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Abstract

The ClearPEM detector w as dev elop ed b y the P ortuguese PET Consortium under the framew ork

of the Crystal Clear Collab oration for early stage breast cancer detection. The scanner relies on

a mo dular design in whic h 
 -ra y detector mo dules are readout b y lo w-noise ASICs. FPGAs then

extract the information for energy and timing measuremen ts required for the selection of ev en ts

in coincidence. The baseline detector mo dule comprises a v alanc he photo dio des arra ys (APDs)

to collect the ligh t from 2 � 2 � 20 mm

3
L YSO:Ce crystals, assem bled on a matrix of 4 � 8 crystals,

individually encased in BaSO 4 . Double readout arc hitecture is pro vided b y t w o APDs, one at

eac h end of the crystal matrix, endea v ouring depth-of-in teraction (DOI) capabilit y .

In the scop e of this thesis, exp erimen tal tests w ere p erformed in order to c haracterize the

baseline detector mo dule, considering ligh t yield, energy resolution, in ter-crystal crosstalk and

DOI resolution. 80 detector mo dules (42% of the total) w ere measured and a v erage results

w ere obtained with 13�14% energy resolution at 662 k e V and a t ypical DOI resolution of 2.2

mm FWHM. Long-term stabilit y of the detector mo dules w as also appraised, sho wing a sev ere

degradation in DOI resolution (30% in one y ear). This degradation w as studied and iden ti�ed

to b e caused b y a aging e�ect of the optical in terface used b et w een the crystal and the APD.

Due to pixelized disp osal and detector compactness, in ter-crystal crosstalk needs to b e assess

as it can generate false triggering in c hannels adjacen t to the main ev en t. The degree of crosstalk

has critical implications on the sp eci�cations of the fron t-end electronics. Dedicated studies ha v e

sho wn that within the detector mo dule the a v erage crosstalk is small (3 to 7%).

In order to impro v e the detection sensitivit y and spatial resolution of the scanner, the detec-

tor mo dule w as revised. P ermanen t optical solutions lik e Meltmoun t and Histomoun t w ere tested

in terms of p erformance and mec hanical prop erties. Mo dules assem bled with Histomoun t ha v e

sho wn a sup erior ligh t collection (20�30% impro v emen t) and DOI resolution (5.5�6%/mm), in

comparison with the baseline detector mo dule. Di�eren t crystal dimensions and crystal coatings

w ere also compared. Exploratory exp erimen tal w ork w as carried out with new crystal matrices,

with 2.2 � 2.2 � 30 mm

3
L YSO:Ce crystals wrapp ed in a sp ecular re�ector (78% pac king frac-

tion). Based on these studies, all ClearPEM pro duction detector mo dules w ere re-assem bled

with Histomoun t coupling medium.

The ClearPEM scanner has t w o detector planar heads comprising 8 sup ermo dules, in a

total of 192 detector mo dules. The in tegration of the sup ermo dules w as p erformed successfully

and p erformance test results w ere in go o d agreemen t with the obtained for individual detector

mo dules. In late 2008, the ClearPEM scanner w as transfered to IPO Hospital facilities for clinical

trials. Characterization of the scanner p erformance sho w ed a spatial resolution of 1.3�1.6 mm,

15.9% energy resolution at 511 k e V and time resolution of 5.2 ns FWHM, in fully agreemen t

with the initial p erformance requisites.

Key-w ords: P ositron Emission T omograph y , Detector Mo dule, A v alanc he Photo dio des,

Scin tillation Crystals, Optical Couplings, Crosstalk.





Resumo

O detector ClearPEM é um tomógrafo desen v olvido p elo consórcio p ortuguês PET�Mamogra�a,

no âm bito da colab oração in ternacional Crystal Clear e do CERN, para a detecção preco ce

de cancro da mama. O protótip o é baseado em mó dulos detectores constituídos p or cristais

cin tiladores de L YSO:Ce com 2 � 2 � 20 mm

3
, disp ostos n uma matriz de BaSO 4 de 4 � 8 cristais,

lidos individualmen te, p or foto dío dos de a v alanc he pixelizados, p ossibilitando a determinação da

co ordenada longitudinal da in teracção do fotão no cristal (DOI). Os mó dulos detectores são lidos

p or um sistema de electrónica rápida e de baixo ruído, que extrai a informação em temp o e de

energia, necessária à selecção de fotõ es em coincidência.

No âm bito desta tese, foram realizados estudos exp erimen tais de caracterização do mó dulo

detector, considerando a colecção de luz, a resolução em energia, a distribuição do sinal principal

en tre canais adjacen tes ( cr osstalk ) e resolução DOI. 80 mó dulos (42% do total) foram medidos

com resultados médios de 13�14% de resolução em energia a 662 k e V e uma resolução DOI de

2.2 mm FWHM acompanhada p or uma assimetria de colecção de luz de 4 %/mm. Estudos de

estabilidade ao longo do temp o mostram uma degradação de cerca de 30% na resolução DOI no

p erío do de um ano. A causa desta degradação foi iden ti�cada, sendo devido ao en v elhecimen to

do acoplamen to óptico utilizado, Rho dorsil P aste 7 grease.

Sendo o mó dulo detector bastan te compacto e pixelizado, o crosstalk en tre canais foi con-

siderado como sendo um parâmetro de relev ância, uma v ez que in�uencia as esp eci�caçõ es da

electrónica in tegrada de fron tend (ASIC). Estudos dedicados demonstraram que o cr osstalk no

mó dulo detector é baixo (3 a 7%).

