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Abstract of the dissertation

Preclinical PET systems image animal models of micrbuman disease that are
used to evaluate new therapeutic strategies fotrdla¢ment of cancer and other diseases.
Once these animals are out of a controlled envieirfor PET imaging, they typically
can not be taken back as they may have been exposedtside disease. A highly
compact PET system is thus required to be develtdctan operate within a bio-safety
cabinet inside a barrier facility.

We investigated using 100-mme-long LYSO scintillatoystals oriented in the
axial direction and read out at both ends by pmsitsensitive photomultiplier tubes
(PSPMTSs) to construct a compact PET. The optimomabtf light collection for axial
encoding of events was carried out using differsgftector materials and surface
treatments of 3 x 2 x 100 mimand 2 x 2 x 100 mipolished crystals. The detector
response was examined by irradiating the crystaldiscrete positions using an
electronically collimated 511 keV photon beam. Th&o of two PSPMT signals was
used to find the axial-resolution while their sunasvused to determine the energy
resolution. We then explored the effects of crep8ystematic band patterns of surface
roughing on 1 to 4 long surfaces of the crystalmtmlulate light-transport with the goal
of further improving axial-resolution. These expeental results were used to benchmark
DETECT2000 Monte Carlo simulations for our detegeometry. The axial-positioning
calibration was carried out by evaluating a unifoflnod-irradiation method and
comparing with the collimated-irradiation methodings2 x 2 x 100 mrh crystal

detectors.



The best axial-positioning resolution of 3.4 mm \aakieved in this study for 2 x
2 x 100 mm Teflon-wrapped crystals with banding-patterns amyotwo opposite
surfaces, fulfilling the design criteria of our posed PET. The benchmarked
DETECT2000 models can now be used to predict thiemmeance of a complete detector
module design. The calibration methods agreed &f ttigger threshold energies were
adjusted to give similar single event rates in B@8PMTs for uniform flood-irradiation.
The implementation of flood-irradiation method imrocomplete PET scanner will

provide a simple axial-positioning calibration.
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Chapter 1 Global Scope and Objective

1.1 Motivation for work

Preclinical PET systems can image animal modelshodnic human disease that
are used to evaluate new therapeutic strategieshéoitreatment of cancer and other
diseases. In many cases, these animals have kepbainder controlled environmental
conditions, such as bio-safety cabinets, when blearglled. Once the animals are out of
a controlled environment for PET imaging, they tgdy can not be taken back as they
may have been exposed to outside disease that beulidhnsferred to other animals in
the facility. This is problematic for long-term et imaging of a single animal. For these
reasons, a highly compact and portable PET systemequired to be designed and
developed that can operate within a bio-safety regtbinside a barrier facility or
alternatively on a laboratory bench top without tteed for a dedicated PET imaging
suite that requires a substantial financial investmThe design criteria for this system
are low cost, low complexity, high sensitivity asldould image the entire mouse in 1 bed
position with an isotropic spatial resolution ofttee than 3 mm. A mock-up of our
proposed design concept for a highly compact gegmportable PET imaging system
that will allow operation in a laboratory setting io0 a biosafety cabinet is shown in
figure 1.1. In this global context, the objectiveroy research project is to design and
develop a high sensitivity dual-ended readout detemodule to be used in a highly
compact and portable geometry positron emissionogpaphy (PET) scanner. We
propose to make use of arrays of long thin scattl crystals oriented in the axial
direction and read out at both ends by low costtipossensitive photomultiplier tubes

(PSPMTSs) to construct a compact animal PET system.



Figure 1.1 Photographs of a mock-up of our designonicept for a highly compact geometry, portable
PET imaging system. On the left, the system is slva on a laboratory cart. The cylindrical detector
gantry has a rat sized stuffed animal in it for scke. The laptop computer for data acquisition siton

top of a compact electronics cabinet. On the rightthe system is shown within a laboratory fume
hood with comparable dimensions to a biosafety catkt.

1.2 Specific Objectives
To achieve the above mentioned goals, the res@adhfor my Ph.D. consists of the
following projects related to the development afnpact detectors:
a) Optimize the light output of long, thin LYSO crylstaeadout at either end by
photodetectors for spatial and energy resolutiamgus
(i) Different reflector materials and (ii) $ace treatment of the crystals
b) Calibrate the dual-ended readout of axially oridnit& SO crystals for use in a
compact PET system
c) Determine the DETECT2000 simulation parameters irequto give good
agreement with our measured data, on the surfaeatnient/reflectors for
improving spatial resolution, in order to benchmdahe simulation for this
detector geometry and allow the future use of M@welo simulation in refining

our detector designs.



1.3 Overview of Thesis

Chapter 2 gives the introduction and backgroung@asfitron emission tomography.
Chapter 3 illustrates the details of the experiralesetup and data acquisition for the
project. Observations on our dual-ended readodt06f mm LYSO crystal such as light
output, energy resolution, spatial resolution aheé effect of reflectors on these
parameters are given in Chapter 4. Chapter 5 dissuthe calibration of dual-ended
readout of axially oriented 100 mm long crystals dse in a compact PET system. Use
of systematic surface roughing to enhance the apegsolution in the light sharing
direction of dual-ended readout of axially-oriente®) mm long LYSO crystals for use
in a compact PET imaging system are described iapt@h 6. The benchmarking of
DETECT2000 Monte Carlo simulation for optical photoacking in scintillation crystals
using our measured results for our unique geomateyalso described in Chapter 6.
Chapter 7 gives the discussion and conclusion efpitoject. Future directions of the

project based on the work done in this projectadse proposed in this chapter.



Chapter 2 Introduction and Background
2.1 PET Imaging

2.1.1 Principles of PET

Positron emissiotomography (PET) is a powerful and sensitive Nuclgdicine
technique for biological functional imaging, allowi quantitative imaging of the bio-
distribution of tracers chemically labeled with s emitting radioisotopes that are
called radiotracers (1). The emission of a posifrom a radiotracer and the subsequent
detection process in PET imaging is described iti@es 2.1.1.1 and 2.1.1.2. The
injected radiotracer compound into the body of gaient is not meant to have a
pharmacological effect; rather it images the mdercunteractions of biological
processes. Commonly used radioisotopes in PET ngamie given in Table 2.1. Among
these'*F has the longest half life and is used to n&kefluorodeoxeglocose (FDG) (2)
(3), an analogue of glucose, which is the most comnadiotracer used in PET imaging
in oncology, providing information on tumor sizedaactivity. This radiotracer serves as
a marker of glucose metabolism (4) after it is ¢tgel into the patient and is taken up
preferentially by cells that are actively using gise, such as cancerous cells, at a
significantly higher rate than the normal cells. &sesult, tumors appear in the image as
a “hot-spot” of uptake. Because of this abilityfiod metastatic disease, FDG PET is
considered the standard of care for staging mapgstyof cancer and for evaluating
response to treatment, in particular for lung twnand lymphomas (5)*F-
fluorothymidine (FLT) is another promising radiateat for clinical use (6) and is an

analog of thymidine, a marker of DNA synthesis thadkes it useful to differentiate



tumor from inflammation (7). In contrast, both cdrmhs appear similar when imaged
with FDG as both the tumor and inflammation actyvaete glucose. Comparative studies
of brain function with and without degenerativeedise (e.g. Alzheimer’s disease) and
evaluation of the viability of cardiac tissue anenbe to detect the signs of coronary

artery disease is another use of FDG (1).

Table 2.1 Commonly used positron-emitting radioisaipes in PET. Data taken from (12) and (13)

Radioisotope 0 13N e 18¢ ®%Ga %Rb

Half-life (min) 2 10 20.4 110 68 1.3

Maximum Kinetic | 1 735 | 1108| 0960 06338 1.880  4.39
energy (MeV)

Average kinetic 0.735| 0.491| 0385 0.242 0.783 1.32
energy (MeV)

Average range in 27 | 20 | 17| 14| 17 4.34
water (mm) ' ' ' ' ' '
FWHM' (mm) 0.50P | 0.282 | 028 | 022 1.35 2.60

"Full width at half maximum
#Taken from (8)
®Taken from (10)

2.1.1.1Positron Decay
In decay by positron emission, a positron is emittehen a proton from an

unstable proton-rich nucleus of an atom is condettea neutron with the emission of a
neutrino as shown below:
P® n+ b" +n (2.1)
The nuclear reaction itself is governed by theolwlhg equation:

AX® Y+ b" +n (2.2)



Here Z is atomic number and A is mass number ofddesisotope. Each positron
( *) emitted has a variable energy from more than memaximum energy,gx due to
sharing its energy with the neutrino, resultingancontinuous spectrum of positron
energy (8). Two anti-parallel 511 keV photons areated when the emitted positron
from the radiotracer injected either annihilateghvan electron directly or combines with
it for a short period of time to form a positroniy®) in tissue after losing its energy in
multiple Coulomb interactions with other electranghe surrounding tissue as shown in
figure 2.1. A positronium is a hydrogen-like atomwhich an electron is orbiting a
positron. The rest mass energy of an electron gomasaron, 511 keV each, is converted
to two annihilation photons emitted in nearly 18€b-linearity to conserve the
momentum. A PET image is created by detecting thesenti-parallel 511 keV photons

as described in the following section.
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Figure 2.1Creation of two anti-parallel 511 keV plotons in an annihilation procesgCourtesy of Dr.
Andrew L. Goertzen, Department of Radiology, Univesity of Manitoba)



2.1.1.2 Signal Detection in PET
The two anti-parallel 511 keV annihilation photoase detected in electronic

coincidence in an opposing pair ofay detectors in a ring of detectors placed around

patient body or scanning object as shown in figuge

Ring of detectors

/

event

Tissue

LOR

Figure 2.2 Signal detection in PET: Two 511 keV arhilation photons are detected in coincidence by
drawing a line-of-response (LOR) between two oppasg detectors in a PET ring.

During this detection process, a line of resporiseR) is drawn between the two
detectors and the angle and the displacement df@#efrom the central axis of the ring
is determined. The detected pair of 511 keV photansoincidence is referred to as a
true coincidence event in PET imaging. The distrduof the tracer injected is imaged
by acquiring a large number of coincidence evenke resulting image shows higher
activity in those parts of the tissue where higingiake of the tracer took place. The role

of PET detectors in a PET imaging system is taciedffitly detect the pairs of 511 keV



photons emitted in the positron annihilation prece€oincidence events could also be

detected and misplaced in an incorrect LOR astilitesd in the following section.

2.1.1.3Types of Events in PET

There are three types of coincidence events in iREaQing; namely true, scattered
and random as shown in Fig. 2.3. When two annibitapphotons are detected in
coincidence, within a coincidence timing windoworfr the same positron annihilation
without either of them being scattered in the patieody or camera gantry then this
event is a true coincidence event (Figure 2.3 {d)& scattered event occurs when one or
both annihilation photons from the same positromitsifation are detected in coincidence
after being scattered in the body or camera gargsplting in an inaccurate LOR
detection (Figure 2.3 (b)). Although the scatteegdnt is a real coincidence as both the
photons belong to the same positron annihilatibg, resulting LOR is misplaced from

the true one due to the deflection of one or bétihe photons.

(@) True (b) Scatterec (¢) Random

Detected
LOR Detected
LOR

Figure 2.3 Types of events in PET



These scattered events generate structured backbpaitern in the image that degrades
its contrast. Finally, if two photons from two difent positron annihilations are detected
in coincidence then such an event is known as dorancoincidence (Figure 2.3 (c)).
This event is also called an accidental coincidenod is a source of unwanted
background counts. The random count rate ‘R’ iropposing pair of detectors is given

by the following equation:

R=2/SS, (2.3)

Where 2 is the coincidence timing window and &d $ are the single count rates
in the two detectors. The I equation (2.3) comes from the fact that if tetector 1
registers a signal at tintethen any signal registered between &nd t + in detector 2
will be a coincidence event.

The random count rate is proportional to the squdréhe activity present in the
scanning object due to the product of single caoatgs in equation (2.3). It means that
the greater the total activity present in an objetler study, the higher will be the
random count rate. Again, these random events adeg@dation of image contrast and
produce an inaccuracy in quantification of activitythe scanning object, especially, in
high count rate applications, if not correctedidgrsubtracting from the measured data.
2.1.1.4  Two fundamental physical resolution limits in PETPositron Physics

The positron range and annihilation photons notirezarity are the two
fundamental (inherent) physical limits of spatigsolution in PET due to positron
physics explained in the next two sub-sectionshBytthese result in a blurring in the
image that can not be reduced by improving thegperdnce of a PET system. The effect

of physical limits of spatial resolution namely;sttoon range, annihilation photon non-



co-linearity in PET have been studied for the nooshmonly used PET radioisotopes in
water using Monte Carlo simulation and experimgB{s(10) (12) (13), as given in
Table 1.
2.1.1.4.1 Positron Range Effect

As described before in section 2.1.1.1, the pasiemitted from the radiotracer
injected in the body slows down after multiple Goub interactions with the electrons in
the surrounding tissues before it annihilates athelectron (11) resulting in two anti-
parallel 511 keV photons. The range of the posjtthe mean distance travelled by the
positron in the tissue until it annihilates withetlelectron, is the linear distance or
separation between the point of positron emissiahits annihilation point as shown in

the figure 2.4.

o Positron
Annihilation range
Poin
\\.
Positron
emission point
LOR

Figure 2.4 Positron range effect: The positron rang separates the annihilation point (the detection
point) and the emission point in a PET scanner
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This range of positron emitted depends upon thé&rpasenergy and the density of the
surrounding material. Higher energy positrons \wdlve larger range in a low-density
material and a higher density material will shortke range of a particular energy
positron. This range of positron emitted from eliéint PET radioisotopes, given in Table
2.1, is about 1-2 mm in water (12)(13) exc8Rb which has a range of 4.24 mm in
water, a major constituent of body tissue. An idB&IT scanner should image the
positron emission point and accurately measureateal activity distribution based on
positron emission points in the scanning objecttbatpositron range, given in Table 2.1
for PET radioisotopes, separates the emission paat annihilation point and PET
scanners can only image the annihilation pointemdtbased on the two annihilation
photons detection in coincidence. This positrorgearffect degrades the image spatial
resolution resulting in a blurring in the imagettiban not be reduced by improving the
performance of a scanner. The influence of positeorge on spatial resolution for the
commonly used positron-emitting PET radioisotopas heen studied theoretically and
experimentally by several groups (13)(14) (15)(16)(82Rb has the largest positron
range effect amongst the commonly used PET radapss listed in Table 2.1 on the
PET spatial resolution due to the relatively highkmetic energy of its positron.
Fortunately,'®F on the other hand has the shortest positron reemeting in relatively
the least effect on spatial resolution.
2.1.1.4.2 Annihilation photons non-co-linearity

Generally, when an emitted positron slows down r@adhes thermal equilibrium
with an electron (not at rest) then the annihilatiakes place. Due to residual momenta

of positron and electron, the two annihilation st are no longer co-linear. As a result
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the detected line-of-response (LOR) does not passigh the point of annihilation as

shown in figure 2.5. This angular deviation from0480-linearity in biological tissue,

mostly water, is estimated as 9FWHM of the Gaussian distribution (18)(19).

Annihilation
point

Detected LOF

Resolution
Error due to
non-cc-linearity

Figure 2.5 Non-co-linearity of 511 keV annihilationphotons in a PET scanner
For a detector ring of diameter D, this contribatio the spatial resolution at the centre

would be (20):
FWHM » Dg”~ D/4 (2.4)
=05 =87

Both FWHM and D are measured in meters in equg@of). With

milli-radian, this contribution to the spatial réstion would be 2.2 mm for a 1 m ring

diameter. Therefore the non-co-linearity of two iafation photons will degrade the
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spatial resolution and result in a blurring in theage as is the case with positron range

and, hence, both are the built-in fundamental teg&wi limits of a PET imaging system.

2.1.2 Image Formation Process

If two photons are detected within a very smallitighwindow, normally < 10 ns,
then this is a prompt coincidence event. As desdrimarlier in section 2.1.1.2, an LOR is
drawn between the two detectors where the photare wWetected in coincidence. The
recorded LOR is stored in a 2D data structure acaled a sinogram. The sinogram
represents tomographic data in 2—dimensions wherazimuthal angle of the LOR is on
the vertical axis while the displacement of the LO&n the scanner central axis is on
the horizontal axis. During the image scanning qekrtypically millions of events are
collected and the number of events at each azirhatihgle and LOR displacement is

recorded in the data map creating a sinogram iraagdown in figure 2.6.
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Figure 2.6 An example sinogram image of a line soce in a PET scanner (Courtesy of Bryan
Mcintosh, Department of Physics & Astronomy, Univesity of Manitoba)
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A point or a line source will result in a sine wasatern in the image, lending to the
name “sinogram”. In the case of more complex objdtte resulting sinogram image will
be the overlapping projection of many sine wavasiig scanning, the object is divided
into a large number of slices corresponding to gbsitions along the scanner central
axis. The slice position is considered tffedBmension of the PET acquisition data that is
why the word ‘tomography’ (tomo means slice) isdugepositron emission tomography.
Generally most PET scanners consist of multiplggimalong their z-axis; each slice
corresponds to a ring that detects 511 keV annibiieevents in coincidence with itself
or any other possible ring in the scanner. Thaseshre organized with ring difference
which is the difference between the ring numbereag the annihilation photons in
coincidence. Maximum ring difference during the PHTage processing defines how
oblique a line of response is before it is rejectéda ring difference of 0 is used then it
means the coincidence events are recorded onlyeirsame ring. If the events in a ring
are recorded in coincidence with the adjacent rimgsts left and right sides, the ring
difference would be -1 and +1 respectively. Sintylathe events recorded in a ring in
coincidence with the rings 2 apart on its left amght would correspond to ring
differences of -2 and +2, respectively and so os.alh example, for a 90-ring PET
scanner with a maximum possible ring difference9f there would be a total of 8100
sinograms that come from all 90 x 90 possible pags where the events were recorded
in coincidence. Compared to the reconstructionnodges from the data obtained from
the coincidences only within each individual crysitag, reconstructing images from the
coincidence data acquired with all allowed ringeténces (3D mode) results in dramatic

improvement in sensitivity but is more time consngii Therefore the axial data from
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multiple sinogram slices that correspond to a similosition along the scanner axis are
often combined together to create a new sinograth f@wer axial slices but with a

greater number of events in each slice using, ample, single slice rebinning (SSRB)
(21). How many oblique lines of response will bart@d in such a sinogram during the
scanning process is defined by the span. The negwinogram can be reconstructed
using the standard filtered back projection (FBRjathm (22). A limitation of the

SSRB technique for rebinning the axial data is thgives accurate results only for small
axial FOV scanners or if the radiotracer activyacated close to the centre of the FOV.
If the distribution of the radiotracer injectedfasther from the central axis of the scanner
the accuracy of the SSRB process is lost and heroce advanced rebinning algorithms
such as multi-slice rebinning (MSRB) or Fourierirgting (FORE), described in (23),

are used. In addition to FBP, other algorithms usedPET image reconstruction are
ordered-subsets expectation-maximization (OSEM)) (2hd maximum-likelihood

expectation-maximization (ML-EM) (25), that are bdn iterative statistical methods.
Compared to analytic image reconstruction techrigsiech as FBP (linear method),
iterative statistical methods of reconstructionegimproved signal-to-noise ratio and
image quality and provide a better spatial resofythowever, spatial resolution of an

image strongly depends on scanning object sizealtreeir non-linear behavior (26).
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2.1.2.1 Factors affecting PET image spatial resolution amthage quality

2.1.2.1.1 Depth-of-interaction (DOI) resolution effect or pallax error

Figure 2.7 Depth of interaction or parallax error due to the radial off set from the centre of a
scanner

The in-plane spatial resolution of a PET scannéh wicircular ring of detectors
depends on the width of the scintillation crystaed. If w is the width of the discrete
crystal elements in detector modules of a PET smaring then the spatial resolution at
the centre of the scanner would be w/2 (27). Foaivity distribution with the object
away from the center in the radial direction theapnt width of the crystal seen by the
detected -events in the shaded region shown in figure 2. Tldvde increased to w’
resulting in a degraded resolution of w'/2 at thd point of the two opposing detectors

in the ring (27). This is because the depth ofradton of -photons within the crystal is
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not known. This is called the depth-of-interact{@©OI) effect or parallax error in spatial
resolution. This effect increases with the diseafrom the centre of the scanner in the
radial direction and will be further increased wéih increase in the length of the crystal.
The effect will be more pronounced for the scarmigin a smaller ring diameter such as
an animal PET scanner due to the small volume @fsttanning object compared to a
clinical PET system. To minimize the magnitude lod effect a shorter crystal could be
used for the construction of PET detectors andhering diameter could be increased. In
both the cases the sensitivity of the system waldeduced because of reduced solid
angle coverage. So there is always a compromiseebetthe spatial resolution and the
sensitivity of the system in a conventional PETiglesThe parallax error in a PET
scanner could be minimized if the detectors cansomeathe depth-of-interaction of the
annihilation photons in the interacting crystalsl @éimereby improve the spatial resolution
mainly along the radial direction at the off centegion without decreasing the crystal
length and hence maintain high sensitivity. Thil liow uniform spatial resolution in
all directions (28). Therefore many DOI detectosigas have been investigated to add
DOI capability to PET scanners as will be discuseeskction 2.3.5.
2.1.2.1.2 Photon attenuation within the scanning object ants$ icorrection.

The attenuation length of 511 keV annihilation mmst in biological tissue (mostly
water) is 10.4 cm corresponding to a linear atténnaoefficient of 0.096 cih The size
of the chest and head of a human body is arourmh2(®0). The exponential attenuation
law (1 = l,e**, where | is transmitted intensity through a thieks x, § is original
intensity andmis attenuation coefficient) determines that aro@d&o of annihilation

photons will be attenuated in the patient body anty 15% will have no interaction
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within the biological tissue. Absorption of theshopns will reduce the number of
detected photons resulting in reduced photon statig the image data that decreases
the image quality. To obtain quantitative inforfoaf an accurate attenuation correction
can be performed by measuring a transmission profitough the patient body or a
scanning object such as a phantom generally witbiacidence source such FGe
(transmission scan) as well as measuring the cowitb®ut the scanning object or a
patient (blank scan). Consider a radiotracer soatcdepth ‘d’ of a scanning object
having a thickness ‘D’ placed between two oppogiag of detectors in a PET ring as

shown in figure 2.8.

>J

Detectorl Detectorz

Figure 2.8 Photon attenuation within the scanningbject: The transmitted photons are detected by
two detectors Detector 1 and Detector 2 in coincigee.

The probability of an annihilation event detecteg detector 1 is given by the

following exponential equation

- md

% = e (2.5)

Wherel, is the transmission intensity of all the annildatphotons detected by detector
1 after attenuation through thicknekd, is the original intensity before attenuation and

is the linear attenuation coefficient of 511 ke\photons in biological tissue. Now the
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probability of an annihilation event detected innctdence by detector 2 is given by the

equation

_ - mD-d)
%—e ° (2.6)

Herel, is the transmission intensity of all the annilidatphotons detected by the
detector 2 after the attenuation in thickn&sl. The probability of both the photons

being detected in coincidence then would be

(%)(%) =e"e" =" @7)

The combined transmission intensity of coincidarmres is then given by
| =1,e"” (2.8)
and the original intensity without any attenuati®hen written as
|.=] e (2.9)
Equation (2.9) implies that the original intensign be recovered by multiplying the

scan count with a factog™ therefore this factor is called an attenuationrextion
factor. Equation (2.9) could be re-writtemL% = e”D which means,

Blank scancount
Transmissbnscancount

= Correction factor (2.10)

The correction factor so obtained is multipliedthg sinogram data for attenuation
correction. A coincidence source with known atgivhormally®®Ge, or a single photon
source, such @'Cs or an x-ray CT scanner can be used to genéraiattenuation map

by measuring the transmission profile through aepat The attenuation correction is by
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far the largest correction in clinical PET (29) doethe fact that the attenuation through
the body could be about a factor of 10 while f@n@all animal PET this could be about a

factor of 2 (30).

2.2 Animal PET

2.2.1 Motivation for animal PET imaging

Due to genetic homology between animals and hun@mplex animal models of
human disease are available that can be used wagyaew therapeutic strategies for the
treatment of cancer and other disease. There canlame variability in the degree of
severity, the time of onset and course of progmess animal model of diseases such as
neurodegenerative disorders, inflammatory and disgases, as is the case with humans.
Due to this large variability, the ability of traoky a disease process longitudinally in the
same animal over a time range of hours to yeark beilessential if the therapeutic
strategy under investigation is to be translatedlitacs for the treatment of patients. In
recent years there has been extensive interesing PET to examine animal models of
human disease (1) (31). However, clinical PET seas1do not have satisfactory spatial
resolution or sensitivity for studies of small amish such as rats and mice, therefore
dedicated animal systems are required. Generadl\itte of the organs of these animals
is around 10 times smaller than that of a humaexefiore, higher spatial resolution and
higher sensitivity are required (32). Detector riigmeter and scintillator crystal element
size must be reduced to improve detection effigieard spatial resolution.

Early small animal PET scanners were developecessarch tools and prototypes
(33)(34)(35)(36)(37)(38). The University of Califoa at Los Angeles (UCLA) group

developed a prototype dedicated animal PET systaioroPET (39), with a spatial
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resolution of 2 mm that attracted the attentiorbiologists to image mice and rats. The
microPET P4 scanner from Concorde Microsystems &) an early commercialized
small animal system, developed in the late 199¢#, @évolved from the original UCLA
prototype microPET design. This system uses LS@tilators with high light output
allowing high spatial resolution with small crystate and high energy resolution. After
the release of first commercial microPET P4 systaary commercial small animal PET
scanners, including microPET R4 designed for raxlemtly (41), that uses the same
detector technology as microPET P4, were developgdi made available
(40)(42)(43)(44)(41)(45). Each system aimed to aobasensitivity and/or spatial
resolution. Availability of these commercial aninRET systems has made it possible to
use them extensively in evaluating animal models hofman disease (46)(47).
Monitoring the distribution of radio-labeled ceits vivo (48), monitoring the growth of
tumor xenografts (49)(50), evaluating cardiac fiorct(51), studying animal models in
food sciences (52) and studying reporter gene sgme (53) (54) (55) are a few
examples among the many uses of small animal PE&Egimg. In these studies, imaging
is carried out non-invasively, enabling the anitmakerve as its own control which is a
key feature of small animal PET imaging.

Animal PET scanners have been used for radiotrdeeelopment beyond FDG. In
these studies, small animals such as mice, ratsadofuts have been used for preclinical
trials of these drugs (56)(57)(58) before thes@slmeach clinical trial. As a research tool
in these studies, PET imaging enables the rapidpamtyc and whole body

characterization of the bio-distribution of radabeled compounds.
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2.2.2 Design of conventional animal PET systems

Most common current designs of preclinical PET exsyst use modular detectors in
which 2D arrays of thin scintillation crystals hagidimensions 1x1x10 nihto 2x2x10
mm® are oriented radially in a ring (40) (41) (44) Y%60). A schematic of this detector

arrangement is shown in figure 2.9.

Figure 2.9 Schematic of detector arrangement in aeylindrical type PET camera. Note the 2D arrays
of scintillation crystals oriented in the radial direction.

These arrays are commonly coupled through lighdegiito photodetectors such as
position sensitive photomultiplier tubes (PSPMTEhe location of interaction of a
detected -ray event is determined by identifying the crystalwhich the interaction
occurred. As an example, the Siemens Inveon smata PET system uses detectors
with a 20x20 array of 1.51x1.51x10 MiSO crystals with a pitch of 1.59 mm coupled
via a tapered light guide to a Hamamatsu R890043RMT (61)(62). A schematic of a
complete PET detector ring system similar to thased in the Siemens Family of

conventional animal PET systems is shown in figlife.
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Figure 2.10 Schematic of a complete ring detectansed in a conventional cylindrical type PET
camera.

There are two limitations of this design for acligyva compact geometry: first, the
overall diameter of the detector ring is large tmeéhe combined lengths of the crystal,
light guide, PSPMT and detector electronics as shioviigure 2.10 and hence can not fit
in to a bio-safety cabinet. Secondly, a large numdfeelectronics channels must be
digitized. This large number of electronics chasn@sults in the need to have a large
electronics cabinet as a part of the system gamne to these two limitations it is

difficult to implement this design for a compacbgeetry.
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2.2.3 Measuring performance of animal PET systems

Small animal PET scanners are extensively usegbreclinical drug development,
evaluation of therapeutic strategies using animadieirs of human disease and biological
research. What type of scanner is most suitablehierintended study or application is
based on the scanner performance. The parametgrgicsintly influencing the data
guality in a system are, at minimum, spatial resoly sensitivity, scatter and count rate
performance. Therefore assessing performance ofl smamal PET systems is an
essential task and is carried out by measuringiadpagsolution, sensitivity, scatter
fraction and counting rate performance using thdiddal Electrical Manufacturers
Association (NEMA) standards.
2.2.3.1INEMA NU 4-2008 standard for performance measuremgwof animal PET

Early performance measurements of small animal 8thners were based on non-
standardized phantoms and procedures due to thevslability of an agreed-upon
method. Substantial variation of phantoms and phoes was observed between
different research groups (40)(41)(37)(63)(36)(38)(64)(65)(33)(35)(66). As a result, a
direct comparison of performance parameters ofeddfit scanners was not adequate.
Keeping in view this difficulty, there was a stronged and demand for standardization
of the assessment of performance of small animal Bistems. Therefore NEMA
prepared standards/protocols for the performana@suorements of small animal scanners
given in its publication NU 4-2008 (67). The perfance measurements of clinical PET
scanners are carried out using NEMA standddl 2-2001 (67)which was updated to
NU 2-2007. The performance evaluation procedurdgined in NEMA standards are

independent of system design and are applied tada vange of scanner models and
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geometries including multi-ring, continuous detecttime-of-flight PET and other
imaging systems with coincidence capability. Thatsp resolution measurement for
small animal PET to be performed as per the NEMa&ndards is described in the
following section.
2.2.3.1.1 Spatial Resolution

A ?*Na source is used to measure full width at half imax (FWHM) and full
width at tenth maximum (FWTM) spatial resolutiomsimage. The typical values of
FWHM spatial resolution are about 2-3 mm and thos&WTM are about 3-5 mm.
Goertzen et al. (68) carried out the spatial rdsmlumeasurement as a part of the
performance evaluation of a collection of commérpi@clinical PET imaging systems
manufactured after 2000 using NEMA NU 4-2008 staddad demonstrated a NEMA
comparison of eleven commercial preclinical imaggygtems for the first time. As an
example of spatial resolution measurement in thidys for axial center of FOV at 5 mm
radial off-set, FWHM/FWTM spatial resolutions inethradial, tangential and axial
direction were 2.29/4.03, 2.18/3.18 and 2.20/4.58, mespectively for microPET P4
system and 2.13/4.90, 2.21/4.22 and 2.72/5.59 eotisely for microPET R4 system.
For ¥4 axial FOV at 5 mm radial off-set, FWHM/FWTMagial resolutions in the radial,
tangential and axial direction were 2.34/4.22, 314 and 1.75/4.22 mm, respectively
for microPET P4 system and 2.06/5.24, 2.18/4.14 arRkV/4.88, respectively for

microPET R4 system. An energy window of 350-650 keas used in these studies.

2.3 Scintillation Detectors for PET imaging
The function of a scintillation detector is to stap incident -ray and convert its

energy into scintillation light. This scintillatiotight is subsequently detected by a
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photodetector that converts the emitted light emoelectrical charge. Detectors for PET
imaging must have a high stopping power, that lsgh probability of totally absorbing
the incident 511 keV annihilation photons. Thesecers should have fast decay times,
allowing the detection of two annihilation photomscoincidence with a narrow time
window (i.e. good timing resolution), thereby rethgcthe random events and improving
the count rate performance. At the same time theulsl provide high light yield to
achieve good energy resolution for Compton scatierination from the PET data and
provide accurate and high spatial resolution taliae the interaction position to a small
spatial volume. Scintillation detectors must pre@veh output signal that is proportional

to the -ray energy deposited for measuring the inciderdrgyn In addition, these

detectors must be inexpensive to be manufactured.

