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ABSTRACT 

We have made a detailed study of the response of LSO detectors to 511 keY y-rays. The LSO, discovered recently, has a density 
greater than BGO, small decay time, and high light output. As such, it should have an overall behavior better than that of BGO. 
We have modeled a y-ray detector using an LSO crystal of rectangular cross-section attached to a photomultiplier tube (PMT). - We used our PET simulation package to study the energy resolution, efficiency, and timing resolution for various crystal sizes 
and various energy thresholds. The simulation takes into account the interactions of y-rays in the crystal via Compton and 
photoelectric effects, the production and transport of scintillation photons, the productions of photoelectrons in the PMT and the 
anode signal formation. We have estimated the efficiency versus energy threshold for various lengths of the LSO crystal and we 
find that for 400 keY threshold this efficiency is large even for 2 cm crystals and comparable to that ofBGO. We also estimated 
the timing resolution (FWHM) versus crystal length for various energy thresholds. The timing resolution is comparable to that 
of CeF3 detectors. The energy resolution is about 10 % (FWHM), which allows one to set the energy threshold fairly high. 

1. INTRODUCTION 

In Positron Emission Tomography (PET) it is important that the basic detector unit is efficient and fast. Efficient detectors 
require inorganic scintillators with large y-ray absorption coefficients for photoelectric and Compton interactions at y-ray 
energies up to 511 keY. This will ensure that even small crystals can absorb the total energy of the photon, producing signals 
corresponding to the photopeak values, which can help discriminate against scatter events, without big event losses, leading to 
efficient count rates and reducing the need for large patient exposures. In addition, the detector should have a fast time response. 
This will reduce the dead time, allowing smaller exposure times for a given dose or larger number of collected counts for a 
given time exposure. Thus, an ideal y-ray detector for PET should be small, to allow for improved spatial resolution, of high 
density to allow for high efficiency, of high photon yield and small decay time for improved energy and timing resolution. A 
large number of y-ray detectors for PET scanners (and also other applications) have been built from Nal, and lately from BGO 
(Bi4Ge3012) 1, as well as in some instances from BaF2 2. 

Table I: Physical properties of inorganic crystals. 
CeF3 LSO Nal BGO BaF2 

Density (gr/cmJ) 6.16 7.4 3.67 7.13 4.87 
Att. Length (cm) l.7 1.2 2.9 1.1 2.3 

Dec. Constant 5,30 40 230 300 0.6,620 
(nsec) 

Peak Emission 310,340 420 410 480 225,310 
(om) 

Index refr. 1.68 1.82 1.85 ? 1 C; 11.56 
L. O. (ph.lMeY) 4400 30000 40000 _8200 R50() 

Hygroscopic No No Yes r-.j hJ\tl)W 1 fl Nj ~ligpt . S. _ __L__ --+---_.
Table I shows the physical properties of several inorganic scintillators. Among ' them, BGO has a large' density (~lowi~K fo 
high efficiency), but it also has a long decay time and relatively (compared to Na } S'matt-phototi yt~l , wijicli Teaas to long deac 
times and poor timing resolution. On the other hand, BaF2 has a lower density (b~ing less efficient fur co.hp.axable.sj~e~t.s; 
and it emits light peaking at two wavelengths. One of the two components is <ery fast (decay constant of 0.6 ns) leading to 
shorter dead times and better timing resolution. --  y_._----
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A new material, LSO, shortname for Lutetium Oxyorthosilicate (Lu2(Si04)O), has been recently discovered 3,4 and small 
samples have been studied. The physical properties of LSO are listed in Table 1. It is clear that LSO has higher density than 
BGO, a much shorter decay constant (40 ns versus 300 ns) and a four-fold light output (30000 photons/MeV versus 8200 for 
BGO). Compared to BaF2 it is also more dense. However, BaF2 has a much smaller decay time. It is interesting therefore to 
study the overall response of the LSO and compare with BGO and BaF2. Due to the fact that only small samples of LSO have 
been tested, the experimental study of detectors from LSO crystals is not easy. Therefore, we decided to employ our Monte 
Carlo simulation model 5-8 , in order to study the properties of LSO y-ray detectors. A preliminary study using cylindrical 
detectors 9 shows a very good performance for small LSO crystals. 

2. THE METHOD 

For the present study we use a detector model shown in Fig. 1. The detector is made of a rectangular cross section crystal of 
width a, height b, and length c, attached to a photomultiplier tube (PMT). The signal from the PMT is amplified and driven to 
the input of a constant fraction discriminator (CFD) as shown in Fig. 1. We use our Monte Carlo package to simulate all 

crystal 
PMT 

a y-rays 

~ . 

~b: 

~ t ,......._....................................:.__.._-__._.~"'c=~_ 


~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ->
c 

Figure 1. The detector model. 

physical mechanisms that contribute to the PMT output signal. This includes the y-ray interactions inside the crystal, the 
generation of scintillation photons, the photon transport and the PMT signal formation. 

