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A time efficient optical model for GATE simulation
of a LYSO scintillation matrix used in PET
applications
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"Abstract-The dual planar head DoPET (Dosimetry with a
Positron Emission Tomograph) tomograph was simulated using
GATE (Geant4 Application for Emission Tomography) to
evaluate the DoPET performance and its agreement with
simulation results including all the relevant physical aspects. An
optical model was proposed to predict with accuracy the
asymmetrical deterioration of the energy resolution of the
detector and at the same time to avoid a too long computation
time when activating the optical processes in GATE. The
proposed optical model was shown to be around three orders of
magnitude faster than a DoPET simulation with GATE optical
processes enabled. A good agreement was found between
experimental and simulated data using the optical model. This
points out that optical interactions inside the crystal elements
induce a predictable degradation of the spectra information as
acquired by DoPET. Finally, our proposed optical model could
be useful to simulate a scintillation matrix and its read out by a
position sensitive photomultiplier commonly employed in PET
detectors.

I. INTRODUCTION

ONTE Carlo simulation is a very useful tool for the
assessment of the performance of medical imaging
devices in emission tomography, for the optimization of
acquisition protocols, and for the development of image
reconstruction algorithms and correction techniques [1]. We
are performing a Monte Carlo simulation of the DoPET
(Dosimetry with a Positron Emission Tomograph) tomograph
[2], which is based on a detector module made of a LYSO
scintillation matrix seen by a position sensitive
photomultiplier. The GATE (Geant4 Application for
Emission Tomography) [3] simulation code for tomographic
applications, based on Geant4 toolkit [4], was selected for
that task. GATE is a very well diffused tool that features
description of time-dependent processes, acquisition and
signal processing stage for a complete system simulation.
DoPET features a channel-to-energy calibration procedure
that uses as energy reference the 511 keV peak from a ?Na
source and also considers that the number of collected optical
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photons by the photomultiplier (PMT) is proportional to the
deposited gamma energy. The light attenuation inside the
crystal, which depends on the position of the interaction of
the photon and occurs during the light transport before being
collected by the PMT, deteriorates asymmetrically the energy
resolution of the detector and cannot be taken into account for
absolute calibration purposes because of the single side PMT
readout scheme.

An evident example of the blurring of the energy resolution
of DoPET is the energy spectrum, acquired in single mode, of
the °Lu intrinsic radioactivity present in LYSO crystal. The
abundance of "*Lu in the lutetium is about 2.6% and it has a
half-life of 3.78 x 10" years. Consequently, the background
count rate registered over an acquisition in single mode is
approximately 240 cps/cm?® [5]. According to the "*Lu decay
scheme (Fig. 1), the expected maximum energy value in the
measured spectrum is around 1.2 MeV. If one naively uses
the experimental 511 keV peak of a #?Na source to calibrate
linearly the spectrum, a long tail with maximum energy of
approximately 1.8 MeV is observed, as can be seen in Fig. 2.
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Fig. 1. "*Lu decay scheme to "°Hf [6]. In 99.66% of the cases, *Lu decays
into '7°Hf by beta-emission at 597 keV, followed by a cascade of gamma photons
with energies of 307, 202 and 88 keV.
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Fig. 2. Spectrum of the *Lu intrinsic radioactivity measured by the DoPET
detector matrix. The energy scale is based on the assumption that the energy
released by the 511 keV photopeak is completely collected by the
photomultiplier.
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Thus, the transport of optical photons was included in our
simulation with the purpose to reproduce the measured
results. However, activating optical processes in GATE
makes the simulation about three orders of magnitude slower,
becoming highly time consuming. To avoid a too long
computation time, an alternative optical model was used to
describe the behavior of the optical photons collection by the
photomultiplier depending on the DOI (Depth  Of
Interaction) inside the crystal.

II. MATERIAL AND METHODS

A. DoPET Design

The DoPET tomograph (Fig. 3) consists of two planar
heads, each one composed of one array of 21 x 21 optically
isolated LYSO (Luza-xY2xSiOs, x~0.1) crystal elements from
Hilger Crystals Ltd (UK), a Hamamatsu H8500C flat panel
photomultiplier (PMT) and associated electronics for signal
amplification and digitization. Each LYSO element is 2 mm
x 2 mm x 18 mm with both end faces polished. Each array is
constructed using white epoxy as the reflector material with
0.15 mm of separator thickness. One of the faces is covered
by three layers of a 0.08 mm thick PTFE reflector tape (Saint
Gobain BC-642) and the other face is optically coupled to a
photomultiplier (PMT) using a mounting media (Cargille
Meltmount* 1.582). The H8500C PMT has an active area of
49 mm x 49 mm, 8 x 8 channels multi-anode, bialkali photo-
cathode and borosilicate window. The number of acquired
signals is reduced from 64 to 4 signals per head by means of a
multiplexed read-out[7].

