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In the framework of feasibility studies of the 3Dxial HPD-PET concept, various
investigations are being performed about the chariatics of the crystals to be employed. The
resolution of the axial reconstruction of a singlenma rayo, and its energye/E depend on
the physical and optical properties of the chosEmtilator, including its surface finish, and on
the characteristics of the photodetectors. A cormmparof computational studies carried out with
Geant4 for YAP:Ce crystal bars of dimensions 3.2x300 mni and experimental results
allows to evaluate the influence of the opticalapaeters of the crystal lateral surfaces on the
light collection. We show that a mechanical striow of the crystal surface, which leads to
pure surface absorption, would allow to signifitaeinhance the PET detector performance.
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1. I ntroduction

The novel 3D PET geometrical concept [1] is basedvdally oriented arrays of long (10-
15 cm) and thin polished scintillator bars read authe two ends by Hybrid Photodetectors
(HPD) [2]. The concept allows for an unambiguousorestruction of the photon’s interaction
point eliminating the Depth of Interaction (Dol)aertainty. The axial coordinateis obtained
from the ratio of the light quantity at the two st@l ends. The resolutions of the axzal
coordinate &), the gamma ray energydE), and the detection timex) of the device are
influenced [1,3] byles and Ny, the key parameters of the HPD-PET concept. Treetfe light
attenuation lengthe; describes the absorption of photons along thelr peside the crystalles
is smaller than the bulk absorption lendthi as it relates to the projected axial path lentyth.
is the number of photoelectrornse) detected for a 511 keyray in a crystal bar without any
light absorption 4 = ). Its value depends both on the physical and abpooperties of the
chosen scintillator and of its surface, and ondharacteristics of the photodetector. While an
increase ofN, improves the resolution of all 3 quantities E, J, a longerdes improveso:/E
and oy, however it worsengs,. The best compromise fag; was predicted [1] by the simulations
to be about 2/3 of the crystal lendth

A recent experimental study [3] with a set of podid YAP:Ce scintillators of dimensions
3.2x3.2x100 mrhfocused on methods of adjustiAg: by wrapping the bars with Teflon or by
coating the crystal lateral surfaces with very thietallic layers. In this paper, we simulate the
optical processes in the crystal bars with Geafit4The comprehension of the influence of the
optical properties of the crystal surfaces on figatlcollection is an essential ingredient to
optimize the detector performance.

2. The HPD-PET Concept

The axial HPD-PET concept assumes that the meapengdldsN; andN, at the bar ends
vary exponentially with the average path lengthhef scintillation light. For a single 511 keV

y-ray:

N, =%, @xp)llZ N, =W, @axp_(;c_z) , (1)
eff eff
Npe(z) = Nl + N2 ’ (2)

with N, being the total number of detected photoelectrons.
Theaxial coordinate of the interaction point is derived from the radat

1 N,
z==| A In—L+ (3
2( eff N2 LC)
and its uncertainty, taking into account only ttedistical error orN; ,, is:
1 » 12
i z -z
0,=——— | exp— +exp . (4)
“ J2N,/EN et Aet J



Geant4 Studies for the HPD-PET scintillators R. De Leo

Sg
n
N
\ n
% AN z
2] \ average
\ . surface

T
Figure 1. Schematic polar plot of the possible processekeainterface between the crystaf)(and th
coated (or wrapped) lateral surfacg) (Absorption A) is not indicated in the figure.

The energy and time resolutions are respectively:
%e _ [ENF ¢ (5)

ORny, Oy = Oc'.
E YNp N

pe

In the previous equationENF is the excess noise factor [3] of the photodete&gq the
intrinsic resolution of the scintillator, and and ¢’ are constants to be determined
experimentally. These equations clearly expliciatttan increase ofN, improves all the
resolutions, while an increase A, although improvingre/E and o, worsenso..

3. Geant4 simulations

We discuss in this section the various optical petars used in the Geant4 code to
describe the light collection and their influencetbe resolutions,, o:/E.

For the simulations we assumed YAP crystals withftilowing intrinsic properties: light
yield Np, = 18/keV, intrinsic energy resolutian/E;,. = 2.4%, refractive indem, = 1.94 at 370
nm. The bar lateral surface was assumed surroungled, or with a fractionff) wrapped with
a n, material, or coated. In this last case a compldractve index £, k;) of the thick f)
coating is assumed. The PMTs coupled to the béishsal bases were simulated with a
borosilicate window with a refractive indax, = 1.474, anENF of 1.2, and a quantum
efficiency &5= 0.25.

