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Estimate of Large CZT Detector Absolute Efficiency
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Abstract—This paper presents a simulation of the spectroscopic
performance of two large CZT coplanar detectors, 1.5x 1.5 cn?
area and 1.0 cm thick, with coplanar anodes. A code, based on
the GEANT libraries and classical Monte Carlo sampling, was
developed to simulate experimental scenarios. This code adapts
the GEANT capabilities for simulating complex detection systems
for spectroscopic studies. Detectors with perfect charge transport
and collection were first simulated. The code was benchmarked by
simulating an HPGe detector. The result for this detector is used
for estimating the code’s capabilities. Results from the simulation
of this basic detector model are presented and discussed. Subse-
quently, the effects of a possible realistic electric field profile in a
coplanar detector unable to efficiently deflect electrons to the col-
lecting anode is studied. From the analysis of the differences found
between the simulated and measured results, some conclusions
relating the electrode design and detector quality are proposed.

Index Terms—CdZnTe, CZT, Monte Carlo methods, radiation
detectors, simulation.

I. OVERVIEW OF THIS PAPER I_ |_ 10 [_
ARGER volume CdznTe crystals are now available for ';-':35 ‘61152 %215
manufacturing high-efficiency gamma radiation detectors. Eh}ck, mn ih'ick) o Eh.ickf m

In spite of the improved quality of the material and device con-
struction, the low mOblllty of holes, ”ear'Y one order Of_ m,agmlfig. 1. Schematic viewgraph of the coplanar anode grid pattern of the CdZnTe
tude below the value for electrons, remains the main limitatiQtectors considered in this paper. The peripheral electrode (P.E.) acts as guard
to large-volume spectrometry with this material. This problemng. Anodes 1 (A1) and 2 (A2) are composed by 13 horizontal strips and two
has been successfully overcome by methods that are insensiff7écal ones. Gap width is 0.355 mm.

to the hole drift. Among them, the use of coplanar grid anodes

[1] has yielded noteworthy results for single detectors [2]. Looking at pulse waveforms, detector 19-04 showed pulses
The spectroscopic performance of two CZT coplanar detegith an unexpected residual positive contribution in the signal
tors having 1.5x 1.5 cnt area and 1 cm thickness has beeduced at the noncollecting anode [3]. The proportion of in-
reported earlier [3]. These two units, known as 19-04 and 19-0deming photons that generated this kind of anomalous wave-
were produced by eV Produétssing the electrode pattern deform for several energies in the range of interétBa, 137Cs,
scribed in [4] and schematically shown in Fig. 1. The two detegnd °°Co sources) was estimated to 440% of the total ac-
tors showed slightly different energy resolutions: 2.0 and 2.3gfired. This result indicates processes internal to the detector
for the 662-keV!?”Cs photopeak, respectively. A more carefuhat alter the expected charge drift and/or collection, thus af-
inspection reveals interesting differences in the spectroscofieting the spectroscopic performance.
responses of these two detectors in the photopeak efficiency angiagnosing the cause of this problem and others related to un-
the shape of the Compton edge at lower energies. expected carrier transport inside the crystal is not a trivial task.
One way to obtain information about why the detector spectro-
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50 keV. The simulation models a radioactive source, defined byrves with different standard deviations. For the simulations,
its activity, shape, and isotope, irradiating a detector surroundbe distortion in the energy spectrum due to this effect has
by electronic components and shielding materials. Initially, déeen assigned for each event using the following rule: the peak
tectors with perfect charge transport were simulated. Fluctuzroadening is calculated from the standard resolution calibration
tions in the energy due to electronic noise were modeled a&stuation for the deposited energy. But if the interaction depth
suming Gaussian distribution functions. is smaller than 0.3 cm from the anode, this value is doubled,
Our predictive code was benchmarked by simulating amd if less than 0.1 cm, the value is quadrupled. Using this
HPGe detector. The accuracy of the simulation for this detectoaisic model, the shapes of the predicted peaks are similar
in a geometry similar to that used for the CZT measuremerits the experimental peaks. While this is a relatively simple
establishes the code’s predictive capabilities. After this studypproach, we are primarily concerned about other major causes
some preliminary considerations are presented in order db distortions due to coplanar collection techniques on the
correctly define the true sensitive volume of the actual CZ3pectrum profile.
coplanar detectors. Results from the simulation of the ideal
CZT detectors are presented and compared to actual results.
Finally, the effects of a possible realistic electrical field profile
unable to efficiently deflect the electrons to the collecting,, Detector Reference
anode are analyzed.