Fig. 3. Photo and schematic view of DoPET. The two planar detector heads
and the plastic cylindrical phantom are held by an alluminum-alloy support.[2]

B. Proposed optical model overview

The first step consists of a simplified simulation of a single
crystal element of DoPET to obtain the optical attenuation as
a function of the distance to the PMT. After that, the model
can be employed to calculate the influence of the optical
processes in the energy response of the complete crystal
matrix present in the tomograph. All the simulations were
performed using GATE version 4.0.0, which is based on
Geant4 version 9.1.p02.

The model is based on the fit of an analytical function of a
second order exponential decay expression:

N, (z)=Aexp(—z/A,)+Bexp(z/A,) (1)
Where “Np” is the number of optical photons that are
collected by the PMT after the total energy deposition of a
511 keV photon at a specific depth of interaction “z” in the
crystal. The parameters “A”, “B”, “A,” and “A,“ are the
coefficients of the function.

The input data are the mean values of the number of
detected optical photons for a specific set of DOI positions,
from 0.5 mm to 17.5 mm by 1 mm step. They are obtained
from a simplified simulation with the optical processes
activated, which consists of 511 keV photons interacting and
depositing all their energy at the center of a single crystal
element along its longitudinal axis. The simulation is
illustrated in Fig. 4, which also shows the relevant materials
and their optical couplings.
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Fig. 4. Simplified scheme of the simulated optical layers, volumes and
materials used in GATE.

If one assumes that the light yield is the same for all values
of deposited energy by the gamma photons, it is possible to
use (1) to obtain the number of optical photons for any value
of deposited energy inside the crystal according to the DOL.

Thus, the complete simulation for the DoPET detector was
performed using all the relevant processes, except the time
consuming optical processes, and (1) was applied on the
energy value originated from the “Hits” data output to model
the behavior of optical photons interactions inside each
crystal element:

Ereg=Edep(Nph(Z)/Nph511) (2)
Where E. is the registered energy by the detector after
calibration procedure, Eqp is the deposited energy and Npusii
is the number of photons corresponding to the 511 keV peak
used in the energy calibration.
1) Simplified simulation aspects: optical processes
active

To find the fitting parameters of (1), a simulation with the
following simplifications was used. With respect to the
physical processes involving gamma interactions, only
photoelectric effect from the Standard physical model was
activated in GATE, while Compton and Rayleigh scattering
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remained inactive. The electron cut was set to avoid
secondary electron production. Thus, for each interaction
occurring inside the crystal all the gamma energy is deposited
at once in a specific region and the number of optical photons
generated are related to the incident 511 keV gamma.

While scintillation is responsible for the optical photon
production, the physical processes concerning optical photon
interactions are optical absorption, optical Rayleigh
scattering, as well as refraction and reflection on the
interaction between surfaces. These processes require the
definition of some specific material properties.

LYSO properties comprise light yield (32 photons/keV),
time decay constant (41 ns), absorption length (50 cm),
Rayleigh scattering length (260 cm) and emission peak
wavelength (420 nm). The index of refraction was set as a
function of the optical photon wavelength [8].

White epoxy, PTFE tape, mounting media and borosilicate
window were assumed to have an index of refraction of 1.53,
1.34, 1.582 and 1.51, respectively.

It is known that self-absorption is usually not a significant
loss mechanism [9]. However, interactions between surfaces
play an important role in the present simulations. Geant4
provides two implementations of optical boundary process:
GLISUR and UNIFIED models[10], but only UNIFIED
model can be used under the GATE framework. UNIFIED
model simulates optical interactions only between two
dielectric media[11]. Thus, to properly obtain the fitting data
at 511 keV, the “GateSurface” class was changed to permit
also the use of the GLISUR optical model, which is the
recommended one to simulate a dielectric_metal surface
using the complex index of refraction of a metal, like the
bialkali photo-cathode of a PMT.

Table 1 shows the properties adopted for the surface
between LYSO crystal and epoxy layer and the surface
between LYSO crystal and PTFE tape. o, is the standard
deviation of the normal distribution of angles a which are
sampled to define the roughness of a surface with micro-
facets whereas each one has a normal vector which deviates
from the mean normal by an angle a. N; is the index of
refraction of the intermediate layer between the surfaces. The
probabilities occurrence for the different reflection
mechanisms provided by the UNIFIED model are defined by
four constants. Cs. stands for specular lobe constant and
illustrates the probability of specular reflection about the
normal of a micro facet. Cgss means specular spike constant
and represents the specular reflection probability about the
average surface normal. Cgs is the back scatter constant
which sets the probability of backward reflection and has
more influence on very rough surfaces. The diffuse lobe
constant is implicit and represents the probability of internal
Lambertian reflection. The sum of the four constants must be
one.

