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Abstract—The performance of gamma-ray spectrometers at ergies (few hundred keV), but the algorithm does not account
high energies (several MeV) can be greatly improved through for the pair production processes that occur at higher energies
intelligent spectroscopic analysis if spatial information is obtained (several MeV).
for each energy deposition. In position-sensitive detectors, the Following our preliminary work on improving detector
energy and three-dimensional (3-D) position of each interaction nerfarmance using 3-D position and energy information [4],
in the detector are determined. Recognizing the signatures of we present two algorithms for intelligent spectroscopy that

multiple interactions in the detector can help to reconstruct the the inf i ilable f it itive detect
energies of the initial gamma-rays even when the full energies use the information available from position-sensitive detectors

are not deposited. Experimental work by our research group has {0 reconstruct incident gamma-ray energies above the pair
demonstrated the feasibility of carrying out spatially resolved Production threshold. The first algorithm—nhigh efficiency
measurements of individual gamma-ray interactions throughout intelligent spectroscopy (HEIS)—is used to maximize the
the volume of a CdZnTe spectrometer. We present the results of a efficiency, which can equal or exceed that of a traditional
simulation study for gamma-rays incident upon a 6em?® CdZnTe  spectroscopy system. The second algorithm—peak-only intel-
detector using two reconstruction methods: high-efficiency in- |igent spectroscopy (POIS)—is used to improve the spectral
telligent spectroscopy (HEIS) in which the peak-to-total ratio is  response function. These methods are independent of detector
greatly improved relative to traditional spectroscopy while Main” -~ geometry and material and can be implemented for any 3-D
taining almost the same intrinsic peak efficiency; and peak-only detector system. They can be implemented in parallel with the

intelligent spectroscopy (POIS) in which the peak-to-total ratio | t techni f . d iti
can approach 0.9, assuming realistic values for energy resolution. YSU@l SPECIrOSCopy technique of summing energy depositions

Although POIS reduces the intrinsic peak efficiency, it will signifi- &t multiple sites. Thus one can display three separate spectra
cantly improve the signal-to-noise ratio for many measurements. that relate in different ways to the incident energy spectrum of
The predicted performance is unprecedented for a detector of the gamma-rays.

such small volume and illustrates the gains that can be expected To demonstrate the benefits of intelligent spectroscopy the

by exploiting 3-D information. performance of these algorithms is reported for a simulated 2
Index Terms—Gamma-ray detector, intelligent spectroscopy, €Mx 2 cm x 1.5 cm CdZnTe detector and compared to tradi-
position-sensitive detectors, three-Compton reconstruction. 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
. INTRODUCTION modeled and analyzed. This work is motivated by our current
RADITIONALLY, the performance of a gamma-ray spectesearch with 3-D position-sensitive CdZnTe detectors (see for
T trometer has been limited by the energy resolution agample [5], [6]).
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. O&e Traditional Spectroscopy
L o Cece eChMSeSyn racitonal speciroscopy,the oly nformaton avalable
. o . S the total energy deposited in the detector by an incident
view. Compton suppression in a single detector has also b%ea

Il. SPECTROSCOPYALGORITHMS

r?nma—ray All interaction sequences in the detector that
erformed using energy cutoff techniques [1]. However, the et- ; ' . :
?iciency of suchgsyste?nys is always re?juce(g.] eposit any energy, regardless of the quantity, are accepted in

I > X . . . the energy spectrum. Thus, any sequence of interactions that
Position-sensitive detectors in which the three—dlmensmraﬂfes not deposit full energy results in extraneous features in the

(B'D) Interaction Iocay_ons a_nd depo_sned energies can be ectrum such as the Compton continuum or single and double
termined provide additional information about the gamma-r A

source. With 3-D detectors it is possible to reconstruct the orig-
inal gamma-ray energy using Compton scatter kinematics [2], . . i
[3]. This is a useful technique for intermediate gamma-ray eR- High Efficiency Intelligent Spectroscopy

High efficiency intelligent spectroscopy (HEIS) can be used
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cape peaks.
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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 sequencedie extend the three-event
analysis to four events. First, check for any one, two, or three
events whose energies sumiQc?. If observed, ad@m..c? 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
Detector . .
_______________________________________________ | energies to the sum of all the energies. If none of the above
applies, reject the sequence.

