident gamma-rays were neglected.
Charge transport and collection effects were ignored. The elec-
tron cloud size can be incorporated into the position resolution,
and is expected to be one the order of 1 mm for 2 MeV pho-
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Fig. 2. Peak-to-total ratios calculated for ideal spectroscopy performance
on a 2� 2� 1.5 cm CdZnTe detector assuming perfect energy and position
resolution and flawless execution of the algorithm.

tons. In the ideal case, perfect position and energy information
were assumed, thereby neglecting both Doppler broadening and
electron cloud size effects. Thus, the ideal case tests the intel-
ligent spectroscopy methods without the influence of imperfect
application of the algorithms or of finite position and energy res-
olutions. (These influences are discussed in Sections IV and V.)

The ideal performance was determined as follows. The prob-
abilities were calculated for each possible gamma-ray sequence
up to four events. Any sequence that should reconstruct cor-
rectly (for example, a sequence involving first a pair production
followed by a single escape and absorption of the other anni-
hilation photon) was assumed to contribute to the photopeak.
A sequence in which two Compton scatters occur, followed by
a Rayleigh scatter and photoabsorption would not reconstruct
correctly for POIS. In this latter case, the three-Compton tech-
nique would fail due to the direction change associated with the
Rayleigh scatter. In both algorithms, this sequence would be re-
jected.

Table II lists the most likely sequences for up to four events.
The probability of each sequence occurring in the CdZnTe de-
tector (without the interference of coherent scatter) is given per
incident and per detected 2.5 MeV gamma-ray. Each sequence
is designated as accepted or rejected by the HEIS algorithm and
those sequences leading to reconstruction of the full gamma-ray
energy are underlined. In addition, the total fraction of events
accepted by the algorithm is given. The POIS algorithm yields
similar results except that the first three two-event sequences
would be rejected. The sequence probabilities indicate that the
efficiency loss from rejecting single photoelectric events is com-
pensated by detecting annihilation photons and relocating to
the full-energy peak those sequences that would otherwise have
been in the single- escape peak. Also note that single Compton
scatter contributes over 60% of the traditional energy spectrum
while providing no information about the gamma-ray energy;
these events are rejected in both HEIS and POIS methods.

For spectra from monoenergetic sources, two quantities
are reported to demonstrate the effectiveness of the methods:
peak-to-total ratio and relative peak efficiency compared
to traditional spectroscopy. The first quantity measures the
improvement in the spectral response function, and the second
measures the change in detection efficiency. The peak-to-total
ratios are shown in Fig. 2 for selected energies from 662 keV

Fig. 3. Relative peak efficiency compared to traditional spectroscopy
calculated for ideal spectroscopy case. The HEIS method shows better
efficiency performance at and above 2.5 MeV than traditional spectroscopy.

to 5 MeV. Fig. 3 shows the relative peak efficiency compared
to traditional spectroscopy.

In the ideal case, HEIS and POIS easily outperformed tradi-
tional spectroscopy for high gamma-ray energies. At 2.5 MeV,
the POIS method yielded nearly two-thirds the efficiency of tra-
ditional spectroscopy. The peak-to-total ratio was almost per-
fect because only those events that are known to contribute to
the photopeak are accepted. The only sequences incorrectly re-
constructed with POIS in the ideal case are those that begin with
a Compton scatter, followed by an identifiable pair production,
as previously discussed. Above 2.5 MeV HEIS yielded an effi-
ciency above that of traditional spectroscopy, while increasing
the peak-to-total ratio by at least a factor of 4. Note that the gain
in performance increased with incident gamma-ray energy.

There was some loss in efficiency for gamma-ray energies
near or below the pair production threshold. These algorithms
are designed for high-energy spectroscopy, so this is no surprise.
However, there was still significant improvement at 662 keV
in the peak-to-total ratio for both HEIS and POIS algorithms.
For applications in which a variety of gamma-ray energies are
present, the reduction in Compton background may outweigh
the efficiency loss at low energies.

IV. I NFLUENCE OFFINITE ENERGY RESOLUTION

The performance of the intelligent spectroscopy algorithms
discussed here depends on the ability to detect, among other
things, a photon with energy . The energies deposited in
each interaction must be compared to some window of accept-
able energies centered around 511 keV. Thus, there will be a fi-
nite number of photons that deposit energy within the acceptable
window that are not the result of positron annihilation. The size
of the window, and thus the number of incorrectly reconstructed
gamma-ray energies, is determined by the energy resolution of
the system. We expect the performance to be worse than pre-
dicted in the ideal case and to degrade as energy resolution gets
worse.