The surface type dielectric_metal and finish polished from
GLISUR model were employed in the surface between PMT
window and its photo-cathode which has a complex index of
refraction [12] and quantum efficiency reported in [13].
Moreover, all other surfaces were assumed to have properties
commonly used in a dielectric/dielectric smooth surface:

UNIFIED model, ground finish, o, = 0.1 degrees and specular

lobe constant 1.
TaBLe 1. ProperTIES FOR LY SO-PTFE anp LY SO-EPoXY SURFACES

Name LYSO-PTFE LYSO-Epoxy
model UNIFIED UNIFIED

type dielectric_dielectric dielectric_dielectric
finish groundbackpainted groundbackpainted
O« 0.1 degrees 4.0 degrees

N; 1.0 (air) 1.53 (epoxy)

Csi 1 1

Css 0 0

Ces 0 0

reflectivity ~ 0.98 0.94

efficiency 0 0

2) Complete simulation aspects: applying the optical

model

The selected physical processes for the complete DoPET
simulation were photoelectric effect and Compton and
Rayleigh scattering from the Low Energy physical model.
The optical model presented in the previous section was
employed instead of activating the optical processes
simulation. Currently, the readout module of GATE regroups
the pulse per block by selecting the position of the pulse of
maximum energy. Thus, the “GateReadout” class was
modified to calculate the position of the pulse based on a
PMT using the resistive chain configuration. The energetic
resolution at 511 keV was set to 15.4% (FWHM) as measured
experimentally and a coincidence window of 10 ns was used.
Finally, the distance between the two detector heads was kept
at 14 cm.

We performed simulations with and without the use of the
optical model to be compared with the experimental results
from the DoPET tomograph. The particle-emitting isotopes
were simulated using the General Particle Source (GPS)
module [14] provided by Geant4. One simulation consisted of
an acquisition of the ®Lu intrinsic radioactivity present in
the LYSO crystal and was performed filling the crystal
volume with an uniform distribution of *Lu defined using
the GPS module. The other simulation took into
consideration the same LYSO background activity and also
specifies with GPS a #Na point-like source placed at the
center of the field of view of the tomograph.

ITII. Resurts

Figure 5 shows the relation between the mean number of
optical photons detected by the PMT and the position of the
deposited gamma energy inside a single crystal, calculated
with the methodology described in section II.B. The fitted
function (1) has the following parameters: A=851 photons,
A1=4.31 mm, B=491 photons, A,=100.00 mm. The light
collection efficiency decreases with the distance of the
interaction point to the PMT. At the extremity of the crystal
its value falls to less than half of the intensity calculated at
the nearest point from the PMT.

The energy deposition of the 511 keV photons occurs with
the highest probability in the frontal region of each crystal
element, which is more distant from the PMT. For calibration
purposes, it was assumed that the number of optical photons
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corresponding to the position at that extremity of the crystal
element (18 mm) is the one associated with the 511 keV peak
{(Nphs11=600.98 photons).
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Fig. 5. Mean number of optical photons detected by the PMT according to the
position of the deposited gamma energy inside a single crystal.

Fig. 6 and Fig. 7 show the simulated and measured spectra
of the DoPET acquisition of LYSO intrinsic radioactivity
taken in single and coincidence modes, respectively. Since
the density of Lu inside the crystal can be calculated using
the density of natural Lu present in the LYSO crystal, the
intensities are presented as absolute values and are given in
counts/s.

Fig. 6 shows the measured and simulated spectra of LYSO
intrinsic radioactivity acquired in single mode. The simulated
spectrum that uses the optical model (Fig. 6b) presents a
much better agreement with the measured spectrum. The
differences between both simulated spectra show that the
degradation of the energy resolution is due to the optical
photon attenuation along the crystal. This effect is easily
noticeable at the 202 and 307 keV peaks. In the long tail
formed in the high energy part of the spectrum, we see that
gamma energy deposited near the PMT implies a higher
collection of optical photons when compared with the same
amount of gamma energy deposited in a more distant position
from the PMT. The use of the Geant4 Low Energy package
permits to see the 88 keV peak, which is due to atomic
deexcitation. This peak is suppressed in the measured
spectrum due to threshold settings applied in the associated
electronics to avoid electronic noise.