2.3.1 Interaction of 511 keV photons with matter

A 511 keV annihilation photon will interact withehPET detector crystal with
three possible interaction processes: 1) photaaeabsorption; 2) Compton scattering;
and 3) Rayleigh scattering, also called cohereattagng. Coherent scattering is an
interaction of a photon with an atom as a wholee Buthe larger mass of the atom very
little recoil energy is absorbed by the atom instiprocess. As a result a minimal
deflection of the photon occurs with essentiallylass of energy and hence coherent
scattering can be ignored in PET imaging. Theretorly two processes, photoelectric
absorption and Compton scattering, are importarRET imaging and are described in
sections 2.3.1.1 and 2.3.1.2 followed by sectich22which describes the Physics of

Scintillation light in.
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2.3.1.1Photoelectric absorption

In the photoelectric interaction, when aay photon of energft interacts with an
atom of absorbing material it transfers all ofdatergy to a bound electron with a binding
energy, also called the work function, and completely disappears. As a result the

electron is ejected with energy, givenby
Eeg=hn-/ (2.11)

The incident energy of theray must exceed the binding energy or work functd
the electron in a bound shell for the photoelec#ixsorption process to occur as is
obvious from equation (2.11). As a result of thecépn of the electron, known as a
photoelectron, a vacancy is created in the bouredl shat is filled by higher orbit
electrons resulting in the emission of one or m&mays that are mostly absorbed locally
through photoelectric absorption. An Auger electroay also be emitted in place of an
X-ray but the probability of emission is very smalhe most probable ejection of an
electron in the photoelectric absorption proces$ras the inner most K shell. The
kinetic energy transferred to the photoelectrodeposited locally near the photoelectric
interaction in the crystal material first throughcellisions (excitation and ionization). In
scintillation crystals the excitation of electroresults in a scintillation process whose
physics is explained in section 2.3.2.

The photoelectric absorption cross-sectiovaries with -ray energy E and atomic

number Z of the absorbing material according toftflewing equation (8):

LU r—; (212
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where is the density of the absorbing material. Whilghhdensity material increases
the probability of interaction of aray photon, the absorption cross-section hascagtr
dependence on Z i.e. a higher Z value increasesumber of photoelectric events in the
material. As is obvious from equation (2.12), th®ofoeelectric absorption process is
dominant for low E and high z.
2.3.1.2 Compton scattering

When a high energy-ray photon, such as a 511 keV annihilation phoioteracts
with an atom of absorbing material it can transdepart of its energy to an electron
initially at rest and scatter away with a lessezrgg. This process is known as Compton

scattering.

Scattere -photor=h

Incident -photor =h

W\WN\NV\MW\M

Recoil electro

Figure 2.11 Schematic diagram showing aphoton interaction with matter via Compton scatteiing

Consider an incident-ray photon of energh scattered with a lesser energy¢
through an angle with its initial direction after transferring a ppaof its energy to an
electron as shown in the figure 2.11. The electemoils at an angle with respect to the

original direction of the-ray photon.
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The energy of the scattered photon as a functiscattering angle is given by the
following relation after considering the consereatiof energy and momentum before
and after collision:

hnt= hr (2.13)

1+ hn

m002

(- cosg)

Then the energlze transferred to the recoil electron would be gibgn
Ee=hn- hnt (2.14)
wheremoc2 is the rest mass energy of the electron. From t¢juateon it is obvious

that if the scattering angle is small then most of the energy will be retained bg t

scattered photon and subsequently the energy éraedfto the electron will be very
small. The energy of theray photon transferred to the recoil electron esnfyjom O to a
maximum possible energy which occurs at 180 (see equations (2.13) and (2.14)).
The angular distribution of scattered photons igegiby the Klein-Nishina formula of
scattering cross-section (68)(69). Small scatteangles in the forward direction are
most favoured at 511 keV-photon energy (70). Sulseily the scattered photon can
then interact with the crystal material via the fgetectric absorption process or further
Compton scatter. In all cases of energetic ejeeledtrons, this energy is deposited
locally in the crystal material, resulting in ems of scintillation light as described in
section 2.3.2.

The Compton scattering cross-sectiois given by (8)

Z
SUr— 2.15
Wr— (2.15)
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Where is the density, Z is the atomic number and A s thass number of the
interacting material such as a scintillation criystarom equation (2.15) it is obvious that
there is a high probability of interaction of phasoin high density material and that the
Compton scattering essentially goes with the edactiensity.

Comparing equation (2.15) with (2.12), Compton tecatg has a relatively weak
dependence on Z and therefore higher Z valuesingitease the number of photoelectric
events in the material compared to Compton scagerThis strong dependence of
photoelectric absorption cross-section on the atamamber of the absorbing material is
a primary reason for selecting high-Z materials@stillation crystals for PET imaging
systems, in addition to other scintillation propestsuch as decay time and light yield.
Photoelectric absorption is preferable in almolshatlear medicine imaging applications
including PET imaging because the scattered ewsitscted will create a background

noise and degrade the image contrast.

2.3.2 Physics of Scintillation light

In inorganic scintillator materials such as LYSQ@e tcrystal lattice has discrete
energy states for electrons. The lower energy statalled the valence band and the
upper energy state is called the conduction barghawn in figure 2.12. In the valence
band the electrons are bound in the ground statieofcrystal lattice. When aray
interacts with the crystal, it transfers its enetgya valence band electron, thereby
exciting it to the conduction band, resulting inae in the valence band. These electrons
have sufficient energy to become free and could entbwvoughout the crystal. The gap
between the valence and conduction band is calledfdrbidden energy gap or band

where electrons can not be found in the pure sfatge crystal.
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Figure 2.12 Energy bands in an inorganic crystalantillator doped with an impurity

The excited electron will return to its ground etat the valence band resulting in an
emission of an optical photon that is far beyond #nergy of visible light i.e. the
forbidden energy gap width is such that the emigiedton will have too high an energy
to be in the visible range to be detected by phattplier tubes (peak quantum
efficiency at 420 nm). Therefore an impurity edllan activator is added to the crystal,
such as cerium (Ce) impurity in LYSO:Ce crystalattiwill create a ground state
(activator ground state) and an excited statev@oi excited state) within the forbidden
gap in between the valence and conduction banti@asrsin the figure 2.12. The created
energy states now have a smaller energy gap thlagiwe rise to optical photons with
wavelength in the visible range after de-excitatdran electron to the valance band and
hence can be detected by conventional PMTs, whigkensitive to visible light.

The energy resolution of a scintillator, that satility to resolve two peaks that are
close to each other in terms of energy, is directlgted to the amount of light emitted
from it. The greater the light output from the sitlation detectors the better will be the
energy resolution. This will help in rejection afastered events in the energy spectrum.

As well, a high light output will yield an accuragpatial resolution as well as better
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timing resolution for reducing the random eventsd amproving the count rate

performance of a PET system. However there araioelitmits of energy resolution in

scintillation detectors. A problem with finding ‘ight” scintillators that are also “fast” is

that a fast emission is generally coupled to loghtlioutput of scintillation detectors.

Therefore, one typically has to compromise betwé¢aese two equally important

parameters.

2.3.3 Scintillators for PET

The commonly used scintillation crystals in PET rseas and their physical

properties are given in Table 2.2. None of thetgtators meet all the criteria mentioned

above in section 2.3 for an ideal PET detector #metefore, one has to compromise. For

example, bismuth germanate (BGO) has a very higippstg power (10.4 mm

attenuation length) but has low light output of 9@hotons/MeV as well as a long decay

time of 300 ns. In contrast, sodium iodide (Nalx ha high light output of 41000

photons/MeV but has a poor stopping power and déose/

Scintillator Chemical Density | Attenuation| Light yield Decay
Formula (g/cnt) length at | (photons/MeV)| time
511 keV (ns)
(mm)
Nal (TI) Nal:Tl 3.67 29.1 41,000 230
Csl (Tl Csl:Tl 451 22.9 66,000 900
BGO Bi,GeO 7.1 10.4 9,000 300
LSO( Ce) LuSiOs 7.4 11.4 30,000 40
LYSO (Ce)| Lu1gY2SiOs Ce 7.1 12.0 32,700 41
GSO GdSiOs 6.7 14.1 8,000 60

Table 2.2 Commonly used scintillator materials in ET imaging with their physical properties
important to PET imaging. Data taken from (18)
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At present, the most commonly used scintillatonsR&T are LSO and LYSO,
due to a favourable combination of their physicaiperties shown in Table 2.2. The
high stopping power (attenuation length of 12 mmjuces the length of the crystal
required to stop and detect 511 keV photons condptreother scintillators. The fast
decay time of 41 ns for high timing resolution althe data to be acquired at high
count rate with minimal detector dead time impragviine count rate performance. In
addition, the light yield of around 30,000 photdos a 1 MeV gamma ray gives high
energy and spatial resolutions. All these propegntieke LSO or LYSO the scintillator of
choice for PET imaging. However, these two sciatidl materials are intrinsically
radioactive due to 2.4 % of®%u that might be a background noise issue in PE@liss
using low activity. On the other hand this intrmsadioactivity could be used to calibrate
the DOI detectors in a complete PET system that uS® or LYSO without the need of
an external source (71) (also discussed in ChdpteLYSO scintillator crystals have
nearly the same physical properties as LSO exaeptiénsity, but is readily available

commercially compared to LSO due to patent pradectif LSO.

2.3.3.1Reflectors

Scintillation light is emitted isotropically fronhé crystal and only a fraction of this
light is directed to the ends of the crystal codgie PMTs. Therefore reflectors are used
to maximize the collection of light from the crylskey wrapping them around the crystal
lateral surfaces, resulting in increased lightexittd by the PMT and improved energy
resolution. There are two types of reflector maleri specular, such as Enhanced
Specular Reflector (ESR) with a polished metalarafand diffuse, such as Teflon. In a

specular reflector, the angle of reflection will égual to the angle of incidence of light
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resulting in a mirror-like reflection whereas irddfuse reflector the angle of reflection
follows a Lambertian distribution that results in esotropic distribution of reflected
light. The light collection from a crystal can @lbe changed by altering the surface of
the crystal. For example, a polished surface augh or ground surface will change its
energy resolution and DOI resolution, as describhdbe next section.
2.3.3.2 Surface treatment of scintillators

The idea of altering a crystal surface by surfaeattment is as follows: a specular
reflection takes place on a polished surface rnegulin an increased light collection;
while a diffuse reflection occurs on a rough orugd surface where photons are re-
emitted in all directions resulting in a loss ajht. In conventional scintillation crystal
arrays, polished surfaces are typically used t@ gincreased collection of light due to
specular reflection. This increased light collestiby the photodetector results in
improved energy resolution of the PET system. tl@nother hand, scintillation crystal
arrays in DOI detectors typically use rough or grwsurfaces that yield a loss in light
collection due to diffuse reflection. This loss light results in an improved DOI
resolution as described in section 2.3.5.2. Howewvee has always to optimize a
balance between light collection for maximizing #reergy resolution and light losses for
DOI resolution in the dual-ended readout DOI detecsystems. The optimized
scintillation light after crystal surface treatmeartd wrapping in a suitable reflector is
then collected by a photodetector such as photgohatt tube (PMT), discussed in
section 2.3.4, which converts the light into arctieal signal that can be processed and

digitized.
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2.3.3.30ptical glue or grease

To detect the emitted light, the scintillator calss coupled to a photodetector with
an optical glue or grease which has a matchingactfre index allowing efficient
coupling of the emitted light to the photodetedtgrminimizing the transmission loss of
light. The purpose of optical glue or grease (&fv@ index ~1.5) here is to remove the
air gap, with a refractive index of 1.0, betweea thystal end and the photodetector and
provide a matching refractive index between phatecter window such as borosilicate

glass window of a PMT (refractive index of 1.5) ahd scintillator.

2.3.4 Photodetectors for PET

Photodetectors used for PET imaging include: cotiweal PMT; position sensitive
PMT; Avalanche photodiode (APD); silicon photompiiger tubes (SiPM) also called
Geiger-Avalanche Photodiode (G-APD). In this work wnly dealt with conventional
PMT and PSPMTs, therefore, these two photodeteatolisbe summarized in the

following two sections.

2.3.4.1Conventional PMT

A photomultiplier tube consists of three parts emed in a vacuum tube; a
photocathode made up of a bi-alkali material sushcasium antimony (CsSb), an
electron multiplication section and a charge caoitec anode. The photocathode is
attached to a transparent glass window and conwveetsncident light into electrons
called photoelectrons. These electrons, after pgdbrough a focusing grid, are picked
up by an electrode called a dynode at a potenii&rence of around 200-400 V.

Generally there are around 10 dynodes or stagesRMT that multiply the electrons.
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Each dynode is at a higher potential than the pliageone. The kinetic energy of the
electron is equivalent to the accelerating voltafjthe dynode. The high speed electron
picked up by the dynode excites secondary electobtisat dynode material resulting in
the emission of several secondary electrons. Thesendary electrons are accelerated
towards the next dynode, typically maintained atecelerating voltage of about 50-150
V higher than the first one. The electron multigtion and acceleration is repeated until
the final dynode is reached. The multiplicationtéac of each dynode is given by
= (number of secondary electrons emitted)/(primacydent electrons)
If N is the number of stages in a PMT ands the fraction of all electrons

collected by all the dynodes then its overall daiwould be (72)

G=ad\ (2.16)

A typical value of for a conventional dynode material is 5 andould be taken

as unity for a well designed PMT then for a 10-stBIT the gain would be*%or about
10". The gain of a PMT is proportional to applied gk V and if is linearly dependent

on dynode voltage then the overall gain would beegoed by equation (2.16) with

replaced by V (i€ =aV N ). The quantum efficiency or the conversion efincg of a

PMT for incident optical photons is typically 20980 meaning that 20-30 photoelectrons
are emitted per 100 photons incident on the phtiiod. The quantum efficiency varies
with the wavelength of emitted photons from thestayy The peak emission wavelength
of LSO or LYSO is 420 nm (73), so PMT peak effidgnmust be matched to this

wavelength.
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2.3.4.2Position Sensitive Photomultiplier Tubes (PSPMTS)
e e
/ _rr_,--"'_
i \fm
Figure 2.13 Multiple dynode channels of a PSPMT a&elerating the photoelectrons in a direction

parallel to their incidence path on the face of th®SPMT. The figure is reprinted from reference (74)
with permission from Elsevier, Copyright © 1997 Elsvier.

Block detectors containing arrays of pixilated tajs are used in current PET
scanner systems. To read each crystal in the antaya separate PMT is expensive and
not practical. To avoid these problems, a singlsitmm sensitive photomultiplier tube
(PSPMT) can be used to read the entire array ataly/in the PET detector. The PSPMT
is more compact and has higher spatial resolutioaddition to providing energy of an
event, a PSPMT is used to locate each individugtat in the detector array where an
event occurred using the position on the PMT fabere the scintillation light strikes.
Figure 2.13 shows multiple dynodes channels asleratimg stages for electrons in a
PSPMT (74). These dynode channels keep the photomie moving in a direction
parallel to their incident path on the face of R8PMT to preserve the position of

interaction of an event.
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Figure 2.14 A series of wires with a resistor netark used in a PSPMT to determine the X and Y
coordinates of the position of interaction of an esnt based on the voltage at each readout point" XX’
, Y and Y.

To determine the X and Y coordinates of the positd interaction based on the
voltage at each readout point, X", Y and Y, a series of wires with a resistor network
is used in a PSPMT as shown in figure 2.14. Thisigheis called resistive division
network (75). It would be worth-mentioning herettttee diagram shown is specific for a
PSPMT that is multi-wire, not multi-anode. Since tfoltage decreases as the electronic
signal travels through more resistors on its wayh® readout point, the voltage in the
horizontal (X) and vertical (Y) direction determs#he locations of events taking place

further to the right or above of the resistors rorky respectively. The sum of the

voltages at these four readout points gives theggra the event, i.e.
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E=XT+X +Yt+Y" 2.17)

A modified Anger logic (76) is used to determine ghosition of interaction (X, Y) as

X X (2.18)
X"+ X

y="t_Y (2.19)
Y +Y°

After flood irradiation of the whole array in a PHlEtector, flood histograms are
created using these position coordinates of gammentg for individual crystal

identification in the array. A typical flood histagm image is shown in figure 2.15.

—70
60

E +50

E -0

Figure 2.15 Flood histogram image of a 20 x 20 aay of Siemens Inveon detector block (Courtesy of
Dr. Andrew L. Goertzen, Department of Radiology, Uiversity of Manitoba).

2.3.5 Depth of interaction (DOI) detectors in PET

As described earlier in section 2.1.2.1.1, the Bffdct or parallax error degrades
the spatial resolution mainly in the radial direatias one move away from the center of
the scanner. The ability to obtain DOI informati@n particularly important for PET
systems with small ring diameters as the resoluliegrading effects of DOI as we move

away from the center of the field of view increasethe ring diameter decreases (27).

39



The small size of the imaged object and the limgedntity of radiotracer injected into
small animals makes it a challenge to obtain dihguality PET images from preclinical
PET systems. Therefore many detector designs, idedcin the following sub-sections,
propose to add DOI capability to the PET imaginstam.
2.3.5.1Different designs of DOI detectors
Ito et al (77) give a nice review of PET detectatith DOI capability. All the

popular designs that exist so far including dualezhreadout detector design, Phoswich
design and dual layer crystals of offset positiovi8 be described in the following
sections.
2.3.5.1.1 Multi-layer design for discrete DOl measurement

Multi-layer design DOI detectors use multiple layy@f scintillation crystal arrays.
There are several designs under this categoryctratlistinguish individual layers where
the photon interaction takes place in the multelagletector. These include: phoswich
using pulse-shape discrimination (PSD); relativésedf dual-layer; and light-sharing
design. These designs are discussed in the folpseations.
2.3.5.1.1.1Phoswich design

The phoswich (phosphor sandwich) DOI detector aesimploys two crystal layers
of different scintillation materials both havingfdrent decay time constants and read out
with the same photodetector coupled at one end{98) Examples of phoswich pairs
include Nal(Tl)/BGO and LSO/LUAP (80) (81). The mtype of the high resolution
research tomograph (HRRT) (CTI, Knoxville, TN), aditated human brain scanner,
used a GSO/LSO phoswich block detector design tb @@| capability in its design

(82). As an alternative to different scintillationaterials with different decay time
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constants, two crystal layers of same material wvdiffierent doping concentrations,
changing their decay time constants, have also hesed in phoswich designs. For
example a later version of HRRT employed a LSO/Ld&@l layer with different decay
times for its DOI design (83). DOI resolution is texcted using pulse shape
discrimination (PSD) methods based on the differdatay time constants of two
scintillation materials (84,85). Excellent layeemdification has been shown by the PSD
methods (86). Commercial examples of Phoswich desigclude General Electric (GE)
eXplore VISTA small animal PET scanner consistihgwo crystal layers of LYSO and
GSO with different decay time constants of 40 nd @D ns, respectively (45).
Disadvantages of phoswich designs include thatreliscDOI information is

provided by the length of the crystal in a multyda crystal design and thus the number
of layers limits this information. The length ofetlerystal layer typically ranges from 5-
10 mm (87) and determines the DOI resolution. Carapdd pulse shape discrimination
circuits or pulse waveform digitization for eachaohel are required to extract the timing
difference between pulses of two types of crysaald remains a major challenge of this
detector design. The DOI resolution in this desgould be equal to the length of each
layer in ideal conditions, however, the small dettee difference between two crystals;
multiple interactions involving both layers andhigoss at the interface of two materials
due to their different refractive indices are soaiethe factors that degrade the DOI
capability of this design. In addition, time perftance is affected by the difference in

decay times in the phoswich design (87).
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2.3.5.1.1. Relative offset positions dual-layer crystals

Two layers of the same scintillation materials ased in this design in such a way
that the top layer is offset by one half of thestay pitch with respect to the bottom layer
in both x- and y- directions (88)(89) (90) resutim different light output profiles from
the top and bottom layers. Up to four layers ofstals have been read out by applying
this approach where a relative offset of all faaydrs to one half of a crystal pitch was
used (91,92). The positions of these layers caext@cted based on the corresponding
light output profile where the DOI information cha estimated from the flood histogram
image that gives a 2-dimensional position map gé$tels calculated from the centroid of
light dispersion on a PSPMT. The flood positionsigfstals in all layers are separated in
the flood histogram due to a shift in the centrofdight dispersion with the offset of
crystal layers.
2.3.5.1.1. Multi-layer with different crystal shapes

The same goal of relative offset dual-layer design be achieved with an alternate
design with two crystal layers of same scintillatimaterial but different shapes. Peng
and Levin (93) proposed a DOI detector module desigh two crystal layers in which
the top layer consists of four triangular crystafed the bottom layer four rectangular
crystals. In this design the base of each triangldger was twice the pitch of a
rectangular layer so that the interface of eackrl@xactly fit in size with the other. The
light output pattern depends on the shape of thstarthe -ray photon interacted with.
For example, the interaction of photons with thp toangular crystal will result in a
special light-focusing pattern. This will enables itifferentiation from the photon

interaction in the bottom layer rectangular crygtaviding a discrete DOI. The complex
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fabrication and relatively high cost of manufaatgritriangular shape crystals remains a
major challenge in this design.

Light-sharing methods (94)(95) can also be use@xact DOI information by
utilizing different reflector arrangements in folayers. The light-sharing method was
also applied using two and three layers of crystatsas triangular prisms (96).
2.3.5.1.2 Dual-ended readout detector design for continuou®Dmeasurement

In this approach, two photodetectors are coupled gngle crystal array at both
ends. The DOI is determined from the ratio betwé®n light collected by the two
photodetectors. The working principle of a dual@shdreadout DOI detector is
demonstrated in figure 2.16.

If we irradiate a 10 cm crystal at a location afrh from PMT1, PMT1 gives a larger
signal as compared to PMT2 as it is closer to thietf interaction. Now if we irradiate
the crystal at a location of 5 cm (central locatmthe crystal) from PMT1, the two
signals will superimpose on each other meaning thattwo signals are equal to each
other as the position of interaction is equidistiom PMT1 and PMT2. Finally if we
irradiate the crystal at a location of 9 cm from PMas shown in the bottom spectrum,
the situation is totally reversed as compared éoggpectrum on the top (1 cm location).
Now the PMT2 signal is larger as compared to PM3 tha interaction point is closer to
PMT2. This means that the ratio of the two PMTnalg depends on the irradiation
location along the length of the crystal. Thereftins ratio could be used to encode the
position of interaction in the axial direction. Shapproach, however, requires a careful
calibration of the detector to establish an aceuratationship between the ratio signal

and axial position of interaction as described after 5.
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Figure 2.16 Principle of a dual-ended readout DOldetector is demonstrated. The distinction
between the PMT1 spectrum (blue) and that of PMT2réd) at different irradiation locations of
LYSO can be easily seen. The spectra are obtainetbfn our own measurements using the setup
described later in section 3.2 (Fig. 3.2) of Chapte3.

The approach of dual-ended readout DOI detectoguaesas first proposed by
Shimizu et al (97) where they used two PSPMTs (Haaisau R2487) coupledto a 4 x 8
array of 3 x 5 x 50 mABGO crystals at both ends demonstrating a DOlluéisa of 9.5
mm with steps of 10 mm over the 50 mm length. Tdrglcrystals were designed to be
oriented in the axial direction in a full-ring sgat and hence DOI resolution in this case

is actually the axial spatial resolution for encaipositions of interacting annihilation
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photons in the axial light-sharing direction. Mostsal. (98) used a dual-ended readout
approach in a single crystal layer detector modolesisting of a 2D array of 3 x 3 x 30
mm® BGO crystals coupled to an 8 x 8 array of pixifasdicon photodetectors (SiPD) at
one end and a single channel PMT at the other Ene.SiPD was used to determine
which crystal the annihilation photon hit while tRMT was used to give the energy and
timing resolutions. The Si detector is needed bseauminimally attenuates the 511 keV
photons at the entrance side of radially-orientadtels in the PET ring detector. The
DOl is determined from the ratio of the amplituddstwo signals as described earlier.
Dual-ended readout of scintillation crystals codple APD arrays or PS-APDs at both
ends has been extensively explored for adding D&plability to conventional PET
imaging system designs with shorter crystals oeéntin the radial direction
(98)(99)(100)(101)(102). A DOI resolution of abdutnm has been demonstrated in the
light sharing direction (103)(104) for arrays ofx11 x 20 mm LSO crystals. SiPM
arrays have been used at both ends to extract Bf@mation by applying this design
(105).The dual-ended readout design has also hg#ied to add DOI resolution to PET
imaging systems for even smaller crystals of 0.5 onf@.75 mm pitch (106). Salvador et
al. (107) investigated the design of a small aniP&Il imaging system using shorter
axially oriented 1.5 x 1.5 x 25 minLYSO crystals with a depth of interaction (DOI)
capability, demonstrating an independence of spa@aolution from the detection
efficiency. In this work, a spatial resolution dfcut 1 mm was demonstrated.

This approach has an advantage over multi-layegdgsn that continuous DOI
information is provided by it with a better DOI adstion; however, it requires twice the

number of photodetectors resulting in an increased. As the DOI resolution depends
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directly on the difference of the signals (or rasignals) between two photodetectors
coupled at the ends therefore a challenge with design is that the gain of the two
photodetectors might change over the course of.tifee overcome this problem, a
calibration needs to be performed regularly asrilesd later in Chapter 5.

The DOI capability of a dual-ended readout detector also be used to find the
axial position of interaction of annihilation phat in axially oriented dual-ended
readout PET designs described in section 2.3.5.3
2.3.5.1.3 Direct measurement of discrete DOI positions

Discrete DOI information can be extracted from #ignal generated directly at
individual depths using several layers of crysthkeve individual crystals are coupled to
photosensors (108)(109).

An approach in this category of DOI detectors, ioally proposed by Levin (110),
has been developed at Stanford University wherdoekbdetector is constructed by
stacking 8 layers of 8 x 8 arrays of 0.91 x 0.91 mnT LYSO crystals. Each crystal
layer is mounted on a layer of PS-APDs giving aitpmsng resolution of about 1 mm
that is equal to the small crystal size. The larabf each crystal is identified using flood
histograms. The larger surface area (0.91 x P)nwheach small crystal faces the PS-
APD, giving a high light output and resulting incedent energy and timing resolutions.
Due to the high light collection and minimized ligbath length (small crystal size)
responsible for high timing performance, this desigll be suitable for time-of-flight
(TOF) DOI detectors. The requirement of very thircwt boards and PS-APDs for a
good packing fraction and the manufacturing cost larige number of crystals,

photosensors and channels will remain a problenthierdesign.
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In another approach, a group at CERN used a 6rka§ af 3 x 3 x 100 mALYSO
crystals and 6 x 26 array of 3 x 0.9 x 40 fmavelength-shifting (WLS) strips isolated
optically and inserted perpendicularly on each tedylayer (111). The crystals and WLS
strips are coupled at one end to multi pixel phatoanters (MPPCs) also called G-APD
giving a DOI resolution of > 1.7 mm in the axiaretition (87). The high cost due to
large number of MPPC photosensors and output sigrainels is again a challenge for
direct DOI detector designs.
2.3.5.2Surface treatment and reflectors in DOI detectors

A great deal of research has been done for thenggatiion of collection of
scintillation light using different materials astesnal reflectors or coatings. Braem et al.
and Vilardi et al. (112) (113) investigated diffetereflector materials and different
coating thickness around 10 cm YAP and LYSO crgstadd showed that the effective
attenuation length of light in the crystal could theed to a desired value and could be
reduced by a factor of 2 with a Teflon wrappindiey also demonstrated a DOI
resolution of 9.3 mm for Teflon wrapped 10 cm plodid crystals to be used in their dual-
ended readout of axial HPD-PET. A 6%n thick ESR reflector (Vikuiti-enhanced
specular reflector film, 3M) having a reflectivibf 99 % was used around a 1 x 1 x 20
mm® LSO crystal and around 1mm FWHM DOI was achievgd group at UCLA for
their dual-ended readout DOI detector modules (1Q3). Trummer et al. (114) carried
out an investigation of Teflon, Tyvek and Mylarlfaluminized with 16 nm Al+31 nm
MgF; reflector materials for de-polished 2 x 2 x 20 fimAP and LYSO crystals and

demonstrated a DOI resolution of 2 mm which cowddfiorther improved by increasing
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the number of de-polished surfaces at the cosigbt loss which in turns degrades
energy resolution.

As discussed in section 2.3.3.1, the idea of imijmgpthe DOI resolution by surface
treatment of crystal surfaces is that a specufeatéon takes place at a polished surface.
In contrast, a diffused reflection occurs on thegto surface where photons are re-
emitted in all directions resulting in improved D®@ésolution. Huber et al. (115)
investigated the effect of surface finish on thghticollection from polished or acid-
etched (acid-polished) LSO crystals, that is adwleby polishing via acid bath, and
found a weak dependence of polished surface fiarsHight collection if it is etched
beyond a certain time. Surface treatment of duiRDArray readout of LSO crystals was
optimized by Shao et al. (101) for spatial and gpeesolution using polished, saw-cut
and chemical etching surface finish with hot anbydrphosphoric acid. They found that
acid-etching of LSO crystals for 2-3 min gives bestrformance in terms of DOI
resolution (2mm). Shimizat al (97) used coarsely ground bands on a 5 cm BGQatsys
oriented in the axial direction and coupled to M Ts at its ends and demonstrated an
axial resolution of 9.5 mm in light sharing directi This work was patented in 1989

(116) but more extensive results were not published

2.3.6 Axially oriented dual-ended readout PET designs

In this design of PET detector construction, thestals are oriented along the axial
direction. This approach places the photodetectdrshe axial ends of the rings of
detectors for signal readout. In detectors of tired, generally the axial position of
interaction is determined by calculating the rekatsignal registered in the detectors at

opposite ends of the crystal. The resolution déigrpeffects of parallax error in radially
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oriented detectors (discussed in section 2.1.2daf)be minimized if the length of the
crystal is decreased and the diameter of the ringeduced but at the cost of the
sensitivity of the system. Therefore orienting tngstals in the axial direction in axially-

oriented dual-ended readout designs removes thallparerror and increases the
sensitivity of the system by using large crysthkréby making the spatial resolution and
sensitivity inherently independent from each other.

The axial PET geometry was first proposed by Shireizal in 1988 using 5 cm long
BGO crystal bundles oriented in the axial directeamd read out at both ends using
photodetectors (97). This detector geometry has hEen previously explored by a
research group at CERN for human brain imaginggu8i@ x 3.2 x 100-150 mhLYSO
scintillation crystals readout initially by hybrjghoton detectors (113)(117) and later by
wave length shifting fibers and Geiger-mode avdtanghotodiodes (112) (11But has
not been extensively investigated for applicatiohsmall animal imaging using smaller
crystal sizes. The bore size of a brain scannegl&ively larger than an animal scanner

due to the size difference in human head and a enousat.

2.4 Monte Carlo Simulation of scintillation detectors

Monte Carlo simulations are very useful tools useddesigning and refining of
detector modules to be used in PET imaging systeébpgical photon tracking in
scintillation crystals is one of the important gaof these simulations. One of the widely
utilized Monte Carlo simulation programs is Geafit29). This program allows accurate
modelling of radiation sources and detecting imagnts, while modelling the optical
photon transport in Geant4 is based on DETECT2@66cfibed in section 2.4.1). GATE

(Geant4 Application for Tomographic Emission) (1,20hich is based on physics models
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from Geant4, is widely used in the field of nucleaedicine for modelling radiation
sources and their detection in imaging systems. dgieal photon transport models of
Geant4, however, were not incorporated in GATEIwrsion 4. These DETECT2000
models in Geant4 have now been incorporated in GAdilSion 6 and currently are in
the validation stage (121) (122). Besides the bafsaptical photon transport in Geant4,

the DETECT2000 package can be independently usempt@al photon tracking.

2.4.1 DETECT2000 package

The DETECT2000 Monte Carlo simulation program (123)used for modeling
optical photon transport within scintillator crylstaThis code has been widely used in
many studies, for example, (124), (125), (12627(, (128), (129), (130),(131). These
simulations are used to predict the performancsirgjle crystals or crystal arrays in a
complete detector module and optimize the lighpotufor energy and spatial resolution
using different surface treatments and reflectomurad the crystals and hence refine
detector module design before the actual modulesanstructed. This is a process best
suited for simulation due to the high cost of thmsllator crystals used in PET detector
work.