To model these effects simulations were performed as before
except a Gaussian spread was introduced in the energies by as-
suming the resolution to be a constant fraction of the energy
deposited. This assumption is conservative in that for most de-
tector systems the energy resolution expressed as a percentage
decreases with increasing energy. Doppler broadening was not
explicitly considered, although it can be estimated by noting the
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Fig. 4. The relative peak efficiencies calculated for HEIS method as a function
of energy resolution For 2.5 and 5.0 MeV, HEIS nearly always yielded a higher
efficiency than traditional spectroscopy.

Fig. 5. The relative peak efficiencies calculated for POIS method as a function
of energy resolution. At 5 MeV POIS yielded a higher efficiency than traditional
spectroscopy.

maximum contribution for 511 keV gamma-rays is nearly 6 keV
FWHM. At 1 MeV, the maximum uncertainty due to Doppler
is about 9 keV FWHM. The relative peak efficiencies obtained
with HEIS and POIS algorithms are shown in Figs. 4 and 5, re-
spectively. As observed in the ideal case, the efficiency of the
HEIS method met or exceeded that of traditional spectroscopy
above 2.5 MeV. As resolution degraded to 5%, the efficiency
for HEIS remained above 88% of the value obtained with per-
fect energy resolution for all energies. In POIS, the efficiency
degradation was more severe with values dropping to about 78%
in the same comparison. Both methods use three-Compton re-
construction, which has an effectiveness that is severely depen-
dent on energy resolution. For all energies, the efficiency is de-
creased as energy resolution increases due to the size of the ac-
ceptance windows used in the algorithm. It is necessary to com-
promise between obtaining high efficiency and good spectral
response in selecting these windows. Larger acceptance win-
dows will increase efficiency, but also allow more incorrectly
reconstructed sequences, thus decreasing the peak-to-total ratio.

Fig. 6. Peak-to-total ratios calculated for HEIS method as a function of energy
resolution. The algorithm shows better peak-to-total ratios for low energies than
for high energies.

Fig. 7. The peak-to-total ratios calculated for POIS method as a function
of energy resolution at selected gamma-ray energies. The peak-to-total ratio
decreased with energy resolution and differed minimally when the incident
gamma energy increased.

These window parameters will have to be optimized for a given
detector and application.

The peak-to-total ratios for HEIS and POIS are shown in
Figs. 6 and 7, respectively. The largest effect observed in HEIS
was for 5.0 MeV, where the peak-to-total decreased from 0.48 to
0.38. HEIS performed reasonably well for any energy resolution
tested. In POIS the peak-to-total ratio dropped from 0.88 to 0.59
for 662 keV gamma-rays as resolution worsened. At 5 MeV it
decreased from 0.97 to 0.65. For comparison the peak-to-total
for traditional spectroscopy is only 0.07 for 5 MeV gamma-rays.
Thus, both HEIS and POIS algorithms show greatly improved
performance compared with traditional spectroscopy.

V. INFLUENCE OFFINITE POSITION RESOLUTION

Position resolution will also have some effect on the perfor-
mance of intelligent spectroscopy especially at high energies.
Both the pair production alignment and three-Compton recon-
struction routines require a calculation of angles based on the
interaction positions. The accuracy of the calculations depends
on the position resolution of the system.
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Fig. 8. Peak-to-total ratios calculated for POIS method as a function of
position resolution.

We performed simulations assuming perfect energy resolu-
tion in which the position of interactions was spread using a
constant-width Gaussian distribution. As with energy resolu-
tion, position resolution is measured in terms of the FWHM. In
practice, the use of pixellated detectors leads to discrete posi-
tions, rather than Gaussian distributions. This may lead to some
reconstruction artifacts not observed here. However, we seek to
demonstrate the principles of intelligent spectroscopy without
limiting the analysis to pixellated devices.