5) Sequences with more than four eventsis simple to ex-

Fig. 1. The alignment of pair production sequences. The annihilation photd@d the analysis for more than four events. However, the com-
are emitted in nearly opposite directions, yielding a line of three interactiggutation time may become prohibitively long and the contribu-
points. The center point is the initial pair production event. tion to the spectrum will be minimal for high-Z detector mate-
rials in which the number of interactions can be expected to be
felatively low. Thus, for any sequence involving more than four
vents the energies are simply summed in the HEIS algorithm.
With this procedure we have tried to relocate to the full-en-
peak the sequences that lead to single escape peaks in the
itional energy spectrum. We have also eliminated most of
ie double escape peaks and all of the single-scatter Compton
teractions observed. continuum. When sequences could not be identified as having a

1) Single-event sequencesdl sequences with only one pair production, three-Compton reconstruction is performed. Fi-

interaction are discarded. Thus, the single-scatter Comptd@l!Y: €nergies are summed for sequences that could lead to a full
continuum and most of the double escape peak are eliminatggerdy event but do not satisfy the other criteria. There are some
There will also be some efficiency loss due to photoabsorption§44€NCes that will reconstruct mcorrec_:tly using this method,
that are discarded, but as gamma-ray energy increases & fough their probability of occurrence is small. For example,

robability of depositing full energy in one interaction sharpli/ @y séquence that begins with a Compton scatter event and
(Fj)ecrease)s/ and tﬁe effe?:t is smallg.]y P g]as an identifiable pair production event, addg.c? to the

2) Double-event sequencesirst, check for either event de- €N€rgy of the appropriate event will not account for the energy
positing energy equivalent to the electron rest mass? (511 deposited in the initial scatter. However, the relative probability

keV). This most likely corresponds to the photoabsorption of% occurrence is small compared with that of a sequence that
photon resulting from the annihilation of positrons generated pﬁgms with a pair production event. Also, a sequence in which
pair production interactions. If one event is observed to depo@ROUt 511 keV is deposited in a Compton scatter will be recon-
mec?, then2m, ¢ is automatically added to the other energ)ﬁ_tructed as if a pair production occurred. Despite these incor-

Thus, the gamma-ray energy can be correctly reconstructed ectly reconstructed sequences, the HEIS algorithm reduces the

any two-event sequence in which a pair production occurs, fGxtraneous features in the spectrum while retaining a peak effi-

lowed by positron annihilation in which one of the photons i§'€NCY near that of traditional spectroscopy.
immediately absorbed. If neither event deposited?, then the
two energies are summed, as in traditional spectroscopy.  C. Peak-Only Intelligent Spectroscopy

3) Triple-event sequencesCheck for any of the events de-
positingm.c?. If observed, ad@m.c? to higher of the other  POIS is useful for applications in which a near-perfect re-
two energies. Also check for any two events summingite®, sponse function is desired. The Compton continuum and escape
and add2m..c? to the remaining energy. This corresponds to peaks usually present in the energy spectrum are nearly elimi-
pair production sequence in which one annihilation photon gsated because the accepted sequences are those in which the full
capes while the other scatters and is then absorbed. If thesegamma-ray energy can be reconstructed. As in HEIS, there is no
not observed, then check the alignment of events. As showrgipriori knowledge of gamma-ray energy or source direction.
Fig. 1, the interaction locations should lie approximately on a The POIS and HEIS methods are identical with one excep-
line if each annihilation photon is scattered once before leavitign. For sequences in which the HEIS algorithm sums the en-
the detector. In this case, the central event corresponds to the@mngies deposited if no other criterion is satisfied, in POIS these
tial pair production, andm.c? is added to the energy depositedequences are rejected. As in HEIS, the POIS algorithm could
there. (The effectiveness of this method is subject to the finite extended beyond four interactions. However, the contribution
deceleration distance of the positron and the angular correfathe spectrum will be minimal for high-Z materials. Thus, all
tion of the annihilation photons.) If none of the above appliesequences with more than four events are discarded in order to