2.1 Interaction of y-rays 

In our model of the y-ray detector, the front face of the LSO crystal is illuminated perpendicularly and unifonnly with y-rays of 
511 keV. Each incident gamma is allowed to interact with the material of the scintillator. There are two possible physical 
mechanisms: photoelectric absorption and Compton scattering. In the case of photoelectric absorption, the gamma is completely 
absorbed and no further action is required. In Compton scattering the gamma looses only a fraction of its energy and is allowed 
to interact again with the material of the scintillator. The algorithm follows each y-ray until the last interaction is a photoelectric 
absorption or an escape from the crystal. The probability of occurrence of each interaction depends on the absorption 
coefficients, fl , of the scintillator, for the two processes. These coefficients were computed from the corresponding total photon 
cross sections 10 by using the parametrized forms for each kind of atom 11 . These parametrized cross sections have been checked 
against the cross sections in the nuclear data tables 10 . The absorption coefficients of the scintillator were then calculated by 
taking into account the atomic composition of the material as follows: 
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where: 	/1: absorption coefficient, 
NA: Avogadro's number 
Zj: atomic number of i-th element of the medium, 
A j :atomic weigh of i-th element of the medium, 
p: density, 
(J: total cross section, and 

Pi: proportion by number of the i-th element in the material. 


The absorption coefficients computed by this method are shown in Fig. 2 for Compton and photoelectric effects. 

102 

lOB 

10l 

i 
lCDS 

~ 
~ 10-1 

10-11 

10-:3 

lD- j l~ 
Energy (MeV) 

Figure 2: The y-ray absorption coefficient of LSO for Compton and Photoelectric interactions. 

It should be noted here that in Compton scattering the polarization of the incoming and outgoing photons is not modeled. The 
angular distribution of the scattered photon is given by the Klein Nishina expression 12: 

where 

is the classical radius of the electron, and 

E' 
y=-------

E 	 E
1+ --2 (1- COS B) 

me 
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is the fraction of the energy that the photon carries after the scattering. 

2.2 Photon transport 

The energy lost by the y-ray appears in the form of kinetic energy of produced electrons, and in the form of X-rays in both 
mechanisms. The electron energy is absorbed by the atoms in the lattice, leading to various excitations and subsequent emission 
of scintillation photons. We assume that the X-rays are absorbed by the crystal and contribute to the released light in a similar 
way. The decay time of the excited atoms, the emission spectrum and the light yield depend on the type of the material. Fig. 3 

Figure 3. Emission spectrum of LSO. 

shows the emission spectrum of the LSO 3,4 according to which we generate scintillation photons. Each photon is transported 
inside the crystal towards the PMT face following successive reflections on the crystal surfaces, until it reaches the 
photocathode or escapes due to refraction, provided that it is not absorbed inside the crystal. Various light losses depending on 
the index of refraction, absorption spectrum and reflectivity of LSO are taken into account. The transmittance has been assumed 
to be 95% and the crystal reflectivity also 95%. The distribution of arrival times of the scintillation photons, that are produced 
for each y-ray, forms the so called cathode illumination function, l(t). 

2.3 Signal formation 

The distribution l(t) represents the number of photons that reached the photocathode within a given time interval. This time is 
measured from the moment the y-ray entered the crystal. The photocathode produces a number of photoelectrons which is 
determined by its wavelength dependent quantum efficiency. The photoelectrons are then focused towards the first dynode of 
the PMT. The distribution of their time of arrival is defined as the first dynode illumination function, ld(t). The function ld(t) is 
formed by convolving the photocathode illumination function with the transit time spread (TTS) distribution function of the 
PMT. Then the anode pulse is produced by convolving the function ld(t) with a function which represents the effect of the 
PMT's dynodes. Fig. 4 shows the three stages of the signal formation that we just described. It should be noted that the signal 
decay time is mainly due to the scintillator decay time, not the characteristics of the PMT. The final negative electron pulse is 
discriminated with a constant fraction discriminator (CFO) in order to produce a timing pulse. We use a CFO instead of a 
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Figure 4. (a) The cathode illumination function, let), (b) The first dynode illumination function, Id(t), (c) The anode current 
pulse, i(t), for a=O.6 cm, b=I.2 cm, c=2.0 cm. 

regular discriminator in order to avoid time slewing due to different size pulses. The energy of the deposited y-ray is measured 
by the number of photoelectrons produced at the photocathode, calibrated so that they represent deposited energy. In order to 
calculate the deposited energy, we assumed that the peak of the distribution of the number of photoelectrons that are produced at 
the photocathode, for fully absorbed y-rays, corresponds to 511 ke V of detected energy. Fig. 5 shows the distribution of this 
number for a given crystal geometry (a=O.6 cm, b=I.2 cm, c=4.0 cm). 
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Figure 5. Energy calibration: number of photoelectrons corresponding to 511 ke V y-rays totally absorbed in the crystal. 
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3. RESULTS 


LSO crystals of various dimensions were simulated, and the energy spectra, energy resolution, timing resolution, and efficiency 
were studied versus crystal dimensions, as well as versus energy threshold. In the simulation, we used a PMT with TTS = 2150 
ps and rise time = 1250 ps. For each set of dimensions we simulated 5000 incident y-rays on the front face of the crystal. In Fig. 
6 we plot the energy calibration constant versus crystal length. Clearly, wider crystals have more gammas completely absorbed. 
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Figu re 6. Energy calibration constant versus crystal length. 
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Figure 7. Deposited y energy (a=0.6cm, b=1.2 cm, c=4.0 cm) 
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The effect of the length is a little more involving: the longer the crystal, the smaller the effective solid angle. Therefore, the 
number of collected photoelectrons for fully absorbed y-rays is smaller. 