I1l. V ERIFICATION OF THE SIMULATION TOOL

Cryogenically cooled Ge detectors are among the most pre-
cise and reliable detectors for quantitative spectroscopic mea-
[I. DESCRIPTION OF THESIMULATION PROGRAM surements, and their performance should be predictable through
. . N simulation. A Ge detector, Canberra GX2018, has been adopted
The simulation package used n this Work was qutran-basg the standard to check our code capability. It is an extended-
and }Jsed the GEANT v.3.21 .[5] Linux version libraries. A C++ramge closed-end cylindrical coaxial detector 46 mm long and
versionwas sul_asequently wr_|tten when GEANT v. 4[6] beca .5 mm in diameter, with a core hole 31 mm long and 7 mm
available. In this work, Versions 4'2'.0 and 4.3.1 of GEANTl diameter. Physical characteristics of the experimental setup
have been used, together with version 0.3 of the electrom

. )d detector, as reported by the vendor for this particular de-
netic low-energy processes package (G4EMLOWO.3). Asett%é:tor, have been included in the simulation. The uncertainty

custgm Mo.nte C arI_o routines adapt_the GEANT code, deS|gnﬁ,_\1 the source—detector surface positioning is estimated to be
for simulation in high-energy physics and accelerator expery o5 em

ments, to spectroscopic purposes.

Effects due to nonideal carrier transport within the detector,
or electronic distortions produced by the front-end electronic%;
have not been explicitly included in these simulations. Thus, theTwo radioactive point sources with emission lines over
charge produced by each event in the active region of the &0 keV have been studiet?’ Cs (activity: 336 664 Bgt4%)
tector crystal is transformed into a fast induced charge pulssd®°Co (activity: 107 275 Bqt-3%). Spectra were acquired
The amplitude of this pulse is proportional to the total chargesing the described Ge detector with a live time preset to
generated by the photon in the crystal. Ballistic deficit is n@&00 s. A background spectrum was also acquired to subtract
considered. Electronic noise in the complete chain has beentlme background contribution from the source spectra. One
cluded in the simulation by introducing a distortion in the pulssimulation was run for each of the above radioactive sources,
amplitude by assuming a Gaussian distribution, in which the paad 2K-channel simulated spectra were generated. Electronic
rametelo is known from the experimental detector full-width ahoise in the preamplifier and shaper was taken into account
half-maximum (FWHM) value at the corresponding energy. simply by assuming Gaussian fluctuations in the total deposited

In the case of a real coplanar device, the spectrum is maimgergy, with rms values on the order of that measured in the
degraded by electron trapping and the asymmetry betwestperimental setup.
weighting potentials of the two anode grids. Other effects suchFig. 2 shows examples of real and simulated spectra obtained
as hole contributions, leakage current on the anode surfafe,°°Co. The only significant differences that can be observed
or electronic noise are minor effects for the quality detectogualitatively are small unexpected accumulations on both sides
and the energy range of interest in this work (300-1500 ke\gf the 1333 photopeak in the real spectrum. This affects the
Corrections for electron trapping are handled by adjusting teeunting rate in the Compton region between peaks, with this
relative gain in the subtraction circuit of the anode preamplifieregion showing a significantly higher error that others in the
stage [7]. spectrum. Poorer counting statistics (100 times lower than that

Due to the weighting potential asymmetry, energy resolution the 23—-1169 keV region), pulse pileup, and nonuniform elec-
should be best for photons interacting near the cathode aridfield profiles in the crystal (not considered in the simulation)
gradually become poorer for interactions nearer to the anotkn explain this effect.
surface [4]. See [2] for a graphical explanation of this effect. Table | compares real and simulated spectra at higher ener-
The shape of photopeaks in coplanar detectors is mainly dyies. Differences in detector counting efficiency in the most rel-
to the dependence of the energy resolution on the interactierant regions of the spectrum are given. General agreement is
depth. Thus, the shape of photopeaks in this kind of devifmund, although differences in the photopeak areas are larger
can be modeled as the superposition of a set of Gaussihan those for total efficiency. As commented above, a signifi-

Results for Higher Energies
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800 : - TABLE 1l
700 DIFFERENCES INSIMULATED AND REAL HPGE DETECTOR
1 simulated I EFFICIENCY LOWER ENERGY
600 -
:n 500 F Isotope  Region Energy Efficiency Difference
= Simulated - Measured
S 400 | ! (G ured
°© 300 A L 137Cs  Photopeak 32keV -41.7%
Photopeak 36 keV -30.3%
200 F
133Ba  Photopeak 31 keV -45.0 %
100 ial/ Photopeak 35 keV -28.8%
0 i . Photopeak 53 keV 43 %
Photopeak 80 keV 34%
0 500 1000 1500 Photopeak 276 keV 9.5%
Energy (keV) Photopeak 302 keV 9.9%
Photopeak 356 keV 7.6 %
. . . Photopeak 384 keV -4.0 %
Fig.2. Comparison of real (lower) and simulated (upper) spectra for the HPGe Total 40-1000 keV 12%

detector and th&°Co source. Acquisition time corresponds to 300-s live time.
Detector—source distance was 12.69 cm. The scale has been chosen in order to
enhance the Compton edge profile. Simulated spectrum has been translated in

theY axis for a better comparison. . e .
P D. Conclusions of the Verification

For the energy regions of interest to this work, qualitative and
TABLE | guantitative comparisons of real and simulated spectra show that