Incident g

Pair production with
annihilation

is a series off-else if statements that can be implemented i
any data analysis program in list-mode or real-time operatiorf
There are three pieces of information available for each inter-
action sequence in the detector: the number of events, the en
deposited in each event, and the 3-D location of each event. 0§
reconstruction technique differs depending on the number of
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TABLE |
SUMMARY OF HEIS AND POIS METHODS

No. Events HEIS POIS

1 Reject all. Reject all.

2 If E=mEc2, add 2mEc2 to other energy. If E=mEc2, add 2mEt:2 to other energy.
Else, sum energies. Else, reject.

3 If E=m.c? add 2m.c’ to higher remaining energy. If E=m.c add 2m.c? to higher remaining energy.
Else if EE=mEc2, add 2mEt:2 to remaining energy. Else if EE=mEc2, add 2mEc:2 to remaining energy.
Else if 3 events are aligned, add 2m.c’ to middle energy. Else if 3 events are aligned, add 2m.c” to middle energy.
If ZE=Triple Compton energy, sum energies. f ZE=Triple Compton energy, sum energies.
Else, reject. Else, reject.

4 If E=m.c?, add 2m.c” to highest remaining energy. If E=m,c?, add 2m.c” to highest remaining energy.
Else if ZE=m.c’, add 2m.c” to remaining energy. Else if ZE=m.c’, add 2m.c’ to remaining energy.
Else if 3 events are aligned, add 2mEc2 to middle energy. Else if 3 events are aligned, add 2mEc:2 to middle energy.
Else if E=Triple Compton energy, sum energies. Else if E=Triple Compton energy, sum energies.
Else, reject. Else, reject.

4+ Sum energies. Reject all.

TABLE I

MOSTLIKELY SEQUENCEPROBABILITIES AND HEIS RECONSTRUCTIONPROCESSES FOR.5 MEV GAMMA RAYS

Per incident Per detected

No. Events Event Sequence gamma ray gamma ray Accept?* Process

1 Compton 0.1800 0.6334 R Reject singles
Pair 0.0202 0.0710 R Reject singles
Photo 0.0049 0.0173 R Reject singles
Accepted single-site events 0.0000 0.0000

2 Compton-Com pton 0.0297 0.1046 A Sum energies
Compton-Photo 0.0135 0.0474 A Sum energies
Pair-Escape-Compton 0.0060 0.0212 A Sum energies
Pair-Escape-Photo 0.0024 0.0083 A Detect 511
Accepted double-site events 0.0520 0.1831

3 Compton-Compton-Photo 0.0096 0.0337 A Three-Compton
Campton-Compton-Compton 0.0048 0.0168 R Reject
Pair-Escape-Compton-Phaoto 0.0025 0.008% A Detect 511 sum
Pair-Escape-Compton-Compton 0.0011 0.0038 R Reject
Accepted triple-site events 0.0138 0.0487

4 Compton-Com pton-Compton-Photo 0.0042 0.0147 A Three-Compton
Pair-(Compton-Compton)}Compton 0.0012 0.0041 A Alignment
Compton-Com pton-Compton-Compton 0.0007 0.0025 R Reject
Pair-Escape-Compton-Compton-Photo 0.0005 0.0019 A Detect 511 sum
Accepted quadruple-site events 0.0063 0.0223
Total accepted events 0.0722 0.2541

Probabilities are givenfora2cem x 2cm ¥ 1.5 em CdZnTe detector.
# A and R indicate accepted and rejected sequences, respectively, for the HEIS method. A indicates an
accepted sequence that contributes to the full-energy peak.

maintain the best possible spectral response while minimiziegatter, photoelectric absorption, and pair production were all
execution time. modeled in the simulation. The effects of finite electron mo-
The POIS and HEIS methods are summarized in Table I. 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
To test the ideal performance of the intelligent spectroscofyll width at half maximum (FWHM) or roughly 1%, and the
methods, we simulated a CdZnTe detector using the Geapgrcent contribution decreases with increasing energy). Coinci-
simulation package [7]. A flood source of monoenergetic 2dences involving multiple incident gamma-rays were neglected.
MeV gamma-rays was incident on the square face of a2@n Charge transport and collection effects were ignored. The elec-
cmx 1.5 cmblock ofCdg 9Zng ; Te. Detector housing and elec-tron cloud size can be incorporated into the position resolution,
tronics were neglected in the geometry. Coherent and incoherantl is expected to be one the order of 1 mm for 2 MeV pho-

I1l. 1 DEAL ALGORITHM PERFORMANCE
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Fig. 3. Relative peak efficiency compared to traditional spectroscopy

calculated for ideal spectroscopy case. The HEIS method shows better
Fig. 2. Peak-to-total ratios calculated for ideal spectroscopy performarefficiency performance at and above 2.5 MeV than traditional spectroscopy.
on a2x 2x 1.5cm?® CdZnTe detector assuming perfect energy and position
resolution and flawless execution of the algorithm.