DETECT2000 generates scintillation photons isotralty within a specified volume
or portion of the crystal using random numbers acks each photon to its ultimate fate
whether it is absorbed, escaped, transmitted aectbet. The data recorded for each
tracked photon includes decay and delay times| tiati@ction time or elapsed time and
last coordinates of photon. The emission spectrdnsaintillation photons from a
particular crystal, its scintillation light yieldnd the wavelength dependent quantum

efficiency of photodetectors can be modeled in IEETECT2000 simulation. Bulk
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absorption and scattering in the crystal underystar@ modeled using a mean distance
travelled by the photon in that crystal for eachgess.

A general syntax is used for the simulation of anplete detector geometry
consisting of either a single crystal or crystabgs in a module using planes, cylinders,
cones or spheres. To simulate reflection of d@ation light from polished, ground,
painted or metalized surfaces of crystals, differandels describing the optical behavior
of the surfaces are used. The optical surfaceirtact with other components or the
different components of the crystal itself are tiedlausing Snell’'s law of refraction of
light given by:

sin n
SihG, _ Ny (2.20)
sing, n
Where ; and , are the angles of incidence and refraction infite¢ and second
components, respectively ang and n are the corresponding refractive indices of the

components. The detailed use of DETECT2000 in esearch work is described in

Chapter 6.
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Chapter 3Experimental Setup and Data Acquisition
3.1 Introduction

To carry out the research project described in@edt.2, an experimental setup was
established that will be described in this chapiée methods used for experimental and
simulation studies for developing a dual-ended oseadetector based on axially oriented
100 mm long LYSO crystals coupled to two PSPMTéah ends and to be used in a

highly compact and portable preclinical PET systamalso elaborated.
3.2 Experimental setup and methods

3.2.1 Overview of experimental setup

The experimental setup consists of dual-ended rgadb 100 mm long LYSO
crystals using position sensitive photomultipliewbes (PSPMTs) along with an
electronically collimated 511 keV beam irradiatiarrangement. Dual-ended detector
design, data acquisition software and PSPMT puleegssing NIM electronics and
electronic collimation of the beam are describetehe detail. Methods describing the
application of different reflectors around the LY ®€ystals and surface treatment of the
crystals in this work followed by processing andlgsis of data from dual-ended readout
detectors are illustrated.

3.2.2 Dual-ended readout detector description and datajaisition
3.2.2.1Description of design

The schematic diagram of our design concept isvehia figure 3.1 in which 100
mm long LYSO crystals coupled to two PSPMTs atehds are oriented along the axial

direction. This approach places the PSPMTs at i@ ands of the rings of detectors in

52



our proposed PET, reducing the overall radial extérihe detector ring and associated
electronics and, hence, can fit into a bio-safetyimet. The light-sharing between two
PMTs in the dual-ended readout detector is usemtode axial-position of interaction of

511 keV -events in the crystals.

Figure 3.1 Schematic diagram showing axially oried 100 mm long LYSO scintillator crystals
coupled to PSPMTs at two ends in detector modules e used in our proposed compact preclinical
PET imaging system. The axial position of interaéon of 511 keV -events is determined by the ratio
of the two PMT signals.

3.2.2.2 Establishment of experimental setup for dual-endexhdout detector

One hundred millimeter long lutetium yttrium oxyoosilicate (LYSO) scintillator
crystals, polished on all sides, were obtained febpwommercial supplier (Proteus Inc.,
Chagrin Falls, OH). The four long sides of a criystader study were covered with a
re ector material as described in section 3.3 dreldénds of the crystal were coupled to a
pair of Hamamatsu R8900U-00-C12 (Hamamatsu PhatoKid<., Japan) position

sensitive photomultiplier tubes (PSPMTS) using MisivV-788 optical grease to make it a
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dual-ended readout detector. An experimental setap established for the project as

shown in figure 3.2.

Single channe ?’Na source
" PMT

2x2x15 mm
LYSO crystal

2x2x100 mm 3
LYSO Crystal
al

Translatidn
stages

Figure 3.2 Experimental setup established for duaénded readout of axially-oriented 100 mm long
LYSO crystals coupled to PSPMTs at both ends. A 2 & x 15 mni LYSO crystal coupled to a single
channel PMT and in alignment with the?Na source all mounted on a translation table attackd to a
2-axis translation stage for electronically colliméing 511keV photon beam in a light tight box

A 0.25 mm #Na source (model MMS09, Eckert & Ziegler IsotopeodRrcts,
Valencia, CA) embedded in a 1 tawrylic cube is mounted on a table at a distarice o
cm from the test crystal, emitting positrons’)(that subsequently annihilate with
surrounding electrons to emit back-to-back 511 kédtons. A 2 x 2 x 15 mirLYSO
crystal coupled to a single channel PMT (Hamam&t3l78-51) and in alignment with
the #Na source is also mounted on the same table amseis in electronic coincidence

(see section 3.2.2.4) with the test crystal . Thide was attached to a 2-axis translational
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stage that allows the movement®dfia source, along with the single channel PMT, for
irradiating the test crystal. The 2-axis translatstage (XZ-configuration) with 4 inches
total travel in the Z-axis (model # XN10-0040-M01}7and 6 inches total travel in X-
axis (model # XN10-0060-M01-71) was purchased fMBLMEX, INC (Bloomfield,
NY). The X-stage is attached to a single shaft mepnotor (model # PK245-01AA)
while the Z-stage is attached to a double-shafipete motor (model # PK245-01BA). A
stepper motor works on the principle of a DC eleatnotor but divides a full rotation
into a number of equal steps. The position of tleomcan then be controlled through a
software created in LabWindows to move and holohat of these steps that subsequently
moves the translation stage attached to it.

The PSPMTs were mounted on a Teflon table with érsldcrewed on it for holding
the PSPMT in a fixed position to be coupled to ¢hestal at both ends as shown in Fig
3.2. Both the tables used in the experimental sene constructed by Medical Devices
at CancerCare Manitoba. The test crystal and thecicience crystal are at an equal
distance of 50 mm from the source. The entire expartal arrangement was placed in a
light tight box by mounting the translation stagel ahe Teflon table on an optical bread
board in order to keep every part on the same lamdlto avoid any movement. The
detector response in the light sharing directioasisessed by irradiating the crystal using
an electronically collimated 511 keV beam as désdiin section 3.2.2.4. This
experimental arrangement is similar to that regbgeeviously by other groups (99)

(100) (101).
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Pulse processing electronics and data acquisition PSPMTs

3.2.2.3
The 12 anode outputs, 6 wires in x-direction and $-direction, from each PSPMT

were multiplexed to four signals,”XX’, Y"and Y as described in section 2.3.4.2 using

Siemens Inveon pre-ampli er stacks (61) (Siemerechrical Solutions, Knoxville, TN)

and are shown in figure 3.3.

Figure 3.3 Siemens Inveon pre-ampli er stacks corgcted to a PSPMT

Figure 3.4 Readout board that recieves signal froreach detector through ribbon cables and splits it
out in to four signals for each detector. Signal imerters connected to the readout board convert

positive signals to the negative ones that can betsequently used by NIM electronics
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The bias voltage of -800 V was supplied by a higliage power supply (ORTEC
556H) and is provided to each PSPMT through itsesponding preamplifier stack. A
readout board recieves 4 multiplexed signals frachedetector through a 20 pin ribbon
cable and splits them out to BNC connectors as shiowfigure 3.4. A +5V & -5V
readout voltage is also provided through the ribbalble where +5 V are used for power
multiplexing electronics. The positive signals fraime PSPMTs were converted into
negative signals using signal inverters (Phillig@0 4Phillips Scientific, Mahweh, NJ,
USA), also shown in figure 3.4 that can be usedhgynuclear instrumentation module
(NIM) equipment as shown in Fig. 3.5. These sigmase subsequently processed using
standard NIM electronics. A photograph of the beriop data acquisition NIM
electronics is shown in figure 3.5 and a schemdtmwing of the electronic beam
collimation and the PMT signal processing in thendbe top data acquisition NIM

electronics is shown in figure 3.6.

Figure 3.5 Photograph of the bench top data acqut®n NIM electronics system during signal
processing in this project.
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Figure 3.6 Schematic drawing showing the electroaicollimation of the 511 keV beam and PMT
signal processing in bench top data acquisition NIMelectronics. The single channel PMT (SC PMT)
and #Na source are placed on a translation table showm ithe dashed rectangle that is attached to a

2-axis translation stage.

The four negative PSPMTSs signals from the inverteere fed into four channels of
a fast amplifier (Phillips Scientific 778). The nmmum gain for this amplifier is 2X.

Besides performing minimal shaping and increasimgamplitude by 2 in this study, the




preamplifier splits each signal into two identigarts without altering its shape. One
signal path is used for generating timing signatsx in blue in figure 3.6 that goes into
a linear Fan-in/Fan-out (Phillips Scientific 740hite the other path shown in black is fed
into a shaping amplifier (Mesytec MSCF-16, 16 cleusipectroscopy amplifier).

The fan-in/fan-out sums the four signals from eBRSGPMT and each sum signal is
fed into a constant fraction discriminator (CFDhilfps Scientific 715) with a width of
20 ns each. The single channel PMT signal fromsthaller crystal is also fed into the
fast amplifier and then fed into a CFD. All thred[T output signals are fed into a
majority logic unit (Phillips Scientific 754), whicis used to create a trigger signal. A
valid event is defined as an event detected wheret@FD signals overlap producing a
NIM logic pulse. This is called electronic coinciae. The size of the coincidence
window was 40 ns which is the sum of the CFD pulgiekh. The PSPMT signal, shown
in black in figure 3.6, is further amplified andagied by passing it through a shaping
amplifier. The reason for shaping is to reducenbise and slow the signal so that the
Analogue-to-digital converter (ADC) can captureAs the shaping time of the shaping
amplifier used was 250 ns therefore the fast trgggnal from the logic unit has to be
delayed by feeding it to a gate and delay genenaiibr a delay of 160 ns. The positive
transistor-transistor logic (TTL) output at the esfdthe gate pulse is passed to the data
acquisition (DAQ) card where it triggers to samfile shaped signal from the shaping
amplifier and hence is sampled. The eight shapmglifier output signals are transferred
to the DAQ card by a custom cable. The shaped lsigite digitized using a National
Instruments PCI-6133 PC based data acquisition (&atonal Instruments Corporation,

Austin, TX) running under a National Instrument$Wandows/CVI based interface.
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3.2.2.4  Software for data acquisition

| wrote a software in LabWindows/CVI to control thmotion of the 2-axis
translational stage in the horizontal and vertidaéctions with stepper motors in the
experimental setup as described in section 3.2.22.the ®Na source and the
coincidence crystal coupled to the single chanidT Rire mounted on the translation
stage, it allows the movement BNa source, along with the single channel PMT, for
irradiating the test crystal in steps. The codetfe stage movement control uses the
LabWindows functions OpenCom( ) in the main( ) fiimc of the code for opening the
COM port and communicating with it using ComWrt{uhction. For a desired distance
to be travelled by the stage in horizontal (X) aedical (Z) directions before irradiation,
the code requires number of movement steps givethdoyranslational specifications of
the stage as follows:

The stage moves 1.0 mm in one turn or revolutioitsobolt and it advances 0.0025
mm (2.5 um) per step, therefore, the total movenrenne revolution (1 mm) would be
400 steps (1/0.0025). For a 1 cm (10 mm) movenwerd,then has to write 4000 steps.
The speed of the motor in steps/sec can also beotled in the code. The total number
of steps to be moved by the stage in horizontéil deright) and vertical (up or down)
and its speed are written within the ComWrt( ) fime. The stage can also be set to
move to its minimum (origin) or maximum positiontime program. The code is attached
in Appendix A. This code was then integrated in éxésting software being used for

acquiring the data without any translation of tliadiation beam (132).
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3.2.2.5  Electronic collimation of 511 keV photon beam

Figure 3.7 shows a schematic diagram of the ex@siah arrangement, in which a
single 2 x 2 x15 mALYSO crystal coupled to a single channel PMT igrahent with
a Na point source is used in coincidence with the t&SO crystal to create the
electronically collimated 511 keV photon beam. Asdribed in section 3.2.2.3 and also
shown in figure 3.6, all the three CFD output slgrnighe two PMT signals for the test
crystal and the single channel PMT signal from #imealler crystal) are fed into a
majority logic unit set at a coincidence level 8 floe detection of a valid event from the

three signals in electronic coincidence after angea trigger signal.

2-axis t ranslation
L —
—
3
2X2x15 mm
LYSO crystal
Back -to-back 511 ke
photorn)s < 220'25 mm
\ — Na source

?

PMT1 2x2x100 mm3LYSO PMT?2

Figure 3.7 Schematic diagram of experimental setuphowing electronic collimation of 511 keV beam
with translation stages in a light tight box

The?*Na source, small LYSO crystal and single channeTRive mounted on the 2-
axis translation stage in order to allow reprodleciénd precise positioning of the 511

keV beam. A custom code written in LabWindows ascdbed in 3.2.2.4 was used to
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control the movement of the translation stage. toimated beam so obtained was
aimed perpendicular to the long axis of the crystdle response of the 10 cm long
crystals versus irradiation position was determitgdirradiating the crystal at nine
discrete locations separated by 1 cm each. The bedth on the crystal based on the 2
mm coincidence crystal width and 0.25 mm sourcendiar was estimated to be 2.5 mm

using the following equation (114) and was not ected for the positron range.

Rbeam=s+g(s+w) (3.1)

Where Reamis beam width, s is the source size (0.25 mm)s the crystal width (2

mm), a is the distance of the source from the coin@derystal surface (50 mm) and b
is the distance of the source from the test crys@&imm).

3.2.2.6Locating the ends of the crystal with respect t@ttnanslation stage movement

In order to find a relationship between the axiasipon of interaction of an event
and the ratio of the two PMT signals, a discratadiation of the crystals in steps of 1 cm
is required. Therefore the end points or zero aadimum positions of the crystal with
respect to the translation stage over its rangaaifon must be determined. This enables
us to find the position of the translation staggeramoving a certain distance, which
corresponds to the zero position of the crystad. achieve this, the translation stage was
moved in steps of 1 mm using the LabWindows codkranording data at each location
for a 1 min irradiation. Before this measurementoapling and alignment check was
made to ensure that the crystal is well coupled alighed parallel to the stage as
described in section 3.2.2.7. Figure 3.8 show®tof the counts versus the position of

the translation stage. No counts were observed tngtimovement position crossed the
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first end (zero position) of the crystal. Thereftihe zero position of the crystal in this
case was found to be 37.50 mm with respect tortrestation stage movement from its
origin. There is a sharp increase in the countd anplateau is reached. The counts
remain uniform over the entire range of the crystadl started to decrease sharply and
reach zero when the translation stage reacheghlee end (maximum position of 10 cm)
of the crystal. The maximum position of the crysiathis case was found to be 137.50
mm with respect to the translation stage movemmmh fits origin. The error bars in the
plot are the square root of the counts at eacliatian position of the beam. Similarly,
the vertical position of the translation stage s tiddle position (i.e. 5 cm) of the
crystal was found by moving it in the vertical ditien in steps of 1 mm and the counts

were recorded at each irradiation position.
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Figure 3.8 Plot of counts versus the distance caeel by the translation stage used to locate the end
positions of the 100 mm crystal. Note the left engosition of the crystal at 37.5 mm and the right ed
position (100 mm) at 137.5 mm relative to the stagaovement position.
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In this case the maximum counts were found whertrreslation stage moved to 24.22
mm in the vertical direction that corresponds ® itid-width of the crystal. Therefore in
each subsequent measurement of this crystal theohtal position of the translation
stage would be set at 37.5 mm while its verticaifpan would be set at 24.22 mm using
the LabWindows program. These positions must besared each time a different
geometry of the crystal is used. It is worth-notitigat the 100 mm crystal length

observed in Fig. 3.8 also confirms the accuragheftranslation stage motion.

3.2.2.7Alignment of crystal with translation stage and cpling test
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Figure 3.9 Plot of two individual PMT spectra show in green for PMT1 and red for PMT2 when
the crystal is irradiated at its central location & cm) in singles mode. Note the overlapping of thevo
spectra that reflects the good coupling and alignnm of the crystal to the two PSPMTSs. Also note the
stage X position corresponding to the 5 cm irradidbn position (central position of the crystal) andY
position of the stage (mid-width of the crystal) fand in section 3.2.2.6
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To check the alignment of the crystal and its cmgpto the PSPMTSs, a procedure
was established as follows. After coupling the talyso the PSPMTSs, the crystal was
irradiated at its central position (5 cm) in sirglmode, i.e. using the experimental
arrangement shown in figure 3.2 without electramattimation, for around 100 sec. After
looking at the individual PMT spectra on the Lab¥bws screen as shown in figure 3.9,
if the two spectra (green for PMT1 and red for PM©2erlap then the alignment and
coupling are good. Otherwise, the alignment andpkog are repeated and the
measurement repeated until the two spectra overlap.
3.2.2.8Acquisition of data set

The following steps illustrate the use of the Lab@dws program for the acquisition
of a data set. Refer to figure 3.9 for each step:

Select channels to be used in measurement bymijcgelect channels’ box.
Type number of steps in the measurement with ‘Nunobesteps’ box. Type
for example 9 for the nine steps measurement.

Select ‘Counts’ icon and type the total number afirds in ‘Counts’ box to
be acquired in each step, for example 15000 immasurements.

Set Stage X position to 37.50 and Stage Y posiiiop4.22, as described in
section 3.2.2.6.

Finally click the ‘Acquire Step Data’ icon to stahie measurement. This step
will result in the popup of the directory and filsslection on the computer

where the acquired data will be stored after eaeasurement step.
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3.2.3 Reflectors for LYSO crystals

For the light collection from LYSO crystals, threkfferent reflector materials,
namely Teflon, 3M Vikuiti enhanced specular reftec(ESR) (3M Optical System
Division, St. Paul, MN) and Krylon black spray-gaint were applied around the
crystals used in this work. This section descrihes/ these reflectors were applied
around the crystal. Particularly, the UV irradiatitechnique for curing optical glue for
coupling ESR reflector with the crystals is desedlin detail.
3.2.3.1Teflon

A 0.75 wide piece of the polytetrafluoroethylene (PTFEfIdn tape equal in length
to the crystal was cut and applied by wrappingdtystal with four layers of the Teflon
tape. Two such pieces of Teflon tape were requmgutovide its four layers. This tape is
commonly used around scintillation crystals fohtigollection as well as for sealing pipe

thread.

3.2.3.2Paint

The KRYLON Black paint was sprayed on each latstaface of the crystal under
study with several coatings in a laboratory fumeddach coating was allowed to dry
before applying the next coating. The coating wagst kiniform through the entire length
of each crystal.
3.2.3.3ESR

Initially, the ESR was applied by scoring an 8 % 10nf piece so that it would fold
around the crystal and then securing it in placevkgpping the exterior with Teflon tape.
However,it was observed during the investigation of ESRertbrs around the LYSO

crystal that the ESR reflector is not easy to feldap and secure in place around the
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crystal. Moreover, there is an air gap betweenréfflector and crystal surface that could
affect the light collection from the crystal. ThiEne a UV light curing technique was
required to be established and optimized to gluR Efthe crystal using optical adhesive
glue and curing it with UV curing spot light equipnt.

Dymax OP-20 Optical adhesive Epoxy Glue (DYMAX, fington, CT) was
purchased from a commercial supplier (Fiber Optantér Inc., Bedford, MA). A UV
curing spot light equipment (Dymax Blue WaVe75, Model 40078) was purchased
from another commercial supplier (Dymax TecServiddsampton, ON). The OP-20
adhesive glue was dispensed with a syringe needéaoh long crystal surface. The ESR
reflector was cut into four pieces of size 2 x 106¢. Each piece was applied to each
long surface of the crystal one after the othehlie OP-20 adhesive glue dispensed on
the crystal. UV irradiation from a Dymax Blue Wa¥® UV Spot Light Source was used

to cure the glue-coupled ESR reflector as showigure 3.10.

2 : |

Figure 3.10 UV irradiation from a Dymax Blue Wave75 UV Spot Light Source for curing OP-20
adhesive glue for coupling ESR reflector to the crstal
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An acceptable glue curing was obtained by usingdhewing settings after several
trials. The intensity adjustment knob was movedugh 186 and the shutter timer was
set at 99 s. The UV intensity of the equipment etates with extensive use of its bulb.
The bulb intensity typically decreases by about 1lo%r a normal use of 8 hours;
therefore, the adjustment should be changed alim/@revious settings periodically in
the case of intensive bulb usage in order to aehi@mv acceptable curing using the
procedure described above. Surgical gloves andgldgses were used during the UV
irradiation as a safety measure. The detailedabioer procedure of the equipment can
be seen in the operation manual (Operational MaBUBIEWAVE 75, UV Curing Spot

Light Source, DYMAX, Torrington, CT).
3.2.4  Surface treatment of LYSO crystals

3.2.4.1Banding methods

Figure 3.11 Creation of etching band patterns on 8 x 2 x 100 mm LYSO crystal with crystal saw
blade
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Figure 3.12 (a) Schematic example of coinciding ating band patterns created on the same axial
locations of top and bottom surfaces of a 100 mm g LYSO crystal. (b) Schematic example of
interleaving etching band patterns created on top @d bottom surfaces of a 100 mm long LYSO
crystal. (c) Photograph of a 3x 2 x 100 mn? crystal with coinciding etching band patterns on éur
long surfaces with a Canadian quarter shown for redrence.

Etched band patterns were created on 1 to 4 lorigcgs of initially polished 3 2 x
100 mn? LYSO crystals. Each pattern was created by rougttie surface of the crystal
using a 0.3 mm wide crystal saw blade (South Baghmelogy, San Clemente,
California), shown in figure 3.11, to etch bandemvs mm over the central 80 mm of
the crystal as shown in figure 3.12. The averagihwof the etching bands was measured
to be 0.8 mm. The size difference between the dtblaaed and the saw blade was caused
by the fact that the etching was done manuallythis study the following etching

patterns were investigated:
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Etched bands on 1 side.

Etched bands on 2 opposite sides with the bandiseirsame axial location
(Figure 3.12(a)).

Etched bands on all 4 sides with the bands indhsesaxial location.

Etched bands on 2 opposite sides with the banditosainterleaved (Figure
3.12(b)).

In addition, for one 3x 2 x 100 mni crystal a single long side was roughed
completely using 80-grit sand paper to investigadg this compared to the banding
pattern results. In order to investigate the efééahanging the crystal size, 1 and 2 sided
banding patterns on=22 x 100 mni LYSO crystals, obtained from the same supplier and
initially polished on all sides, were investigatgter wrapping them in Teflon. A smooth

2 x 2x 100 mnt LYSO crystal glued to an ESR reflector was als@#tigated.

3.2.5 Processing and analysis of data from dual-endeddeat design

The sum of two PMT signals (PMT1+PMT2) in the deabled readout design was
calculated on an event-by-event basis at eachiatiad position. This sum was
histogrammed to obtain the energy spectrum at @aatiation position. A Gaussian
fitting was applied to the photopeak in each enesggctrum to find the peak position
and the FWHM of the photopeak (see Appendix B fatlab script). The relative light
collection efficiency at each irradiation positiaias evaluated by measuring the location
of the 511 keV photopeak in the summed energy gpactThe energy resolution was
calculated as the full-width at half maximum (FWHM) the 511 keV photopeak for

each summed spectrum using the following relation:
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% Energyresolution= %%’ 100 (3.2)

For each event, the ratio of the two PMT signals walculated to determine the
axial location of the event.

Ratio= PMT2 (3.3)
PMT1+ PMT2

The ratio signal for all the events at each logatieas histogramed and each ratio
distribution peak was then fitted with a Gaussiamction to determine the peak centroid
and the FWHM of each profile. A typical distributiof the ratio signals at nine different

locations of the crystal is shown in figure 3.13.
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Figure 3.13 A typical distribution of ratio signals at nine different locations of a 100 mm long LYSO
crystal wrapped in Teflon reflector

The peak centroid, which gives the mean ratio sigmaeach location is plotted
versus irradiation position and the ratio respassktted with a third order polynomial
(see Appendix B for Matlab script). These ratioipos plots are also known as

calibration curves used for axial encoding of esefhe spatial resolution of the detector
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in the light sharing direction is estimated as FWWHM of the ratio profile at each
position divided by the slope of the plot of rasignal vs. position at each irradiation
position.

For the determination of spatial resolution alohg tight sharing direction, only
photopeak events were selected using the energyrgpeat each irradiation position.
The energy window for the photopeak events wasctalemanually in each energy
spectrum and was about 20% of peak position on $idd#s of each photopeak. The light
collection, energy resolution and spatial resohlutiwere determined for each crystal
under a particular study in the project. The data\ysis for all the 9 irradiation positions
of the crystals was automated using scripts writtetMatlab (The MathWorks, Inc.,
Natick MA). These Matlab scripts are given in ApgenB.

As the collimated beam width was estimated to Ben#m based on the 2 mm crystal
width and 0.25 mm source size as described in@estR.2.5, the axial spatial resolution
determined in this study could be de-convolved Wit beam width to obtain the true

spatial resolution using the following relation:

2 2 2
= +
Rmeas Rtrue Rbeam AP
whereRyeadS the measured spatial resoluti®gyeis true spatial resolution a@eam

is the width of the electronically collimated 51é\kphoton beam.
3.3 DETECT2000 Monte Carlo simulation

3.3.1 Overview of DETECT2000 simulation

Monte Carlo simulations of the scintillation ligtransport in our detector crystals

were performed using the simulation code DETECT2®B). Our focus in this work
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was to determine the DETECT2000 simulation pararsetequired to give good
agreement with our measured data in order to beadhthe simulation for this detector
geometry and allow the future use of Monte Carloudation in refining our detector

designs.

3.3.2 Modeling of DOI detector in DETECT2000

For the smooth surface i.e. without any etchingdsarthe POLISH model of
DETECT2000 was used with a reflectivity of 0.95simulate Teflon as an external air-
coupled diffuse reflector around a2 x 100 mni LYSO crystal with a refractive index
of 1.82 and decay time of 40 ns. The ends of tlystak were modeled as POLISH
without any reflector. For the etching band paitecreated on the crystal as described
experimentally in section 3.2.4.1, the UNIFIED mbaéth a diffusive lobe constant
(DL) of 1, representing the probability of internambertian reflection, and a reflectivity
of 0.95 was used to simulate Teflon as an extetiffalse reflector. The UNIFIED model
allows simulating non-uniform roughness of a swfaguch as etching ground bands in
this study, through a Gaussian distribution of arfggtween the mean surface normal and
a micro facet normal. For the smooth componentghef etched crystal, the same
POLISH model used for the case of a smooth crystdl a reflectivity of 0.95 was
applied. The details of these DETECT2000 opticatlet® can be found in the reference
manual (Moisaret al 2000). The different detector parameters and DETZEOO0 models
used in the simulation study are summarized ind&BIl1 and 3.2, respectively.

The two PSPMTs at the ends of the crystal were heddey using the “DETECT”
finish on the surface of a 0.8 mm thick borosikkcgtass window at each end having a

refractive index of 1.5. In DETECT2000, the “DETEThish models the photocathode
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surface of a PMT. The active area of the photoaihwas 23.5 23.5 mnf and the same

area was modeled for the glass window before th& BMhode surface. The ends of the

crystals were coupled to the PSPMTs using 0.3 mitk tbptical grease having a

refractive index of 1.463. The long axis of thestay was aligned with the center of the

PMT at each end. The wavelength dependent quantiicreecy of the two PSPMTs,

provided by the manufacturer, and the emissiontsp@acof LYSO (Zhanget al 2007)

were modeled as given in figure 3.14.

Table 3.1 The physical parameters and their valuessed in DETECT2000 simulation.

Parameter Value
LYSO refractive index 1.82
Light yield for 511 keV photon 10000
LYSO decay time 40 ns
Reflectivity of Teflon 0.95
Reflectivity of ESR 0.985
Optical grease refractive index 1.463
Optical grease thickness 0.3 mm
Borosilicate PMT window refractive index 15
Borosilicate PMT window thickness 0.8 mm
Borosilicate window area 23.5x23.5 hm
PSPMT area 23.5%x23.5 mrh

Table 3.2 The DETECT2000 models used in simulatidior different crystal surfaces and etching

band conditions

Crystal surface/band conditign

DETECT2000 Model used

Smooth surface

POLISH

Smooth surface with ESR

METAL, reflectivity of 0®8&r glued-ESR

Rough band components

UNIFIED, DL 1, reflectivit@® for Teflon

Smooth components

POLISH, reflectivity of 0.92 &arcoupled Teflon

PMT Cathode Surface

DETECT

The complete detector geometry was modeled byingeattotal of 39 components

for the etching band patterns and the smooth péattse test crystal in the DETECT2000

input file (for DETECT2000 scripts see Appendix 0000 optical photons were

simulated at the same depth of the crystal (i.atraklong axis of the crystal) for each
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511 keV photon interaction at each location, cqroasling to the approximate number of
optical photons that we expect to be created fah &sl1l keV photon interaction in
LYSO. In order to achieve a good peak centroichefratio of two PMT signals, 10,000
511 keV -photons were simulated at each interaction pasitichrough 9 cm in steps of

1 cm, in the crystal.
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Figure 3.14 Emission spectrum of LYSO (Zhangt al 2007) and quantum efficiency of PSPMT used
in simulation studies

A shell script was written in Linux (see Appendiy for simulating the 10000 511
keV photons one-by-one at each interaction positesrd storing/appending each
simulation output data (number of detected opfatedtons by each PMT at the two ends
of the crystal). This shell script also servesnsert a new seed in the input file for

random number generator in eaglphoton-simulation (i.e. 10000 optical photons). In
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addition to smooth surfaces, the following etchpagterns as described experimentally in
section 3.2.4.1 were simulated for a 3x 100 mn7 crystal:
Etched bands on 1 side.
Etched bands on 2 opposite sides with the bantiteisame axial location.
Etched bands on all 4 sides with the bands indhsesaxial location.

The simulations were repeated for a 2 x 100 mni LYSO crystal with smooth
surfaces and etching band patterns on 1 and 2 ipmdes and wrapped in Teflon
reflector. For this crystal, smooth surfaces wrappea glued-ESR reflector were also
simulated. A glue-coupled ESR reflector on smoatystal surfaces was modeled as
“METAL” with a reflectivity of 0.985 that gives apgcular reflector in DETECTZ2000.
The simulation for each crystal with banding patseror smooth surfaces took
approximately 24 hours for all 9 interaction pasis on a 64 bit computer with a 3.00
GHz Quad processor (Intel(R) Core (TM)2 Quad CPWBEP @ 3.00 GHz) using 4

cores.

3.3.3 Methods for validating results

Various values of reflection coefficient (rangingprh 0.5 to 1.0) for a diffuse
reflector with the POLISH and PAINT surface modelsre tested in simulation. A
PAINT model with a reflection coefficient simulatagainted or diffuse reflector around
a smooth crystal. Light absorption attenuation ferdg, was set to 150 mm and the
scattering attenuation length was ignored. Muchdridight loss was observed in the
case of PAINT compared to POLISH for a 10 cm longstal. For example, almost no
light was detected by the distant PMT at either eveh for an irradiation location of 4 or

6 cm of the crystal as shown in figure 3.15; theref the POLISH model with a fixed
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reflection coefficient of 0.95 was used in the duent simulations. Constant optical
photon wavelength values, ranging from 300 to 669 were tested before using the

LYSO emission spectrum.
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Figure 3.15 Light collected by individual PMTs copled to a 100 mm long LYSO crystal with smooth
surfaces simulated as PAINT with a reflectivity of1.0. Note almost no light is collected by a distant
PMT at 4 or 6 cm location

After fixing the POLISH model with a reflection déieient of 0.95 and using the
LYSO emission spectrum, different light attenuatitengths were tested through
simulation ‘trial and error’ and compared with teeperimental results of the smooth
crystal. It was found that the light attenuationthi® major factor that influences the
comparison results. Therefore, different combimatiof light absorption attenuation
length,| 5, and scattering attenuation lengdtl, ranging from 75 — 1000 mm were tested
through simulation. The value that best matchedeaperimental results was determined
to be 150 mm foll 5. This value was then used for all subsequent simoniat The

scattering attenuation lengths, was taken to be an infinite value and hence the
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attenuation due to scattering was ignored in tteseilations. This gives a total bulk
attenuationl ¢ that is entirely due to the absorption attenuatdright in the clear
LYSO crystal according to the following relation:

11,1 (3.5)

[ 1o [

3.3.4 Effect of band size on spatial resolution, light tnut and energy resolution

In order to study the effect of etching band simeeaergy and spatial resolution of
the crystal detector, band sizes of 0.6, 0.8, dn@ 3 mm with a fixed band spacing of 1
cm were simulated for the etching band patterntete@n one, two and four long
surfaces of 3 2 x 100 mniLYSO crystals. The simulations in this case werrgied out

using the procedure described in section 3.3.2.