DIFFERENCES INSIMULATED AND REAL HPGE DETECTOR the simulation tool is able to reproduce the spectroscopic be-
EFFICIENCY AT HIGHER ENERGY havior of an HPGe detector operating in the presented geom-

etry. Total efficiency estimates are in good agreement with the

Isotope  Region Energy  Efficiency Differences experimental values, while gamma photopeak efficiencies agree
(Simulated - Measured) to within 4-10% depending on the photopeak energy. Unaccept-
137Cs Compton 40 659 keV 0.9% able discrepancies hqve begn found for X—ra_y photopeaks under
Photopeak 662 keV 3.8 9% 40 keV, so the code is considered to be valid for our purposes
Total 40 - 1000 keV 0.8 % above this energy.
Peak (662 keV) to Total ratio: 32%
60Co Compton 23 - 1169 keV 27 % IV. CONSIDERATIONS FOR THESIMULATION
Photopeak 1173 keV 3.5% OF CZT DETECTORS
Compton 1177 - 1328 keV 20.1 % . .
Phog,peak 1333 keV 40% A. Detector Anode Bias Polarity
Total 23 - 2000 keV 23%

) The detector configuration always has one anode, denoted

Peak (1173 keV) to total ratio: 0.9 % . .
Peak (1333 keV) to total ratio: 1.4 % as Al, and the peripheral electrode (guard ring) connected to
ground. The other anode, A2, can be biased at either positive
or negative potential and selects the collecting anode. This po-
cant large error is found in the simulation of the Compton regidarity selection for A2 affects detector properties such as reso-
between the two peaks (1177-1328 keV). lution and efficiency. The central region of the detector is insen-
sitive to the A2 polarity due to the anode grid symmetry in this
area, but the collection of the charge generated in the volume un-
derneath the peripheral electrode and in the gaps between this

The study above was also extended to lower energies with glectrode and the central region are affected by this polarity. Let
X-ray lines of the**”Cs source and photopeaks'dfBa. Ex- us denote by G1 and G2 the gap areas between the peripheral
perimental and simulated results were acquired for a 230 734 @gctrode and Al and between the peripheral electrode and A2,
+4% 33Ba point source in the geometry previously detailedgspectively (see viewgraph in Fig. 3). Significant differences
Quantitative differences between simulated and real photopdakhe collection of the charge generated outside of the central
areas and total detector counting efficiency are summarizedr@gion may occur.
Table II.

An acceptable agreement is found in the total counting rdte Effect of A2 Anode Polarity on the Detector Efficiency
for the 133Ba spectrum above 40 keV, but serious differenc&d!d Resolution
are found at lower energies. It can be seen from these results thd&iasing A2 negatively would lead to regions where the
lines under 40 keV are largely underestimated in the simulatiagiectrons are not transported efficiently when the differential
with larger differences for lower energies. Low-energy gamnraadout method (total pulse amplitude is computed from a
peaks have an error larger than those obtained at higher energiesghted difference between Al and A2 pulse amplitudes
~10% in the worst case. Also, the result for the 384-keV pedkK]) is used. Volumes underneath the peripheral electrode and
is not consistent with the general results in this section. G2 will produce pulses with negligible amplitude. On the

C. Results at Lower Energies
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Fig. 4. Relative total counting rates obtained with detector 19-01 for different
(positive and negative) A2 anode biasing values. Soufé€s. (Lines to guide
the eye.)
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Fig. 3. Schematic representation of one of the detector anode surface corners.
Peripheral electrode and collecting and noncollecting anode are represented.
Arrows show charge-collection trends in the two-anode bias configuration.
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other hand, pulses with significant amplitude can be induced 'f
from photons interacting in region G1. Most of the photons 40 - ' - ;
interacting in this region will not contribute to the photopeak. 0 20 40 60 80 100

When A2 is biased positively, pulses produced from region Va2 (absolute value)

G2 are correctly formed using the differential readout methoﬁg. 5. Relative photopeak (662 keV) counting rates obtained with detector
This region of the detector will contribute to the spectrum, al9-01 for different (positive and negative) A2 anode biasing values. Source:
though with some spectral degradation due to the electrode pro<s- (Lines to guide the eye.)