Com o ob jectiv o de melhorar a sensibilidade de detecção e resolução espacial do tomógrafo,

o mó dulo detector foi revisto. Neste sen tido, os acoplamen tos ópticos Meltmoun t e Histomoun t

foram testados em termos de desemp enho e propriedades mecânicas. V eri�cou-se que os mó dulos

mon tados com Histomoun t colecta v am mais luz (20�30% sup erior) e obtinham 5.5�6%/mm de

assimetria de colecção de luz, em comparação com o mó dulo de pro dução. F oram ainda explo-

radas outras alteraçõ es ao mó dulo, como a utilização de cristais de diferen tes dimensõ es e um

no v o re�ector, realizando-se testes com uma no v a matriz de cristais de L YSO:Ce com 2.2 � 2.2 � 30

mm

3
, rev estidos p or um re�ector esp ecular (fracção de empacotamen to 78%). Com base nos re-

sultados obtidos neste trabalho, to dos os mó dulos do detector ClearPEM foram remon tados com

o acoplamen to Histomoun t.

O tomógrafo ClearPEM p ossui duas cab eças detectoras constituídas p or 8 sup ermó dulos, n um

total de 192 mó dulos. Pro cedeu-se à in tegração dos sup ermó dulos e os resultados dos testes de

desemp enho estão de acordo com os obtidos com os mó dulos detectores medidos individualmen te.

No �nal de 2008, o detector ClearPEM foi transferido para o IPO-P orto para ensaios clínicos. O

desemp enho do detector caracteriza-se p or 1.3�1.6 mm de resolução espacial, com resolução em

energia de 15.9% para 511 k e V e resolução temp oral de 5.2 ns FWHM, cumprindo os requisitos

iniciais do detector.

P ala vras-c ha v e: T omogra�a p or Emissão de P ositrõ es, Mó dulo Detector, F oto dío dos de

A v alanc he, Cristais de Cin tilação, A coplamen tos Ópticos, Crosstalk.
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In tro duction

P ositron Emission T omograph y (PET) is a w ell established n uclear medicine imaging tec h-

nique, widely use in Oncology , Cardiology and Neurology , to detect cancer tumors and

searc h for metastases, heart disease and certain brain disorders. It pro duces a image or

map of functional pro cesses in the b o dy , b y the injection of a short-liv ed radioactiv e tracer

isotop e, whic h deca ys b y emitting a p ositron, that also has b een c hemically incorp orated

in to a biologically activ e molecule, in to the blo o d stream. As the radioisotop e undergo es

� +
deca y , it emits a p ositron whic h annihilates with an electron of the medium, pro ducing

a pair of photons mo ving in opp osite directions that are detected b y the scanner to create

the image.

Cancer is a leading cause of death w orldwide: it accoun ted for 7.9 million deaths (around

13% of all deaths) in 2007. Lung, stomac h, liv er, colon and breast cancer cause the most

cancer deaths eac h y ear [ WHO2008 ]. Breast cancer is the second leading cause of can-

cer deaths in w omen to da y after lung cancer, and is the most common cancer among

w omen, excluding nonmelanoma skin cancers. A ccording to the American Cancer So ci-

et y , ab out 1.3 million w omen will b e diagnosed with breast cancer ann ualluy w orldwide

[ Imaginis2008 ]. Ab out one-third of the cancer burden could b e decreased if cases w ere

detected and treated early .

Motiv ated b y these facts and n um b ers, the P ortuguese PET�Mammograph y Consortium,

within the framew ork of the in ternational Crystal Clear Collab oration at CERN, has

b een dev eloping, building and testing the ClearPEM detector, a compact high-resolution

scanner for breast cancer detection, exploiting state-of-the-art tec hnology and kno wledge

transfer from high energy particles detectors to medical imaging, impro ving the detection

of early stage breast cancer, comparativ ely to actual screening tec hniques.

Breast cancer detection with PET requires go o d time and energy resolution, to minimize

random ev en ts from outside the �eld-of-view as 99% of the injected dose is lo cated outside

the F O V, and reduce scattered ev en ts in the ob ject, high sensitivit y , to ha v e less injected

dose or faster exams, and spatial resolution do wn to 2 mm. In order to accomplish these

requiremen ts, the detector mo dule m ust b e compact and with high-Z scin tillation crystals

to impro v e the detection e�ciency of the 511 k e V photons. T o ac hiev e a desirable spatial

resolution after reconstruction, pixelized crystals are required in a 1:1 coupling sc heme
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readout, and the detectors m ust b e able to measure the depth-of-in teraction of the in-

coming photons to a v oid parallax e�ect.

The PET-Mammograph y consortium comprises sev eral national institutions, with w ell de-

�ned resp onsibilities, where LIP � Lab oratório de Instrumen tação e Física Exp erimen tal

de P artículas is resp onsible for the detector design, sim ulation studies, exp erimen tal tests,

in tegration and co-resp onsible for the dev elopmen t of the data acquisition electronics, op-

eration and image correction reconstruction soft w are. In order to p erform exp erimen tal

tests with radioactiv e sources, a new w orking area w as needed and T agusLIP lab oratory

w as b orn to address this necessit y .

After �v e y ears w orking in the ClearPEM pro ject, it w as inevitable the wish of telling

a story . This thesis fo cuses on the ev olution of the ClearPEM detector mo dule along

this p erio d, as it w as mean t to b e on the y ear of 2004, at the start-up of the T agusLIP

lab oratory , to its presen t stand, assem bled in the detector heads of the protot yp e in pre-

clinical phase, ev olving through all exp erimen tal tests, driv en ac hiev emen ts and ma jor

conclusions that conduced to the actual and revised detector mo dule.

This journey b egins with a brief in tro duction of the ClearPEM pro ject, its main goals

and motiv ations ( Chapter 1 ), follo w ed b y the description of the T agusLIP lab oratory ,

its purp oses and main equipmen t, including a en vironmen tal radiation ev aluation accord-

ing to la w requisites of safet y for p ersonnel w orking with radioactiv e material, and also

the explanation of the discrete electronic setups, sp ecially dev elop ed for APD (A v alanc he

Photo Dio des) readout, with whic h substan tial exp erimen tal tests w ere p erformed, b efore

the ClearPEM fron t-end ASIC has b een a v ailable ( Chapter 2 ).

