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Abstract

We simulate the CCI1 and CCI2 detectors, using GEANT4, tdysthe figure of merit (FOM) for
each detector. For both CCI1 and CCI2, we study how the FOMmigpon strip pitchz resolution,
and lever-cut distance. For CCI2, we study how the FOM dependhe separation distance between
the two silicon detectors, and the separation distancedmtwhe two germanium detectors. We also
simulate future large-scale detector systems and caéctiair FOM.

1 Detector smulations

We do a full physics simulation, using GEANT4, of the CCI1 &2 detectors. Only the detector crystals
(silicon and germanium) are implemented in this versiorthwib other detector materials included. The
CCI1 simulation geometry is shown in Figure 1. CCI1 congié$ts silicon detector that is 64 mmm 64 mm

x 10 mm in size, and a germanium detector that is a circularwskh is 84 mm in diameter and 11 mm
thick. The active portion of the germanium detector is a eatrically inscribed box which is 76 mm 76
mm x 11 mm in size. In Figure 1, the active portion of the germandetector is the portion between the
two dashed lines. The two detector crystals are separatécinycenter-to-center.

The CCI2 simulation geometry is shown in Figure 2. CCI2 csissof two silicon detectors that are
each 64 mmx 64 mmx 10 mm in size, and two germanium detectors that are eachanirdisks which
are 84 mm in diameter and 15 mm thick. The active portion ofiggrmanium detector is a concentrically
inscribed box which is 76 mm 76 mmx 15 mm in size. In Figure 2, the active portion of each germaniu
detector is the portion between the two dashed lines. Tharagpn distance between the silicon detector
and the germanium detector is held fixed at 3 cm.

Each GEANT4 simulation is run once for each specific geomd®hotons are generated at a specific
energy and tracked through the detector volumes. The LLN& tibles (www-nds.iaea.org/epd|97) for
the compton and photoelectric effects are utilized in GEANG model the photon interactions within the
detector. We tally the interaction positions and kinensafar each interaction, and store this information
for further analysis.
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Figure 1: CCI1 detector geometry used in the simulation. ddisre portion of the germanium detector is
the portion between the two dashed lines.
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Figure 2: CCI2 detector geometry used in the simulation. adtve portion of each germanium detector is
the portion between the two dashed lines.

We then “digitize” the exact information and introduce a¢be resolution effects, so that the Monte
Carlo output mimics the real data. Tkeandy coordinates are pixelized (converted into individualpstri
hits). When more than one true interaction occurs withinxalpthe interactions and deposited energies are
combined. The strip energy distribution is determined bganmg individual energy deposits. We assume
that each interaction is completely contained within alsirggrip. We do not follow the methods in real
data for the determination of the(detected interaction depth within a detector) coordindtestead, the
z coordinate is determined by smearing the tzdecation of the interaction using a Gaussian probability
distribution. In each GEANT4 simulation, the source is poeed directly in front of the detector along the
zaxis, 2 meters away from the detector, and 1.6 million signahts are generated for each input energy.

To study the variation in the FOM as we vary parameters, wethsesame original GEANT4 input
and only redo the digitization step when changing striphpdcz resolution. We vary one parameter, while
holding the other fixed. The nominal value of the strip pittR imm and the nominal value pfesolution is



1 mm. For CCI2, the separation distance between the silietectbrs and the separation distance between
the germanium detectors are each held fixed at the nomina wdl10 mm while we vary the strip pitch or
thezresolution. The nominal value of lever distance is 4 strigths.

We also study the variation in the FOM of CCI2 as a functionhaf separation distance between the
silicon detectors, and the separation distance betweegetimanium detectors.