file inthis region. Charges produced in region G1 will drift to the

nearest A2 anode strip. Their path to A2 is much larger than the experimental Confirmation

corresponding path in the central region and proceeds through_. . - .

a region with a weak electric field. These two factors increasellD'ﬁet:emesdIn t.he detectgr efficiency ha}ve_ been ?Xpeé'mﬁn'
the probability of electron trapping. The region underneath tﬁ% y observed. Figs. 4 and 5 present relative total and pho-

peripheral electrode can also be sensitive in this case, but E% eak efficiencies measured with detector 19-01, covering a

charge-trapping probability due to the longer drift length is eve\g]' e range of positive and negative A2 anode biasing values

L o . : ut using the same geometric conditions*¥ACs source was
larger. Thus, A2 positive biasing will lead to a higher detect g 9

he . sed for these measurements. Each detector bias configuration
efficiency. On the other hand, more spectral degradation can &s stable for a period of 15 min, and data were reproducible.

expected using positive biasing, since a photon interacting inthewith A2 positively biased, both the total and absolute effi-
detector periphery suffers from a nonideal drift to the c:ollectin(genCy reach a maximum value nea80 V. A2 negatively bi-

anode. , ased led to more stable values over the complete range of useful
The actual areas of the G1, G2, and peripheral electrodes gggl values. Comparing the best measurement when A2 is pos-

be estimated from the detector dimensions. Significant diffggyely biased to the average value when negatively biased, the
ences {-25-30%) in the detector efficiency can be expected dgstal and photopeak absolute efficiencies differ by 8% and 10%.
pending on the applied anode bias. When the A2 anode is biasgfk is qualitatively consistent with the discussion above, al-
negatively, anode Al collects70% of the total interactions in though larger differences were expected.

the crystal, and the peripheral electrode should coHez5%. Better spectroscopic resolution was achieved with negative
Any photons interacting in the G1 region are unseen. When A2 anode biasing for all bias values presented in Fig-2.6%

has a positive bias, all the charge should drift to the collectifyVHM in the best case}»0.5% FWHM poorer resolution was
anode. found if the positive anode bias was used. Photopeaks using an
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A2 positive bias showed a less regular shape, presenting shoul
ders or side lobes. 2000
To obtain information about the signal generated at the pe-

ripheral electrode, the corresponding pin in the detector was

connected to a charge-sensitive preamplifier. The external bias

input remained grounded. The output signal was filtered using a g,
shaping amplifier, and spectra were acquired. The data obtainecs
under different bias polarities for A2 showed that while a pos- g 1000
itive anode bias does not ensure that all the charges drift to the
collecting anode, the number of pulses that drift to the peripheral

1500 - F

electrode £3%) can be considered as minor. Furthermore, the 500 1 I
129% fraction of events collected by the peripheral electrode in

negative anode bias configuration is lower than expected. From ‘ . 1

geometry, the peripheral electrode could act as the collecting 0 200 400 600 800
electrode for~25-30% of the pulses. Energy (keV)

Fig. 6. Real spectrum acquired with 19-04 detector andfli€Cs source.
Acquisition time corresponds to 100-s live time. Detector—source distance was
1.86 cm.

V. SIMULATION OF THE CZT DETECTORS

A. Detector Efficiency Simulation

The coplanar CZT detectors were mounted on a poly vinyl

chloride (PVC) support attached to the aluminum box that ' * '
houses the front-end electronics and the subtraction circuit. 2000 - =
Detectors were carefully positioned, the source was located
outside the box in front of the detector, and a hole in the box
minimized the material along the detector—source axis. The 1500 - -
hollow area was covered by a 0.2-mm thin copper foil to
ensure electromagnetic shielding without inducing radiation
scattering. Only the substrate front layer of the detector pre-
sented any significant matter between the source and the CZT
crystal. The distance from the source to the detector center in  5¢¢ L
the external surface of its support was fixed within 0.2 mm. The
point source was located normal to the cathode surface. Layers J L

600 800

counts

1000 - L

of lead surrounding the housing box made the background 0 l T 1
contribution negligible compared with the counting rate with 0 200
sources in place. The biases werd700 V for the cathode
and—80 V for the noncollecting anode (0 V for collecting and _ _ _
ipheral anodes) Fig. 7. Simulation of the spectroscopic response of the 19-04 deté?ft@s '

peripne ] : . ] ] considering the experimental situation used for acquiring the spectrum in Fig. 6.