Th us said, it is time to c haracterize the baseline ClearPEM detector mo dule, with a

insigh t view of all its comp onen ts and mec hanical assem bly , primary studies and �rst

pro of-of-principle results ( Chapter 3 ). As the detector mo dule is a k ey elemen t to the

full ClearPEM scanner p erformance, exhaustiv e dedicated testb enc hs w ere accomplished

to c haracterize ligh t collection, energy resolution, DOI (depth of in teraction) resolution,

APD resp onse and long-term stabilit y .

Also the study of crosstalk and its main con tributors within the detector mo dule had re-

quired sp ecial atten tion ( Chapter 4 ), as the degree of crosstalk has critical implications

on the sp eci�cations of the fron t-end electronics, whic h has 12 288 c hannels, as a result

of the 1:1 crystal-pixel APD coupling sc heme, that enable the DOI measuremen t capa-

bilit y . Ev aluation of the electrical and optical crosstalk on S8550 APD w as also p erformed.

Chapter 5 presen ts the exp erimen tal e�orts and results that led to a revised detector

mo dule, whic h impro v es the ligh t collection and detection sensitivit y of the ClearPEM

scanner. Optimization of the optical coupling media led to a impro v ed ligh t collection

stabilit y with direct consequences in the p erformance of the detector mo dule. Studies of

the detector mo dule pac king fraction and detection e�ciency with a new L YSO crystal

matrix w ere explored.
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The in tegration of the detector mo dules in sup ermo dule arrangemen t in to the ClearPEM

detector heads is describ ed in Chapter 6 . The v alidation of the sup ermo dules (eac h unit

is a set of t w elv e detector mo dules) w as p erformed b efore the �nal assem bly . The tests

of the sup ermo dules allo w ed to assess the p erformance of the detector mo dules in their

�nal w orking en vironmen t, com bining instrumen tation e�ects in tro duced b y the fron tend

electronics readout and the pro cessing of the data �o w b y the data acquisition electronics

and trigger system. After v alidation, the sup ermo dules w ere inserted in the ClearPEM

detector heads and the p erformance c haracterized in terms of energy resolution, DOI res-

olution, ligh t collection, linearit y and time resolution. A preliminary ev aluation of the

system sensitivit y is also presen ted.

Finally , the story ends with Summary and Conclusions .
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1.1. P ositron Emission T omograph y (PET)

1.1 P ositron Emission T omograph y (PET)

P ositron emission tomograph y (PET) is an imaging tec hnique that measures metab olic

activit y of the cells of b o dy tissues and is used mostly b y oncologists, in the detection

of cancer and the ev aluation of cancer treatmen t, b y neurologists and neurosurgeons, in

monitoring and surgery of the brain and nerv ous system, and b y cardiologists, in the

diagnosis of heart diseases.

PET is actually a com bination of n uclear medicine and bio c hemical analysis and di�ers

from other n uclear medicine examinations in that PET images pro vide information ab out

the function and metab olism within b o dy tissues, whereas other t yp es of n uclear medicine

pro cedures detect the amoun t of a radioactiv e substance collected in b o dy tissue in a cer-

tain lo cation to examine the tissue's function. PET ma y detect bio c hemical c hanges in an

organ or tissue that can iden tify the onset of a disease pro cess b efore anatomical c hanges

related to the disease can b e detected with other imaging pro cesses suc h as computed

tomograph y (CT) or magnetic resonance imaging (MRI)[ HSVU2008 ].

T o pro vide images of the b o dy , PET uses a radiopharmaceutical (radion uclide or ra-

dioactiv e tracer) whic h deca ys b y p ositron emission and that is administered to the patien t

either in to the blo o d stream or inhaled as a gas. P ositrons are emitted b y the breakdo wn

of the radion uclide, through a � +
deca y pro cess. The p ositron annihilates with an elec-

tron of the medium, pro ducing a pair of 511 k e V photons emitted at 180 degrees that are

then detected b y the scanner in temp oral coincidence ( � 20 ns). Dedicated hardw are and

soft w are analyze the reconstructed energy and time of the 511 k e V photon pair and use

the information to create an image map of the organ or tissue in observ ance. The amoun t

of the radion uclide collected in the tissue a�ects ho w brigh tly the tissue app ears on the

image, and indicates the lev el of organ or tissue function.

Originally , PET pro cedures w ere p erformed in dedicated PET cen ters, b ecause the

equipmen t to mak e the radiopharmaceuticals, including a cyclotron and a radio c hemistry

lab oratory , had to b e a v ailable in addition to the PET scanner [ Muehllehner2006 ]. No w,

the radiopharmaceuticals are pro duced in sync hrotrons b y dedicated companies and are

sen t to PET cen ters, only when a PET scan is required.

The radiopharmaceuticals used in PET scanners include in the comp osition radion u-

clides that deca y b y p ositron emission b ounded to c hemical substances suc h as glucose,

carb on, or o xygen used naturally b y the particular organ or tissue during its metab olic

pro cess. The most commonly used p ositron emitting tracer in the �eld of oncology is the

glucose analogue (

18
F)�uoro-2-deo xy-D-glucose (

18
F-FDG), whic h is tak en up lik e glucose

but is not metab olized through the en tire mito condrial Krebs cycle. Instead, it b ecomes

metab olically trapp ed within the cell and allo ws the detection of metab olic alterations

within cells. High concen tration of

18
F-FDG in an organ or tissue t ypically indicates ab-

normal metab olism or cell proliferation, a distinguishing mark of malignan t tumours and

cancer metastases [ Schilling2008 ].

6
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In general, PET scanners ma y b e used to ev aluate organs and/or tissues for the pres-

ence of disease or abnormal conditions and other radiopharmaceuticals ma y b e applied

for PET scanning, dep ending on the purp ose of the scan [ Smith1999 ]. PET ma y also b e

used in conjunction with anatomical diagnostic tec hniques suc h as computed tomogra-

ph y (CT) or magnetic resonance imaging (MRI) to pro vide more de�nitiv e information

ab out malignan t tumors and other lesions. An example of t ypical images obtained with

m utimo dalit y PET/CT is sho wn in Fig. 1.1.