2 Figureof merit

The figure of merit isS/+/B whereS and B are calculated by integrating the plots of distance of cbse
approach (doca):

upper lim )
S= / docdsignal (x) dx @
0

upper lim
B= / docdbackgroungi(x) dx 2
Jo

where the upper limit of integration defines the signal regdoundary. The upper limit of integration is
the radius of the signal region on the image plane. The distaihclosest approach is the closest distance
of an image ring to the true source position. The maximum égifrmerit is found by varying the upper
limit until the maximum value oB/+/B is achieved. Figure 3 shows a plot of figure of merit versusalig
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Figure 3: Figure of merit versus signal region radius for £a&hd CCI2 with nominal parameters at 122
keV, using the monoenergetic background model.

region radius for CCI1 and CCI2 with nominal parameters &tKkeV, using the monoenergetic background
model. The figure of merit curve for CCI1 reaches a maximumsigial region radius of 7 degrees on the
image plane. The CCI1 signal region with a radius of 7 degreatins 66% of the total signal. The figure
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of merit curve for CCI2 reaches a maximum at a signal regidiusaof 6.25 degrees on the image plane.
The CCI2 signal region with a radius of 6.25 degrees coni#s of the total signal.

3 Background models

Background photons are generated framrsdrrounding the detector. We examine two background models
The first is a dirt-ball model calculation [1] using GAMGEN&RCNP from assumed isotopics for generic
“dirt.” Figure 4 shows a plot of the energy spectrum of the-ball model as measured in the detector. The
shelf in the dirt-ball spectrum at 90 keV is produced by a 99 ketoff imposed on the input photon
spectrum. The portion of the spectrum below 90 keV is produme scatter-down from higher energies.
Five source energies were chosen to sample the backgroundaage of different count levels. The red
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Figure 4: The energy spectrum of the dirt-ball backgroundi@ehoTl he red lines indicate the source energies
at which the figure of merit is calculated.

lines indicate the source energies at which the figure oftisedalculated. We integrate the background
within an energy window of:10 keV.

Since photons from the entire spectrum must be tracked ierdodget all of the scatter-down contri-
bution within any particular energy-cut window, it takesign#ficant amount of CPU time to accumulate
sufficient statistics at high energies, where there is Iaident flux. Low background statistics causes the
background doca plots to be sparsely populated, whichasdatctuations in the values of maximum figure
of merit.

To avoid this problem with the dirt-ball model, we also usech@noenergetic background model. In
this model, photons with energies exactly equal to the soerergy are generated. Since most of these
generated background events will result in energy depasitiithin our energy window cut, it is easy to get
good background statistics. The monoenergetic model cisgdeatter-down from higher energies, however



the FOM results using the monoenergetic model give simdaults to those from the dirt-ball model, but
without fluctuations caused by low background statistics.

In the dirt-ball model, a total of 40 million background pbos are generated throughout the entire
energy spectrum. In the monoenergetic model, 1.6 milliamkgeound photons are generated at each source
energy.

4 CCl1lreaults

Figure 5 shows plots of the CCI1 maximum FOM versus striphpitormalized to nominal, using the dirt-
ball background model (left) and the monoenergetic backgtanodel (right). Decreasing the strip pitch
produces bettexy resolution, which increases the FOM. The FOM curves do nloibéany local maxima,
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Figure 5: CCI1 maximum FOM versus strip pitch, normalizedhéoninal, using the dirt-ball background
model (left) and the monoenergetic background model (right

which suggests that the strip pitch should be made as smadissible. The background at 1170 keV is low
in the dirt-ball background model, causing the 1170 keV bamkind doca plots to be sparsely populated.
This causes the large fluctuations in the 1170 keV FOM platguiie dirt-ball model. Therefore, we report

our remaining results using only the monoenergetic backgionodel.

Figure 6 shows a plot of the CCI1 maximum FOM verguesolution, normalized to nominal, using the
monoenergetic background model. Decreasing the posiisolution in thez direction increases the FOM.
As expected, theresolution should be made as small as possible.

Figure 7 shows a plot of the CCI1 maximum FOM versus leveradist, normalized to nominal, using
the monoenergetic background model. The lever distandeidistance between two interaction events in
an individual scattering process in a detector crystal. Urits of lever distance are strip widths. The lever
cut eliminates all events which have a lever distance lems #hspecified value. Since the lever cut applies
to both signal and background events, we did not find muclatran in the FOM as a function of lever
distance.



5 CCl2results

Figure 8 shows a plot of the CCI2 maximum FOM versus striphpittormalized to nominal, using the
monoenergetic background model. Decreasing the strip piteduces bettedy resolution, which increases
the FOM for all energies except 122 keV. The FOM curves do xioibé any local maxima, which suggests
that the strip pitch should be made as small as possible.