The experimental setup described in previous paragraph were
simulated. Mechanical and electrical components in the setup

have been modeled with different degrees of fidelity, dependngﬁ;e real spectrum under 120 keV. Pulses resulting from poor

on their potential influence to the radiation scattering and acﬁarge transport are responsible for these low-energy counts [3].

sorption. The lead shielding was included in the model. From ; ;
. .~ "The total detected counts in the real and simulated spectra
the arguments above, the expected sensitive volume in this de-

o . L
tector configuration is just the central region. Only the centrap oo to within 5%, only slightly larger than the source activity

section of 1.2865< 1.2865 cm area was modeled as active. u_nce_rtamty. This faCt. _supports the premise that the _central re-
gion is the only sensitive part of the detector. A portion of the

counts below 60 keV, assumed to be produced by X-rays, may

B. Detector 19-04 belong to the low energy accumulation. However, the Compton

1) Higher Energy: Simulated and real spectra were acarea is underestimated in the simulation. Since there is a rea-
quired, and some results are presented in Figs. 6 and 7 $onable agreement in the total counts, this suggests that there
137Cs. Quantitative differences between real and simulatade more pulses than expected in the Compton region of the real
absolute efficiency are presented in Table Il for differergapectrum, also reflected in the significant disagreement in the
regions of the spectra. In some cases, photopeak limits in fteotopeak efficiency. As shown in Table 1H,35% of the ex-
simulated and real spectra had different end points, accordimgcted pulses in the photopeak are missing in the real spectrum.
to the peak search criteria. Charges that do not follow the ideal drift profiles alter the spec-

Simulation and measurement results differ at low energies. &kam shape, shifting counts to lower channels.
expected from our experiments with the HPGe detector, exper-The low energy accumulation was also observed using dig-
imental detector efficiency is not correctly estimated for X-rajal techniqgues when the A2 anode was biase¢t&® V. Unex-
photopeaks, and a significant accumulation can be observeddieacted pulse-height distributions and proportions were similar

400
Energy (keV)
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TABLE Il '
DIFFERENCES INSIMULATED AND REAL 19—04 DETECTOREFFICIENCY
1600 - F
Isotope  Region Energy Efficiency Differences
(Simulated - Measured) 1200 - L
n
137Cs Photopeak 32-36 keV -57.9% S
Compton 60-620 keV -1.5% 8 800 | L
Photopeak 662 keV 348%
Total 60-715 keV 4.7%
Peak (662 keV) to Total ratio: 28.7 %
400 -
60Co Compton  40-1137 keV -3.6%
Photopeak 1173 keV 36.1%
Photopeak 1333 keV 38.1% 0 T ‘ ;
Total 24-1367 keV -4.4 % 0 200 400 600 800
Total 40-1367 keV -0.8 % Energy (keV)
Peak (1173 keV) to Total ratio: 372%
100 o,
Peak (1333 keV) to Total ratio: 392% Fig. 8. Real spectrum acquired with 19-01 detector afiCs source.
133Ba  Photopeak 31-35 keV 50.6 % é%(:]sul:srth]lon time corresponds to 100-s live time. Detector—source distance was
Photopeak 82 keV 37.9% ' '
Photopeak 302 keV 373%
Photopeak 356 keV 37.7 % )
Total 47-410 keV 133 %
Total 60-410 keV 16.4 %
1600 - -
1200 r

to those obtained for negative bias. This result supports the idea‘g

that these distributions are independent of peripheral region ef- 8 gag 4
fects and are generated in the detector central region.

The results obtained f&fCo show characteristics similar to
those from the study using’Cs. In this case, there is no con- 400 ﬁ 1
tribution due to X-rays, so it was decided to set a lower energy J L
limit of 24 keV. There was still good agreement between ex- 0 ‘ ‘ :
pected and real total efficiency, but the measured absolute pho- 0 200 400 600 800
topeak efficiency was again lower than predicted. Energy (keV)

2) Lower Energy: Results obtained using?>Ba are pre-
sented in Table I1l. Absolute peak efficiency is used except f§}9: 9 Simulation of the spectroscopic response of the 19-01 detector for

. . .. . Cs considering the experimental situation used for acquiring the spectrum
the 82- and 302-keV lines, which use net efficiency since a ngig. s.
area seems to be more realistic. Differences will go down to
31.5% for the 82-keV peak in Table Il if the absolute number
of counts were used. Only photopeaks with consistent statistics is as expected. Worse agreement was achieved for total
have been taken into account. Photopeaks of 276 and 384 keV efficiency for energies below 400 keV.
are greatly affected by the major contribution of other lines in 2) A very large fraction of the pulses in the spectrum are
their respective multiplets. spread over energies lower than the corresponding de-