Figure 1.1: T ypical m ultimo dalit y PET/CT scan.

1.2 P ositron Emission Mammograph y (PEM)

Breast cancer is the second leading cause of cancer deaths in w omen to da y (after lung

cancer) and is the most common cancer among w omen, excluding nonmelanoma skin

cancers. A ccording to the American Cancer So ciet y , ab out 1.3 million w omen will b e

diagnosed with breast cancer ann ually w orldwide [ Imaginis2008 ]. Ab out one-third of the

cancer mortalit y could b e decreased if cases w ere detected and treated in an early stage.

One of the ma jor goals of breast imaging is to detect small cancer lesions so that

treatmen t ma y b e initiated when the clinical outcome is most fa v ourable. Once a cancer

has b een detected, it is useful to demonstrate the exten t of the lesion for surgical planning

and to iden tify other fo ci of tumor in the breast. These tasks are not reliably p erformed

ev en with the b est to ols curren tly in general use (mammograph y and ultrasound). A
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k ey reason for the limited e�cacy of con v en tional imaging is the limitation to anatomic

depictions. With the addition of functional imaging, ho w ev er, it is p ossible that mammo-

graphically o ccult disease ma y b e b etter c haracterized, b enign lesions ma y b e recognized

as suc h, and unsusp ected tumors ma y b e detected [ Levine2003 ].

PET instrumen ts customized for breast applications, commonly kno wn as P ositron

Emission Mammograph y (PEM), ha v e b een sho wn to exhibit sup erior tec hnical c harac-

teristics for imaging small lesions in the breast [ Levine2003 ]. Compared with whole-b o dy

PET, PEM scanners can b etter image small breast lesions and pro vide more accurate

lo calization. Images obtained with a commercial PEM scanner are sho wn in Figs 1.2 and

1.3. Preliminary results from clinical trials with the Na viscan PEM scanner, indicate a

sensitivit y (de�ned as the n um b er of detected lesions o v er the total n um b er of lesions) of

92% (decreasing do wn to 88% for lesions smaller than 5 mm) and a sp eci�cit y (de�ned as

the n um b er of true p ositiv e lesions o v er the total n um b er of detected lesions) of 93%. In

comparison whole-b o dy PET, when applied to breast cancer detection, sho w a sensitivit y

of 80% and a sp eci�cit y of 76%. In a study with this PEM scanner, 250 patien ts with

breast cancer w ere scanned. Of 124 malignan t lesions imaged, PEM detected 114 for

an o v erall sensitivit y rate of 92 p ercen t. Eigh teen p ercen t w ere ductal carcinoma in situ

(DCIS), a nonin v asiv e cancer con�ned to the ducts of the breast; 82 p ercen t w ere in v asiv e

cancer. PEM successfully detected cancer in ab out: 100 p ercen t of fatt y breasts; 96 p er-

cen t of dense breasts; 91 p ercen t of extremely dense breasts; 93 p ercen t of w omen b oth

with and without a history of hormone replacemen t therap y; 88 p ercen t of pre-menopausal

w omen; 95 p ercen t of p ost-menopausal w omen.

Figure 1.2: Clinical case of a breast imaged with X-ra y mammograph y ( left ) and the

Na viscan PEM scanner ( right ). The mammograph y scan found an index lesion but missed

the secondary malignancy detected with PEM. A metastasized cancer lesion w as also

iden ti�ed with PEM.
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(a) (b)

Figure 1.3: Clinical case of a breast and axilla region imaged with the Na viscan PEM

scanner. (righ t) In traductal carcinoma at 2:00 righ t breast with in traductal extension.

(left) The righ t axilla has also n umerous lymph no des sho wing FDG uptak e consisten t

with metastatic disease.

The guiding principal b ehind PEM instrumen tation is that a camera whose Field-

Of-View (F O V) is restricted to a single breast will ha v e signi�can tly higher p erformance

and lo w er cost than a con v en tional PET camera. By placing the detectors close to the

breast, the PEM geometry is able to subtend more solid angle around the breast than

a con v en tional PET camera. In addition, it pro vides reduced atten uation and higher

coinciden t coun t rates for image pro duction as the 511 k e V photons emitted in the breast

ha v e to pass through at most one atten uation length ( � 10 cm) of tissue in the PEM

geometry , but ma y ha v e to tra v el through as m uc h as four atten uation lengths of tissue

in a con v en tional PET camera [ Moses2003 ].

1.3 The ClearPEM Scanner

1.3.1 Motiv ation and General Design Principles

Sev eral designs for PET cameras ha v e b een optimized to image the breast since 1994,

when the �rst feasibilit y study had b een rep orted b y Thompson et al [ Thompson1994 ].

An ideally breast imaging tec hnique should b e able to detect and diagnose primary tu-

mors, determine the exten t of the disease to regional lymph no des as w ell as detect tumor

recurrences and follo w-up of patien ts after surgery , c hemotherap y and/or external radio-

therap y [ T rindade2007 ].

Under this con text, the P ortuguese PET�Mammograph y Consortium, within the frame-

w ork of the in ternational Crystal Clear Collab oration at CERN, has b een dev eloping,

9



1.3. The ClearPEM Scanner

building and testing the ClearPEM detector, a compact high-resolution scanner for early

breast cancer detection, exploiting state-of-the-art tec hnology and kno wledge transfer

from high energy particles detectors to medical imaging, in order to a v oid some of limi-

tations found in the �rst generation of PEM scanners [ Ro drigues2007 ].

The ClearPEM scanner w as dev elop ed based on three main guidelines [ Ab reu2006 ]:

lo w bac kground, minimizing the fraction of random coincidences under a high �ux of

single photons (up to 10 MHz); high sensitivit y; and spatial resolution do wn to 2 mm.