Position resolution has a pronounced effect on both the
alignment of pair production events and the three-Compton
reconstruction. In the latter, it is necessary to calculate the
scattering angle of the second interaction. The accuracy of
this angle calculation is limited by the position resolution.
Three-Compton reconstruction is a significant factor in the
POIS algorithm because it can provide for up to 10% of
the total peak efficiency at 5 MeV. In HEIS, three-Compton
reconstruction contributes a smaller percentage of the total
peak efficiency and, thus, the behavior of the algorithm is
much less dependent on position resolution than in the POIS
method. The HEIS and POIS methods showed almost no
change in efficiency as position resolution worsens because the
acceptance windows have been chosen to maintain efficiency
for all position resolutions considered. Thus, the relative
efficiencies were equivalent to those calculated in the perfect
energy resolution case above. The peak-to-total ratios in HEIS
minimally decreased as position resolution worsens. In POIS,
the effect was more dramatic. The POIS peak-to-total ratios
are shown in Fig. 8. POIS showed a reduction of 11%–17%
in the peak-to-total ratio for all energies as position resolution
degraded from 0.0 to 1.5 mm. In the worst case at 662 keV, the
peak-to-total ratio was still near 0.80, indicating an excellent
spectral response function.

To visually demonstrate the improvement in spectral re-
sponse, the calculated energy spectra for 2.5 MeV gamma-rays
are shown in Fig. 9. A 2% energy resolution and 1-mm
position resolution were assumed. The POIS method yielded
almost no continuum compared with traditional spectroscopy,
although the intrinsic peak efficiency is reduced by one-half.
As expected, HEIS is indistinguishable from the traditional
spectrum in the peak region, and the Compton continuum was
significantly reduced.

There is one added feature when using these intelligent spec-
troscopy methods: inverse escape peaks. These peaks occur 511
keV above the full-energy peak and are due to incorrectly reg-
istering a Compton event with deposited energy near as
a pair production event. Like escape peaks normally found in
energy spectra, these inverse escape peaks are easily identi-
fiable by their location. The intensity of the inverse peaks is
much smaller than conventional escape peaks and it decreases as
gamma-ray energies increase. Thus, the interference with other
gamma-ray lines is minimal for high energies. For 2.5 MeV
gamma-rays, the inverse escape peak is located at 3.011 MeV,
which was observed in the spectra for HEIS and POIS in Fig. 9.
The intensity of the inverse escape peak was similar for each in-
telligent spectroscopy method.

VI. REALISTIC SOURCE AND CONDITIONS

The above analysis assumed monoenergetic gamma-ray
sources. To test the performance of the algorithms for a realistic
case, we modeled a parallel beam of gamma-rays from a

source incident on the square face of the detector. A 2%
energy resolution and 1.0 mm FWHM position resolution were
introduced into the data. Both HEIS and POIS methods were
applied to the data, and the spectra are shown together with the
spectrum generated with traditional spectroscopy in Fig. 10.
Any unlabeled peaks in the traditional spectrum are single or
double escape peaks.

The improvement in the spectrum is obvious. When intelli-
gent spectroscopy techniques are used, the escape peaks dis-
appear. In addition, the magnitude of the Compton continuum
is greatly reduced. The gamma-ray peak at 977 keV is barely
visible in the traditional spectroscopy spectrum, whereas it is
clearly distinguished in the POIS spectrum due to the reduced
continuum. Thus, intelligent spectroscopy can provide more in-
formation about weak gamma-ray lines than would normally be
available.

The extra peak observed at 1548 keV is the inverse escape
peak from the 1037 keV gamma-ray. The other inverse escape
peaks are either too small to identify or coincide with other
gamma-ray peaks.

To quantify the improvement in the spectrum two parameters
are reported. As before, we discuss the relative peak efficiency
for the major gamma-ray peaks. In addition, the peak-to-back-
ground ratio is measured. This is the number of counts in the
peak divided by the number of counts below it. It is standard
to assume the background is a linear function from one side of
the peak to the other. All counts below that line are considered
background; those above it are considered part of the peak. The
Maestro MCA program was used to determine peak and back-
ground areas. There are eleven prominent peaks observed in the
spectra, but these values are reported only for the four “clean”
gamma-ray lines. Two full-energy peaks coincide with escape
peaks in the traditional case, two more coincide with the in-
verse escape peaks generated with intelligent spectroscopy and
some peaks are the sum of several gamma-ray energies. These
peak areas are therefore overestimated. The four energies of in-
terest are 977, 1037, 2034 (together with 2015), and 2598 keV.
The peak-to-background ratios and relative peak efficiencies for
these gamma-rays are given, respectively, in Tables III and IV.

As expected, the POIS method outperformed HEIS and
traditional spectroscopy in terms of peak-to-background.
At 977 keV, where traditional spectroscopy yielded a 0.08
peak-to-background ratio, POIS achieved 0.44. A factor of 5.5
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Fig. 9. Comparison of calculated spectra for 2.5 MeV gamma-rays assuming 2% energy resolution and 1-mm position resolution in a 6-cm CdZnTe detector.