3.3.5 Simulation output data analysis

As in the case of measurements described in se8t®5, the sum of two PMT
signals in each simulation, that is the total nemf optical photons collected by the
two PMTs (PMT1+PMT2), and the ratio, PMT2/(PMT1+PR)Twere calculated on an
event-by-event basis. Energy spectra were obtainech the sum signal at each
irradiation position, allowing calculation of thehgtopeak position and the FWHM
energy resolution of the photopeak through Gausfgitimg of the peak in each energy
spectrum. In contrast to the measurement case,ptraiopeak events were seen in each
energy spectrum due to the identical number ofcapgphotons for each event as ro
interaction was involved. The ratio of the two PMignals at each irradiation position
was histogramed and the peak centroid and FWHM&oh distribution were calculated

using Gaussian fitting to each distribution peake Tpeak centroid or the mean ratio
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signal was plotted vs. irradiation position for leazase and fitted with a piecewise or
spline interpolation fitting. Spatial resolution the light sharing direction was obtained
by dividing the FWHM of each distribution peak Inetslope of the tangent to the fitting
curve at each irradiation position. The data ansiys&s automated by writing scripts in

Matlab.

3.4 Summary and introduction of next 3 chapters

In this chapter, we illustrated the establishmédriuw experimental setup used in the
research project and elaborated different methegsl fior experimental and simulation
studies in the project work. The results of oureslation studies on dual-ended readout
of 100 mm long crystals, such as light collectispatial and energy resolution and the
effect of different reflector materials on lighttopization work are discussed in Chapter
4. The calibration of our dual-ended readout obHydoriented crystals (to be used in a
compact PET system) for axial encoding of eveniisgudifferent methods are described
in Chapter 5. The detailed experimental and simardatesults of surface treatment of 100
mm long crystals using systematic etching bandepagtfor improving spatial resolution

along the light sharing direction of our dual-endeddout design are given in Chapter 6.
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Chapter 4 Observations on Dual-Ended Readout of 100 mm
Long LYSO Cirystals

This chapter is a reformatted paper published ipear-reviewed journal. The
complete citation information of the paper is dofes.
Fazal ur-Rehman, BryanMcintosh and Andrew L. Geert2011 Observations on dual-
ended readout of 100 mm long LYSO crystals Nudestruments and Methods in

Physics Research A, 652, 275-9.
With permission from Elsevier, Copyright © 2011 &iger

4.1 Abstract

We are investigating using dual-ended readout ahllsgx oriented long thin
scintillator crystals in detectors for a compaabmetry, small ring diameter animal PET
system. The axial position of interaction is detered from the light sharing between
the two photodetectors at opposite ends of thetalryswe examine the light output,
energy resolution and axial spatial resolution &3.0x 2 x 100 mni polished LYSO
crystals by irradiating with an electronically c¢olated beam of 511 keV photons
oriented perpendicular to the long axis and readbwtither end by position sensitive
photomultiplier tubes (PSPMTSs). Three reflector enals, namely Teflon, 3M enhanced
specular reflector (ESR) and black paint are exathiior the 2x 2 x 100 mn{ crystal
size. The light output increases and energy rasolumproves with the crystal cross-
section. Generally, the spatial resolution worserth increasing crystal cross section.
For the 2x 2 x 100 mni crystal size, the mean energy resolution of thetgieak over
the nine irradiation positions was 14.4 + 0.4%016.1.2% and 28.3 = 2.1% with mean
spatial resolution of 7.0 £ 1.0, 9.4 + 3.3 and 26 %0 mm using ESR, Teflon and black
paint, respectively. ESR reflector gave the beghitlioutput, energy and axial spatial

resolutions. These characterization results of PBPBlsed dual-ended long LYSO

80



crystals will be useful in the design of detectavdules for a highly compact geometry

preclinical PET system using this detector techgyplo

4.2 Introduction

Dual-ended readout of scintillator crystals hasrbextensively explored as a way to
add depth of interaction (DOI) information to PEWaging systems [1-3]. Detectors of
this design require using thin silicon type detes{d] on at least one end as the 511 keV
photons must pass through the detector beforeiegtire scintillator crystal. The ability
to obtain DOI information is particularly importafdr PET systems with small ring
diameters as the resolution degrading effects ofl Orease as the ring diameter
decreases [5]. We are investigating approachegdddoeloping a small ring diameter
compact animal PET system with the goal of develgph low-cost, high sensitivity
camera. We propose to make use of arrays of leimgscintillator crystals oriented in
the axial direction and read out at either end by lcost position sensitive
photomultiplier tubes (PSPMTSs) rather than moreeespve silicon based detectors. The
axial position of interaction is determined frone tight sharing between the two PMTs
at opposite ends of the crystal. This detectomydoy has been explored before for
human brain imaging using long 3.2x3.2x100-150 *mM¥SO scintillation crystals
readout at either end initially by hybrid photontetgors [6] and later by wavelength
shifting fibers along with Geiger avalanche photaidis [7] but has not been extensively
investigated for applications of small animal inmagusing smaller crystal sizes. In this
work, we present data showing the light output,rgyneesolution and axial spatial
resolution of long, thin LYSO crystals wrapped eitlin Teflon, 3M enhanced specular

reflector (ESR), or sprayed-on black paint and oeddt either end by PSPMTs.
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4.3 Materials and Methods

4.3.1 Experimental Setup

100 mm long lutetium yttrium oxyorthosilicate (L©O$ scintillator crystals with cross
sections of 1.5 x 2, 2 x 2,3 x 2, 4 x 2, and 5 mr# and polished on all sides were
obtained from a commercial supplier (Proteus I@hagrin Falls, OH). The four long
sides of the crystals were covered with reflectaterial and the ends of the crystals were
coupled to a pair of Hamamatsu R8900U-00-C12 (HaatsumPhotonics K. K., Japan)
PSPMTs using Visilox V-788 optical grease. The PSPditputs were multiplexed to
four signals, X+, X-, Y+ and Y- using Siemens Inuepre-amplifier stacks (Siemens
Preclinical Solutions, Knoxville, TN) and then sabsently processed using standard
NIM electronics. Shaped signals for each detecterewdigitized using a National
Instruments PCI-6133 PC based data acquisition @atlonal Instruments Corporation,
Austin, TX) running under a National Instrumentsblindows/CVI based interface.
The detector response in the light sharing directsoassessed by irradiating the crystal
using an electronically collimated 511 keV beamsaswn in figure 4.1(a). This
experimental arrangement is similar to that regbpeeviously by other groups [8-10].
Figure 4.1(b) shows a schematic diagram of thisrgement, in which a single 2 x 2 x
15 mn? LYSO crystal coupled to a single channel PMT (Hamasu H3178-51) in
alignment with &?Na point source (model MMS09, Eckert & Ziegler sm¢ Products,
Valencia, CA) is used in coincidence with the té3tSO crystal to create the
electronically collimated 511 keV photon beam. Tfi¢a source, small LYSO crystal,
and single channel PMT are mounted on a 2-axisshation stage in order to allow

reproducible positioning of the 511 keV beam.
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Figure 4.1 Experimental arrangement for electronially collimating 511 keV photon beam with
translation stages in a light tight box. (b) Scheatic diagram showing electronic collimation of 511

keV beam.
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4.3.2 Light Collection, Energy Resolution and Axial SpatiResolution

The response of the 10 cm long crystals versadiation position was determined by
irradiating the crystal at nine discrete locatioseparated by 1 cm each. At each
irradiation position, 10,000 events were colleaed for each event, the total signal from
the two PSPMTs were digitized and referred to gsads PMT1 and PMT2. A summed
energy spectrum was obtained for each beam podiffaumming the two PMT signals
(PMT1+PMT2). The relative light collection efficiem was evaluated by measuring the
location of the 511 keV photopeak in the summechasy with the energy resolution
being calculated as the full-width at half maxim(@®EwHM) of the 511 keV photopeak
using this summed spectrum. For each event, the RMT1/(PMT1+PMT2) was
calculated to determine the axial location of aergvThe mean ratio for each location is
plotted versus irradiation position and the ragsponse is fitted with a third degree
polynomial. The spatial resolution of the deteciorthe light sharing direction is
estimated as the FWHM of the ratio profile at epokition divided by the slope of the
third degree polynomial fitted curve at each iredidin position. Measurements for light
collection, energy resolution, and axial spatiaotation were performed for all crystal

sizes with the crystals wrapped in Teflon tape.

4.3.3 Reflector studies

Relative light collection efficiency, energy regobn, and axial spatial resolution
were measured for 2 x 2 x 100 fhinySO crystals using three different reflector
materials, namely Teflon, 3M Vikuiti enhanced spacueflector (ESR) and Krylon
black spray-on paint. The Teflon was applied byappming the crystal with Teflon tape

similar to the procedure for section 4.3.2. ThdRBfas applied by scoring an 8 x 100
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mm’ piece so that it would fold around the crystal ahdn securing it in place by
wrapping the exterior with Teflon tape. Black pawas sprayed on the crystal with
several coatings. Each crystal was coupled to M&sPat the ends using optical grease

as described above and measurements performed@sbed in section 4.3.2.
4.4 Results & Discussion

4.4.1 Light Collection, Energy Resolution and Axial SpatiResolution versus
Crystal Size

Figure 4.2 shows the relative light output frone five 100 mm long LYSO crystals
with different cross-sections of 1.5 x 2 through«® mnf plotted as a function of

irradiation position.

Figure 4.2 Light output as a function of irradiation position for 1.5-5x2x100 mm LYSO crystals
wrapped in Teflon.
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The light output increases with the crystal crosstisn. The energy resolution for each
crystal size was found from the FWHM of the photpef each sum energy spectrum
by fitting a Gaussian curve to the peak. As expkdige energy resolution improves as
the cross-section increases due to the increabghincollection as shown in Table 4.1
for all the crystals wrapped in Teflon reflectohelenergy resolution ranged from 13.7 -

16 % for all the crystals examined.

Table 4.1 Mean energy resolution, spatial resolutio (range) and standard deviation for all the
crystals wrapped in Teflon

Crystal Energy resolution Spatial resolution (mm)

cross-section (%)

(mn)

1.5%2 14.5 (13.4-15.6) + 0.8 8.6(4.4-12.7) £ 3.0
2%2 16.0 (14.3-18.0) £ 1.2 9.4(5.0-14.0) + 3.3
3x2 14.9 (14.0-16.1) £+ 0.7 10.1(5.9-14.6) + 3.2
4x2 14.5 (14.0-16.1) £ 0.7 9.7(5.5-13.9) + 3.3
5x2 13.7 (12.9-14.8) £+ 0.6 10.5(5.2-16.5) + 4.2

At each irradiation position the ratio of the tWwT signals was histogrammed to
determine the shape and width of the ratio. Typiatib profiles for the nine irradiation
positions of a 2x2x100 mimTeflon-wrapped crystal are shown in figure 4.3. (a)
Gaussian fitting was used for each profile to fine peak centroid, which gives the mean
ratio for that irradiation position, and the FWHM tbe profile. The mean ratio signal
(i.e. centroid value) was plotted as a functionrddiation position for all the crystals
examined. An example plot of this type of plot daam seen in figure 4.3 (b) for the
measured profiles of the Teflon wrapped 2 x 2 x a6 crystal shown in figure 4.3(a).
For the Teflon wrapped crystals, 4 8egree polynomial is required to fit to the date d
to the non-linear relationship between ratio sigaatl irradiation position. The ratio
signal for a Teflon-wrapped crystal is not lineadlgpendent with irradiation position as

has been observed by others for the case of aamneayistal (i.e. 20 mm long) [1] where
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a linear relationship is assumed. Calculatingdpatial resolution in the light sharing
direction for the 100 mm long Teflon wrapped cristaas thus done by dividing the
FWHM of each ratio profile with the slope of thenggnt to the third degree polynomial
fitted curve at each beam position instead of uaisgraight line fit to the data. Figure 4.4
shows the spatial resolution in the light shariimgation for the Teflon wrapped crystals
as a function of irradiation position. The besatsgd resolution measured was &&.0
mm for the 1.5 x 2 mfncrystal and the worst was 10.5 + 4.2 mm for the B mnf
crystal as shown in Table 4.I'hese values of spatial resolutions are compatahtlee
spatial resolution of 9.3 + 0.3 mm for a 3.2 x 3.200 mni LYSO Teflon-wrapped
crystal given in literature [11JAs expected, the spatial resolution is symmetrmualthe
central (5 cm) irradiation position and is in gelea parabolic function of position.
Generally, the spatial resolution improves withréasing crystal cross-section due to the

more light losses along the length of the crystal.

4.4.2 Reflector studies

The ESR covered crystal gave approximately 2@%her relative light output
compared to the Teflon wrapped crystal as showfigimre 4.5 for a 2 x 2 x 100 mn
crystal. The left panel of figure 4.3 (a, ¢, e)whdhe profiles of the ratio of PMT signals
for each beam location for a 2 x 2 x 100 ToYSO crystal when (a) Teflon, (c) ESR
and (e) black paint were used as reflector materiéh the case of Teflon, as shown in
figure 4.3(a), the peaks at the end irradiationitmrs are well resolved whereas the
peaks at the middle are poorly resolved, reflecthmgreduced spatial resolution in this
region. The results from the ESR wrapped crystedwed a more uniform spatial

response, allowing us to resolve the peaks in ¢iméral region of the crystal as shown in
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figure 4.3(c). For the crystal covered in blacknpaall the peaks are very poorly

resolved, as shown in the profiles in figure 4.3¢ekulting in a generally poor spatial

resolution.
-
a b
—
C d
-
¢ f

Figure 4.3 Left panel: Profiles of the ratio of PMI signals for the nine irradiation positions for
Teflon reflector (a), ESR reflector (c) and black mint (e). Right panel: Corresponding mean ratio of
PMT signals as a function of irradiation position br a 2x2x100 mmi LYSO crystal with error bars

representing FWHM of profiles of the plots in the &ft panel. The nine irradiation positions were
each separated by 1 cm.
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For this case the errors in the ratio versus mosiglot shown in figure 4.3(f) are large
due to the large FWHM of the profiles. The peakoratgnal and FWHM of the profiles
were calculated by fitting Gaussian curves to epudfile as described above for the
Teflon wrapped crystals of various sizes. Thetrgganel of figure 4.3 (b, d, f) shows the
plot of mean ratio signal versus irradiation pasitiand the third degree polynomial
fitting to the data for the three reflectors. Figdr6 compares the spatial resolution in the
light sharing direction as a function of irradiatiposition for a 2 2 x 100 mni LYSO
crystal when ESR, Teflon and black paint were usedeflector materials. The black
paint shows the worst resolution of 26.0 £ 5.0 mme do more light absorption in it
whereas the ESR shows the best resolution of 2.@ #nm in this study which can also
be seen in the ratio profiles of figure 4.3. Tabl2 presents the mean spatial and energy
resolution for a 2 2 x 100 mnf crystal over the nine irradiation positions wheBRE
Teflon and black paint were used as reflectors. @ést energy resolution of 14.4 + 0.4%

and the best axial spatial resolution of 7.0 +rifl are achieved using the ESR reflector.
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Figure 4.4 Spatial resolution as a function of iradiation position of 1.5-5x2x100 mmLYSO crystals
wrapped in Teflon.
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Figure 4.5 Comparison of light output from a 2x2x00 mnT LYSO crystal for ESR and Teflon. Note
the improved light collection for the ESR wrapped cystal.
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Figure 4.6 Comparison of spatial resolution of a 22x100 mn? LYSO crystal for ESR, Teflon and
black paint. Note the nearly uniform resolution ofthe ESR wrapped crystal.
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Table 4.2 Spatial resolution and energy resolutiomf a 2x2x100 mm LYSO crystal for different
reflectors

Reflector Energy resolution Spatial resolution
(%) (mm)
3M ESR 14.4+04 7.0+£1.0
Teflon 16.0+ 1.2 9.4+33
Black Paint 28321 26.0 £5.0

4.5 Conclusion

We examined the light output, energy resoluteomg axial spatial resolution of 1.5x5
2 x 100 mni LYSO scintillator crystals readout at either end BSPMTs. The light
collection efficiency and energy resolution weres@tved to improve with increasing
crystal cross-section. Generally, the spatial ltggm worsens with increasing crystal
cross section due to less loss of light along #i® @f the crystals. For a22 x 100 mnd
crystal, the mean energy resolution and standariien of the photopeak over the nine
irradiation positions was 14.4 + 0.4%, 16.0 + 1.3% 28.3 +2.1% while the mean
spatial resolution and standard deviation ovemihe irradiation positions was 7.0 = 1.0
mm, 9.4 + 3.3 mm, and 26.0 £ 5.0 mm using ESR,ofhefind black paint, respectively,
as reflector materials. The best light collecti@mergy resolution and axial spatial
resolution were obtained using the ESR reflectothis study. These characterization
results of PSPMT-based dual-ended readout of Iorng§Q crystals will be useful in the
design of detector modules for a compact geomsitngll ring diameter preclinical PET
scanner system using this detector technology.
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Chapter 5Calibration of dual-ended readout of axially
oriented 100 mm long LYSO crystals for use in a copact
PET system

This chapter is a reformatted paper published ipear-reviewed journal. The
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With permission from IEEE, Copyright © 2012 IEEE

5.1 Abstract

We are investigating the use of 100 mm long axialliented scintillator crystals
read out at either end by position sensitive photaplier tubes (PSPMTs) for
application to a small animal PET system. A systisign of this type requires a robust
and efficient calibration of the detector respomsthe light sharing direction in order to
accurately decode the location of photon interactla this work we evaluate methods
for determining the axial positioning calibratioh dual-ended readout of 2 x 2 x 100
mm® LYSO crystals wrapped in either Teflon or 3M Entweah Specular Reflector (ESR).
We compare a collimated irradiation method withngarm irradiation method recently
proposed by Shao. In the collimated irradiation hndt an electronically collimated
beam of 511 keV photons aimed perpendicular tddhg axis of the crystal is used to
irradiate the crystal at nine locations in step& afn. The ratio of the two PMT signals at
each irradiation position is used to give the apiaditioning calibration relating ratio
signal to position. In the method by Shao, the tatysvas irradiated using either a
uniform ®®Ge line source, #Na point source, or the intrinsic background atti the

LYSO. To check the validity of both calibration rhetls for unbalanced detectors, three
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voltage variations ranging from 750-800 V were uBmdthe two PMTs. For cases with
balanced detector gains, the calibration curvesioétl using uniform irradiation and
Shao’s method agreed very well with the referenowec obtained from the collimated
irradiation measurements. For the case with datectbat had unbalanced gain,
agreement between uniform irradiation and collirdabeadiation methods was only
achieved if the trigger threshold energies of the PMTs were adjusted to give similar
singles events rates in both PMTs. These findinggeast that Shao’s calibration method
using uniform irradiation will provide a simple,acate and rapid method for calibration

of 100 mm long dual-ended readout detectors.

5.2 Introduction

We are investigating approaches for developing allsnng diameter compact
preclinical positron emission tomography (PET) imnggsystem with the goal of
developing a low-cost, high sensitivity camera. pv@pose to make use of arrays of long
thin scintillator crystals oriented in the axiatefition and read out at either end by low
cost position sensitive photomultiplier tubes (PSRBM A schematic of the system
concept is shown in figure 5.1 together with a phafta mockup of the proposed system.
The axial position of interaction of detected 5ldVkphotons in the crystals will be
determined from the light sharing between the tv&PMTs in the dual-ended readout
detector. This detector geometry has been prewiaxglored by others for human brain
imaging using long 3.2 x 3.2 x 100-150 Y SO scintillation crystals readout at either
end initially by hybrid photon detectors [1,2] aleder by wave length shifting fibers
along with Geiger avalanche photodiodes [3] but maisbeen extensively investigated

for applications of small animal imaging using skeratrystal sizes. Salvador et al. [4]
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investigated the design of a small animal PET imggsystem using shorter axially
oriented 1.5 x 1.5 x 25 mht.YSO crystals with a depth of interaction (DOl)edility,
demonstrating an independence of spatial resoldtam the detection efficiency. In this

work, a spatial resolution of about 1 mm was dernrated.

(@)

(b)

Figure 5.1 (a) Schematic of axially oriented cryst bundles (b) Photograph of a mockup of our
design concept for a highly compact and portable PEimaging system.
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Dual-ended readout of scintillation crystals hasodbeen extensively explored for
adding DOI capability to conventional PET imaginygtem designs with shorter crystals
oriented in the radial direction [5-10]. We haveepously reported some of our
observations on dual-ended readout of 100 mm |lovi§Q crystals to be used in our
proposed compact PET imaging system including lagtiput, energy resolution, spatial
resolution and the effect of reflectors on thesaumeters [11].

Accurate and robust calibration of dual-ended readtetectors is an essential
condition for implementing the use of this deteaesign into a complete PET imaging
system. A factor that can complicate the calibrabbdual-ended readout detectors is the
use of unmatched or unbalanced detectors. Thisadcerran arise in the initial
construction of a dual-ended readout detector tilrdbe use of unmatched detectors due
to unavailability or prohibitive cost of a matchedir or due to a detector design that
purposefully uses unmatched detector types, suehsidgon detector on one end and a
PMT on the other (e.g. [9]). Alternatively, the easf unmatched detectors can arise over
time due to variations in the change in gains dividual detectors as a system ages.

In this work we examine two approaches for perfognihe axial-positioning
calibration of 2 x 2 x 100 minLYSO crystals wrapped in either Teflon or 3M ESR
reflectors and read out at both ends by PSPMTthdrfirst approach, a collimated 511
keV photon beam irradiates the crystal in discetégps while in the second approach a
rapid calibration is performed using a uniform fiioioradiation and the method proposed
by Shao [12]. The robustness of the uniform irradiemethod is examined for a variety

of source configurations including point sourcaglsource and intrinsic radioactivity of
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LYSO. In addition, we examine the utility of thisethod in the presence of purposefully

unbalanced detectors.
5.3 Methods

5.3.1 Axial Positioning Calibration: Collimated irradiatbon method

The experimental setup used in the collimated iateah method of calibration has
been described previously [11] but for the sakeahpleteness will be described here
briefy. 2 x 2 x 100 mrh lutetium yttrium oxyorthosilicate (LYSO) crystals,
mechanicallypolished on all sides, were obtained from a commksupplier(Proteus
Inc., Chagrin Falls, OH). All surfaces of the calstwere visually free of any defects or
chipping from cutting. Crystals were wrapped irheit Teflon tape or covered with 3M
Vikuiti ™ ESR reflector (3M Optical System Division, St. PauN). The Teflon was
applied by wrapping the crystal with 4 layers offlde tape. The ESR was applied by
scoring an 8 x 100 mhpiece so that it would fold around the crystal #meh securing it
in place by wrapping the exterior with Teflon tape.

The crystal was coupled at the small ends to agfditamamatsu R8900U-00-C12
(Hamamatsu Photonics K.K., Japan) position semsjivotomultiplier tubes (PSPMTS)
using Visilox V-788 optical grease. The PSPMT otgpwere processed using
preamplifier stacks from Siemens Inveon detect@geriens Preclinical Solution,
Knoxville, TN) and the outputs of the preamplifegack for each PSPMT were summed
using a Phillips Scientific 740 linear fan-in (Rip$ Scientific, Mahweh, NJ). This
summation ignores the position sensitive capabdityhe PSPMTSs, effectively treating

them as if they were single channel PMTs.
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Figure 5.2 Schematic diagram (not to scale) showdn(a) the experimental arrangement for
electronically collimating the 511 keV photon beamand (b) the experimental arrangement for
uniform irradiation required for axial-positioning calibration using the uniform irradiation method.
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For the initial collimated irradiation measuremehtth PSPMTs were operated at
800 V. Each PSPMT was connected to its own condtantion discriminator (CFD)
(Phillips Scientific 715) and a logic unit (PhiliBcientific 754) was used to accept only
events that generated a valid single event in etlectors. A CFD was used for this
work instead of a leading edge discriminator duéhtavailability of this equipment in
our lab. The shaped signals for each detector digrezed using a National Instruments
PCI-6133 PC based data acquisition card (Natiarstfuments Corporation, Austin, TX)
running under a National Instruments LabWindows/G¥$ed interface.

A single 2 x 2 x 15 mmLYSO crystal coupled to a single channel PMT
(Hamamatsu H3178-51) was used in coincidence with 00 mm long test LYSO
crystal for electronically collimating the 511 kg¥oton beam as shown schematically in
figure 5.2(a). This approach is similar to the ased by other groups for DOI calibration
[5-7]. The?’Na source and single channel PMT were positioned two axis translation
stage with the collimated 511 keV beam aimed petpetar to the long axis of the
crystal. The crystal was irradiated at nine différlcations by moving th&Na source
and single channel PMT in steps of 1 cm, with adob@6,000 events collected at each
step. For these measurements the CFD thresholid eee set just above the noise level
in order to capture as much of the energy spectamossible. The acquisition of the
data for the nine measurements required approxiynbB8hours.

The ratio of the two PMT signals, PMT1/(PMT1+PMT2)as calculated on an
event-by-event basis. This ratio was histogramnoedeéch position and the centroid of
the distribution peak was calculated in order ttedrine the axial positioning calibration

curve relating the ratio signal to irradiation pimsi. The calibration curve obtained using
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the collimated irradiation method was taken as‘¢joéd standard’ for comparison with
subsequent calibration methods since the locatiomamliation was precisely known for

this case.,

5.3.2 Axial Positioning Calibration: Uniform irradiation method (Shao Method)

The dual-ended readout detector was set up asile$above for the collimated
method but without the coincidence of the singlarctel PMT. The schematic of the
experimental arrangement for uniform irradiationtleé 100 mm long LYSO crystal in
this case is shown in figure 5.2(b). The 100 mnylenystal was irradiated uniformly
first with a 0.25 mCP®Ge line source with length of 19.2 cm, orientedafiaf to the long
axis of the crystal and placed at a distance afr@3rom the long axis of the test crystal.
The crystal was then irradiated with a 17.&%5 *Na point source positioned 10 cm from
the long axis of the crystal. These uniform irréidia datasets were used to determine the
axial-positioning calibration using the method Hya8 [12] The distance of 10 cm was
chosen fo’Na source because this distance was equivalemiettength of the crystal
and would allow the examination of the robustnesthe calibration method for a case
with modest non-uniformity of irradiation. In thisethod the position of interaction of
events is calculated from the probability densitindtions (PDF) (i.e. normalized
histogram counts) of the ratio of the two PMT signaferred to as PMT1 and PMT2.
Around 100,000 events were collected in this cd%ee ratio PMT1/(PMT1+PMT2)
calculated for each-event was plotted vs. the calculated positiomidraction assuming
a uniform distribution to obtain the calibrationree and compared with that obtained
from the collimated irradiation method described saction A. The analysis was

performed using scripts written in Matlab (The Matrks, Inc., Natick, MA) to
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automate the data analysis. Acquisition of datattierflood irradiation method required

around 10 minutes.

5.3.3 Calibration of Unbalanced Detectors with Externalb8rce

To check the validity of both calibration methods funbalanced detectors, the
voltage applied to the two PSPMTs was varied to V50800 V, 800 V - 800 V, and
800V - 750 V (PMT1 - PMT2). These cases are submdtyjureferred to as 750PMT1-
800PMT2, 800PMT1-800PMT2 and 800PMT1-750PMT2. Famhevoltage setting data
were acquired and analyzed using both the collichatradiation method of section A
and the flood irradiation method of section B. Té@me experimental procedures
described in sections A and B were used to deterrthie axial positioning calibration
curves for each voltage variation setting. Dataen&cquired for both Teflon-wrapped
and ESR-glued 2 x 2 x 100 mraYSO crystals. For these measurements, the ESR
reflector was applied by cutting four pieces of 200 mnf sizes and gluing them to the
long surfaces of the crystal using Dymax OP-20 ogptiadhesive glue (DYMAX,
Torrington, CT) and curing it with a Dymax Blue W&ay5 UV Spot Light Source.

When the PMT voltage is altered the gain changes,lting in an expansion or
compression of the energy spectrum and a subsegbange in the event rate for that
PMT because there are either more events thatsitpa threshold of the CFD for an
increase in voltage or fewer events that trigger @D for a decrease in voltage. This
leads to an imbalance in the singles event raerded by each of these two detectors in
the dual-ended readout configuration and can leaa mnon-uniform probability density
function for the events, thus invalidating the asption of uniformity of events in the

method. To study the effect of differing singleseet rates in the two detectors we
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adjusted the CFD settings for the two PMTs to eil@ance or unbalance the number of
single events triggered by the CFDs for the twoed®irs. Differences in the axial
positioning calibration due to differences in thegtes rate were examined for both the
800PMT1-800PMT2 case and the cases with differpptied voltages. In addition, for
the 800PMT1-800PMT2 case, the dependence of therai@dn curve on the CFD
threshold was examined by adjusting the two CFD#nison to achieve matched singles
rates over a range of count rates, equivalent justidg the lower level discriminator in
full PET system. For each data set, the energyutso was determined from the energy
spectrum that is the sum of the two PMT signals thiedspatial resolution calculated as

described in sections 5.2.1 and 5.2.3.

5.3.4 Calibration of Unbalanced Detectors with LYSO Intrsic Activity

The LYSO has a background intrinsic activity of Bgécnt from "®Lu. The
intrinsic activity of the 2 x 2 x 100 mhL.YSO crystal (110.4 Bq) was therefore used to
verify if the Shao calibration method is still \véwithout using an external source for
balanced and unbalanced detectors and to finddbksilplity of calibrating our proposed
complete PET scanner with intrinsic activity insteaf using an external source. The
ESR-glued crystal described in section C was usmd tliree voltage variations,
750PMT1-800PMT2, 800PMT1-800PMT2, and 800PMT1-750RMAround 5000000
events were collected for each voltage variatiopliad. The same experimental
procedure for the determination of axial positi@ncalibration curve in each case was

used as described in section 5.2.3 for the uniforadiation method.
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5.4 Results

5.4.1 Calibration of Balanced Detectors and Comparison

The photopeak position for the individual PMT egyespectra at both ends of a
Teflon wrapped 2 x 2 x 100 mimrLYSO crystal and their sum energy spectrum
(PMT1+PMT2) obtained from the collimated irradiatimethod are plotted as a function
of irradiation position in figure 5.3.

As expected, the photopeak amplitude of each iddali PMT decreases as the
irradiation point moves away from the PMT. At thentre of the crystal (i.e. the 5 cm
position), the photopeak amplitude decreases byoappately 50% relative to the value
measured at the 1 cm position. In comparison, Yetngl. [5] measured a decrease of

20% for 20 mm long crystals in their DOI detectariu

Figure 5.3 Photopeak position for the individual PMT energy sgctra at both ends of
a Teflon wrapped 2x2x100 mm LYSO crystal and for the summed energy
spectrum (PMT1+PMT2) as a function of irradiation position.
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A key difference in our results compared to thos&ang et al. is that in Yang’s work
the photopeak amplitude determined as the sumetwlo detectors was constant for
events throughout the crystal while in our casetier100 mm long crystal the amplitude
of the sum signal is not constant over the lendtithe crystal, rather following a
parabolic function vs. position. This differencensost likely due to the much longer
crystal length used in this present work as contptoehe work of Yang. The symmetry
of the sum photopeak position suggests that the N¥emained stable over the
approximately 18 hour measurement period. Figue $hows the energy spectra
obtained from the sum of the two PMT signals at¢hpositions. In each case, the 511
keV photopeak is clearly seen and the fractionafnt¢s in the Compton region of the
spectrum is approximately the same. The averageggneesolution for the nine

irradiation positions was 15.4 + 1.3%.