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

. - . to traditional spectroscopy.
tons. In the ideal case, perfect position and energy |nformat|on| the ideal case, HEIS and POIS easily outperformed tradi-

were assumed, t_hereby neglecting bOth Doppler broadening "I’ii al spectroscopy for high gamma-ray energies. At 2.5 MeV,
electron cloud size effects. Thus, the ideal case tests the ingls b5 method yielded nearly two-thirds the efficiency of tra-
ligent spectroscopy methods without the influence of imperfegiona| spectroscopy. The peak-to-total ratio was almost per-
app_llcat|on of the_algorlthms orof_flnlte position an_d ENergy résact because only those events that are known to contribute to
olutions. (These influences are discussed in Sections IV andt g photopeak are accepted. The only sequences incorrectly re-
The ideal performance was determined as follows. The praggnstructed with POIS in the ideal case are those that begin with
abilities were calculated for each possible gamma-ray sequeac€ompton scatter, followed by an identifiable pair production,
up to four events. Any sequence that should reconstruct cgg previously discussed. Above 2.5 MeV HEIS yielded an effi-
rectly (for example, a sequence involving first a pair productioflency above that of traditional spectroscopy, while increasing
followed by a single escape and absorption of the other anfife peak-to-total ratio by at least a factor of 4. Note that the gain
hilation photon) was assumed to contribute to the photopeakperformance increased with incident gamma-ray energy.
A sequence in which two Compton scatters occur, followed by There was some loss in efficiency for gamma-ray energies
a Rayleigh scatter and photoabsorption would not reconstriglar or below the pair production threshold. These algorithms
correctly for POIS. In this latter case, the three-Compton techre designed for high-energy spectroscopy, so this is no surprise.
nique would fail due to the direction change associated with thgywever, there was still significant improvement at 662 keV
Rayleigh scatter. In both algorithms, this sequence would be [gthe peak-to-total ratio for both HEIS and POIS algorithms.
jected. For applications in which a variety of gamma-ray energies are
Table Il lists the most likely sequences for up to four eventpresent, the reduction in Compton background may outweigh
The probability of each sequence occurring in the CdZnTe dire efficiency loss at low energies.
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-rayrhe performance of the intelligent spectroscopy algorithms
energy are underlined. In addition, the total fraction of evenggscussed here depends on the ability to detect, among other
accepted by the algorithm is given. The POIS algorithm yieldRings, a photon with energy..c2. The energies deposited in
similar results except that the first three two-event sequencggch interaction must be compared to some window of accept-
would be rejected. The sequence probabilities indicate that #isle energies centered around 511 keV. Thus, there will be a fi-
efficiency loss from rejecting single photoelectric events is comite number of photons that deposit energy within the acceptable
pensated by detecting annihilation photons and relocating\{ghdow that are not the result of positron annihilation. The size
the full-energy peak those sequences that would otherwise hg¥¢he window, and thus the number of incorrectly reconstructed
been in the single- escape peak. Also note that single Compifiinma-ray energies, is determined by the energy resolution of
scatter contributes over 60% of the traditional energy spectryfe system. We expect the performance to be worse than pre-
while providing no information about the gamma-ray energyjicted in the ideal case and to degrade as energy resolution gets
these events are rejected in both HEIS and POIS methods. worse.