The �rst requiremen t arises from the fact that in this t yp e of exams 99% of the injected

dose is lo cated outside the F O V. As a result, the scanner m ust cop e with a large single

photon rate whic h imp oses the use of fast radiation sensors and readout electronics, ca-

pable of ac hieving high-resolution time measuremen ts. The second prerequisite, the high

sensitivit y , in tends less injected dose or faster exams. In order to accomplish this require-

men t, the ClearPEM imaging system uses high-Z scin tillation crystals to impro v e the

detection e�ciency of the 511 k e V photons and exploits b oth photo electric and Compton

in teractions in the detector impro ving substan tially the detection sensitivit y . In the case

of Compton ev en ts, the reconstruction of the scattering top ology is required in order to

not degrade the spatial resolution. The trigger and data acquisition system is able to

pro cess and acquire t w o-hit in teractions in the detector head, corresp onding to Compton

di�usion follo w ed b y photo electric absorption, whic h are reconstructed using the energy

and co ordinates of the measured hits. Finally , in order to ac hiev e the required 2 mm

spatial resolution after reconstruction, the detectors m ust b e able to measure the depth-

of-in teraction of the incoming photons [ V a rela2007 ].

Due to the small lesion dimensions in the early stage of the disease, detection tec h-

niques require a large sensitivit y and high resolution, with the aim to increase the signal

o v er bac kground signi�cance. The p oin t source sensitivit y of a PET scanner can b e de�ned

in �rst appro ximation as [ Ro drigues2007 ]:

� p = 
 solid angle � � 2
packing fraction � "2

detector ef f iciency (1.1)

where 
 solid angle stands for the subtended solid angle at the symmetry cen ter of the sys-

tem, � detector ef f iciency is the scin tillator sensitivit y for 511 k e V photons and "packing fraction

is the ratio b et w een the actual scin tillator v olume and the ideal scin tillator material v ol-

ume. In order to comp ensate the larger ring diameter, PET scanners are usually equipp ed

with m ultiple rings of detector elemen ts, ha ving a direct impact in the �nal cost of the

system.

The reconstructed spatial resolution in millimetres ( � ) measured at full width half

maxim um can b e describ ed as [ Dezenzo1993 , Lecomte2004 ]:

� = a
p

(d=2)2 + b2 + 0:0022D 2 + r 2
(1.2)

where d is the crystal cross-section, b is the con tribution to the spatial resolution in-

tro duced b y the di�eren t scin tillation ligh t readout sc hemes, D is the diameter of the

detector ring used to describ e the con tribution from annihilation photon noncollinearit y
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and r is the e�ect of the p ositron range in tissue b efore annihilation. The factor 1.1 < a <

1.3 dep ends on the algorithm used to reconstruct the image and t ypically tak es v alue of a
= 1.2 when using �ltered bac kpro jection reconstruction with a ramp �lter [ Lecomte2004 ].

P ositrons emitted from the � +
deca y of the tracer radioisotop es used in PET undergo an

energy loss mec hanism, mainly due to the ionization of the atoms of the medium, b efore

they annihilate in t w o 511 k e V photons. In-�igh t annihilation is largely suppressed and

the cross-section only b ecomes signi�can t when the p ositron has loss most of its initial

kinetic energy . Due to the thermal or orbital mo v emen t of the electrons of the medium,

the rest energy of the electron-p ositron system is not zero. In this case, the annihilation

will not pro duce photons exactly with 511 k e V energy and the corresp onding angular

distribution will sho w some spread from the exp ected bac k-to-bac k emission. F or a ring

with 80 cm diameter, the con tribution from noncollinearit y reac hes 2.1 mm, but is almost

negligible ( � 0.33 mm) in a small dedicated scanner for rats and mice imaging (D � 15

cm) [ Lecomte2004 ]. T o b e economic viable, blo c ks of crystal material are made either b y

cutting a solid piece of scin tillator part-w a y through to v arious depths and coupling this

to four photom ultipliers, or b y coupling individual crystals to a glass ligh t guide whic h

has a similar pattern of cuts [ Thompson2005 ]. When com bined, these factors con tribute to

a spatial resolution b et w een 5 mm to 8 mm. A 1:1 coupling b et w een the scin tillator and

the readout elemen t could bring b to 0, but increasing ev en more the cost of a whole-b o dy

PET [ Ro drigues2007 ].

Ev en assuming a small dedicated scanner, to ac hiev e a go o d reconstructed image res-

olution, the in trinsic detector resolution m ust b e k ept as lo w as p ossible and this concept

w as explored on the dev elopmen t of the ClearPEM detector mo dule, with a 1:1 coupling

sc heme. The p osition accuracy can b e scale do wn to the size of individual crystals (Chap-

ter 3), to obtain a spatial resolution only limited to the crystal size, and b e impro v ed b y

sp ecial crystal surface treatmen t and assem bly (Chapters 3 and 5). In the same w a y , in ter-

crystal crosstalk has to b e small as it has imp ortan t implications in the data acquisition

sc heme (Chapter 4), allo wing to ha v e b � 0. Sensitivit y also pla y ed a cen tral role on the

dev elopmen t of the ClearPEM system. The detector heads close to the ob ject pro vide a

large angular co v erage and the double readout for depth-of-in teraction measuremen t min-

imize the so-called parallax e�ect. In spite of the signi�can t dev elopmen t, optimization

of pac king fraction and detector e�cien t of the detector mo dule in terms of new high-

Z stopping p o w er crystals, with adequate thic kness to impro v e photo electric in teraction

probabilit y , as w ell as new optical coupling materials and re�ectors, is a con tin uous w ork

(Chapter 5).