Figure 5.4 Typical energy spectrum obtained from e sum of two PMT signals at irradiation
position of (a) 1 cm (b) 3 cm and (c) 5 cm from PMT for a Teflon —wrapped crystal.
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Figure 5.5 plots the ratio of the two PMT sign&®8/T1/(PMT1+PMT2), at the nine
irradiation positions of the crystal for the Teflamapped and ESR covered crystals used
in this study. For each irradiation position, tlentre position value and the FWHM of

the distribution were calculated by fitting a Gaasscurve to each distribution.

Figure 5.5 Distribution of the ratio of PMT signals at nine collimated beam irradiation positions for
(a) Teflon wrapped crystal and (b) ESR covered cryal.

It can be clearly seen that the distribution of feaks due to the nine irradiation
positions is more uniform for the ESR covered @alyttan for the Teflon wrapped crystal
as the peaks are more uniformly spaced. The spasalution in the light sharing
direction for these two cases was calculated asWielM of the profile divided by the

slope of the tangent to a plot of the centre pmsitis. irradiation position, similar to the
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method of Yang [5]. For the Teflon wrapped crystad spatial resolution ranged from
5.0 mm at the 1 and 9 cm position to 14.0 mm atSthoen position (average 9.4 + 3.3
mm) while for the ESR covered crystal the averaugial resolution was 7.0 + 1.0 mm.
The centre position for each of the nine irradmatpmsitions vs. irradiation position
are plotted in figure 5.6 (b) for the Teflon wrapperystal and figure 5.6 (d) for the ESR
covered crystal, with the error bars correspondinthe FWHM values of the profiles in
figure 5.5. As expected from the distribution of tiatio profiles, the calibration curve for
the Teflon wrapped crystal has the shape df ar@ler polynomial, where the ends have a
greater slope than in the middle, while the catibracurve for the ESR covered crystal
has a nearly linear shape. Th& 8rder polynomial shape is different from results
reported for shorter 20 mm long crystals (e.g. J18] which the calibration curve
typically has a linear shape. Figures 5.6 (a) andlfow the distributions of the ratio of
the two PMT signals for uniform irradiation of Tefl-wrapped and ESR covered 2 x 2 x
100 mn? LYSO crystals, respectively, with“aNa point source. The non-uniform axial
spatial resolution of the Teflon wrapped crystalde to a ratio distribution plot that has a
highly centre-peaked shape while the nearly unif@patial resolution of the ESR
covered crystal leads to a very uniformly shapeub rdistribution plot. Figures 5.6 (b)
and (d) show the plots of the calibration curvewoied for the Teflon wrapped and ESR
covered crystals, respectively, using the Shao oaketor calibration. In both cases there
is excellent agreement with the gold-standard nreasent of the collimated irradiation
method. Similar results (not shown) were obtained Hoth crystals when irradiated

uniformly with the®*Ge line source.
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(a)

(b)

(©)

(d)

Figure 5.6 Distributions of the ratio of two PMT sgnals for uniformly irradiated (a) Teflon-wrapped
and (c) ESR covered crystal and the resulting calitation curve for (b) Teflon-wrapped and (d) ESR
covered crystal, compared with the ‘gold standardpoints measured using the collimated irradiation
method. The irradiation source was thé’Na source.
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5.4.2 Calibration of Unbalanced Detectors with Externalb8rce

Table 5.1 Energy resolution of 511 keV photons ax&ged over nine irradiation positions of Teflon-

wrapped crystal at different voltage variations

Voltage variation (V)

Energy Resolution (%)

750PMT1-800PMT2 15.50+ 2.82
800PMT1-800PMT2 15.43+ 1.27
800PMT1-750PMT2 15.42+ 1.52

Table 5.1 gives the average energy resolution at K&l and standard deviation
from the nine collimated beam irradiation positidos each voltage variation for the
Teflon wrapped crystal. The energy resolution remmatable at about 15.5% over the
range of voltages tested showing that the energgluBon does not significantly depend
on the gain variation over the range tested. Wherhigh voltage of a PMT was changed
from 800V to 750 V there was a resulting changé gain of approximately 50%. In
order to maintain a similar singles event rate hie teduced voltage detector it was
necessary to lower the CFD setting from 1.5 V %. The energy resolutions at 511 keV
for the uniform irradiation methods are shown inblEa5.2. Due to the variation in
photopeak position with irradiation location (asowsim in figure 5.3) the energy

resolution for uniform irradiation, at 18%, is werthan for collimated irradiation.

Table 5.2 Energy resolution of 511 keV photons founiform irradiation of Teflon-wrapped crystal
with *’Na point source at different voltage variations

Voltage variation (V)

Energy Resolution (%)

750PMT1-800PMT2 17.45
800PMT1-800PMT2 18.58
800PMT1-750PMT2 17.94
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Figure 5.7 shows the calibration curves and resufltthe collimated irradiation
measurements for the three voltage variations defstethe ESR-glued crystal without

adjustment of the CFDs to alter the singles evatatsrin the two detectors.

Figure 5.7 Axial positioning calibration curves fo three voltage variations using both calibration
methods for the ESR covered crystal without compeiagion for different singles rates in the
detectors.

Figure 5.8 Axial positioning calibrations for three voltage variations using both calibration methods
for the ESR covered crystal with adjustment of CFDthresholds to balance the number of single
events in each detector.
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The data show that the calibration curves obtaifiech the uniform irradiation
method do not correlate with the gold standard nressent of the collimated irradiation
measurement method, indicating that the uniformdiation method is sensitive to gain
variation in the detectors, likely because the gaination leads to a non-uniform spatial
distribution of events that are above the threshaidoth detectors. The discrepancy in
the two methods in terms of position estimatiorrasging from about 15% to 76%.
Similar results (not shown) were obtained for aldrefvrapped crystal.

Figure 5.8 shows the calibration curves and respiitthe collimated irradiation
measurements for the three voltage variationsddstethe same ESR-glued crystal used
for the results of figure 5.7 but after adjustmienthe CFD settings to balance the singles
event rates in the two detectors. In this casectidbration curves obtained from the
uniform irradiation method are in excellent agreatneith the results obtained from the
collimated irradiation method. The agreement betwibese two methods suggests that
balancing the singles rate in the two detectoradjysting the CFD thresholds restores
the spatial uniformity of the events that are abdtlve threshold for triggering both
detectors. Again, similar results (not shown) wefts#ained for the Teflon wrapped
crystal.

The dependence of the calibration curve on the @#&shold setting was examined
by adjusting the two CFDs for the two detectorsdoy the singles events rate from 500
counts per second (cps) to 2,500 cps while maiimigiequal event rates in the two
detectors. Figure 5.9 shows the calibration cumietsined from these measurements
plotted together with the measurements obtainea fite collimated irradiation method.

The data show that there is excellent agreementeeet the calibration curves for all
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singles event rates except for very low count r&&@9 cps). At this event rate, the CFD
setting was at an average of approximately 425 kei¥/due to the spatial dependence of
the photopeak voltage this setting meant that éones regions of the crystal significant

fractions of the photopeak events were being exedud

Figure 5.9 Calibration curves obtained for five diferent singles event rates in the two detectors,
created by varying the CFD thresholds, compared wit the results obtained from the collimated
irradiation measurement. In the legend 5K, 10k eteefer to the number of counts per 10 seconds.

From the figure it is obvious that the agreemeninigroved for lower values of the
CFD (e.g. the 2,500 cps CFg&rtting corresponded to approximately 120 keV).sThi
suggests that the calibration method is mostlynisiiee to the energy threshold applied
during the acquisition of data, provided that thenber of singles events in each detector

is balanced.

5.4.3 Calibration of Unbalanced Detectors with LYSO Intrsic Activity

Figure 5.10 shows the calibration curves obtaiioedhe three voltage variations

tested using the intrinsic radioactivity of the L&Srystal as a source together with the
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results obtained from th&Na point source irradiation for the ESR-glued asThe
singles event rates for the two detectors werenoald for all acquisitions by adjusting
the CFD thresholds for the two detectors. Therexiellent agreement between the two
methods, suggesting that the intrinsic radioagtiat the LYSO crystal is suitable for

calibration of the detectors.

Figure 5.10 Calibration curves obtained using thentrinsic radiation present in LYSO and an
external Na source.

5.5 Discussion and Conclusion

In this work we examine the axial positioning cedifion of dual-ended readout
detectors that use 2 x 2 x 100 fhYSO crystals coupled to PSPMTs for the case of
both balanced and unbalanced detectors using thaten method proposed by Shao
[12] and comparing it to the gold standard of 5EV kcollimated beam irradiation of
discrete points of the crystal. The calibratiorutesfrom the uniform irradiation method

were found to be highly dependent on the relatinglss event rates measured in the two
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detectors of the dual-ended readout design. Balgnttie singles event rates in both
detectors by adjusting the signal trigger thresh@sulted in calibration curves that
showed excellent agreement with the measuremetasmeld with the collimated source.
These results suggest that for our crystal geonsetdyconfiguration, 2 x 2 x 100 mim
LYSO polished on all sides and covered in eithditofeor ESR reflector, balancing the
singles event rates for the two detectors is gefficto ensure the assumption of uniform
spatial density of events which the method of Stegaiires.

Similar calibration results were obtained for seugeometries of €Na point source
at 10 cm from the crystal, a 19.2 cm IdiGe line source located 25 cm from the crystal,
and using the intrinsic radioactivity of the LY S@ystal. Although Shao’s method is
based on the assumption of a uniform exposure @fctlystal to the radiation, these
results suggest that the calibration method idivelly insensitive to the source geometry.
This implies that when using Shao’s calibration imoeltin a complete PET system that
uses dual-ended readout detectors the calibratibbevinsensitive to minor variations in
the placement of calibration sources.

Our results show that the calibration method ofdSharks well for both the cases of
uniform and non-uniform spatial resolution, as wasountered for the ESR-covered and
Teflon-wrapped crystals. In previous work, suchttest of Yang et al. [13] for 20 mm
long crystals with a different surface finish, thés generally an inherent assumption of a
linear dependence of the ratio signal of the twiecters in a DOI design vs. position of
irradiation. In this work, we demonstrate that thssumption is not required and that the

calibration methods tested are robust and acctowatthe case for non-linear calibration

113



curves. This result will be of general interestother groups investigating dual-ended
readout detector designs, including those withtsharystal lengths.

In conclusion, the two methods were found to beivedent for a range of crystal
reflector materials, irradiation source geometraes] for cases of linear and non-linear
dependence of the calibration curve with irradmatosition. The calibration method
based on uniform irradiation was found to be higldpsitive to imbalances in the singles
event rate in the two detectors of the dual-en@adlout design that occurred when the
detectors were unbalanced by varying the appligth hioltage. Compensating for the
different event levels by adjusting the thresheleel of the detector CFDs proved to be a
robust and simple way to restore the accuracyettiibration method based on uniform
irradiation of the crystallmplementation of this method will significantlynsplify the
calibration of our dual-ended readout detector nexjiespecially for the cases of a large
number of crystals in a 2D crystal array in a deteof our proposed complete scanner,
allowing rapid collection of calibration data infeaw minutes with a line source or

overnight using the intrinsic LYSO radioactivity.
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Chapter 6 Use of systematic surface roughing to enhance the
spatial resolution of dual-ended readout of axiallyoriented
100 mm long LYSO crystals: Measurement and simulabin

This chapter is a reformatted paper prepared foligation and will be submitted to
a peer-reviewed journal. The partial citation imfation of the paper is as follows.
Fazal ur-Rehman, Yuan-Chuan Tai and Andrew L. Geert2012 Use of systematic

surface roughing to enhance the spatial resolutecdndual-ended readout of axially-
oriented 100 mm long LYSO Crystals: Measurementsandlation

6.1 Abstract

In this work we explore the effects of using reguatterns of surface roughing to
modulate the light transport in a dual-ended readetector for PET imaging that uses
100 mm long LYSO crystals oriented in the axiakdiron. The long surfaces ofx3 x
100 mnt and 2x 2 x 100 mni LYSO crystals, initially polished on all sides, nge
systematically roughed in a band pattern with Or8 bands of roughed surface spaced at
5 mm increments over the central 8 cm of the chystegth. Cases of 1 to 4 surfaces of
the crystal roughed with this pattern were exploedch crystal was then wrapped in
Teflon and read out at either end using positionsiige photomultiplier tubes
(PSPMTs). An electronically collimated 511 keV phwot beam was oriented
perpendicular to the long direction of the crystatl data acquired at discrete locations
along the crystal length. The ratio of two PMT silgnwas used to find the axial position
of interaction and spatial resolution in the ligitaring direction while their sum was
used to determine the light output and energy udiol. The spatial resolution improved
from an average of 9.1 mm with no surface treatner.6, 4.7 or 4.2 mm for banding
patterns on 1, 2 or 4 surfaces, respectively. Tughied surfaces resulted in degraded

energy resolution, with a decrease from 11.1% FWidiMhe untreated crystal to 12.0%,
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13.5%, and 13.6% for the patterns on 1, 2, andfases, respectively. When the spatial
resolution is corrected for the beam width, weneate the resolution for the case of 4
banded surfaces to be 3.4 mm FWHM. The same spasialution was obtained when
interleaving bands were created on only two opposiirfaces with a better energy
resolution of 12.2%. The measured results were useccalibrate Monte Carlo

simulations using DETECT2000, which showed gooceagrent with the experimental

results.

6.2 Introduction

We propose to make use of arrays of long thin dlaitdr crystals oriented in the
axial direction and read out at either end by l@st@osition sensitive photomultiplier
tubes (PSPMTSs) to construct a compact animal PElesy The schematic diagram of
our design concept is shown in figure 6.1 alonghvatmockup of our system design
concept. This axial PET geometry was first propdsg&himizuet al (1988) using 5 cm
long BGO crystal bundles oriented in the axial cii@n and read out at both ends using
photodetectors but a complete PET system baseiddsign was never constructed.

This detector geometry has also been previousljoeag by others for human brain
imaging using 3.2 x 3.2 x 100-150 rmYSO scintillation crystals readout initially by
hybrid photon detectors (Seguireital 2006, Vilardiet al 2006) and later by wave length
shifting fibers and Geiger-mode avalanche photagso(Braemet al 2006) but has not
been extensively investigated for applications wialk animal imaging using smaller
crystal sizes. Samuetl al. (Samuelet al 2009) investigated the design of a small animal
PET imaging system using shorter axially orientes 1 1.5 x 20 mmLYSO crystals

with a depth of interaction (DOI) capability, denstrating an independence of spatial
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resolution from the detection efficiency. In thi®nk, a spatial resolution of about 1 mm

=
==

was demonstrated.

Figure 6.1 Left: A photograph of a mockup of syste design concept. The system is shown within a
laboratory fume hood with comparable dimensions tca biosafety cabinet. The cylindrical detector
geometry has a rat sized stuffed animal in it for cale. The laptop computer for data acquisition sits
on top of a compact electronics cabinet. Right: Se@matic diagram showing axially oriented crystals
coupled to PSPMTs at two ends in detector modules e used in our proposed compact preclinical
PET imaging system.

Dual-ended readout of scintillation crystals hasrbextensively explored for adding
DOI capability to the PET imaging system designthvghorter crystals oriented in the
radial direction (Yanget al 2006, Dokhaleet al 2004, Shat al 2002, Burret al 2004,
Moseset al 1994, Bircheret al 2012, Sahaet al 2004, Anfréet al 2007). We have
previously reported some of our observations on-dnded readout of 100 mm long
LYSO crystals to be used in our proposed compad iaging system such as light
output, energy resolution, spatial resolution amel eéffect of different reflector materials
on these parameters (ur-Rehnedral 2011). A spatial resolution of about 7 mm in the
light sharing direction was reported for an enhdmsgecular reflector (ESR) covered 2 x

2 x 100 mm LYSO crystal in that study. In a following studyevexamined the axial

positioning calibration of dual-ended readout ofady oriented 100 mm long LYSO
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crystals for use in a compact PET system (ur-Reharath Goertzen 2012) where we
evaluated two methods of calibration for balanced anbalanced detectors using LYSO
intrinsic activity and external point and line sces.

In our proposed compact PET the axial positionndériaction of detected 511 keV
photons in the crystals will be encoded from tlgatlisharing between the two PSPMTs
in the dual-ended readout detector. A key to goesblution in the axial encoding
direction is to optimize the balance between lighilection for maximizing the energy
resolution and light losses for axial encoding pétgal resolution. Therefore particular
attention is paid to the light collection optimimat in this research. In our previous study
we achieved a spatial resolution of 7 mm usingedéht reflector materials (ur-Rehman
et al 2011), however, the design criteria of our proposeanner demands a spatial
resolution of better than 3 mm. Therefore, in thisrk we explore the effects of
modulating the light transport in the crystal bynging different banding patterns along
the long surfaces of the LYSO crystals with thelgdamproving the spatial resolution
of crystals in the light sharing direction. The cept of banding patterns was originally
proposed by Shimizet al (1988) where they used 5 cm long BGO crystalsnoee in
the axial direction, demonstrating an axial resotlutof 9.5 mm with coarsely ground
bands. This work was patented in 1989 (Yamagitd 1989) but more extensive results
were not published. To our knowledge, this apprdaas not been examined for LYSO
crystals or with newer generation PSPMTs. The nredstesults from our work are used
to benchmark Monte Carlo simulations performed witie program DETECT2000
(Moisan et al 2000) for optical photon transport within the ¢as in this study. This

code has been used previously in many studiesexample, (Cayouettet al 2002,
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Tsanget al 1995, Steinbachkt al 2010, Penget al 2011) but has not been used for dual-
ended readout detectors with 100 mm long crystdls. are then able to use the
benchmarked DETECT2000 software for predictinggagormance of banding patterns

that were not investigated experimentally.
6.3 Materials and Methods
6.3.1 Experimental Measurements

6.3.1.1Scintillator crystal band etching

Etched band patterns were created on 1 to 4 lorigces of initially polished 8 2 x

100 mn? LYSO crystals obtained from a commercial supp(ieroteus Inc., Chagrin
Falls, OH). Each pattern was created by roughimgstirface of the crystal using a 0.3
mm wide crystal saw blade (South Bay Technologyy Semente, California) to etch
bands every 5 mm over the central 80 mm of theta@ryss shown in figure 6.2. The
average width of the etching bands was measurdeet0.8 mm. The size difference
between the etched band and the saw blade wasdchydbe fact that the etching was
done manually. In this study the following etchppeagterns were investigated:

Etched bands on 1 side.

Etched bands on 2 opposite sides with the bandseirsame axial location (Figure

6.2(a)).
Etched bands on all 4 sides with the bands indhgesaxial location.

Etched bands on 2 opposite sides with the banditosainterleaved (Figure 6. 2(b)).
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(b)

(C)

Figure 6.2 (a) Schematic example of coinciding dimg band patterns created on the same axial
locations of top and bottom surfaces of a 100 mmng LYSO crystal. (b) Schematic example of
interleaving etching band patterns created on top @d bottom surfaces of a 100 mm long LYSO

crystal. (c) Photograph of a 3x 2 X 100 mn? crystal with coinciding etching band patterns on éur
long surfaces with a Canadian quarter shown for refrence.

In addition, for one 3x 2 x 100 mnt crystal a single long side was roughed
completely using sand paper to investigate how toisipared to the banding pattern
results. In order to investigate the effect of ajiag the crystal size, 1 and 2 sided
banding patterns were also investigated fer2x 100 mni LYSO crystals obtained from
the same supplier and initially polished on allesicand wrapped in Teflon. For this
crystal, smooth surfaces glued to a 3M VikKiitEnhanced Specular reflector (ESR) (3M
Optical System Division, St. Paul, MN) were alswdstigated. The ESR reflector was

cut into four pieces of 2 100 mnf size and then each piece was glued to each long
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surface of the crystal one after the other usingnBy OP-20 optical adhesive glue
(DYMAX, Torrington, CT). The glued-ESR was cured iosadiating it with UV light

from a Dymax Blue Wave 75 UV Spot Light Source.

6.3.1.2Data acquisition

Scintillator crystals were wrapped in 4 layers efldn tape and the ends coupled to
a pair of Hamamatsu R8900U-100-C12 (Hamamatsu RhustdK. K., Japan) PSPMTs
using optical grease (Visilox V-788). The PSPMT puis were multiplexed to four
signals, X+, X-, Y+ and Y- using Siemens Inveon -gmaplifier stacks (Siemens
Preclinical Solutions, Knoxville, TN) and then sabsently processed using standard
NIM electronics as shown schematically in figur8.6haped signals for each detector
were digitized using a National Instruments PCISEC based data acquisition card
(National Instruments Corporation, Austin, TX) rimgn under a National Instruments
LabWindows/CVI based interface. The detector raspan the light sharing direction
for each crystal is assessed by irradiating thetahysing an electronically collimated
511 keV beam, also shown schematically in figuB B this arrangement a single 2 x 2
x 15 mnt LYSO crystal, coupled to a single channel PMT (ldamtsu H3178-51), is
aligned with a 50 Ci ?*Na point source (model MMS09, Eckert & Ziegler tyme
Products, Valencia, CA) with a diameter of 0.25 niimis detector is used in coincidence
with the test LYSO crystal to create the electratyccollimated 511 keV photon beam.
The ?Na source, small LYSO crystal and single channelTPMe mounted on a
translation table attached to a 2-axis translasiage in order to allow reproducible and
precise positioning of the 511 keV beam. The tegdtal and the coincidence crystal are

at an equal distance of 50 mm from the source.
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Figure 6.3 Schematic drawing showing the electroaicollimation of 511 keV beam and PMT signal
processing in bench top data acquisition NIM Electonics. The single channel PMT (SC PMT) and
“Na source are placed on a translation table showm idotted rectangle that is attached to a 2-axis
translation stage.

The response of the 10 cm long crystals for variewching band patterns versus

irradiation position was determined by irradiatithge crystal at nine discrete locations
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separated by 1 cm each. The beam was estimated2d® lmm wide on the surface of the
crystal based on the 2 mm size of the crystal dsedhe collimating detector and the
0.25 mm source size. The beam width was not cauefcr*“Na positron range.

At each irradiation position, events were colledi®d1500 seconds, or about 10000
counts per position. For each event, the totalaifnom each of the two PSPMTs was
digitized and is referred to as signals PMT1 andTRM The total number of detected

coincidence events at each irradiation position igasrded for each banding patterns.

6.3.1.3Data Analysis

A summed energy spectrum was obtained for each lpemition by summing the
two PMT signals (PMT1+PMT2). The relative light kealtion efficiency at each
irradiation position was evaluated by measuringldication of the 511 keV photopeak in
the summed energy spectra. The energy resolutigrcalaulated as the full-width at half
maximum (FWHM) of the 511 keV photopeak for eacimgwed spectrum by fitting a
Gaussian function to the photopeak. For each eteatatio PMT1/(PMT1+PMT2) was
calculated to determine the axial location of therg. The ratio signal for all the events
at each location was histogramed and each ratimidison peak was fitted with a
Gaussian function to determine the peak centrodltae FWHM of each profile. The
peak centroid that gives the mean ratio for eadation is plotted versus irradiation
position and the ratio response is fitted with adtidegree polynomial. The spatial
resolution of the detector in the light sharingedtion is estimated as the FWHM of the
ratio profile at each position divided by the slagehe plot of ratio signal vs. position at
each irradiation position. The light output, energsolution and spatial resolution were

determined for each banding patterns and surfagatnient and the results were
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compared with those of the polished crystal withetehing bands. The data analysis was
automated using scripts written in Matlab (The Meddrks, Inc., Natick MA). As the
collimated beam width was estimated to be 2.5 msetban the 2 mm crystal width and
0.25 mm source size, the axial spatial resoluti@iemhnined in this study was
deconvolved with the beam width to obtain the spatial resolution using the following

relation:

2 _p2 2
Rmeas— Rtrue + Rbean (1)
whereRyeadS the measured spatial resoluti®gyeis true spatial resolution afeam

is the width of the electronically collimated 51é\kphoton beam.
6.3.2 DETECT2000 Monte Carlo Simulation

6.3.2.1Modeling of smooth crystals and etching band patter

Monte Carlo simulations of the scintillation liglhtansport in our detector crystals
were performed using the simulation code DETECT2M0isanet al 2000). Our focus
in this work was to determine the DETECT2000 sirmafaparameters required to give
good agreement with our measured data in ordeetehmark the simulation for this
detector geometry and allow the future use of Mddélo simulation in refining our
detector designs. For the smooth surface i.e. witlamy etching bands, the POLISH
model of DETECT2000 was used with a reflectivity @95 to simulate Teflon as an
external air-coupled diffuse reflector around a 2 x 100 mni LYSO crystal with a
refractive index of 1.82 and decay time of 40 rtse €nds of the crystal were modeled as
POLISH without any reflector. For the etching baralterns created on the crystal as

described in section 2.1.1, the UNIFIED model véthiffusive lobe constant (DL) of 1,
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representing the probability of internal Lambertraflection, and a reflectivity of 0.95

was used to simulate Teflon as an external diffeflector. The UNIFIED model allows

simulating non-uniform roughness of a surface, sashetching ground bands in this

study, through a Gaussian distribution of angleveen the mean surface normal and a

micro facet normal. For the smooth components efefthed crystal, the same POLISH

model used for the case of smooth crystal withfecevity of 0.95 was applied. The

details of these DETECT2000 optical models can dend in the reference manual

(Moisanet al 2000). The different detector parameters and DETEOO0 models used in

the simulation study are summarized in Tables 6dl@2, respectively.

Table 6.1 The physical parameters and their valuegsed in DETECT2000 simulation.

Parameter Value
LYSO refractive index 1.82
Light yield for 511 keV photon 10000
LYSO decay time 40 ns
Reflectivity of Teflon 0.95
Reflectivity of ESR 0.985
Optical grease refractive index 1.463
Optical grease thickness 0.3 mm
Borosilicate PMT window refractive index 15
Borosilicate PMT window thickness 0.8 mm
Borosilicate window area 23.5x23.5 hm
PSPMT area 23.5%x23.5 mrh

Table 6.2 The DETECT2000 models used in simulatiofor different crystal surfaces and etching

band conditions

Crystal surface/band conditign

DETECT2000 Modelduse

Smooth surface

POLISH

Smooth surface with ESR

METAL, reflectivity of 0®8&r glued-ESR

Rough band components

UNIFIED, DL 1, reflectivit@® for Teflon

Smooth components

POLISH, reflectivity 0.92 for@upled Teflon

PMT Cathode Surface

DETECT

Different combinations of light absorption attenaat length, | , and scattering

attenuation length,s, ranging from 75 — 1000 mm were tested throughukition. The
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value that best matched our experimental results dedermined to be 150 mm fbg.
This value was then used for all simulations. Toattering attenuation lengths, was
taken to be an infinite value and hence the attsonuaue to scattering was ignored in
these simulations. This gives a total bulk atteiomat ¢+ that is entirely due to the
absorption attenuation of light in the clear LYS@stal according to the following

relation:

t— (@)

The two PSPMTs at the ends of the crystal were teddey using the “DETECT”
finish on the surface of a 0.8 mm thick borosikcgtass window at each end having a
refractive index of 1.5. In DETECT2000, the “DETETIhish models the photocathode
surface of a PMT. The active area of the photoaihwas 23.5 23.5 mnf and the same
area was modeled for the glass window before th@ BMhode surface. The ends of the
crystals were coupled to the PSPMTs using 0.3 mitk tbptical grease having a
refractive index of 1.463. The long axis of thestay was aligned with the center of the
PMT at each end. The wavelength dependent quantiicreecy of the two PSPMTSs,
provided by the manufacturer, and the emissiontspecof LYSO (Zhanget al 2007)
were modeled as given in figure 6.4. The completaor geometry was modeled by
creating a total of 39 components for the etchiagdopatterns and the smooth parts of
the test crystal in the DETECT2000 input file. 100fptical photons were simulated at
the same depth of the crystal (i.e. central lon axX the crystal) for each 511 keV
photon interaction at each location, correspondinthe approximate number of optical

photons that we expect to be created for each 8Vlghoton interaction in LYSO. In
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order to achieve a good peak centroid of the raftitvo PMT signals, 10,000 511 keV
photons were simulated at each interaction positiothrough 9 cm in steps of 1 cm, in

the crystal.

Figure 6.4 Emission spectrum of LYSO (Zhanget al 2007) and quantum efficiency of PSPMT used
in simulation studies

A shell script was written in Linux for simulatirthe 10000 511 keV photons one-
by-one at each interaction position and storingéapling each simulation output data
(number of detected optical photons by each PMihattwo ends of the crystal). This
shell script also serves to insert a new seeddnrtput file for random number generator
in eachg photon-simulation (i.e. 10000 optical photons)atidition to smooth surfaces,
the following etching patterns were simulated f@&a2 x 100 mni crystal:

Etched bands on 1 side.

Etched bands on 2 opposite sides with the bantheisame axial location.
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Etched bands on all 4 sides with the bands indhsesaxial location.

The simulations were repeated for a 2 x 100 mni LYSO crystal with smooth
surface and etching band patterns on 1 and 2 dppesles and wrapped in Teflon
reflector. For this crystal, smooth surfaces wrappea glued-ESR reflector were also
simulated. A glue-coupled ESR reflector on smoatystal surfaces was modeled as
“METAL” with a reflectivity of 0.985 that gives apgcular reflector in DETECTZ2000.
The simulation for each crystal with banding pattesr smooth surfaces took
approximately 24 hours for all 9 interaction pasis on a 64 bit computer with a 3.00

GHz Quad processor (Intel(R) Core (TM)2 Quad CPB%O@ 3.00 GHz).

6.3.2.2 Effect of etching band size on spatial resolutidight output and energy
resolution

In order to study the effect of etching band simeeaergy and spatial resolution of
the crystal detector, band sizes of 0.6, 0.8, dn@ 3 mm were simulated for the etching
band pattern created on one, two and four longsasf of 3 3x 100 mniLYSO crystal.
The simulations in this case were carried out ushey same procedure described in

section 6.3.2.1.

6.3.2.3Simulation output data analysis

As in the case of measurements described in se6t®1.3, the sum of two PMT
signals (here the total number of optical photommdlected by the two PMTSs),
PMT1+PMT2, and the ratio, PMT2/(PMT1+PMT2), werdcoéated on an event-by-
event basis. Energy spectra were obtained fromstiva signal at each irradiation
position, allowing calculation of the photopeak ifos and energy resolution similar to

the method for the measured data. The ratio otwloePMT signals at each irradiation
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position was histogramed and the peak centroid ANMHM for each distribution was
calculated using Gaussian fitting to each distrdyupeak. The peak centroid or the mean
ratio signal was plotted vs. irradiation positimr €ach case and fitted with a piecewise
interpolation fitting. Spatial resolution in theghit sharing direction was obtained by
dividing the FWHM of each distribution peak by thepe of the tangent to the fitting
curve at each irradiation position. For each sitmha the results were compared with
the equivalent measured data set. The data analgsisautomated by writing scripts in

Matlab.
6.4 Results
6.4.1 Measured Data

6.4.1.1Spatial dependence of coincidence events for défgretching bands

The number of coincidence events at each irradhigimsition for each etching band
and the completely roughed surface of the 3« 100 mnf crystal are plotted in figure
6.5. It should be kept in mind that during all theseasurement cases the CFD levels of
both PMTs were set just above the noise floor dedd settings remained constant for
each of these acquisitions. For the crystal with etiching bands, the number of
coincident events remained constant over the eldirgth of the crystal. For 2 etched
surfaces the number of coincidence events recasdedn-uniform over the length of the
crystal, having a parabolic shape with a maximunthi@ middle of the crystal. With
etching applied to an increasing number of surfalsisseffect becomes more pronounced
and there is a corresponding drop in the total remdf coincidence events recorded.

This effect was the largest for the crystal witre @ompletely rough surface, which had
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nearly zero coincidence counts at the irradiatiocations closest to the ends of the

crystal.
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Figure 6.5 The number of coincidence events at gaaradiation position recorded for different
etching bands and surface treatment for a 3x2x100 m® crystal.