At each photon impact on the crystal lateral su$athe following optical processes were
considered [5] (see figure 1): absorptidy), (ransmissionT), reflection R), diffusion O), with
a Lambertian distribution, and a possible smeaf®)gi.e. a reflectiorsz or a transmissiofsy
when the normal to the local surface is rotate¢h waspect to that of the average crystal surface.
In this last case the rotation angle was randorhiysen from a Gaussian distribution with
dispersiong,. The backscattering was disregarded. Obviousy,R + T + D + &= 1. Aand
D were varied independently of andn,, the refractive indices of the crystal and itstowa(or
air). The reflection and transmission coefficiesand T, or & and S;, were calculated
according to the Fresnel relations assuming rangaarization of the incident photons.

A polished crystal in air is simulated with= ny, = 1, 0,= D = A = 0. For a diffusive,
wrapping we chose,= 0,D # 0,A # 0, and for a roughened crystal surfage= 1, g,# 0.
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Figure 2. Photoelectron$\; detected on one bar end for scintillation at défez-positions in a polishe
YAP with a wrapping of the lateral surface with thelicated refractive indices. The lines are fitshe
points according to eq. 1.
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Figure 3. PhotoelectrondN; detected on one bar end (upper panel) aresolution (lower panel) f
scintillations at different-positions in a YAP bar. The lateral surfaces anésped (,= 1). The differer
datasets correspond to photodetectors with diffeefractive indices of the window. The dig are fits t
the points with eq. 1 in the upper panel and with4ein the lower one.

The transmission of the scintillation light to tpleotodetector depends on the limit angle
at the interface crystal-windo# = siri'(n./ny).

In long and thin crystals bars two components ramesimitted to the photodetector:

The direct component (the fraction of detected phestwithout reflections on the crystal
lateral surfaces), dominant for scintillations ladi$ distances from the window, is:

1

F0) =7~

Qﬂqogasine de—%[[l—cosea] (6)

wheref < 6, is defined by the distance to the PMT window.
The number of detected photoelectrons is

Noo = N, [(6,) [£q- (7)
The indirect component is the fraction of photortsolv propagates in the crystal bar by

total internal reflection. It is limited to polangles in the range from 0 t62-6, with 8, = sin*
(n2/n;) measured with respect to the normal of the windbe yield of the indirect component
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Figure 4. Relative energy resolution, measured for 511 ke¥ys detected in the centre of a YAP cry
long 10 cm, versus the refractive index of itsattsurface wrapping (circles), and of the photedet

windows (squares).
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Figure 5. Photoelectrond\; detected (upper panel) at one bar end (photodetadth n, = 1.47) an
uncertainty ofz-reconstruction (lower panel) for scintillationsdifferent z-positions in a YAP bar wi
polished lateral surfacef= 1). The absorption parameter has been varieadisated.

Noa = N,y O [’ET - ebj %, (8)

decreases wham increases, i.e when a coating is used.

However, for 1 <0, < 1.25, although the intensity of the indirect comgt decreases, the
limiting factor is still the transmission at the FPNborosilicate window and the overall yield is
therefore unchanged (see figure 2). On the contfaryhigher values ofi, (1.5 in figure 2) the
loss of light arriving at the end of the bar is doamt.

The behaviour is completely different with a sapphwindow €, = 1.793). The
transmitted photon flux starts to decrease whesoasa a1, is larger than 1.

As shown in figure 2¢ is independent af,. However one observes at sndilitances a
slight deviation from an exponential due to theedgon of the direct component.

The influence ofn, on N; and o, for polished crystals in air is shown in figure &8s
previously quoted\, increases witm,, up to a maximum value attained when the crystal-
window refractive indices are perfectly matchedefluction of the effective attenuation length
Aert (Upper panel of the figure) is observed which ¢e&ml a significant improvement of the
resolutiong; (lower panel of figure 3).
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Figure 6. PhotoelectrondN; detected (upper panel) on one bar end (photodetedth n, = 1.47) an
uncertainties in the scintillation position recauastion (lower panel) for scintillations at differez-
positions in a YAP bar with the lateral surfaog< 1) polished and diffusing the indicated perceesag
the optical photon flux.
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Figure 7. Relative energy resolution, measured for 511 ke¥ys impinging in the centre of a 10
long YAP crystal, versus the percentages of thetqrhdlux undergoing absorption (full points)
diffusion (full squares).