Fig. 10. Comparison of Co spectra generated with traditional spectroscopy, HEIS, and POIS assuming 2% energy resolution and 1-mm position resolution. The
peak areas in the HEIS spectrum are nearly equal to those of the traditional spectrum, and the Compton continuum is reduced by one to two orders of magnitude
in POIS compared with traditional spectroscopy.

TABLE III
PEAK-TO-BACKGROUND RATIOS CALCULATED FOR Co

TABLE IV
RELATIVE EFFICIENCIESCALCULATED FOR Co

improvement in that quantity outweighed the 70% reduction
in efficiency, and thus the peak was more visible in the POIS
spectrum. At 2598 keV, POIS showed over five times the
peak-to-background and only a 36% reduction in efficiency.
For all energies above the pair production threshold HEIS re-
sulted in nearly the same efficiency as traditional spectroscopy
while increasing the peak-to-background.

The energy resolution of a photopeak obtained using intel-
ligent spectroscopy may differ from that observed using tra-
ditional spectroscopy. Initial gamma-ray energy will have the
largest role in determining the difference in energy resolution
performance. For the 2.6-MeV gamma-rays from modeled
above, the majority of the reconstructed events are pair produc-
tion events. In these cases, the energy resolution may be im-
proved by adding a constant to the measured 1.576-MeV
interaction. For these events, the uncertainty (in energy units) in
the full energy is then equal to the uncertainty in the measured
lower energy. The resolution improves.
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At the other extreme, in the spectrum for the 977-keV
gamma-ray all the reconstructed events are three-Compton
events because pair production does not occur. In this case, the
size of the acceptance window on three-Compton events may
have an adverse affect on the energy resolution observed in the
spectrum. When any of the reconstructed energies is similar
to the total energy deposited, it is the sum of energies that is
used in the energy spectrum. We do not include any processes
to determine which sequence is correct, nor do we use the
reconstructed energy in the spectrum. Thus, any degradation in
resolution must result from accepting sequences, by choosing
a large acceptance window, which do not deposit full energy
in the detector. The acceptance windows should be optimized
for a given detector.

We have modeled a polychromatic source under realistic con-
ditions and demonstrated the benefits of performing intelligent
spectroscopy. It is important to note that it is not necessary to
predetermine the analysis method appropriate for a specific ap-
plication; these methods can be performed in parallel. For ex-
ample, POIS may help identify low-energy gamma-rays in a
mixed field, while traditional spectroscopy may be used to de-
termine absolute peak efficiencies. Furthermore, the appearance
or absence of various features comparing one spectrum with the
others helps identify their true origin. Since these methods can
be performed in real-time, the end user can use all three spec-
troscopy algorithms to achieve the best results for a specific ap-
plication.

VII. CONCLUSION

We have demonstrated that improvements in spectral perfor-
mance can be achieved using intelligent spectroscopy. These
methods are independent of detector material and can be ap-
plied to any 3-D position-sensitive detector. The peak-to-total
ratio using HEIS can be several times that of traditional spec-
troscopy without any significant loss in efficiency. For higher
energies, the efficiency increases. We have demonstrated that
POIS reduces the Compton background by one to two orders of
magnitude using a realistic source, and the peak-to-background
ratio is consistently higher than in traditional spectroscopy, de-
spite the loss in overall efficiency. The specific methods we have

presented work well with CdZnTe detectors for high gamma-ray
energies, although it is possible that a different algorithm would
perform better for other detector materials or applications.

Results obtained from a real detector will differ from those
presented here for a few reasons. First, the percent energy res-
olution of the measurements was assumed to be constant with
energy. For low energies (less than 500 keV), the uncertainty is
greater than estimated here, while at high energies, the uncer-
tainty is less. Also, Doppler broadening will change the energy
uncertainty as a function of scatter angle. In pixellated detectors,
charge sharing may become a problem for large energy deposi-
tions over small pixel areas. Also, the ability to precisely de-
termine interaction energy and position degrades as the number
of interactions in the 3-D CdZnTe detector increases. However,
even under the worst conditions of high energy and position res-
olutions studies in this work, the algorithms consistently per-
formed better than traditional spectroscopy for gamma-ray en-
ergies above the pair production threshold. The results demon-
strate the gains that can be achieved by exploiting 3-D informa-
tion.
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