Fig. 7 exhibits the measured and simulated spectra of
LYSO intrinsic radioactivity acquired in coincidence mode.
The coincidence events occur due to the detection of the beta-
minus particle in one of the heads and the detection of at least
one the subsequent gamma photons in the other head. With
the exception of the suppressed peak of 88 keV, all the other
peaks are present. Concerning the intensity of the peaks, the
307 keV peak of the simulated spectrum without optical
model (Fig. 7a) is higher than the measured one. The
agreement is much better with the inclusion of the optical
model (Fig. 7b).

The count rates obtained for the full spectra are also in a
good agreement, as can be seen in Table 2. The count rates
values represent only the background noise. Dead time and
pile up losses are negligible in this situation of data
acquisition at low count rates.
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Fig. 6. Comparison of the simulated DoPET spectra without (a) and with (b)
the use of the optical model, with the measured spectrum of the LYSO crystal
intrinsic radioactivity (**Lu) acquired in single mode.
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Fig. 7. Comparison of the simulated DoPET spectra without (a) and with (b)
the use of the optical model, with the measured spectrum of the LYSO crystal
intrinsic radioactivity (“"*Lu) acquired in coincidence mode.
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TABLE 2. COUNT RATES OBTAINED WITH SIMULATED AND MEASURED RESULTS OF THE
LYSO CRYSTAL INTRINSIC RADIOACTIVITY.

count rates (cps)

singles coincidences
experimental 16883 65.1
simulated 16820 63.2

The measured and simulated spectra of a *Na point-like
source at the centre of the field of view and acquired in single
mode are shown in Fig. 8. In this situation, the activity value
of the ?Na source used in the experiment is not precise,
presenting a uncertainty of 30%. Therefore, the spectra is
normalized by the area and the intensity, given in counts/s, is
arbitrary.
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Fig. 8. Comparison of the simulated DoPET spectra without (a) and with (b)
the use of the optical model, with the measured spectrum of a *Na point-like
source located in the center of the field of view acquired in single mode.

A good agreement was obtained using the optical model
(Fig. 8b) to describe the long tail beginning at 511 keV.
However, the 1275 keV peak appears in a shifted position
that it is not very well described in the present simulation
results. The scattering part of the spectra between the
energies 150-400 keV also are presented in a slightly
different position.

Fig. 9 exhibits the measured and simulated spectra,
acquired in coincidence mode, of a *Na point-like source
located in the center of the field of view (FOV) of DoPET.
The spectra were obtained with a low energy cut at 150 keV.
Again, the simulated spectrum with the proposed optical
model (Fig. 9b) has a much better agreement with the
experimental spectrum. The long tail present at the end of the

experimental spectrum is only reproducible taking into
consideration optical interactions in the scintillator.
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Fig. 9. Comparison of the simulated DoPET spectra without (a) and with (b)
the use of the optical model, with the measured spectrum of a ?Na point-like
source located in the center of the field of view acquired in coincidence mode.

The optical attenuation along the crystal causes DoPET to
loose around 10 % of events during a registration using a 850
keV high energy threshold.

The proposed optical model was shown to use much less
computation time when compared to a DoPET simulation
with optical processes enabled. In fact, using an AMD
Sempron based CPU, a DoPET simulation using a point-like
2Na source and optical processes inactive needed several
hours of computation time, whereas to apply (1) on the data
output only takes several minutes. On the other hand, a
GATE simulation using optical processes would be about
1000 times slower.

IV. DiscussioN AND CONCLUSION

The dual planar head DoPET tomograph was simulated
using GATE to evaluate the DoPET performance and its
agreement with simulation results including all the relevant
physical aspects for PET applications. A time efficient optical
model was proposed to predict with accuracy the simulated
energy spectra and to avoid a too long computation time
when activating the optical processes in GATE. The use of
the proposed optical model was shown to be around three
orders of magnitude faster than a DoPET simulation with
GATE optical processes enabled.

Simulations without and with modeling of the optical
photon attenuation along each LYSO crystal element were
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performed. A very good agreement was found between
experimental and simulated data with the inclusion of this
optical model. This points out that optical interactions inside
the crystal elements play an important role on the energy
resolution and induce a consequent degradation of the spectra
information acquired by the tomograph. The calibration
procedure adopted by the DoPET tomograph is appropriate
for its clinical applications, but it does not take in
consideration the non-linear detector response noticed in
Figure 8. Moreover, this work also shows that the commonly
used energy thresholds (350-850 keV) applied in DoPET to
select the coincidence events leads DoPET to lose around
10% of good coincidence events. Thus, it is possible to
improve the system detection efficiency by increasing the
high energy threshold.

Finally, our proposed optical model could be useful to
simulate a scintillation matrix and its read out by a position
sensitive photomultiplier commonly employed in PET
detectors. The same model can also be used to simulate others
PET/SPECT system based in scintillation pixel matrix using
single [15]-[19] or dual readout scheme[20;21].
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