The total efficiency estimate fails in this case, since the differ-  posited energy. This fraction {s35% for the photopeaks
ence between expected and real valud$%, which is larger examined (82, 302, 356, 662, 1173, and 1333 keV). We
than the acceptable error. This difference decreases for lower conclude that the charge drift/collection process is less
energy thresholds. Unfortunately, it is not possible to consider  than ideal in the detector central region.
threshold values under 47 keV due to the serious discrepancy in
the 31-35 keV peak estimate. C. Detector 19-01

3) Results of the Study With 19-04 Detectddur results  Examples of comparable experimental and simulated spectra
studying the efficiency of the CZT 19-04 coplanar grid detectQjre presented in Figs. 8 and 9 t6fCs. Quantitative differences
are summarized as follows. between simulated and real estimations for total, Compton, and
1) Comparison of results obtained from experimental amhotopeak counting efficiencies are listed in Table IV. These
simulated spectra shows a general agreement for the tatata show an acceptable general agreement between real and
counting rate in the energy range of interest. The negatisgnulated spectra. The most remarkable result is the general
anode bias configuration was predicted only to have tlagreement not only in the total efficiency but also in the pho-
central part of the detector be sensitive. The result cotopeak efficiency. This agreement is not perfect, but evident in
firmed that the efficiency in the anode grid central regiothe most important lines.
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TABLE IV distance, a change 6f3% both in the photopeak and the total
DIFFERENCES INSIMULATED AND REAL 19-01 DETECTOREFFICIENCY efficiency was determined.

Other important sources of uncertainty include the source ac-

Isotope  Region Energy  Efficiency Differences tivity and the calculation of the photopeak area. The selection of
(Simulated - Measured) the limits of the photopeak is in some cases ambiguous. This un-
certainty makes the uncertainty associated with the photopeak
137Cs  Photopeak 32-36 keV -30.6% 5%. A . ti te of thi lue is difficult si it d
Compton 60-620 keV 0.7% area~5%. A precise estimate of this value is difficult since it de-
Photopeak 662 keV -0.5% pends on the particular spectrum profile in the peak region. For
Total counts ~ 60-715 keV -0.7% instance, 276-keVA¢2Ba) and 302-keV{**Ba) photopeaks are
Total counts  46-715 keV -1.9% C e . . .
P - affected by larger uncertainties in their counting estimates than
eak (662 keV) to Total ratio: -0.4 % 37 33
662-keV (37Cs), 1333-keV {°Co) or 82-keV {*3Ba) photo-
60Co Compton  40-1149 keV 0.7% peaks. The 1173-ke\P{Co) line is especially problematic due
Photopeak 1173 keV -1.4% to its position between 1333-keV peak and the Compton edge.
Photopeak 1333 keV 0.1% C . .
Total counts  40-1390 keV 1.8% The limits for this peak must be examined carefully for each
Total counts  24-1390 keV -3.3% particular spectrum.
Peak (1173 keV) to Total ratio: 0.7% Statistical errors associated with the simulation have been
Peak (1333 keV) to Total ratio: 0-7% estimated by running the code repeatedly for the same input
133Ba  Photopeak 31-35keV 27.7% values. Standard deviations for the total efficiency values are
Photopeak 82keV 0.7% below 0.25% fort3”Cs and®°Co, and are smaller fof*3Ba
Photopeak 276 keV -5.9% 0 ot < i
Photopeak 302 kev o (0.12 00). Standarg dewgt;ons foulr;)(Tj for photopeak efficiency
Photopeak 356 keV 1.5% estimates are-0.3% for **“Cs and*>'Ba photopeaks, except
Photopeak 384 keV -5.0% for 276 and 384 keV, in which larger values were found
TOta} 70'210‘5" 2.2 % (~0.85%).5°Co photopeaks presented the largest uncertainty
Tota 48-410 kev 1% values: 0.93% and 1.37% for 1173- and 1333-keV photopeaks,
respectively.
2.8 : . . —
VI. M ODELING NONIDEAL CHARGE COLLECTION
2.6 1 -
~ A. Simulation of an Inefficient Anode Design
8 L .
s 241 Results obtained for detector 19-01 show that the electrode
é 92 ] | design permits efficient collection within the detector’'s cen-
o tral region. We shall assume that both detectors had the same
5 | L surface treatment and electrode deposition processes. Thus, the
most probable cause of the photopeak efficiency loss in detector
1.8 : : 19-04, common in many CZT crystals, is a larger proportion of