Ny

The energy resolution for gammas interacting at diystal centrez = Lc/2 = 5 cm)
reported in figure 4 clearly gets worse for inciegsralues ofn, (full circles), and decreasing
ny values (full squares).

The influence of the absorptioA)(onN; andg; is displayed in figure 5. Increasidgdoes
not reduceN, but lowersA., improving g, which, however, gets saturated above 10%. These
results, obviously, would improve with a sapphiiedow.

The consequences of the diffusidd) (on N; and g, are shown in figure 6. These are
similar to those of the absorption but with an @age of\,. This is due to photons with polar
angles above the limit angle at the interface #natlost in a polished crystal, but can acquire
after diffusion a lower polar angle and, thus, keéedted. For this reason, transport efficiencies
greater than those calculated with eq. 6 can bairal. Theo, improvement due to absorption
and diffusion is counter-balanced with a worsenifighe energy resolution, as observed in
figure 7 for gammas interacting at the crystal merilowever the degradation is reduced with a
diffusive coating due to the increaseNyf.

As shown in figure 8, the angular smearing effeagtbys the exponential dependence of
N; on thez coordinate which is a requirement for the cooring@construction by means of
eg. 3. Such an effect would seriously compromiseprformance of the HPD-PET concept.
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Figure 8. Photoelectronsl; detected in one side photodetectgy= 1.47) for scintillations at differert
positions in a YAP bar with the lateral surfacg< 1) smeared (dots, triangles) with the indicatgedin
rad) angles. Squares (fitted with the solid lirefer to a polished (not smeared) surface.

Figure 9. Engravings on the lateral surface of a polishedtatynot toscale). Their number (from 10
100 per cm) and depth (from 50 to 3@@) can be used to tune the absorption of the iatéransmittin
photon flux.

No variation of theN, and A« values has been found by varying the crystal csession
and its length.. for polished YAP crystals in air coupled to a PMith a borosilicate window.

However, an increase of the length worsens thdutso g, in agreement with Eq. 4 for a
constantdevalue.

The simulations suggest that a low percentage dadtgnis undergoing Lambertian
diffusion (obtainable, for example, with a partialghening of the lateral surfaces) is a good
approach to improve,. However, such a technique would be very challengingiew of a
good reproducibility for the production of a largeantity of bars.

A very promising and practical method to obtain tbguired [1] performances seems a
geometry related absorption of the lateral surfateke crystal bar. It could be implemented by
triangular engravings (cuts) applied to the lateaitfaces of the polished crystal bars (see
figure 9). The absorption probabilityis driven by the number of cuts and their depthridus
patterns have been simulated with Geant4. Techipjdlle pattern can be produced by laser
etching followed by a chemical polishing [6].

Figure 10 illustrates the performance which caadigeved for different parameters of the
engraving. The method maintains the relatia(z) perfectly exponential. In contrast to all other
methods it allows to significantly improve, while oe/E is practically unaffected. The
resolutions are almost constant over the full bagth. A PET scanner with this performance
would be a very competitive device.

4. Conclusions

In this paper we have discussed Geant4 simulatignthe long and thin scintillator
crystals bars to be used for the axial HPD-PETqutoj
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Figure 10. PhotoelectrondN; detected (upper p;;céT)) at one bar end (photodetedth n, = 1.47) an
uncertainties of the (middle panel) and energy (lower panel) reconssacas a function of the
scintillation point. The lateral polished surfage engraved with different patterns varying in bei
and depth of the cuts.

These simulations have shown that the best matabfine refractive indices of crystal
and the photodetector windows is, as expectednparat to optimize the detected light yield,
and consequently the energy and position resolatidghe single gamma ray.

The various tested wrapping/coatings of the crylatakral surface have contrasting results
on the resolutions. Their behaviour is reproducgdhle Geant4 simulations and accounted for
by the parametens, and Ae, which are the key values characterizing theesgstrystal bar -
photodetector.

The various optical parameters involved in the pggtion of the photon flux have been
parameterized and their respective contributiontheéaesolutions revealed by the simulations.

It appears that the best possible way to optintiezedetector performances is to realize a

controlled absorption of the crystal surfaces. Agraving technique has been proposed using
laser etching and chemical polishing.
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