1.3.2 ClearPEM Detector La y out

The Clear-PEM scanner has t w o parallel detector heads eac h one comprising 96 detector

mo dules. The baseline detector mo dule, whic h design w as carried out at LIP in the scop e

of this thesis, with double readout has a v alanc he photo dio des arra ys (APDs) that collect

the ligh t from 2 � 2 � 20 mm

3
L YSO:Ce crystals whic h are assem bled on a 4 � 8 matrix,

individually encased in BaSO 4 . Double readout arc hitecture in a 1:1 sc heme is pro vided

b y t w o Hamamastu S8850 APDs, one at eac h end of the crystal matrix, endea v ouring
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1.3. The ClearPEM Scanner

depth-of-in teraction (DOI) capabilit y (see a detailed explanation and c haracterization of

the detector mo dule in Chapter 3). T w elv e detector mo dules are mec hanically �xed and

electrically connected to top and b ottom fron t-end electronics b oards forming a sup ermo d-

ule - Fig. 1.4. Eigh t sup ermo dules are moun ted in a detector head, co v ering a 16.5 � 14.5

cm

2
�eld-of-view [ Ab reu2006 ] - Fig. 1.5.

Double detector module 
external casing

BaSO4 matrix

LYSO:Ce crystal matrix
APD
PCB
Male connector

Casing

Front-end board (bottom)

Front-end board (top)

Figure 1.4: A cut-side view of a sup ermo dule with a explo ded detector mo dule ( left ) and

photograph of ClearPEM sup ermo dules ( right ).

Patch Panel 

Cold Plate 

Service Board 

Collision Detector

Supermodule

LVDS Serializer Connectors  

Figure 1.5: Sc hematic view of a ClearPEM detector head, where main comp onen ts are

p oin ted out ( left ) and photograph of the detector heads ( right ).

The detection heads are moun ted on a rob otized mec hanical system, enabling the exam

of b oth breasts - Fig. 1.6 ( left ), as w ell as the axillary lymph no des - Fig. 1.6 ( right ). It

is necessary to examine the axillary lymph no des in staging the disease, b ecause though

breast cancer has the p oten tial to spread to other regions of the b o dy �rst, it most

commonly spreads primary to the axillary lymph no des, kno wn as regional spread. F rom

there, the breast cancer can metastasize systematically to other areas of the b o dy (suc h

as the b one, liv er, lung, or brain). The system is used in conjunction with a examination

table that mak es p ossible the exam to b e p erformed with the patien t in prone p osition,

with the breast w ell separated from the b o dy . Con�gurable op enings in the examination

12



CHAPTER 1. BREAST CANCER DETECTION WITH PET

table allo w the exam of b oth breasts with the detector heads p ositioned in eac h side of

the breast (standard exam).

Figure 1.6: Clear-PEM scanner conceptual dra wings sho wing the breast ( left ) and axilla

( right ) examination con�gurations.

During the exam, the detector heads can rotate around the detector main axis, collect-

ing data at sev eral angular orien tations as required for tomographic image reconstruction.

The examinations of the breast region close to the c hest and of the axilla region are p er-

formed in a fron t-bac k con�guration. One detector head is facing the breast (complemen-

tary exam) or the axilla region under the scanner table and the other is p ositioned against

the patien t bac k. Since the area of in terest will b e imaged across the b o dy , the atten uation

is exp ected to b e higher and, in this case, atten uation corrections ma y b e mandatory and

small angle image reconstruction tec hniques ha v e to b e dev elop ed. The p osition of the

detector heads, as w ell as their separation, can b e adjusted to �t the anatomical region

under analysis, minimizing the con tribution of the annihilation noncollinearit y photon

emission to less than 0.2 mm, for a reference detector heads separation distance of 10 cm

[ Ro drigues2007 ].

1.3.3 ClearPEM Electronics and Data A cquisition System

In the ClearPEM scanner, the electronic system functionalit y is partitioned in to fron t-end

electronics, coupled to the detector heads, and a o�-detector trigger and data acquisition

electronics [ Albuquerque2006 ]. The fron t-end electronic blo c k is resp onsible for analogue

signal detection, directly connected to the top or b ottom of a crystal plane. Ampli�ers and

m ultiplexer in tegrated circuits (ASIC) and the free-sampling analogue to digital con v erters

(ADCs) are the main comp onen ts of the fron t-end electronics. After serialization, digital

signal cables connect the fron t-end blo c ks to the o�-detector electronics whic h are housed

in a standard crate system. A ccepted data is sen t to a host computer for a second lev el

of ev en t �ltering b efore image reconstruction [ Ab reu2006 ].

1.3.3.1 F ron t-End Electronics

The fron t-end electronics system, ph ysically lo cated on the detector heads, p erforms signal

ampli�cation, c hannel selection and analog m ultiplexing, analog to digital con v ersion and

13



1.3. The ClearPEM Scanner

parallel-to-serial translation. The fron t-end electronics dev elopmen t has b een cen tered

on the design of a lo w noise ampli�er, due to the initial reduced c harge at the ampli�er

input, and m ultiplexer VLSI ASIC. The fron t-end c hip needs to amplify this c harge b y

ab out three orders of magnitude, while complying with the lo w-p o w er dissipation require-

men ts, compatible with a compact co oling system. A co oling system is required since

the L YSO:Ce ligh t yield and APD gain are in v ersely dep enden t on the temp erature. The

collected c harge at the input is constrained b y the S8550 APD gain, crystal-APD pixel

size mismatc h, and to the fact that in eac h crystal the ligh t is split b y t w o photosensors.

The need to readout 12 288 c hannels placed in a v ery constrained space demands that

the fron t-end ASIC, dev elop ed b y INESC-ID and INFN-T orino for this pro ject, has an

unpreceden t lev el of in tegration - Fig. 1.7. This c hip p erforms the readout of one side

of six mo dules (total of 192 APD pixel c hannels), ampli�cation, sampling and storage in

analogue memories and the selection of t w o activ e c hannels (192:2 m ultiplexing) ab o v e a

common threshold - Fig. 1.8.