20 40 60 80 100 120 defects in the bulk material.
Va2 (absolute value) Another possible cause for this efficiency loss we now con-
Fig. 10. Resolution of the 19-01 detector for different negative values of A%Ide.r a.re reglqns in detector 19-04 in which the eIeptnc field
bias and cathode bias set1700 V. Anode A1 and peripheral anode werdrofile is not high enough to correctly bend the carriers to the
grounded. collecting anode. These regions should be located underneath
the noncollecting anode strip and could be caused by an imper-
1) Results for Photopeak Efficiencythe fact that an accept- fect electrode deposition process. In .this case, those interactﬁons
able agreement was reached between the experimental and tRég€ath one of the noncollecting strips would generate carriers
retical efficiencies in this detector has important consequencit do not drift to the collecting anode. As a consequence, the
First, the electrode design used in the detector (generation Il [gBnerated pulse from the anodes would be smaller. We consider
is efficient. Data in Figs. 5 and 10 reinforce this conclusion. [f{v0 collection models here.
the latter figure, the measured resolution of the detector is pre-1) Model CM1: charge produced in some regions under the
sented for different negative anode bias values. Experimental noncollecting strips is drifted to this anode.
data were obtained with the geometry and setup modeled in the2) Model CM2: charge does not reach the anode surface due

simulation. Once the anode bias reachd® V, the photopeak to weak electric field intensity in some region under the
efficiency is constant, and an acceptable energy resolution is  noncollecting strips.
obtained. The widths of the anode and the gap strips in these detectors

2) Possible Sources of Uncertainty in the Calculatiorie are 0.0152 and 0.0355 cm, respectively. The lateral width of the
uncertainty in the simulated results due to uncertainty harge cloud just due to the diffusion of the electrons produced
the detector—source positioning was estimated by changing the radiation in a single point of these detectors is of this
the distance from the detector to the source. For a chammeer of magnitude [8]. Thus, electron diffusion must be taken
of 0.05 cm, the maximum experimental uncertainty in thimto account.
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The code has been adapted for modeling a region under the '
noncollecting anode strips in which charge is not collected by 8000 - i
the collecting anode. In this new version, each portion of the £6=0.00
charge produced in a single point of the detector is studied sep- 7000 v -
arately. The charge is drifted from the interaction point to the r
plane 1 mm from the anode surface and follows the electric field 6000 -
lines. This trajectory is perpendicular to the anode surface since
the electric field can be considered constant in this region of £6=0.10
the detector. During this drift, charge is diffused according to 5000 W
the basic distribution described in [8]. Once claugaches the £ i
plane 1 mm from the anode, the portifhof the cloud located g 4000 - 7
directly under the central region of the noncollecting strips is
computed. The width of this region is given liytimes the non- 3000 3
collecting strip width, wherg. can be varied from 0.0 (all the fc=0.50
charge correctly collected) to 1.0, the total strip width. 2000 1
The amplitude of the pulses is generated from the two collec-
tion models.
1000 -
fc=1.00
1) In Model CM1, the amplitudel of the pulse is generated Nﬂ»\.-/\____\ A
0 ; . .
by 0 200 400 600
n Energy (keV)
A=C-Y ((1-P)Qi—PQ))
i=1 Fig. 11. Spectra obtained using collection model CM1 fprranging from
n 0.05to 1.0 {. being the relative width of the layer under noncollecting anode
=C . Z(l _ QPi)Qi (1) strips in which generated charge is not collected by the collecting anode).
=1
whereC is a constant an@; is the number of electrons
generated by the radiation at the poipf: = 1, ..., n). 8000 4
The first term in the sum corresponds to the portion of the £6=0.00

charge correctly collected. The second part is the portion 7000 A i
collected by the noncollecting anode. This portion has a '
negative net contribution, since the differential readout 6000 - L
spectroscopic method is used.

2) For Model CM2, the pulse amplitude is

5000 1 fc=0.10 L
n 8
c
A=C-> (1-P)Qi. ) 8 4000 I
=1
In this case, the charge that is not collected contributes 3000 -
in the same way to both the collecting and noncollecting fe=0.50
pulses, so its net contribution is zero. 2000 -

B. Results of Charge Collection Modeling for Detector 19-04

1000 - -
Different widths for the “dead” region underneath the noncol- Wﬂ.oo ﬁ
lecting anode strips have been considered by varying 0.05 0 : ‘

to 1.0. Figs. 11 and 12 present graphic results for some repre- 0 200 400 600
sentative cases ¢f. using the two collection models. Energy (keV)

For model CM1, a~30% reduction of the photopeak counts
is achieved forf. = 0.25, while the total number of countsFig. 12. Spectra obtained using collection model CM2 forranging from
(60-710 keV) remained almost constant. Similar results 185 to 1.0 {. being the relative width of the layer under noncollecting anode
found considering model CM2 fof, = 0.50 (~31 and~2% of strips in which generated charge is not collected by the collecting anode).
photopeak and total efficiency reduction, respectively.) These
charge collection models can explain the photopeak efficiencyThe presented charge drift models are not sufficient to at-
loss of detector 19-04. But neither model predicts the lotvibute the behavior of detector 19-04 to charge transport inef-
energy accumulations of the magnitude observed for detectioiencies from the detector electrode design nor due to factors
19-04. However, the modeled photopeaks do show low-enermglated to the electrode deposition process. Having ruled out this
tailing not seen in the measured spectra. possibility, we can say that the probable cause of the detector
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degradation is the presence of regions with an accumulationsirfable to identify trends in the performance of these kind of
defects within the detector. detectors. Unfortunately, the lack of timely availability of such
detectors limits these kinds of study.
VII. CONCLUSION