This is because events close to the end of thetatrgse unlikely to result in
sufficient light collection in the distant PMT toqaluce a signal above the threshold of
the CFD. This effect can be better understood bgmeming the position dependent
energy spectra shown in figure 6.6. As the numibetahed surfaces increases, there is a
sharp drop in the amplitude of the photopeak indiseant PMT, resulting in a drop in the
number of events that generate a valid signal ablmeshold in both PMTs. In contrast,
at the center of the crystal (5 cm location) tlghtliis shared equally between the two
PMTs and thus is more likely to results in a cailecice event. It can be seen in figure 6.6
that the Compton continuum is highly attenuatedtlier 1 and 9 cm irradiation positions

for the case of two etched surfaces and is nobleisit all for the 1 and 9 cm irradiation
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positions for the case of four etched surfaces.s Tdemonstrates that the loss of
coincidence events preferentially affects the loemergy Compton scatter events while
largely preserving the number of photopeak eveatsttie case of up to two etched
surfaces. Similar results (not shown) were obtafoe@ x 2 x 100 mnT crystals.

lan S5an 9an

@

(b)

(©

(d)

Figure 6.6 Individual PMT1, PMT2 and sum PMT1+PMT2 spectra at 1, 5 and 9 cm position for
different surface treatment (a) no etching bands (bbands on one surface (c) bands on two surfaces
and (d) bands on four surfaces, corresponding to thcoincidence events behavior shown in figure 6.5.
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6.4.1.2Effect of different etching bands on spatial resadion, light output and energy
resolution

The ratio of two PMT signals PMT2/(PMT1+PMT2) aineidifferent irradiation
positions of the crystal was histogramed to seedikg&ibution of ratio signal at each
irradiation position. The distribution of the ratd two PMT signals at nine irradiation
positions for different ground band patterns andfase treatment and their
corresponding mean ratio signals plotted vs. ig@ain position are shown in figure 6.7.
The error bars show the FWHM of each ratio praditel the solid line in blue is a third
degree polynomial fitting to the data shown in @dlircles in each plot of right panel of
the figure. For the case of the crystal with smaotles (Figure 6.7(a)), the ratio profiles
show significant overlap, resulting in poor spatedolution. As shown in figure 6.8, the
spatial resolution for this case ranges from 5.2 atrthe ends of the crystal to 12.8 mm
at the centre, with an average of 9.1 mm over tip@gtions. The spatial resolution in
this case is symmetric about the central positioth ia a parabolic function of position.
The corresponding ratio-position plot shows aneasing slope at the end positions of
the crystal. In comparison, for even one etchethsar the ratio profiles of figure 6.7(b)
show significantly less overlap, resulting in arpnoved spatial resolution by a factor of
more than 2, with values that range from 3.7 mrthatends to 6.4 mm in the middle of
the crystal (Figure 6.8), with an average of 5.6.riime corresponding ratio vs. position
plot is linear. The cases of 2 and 4 etched swsfaglgown in figures 6.7(c) and 6.7(d),
were very similar to each other, with a mean spagaolution of 4.7 and 4.2 mm,

respectively, with decreasing slopes of ratio-posiplots at the end of the crystal.
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Figure 6.7 Left panel: The distribution of the ratio of two PMT signals at each irradiation position
for different surface treatments: (a) no etching bads (b) etching bands on one long surface (c)
etching bands on two long surfaces (d) etching basdn four long surfaces. Right panel: mean ratio
signals plotted vs. irradiation position corresponéhg to the cases in (a), (b), (c) and (d), respeatily.
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Figure 6.8 Spatial resolution in the light sharingdirection of Teflon wrapped 3 x 2 x 100 mrhlong
LYSO crystal as a function of position for differert ground bands and surface treatment

More importantly, the spatial resolution is neathynstant across the length of the
crystal as shown in figure 6.8. The ratio positmat for the case of one rough surface
(not shown) was very similar to the case of 4 bdrslefaces.

Figure 6.9 shows the 511 keV photopeak positionthef crystal with different
etching band patterns and surface treatment plasea function of irradiation position.
As expected, with etching applied to an increasmgnber of surfaces there was a
corresponding drop in light collection, as shownfigure 6.9. The case of one rough
surface showed considerably worse light collectiban even the case of 4 banded
surfaces. This drop in light collection efficienmgsulted in a degradation in the energy
resolution from 11.1 % for the smooth crystal to6®28 for the crystal with bands on 4
sides. The results for each case, including eneegplution and measured and true

spatial resolution, are summarized in Table 6.3.
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Figure 6.9 Light output as a function of irradiation position for different etching band patterns and
surface treatment of 3 x 2 x 100 mrhcrystals wrapped in Teflon.

While the case of one rough surface of the crygtale peak separation results
comparable to those obtained for the case of ejchamd patterns in two long surfaces,
with an average spatial resolution of 4.6 mm, ightloutput was greatly decreased as
shown in figure 6.9, resulting in an energy resolubf 15%.

Table 6.3 Energy resolution, measured spatial redgion and true spatial resolution for different
surface treatment averaged over nine irradiation psitions of the 3x 2 x 100 mn? crystal

Ener Measured spatial True spatial
Surface treatment rgy ) P resolution
resolution (%)| resolution Ryeag(mm)
Rirue (MM)

No etching bands 11.1 9.1 8.7
Bands on one surface 12.0 5.6 5.0

One surface rough 15.1 4.6 3.8
Bands on two surfaces 13.5 4.7 3.9
Bands on four surfaces 13.6 4.2 34
Interleavm_g bands on 122 49 3.4
two opposite surfaces

When the spatial resolution is corrected for tfer@m width of the 511 keV beam, a
best average resolution of 3.4 mm is obtained lier drystal etched on four sides and

represents an approximately 3-fold improvementaspared with the resolution of the
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smooth crystal. The same resolution of 3.4 mm eal#sined when interleaving bands
were created on only two opposite surfaces of tiistal with a better energy resolution
of 12.2% and more uniform distribution of coincidenevents in the crystal. Ax22 x

100 mnf LYSO crystal with coinciding etching bands on temposite surfaces also gave

similar results of 3.4 mm for spatial resolution.
6.4.2 DETECT2000 Simulation Results

6.4.2.1Effect of different etching bands on spatial resaion, light output and energy
resolution

Figure 6.10 illustrates a comparison of (i) measwaet and (i) DETECT2000
simulation results obtained for the distributiontbé ratio of two PMT signals at each
irradiation position for the different ground bapdtterns. In both the measurement and
simulation results, the dynamic ranges of the ratid the individual peak separation are
comparable. The spatial resolution results caledldtom the DETECT2000 results are
plotted in figure 6.11. There is an excellent agreet between the simulation results
seen in figure 6.11 and the measurement resultsrsim figure 6.8 for all the cases of
etching band patterns. For the smooth crystal, siheulation results gave a uniform
spatial resolution over the entire length of thegstal while the measured data showed a

parabolic dependence of spatial resolution on jposit

137



(i) Measurement (i) Simulation

Figure 6.10 Comparison of (i) measurement (left pzel) and (i) DETECT2000 simulation (right
panel) results for the distribution of the ratio of two PMT signals at each irradiation position for
different surface treatment (a) smooth crystal. (bone band (c) two bands and (d) four bands.
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Figure 6.11 Spatial resolution in the light sharilg direction of a Teflon wrapped 3x 2 x 100 mn?
long LYSO crystal as a function of position for diferent ground bands and surface treatment
obtained from DETECT2000 simulation.

Despite these differences, the average spatiallutests for the simulated and

measured data are comparable in this case, as shdvable 6.4.

Table 6.4 Energy resolution, measured spatial region and actual spatial resolution for different
surface treatment averaged over nine irradiation peitions of the 3x 2 x 100 mn? crystal — a
comparison of measurement and simulation results

Surface Energy resolution (%) Spatial resolution (mm)
treatment Measuremen{  Simulation Measurement Simulation
Nobetchlng 11.1 78 0.1 104

ands
Bands on one 12.0 g2 5 6 .
surface ' ' . .
Bands on two 13.5 87 47 47
surfaces ' ' . .
Bands on four 13.6 103 49 41
surfaces ' ' : :

Despite widely varying the parameters of the DETEBQIO simulation we were not

able to recreate the parabolic shape of the medspagial resolution data for the smooth
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Teflon wrapped 3 2 x 100 mnf crystal. Similar behavior (not shown) was obserfaed
the case of a 2 2 x 100 mni smooth LYSO crystal wrapped in a glued-coupled ESR
reflector, where the average simulated spatialluéso of 7.13 mm agreed very well
with the measured average value of 7.16 mm.

The photopeak position for different etching baradtgrns and surface treatments
obtained from DETECT2000 simulation are plottedadasinction of irradiation position
in figure 6.12. As described in section 6.4.1.2thwetching applied to an increasing
number of surfaces there was a corresponding drdmft collection. The results of
energy resolution and spatial resolution averagest the nine irradiation positions for
different etching band patterns and surface treatmie3 x 2 x 100 mnf crystals obtained
from measurement and simulation are summarizedthhegen Table 6.4. Simulation
results showed that the spatial resolution imprdvech an average of 10.4 mm with no
surface treatment to 5.5, 4.7 or 4.1 mm for bangmtierns on 1, 2 or 4 surfaces,
respectively. The results showed an excellent ageeé in the spatial resolution for the
measured and simulated results for all etching bpaiterns. The energy resolution
obtained from the simulation results is consisteittétter than the measured energy
resolution; however this appears to have minimglaat in the spatial resolution results.
We would expect the better energy resolution fromgimulation than the measurement
because we did not vary the number of optical pitcreated for each event at each
interaction position on the long axis of the crysta. the full energy events
corresponding to 511 keV are considered in simutatiThe simulation results (not
shown here) for a 2 x 100 mnf crystal with smooth surfaces and etching bandepat

also showed an excellent agreement with the casrepg measurement results.
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Figure 6.12 Light output as a function of irradiaton position for different etching band patterns ard
surface treatment of 3x 2 x 100 mn? crystals wrapped in Teflon obtained from DETECT20®@
simulation.

6.4.2.2Effect of etc  hing band size on spatial resolutidight output and energy
resolution

Figure 6.13(a) shows the ratio distribution peaksi@e irradiation positions of a-3
2 x 100 mn? crystal with etching bands on its two oppositefaes when the etching
band size was 0.6 mm, 1 mm, 2 mm and 3 mm. Cléaelypeak separation is increasing
with increase of band size resulting in improveméntthe corresponding spatial
resolution for 0.6, 1and 2 mm band size, as showigure. 6.13(b), due to the light loss
with the increase in the band width as shown iareg6.13(c).

Table 6.5 also shows the effect of band size orettezgy and spatial resolution of a
3 x 2 x 100 mni LYSO crystal detector when the etching bands Wihd size ranging
from 0.6 — 3 mm were created on its one, two and fong surfaces in simulation
studies. In all the cases of etching bands, theadpasolution improves as the band size

is increased above 0.6 mm but begins to degradddédarger band sizes.
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Figure 6.13 (a) Ratio distribution peaks at ninerradiation positions of a 3x 2 x100 mn? crystal with
etching bands on two opposite surfaces for the eticty band size of 0.6 mm, 1 mm, 2 mm and 3 mm
(b) corresponding spatial resolution vs. positiondr 0.6, 1, 2 and 3 mm band size and (c) Light outpu
vs. irradiation position for 0.6, 1, 2 and 3 mm bad size.

For all band sizes the energy resolution degraligistly with the increase in band

width as expected due to the increased light logls the increase of band width. For
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example, in the case of two banded surfaces, tgaspesolution improves from 5.0 mm
for 0.6 mm band size to 4.0 mm for a band size ofifi, with corresponding energy
degradation from 8.4 % to 10.1 %. With a furthesr@ase in the band size to 3 mm for
this case, the spatial resolution starts deteriggahs shown in the table and figure
6.13(b). For the four-side banded crystal, theiapatsolution starts deteriorating even
for the 2 mm band size. These data suggest thaipt@um band size is in the 1-2 mm

range.

Table 6.5 Effect of band size on the energy and atial resolution of a 3x 2 x 100 mn? LYSO crystal
when the etching bands were created on its one, twand four long surfaces using DETECT2000
simulation program.

PN . :
Band size Energy resolution (%) Spatial resolution (mm)

(mm) 1 band| 2 bands 4 bands One bafdvo bands| Four bands

0.6 7.9 8.4 9.6 6.2 5.0 4.1

0.8 8.2 8.7 10.3 5.6 4.7 4.1

1 8.3 8.9 10.9 5.2 4.4 3.9

2 9.0 10.1 14.9 4.6 4.0 4.5

3 9.8 11.5 20.3 4.4 4.1 5.8

6.5 Discussion and conclusions

In this work we explored the effects of modulatthg light transport in initially
polished 3x 2 x 100 mni and 2x 2 x 100 mni LYSO crystals, readout at either end by
PSPMTs, by creating etched band patterns on orfeutoof their long surfaces. The
spatial resolution improved from an average ofrrhh with no surface treatment to 5.6,

4.7 or 4.2 mm for banding patterns on 1, 2 or 4as@s, respectively. As expected, the
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total light collected decreased with increasing hanof roughed surfaces, resulting in a
decrease in the energy resolution from 11.1% FWidMlMte untreated crystal to 12.0%,
13.5%, and 13.6% for the patterns on 1, 2, and#aes, respectively. When the spatial
resolution is corrected for the beam width, weneate the resolution for the case of 4
banded surfaces to be 3.4 mm FWHM. The same spasalution of 3.4 mm was
obtained when interleaving bands were created dy wvo opposite surfaces with a
better energy resolution of 12.2% suggesting tlhat interleaving bands are more
effective in modulating the light transport, resut in an improved resolution. An
advantage of the interleaved banding pattern it tthere is better uniformity of event
rates across the length of the crystal as comparéte banding pattern on all four long
surfaces, which gave relatively few events aboiggér threshold at the ends of the
crystal. For this reason, it is unlikely that a @@y pattern on all four sides would be
used in practice. A 2 2 x 100 mni LYSO crystal with coinciding etching bands on two
opposite surfaces also gave similar results fotia@pand energy resolutions, showing
that the improvements in spatial resolution candadized for a range of crystal sizes.

We expect that using the banding pattern for oetector modules will not
compromise the sensitivity of the detector, sirfee lbss of events due to decrease light
collection primarily affects lower energy eventstive Compton continuum. In addition,
etching the banding pattern on two sides ofx&22 100 mni LYSO crystal resulted in a
loss in mass of 0.02 g for the 2.85 g crystal, egtgg that there will not be significant
loss in sensitivity due to loss of volume of sdiator material.

As the beam location is always centered at thieeetdands on the crystal in our

measurement and simulation, we did a simulatioonat location by centering the beam
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at 1.25 cm from the edge to see if there is anyghan the intensity of light. We obtain
the ratio distribution peak at this location havthg similar shape and width as we obtain
before at 1 cm centered at the etched band.

There is excellent agreement between the measutesanenDETECT2000 Monte
Carlo simulation results obtained for differenthetg band patterns. By validating this
simulation against our measured results we wilabke to use this simulation to predict
the performance of a complete detector module demigl optimize both the spacing and
size of the etched pattern on the crystals. Tha psocess best suited for simulation due
to the high cost of the scintillator crystals ugethis work.

The promising improvement in spatial resolutioneslied both in measurement and
Monte Carlo simulation of this study fulfils thegiign criteria of our proposed compact
preclinical PET system based on axially-orientedl-guinded readout detectors. In future,
we will investigate approaches of irregular spaadghe bands along the length of the
crystal, with the aim of constructing a completéedeor module for use in our proposed

compact preclinical PET system.
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Chapter 7 Discussion and conclusion

7.1 Discussion

On our road to the development of a highly compaxt portable preclinical PET
imaging system, we have optimized the light coitectof our dual-ended readout
axially-oriented detectors, based on 100 mm lon&OYcrystals readout at both ends by
PMTs, for spatial and energy resolution through oié) different reflector materials
and (ii) surface treatment of the crystals. In tdiector studies, a spatial resolution of 7
mm was achieved for an ESR covered crystal. Thetiapresolution was further
improved to 3.4 mm (corrected for the beam widtljith a corresponding energy
resolution of 13.6% when systematic etching banieps were created on four long
surfaces of 3 x 2 x100 niYSO crystals wrapped in Teflon tape through eipental
studies on surface treatment and ground bandingrpat The same spatial resolution
was obtained when interleaving bands were createahty two opposite surfaces with a
better energy resolution of 12.2% suggesting tih&t interleaving bands are more
effective in modulating light transport, resultimgan improved resolution in this case.

These experimental results were used to benchmarkeMCarlo simulations for our
particular detector geometry performed with thegpaon DETECT2000 for optical
photon transport within the crystals. We were tharle to use the benchmarked
DETECT2000 software for predicting the performanté®anding patterns that were not
investigated experimentally. By benchmarking thisiwdation against our measured
results we are now able to use this simulationrealigt the performance of a complete

detector module design and optimize both the sgaand size of the etched patterns on
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the crystals, as this is a process best suitedgifoulation due to the high cost of the
crystals used in this extensive work.

The promising improvement in spatial resolution thre light-sharing direction
observed both in the experiments and Monte Canulgitions fulfils the design criteria
of our proposed compact preclinical PET system dbase axially-oriented dual-ended
readout detectors. The approach of orienting tlystals in the axial direction in this
design reduces the overall radial extent of theaet ring and associated electronics
and, hence, can fit into a bio-safety cabinet fecpnical studies or alternatively on a lab
bench top for research activities. This orientatbthe crystals also removes the parallax
error or resolution degradation, found in PET witdially oriented crystals, and
increases the sensitivity of the system by usingelarystals thereby making the spatial
resolution and sensitivity inherently independeanf each other.

Our experimental results showed that the coinci@itcfping band patterns created on
only two opposite surfaces of a 2 x 2 x100 inieflon-wrapped LYSO crystal,
compared to the bands created on four long surfaées 3 x 2 x100 mrhcrystal,
resulted in a corrected spatial resolution of 3m.Mherefore further investigation on the
size and spacing of bands for further improving gpatial resolution will be carried out
on 2 x 2 x100 mrLYSO crystals by creating bands on only two opfeosirfaces, with
the goal of using this dimension of crystal in #@nstruction of a complete detector
module for use in our proposed compact preclifRtal’ imaging system.

In our light collection optimization work througtse of different reflector materials,
a spatial resolution of about 7 mm was achievedafoESR covered 2 x 2 x100 rim

smooth-crystal. Therefore with an ESR-coupled 2 x1P0 mni banded-crystal in a
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future experimental study, we expect a further mepment in the spatial resolution
achieved in the case of a Teflon-wrapped bandestarafter optimization of both the
band spacing and size through simulation and suiesely validated in experiment.
Although we have used the “Metal” model of DETECTQ0to simulate a specular
reflector such as ESR optically coupled to smooitiases of a 2 x 2 x100 mnYSO
crystal, DETECT2000 can not model a specular raegte(ESR) optically coupled to
rough or ground crystal surfaces. Therefore thenoped crystal banding patterns for
spacing and size to achieve the best possibleutesolof a Teflon-wrapped crystal
through simulation could then be coupled to an E&fRector for an experiment to see if
the resolution could further be improved as weexgecting.

In the calibration part of our project, we haveilmated our dual-ended readout of
axially-oriented 100 mm long LYSO crystals for usethe compact PET system using
collimated irradiation and uniform flood-irradiatiomethods. The robustness of the
uniform irradiation method was examined for a vigref source configurations including
point source, line source and intrinsic radioatiaf LYSO in addition to examining its
utility and limitations in the presence of unbaledaetectors. The calibration for each
configuration was carried out to establish an ameurelationship between the ratio of
two PMT signals and the axial position of interantithat could then be used for
encoding the axial position of interactions of indual detected annihilation events
based on the ratio of their two PMT signals duRi§l imaging. An excellent agreement
was found between the two methods for the balarmbetctors. For the case of
unbalanced detectors, the agreement between thengtloods is only achieved if the

trigger threshold energies of the two PMTs wereustgjd to give similar single-event
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rates in both PMTs during uniform flood irradiatidmplementation of this method will
significantly simplify the calibration of our duahded readout detector modules,
especially for the cases of a large number of atysh a 2D crystal array in a detector of
our proposed complete scanner with a line souraavernight using the intrinsic LYSO

radioactivity.

7.2 Future directions

This section describes where the project work ballgoing in future. In this regard,
a few directions and guidelines based on the wankedin this project are proposed.
These include the optimization of inter-band spgaas well as the corresponding band
size for further improvement in axial spatial regmn, timing properties of dual-ended
readout axial detector for possible TOF-PET appibea with DOI information, and
construction of two detector modules based on élalts of single crystals, as described

in the following sections.

7.2.1  Optimizing inter-band spacing and related band size

After benchmarking the DETECT2000 Monte Carlo siatioins for our particular
detector geometry against our experimental resuitsare now able to predict the
performance of banding patterns on the crystalst there not investigated
experimentally. Therefore, in the future, this weduld be extended to optimize both the
spacing and size of banding patterns created ins#ime axial locations (coinciding
bands) and with the locations interleaved (intetileg bands) on only two opposite
surfaces of 2 x 2 x 100 ninbYSO crystals, with the goal of further improvisgatial

resolution in the axial direction. An axial spatm@solution of better than 3 mm is
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expected in this work. After refining the detectdesign with the benchmarked
DETECT2000 simulation, one would subsequently de &bpredict the performance of

a complete detector module before the actual mddwenstructed.

7.2.1.1Coinciding etching band patterns
To optimize the inter-band spacing for the bandsiad in the same axial locations
on the top and bottom surfaces of 2 x 2 x 100°raNSO crystals, the following three
configurations, also shown in figure 7.1, are prxgzb
Etching bands from 1 cm through 9 cm with 1 cm bgpakcing (Figure 7.1(b))
Etching bands from 2 cm through 8 cm with 2 cm bgyacing (Figure 7.1(c))

Etching bands from 2 cm through 8 cm with 3 cm spadFigure 7.1(d))

(a

(b

Figure 7.1 Schematic of coinciding etching bandatterns on top and bottom surfaces of a 2 x 2 x
100 mn? crystal with varying band spacing and band width &) etching bands from 1 cm through 9
cm with 0.5 cm band spacing (b) etching bands frorh cm through 9 cm with 1 cm band spacing (c)
etching bands from 2 cm through 8 cm with 2 cm bangpacing and (d) etching bands from 2 cm
through 8 cm with 3 cm band spacing

The bands should be symmetric about the centratigog5 cm) of the crystal in all

the above mentioned configurations of etching bamtse band sizes of 0.6, 0.8, 1, 2 and
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3 mm could be simulated for each of the above ctssse their effects on energy and
spatial resolutions and hence determine the optithirand size and spacing for the best
possible spatial resolution in this study. The datians would be carried out using the

procedure described in section 3.3.2.

7.2.1.2Interleaving bands
To optimize the inter-band spacing for the etchiragd patterns with the band
locations interleaved created on the top and botorfaces of 2 x 2 x 100 mirhYSO
crystals, the following three configurations, atdmwn in Figure 7.2, are proposed:
Etching bands from 1 cm through 9 cm with 1 cm bspakcing (Figure 7.2(b))
Etching bands from 2 cm through 8 cm with 2 cm bsyacing (Figure7.2(c))

Etching bands from 2 cm through 8 cm with 3 cm spadFigure 7.2(d))

(b)

Figure 7.2 Schematic interleaved etching band pattns on top and bottom surfaces of a 2 x 2 x 100
mm? crystal with varying band spacing and band width &) etching bands from 1 ¢cm through 9 cm

with 0.5 cm band spacing (b) etching bands from 1nc through 9 cm with 1 cm band spacing (c)

etching bands from 2 cm through 8 cm with 2 cm bangpacing and (d) etching bands from 2 cm

through 8 cm with 3 cm band spacing
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The bands would be symmetric about the centraltipos(5 cm) of the crystal in
each configuration. Again, the band sizes of 0.8, 0, 2 and 3 mm could be simulated
for each of the above cases to see their effecten@ngy and spatial resolutions and
hence optimize the band size and spacing for tls¢ pessible spatial resolution. The

simulations would be carried out using the procedlgscribed in section 3.3.2.

7.2.2  Timing resolution of long axial crystals

The timing resolution (or timing accurady) of a TOF-PET scanner is measured as
the FWHM of the response function of time differenia arrival of two annihilation
photons detected in coincidence by two oppositealet crystals in the detector ring.
This timing resolution is then used to determinsifpen information of the annihilation
event in TOF-PET. It depends on electronic timimgusts and scintillation crystals
properties such as size and decay time constdnt.scintillation crystals, annihilation
photons travel at the speed of light (c) in a gttapath while the optical photons travel
with a reduced speed of c/n, where n is the refimandex of crystals. The optical
photons travel in a straight path but are reflecteshy times in small cross-sectional area
in scintillation crystals, resulting in a furthexduction in the speed. This means that the
propagation speed required for the overall timiagofutionDT of a TOF-PET scanner
becomes slower after the annihilation photons areerted into the optical photons at a
particular depth-of-interaction (DOI) inside theg/stals. DOI information can be used to
examine this intrinsic timing error (contributing the overall timing resolution) due to
the difference in propagation speed of annihilapbotons and optical photons inside the
scintillation crystals. Therefore, there is an @asing interest to correct this timing walk

as a function of interaction position (irradiatipsition) in the crystal through DOI
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measurement in TOF-PET. This improves the timinguescy (133), resulting in
improved gain in sensitivity (or signal-to-noisdiof of TOF-PET because of the fact
that the relative gain in sensitivity is inversgbyoportional to the overall timing
resolution of the scanner (134). Although the aurfEOF-PET systems have a timing
resolution of around 300 ps which is not enoughtlierDOI to have a considerable effect
(135), however, as the timing resolution signifitanprogresses to ~100 ps DOI
information for timing walk correction becomes aminent factor (77).

We have been working on balancing the axial resmiuidnd energy resolution in the
optimization of light collection work through usé different reflector materials and
surface treatment or banding patterns. Now forpgbssible TOF-PET applications of
dual-ended readout axial detectors based on fasbaght LYSO crystals, the problem
of balancing axial resolution and timing resolutould be very interesting and could
well be examined using methods similar to thosecrilesd by Spanoudaki and Levin
(135) where they investigated the temporal resmiutimits of scintillation detection
from pixilated elements through experiment and é&ten. The benchmarked
DETECT2000 model of our scintillation crystals witie roughed bands on them could
be used for studying the timing properties of thdsgectors. This simulation could be
used for examining the optical photon arrival tipreperties at the ends of the crystal.
What timing pickoff approach will give the best timg signal could be modeled in

simulation and then examined in experiment.

7.2.3 Design and construction of two axially encoded dettgr modules

Based on the results obtained from measurememtssimmulations with single

crystals, two detector modules can be construeach consisting of an array of the 100
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mm long LYSO crystals read out at both ends by PE®MPreliminary designs can
examine 10 x 5 arrays of crystals (about 20 x 10°rwtal) wrapped in the optimal
reflector material and subjected to the optimalfexg treatment and banding pattern
determined. These arrays will be coupled to thENWEs at both ends. These detector
modules will be evaluated by measuring their enaepplution and spatial resolution
similar to the methods used for evaluating the eriogs of the single crystal detectors.
To study the inter-crystal scatter (cross-talk) atsdeffect on resolution, an angular
collimated beam o*Na could be used to irradiate the detector moditiese results will
be compared with those of normal incidence beaadiation investigated before. The
individual crystals in the detector module will lgentified with flood histograms using
crystal lookup table in these studies.

The two modules will be operated in coincidence enfmi measuring their intrinsic
spatial resolution and timing performance. Foriisic spatial resolution, #Na source
will be placed midway between the modules and bellmoved in steps perpendicularly
to a line joining the two modules and coincidencergs will be recorded. The FWHM of
the response of coincidence events with sourcdipogpoint spread function) will give
the intrinsic spatial resolution of the detector dules. For the timing resolution
measurement, the source will remain stationary éetwthe modules operated in
coincidence. The timing resolution will be measuesdthe FWHM of the response of
coincidence events function of the two modules af@er in coincidence. GATE
simulations can be used at this stage to validwdset results and predict the performance

of a complete compact PET scanner based on thiksreshieved so far.
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7.3 Conclusion

A promising improvement in spatial resolution inethight-sharing direction of
axially-oriented dual-ended readout detectors base@l00 mm long LYSO crystals has
been achieved through use of different reflectotemi@s and surface treatment or
banding patterns in this project. This fulfils thesign criteria of our proposed compact
preclinical PET system. Orienting the crystals hie txial direction in this design will
enable the system to fit into a biosafety cabioetpireclinical studies or on a lab bench-
top for research activities. This also removesphellax error or resolution degradation
and increases the sensitivity of the system bygu$ange crystals. The benchmarked
DETECT2000 simulation for our unique detector getynegainst our experimental
results can now be used to predict the performaheecomplete detector module design
and optimize both the spacing and size of the dtplatterns on the crystals as well as for
other PET applications. The implementation of flewddiation method in our proposed
PET will provide a simple axial-positioning calibicm with a single measurement. The
method will significantly simplify the calibratioof these dual-ended readout detectors in
a complete scanner with a line source or overniging the intrinsic LYSO radioactivity.
A few future directions and guidelines based onwluk we have done so far in this
project are proposed such as possible TOF-PETcgpiolihs of these dual-ended readout

axially-oriented detectors based on fast and btiyf80O crystals.
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Appendices

Appendix A

LabWindows code for 2-axis translation stage moverni@ the experimental setup

Il Title: Translation stage motion coftro
/I Purpose: 2-axis translation stage movement in experimentakesup
/I Created on: 8/31/2009 at 9:47:11 AM by FazaRehman.