S/H 

clock 
analogue 

S/H 

0 

191 

th 

th 

1 

32 

Digital 
Logic 

MUX 

Analogue output 0 

Digital Channel ID 0 

Digital Channel ID 1 

Analogue output 1 

memories 

Amplifier 

Amplifier

Figure 1.7: ASIC functional sc heme.

P o w er and cabling constrains required that some form of m ultiplexing and zero sup-

pression should b e implemen ted in the c hip, k eeping to a minim um the n um b er of output

c hannels. The n um b er of output c hannels in a scanner based on crystals with small cross-

section has to b e c hosen adequately in order to a v oid signi�can t losses of information, that

could compromise the detection sensitivit y of t w o photon ev en ts in coincidence. Mon te

Carlo results sho w that in the case of ClearPEM ab out 53% of all coincidences will ha v e

t w o or more crystal hits in a giv en detector head p er ev en t. Therefore, the n um b er of

output c hannels for the fron t-end ASIC should b e 2, still allo wing for the readout of

m ulti-Compton in teractions (more than 2) in the scanner if the ev en t is readout b y t w o

di�eren t ASIC regions ("T rigger Cell"). If three or more c hannels are found activ e, i.e.

t w o c hannels are already transmitting t w o dataframes and a request is made to transmit

a third, an error co de is pro duced indicating the o ccurrence of an o v er�o w condition. The

op erates in data-driv en sync hronous mo de, suc h that the output samples ha v e �xed la-

tency relativ e to the input pulse. No dedicated trigger signal is generated b y the fron t-end

system, otherwise it w ould require sophisticated discriminators. Instead, the trigger in-

formation is extracted from the main data �o w in the o�-detector system. Eac h analogue
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CHAPTER 1. BREAST CANCER DETECTION WITH PET

dataframe is comp osed of 10 samples and stored in analogue memories. The pre-samples

are used b y the o�-detector electronic system for p edestal estimation and correction on

an ev en t-b y-ev en t basis.

32 channel
analogue block

Digital
control
block

8 x Analogue Memories

8 x Amplifier 
and Shapper

Figure 1.8: Photograph of a bare die.

The analogue samples are digitized in the fron t-end b y 10-bit sampling ADCs. The

digital data are serialized in lo w-v oltage di�eren tial signaling (L VDS) bit streams and

transmitted to the o�-detector system. The transmission of 10-sample dataframes p er

detector pulse to the trigger and data acquisition system represen ts a more �exible w a y

to adapt the trigger algorithms [ Albuquerque2006 ].

Figure 1.9: Photographs of a F ron t-End Board ( left ) and Service Board ( right ).

In Fig. 1.9 it is sho wn a F ron t-End Board (FEB) with b onded ASICs (left) and the

Service Board (righ t) dev elop ed at LIP , whic h distributes the L V v oltage lines to the
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1.3. The ClearPEM Scanner

fron t-end c hips, ADCs and the HV bias v oltages to the APDs. The Service Board pro-

vides also temp erature measuremen ts to the soft w are monitoring system, whic h is essen tial

to con trol the APDs gain. The Service Board is also resp onsible for the fanout of clo c k,

sync hronization, test and reset lines to the fron t-end b oards.

The co oling system, designed and built b y INEGI, is based on a computer con trollable

�ux of cold w ater, capable of k eep a constan t temp erature, up to 0.1% r.m.s around the

target temp erature. The target temp erature can b e set b ewteen 10

�
C and 20

�
C. The

estimated p o w er dissipation p er detector head is 60 W. W ater is carried b y thin aluminium

tub es to co ol the dissipation plates. In the patien t p ort the dissipation plate is built in

graphite, in order to minimize the amoun t of non sensitiv e material placed in the path of

the photons.

1.3.3.2 Data A cquisition Electronics

The o�-detector D A Q system, dev elop ed b y INO V/INESC-ID under LIP co ordination,

is housed in a 6U crate with t w o dedicated buses (T rigger and Data) implemen ted in

CompactPCI bac kplanes (Fig. 1.10). T w o t yp es of electronic b oards w ere dev elop ed and

pro duced: Data A cquisition Boards (D A Q Boards) and the T rigger and Data Concen trator

Board (TGR/DCC Board) equipp ed with 4 and 2 million gates Xilinx Virtex I I FPGAs,

resp ectiv ely - Fig. 1.11. D A Q Boards p erform the initial phase of data reduction/selection

(pip eline data storage, parallel algorithmic pro cessing to extract the amplitude and time of

the detector hits) and transmit the p oten tially in teresting ev en ts to the TGR/DCC Board

whic h p erforms the trigger candidate selection. The energy , time extraction algorithms

and their impact on trigger p erformance are discussed in more detail in [ Ro drigues2007 ].

DAQ Boards

TGR/DCC Board
FedKit Transmitter

FedKit Merger

FedKit PCI-X 64 bit 66 MHz G3

Figure 1.10: ClearPEM o�-detector data acquisition electronics.

T w o t yp es of coincidence triggers op erate sim ultaneously in the TGR/DCC Board:

coincidence trigger in whic h candidate hits with timetags less than the coincidence windo w

are accepted and random coincidence trigger in whic h timetags b efore comparison are
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CHAPTER 1. BREAST CANCER DETECTION WITH PET

randomized. A t eac h trigger, complete dataframes of the iden ti�ed detector hits are

transmitted to the A cquisition serv ers (A cquisition Manager) via a fast data link with a

throughput of 400 Mb yte/s (Fig. 1.10). The S�Link64 is a FIF O-lik e in terface standard,

originally dev elop ed at CERN, for generic data readout with a maxim um throughput

of 800 MByte/s. The standard de�nes a hardw are, link sp eci�cations and a common

64�bit w ords data format. The format encapsulates the detectors sp eci�c ra w-data in a

common en v elop e, consisting of a header, trailer and generic pa yload. Sev eral researc h

and commercial b oards w ere dev elop ed up on this standard. F or the ClearPEM scanner,

the CMS (Compact Muon Solenoid exp erimen t at CERN) implemen tation named FEDkit

w as adopted after some adaptations p erformed b y LIP [ Bugalho2008 ].