Figure 9 shows a plot of the CCI2 maximum FOM verguesolution, normalized to nominal, using the
monoenergetic background model. Decreasing the posiisolution in thez direction increases the FOM.
As expected, theresolution should be made as small as possible.

Figure 10 shows a plot of the CCI2 maximum FOM versus levaadie, normalized to nominal, using
the monoenergetic background model. The lever distandeeislistance between two interaction events
in an individual scattering process in a detector crystdie Tnits of lever distance are strip widths. The
lever cut eliminates all events which have a lever distaase than a specified value. We find that the FOM
increases as the lever distance increases.

Figure 11 shows a plot of the CCI2 maximum FOM versus searaistance using the monoenergetic
background model. In Figure 11, the separation distancsdest the silicon detectors, and the separation
distance between the germanium detectors, are variechrgéncreasing the separation distance between
the detectors produces fewer detected signal events, asdétreases the FOM. This is because increasing
the separation distance between the detectors decrea&sdstdttor solid angle for a photon to scatter a
second time, which means that fewer signal image rings wilhtoduced, and fewer events will contribute
to the signal doca plot.

Figure 12 shows a plot of the CCI2 maximum FOM versus searalistance of the germanium detec-
tors, using the monoenergetic background model. In FigRreahk separation distance between the silicon
detectors is held fixed at 5 mm, and only the separation distbatween the germanium detectors is varied.
Increasing the separation distance between the germargtentdrs decreases the FOM.

6 Resultsfor futurelarge-scale detector systems

The next detector to be developed is CCI3. The CCI3 detessimiilar to CCI2, with two silicon detectors
and two germanium detectors, but all four detectors areagoed within one cryostat. The CCI2 system has
both of its silicon detectors in one cryostat, and both geiom detectors in another cryostat. The silicon
detectors and germanium detectors in CCI3 will have the séimensions as those of CCI2. Placing all
four detectors in one cryostat in CCI3 will reduce the amanafrittervening material between the silicon
and germanium detectors, which will improve detection @anance. Also, since CCI3 will have all four
detectors in one cryostat, the four detectors will be vepgeltogether. Decreasing the separation distance
between the detectors increases the FOM. In our simulatib@€13, the separation distance between each
of the four detectors is 8 mm.

The ultimate goal of this project is to build a large-scalem@ton imaging (LSCI) detector system
composed of a large array of CCI3 modules. We have done diongaof various LSCI systems and
calculated the FOM for each system. Figure 13 shows thetsesimaximum FOM for various detector
systems, plotted versus anticipated year of completione HGM for each detector system is calculated
at 414 keV using nominal parameters, and normalized to thénmmuen FOM of CCI2. The medium-scale
Compton imaging (MCI) detector system is a 2x2 array of CClales. The LSCI 4x4 detector system is
a 4x4 array of CCI3 modules, and the LSCI 8x8 detector sysseem 8x8 array of CCI3 modules.
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Figure 6: CCI1 maximum FOM versugesolution, normalized to nominal, using the monoenecgedick-
ground model.
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Figure 7: CCI1 maximum FOM versus lever distance, normdlienominal, using the monoenergetic
background model.
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Figure 8: CCI2 maximum FOM versus strip pitch, normalizeshdoninal, using the monoenergetic back-
ground model.
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Figure 11: CCI2 maximum FOM versus separation distancanalized to nominal, using the monoener-
getic background model. The separation distance betwesesiliton detectors, and the separation distance
between the germanium detectors, are varied together.
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Figure 12: CCI2 maximum FOM versus separation distance efgrmanium detectors, normalized to
nominal, using the monoenergetic background model. Tharagpn distance between the silicon detectors
is held fixed at 5 mm, and only the separation distance bettemegermanium detectors is varied.
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Figure 13: Maximum FOM for various detector systems, ptbttersus anticipated year of completion. The
maximum FOM for each detector system is calculated at 414usig nominal parameters, and normalized
to the maximum FOM of CCI2. The medium-scale Compton imagM@I) detector system is a 2x2 array

of CCI3 modules. The large-scale Compton imaging (LSCI) d&tector system is a 4x4 array of CCI3
modules, and the LSCI 8x8 detector system is an 8x8 array ¢8 @0dules.
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