For spectra from monoenergetic sources, two quantitiesTo model these effects simulations were performed as before
are reported to demonstrate the effectiveness of the methaglscept a Gaussian spread was introduced in the energies by as-
peak-to-total ratio and relative peak efficiency comparezlming the resolution to be a constant fraction of the energy
to traditional spectroscopy. The first quantity measures tkeposited. This assumption is conservative in that for most de-
improvement in the spectral response function, and the secdedtor systems the energy resolution expressed as a percentage
measures the change in detection efficiency. The peak-to-talatreases with increasing energy. Doppler broadening was not
ratios are shown in Fig. 2 for selected energies from 662 keplicitly considered, although it can be estimated by noting the

IV. INFLUENCE OFFINITE ENERGY RESOLUTION
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of energy resolution For 2.5 and 5.0 MeV, HEIS nearly always yielded a highgy; high energies.
efficiency than traditional spectroscopy.
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of energy resolution at selected gamma-ray energies. The peak-to-total ratio

Fig.5. The relative peak efficiencies calculated for POIS method as a functigficreased with energy resolution and differed minimally when the incident
of energy resolution. At 5 MeV POIS yielded a higher efficiency than tradition@@Mma energy increased.
spectroscopy.

These window parameters will have to be optimized for a given

. o : etector and application.
maximum contribution for 511 keV gamma-rays is nearly6ke9 The peak—to[—)t[())tal ratios for HEIS and POIS are shown in
FWEM.tg\tkl\EAE\\//\’/I:T\i r_:jﬁx'm:JT uncerLamftr_y _due_to Dgtpplerl:igs. 6 and 7, respectively. The largest effect observed in HEIS
'S.ta;] I(-)|lIJEI < ai 4 POIS 3 orihrr?"ngia\z 2ﬁ2 re].r']C'Fe.”g'ej;n daS'nf\%_as for 5.0 MeV, where the peak-to-total decreased from 0.48 to
wi tively. As obsery g inl the ideal W tlh 'gfﬁ' ien f’t8.38. HEIS performed reasonably well for any energy resolution
SPEclively. AS observe € ldeal case, the etliciency o I’?@sted. In POIS the peak-to-total ratio dropped from 0.88 to 0.59
HEIS method met or exceeded that of traditional spectroscow 662 keV gamma-rays as resolution worsened. At 5 MeV it
. 0 e .

?brogélzs‘sr '\r/r|1€\i/ﬁ Aas rgs\?lugg?/ diq[:]adsdl to St{f[" itr?e devf:/ri'fr:en%’ecreased from 0.97 to 0.65. For comparison the peak-to-total
0 emained above o of the value obtaine p‘%rdrtraditionalspectroscopyis only 0.07 for 5 MeV gamma-rays.

fect energy resolution for all en_ergies. In POIS, the efficien us, both HEIS and POIS algorithms show greatly improved
Qegradatlon was more severe with values dropping to about 7 Yormance compared with traditional spectroscopy
in the same comparison. Both methods use three-Compton'ré- '

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 aPosition resolution will also have some effect on the perfor-
ceptance windows used in the algorithm. It is necessary to comance of intelligent spectroscopy especially at high energies.
promise between obtaining high efficiency and good spectibth the pair production alignment and three-Compton recon-
response in selecting these windows. Larger acceptance vétruction routines require a calculation of angles based on the
dows will increase efficiency, but also allow more incorrectlynteraction positions. The accuracy of the calculations depends
reconstructed sequences, thus decreasing the peak-to-total ratiche position resolution of the system.

V. INFLUENCE OFFINITE POSITION RESOLUTION



LEHNER et al: GAMMA-RAY SPECTROSCOPY USING 3-D POSITION-SENSITIVE DETECTORS 1095

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
—e—0.662 MeV gamma-ray lines is minimal for high energies. For 2.5 MeV
—m—15MeV gamma-rays, the inverse escape peak is located at 3.011 MeV,
0.6 —A—25 MeV which was observed in the spectra for HEIS and POIS in Fig. 9.
5.0 MeV The intensity of the inverse escape peak was similar for each in-
telligent spectroscopy method.