The electrode design of detector 19-01 is efficient. There is ACKNOWLEDGMENT

no need for designs with a larger number of strips per anode angrhe guthors would like to thank H. Downey for his validation
narrower gaps. Further work is needed to understand the rolg,pfine simulation tool with the Ge detector and his help in
energy re_solut|on in the gnode plane direction perpendicular{p ge spectra acquisition and P. Simpson for his aid in the
anode strips. If no large differences were found between specttQnerimental spectrum format conversion. Thanks are also
scopic pe_rformgnces un_der the gaps and coll_ectmg and nong?\ll-en to CIEMAT’s D. Francia, who performed most of the
lecting strips, this would imply that the only major cause of res@iaphic editing of figures. The authors also acknowledge the
lution loss is related to the existing differences in the coIIectir[ngputing support given by A. Roldan and J. Calonge, both
and noncollecting anode weighting potentials. Obviously, thig, CIEMAT, who efficiently managed the installation and
result also implies that the material used in the detector is l%dating of libraries and the operating system.

sufficient quality.

From results obtained with detector 19-04, nearly one-third of
its volume is affected by defects that limit charge transport and
collection, affecting detector spectroscopic performance. Fur{1] P- N. Luke, “Unipolar charge sensing with coplanar electrodes. Appli-

. . . . cation to semiconductor devicesEEE Trans. Nucl. Scivol. 42, pp.
ther studies on the detector solid-state physics and real electric  557_513 Aug. 1995.
field distribution might be carried out for a full characterization [2] Z. He, G. K. Knoll, D. K. Wehe, and J. Miyamoto, “Position-sensitive
of the detector. This continuation, which represents a significant ~ Single carrier CdZnTe detectorsifucl. Instrum. Methodsvol. A388,
t of work, has been started in our laboratory and will begs; Sy aoraos 107
amount orwork, has been started in our laboratory and Will D€(3) ;'\ perez, . He, and D. K. Wehe, “Stability and characteristics of large
the subject of a future publication. CZT coplanar electrode detector$2EE Trans. Nucl. Scivol. 48, pp.

The two detectors perform differently. The 19-04 unit behaves  272-277, June 2001. :
lik | lity d h 19-01 | ideal [4] Z.He, G. K. Knoll, D. K. Wehe, and J. F. Du., “Coplanar grid patterns
ke a OW'qua" ity ?teCtor’ whereas 19- seem's almost ideal. and their effect on energy resolution of CdZnTe detectdrjtl. In-
Yet our experience in the laboratory leads to a different conclu-  strum. Methodsvol. A411, pp. 107-113, 1998.
sion. In spite of its lower photopeak efficiency, 19-04 demon- [5] C_ERN Program L|b(ary Offlc_e. GEANT 3.21 detect_or description and

d llent stabilitv in lona-term tests [3]. On some simulation tool. [Online]. Available: http://www.cernlib@cern.ch
Strate_ an exce - ity 1 g sts [3]. S [6] The Geant4 collaboration. (2002, Mar.) Geant4. [Online]. Available:
occasions, the experimental performance for 19-01 could not  http://wwwinfo.cern.ch/asd/geant4/geant4.html
be sustained longer than seven days. After this period, the del/] Z He, G. K. Knoll, D. K. Wehe, R. Rojeski, C. H. Mastrangelo, M.

. . . Hamming, C. Barret, and A. Uritani, “1-D position sensitive single car-
tector showed an increase in the leakage current, apd discharge ier semiconductor detectorsitucl. Instrum. Methodsvol. A380. pp.
pulses were observed. Serious low-frequency drifts in the base- 228231, 1996. _
line of anode and cathode lines were also observed in thesé! Y.F Du,Z.He,W.Li, G. F. Knoll, and D. K. Wehe, "Monte Carlo inves-

Th for some applications. detector 19-04 mav actuall tigation of the charge sharing effects in 3-D position sensitive CdZnTe
states. us, . pplicau ’ : o y - ually gamma ray detectorsJEEE Trans. Nucl. Sci.vol. 46, pp. 844-847,
be preferable. Studying a great population of similar units is de-  Aug. 1999.
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