3.1 Energy resolution 

A simulated energy spectrum is shown in Fig. 7. It shows that most of the y-rays are totally absorbed and only a small 
percentage undergoes one or more Compton interactions without getting subsequently absorbed. An energy cut (threshold) 
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Figure 8. Energy resolution (FWHM) of an LSO detector (a) versus heigth, (b) versus length. 
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separat~s cl~arly the Comp~on and the ~hotoelectric region. The energy resolution -dElE (FWHM), extracted from this plot, is 
shown . ill FIg .. 8 a~ a functIO~ of the wIdth, a, and len.gth,. c. As a result of the .hig~ light output we get a very good energy 
resolutIOn, whIch IS about lOYo at 5] 1 keY. As shown In FIg. 8 the energy resolutIon IS degraded for dimensions smaller than 5 
mm. 

3.2 Detection Efficiency 

w.e have estimated the efficiency of the detector for various energy thresholds, (Eeu,) and sizes. The detection efficiency for a 
gIven E(~lIl was calculated as the fraction of the incoming y-rays that are detected, namely those which have an energy deposit E 
> EclIt . FIg. 9 shows the dependence of the detection efficiency on the Eeu' for various values of the length c, while the other 
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Figure 9. Detection efficiency versus energy threshold. 

dimensions are kept fixed at a = 0.6 cm and b = 1.2 cm. We see that for energy thresholds above 200 keY the efficiency is 
decreasing very slowly with Ecut and therefore the choice of Eeu' is not critical as far as detection efficiency is concerned. The 
effect of c (length) on the efficiency (for various Ee1ll) is shown in Fig. ] O. The rate of increase is small for lengths greater than 3 
cm. Therefore, a choice of 3 cm length will be suffice. Fig. ] I shows the dependence of the efficiency on crystal width. The 
efficiency varies very little for larger widths, however for a very narrow crystal it drops abruptly. For typical crystal sizes, a=0.6 
cm, b=1.2 cm the efficiency is good. 

3.3 Timing Resolution 

In order to study the timing resolution we use the timing pulse from the output of the CFD. We discriminate the analog anode 
output pulse at 20% of its maximum to form the digital timing pulse. This defines the event time. Using this time, we make a 2
D scatterplot of time versus energy, from which we can form I-D histograms of time for various energy cuts. A series of such 
histograms versus Eelll is shown in Fig. 12. The tail of the distribution on the side of large times is due to uncertainties associated 
with small number of photons arriving at the photocathode. This tail disappears and the width of the distribution becomes 
smal1er as EeUl becomes larger. The timing resolution, Llr (FWHM), is extracted from these histograms and plotted versus Ecu, in 
Fig. 13. The timing resolution is also plotted versus the dimensions of the crystal in Figs. ] 4 and 15. These plots show the 
following characteristics for the timing resolution: (i) Llr becomes better for higher energy thresholds (ii) it increases linearly 
with the length of the detector, therefore shorter crystals will have a better resolution and (iii) it decreases (becomes better) with 
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thicker crystals. The above observations are consistent with the underlying physical mechanisms that are responsible, namely, 
the variation of possible photon paths, the collection of photons, the decay time of the scintillator and the photon yield. The 
timing resolution is related to the time slewing of the fIrst detected photon. Thus a short, thick crystal from a material with small 
decay time and a high photon yield, will produce a phototube signal which when discriminated at high energy threshold will 
give a timing signal with very little time slewing, in other words very good timing resolution . 
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Figure 10. Detection effIciency versus length, for various thresholds. 
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4. SUMMARY 


We have studied the performance of y-ray detectors from LSO for various sizes and various energy thresholds. We observe that 
LSO shows very good efficiency, and fairly good timing resolution. For a typical size of 6 mm x 12 mm x 30 mm that is being 
used in block detectors, we find that for energy threshold at 350 keY the efficiency is 58%. This should be compared to 66% for 
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Figure 12. Event time distribution for various energy thresholds. The high tail disappears and the fwhm decreases with 
increasing energy thresholds. 
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BGO and 28% for BaF2. Regarding energy resolution, LSO is the best as compared to other materials. For the typical crystal it 
is 9.3% at 511 keY. This should be compared to 17% for BGO and 17% for BaF2 . The timing resolution is 465 ps (FWHM). 
This should be compared to 2070 ps for BGO and 175 ps for BaF2 . 
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