Peak-to-Total Ratio (-)
o
~

0.5 T
000 025 050 075 100 125 150 175

Position Resolution (mm)
VI. REALISTIC SOURCE AND CONDITIONS

Fig. 8. Peak-to-total ratios calculated for POIS method as a function of The above analysis assumed monoenergetic gamma-ray
position resolution. sources. To test the performance of the algorithms for a realistic
case, we modeled a parallel beam of gamma-rays from a
56Co source incident on the square face of the detector. A 2%
We performed simulations assuming perfect energy resokhergy resolution and 1.0 mm FWHM position resolution were
tion in which the position of interactions was spread usingiatroduced into the data. Both HEIS and POIS methods were
constant-width Gaussian distribution. As with energy resolapplied to the data, and the spectra are shown together with the
tion, position resolution is measured in terms of the FWHM. Igpectrum generated with traditional spectroscopy in Fig. 10.
practice, the use of pixellated detectors leads to discrete pgsiy unlabeled peaks in the traditional spectrum are single or
tions, rather than Gaussian distributions. This may lead to so@suble escape peaks.
reconstruction artifacts not observed here. However, we seek tThe improvement in the spectrum is obvious. When intelli-
demonstrate the principles of intelligent spectroscopy withogént spectroscopy techniques are used, the escape peaks dis-
limiting the analysis to pixellated devices. appear. In addition, the magnitude of the Compton continuum
Position resolution has a pronounced effect on both tiegreatly reduced. The gamma-ray peak at 977 keV is barely
alignment of pair production events and the three-Compteisible in the traditional spectroscopy spectrum, whereas it is
reconstruction. In the latter, it is necessary to calculate tbkarly distinguished in the POIS spectrum due to the reduced
scattering angle of the second interaction. The accuracy aantinuum. Thus, intelligent spectroscopy can provide more in-
this angle calculation is limited by the position resolutionformation about weak gamma-ray lines than would normally be
Three-Compton reconstruction is a significant factor in thavailable.
POIS algorithm because it can provide for up to 10% of The extra peak observed at 1548 keV is the inverse escape
the total peak efficiency at 5 MeV. In HEIS, three-Comptopeak from the 1037 keV gamma-ray. The other inverse escape
reconstruction contributes a smaller percentage of the topalaks are either too small to identify or coincide with other
peak efficiency and, thus, the behavior of the algorithm gamma-ray peaks.
much less dependent on position resolution than in the POISTo quantify the improvement in the spectrum two parameters
method. The HEIS and POIS methods showed almost afe reported. As before, we discuss the relative peak efficiency
change in efficiency as position resolution worsens because fbethe major gamma-ray peaks. In addition, the peak-to-back-
acceptance windows have been chosen to maintain efficiergyund ratio is measured. This is the number of counts in the
for all position resolutions considered. Thus, the relatiyeeak divided by the number of counts below it. It is standard
efficiencies were equivalent to those calculated in the perfaotassume the background is a linear function from one side of
energy resolution case above. The peak-to-total ratios in HEH& peak to the other. All counts below that line are considered
minimally decreased as position resolution worsens. In POlgackground; those above it are considered part of the peak. The
the effect was more dramatic. The POIS peak-to-total ratiaestro MCA program was used to determine peak and back-
are shown in Fig. 8. POIS showed a reduction of 11%-178pound areas. There are eleven prominent peaks observed in the
in the peak-to-total ratio for all energies as position resoluti&pectra, but these values are reported only for the four “clean”
degraded from 0.0 to 1.5 mm. In the worst case at 662 keV, thgmma-ray lines. Two full-energy peaks coincide with escape
peak-to-total ratio was still near 0.80, indicating an excellepkaks in the traditional case, two more coincide with the in-
spectral response function. verse escape peaks generated with intelligent spectroscopy and
To visually demonstrate the improvement in spectral rsome peaks are the sum of several gamma-ray energies. These
sponse, the calculated energy spectra for 2.5 MeV gamma-ragsk areas are therefore overestimated. The four energies of in-
are shown in Fig. 9. A 2% energy resolution and 1-mrerest are 977, 1037, 2034 (together with 2015), and 2598 keV.
position resolution were assumed. The POIS method yield€te peak-to-background ratios and relative peak efficiencies for
almost no continuum compared with traditional spectroscogiiese gamma-rays are given, respectively, in Tables Il and IV.
although the intrinsic peak efficiency is reduced by one-half. As expected, the POIS method outperformed HEIS and
As expected, HEIS is indistinguishable from the traditiondfaditional spectroscopy in terms of peak-to-background.
spectrum in the peak region, and the Compton continuum was 977 keV, where traditional spectroscopy yielded a 0.08
significantly reduced. peak-to-background ratio, POIS achieved 0.44. A factor of 5.5
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T