/I Include files

#include <rs232.h>

#include <utility.h>

#include <cviddc.h>

#include <analysis.h>

#include <ansi_c.h>

#include <cvirte.h>

#include <userint.h>

#include "toolbox.h"

#include "math.h"

#include <NIDAQmMx.h>

#include <formatio.h>

#include "samplel.h"

static DDCFileHandle FileHandle;
static DDCFileHandle FileHandle;
static intpanelHandel;

/l Static global variables
static int panelHandle;

/I Global functions

void menu(void);

void check_spelling(void);
void correct_errors(void);
void display_errors(void);

/I The main function

int main (int argc, char *argv|[])
{
int error = 0;
double countingtime;
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[* initialize and load resources */

OpenCom(2,"COM2"); dens the com port
nullChk (InitCVIRTE (0, argv, 0));

errChk (panelHandle = LoadPanel (0, "sampl€1l.BANEL));

/* display the panel and run the user interfdce
/lerrchk (GetPanelMenuBar (panelHandle));

errChk (DisplayPanel (panelHandle));

errChk (RunUserlInterface ());

Error:
[* clean up */
DiscardPanel (panelHandle);
return O;

}

/Il Exit when the user dismisses the panel.

int CVICALLBACK panelCB (int panel, inevent, void *callbackData,
int eventDatal, int eventData?2)
{

if (event == EVENT_CLOSE)
QuitUserlInterface (0);
return O;

}

int CVICALLBACK QuitCallback (int panel, int contipint event,
void *callbackData, int eventDatal, int eventData?2)
{

switch (event)

{
case EVENT_COMMIT:

QuitUserInterface(0);

break;
case EVENT_RIGHT _CLICK:

MessagePopup ("QUIT Button", "Thigtba will exit the program™);

break;

}

return O;
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/I 2-axis translation stage movement in experimentakesup

//[ComWrt(2,"F,C,S1M600,I11M500,R",20); // down
[[ComWrt(2,"F,C,S1M600,11M-500,R",21); // up
//[ComWrt(2,"F,C,S2M600,12M500,R",20); // right
//[ComWrt(2,"F,C,S2M600,12M-500,R",21); // left
//[ComWrt(2,"F,C,S1M4500,I11M-0,S2M4500,I12P11M36700,12M25950,R",52);

int CVICALLBACK MovelLeft (int panel, int controlint event,
void *callbackData, int eventDatal, int eventDataZ2)

char abcf[]="F,C,S2M3000,I2N000,R";
switch (event)

{
case EVENT_COMMIT:
ComWrt(2,"F,C,S2M3000,12M-500,R",21);

/l'left  The COM port should be opened usinge@Com(2, "COM2"); in the
main() programe before the execution of the abtatesient

break;
case EVENT_RIGHT_CLICK:

MessagePopup ("Move leftButton”, "This button wilbve motor 2 in the left by 500
steps");

break;
default;

break;

}

return (0);

}

int CVICALLBACK MoveRight (int panel, int controint event,
void *callbackData, int eventDatal, int eventData?2)
{

switch (event)

{
case EVENT_COMMIT:
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ComWrt(2,"F,C,S2M3000,12M500,R",20)/ right
break;
case EVENT_RIGHT_CLICK:

MessagePopup ("Move right Button", "This buttonlwnlove motor 2 in the right by 500
steps");

break;
default:
break;
}
return (0);

}

int CVICALLBACK MoveUp (int panel, mt control, int event,
void *callbackData, int eventDatal, int eventi®)
{

switch (event)
{
case EVENT_COMMIT:
Comwrt(2,"F,C,S1M3000,11N00,R",21); // up
break;

case EVENT_RIGHT_CLICK
MessagePopup ("Move up Button", "This button withve motor 1 in the upward
direction by 500 steps");

break;
default:
break;
}
return O;

}

int CVICALLBACK MoveDown (int panel, int controlnt ewent,
void *callbackData, int eventDatal, int event23ta
{

switch (event)
{
case EVENT_COMMIT:
ComWwrt(2,"F,C,S1M3000,I121M500,R",20); //down
break;

case EVENT_RIGHT_CLICK:
MessagePopup ("Move down Button", "This button witbve motor 1 in the downward
direction by 50Gsteps");
break;
default:
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break;

}

return O;

void CVICALLBACK MotorMovement (int menuBar, imhenultem, void
*callbackData, int panel)

{

inti;

switch(menultem)

{
case MENUBAR_MOVE_MOTOR1_MOVEUP:

Comwrt(2,"F,C,S1M3000,11800,R",21); // up
break;

case MENUBAR_MOVE_MOTOR1_MOVEDOWN: fowdn
ComWwrt(2,"F,C,S1M3000,11M500,R",20);
break;

case MENUBR_MOVE_MOTOR1_SETTOZEROUP:// Set to zero (up)
Comwrt(2,"F,C,S1M3000,I11M-0,R",19);
break;

case MENUBAR_MOVE_MOTOR1_SETTOMAXDOWN: // set to ma
(down)

ComWrt(2,"F,C,S1M3000,I11M0,R",18);
break;

case MENUBAR_MOVE_MOTOR2_MOVERIGHT:
ComWrt(2,"F,C,S2M3000,12M500,R",20); // right

break;

case MENUBAR_MOVE_MOTOR2_MOVELEFT:
ComWrt(2,"F,C,S2M3000,I12M-500,R",21); /I left

break;

case MENUBAR_MOVE_MOTOR2_SETTOZEROLEFT: // Set v
(left)

ComWwrt(2,"F,C,S2M3000,I12\N;R",19);
break;

case MENUBAR_MOVE_MOTOR2_SETTOMAXRIGHT: // Setnwax
(right)

ComWrt(2,"F,C,S2M3000,12M0,R",18);
break;
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case MENUBAR_MOVE_MOTOR2_STARTIRRADIATION: // &tt
// bearadiation from 1 cm through 9 cm
ComWrt(2,"F,C,S2M3000,I12MxR",19);
Delay(10);

for (i=0; i<9; i++) {
ComWrt(2,"F,C,S2M3000,12M1000,R",22);

SetCtrlvVal (paelHandle, PANEL_POSITION, i+1);
SetCtrlVal (panelHandle, PANEL_STEP®00*(i+1));
Delay(5);

}

break;
default;
break;

}

int CVICALLBACK Mot2Settozero (nt panel, int control, int event,
void *callbackData, int eventDatal, int exPata?2)
{

switch (event)

{
case EVENT_COMMIT:

ComWrt(2,"F,C,S2M3000,12M-0,R",19); // Set MaZor

(horizot® zero
break;

case EVENT_RIGHT_CLICK:

MessagePopup ("Set to zero Button", "This buttahmove motor 2 to home position in
the left");

break;
default:
break;
}
return O;

}

int CVICALLBACK MotorlSetToZero (int panel, int ctrol, int event,
void *callbackData, int eventDatal, int eventData?2)
{

switch (event)

{
case EVENT_COMMIT:
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ComWrt(2,"F,C,S1M3000,11\;R",19);
break;
case EVENT_RIGHT_CLICK:

MessagePopup ("Set to zero Button", "This buttahmove motor 1 up to home
position™);

break;
default:
break;
}
return O;

}

int CVICALLBACK SetToMaxRight (it panel, int control, int event,
void *callbackData, int eventDatal, int eti@ata2)
{

switch (event)
{
case EVENT_COMMIT:
ComWwrt(2,"F,C,S2M3000,12M0,R",18);
break;

case FENT_RIGHT_CLICK:
MessagePopup ("Set to max Button”, "This buttor midve motor 2 to max position on
the right");

break;
default:
break;
}
retun O;

}

int CVICALLBACK SetToMaxDown (int panel, int cdrol, int event,
void *callbackData, int eventDatal, int event23ta
{

switch (event)
{
case EVENT_COMMIT:
Comwrt(2,"F,C,S1M3000,I11M0,R",18);
break;
case EVENT_RIGHT_CLICK:
MessagePopup ("Set to max Button”, "This buttorh midve motor 1 to max position
downward");
break;
default:
break;
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}

return O;

}

int CVICALLBACK Startlrradiation (int panel, int adrol, int event,
void *callbackData, int eventDatal, int eventData?2)
{

char
ninesteps[9][22]={"F,C,S2M3000,12M1000,R","F,C,S2PH®),12M2000,R","F,C,S2M30
00,12M3000,R","F,C,S2M3000,12M4000,R","F,C,S2M300/5000,R","F,C,S2M3000
,I2M6000,R","F,C,S2M3000,12M7000,R","F,C,S2M3000M2000,R","F,C,S2M3000,12
M9000,R"};
int i;
double countingtime;
double time;
double counter=0;
switch (event)
{
case EVENT_COMMIT:
Comwrt(2,"F,C,S2M3000,I12\N;R",19);
Delay(10);
for (i=0; i<9; i++)
ComWwrt(2,"F,C,S2M4000,12M2000,R",22);
GetCtrlVal(panelHandle, PANEL_TOTALTIME, &countingte);
ResetTimer (panelHandle, PANEL_TIMER);
time=Timer();
if(time<=countingtime){
SetCtrIVal(mnelHandle, PANEL_COUNTER,i+1);
SetCtrlVal(panelHandle, PANEL_TIMECONTRQime);}

SetCtrlvVal (panelHandle, PANEL_POSDN, i+1);
SetCtrlval (panelHandle, PANEL_STERBGQO*(i+1));
Delay(5);
}

break;

case EVENT_RIGHT_CLICK:
MessagePopup ("Start Irradiation Button”, "Thistbntwill start the irradiation of
collimated beam from 1cm through 9 cm™);
break;
default:
break;

}

return O;
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Appendix B Matlab scripts for data anailys

Matlab script for Individual PMT energy spectra

clear all

close all

datal=importdata( 'stepl’  );
data2=importdata( 'step2'  );
data3=importdata( 'step3'  );
data4=importdata( 'stepd’ );
data5=importdata( 'step5'  );
data6=importdata( 'step6' );
data7=importdata( 'step7'  );
data8=importdata( 'step8' );
data9=importdata( 'step9’  );
data={datal,data?,data3,data4,data5,data6,data7,dat a8,data9};

%Deleting the negative values in the data file%

for j=1:9
k=0;
stoppoint=size(data{j}(:,1));
for i=1:stoppoint(1)
if (data{j}(i,1)>0&&data{j}(i,2)>0) % Selection of positive values
only
k=k+1;
PMT{j}(k,1)=data{j}(i,1);
PMT{j}(k,2)=data{j}(i,2);
end
end
end

x=[0.025:0.05:4.975];

for i=1:9

figure

A=hist(PMT{i}(:,1),x);
B=hist(PMT{i}(:,2),x);

plot(x, A, 'LineWidth' ,2)

hold on

plot(x, B, red" , 'LineWidth' ,2)

xlabel( 'Energy (Amplitude) (V)' , 'fontsize' ,12, 'fontweight' ,'b'
ylabel( 'Counts' , 'fontsize' ,12, 'fontweight' , ')

title([ 'Energy spectra of individual PMT signals at ' , int2str(i),
irradiation depth’ ], ‘fontsize’ ,12, ‘fontweight' , b )

legend( 'PMT1' , 'PMT2')

end

)

‘cm
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% Matlab script for Sum PMT1+PMT2 energy spectra

close all
clear all

%9%%6%6%6%6%6%%% %% %% %% %% % % % %% %% %% %% %% %% %00
% Importing data files from Fazal's Folder to MATLA
%69%%%%%%%%%%%%% %% %% % % % %% %% %% %% %% %% %0
datal=importdata( 'stepl’ );

data2=importdata( 'step2'
data3=importdata( 'step3’
data4=importdata( 'step4’
data5=importdata( 'step5’
data6=importdata( 'step6’
data7=importdata( 'step?’
data8=importdata( 'step8' );

data9=importdata( 'step9’  );
data={datal,data2?,data3,data4,data5,data6,data7,dat a8,data9};

N N N N N N

for j=1:9
k=0;
stoppoint=size(data{j}(:,1));
for i=1:stoppoint(1)
if (data{j}(i,1)>0&&data{j}(i,2)>0) %Selection of positive values
k=k+1;
PMT{j}(k,1)=data{j}(i,1);
PMT{j}(k,2)=data{j}(i,2);
end
end
end

%%%6%%6%%%% %% %% %% %% % %% %% %% %% %% %% %0 %0 %0 % %888e8e8080886%6 %% %% %% %% %
% Summing both PMTs signals and plotting energy spe ctra %

%9%%6%%6%%%% %% %% %% %% % %% %% %% %% %% % %0 %0 %0 %0 % 8880808080886 %6 %% %% %% %% %
for i=1:9

sum{i}(:,1)=data{i}(:,1)+ data{i}(:,2);

[C, cplotaxis]=hist(sum{i},55);

figure

plot(cplotaxis, C, ‘Linewidth'  ,2);

xlabel( 'Energy (Amplitude) (V)' , 'fontsize' ,12, ‘fontweight' , b )
ylabel( 'Counts' , 'fontsize' ,12, ‘fontweight' , b )

title([ 'Energy spectrum of summed signal of two PMTs at ' ,

int2str(i), 'cm irradiation depth'’ ], ‘fontsize’ ,12, 'fontweight' , ')
end
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% Matlab script for Light output and energy resolution calculation from photo
peak using Gaussian fitting

close all
clear all

%9%%%% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %%
% Importing data files from Fazal Folder to MATLAB
%9%%6%6%%%%%%% %% %% %% %% % % %% %% %% %% %% %% %0
datal=importdata( 'stepl’  );

data2=importdata( 'step2'  );
data3=importdata( 'step3’  );
datad4=importdata( 'stepd’  );
data5=importdata( 'step5’  );
data6=importdata( 'step6' );
data7=importdata( 'step7'  );
data8=importdata( 'step8' );
data9=importdata( 'step9’  );
data={datal,data2,data3,data4,data5,data6,data7,dat a8,data9};

for =19

%%% %% %% %% %% %% %% %% %% %% %% % % %% %% % %% % %09
% Summing four digitized signals of each PMT if not
%%%% % %% % % %% %% %% % % %% % % %% % % %% % % %% % % %

%data{i}(:,9)=datafi}(:,1)+data{i}(:,2)+data{i}(:,3 )+dataf{i}(:,4);
%data{i}(:,10)=data{i}(:,5)+data{i}(:,6)+data{i}(:, 7)+data{i}(:,8);

%9%%%%%% %% %% %% %% %% % %% %% %% %% %% %0
% Summing both PMTs signals %
%9%%6%%%%%% %% %% %% % % %% %% %% %% %% % %0

data{i}(:,3)=data{i}(:,1)+ data{i}(:,2);
end

%9%%6%%%%%% %% %% %0 %% % % %% %% %% %% %% % %0 %0 %0 %0 %0 988886 %% %% %% %% %% %0 %0 % %
% To calcultae Energy resolution and plottingenergy %

% spectra all together for 9 irradiation depths %

%9%%%%% %% %% %% %% %% %% %% %% %% %% %% % % % %0 %0 %0 988880 %% %% %% %** %% % % %0

% selection of photopeak — an example for 9 energy spectra
lowerthreshold=[2.974,2.226,2.347,2.106,2.089,2.124 ,2.161,2.282,2.762];
upperthreshold=[4.711,3.951,3.563,3.475,3.492,3.309 ,3.449,3.579,4.431];
for j=1:9

k=0;

stoppoint=size(data{j}(:,3));
for i=1:stoppoint(1)

if (data{j}(i,3)>lowerthreshold(j)&&data{j}(i,3)<upper threshold(j))
% Selection of photopeak events only where lower is left and upper is
right of each photopeak
k=k+1;
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sumresolution{j}(k,1)=data{j}(i,3);
PMT1photopeak{j}(k,1)=data{j}(i,1);
PMT2photopeak{j}(k,1)=data{j}(i,2);
end
end
end

figure
for i=1:9

X=0:0.001:10;

% Gaussian fitting to photopeak
[mu,sigma]=normfit(sumresolution{i});

y = normpdf(X,mu,sigma);

Max=max(y);

y = (1150/Max).*y; %for scalling

FWHM(i)= 2.35*sigma,;

Peak(i)=mu;
Energyresolu(i)=(FWHM(i)/Peak(i))*100;
Energyresolution(i,2)=Energyresolu(i);
Energyresolution(i,3)=Peak(i);

plot(X.y, red’

xlabel( 'Energy (Amplitude) (V)' , 'fontsize' ,12, 'fontweight' , ')

ylabel( 'Counts’ , 'fontsize' ,12, 'fontweight' , ')

title( '‘Gaussian fitting of Photopeak of summed signal of two PMTs
at 9 irradiation depths' , 'fontsize' ,12, ‘fontweight' , b )

hold on

[A, aplotaxis]=hist(sumresolution{i}(:,1));

Max=max(A);

A = (1150/Max).*A,;
plot(aplotaxis,A)

end

legend( 'Ocm' ,1cm' ,2cm' ,'3cm' ,4cm' ,'5cm' ,'6cm' ,'7cm' ,'8cm' )
hold

DOI=[1,2,3,4,5,6,7,8,9];

Energyresolution(;,1)=[1,2,3,4,5,6,7,8,9];

figure;

plot(Energyresolution(:,1), Energyresolution(:,2), '‘bo" )

axis([0 10 0 18))

xlabel(  'lrradiation depth (cm)’ , 'fontsize' ,12, 'fontweight' , ')
ylabel( 'Energy Resolution (%)’ , 'fontsize' ,12, 'fontweight' , ')
titte(  'Energy resolution as a function of irradiation dep th (crystal3-
1, LYSO+Teflon)' , 'fontsize' ,12, ‘fontweight' , b )

figure;

plot(Energyresolution(:,1), Energyresolution(:,3), o' )

axis([0 10 0 4))

xlabel( 'lrradiation depth (cm)’ , 'fontsize' ,12, ‘fontweight' , b )
ylabel( 'Light output (V)' , 'fontsize' ,12, ‘fontweight' , b )

titte(  ‘'Light output as a function of irradiation depth (c rystal3-1,
LYSO+Teflon)' , 'fontsize' ,12, 'fontweight' , b )
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% Matlab script for Polynomial fitting and spatial resolution — an example

close all
clear all

%9%%%%% %% %% %% %% %% %% %% % % %% %% %% %% %% % %0 %084
% Importing data files from Fazal Folder to MATLAB
%9%%6%6%%%%%%% %% %% %% %% % % % %% %% %% %% %% %%
datal=importdata( 'stepl’  );

data2=importdata( 'step2'  );
data3=importdata( 'step3'  );
datad4=importdata( 'stepd’  );
data5=importdata( 'step5’  );
data6=importdata( 'step6' );
data7=importdata( 'step7'  );
data8=importdata( 'step8' );
data9=importdata( 'step9’  );
data={datal,data2,data3,data4,data5,data6,data7,dat a8,data9};

for i=1:9

%9%6%6%6%%%%%%% %% %% %% %% % % %% %% %% %% %% %% %0
% Summing both PMTs signals and plotting energy spe
%9%6%6%6%%%%%%% %% %% %% %% % % %% %% %% %% %% %% %0

data{i}(:,3)=data{i}(:,1)+ data{i}(:,2);

end

%%%%%% %% %% %% %% %% %% %% %% %% % %% %% %% % % %0 %8R0 %6 %6 %6 % %% %% % %% %% %
% To calcultae Energy resolution and plottingenergy %

% spectra all together for 9 irradiation depths %

%%%%%% %% %% % %% % %% %% %% %% %% % %% %% % % % % %0 %8886 %6 %% %% % %** %% % % %0

lowerthreshold=[2.974,2.226,2.347,2.106,2.089,2.124 ,2.161,2.282,2.762];
upperthreshold=[4.711,3.951,3.563,3.475,3.492,3.309 ,3.449,3.579,4.431];
for j=1:9

k=0;

stoppoint=size(data{j}(:,3));
for i=1:stoppoint(1)
if (data{j}(i,3)>lowerthreshold(j)&&data{j}(i,3)<upper threshold(j))
% Selection of photopeak events only
k=k+1;
sumresolution{j}(k,1)=data{j}(i,3);
PMT1photopeak{j}(k,1)=data{j}(i,1);
PMT2photopeak{j}(k,1)=data{j}(i,2);
end
end
end

Colors=[ 'y ,'m",'¢ ,T ,'g ,b ,'k ,T™ ,b ]
figure;
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for i=1:9

photopeakratio{i}=PMT2photopeak{i}(:,1)./(PMT1photo peak{i}(:,1)+PMT2pho
topeak{i}(:,1));

%Average(i,2)=mean(ratio{i});

[D, dplotaxis]=hist(photopeakratio{i},55);

Max = max(D);

D=(1000/Max).*D;

%axes('FontSize', 14,'fontweight’,'b");

plot(dplotaxis, D, Colors(i), 'LineWidth' 2);

axis([0 1 0 1050])

xlabel( 'PMTL1/(PMT1+PMT2)" , ‘fontsize' ,12, ‘fontweight' ,'b )

ylabel( 'Counts' , 'fontsize' ,12, ‘fontweight' , b )

title(  'Signal ratio profiles at different irradiation dep ths (photopeak
events) - LYSO polished+Teflon (crystal3-

1)' , ‘fontsize' ,12, 'fontweight' , ')

hold on

end

%set(0, DefaultAxesColorOrder','y','m','c","r','g" b','K','r','y")

legend( 'lcm' ,2cm' ,3cm' ,'4cm' ,'5cm' ,'6cm' ,'7cm' ,'8cm' ,'9cm' )

%%9%%% %% %% %% % %% %% %% %% % %% %% %% %% % %% %% 0%%%

%%9%%%%% %% %% %% % %% %%

% To calcultae Signal Ratios and mean ratio and plo tting mean ratio

Gaussian fitting vs %

% irradiation depth all together for 9 irradiation depths

%

%9%%%%% %% %% %% %% %% %0%6 %% % %% %% %% %% %% %% %09 69%8%8%84848/0%% %%

%%%

%%%%%% %% %% %% % %% %% %% %% %% %% % %% %% % % %% %8 %%%%
% Refining further the distribution peaks for Gauss [

%%9%%% %% %% %% %% %% % %% %% % %% %% %% %% % %% % %0 %48

%%%%

lowercut=[0.2457,0.3102,0.3506,0.3902,0.424,0.4524, 0.4833,0.5277,0.6208
I
ppercut=[0.3577,0.4259,0.4965,0.5139,0.5565,0.5814 ,0.6108,0.6709,0.748
for j=1:9
k=0;

stoppoint=size(photopeakratio{j}(:,1));
for i=1:stoppoint(1)

if (photopeakratio{j}(i,1)>lowercut(j)&&photopeakratio {i}(i,1)<uppercut(
) % ratioprofile cut events only
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k=k+1;
photopeakratio{j}(k,1)=photopeakratiofj}(i,1 );
end
end
end

%9%6%6%%%% %% %% %% %% %% % %% %% %% %% %% %% %0 %0 %% % % % %% %% %% %% %
% Gaussian fitting of smooth ratio signals %
%9%%6%%6%%%% %% %% %% % % % %% %% %% %% %% %% %0 %0 % % % % % %% %% %% Yo

Colors=[ 'y ,'m',¢c ,'r ,'g ,b ,k ,7 ,b ]

for i=1:9
X=0:0.01:1;
[mu,sigma]=normfit(photopeakratiofi});
y = normpdf(X,mu,sigma);
Max=max(y);
y=(1000/Max).*y;
FWHM(i)=2.35*sigma;

Mean(i)=mui;
Average(i,2)=Mean(i) %mean(ratiophotopeak{i});
%axes('FontSize', 14,'fontweight’,'b");

plot(X.,y, ‘black’ )

xlabel( 'PMT1/(PMT1+PMT2)" , ‘'fontsize' ,12, ‘fontweight' , b )

ylabel( 'Counts’ , 'fontsize' ,12, 'fontweight' , ')

title( 'Gaussian Fitting of signal ratio profiles at diffe rent
irradiation depths (photopeak events)-LYSO polished +Teflon (Crystal3-
1) , ‘fontsize’ ,12, ‘fontweight' , b )

Average(i,3)=FWHM(i);

Average(i,4)=FWHM(i)/2;

hold on
end

legend( l7cm' ,2cm' ,3cm' ,'4cm' ,5cm' ,'6cm' ,'7cm' ,'8cm' ,'9
cm')

FWHM

Mean

hold
%%%% % %% %% %% %% %% % % %% % % %% % % %% % % %% % % %
% Polynomial fitting of the mean signal ratio vs ir
%%%% %% %% %% %% %% %% % %% %% %% % % % %% % %% % % %09

Average(1:9,1)=[1,2,3,4,5,6,7,8,9];
x=Average(1:9,1);

y= Average(1:9,2);
%average=mean(data(1:9,2))
E=Average(1:9,4);

vertical9=y(9)

figure

errorbar(x,y,E, o' )
%plot(x,y,'ro")

hold on

%xfit = linspace(x(1),x(end),1000);
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xfit = linspace(0,10,1000);
p = polyfit(x,y,3) % Compute conditioned fit
yfit = polyval(p,xfit);

%xfit = linspace(x(1),x(end),1000);
xfit = linspace(0,10,1000);

plot(xfit,yfit, b-' , linewidth’ ,2) % Plot conditioned fit vs. x data
ylabel( 'PMT1/(PMT1+PMT2)" , ‘fontsize' ,12, 'fontweight' , ')

xlabel(  'lrradiation depth (cm)’ , 'fontsize' ,12, 'fontweight' , ')
title(  'Signal ratio as a function of irradiation depth - Polynomial
fitting-LYSO polished+Teflon (Crystal3-

1) , ‘fontsize’ ,12, ‘fontweight' , b )

legend( 'measured data points' , 'Polynomial fit' )

%9%6%6%6%%%%%% %% %% %% %% % % % %% %% %% %% %% %% %0
%%
% To find the slope of the tangent to the polynimia
%
% irradiation point
%
%9%%%% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %%
%%
k=polyder(p)
for x=1:9
y=k(1)*x"2+k(2)*x+k(3) % dy/dx = k1x"2+k2x+k3
Average(x,5)=y;
DOIR(x)=Average(x,4)./Average(x,5);
Average(x,6)=DOIR(x)
end
hold
%9%%%%%% %% %% %% %% %% %% % %% %% %% %% %% %% %0 %0 %% % % %% %% %% %% %%
% Plotting DOI Resolution vs Irradiation depth %
%9%6%6%6%%%%%%%% %% %% %% % % % %% %% %% %% %% % %0 %0 %0 % % % % % %% % %** %%

%%%

%%%

figure

plot(Average(1:9,1),Average(1:9,6), o' );

ylabel( 'DOI Resolution (cm)' , 'fontsize' ,12, 'fontweight' , ')
xlabel(  'lrradiation depth (cm)’ , 'fontsize' ,12, 'fontweight' , ')
titte(  'DOI Resolution as a function of irradiation depth - from
polyfit-LYSO polished+Teflon (Crystal3-

1) , ‘fontsize’ ,12, ‘fontweight' , b )
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% Matlab script for piece-wise or spline fitting and spatial resolution — an example

close all
clear all

%%9%%%%%%% %% % %% %% %% %% % %% %% %% %% % %% % %0 %R

% %
% Importing data files from Fazal Folder to MATL AB structure %
%

%%9% %% %% %% %% % %% %% %% %% % %% %% %% %% % %% %%

%for i=1:9 %writing the segment of the code given below in a
loop for multiple files
%data{i}=importdata(['step',num2str(i)]);

%end

datal=importdata( 'stepl.dat’ );
data2=importdata( 'step2.dat’ );
data3=importdata( 'step3.dat’ );
datad4=importdata( 'step4.dat’ );
data5=importdata( 'step5.dat’ );
data6=importdata( 'step6.dat’ );
data7=importdata( 'step7.dat’ );
data8=importdata( 'step8.dat’ );
data9=importdata( 'step9.dat’ );
data={datal,data2?,data3,data4,data5,data6,data7,dat a8,data9};

for i=1:9

%9%6%6%6%%%%%%% %% %% %% %% % % %% %% %% %% %% %% %0
% Summing both PMTs signals and plotting energy spe
%9%%%% %% %% %% %% %% % %% %% % % %% %% %% %% %% % %%

sum{i}(:,1)=data{i}(:,1)+ data{i}(:,2);
end
%9%%%% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %%

% Calculating ratio signal and plotting distributio
%69%%%%%%%%%%%%% %% %% % % % %% %% %% %% %% %% %0

Colors=[ 'y ,'m" ,'¢ ,'T ,'d ,b ,k ,r ,b ]

figure;

for i=1:9

photopeakratiof{i}=data{i}(:,2)./((data{i}(:,1))+dat afi}(:,2));

%Average(i,2)=mean(ratiofi});

[D, dplotaxis]=hist(photopeakratio{i},20);
Max = max(D);

D=(1000/Max).*D;

%axes(‘FontSize', 14,'fontweight’,'n");
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plot(dplotaxis, D, Colors(i), 'LineWidth' 2);
axis([0 1 0 1050])

xlabel( 'PMT1/(PMT1+PMT2)' , ‘fontsize' ,12, 'fontweight' , ')

ylabel( 'Counts' , 'fontsize' ,12, 'fontweight' , ')

title(  'Signal ratio profiles at different irradiation dep ths (photopeak
events) - LYSO polished+Teflon' , 'fontsize' ,12, ‘fontweight' , b )

hold on

end

legend( 'lcm' ,2cm' ,'3cm' ,'4cm' ,'5cm' ,'6cm' ,'7cm' ,'8cm' ,'9cm’' )

%9%6%6%%%%%% %% %% %% %% % %% %% %% %% %% %% %0 %0 %0 % % % % %% %% %% %% %
% Gaussian fitting of smooth ratio signals %
%9%%%%% %% %% %% %% %0%0 %% %% %% %% %% %% % %% %% %% % % %% %% %% Yo

Colors=[ 'y ,'m',¢c ,'r ,'g ,b ,k ,7 ,b ]

for i=1:9
X=0:0.01:1;
[mu,sigma]=normfit(photopeakratiofi});
y = normpdf(X,mu,sigma);
Max=max(y);
y=(1000/Max).*y;
FWHM(i)=2.35*sigma;

Mean(i)=mui;
Average(i,2)=Mean(i); %mean(photopeakratiofi}); %
%axes(‘'FontSize', 14,'fontweight’,'n");

plot(X.,y, ‘black’ )

xlabel( 'PMT1/(PMT1+PMT2)" , ‘'fontsize' ,12, ‘fontweight' ,'b" )

ylabel( 'Counts’ , 'fontsize' ,12, 'fontweight' , ')

title( 'Gaussian Fitting of signal ratio profiles at diffe rent
irradiation depths (photopeak events)-LYSO polished +Teflon (Crystal3-
1) , ‘fontsize’ ,12, ‘fontweight' , b )

Average(i,3)=FWHM(i);

Average(i,4)=FWHM(i)/2;

hold on
end

legend( 7Tcm' ,2cm' ,3cm' ,4cm' ,5cm' ,'6cm' ,'7cm' ,'8cm' ,'9
cm')

FWHM

Mean

hold
%%%% % %% %% %% %% %% % % %% % % %% % % %% % % %% % % %
% Polynomial fitting of the mean signal ratio vs ir
%%%% %% %% % %% %% %% %% %% %% %% % % %% %% %% % % %09

Average(1:9,1)=[1,2,3,4,5,6,7,8,9];
x=Average(1:9,1);

y= Average(1:9,2);
%average=mean(data(1:9,2))
E=Average(1:9,4);
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vertical9=y(9)

figure

errorbar(x,y,E, o' )
%plot(x,y,'ro")

hold on

%xfit = linspace(x(1),x(end),1000);

xfit = linspace(0,10,1000); %linspace(0,10,1000);

pp = spline(x,y); %or pp=mkpp(x,y); % piece-wise or spline fitting
yfit = ppval(pp, xfit);

xfit = linspace(0,10,1000);

plot(xfit,yfit, ‘b, linewidth' ,2) % Plot conditioned fit vs. x data

ylabel( 'PMT1/(PMT1+PMT2)" , ‘fontsize' ,12, 'fontweight' , ')

xlabel( 'lrradiation depth (cm)' , 'fontsize' ,12, ‘fontweight' , b )

title(  'Signal ratio as a function of irradiation depth - Polynomial

fitting-LYSO polished+Teflon (Crystal3-

1)' , ‘fontsize’ ,12, 'fontweight' , ')

legend( ‘'measured data points' , 'Polynomial fit' )

%9%%%%% %% %% %% %% %% %% %% % % %% %% %% %% %% % %% 0%%%
%%

% To find the slope of the tangent to the polynimia [ curve i.e dy/dx at

%

% at each irradiation point

%
%9%%6%6%6%6%6%%%%%6%% %% %% % % % % %% %% %% %% %% % %%
%%

[breaks,coefs,l,k,d] = unmkpp(pp)

%%%

hold on

ccl = [coefs(1,1), coefs(1,2),coefs(1,3),coefs(1,4)
cc2 = [coefs(2,1), coefs(2,2),coefs(2,3),coefs(2,4)
cc3 = [coefs(3,1), coefs(3,2),coefs(3,3),coefs(3,4)
cc4 = [coefs(4,1), coefs(4,2),coefs(4,3),coefs(4,4)
cch = [coefs(5,1), coefs(5,2),coefs(5,3),coefs(5,4)
cc6 = [coefs(6,1), coefs(6,2),coefs(6,3),coefs(6,4)
cc7 = [coefs(7,1), coefs(7,2),coefs(7,3),coefs(7,4)
cc8 = [coefs(8,1), coefs(8,2),coefs(8,3),coefs(8,4)

’

I;
I;
I;
I
].
I;
I;
I;

ppl = mkpp([1 2],ccl);
pp2 = mkpp([2 3],cc2);
pp3 = mkpp([3 4],cc3);
pp4 = mkpp([4 5],cc4);
pp5 = mkpp([5 6],cc5);
pp6 = mkpp([6 7],cc6);
pp7 = mkpp([7 8],cc7);
pp8 = mkpp([8 9],cc8);

%Plotting each piecewise plot separately
% xx1 =1:0.1:2;

% plot(xx1,ppval(ppl,xx1),'r-"

% hold on
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% xx2 = 2:0.1:3;

% plot(xx2,ppval(pp2,xx2),'r-")
% hold on

% xx3 = 3:0.1:4;

% plot(xx3,ppval(pp3,xx3),'r-")
% hold on

% xx4 = 4:0.1.5;

% plot(xx4,ppval(pp4,xx4),'r-"
% hold on

% xx5 = 5:0.1:6;

% plot(xx5,ppval(pp5,xx5),'r-")
% hold on

% xx6 = 6:0.1:7;

% plot(xx6,ppval(pp6,xx6),'r-"
% hold on

% xx7 = 7:0.1:8;

% plot(xx7,ppval(pp7,xx7),'r-")
% hold on

% xx8 = 8:0.1:9;

% plot(xx8,ppval(pp8,xx8),'r-")
% hold on

dpp = mkpp(breaks,repmat(k-1:-1:1,d*l,1).*coefs(;,1
xx=1:0.01:8;
%plot(xx,ppval(dpp,xx),'k-");

%({for x=1:9

xx=1:9

%y=coefs(x,1)*3*x"2+coefs(x,2)*2*x+coefs(x,3) % dy/

k1x"2+k2x+k3, slope of the tangent to the calibrati
irradiation position

y=ppval(dpp,xx)

Average(:,5)=y;

DOIR=Average(:,3)./Average(:,5);

Average(:,6)=DOIR

%end
hold

:k-1),d);

dx =
on curve at each

%%9%%%%% %% %% %% %% % %% %% % %% %% %% %% % %% %% %% %% %% % %% %% % %%

% Plotting DOI Resolution vs Irradiation depth %

%%9%%% %% %% %% % %% %% %% % %% %% %% %% % %% %% %% %% % %% %% %% %** % %

figure

plot(Average(1:9,1),Average(1:9,6), o' );

ylabel( 'DOI Resolution (cm)' , 'fontsize' ,12, 'fontweight' , ')
xlabel(  'lrradiation depth (cm)’ , 'fontsize' ,12, 'fontweight' , ')
titte(  'DOI Resolution as a function of irradiation depth - peicewise

interpolation-LYSO polished+1band+Teflon
', 'fontsize' ,12, ‘fontweight' , b )
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% An example of the implementation of Shao calibrion method in Matlab

close all

clear all

datal=importdata( ‘'uniform1NalOcmsamesingles’ );  %750PMT1-800PMT2
data2=importdata( 'uniform2NalOcmsamesingles' );  %800PMT1-800PMT2
data3=importdata( ‘'uniform3NalOcmsamesingles’ );  %8000PMT1-750PMT2

data={datal,data2,data3};

%9%%%% %% %% %% %% %% %% %% % % %% %% % %% %% %% %%
%
% An implimentation of Shao Calibration method in m atlab
%
%9%%%% %% %% %% %% %% %% %% % % %% %% %% %% %% %% %09
%

for i=1:3

ratio{i}=(data{i}(;,2)./(data{i}(;,1)+data{i}(:,2))

);
%R=PMT2/(PMT1+PMT2)

x=[0:0.0005:1];
H = hist(ratio{i},x);

Q=0;
for k=1:2001
Q=0Q+H(k) %*0.005; continuous sum of histogram counts where H (k)is the
histogram count of signal ratio k
end
PDF=H/Q; %probability density function is the normalized his togram cont
D=10; %length of LYSO = 10 cm
QPDF=0;
for k=1:2001
QPDF=QPDF+PDF(k) 9%%*0.005; continous summation of PDF from O to k (or
R). This sum gives the position of interaction in t he crystal

QF(k)=QPDF; %storing each QPDF in an array
z(k)=D*QPDF;
end

Colors=[ 'y ,'m",'c ,'r

L 'gl ’ 'bl ’ 'k' ’ 'r' ’ 'bl ];

plot(z,x,Colors(i), "linewidth' , 2);
hold on
axis([0 10 0 1))

end
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Appendix C DETECT2000 scripts

; DETECT2000 script for optical photon transport in
LYSO Crystal wrapped in Teflon

; Define materials

DMATI1, 1.82NV, 150ADV,
90000000000000000000000000000000000000000000000000S
40TAU, 1.0TAUW ;LYSO crystal

DMAT?2, 1.463NV

Grease VISILOX V-788

DMAT3, 1.50NV

glass RI=1.5

; Define the surface finish

DFIN1, DETECT, 1QEF

Cathode surface on both sides of the crystal
DFIN2, POLISH, 0.60RCV

surfaces of the crystal wrapped in Teflon tape with
DFIN3, POLISH

faces of the crystal and optical grease

; Define the six planes bounding the crystal and tw
end faces of glue orthogonal to Z-axis

DPLN1, -1.5X

DPLN2, 1.5X

DPLNS, -1Y

DPLN4, 1Y

DPLNS5, -50Z

DPLN®6, 50Z

DPLN?7, -50.32 ; Optical grease

(facing orthogonal to negative Z-axis)

DPLNS8, 50.3Z ; Optical grease end face orthogona
DPLN9, 51.1z ; 0.8 mm PMT glass window slab fa
DPLN10,-51.1z ;0.8 mm PMT glass window slab f
DPLN101, -11.75X ; Area of photoc
window is 23.5x23.5 mm2

DPLN202, 11.75X

DPLN303, -11.75Y

DPLN404, 11.75Y

; Define the three components with 2 materials
COMP1, MAT2 ; optical grease ON THE LEFT E
SURF, FIN3, PLN7, ZL, C4

SURF, FIN3, PLN5, ZS, C2

SURF, FIN3, PLN1, XL

SURF, FIN3, PLN2, XS

SURF, FIN3, PLN3, YL

SURF, FIN3, PLN4, YS

COMP2, MAT1 ;LYSO CRYSTAL
SURF, FIN3, PLN5, ZL, C1

SUREF, FIN3, PLNG, ZS, C3

SURF, FIN2, PLN1, XL

SURF, FIN2, PLN2, XS

a smooth 3x2x100 mm

DV, 1PLF, DT1,
; Optical

; Borosilicate

;PMT
4 long polished

RC=0.99
;2 end

o other planes for

(0.1 mm) end face

| to positive Z-axis
ce on the right side
ace on the left side
athode and glass

ND
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SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP3, MAT2 ; optical grease ON THE RIGHT END
SURF, FIN3, PLNG, ZL, C2

SURF, FIN3, PLN8, ZS, C5

SURF, FIN3, PLN1, XL

SURF, FIN3, PLN2, XS

SURF, FIN3, PLN3, YL

SURF, FIN3, PLN4, YS

COMP4, MAT3 ; 0.8 mm PMT Window glass slab on the left
SURF, FIN1, PLN10, ZL

SURF, FIN3, PLN7, ZS, C1

SURF, FIN3, PLN101, XL

SURF, FIN3, PLN202, XS

SURF, FIN3, PLN303, YL

SURF, FIN3, PLN404, YS

COMP5, MAT3 ; 0.8 mm PMT Window glass slab on the right
SURF, FIN3, PLN8, ZL, C3

SURF, FIN1, PLN9, ZS

SURF, FIN3, PLN101, XL

SURF, FIN3, PLN202, XS

SURF, FIN3, PLN303, YL

SURF, FIN3, PLN404, YS

LIFE1000

;FATES file for each history recording

;FATES1

SEED10000

GEN, MAT1, -0XS, 0XL, -0YS, 0YL, -40ZS, -40ZL ;Ge nerate optical
photons at the 1 cm of the crystal from PMT1 (0,0,- 40)

RUN10000

END

; DETECT2000 script for optical photon transport in with etching bands
on four long surfaces of 3x2x100 mm LYSO Crystal wr apped in Teflon

; Define materials

DMAT1, 1.82NV, 150ADV,
900000000000000000000000000000000000000000000000000 000SDV, 1PLF, DT1,
40TAU, 1.0TAUW  ; LYSO crystal

DMAT2, 1.463NV ; Optical G rease VISILOX V-788
DMATS3, 1.5NV ; Borosilicate glass RI=1.5

; Define the surface finish
DFIN1, DETECT, 1QEF ; PMT Cathode surface on both sides of the crystal
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DFIN2, POLISH, 0.92RCV ; 4 long polished su
wrapped in Teflon with RC=0.92 or so

DFIN3, POLISH ; 2 end faces of the crysta
DFIN4, UNIFIED, 1DLV, 0.92RCV ; Ground
diffusive reflector (Teflon Tap)

; Define the six planes bounding the crystal and tw
end faces of glue orthogonal to Z-axis

DPLN1, -1.5X

DPLN2, 1.5X

DPLNS3, -1Y

DPLN4, 1Y

DPLNS5, -51.1z ; 0.8 mm PMT glass window slab fa

DPLNS6, -50.3Z ; Optical grease (0.3 mm) end fa
orthogonal to negative Z-axis)
DPLN7, -50Z

DPLNS, -40.57 ; a ground etching band of
DPLN9, -39.5Z
DPLN10, -35.5Z
DPLN11, -34.5Z
DPLN12, -30.5Z
DPLN13, -29.5Z
DPLN14, -25.5Z
DPLN15, -24.5Z
DPLN16, -20.5Z
DPLN17, -19.5Z
DPLN18, -15.5Z
DPLN19, -14.5Z
DPLN20, -10.5Z
DPLN21, -9.5Z
DPLN22, -5.5Z
DPLN23, -4.5Z
DPLN24, -0.5Z
DPLN25, 0.5Z
DPLN26, 4.5Z
DPLN27, 5.5Z
DPLN28, 9.5Z
DPLN29, 10.5Z
DPLN30, 14.5Z
DPLN31, 15.5Z
DPLN32, 19.5Z
DPLN33, 20.5Z
DPLN34, 24.5Z
DPLN35, 25.5Z
DPLN36, 29.5Z
DPLN37, 30.5Z
DPLN38, 34.5Z
DPLN39, 35.5Z
DPLN40, 39.5Z
DPLNA41, 40.5Z

DPLN42 50Z

DPLN43, 50.3Z ; Optical grease end face orthogona
DPLN44,51.1z ; 0.8 mm PMT glass window slab fac

rfaces of crystal;

| and optical grease
bands covered with

o other planes for

ce on the left side
ce (facing

1.0 mm

| to positive Z-axis
e on the right side
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DPLN101, -11.75X
DPLN202, 11.75X
DPLN303, -11.75Y
DPLN404, 11.75Y

; Define 39 components with 3 materials

COMP1, MAT3 ; 0.8 mm PMT Window glass slab
SURF, FIN1, PLNS5, ZL

SURF, FIN3, PLNG, ZS, C2

SURF, FIN3, PLN101, XL

SURF, FIN3, PLN202, XS

SURF, FIN3, PLN303, YL

SURF, FIN3, PLN404, YS

COMP2, MAT2 ; optical grease ON THE LEFT E
SURF, FIN3, PLNS6, ZL, C1

SURF, FIN3, PLN7, ZS, C3

SURF, FIN3, PLN1, XL

SURF, FIN3, PLN2, XS

SURF, FIN3, PLN3, YL

SURF, FIN3, PLN4, YS

COMP3, MAT1 ;LYSO CRYSTAL
SURF, FIN3, PLN7, ZL, C2

SURF, FIN3, PLNS8, ZS, C4

SURF, FIN2, PLN1, XL

SURF, FIN2, PLN2, XS

SURF, FIN2Z, PLN3, YL

SURF, FIN2, PLN4, YS

COMP4, MAT1

SURF, FIN3, PLN8, ZL, C3

SURF, FIN3, PLN9, ZS, C5

SURF, FIN4, PLN1, XL ; Ground etching bands of

SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS
COMP5, MAT1

SURF, FIN3, PLN9, ZL, C4
SURF, FIN3, PLN10, ZS, C6
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP6, MAT1

SURF, FIN3, PLN10, ZL, C5
SURF, FIN3, PLN11, ZS, C7
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

on the left

ND

1.0 mm on 4 surfaces
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COMP7, MAT1

SURF, FIN3, PLN11, ZL, C6
SURF, FIN3, PLN12, ZS, C8
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMPS8, MAT1

SUREF, FIN3, PLN12, ZL, C7
SURF, FIN3, PLN13, ZS, C9
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLNS, YL
SURF, FIN4, PLN4, YS

COMP9, MAT1

SURF, FIN3, PLN13, ZL, C8
SURF, FIN3, PLN14, ZS, C10
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP10, MAT1

SURF, FIN3, PLN14, ZL, C9
SUREF, FIN3, PLN15, ZS, C11
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP11, MAT1

SURF, FIN3, PLN15, ZL, C10
SUREF, FIN3, PLN16, ZS, C12
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP12, MAT1

SURF, FIN3, PLN16, ZL, C11
SURF, FIN3, PLN17, ZS, C13
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP13, MAT1

SURF, FIN3, PLN17, ZL, C12
SURF, FIN3, PLN18, ZS, C14
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP14, MAT1
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SURF, FIN3, PLN18, ZL, C13
SURF, FIN3, PLN19, ZS, C15
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP15, MAT1

SURF, FIN3, PLN19, ZL, C14
SURF, FIN3, PLN20, ZS, C16
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP16, MAT1

SURF, FIN3, PLN20, ZL, C15
SURF, FIN3, PLN21, ZS, C17
SURF, FIN4, PLN1, XL
SUREF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP17, MAT1

SURF, FIN3, PLN21, ZL, C16
SUREF, FIN3, PLN22, ZS, C18
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP18, MAT1

SURF, FIN3, PLN22, ZL, C17
SURF, FIN3, PLN23, ZS, C19
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP19, MAT1

SURF, FIN3, PLN23, ZL, C18
SURF, FIN3, PLN24, ZS, C20
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP20, MAT1

SURF, FIN3, PLN24, ZL, C19
SURF, FIN3, PLN25, ZS, C21
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLNS, YL
SURF, FIN4, PLN4, YS

COMP21, MAT1
SURF, FIN3, PLN25, ZL, C20
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SUREF, FIN3, PLN26, ZS, C22
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP22, MAT1

SURF, FIN3, PLN26, ZL, C21
SURF, FIN3, PLN27, ZS, C23
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP23, MAT1

SURF, FIN3, PLN27, ZL, C22
SURF, FIN3, PLN28, ZS, C24
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP24, MAT1

SURF, FIN3, PLN28, ZL, C23
SURF, FIN3, PLN29, ZS, C25
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLNS, YL
SURF, FIN4, PLN4, YS

COMP25, MAT1

SURF, FIN3, PLN29, ZL, C24
SURF, FIN3, PLN30, ZS, C26
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP26, MAT1

SURF, FIN3, PLN30, ZL, C25
SURF, FIN3, PLN31, ZS, C27
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLNS, YL
SURF, FIN4, PLN4, YS

COMP27, MAT1

SURF, FIN3, PLN31, ZL, C26
SURF, FIN3, PLN32, ZS, C28
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP28, MAT1
SURF, FIN3, PLN32, ZL, C27
SURF, FIN3, PLN33, ZS, C29
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SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLNS, YL
SURF, FIN4, PLN4, YS

COMP29, MAT1

SURF, FIN3, PLN33, ZL, C28
SURF, FIN3, PLN34, ZS, C30
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP30, MAT1

SURF, FIN3, PLN34, ZL, C29
SURF, FIN3, PLN35, ZS, C31
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLNS, YL
SURF, FIN4, PLN4, YS

COMP31, MAT1

SURF, FIN3, PLN35, ZL, C30
SURF, FIN3, PLN36, ZS, C32
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP32, MAT1

SURF, FIN3, PLN36, ZL, C31
SUREF, FIN3, PLN37, ZS, C33
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP33, MAT1

SURF, FIN3, PLN37, ZL, C32
SURF, FIN3, PLN38, ZS, C34
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP34, MAT1

SURF, FIN3, PLN38, ZL, C33
SURF, FIN3, PLN39, ZS, C35
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP35, MAT1

SURF, FIN3, PLN39, ZL, C34
SURF, FIN3, PLN40, ZS, C36
SURF, FIN2, PLN1, XL
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SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP36, MAT1

SURF, FIN3, PLN40, ZL, C35
SURF, FIN3, PLN41, ZS, C37
SURF, FIN4, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN4, PLN3, YL
SURF, FIN4, PLN4, YS

COMP37, MAT1

SURF, FIN3, PLN41, ZL, C36
SURF, FIN3, PLN42, ZS, C38
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP38, MAT2 ; optical grea
SURF, FIN3, PLN42, ZL, C37

SURF, FIN3, PLN43, ZS, C39

SURF, FIN3, PLN1, XL

SURF, FIN3, PLN2, XS

SURF, FIN3, PLN3, YL

SURF, FIN3, PLN4, YS

COMP39, MAT3 ; 0.8 mm PMT Window glass sla
the right

SURF, FIN3, PLN43, ZL, C38

SURF, FIN1, PLN44, ZS

SURF, FIN3, PLN101, XL

SURF, FIN3, PLN202, XS

SURF, FIN3, PLN303, YL

SURF, FIN3, PLN404, YS

LIFE1000
;FATES file for each history recording

;FATES1
SEED10000

GEN, MAT1, -0XS, 0XL, -0YS, 0YL, -40ZS, -40ZL ;G
photons at the 1 cm of the crystal from PMTL1 (0, O,
RUN10000

END

se ON THE RIGHT END

b 23.5x23.5 mm2 on

enerate optical
-40)
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; DETECT2000 script for interleaved etching band pa
2x2x100 mm LYSO Crystal wrapped in Teflon

; Define materials

DMATI1, 1.82NV, 150ADV,
900000000000000000000000000000000000000000000000000
40TAU, 1.0TAUW ; LYSO crystal

DMAT?2, 1.463NV

Grease VISILOX V-788

DMAT3, 1.5NV

glass RI=1.5

; Define the surface finish
DFIN1, DETECT, 1QEF ; PMT Cathode surface on both

DFIN2, POLISH, 0.92RCV ; 4 long polished su
wrapped in Teflon with RC=0.92 or so

DFIN3, POLISH

of the crystal and optical grease

DFIN4, UNIFIED, 1DLV, 0.92RCV ; Ground

diffusive reflector (Teflon Tap)

; Define the six planes bounding the crystal and tw
end faces of glue orthogonal to Z-axis

DPLN1, -1X

DPLN2, 1X

DPLNS3, -1Y

DPLN4, 1Y

DPLNS5, -51.1z ; 0.8 mm PMT glass window slab fa
DPLNS6, -50.3Z ; Optical grease (0.3 mm) end fa
orthogonal to negative Z-axis)

DPLN7, -50Z

DPLNS, -40.57 ; a ground etching band of
DPLN9, -39.5Z

DPLN10, -38.0Z ; interleaved bands on top

DPLN11, -37.0Z
DPLN12, -35.5Z
DPLN13, -34.5Z
DPLN14, -33.0Z
DPLN15, -32.0Z
DPLN16, -30.5Z
DPLN17, -29.5Z
DPLN18, -28.0Z
DPLN19, -27.0Z
DPLN20, -25.5Z
DPLN21, -24.5Z
DPLN22, -23.0Z
DPLN23, -22.0Z
DPLN24, -20.5Z
DPLN25, -19.5Z
DPLN26, -18.0Z
DPLN27, -17.0Z
DPLNZ28, -15.5Z
DPLN29, -14.5Z
DPLN30, -13.0Z
DPLN31, -12.0Z

tterns created in a

000SDV, 1PLF, DT1,
; Optical

; Borosilicate

sides of the crystal
rfaces of crystal

;2 end faces

bands covered with

o other planes for

ce on the left side
ce (facing

1.0 mm

and bottom surfaces
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DPLN32, -10.5Z
DPLN33, -9.57
DPLN34, -8.0Z
DPLN35, -7.0Z
DPLN36, -5.5Z
DPLN37, -4.5Z
DPLN38, -3.0Z
DPLN39, -2.0Z
DPLN40, -0.5Z
DPLN41, 0.5Z
DPLN42, 2.0Z
DPLN43, 3.0Z
DPLN44, 4.57
DPLN45, 5.5Z
DPLN46, 7.0Z
DPLN47, 8.0Z
DPLN48, 9.5
DPLN49, 10.5Z
DPLN50, 12.0Z
DPLN51, 13.0Z
DPLN52, 14.5Z
DPLN53, 15.57
DPLN54, 17.0Z
DPLNS55, 18.0Z2
DPLN56, 19.57
DPLN57, 20.5Z
DPLN58, 22.0Z
DPLNS59, 23.0Z
DPLNG60, 24.5Z
DPLNG61, 25.5Z
DPLNG62, 27.0Z
DPLNG63, 28.0Z
DPLN64, 29.5Z7
DPLNG65, 30.5Z
DPLNG66, 32.0Z
DPLNG67, 33.0Z
DPLNG68, 34.5Z
DPLNG69, 35.5Z
DPLN70, 37.0Z
DPLN71, 38.0Z
DPLN72, 39.5Z
DPLN73, 40.5Z

DPLN74 50Z
DPLN75, 50.3Z
positive Z-axis
DPLN76, 51.1z
right side

DPLN101, -11.75X
DPLN202, 11.75X
DPLN303, -11.75Y
DPLN404, 11.75Y

; Optical grease end fa

; 0.8 mm PMT glass wind

; Define 71 components with 3 materials

ce orthogonal to

ow slab face on the
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COMP1, MAT3 ; 0.8 mm PMT Window glass slab
SURF, FIN1, PLN5, ZL ; define the surface
SURF, FIN3, PLNS6, ZS, C2

SURF, FIN3, PLN101, XL

SURF, FIN3, PLN202, XS

SURF, FIN3, PLN303, YL

SURF, FIN3, PLN404, YS

COMP2, MAT2 ; optical grease ON THE LEFT E
SURF, FIN3, PLNS6, ZL, C1

SURF, FIN3, PLN7, ZS, C3

SURF, FIN3, PLN1, XL

SURF, FIN3, PLN2, XS

SURF, FIN3, PLN3, YL

SURF, FIN3, PLN4, YS

COMP3, MAT1 ;LYSO CRYSTAL
SURF, FIN3, PLN7, ZL, C2

SURF, FIN3, PLN8, ZS, C4

SURF, FIN2, PLN1, XL

SURF, FIN2, PLN2, XS

SURF, FIN2, PLNS, YL

SURF, FIN2, PLN4, YS

COMP4, MAT1

SURF, FIN3, PLN8, ZL, C3

SURF, FIN3, PLN9, ZS, C5

SURF, FIN4, PLN1, XL

SURF, FIN2, PLN2, XS

SURF, FIN2, PLN3, YL

SURF, FIN2, PLN4, YS ; Ground etching band o

COMP5, MAT1

SURF, FIN3, PLN9, ZL, C4
SURF, FIN3, PLN10, ZS, C6
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP6, MAT1

SURF, FIN3, PLN10O, ZL, C5
SURF, FIN3, PLN11, ZS, C7
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP7, MAT1

SURF, FIN3, PLN11, ZL, C6
SURF, FIN3, PLN12, ZS, C8
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

on the left
finish

ND

f0.8 mm
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COMPS8, MAT1

SURF, FIN3, PLN12, ZL, C7
SURF, FIN3, PLN13, ZS, C9
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP9, MAT1

SURF, FIN3, PLN13, ZL, C8
SURF, FIN3, PLN14, ZS, C10
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP10, MAT1

SURF, FIN3, PLN14, ZL, C9
SURF, FIN3, PLN15, ZS, C11
SURF, FIN2, PLN1, XL
SUREF, FIN4, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP11, MAT1

SURF, FIN3, PLN15, ZL, C10
SUREF, FIN3, PLN16, ZS, C12
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP12, MAT1

SURF, FIN3, PLN16, ZL, C11
SUREF, FIN3, PLN17, ZS, C13
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP13, MAT1

SURF, FIN3, PLN17, ZL, C12
SURF, FIN3, PLN18, ZS, C14
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP14, MAT1

SURF, FIN3, PLN18, ZL, C13
SURF, FIN3, PLN19, ZS, C15
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP15, MAT1
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SURF, FIN3, PLN19, ZL, C14
SURF, FIN3, PLN20, ZS, C16
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP16, MAT1

SURF, FIN3, PLN20, ZL, C15
SURF, FIN3, PLN21, ZS, C17
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP17, MAT1

SURF, FIN3, PLN21, ZL, C16
SURF, FIN3, PLN22, ZS, C18
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP18, MAT1

SURF, FIN3, PLN22, ZL, C17
SURF, FIN3, PLN23, ZS, C19
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP19, MAT1

SURF, FIN3, PLN23, ZL, C18
SURF, FIN3, PLN24, ZS, C20
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP20, MAT1

SURF, FIN3, PLN24, ZL, C19
SUREF, FIN3, PLN25, ZS, C21
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP21, MAT1

SURF, FIN3, PLN25, ZL, C20
SURF, FIN3, PLN26, ZS, C22
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP22, MAT1
SURF, FIN3, PLN26, ZL, C21
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SURF, FIN3, PLN27, ZS, C23
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP23, MAT1

SURF, FIN3, PLN27, ZL, C22
SURF, FIN3, PLN28, ZS, C24
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP24, MAT1

SURF, FIN3, PLN28, ZL, C23
SURF, FIN3, PLN29, ZS, C25
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP25, MAT1

SURF, FIN3, PLN29, ZL, C24
SURF, FIN3, PLN30, ZS, C26
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP26, MAT1

SURF, FIN3, PLN30, ZL, C25
SURF, FIN3, PLN31, ZS, C27
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP27, MAT1

SURF, FIN3, PLN31, ZL, C26
SUREF, FIN3, PLN32, ZS, C28
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP28, MAT1

SURF, FIN3, PLN32, ZL, C27
SURF, FIN3, PLN33, ZS, C29
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP29, MAT1
SURF, FIN3, PLN33, ZL, C28
SURF, FIN3, PLN34, ZS, C30
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SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP30, MAT1

SURF, FIN3, PLN34, ZL, C29
SURF, FIN3, PLN35, ZS, C31
SURF, FIN2, PLN1, XL
SUREF, FIN4, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP31, MAT1

SURF, FIN3, PLN35, ZL, C30
SURF, FIN3, PLN36, ZS, C32
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP32, MAT1

SURF, FIN3, PLN36, ZL, C31
SURF, FIN3, PLN37, ZS, C33
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP33, MAT1

SURF, FIN3, PLN37, ZL, C32
SURF, FIN3, PLN38, ZS, C34
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP34, MAT1

SURF, FIN3, PLN38, ZL, C33
SURF, FIN3, PLN39, ZS, C35
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP35, MAT1

SURF, FIN3, PLN39, ZL, C34
SURF, FIN3, PLN40, ZS, C36
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP36, MAT1

SURF, FIN3, PLN40, ZL, C35
SURF, FIN3, PLN41, ZS, C37
SURF, FIN4, PLN1, XL
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SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP37, MAT1

SURF, FIN3, PLN41, ZL, C36
SURF, FIN3, PLN42, ZS, C38
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP38, MAT1

SURF, FIN3, PLN42, ZL, C37
SURF, FIN3, PLN43, ZS, C39
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP39, MAT1

SURF, FIN3, PLN43, ZL, C38
SURF, FIN3, PLN44, ZS, C40
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP40, MAT1

SURF, FIN3, PLN44, ZL, C39
SUREF, FIN3, PLN45, ZS, C41
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP41, MAT1

SURF, FIN3, PLN45, ZL, C40
SURF, FIN3, PLN46, ZS, C42
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP42, MAT1

SURF, FIN3, PLN46, ZL, C41
SURF, FIN3, PLN47, ZS, C43
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP43, MAT1

SURF, FIN3, PLN47, ZL, C42
SURF, FIN3, PLN48, ZS, C44
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS

195



SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP44, MAT1

SURF, FIN3, PLN48, ZL, C43
SURF, FIN3, PLN49, ZS, C45
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP45, MAT1

SURF, FIN3, PLN49, ZL, C44
SURF, FIN3, PLN50, ZS, C46
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP46, MAT1

SURF, FIN3, PLN50, ZL, C45
SUREF, FIN3, PLN51, ZS, C47
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP47, MAT1

SURF, FIN3, PLN51, ZL, C46
SUREF, FIN3, PLN52, ZS, C48
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP48, MAT1

SURF, FIN3, PLN52, ZL, C47
SURF, FIN3, PLN53, ZS, C49
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP49, MAT1

SURF, FIN3, PLN53, ZL, C48
SURF, FIN3, PLN54, ZS, C50
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP50, MAT1

SURF, FIN3, PLN54, ZL, C49
SURF, FIN3, PLN55, ZS, C51
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLN3, YL
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SURF, FIN2, PLN4, YS

COMP51, MAT1

SURF, FIN3, PLN55, ZL, C50
SUREF, FIN3, PLN56, ZS, C52
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP52, MAT1

SURF, FIN3, PLN56, ZL, C51
SURF, FIN3, PLN57, ZS, C53
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMPS53, MAT1

SURF, FIN3, PLN57, ZL, C52
SURF, FIN3, PLNS8, ZS, C54
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP54, MAT1

SURF, FIN3, PLNSS8, ZL, C53
SURF, FIN3, PLN59, ZS, C55
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP55, MAT1

SURF, FIN3, PLN59, ZL, C54
SURF, FIN3, PLNG60O, ZS, C56
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP56, MAT1

SURF, FIN3, PLNG60O, ZL, C55
SUREF, FIN3, PLN61, ZS, C57
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP57, MAT1

SURF, FIN3, PLN61, ZL, C56
SURF, FIN3, PLN62, ZS, C58
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS
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COMP58, MAT1

SURF, FIN3, PLN62, ZL, C57
SURF, FIN3, PLN63, ZS, C59
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP59, MAT1

SURF, FIN3, PLN63, ZL, C58
SUREF, FIN3, PLN64, ZS, C60
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP60, MAT1

SURF, FIN3, PLN64, ZL, C59
SUREF, FIN3, PLNG5, ZS, C61
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP61, MAT1

SURF, FIN3, PLNG5, ZL, C60
SURF, FIN3, PLNG66, ZS, C62
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP62, MAT1

SURF, FIN3, PLNG66, ZL, C61
SUREF, FIN3, PLN67, ZS, C63
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP63, MAT1

SURF, FIN3, PLN67, ZL, C62
SURF, FIN3, PLNGS8, ZS, C64
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP64, MAT1

SURF, FIN3, PLN68, ZL, C63
SUREF, FIN3, PLNG69, ZS, C65
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS
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COMP65, MAT1

SURF, FIN3, PLNG9, ZL, C64
SURF, FIN3, PLN70, ZS, C66
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLN3, YL
SURF, FIN2, PLN4, YS

COMP66, MAT1

SURF, FIN3, PLN70, ZL, C65
SUREF, FIN3, PLN71, ZS, C67
SURF, FIN2, PLN1, XL
SURF, FIN4, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP67, MAT1

SURF, FIN3, PLN71, ZL, C66
SURF, FIN3, PLN72, ZS, C68
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP68, MAT1

SURF, FIN3, PLN72, ZL, C67
SURF, FIN3, PLN73, ZS, C69
SURF, FIN4, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2Z, PLN3, YL
SURF, FIN2, PLN4, YS

COMP69, MAT1

SURF, FIN3, PLN73, ZL, C68
SUREF, FIN3, PLN74, ZS, C70
SURF, FIN2, PLN1, XL
SURF, FIN2, PLN2, XS
SURF, FIN2, PLNS, YL
SURF, FIN2, PLN4, YS

COMP70, MAT2

SURF, FIN3, PLN74, ZL, C69
SURF, FIN3, PLN75, ZS, C71
SURF, FIN3, PLN1, XL
SURF, FIN3, PLN2, XS
SURF, FIN3, PLN3, YL
SURF, FIN3, PLN4, YS

COMP71, MAT3
the right

SURF, FIN3, PLN75, ZL, C70
SURF, FIN1, PLN76, ZS
SURF, FIN3, PLN101, XL
SURF, FIN3, PLN202, XS
SURF, FIN3, PLN303, YL
SURF, FIN3, PLN404, YS

; optical grea

; 0.8 mm PMT Window glass sla

se ON THE RIGHT END

b 23.5x23.5 mm2 on
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LIFE1000

;FATES file for each history recording
;FATES1

SEED10000
GEN, MAT1, -0XS, 0XL, -0YS, 0YL, -40ZS, -40ZL ;G enerate optical
photons at the 1 cm of the crystal from PMT1 (0,0,- 40)

RUN10000

END
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Appendix D Linux shell script to run DETECT2000raulation 10000 times,

append/store the output data and change the see€ach simulation

# Linux shell script to run each DETECT simulation10000 times at each gamma
interaction position of the crystal (1-9 cm)

countl=1
while [ $countl -le 9] # Changing the interaction position 1-9 cm by
do
# selecting a new Detect inplat éach time

count2=1

while [ $count2 -le 10000 ] # 10000 gamma simulations

do # 1 gamrmatgdation is 10000 optical photons

sed -i 395d fourband$countl.det # delete line 395 in the input

# Detéld one band?
sed -i "395ISEED$count2" fourband$countl.det ad# new SEED to
#line336f the same input file

cat fourband$countl.det | Detect2000 # Rete©2000 simulation

cat pmt.dat>>step$countl.dat p&p the output data from
#pmt.dat to step?.dat filedach simulation
rm pmt.dat # Delete pmt.dat file after appending the data
shift
count2="expr $count2 + 1°
done
shift
countl="expr $countl + 1°

done
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