TABLE Il improvement in that quantity outweighed the 70% reduction
PEAK-TO-BACKGROUND RATIOS CALCULATED FOR *¢Co in efficiency, and thus the peak was more visible in the POIS
spectrum. At 2598 keV, POIS showed over five times the
Energy (keV) Traditional  HEIS POIS peak-to-background and only a 36% reduction in efficiency.
977 0.08 0.20 0.44 For all energies above the pair production threshold HEIS re-
1037 0.56 1.75 3.26 sulted in nearly the same efficiency as traditional spectroscopy
gggg g-gg g'gg 195-’9213 while increasing the peak-to-background.
' - ' The energy resolution of a photopeak obtained using intel-
ligent spectroscopy may differ from that observed using tra-
TABLE IV ditional spectroscopy. Initial gamma-ray energy will have the
RELATIVE EFFICIENCIES CALCULATED FOR 56 Clo largest role in determining the difference in energy resolution
performance. For the 2.6-MeV gamma-rays fréifio modeled
Energy (keV) _ HEIS POIS above, the majority of the reconstructed events are pair produc-
977 067 028 tion events. In these cases, the energy resolution may be im-
1037 1.04 049 proved py adding a constatw.c? to the mgasur_ed 1.576—M(_3V _
2034 110 0.66 interaction. For_these events, the uncertainty (m energy units) in
2598 102 0.64 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-keyresented work well with CdZnTe detectors for high gamma-ray
gamma-ray all the reconstructed events are three-Comptorergies, although it is possible that a different algorithm would
events because pair production does not occur. In this case,ghgform better for other detector materials or applications.
size of the acceptance window on three-Compton events mayResults obtained from a real detector will differ from those
have an adverse affect on the energy resolution observed inphesented here for a few reasons. First, the percent energy res-
spectrum. When any of the reconstructed energies is simitdution of the measurements was assumed to be constant with
to the total energy deposited, it is the sum of energies thatesergy. For low energies (less than 500 keV), the uncertainty is
used in the energy spectrum. We do not include any procesgesater than estimated here, while at high energies, the uncer-
to determine which sequence is correct, nor do we use tlanty is less. Also, Doppler broadening will change the energy
reconstructed energy in the spectrum. Thus, any degradatiomitertainty as a function of scatter angle. In pixellated detectors,
resolution must result from accepting sequences, by choosttmrge sharing may become a problem for large energy deposi-
a large acceptance window, which do not deposit full energipns over small pixel areas. Also, the ability to precisely de-
in the detector. The acceptance windows should be optimizegmine interaction energy and position degrades as the number
for a given detector. of interactions in the 3-D CdZnTe detector increases. However,

We have modeled a polychromatic source under realistic caven under the worst conditions of high energy and position res-
ditions and demonstrated the benefits of performing intelligeolutions studies in this work, the algorithms consistently per-
spectroscopy. It is important to note that it is not necessaryftrmed better than traditional spectroscopy for gamma-ray en-
predetermine the analysis method appropriate for a specific &pgies above the pair production threshold. The results demon-
plication; these methods can be performed in parallel. For estrate the gains that can be achieved by exploiting 3-D informa-
ample, POIS may help identify low-energy gamma-rays in teon.
mixed field, while traditional spectroscopy may be used to de-
termine absolute peak efficiencies. Furthermore, the appearance REFERENCES
or absence Of varlqus features Co.m.pa”'."g one spectrum with th ] G.J. Schmid, D. Beckedahl, J. J. Blair, A. Friensehner, and J. E. Kam-
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be performed in real-time, the end user can use all three spec- instrum. Methodsvol. 422A, pp. 368-372, 1999.

troscopy algorithms to achieve the best results for a specific apf2] R. A. Kroeger, W. N. Johnson, J. D. Kurfess, B. F. Phlips, and E.
plication. A. Wulf, “Three-compton telescope: Theory, simulations and perfor-
mance,”IEEE Trans. Nucl. Scivol. 49, pp. 188-1892, Aug. 2002.
[3] M. W. Rawool-Sullivan, J. P. Sullivan, J. E. Koster, and B. D. Rooney,
“Validity and limitations of the three-plane compton imaging technique
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. . 2002.
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