Figure 1.11: 6U D A Q Board ( left ) and 6U TGR/DCC Board ( right ).

Both t yp e of b oards p ossess a Built-In-Self-T est [ Leong2005 ] whic h is used from the

early phase of comp onen t testing up to the lev el of system testing after the �nal detector

electronics in tegration. FPGAs �rm w are w as dev elop ed and bit-lev el comparisons b et w een

FPGA VHDL testb enc hes against a C++ high-lev el FPGA sim ulation p erformed. F ron t-

end dataframes w ere generated from Gean t4 sim ulations and used as test v ectors for the

VHDL testb enc h and C++ FPGA sim ulations. F or eac h fron t-end dataframe features

lik e, pulse p eak searc h, p edestal computation, energy and time extraction and trigger

candidates selection w ere ev aluated. A p erfect matc h at bit-lev el b et w een the outputs of

the energy and time extraction algorithms w as accomplished.

1.3.3.3 Con trol System

The ClearPEM con trol system, dev elop ed b y IBILI and LIP , is divided in to three sub-

systems namely , the A cquisition Manager, the A cquisition T o ol and the Service Manager.

Eac h sub-system runs in dedicated serv ers in terconnected through a priv ate Gigabit LAN

switc h. The A cquisition T o ol runs on a single-CPU dual-core computer that is ph ysical

lo cated in the con trol ro om of the ClearPEM scanner at the Hospital (Fig. 1.12). The

A cquisition and Service Manager serv ers are placed in a rac k together with the High and

Lo w V oltage units, that in the Hospital are lo cated also in a tec hnical ro om (Fig. 1.13).

The A cquisition T o ol is the fron t application a v ailable for the tec hnician or medical do ctor

who w an ts to p erform a patien t examination with the ClearPEM scanner [ T rindade2007 ].
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1.3. The ClearPEM Scanner

Figure 1.12: Photograph of the A cquisition T o ol at IPO�P orto.

After eac h exam, the scanner op erator can p erform the image reconstruction through

the A cquisition T o ol application. Sev eral algorithms sp eci�cally dev elop ed b y IBEB to

deal with data acquired with the ClearPEM scanner are a v ailable to b e used. The recon-

structed images can then b e displa y ed using the visualization to ol that allo ws to visualize,

manipulate and analyze the imaging data sets obtained with the scanner. Image correc-

tion tec hniques, dev elop ed at LIP , that allo w to correct Compton scattering in the breast,

random coincidences and photon atten uation are also a v ailable [ F erreira2009 ].

Detector 
Cooling 

UnitAcquisition 
and 

Services Rack

Figure 1.13: Photograph of the rac k in the tec hnical ro om at IPO�P orto.
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CHAPTER 1. BREAST CANCER DETECTION WITH PET

1.3.4 Detector In tegration Status

The ClearPEM scanner in tegration w as concluded in 2008. Due to logistics-related time

constrain ts, only 75% of the total n um b er of crystal matrices w ere initially assem bled.

The remaining 25% will b e inserted in the end of 2009, during an upgrade in terv en tion.

The t w o detector planar heads comprising 16 sup ermo dules, w ere assem bled successfully

and v alidation tests follo w ed (Chapter 6) at IPO�P orto. In Fig. 1.14 it can b e seen

the t w o detector heads assem bled for a demonstration exercise at T agusLIP (Chapter 2)

b efore the �nal deplo ymen t at IPO�P orto and on Fig. 1.15 a picture of the ClearPEM

scanner with the examination table, in tegrated in the rob otic system, at the IPO�P orto

Hospital facilities, where pre-clinical trials ha v e started in Ma y 2009.

Figure 1.14: Photograph of the Clear-PEM detector heads during the in tegration phase

at T agusLIP .

Figure 1.15: Photograph of the Clear-PEM scanner at the IPO�P orto Hospital.
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2.1. In tro duction

2.1 In tro duction

The PET-Mammograph y consortium comprises sev eral national institutions, with w ell

de�ned resp onsibilities, where LIP � Lab oratório de Instrumen tação e Física Exp erimen-

tal de P artículas is resp onsible for the ClearPEM detector design, sim ulation studies,

exp erimen tal tests, in tegration and is also co-resp onsible for the dev elopmen t of the data

acquisition electronics, op eration and image reconstruction soft w are.

T o accomplish these resp onsibilities a dedicated w orking area w as needed, where han-

dling sealed and unsealed radioactiv e sources w ould b e p ossible, in order to study the

p erformance of the ClearPEM detector mo dules (Chapters 3, 4 and 5) v alidate the main

concepts and pro of-of-principle results as w ell as measure the com bined p erformance of

the ClearPEM scanner (Chapter 6). More o v er, exp erimen tal tests concerning the qual-

it y con trol of the detector mo dule main comp onen ts and the design of sp eci�c electronic

pro cessing b oards w ere also foreseen and tak en in to accoun t on the requisites for the new

w orking area.

In late 2004, after a p erio d of infrastructural construction and equipmen t, T agusLIP

w as a newly lab oratory with 100 m

2
area created and appro v ed b y p ortuguese go v ernmen-

tal regulations on radiation safet y , based on a dedicated rep ort elab orated b y indep enden t

exp erts from Nuclear and T ec hnological Institute (Instituto T ecnológico e Nuclear � ITN),

whic h w as ev aluated b y the Direcção-Geral de Saúde from the Ministry of Health. The

ground �o or of the lab oratory consists of an op en space with w ork b enc hes for computing

and electronics, an area of toilets, a dep ository and a hot lab oratory . The ground �o or

has a capacit y of 6 to 8 p eople to w ork in the existing op en space. The top �o or has t w o

o�ces equipp ed with w orkstations with capacit y for 5 p eople. In 2008, the lab w as up-

graded with an additional 200 m

2
area, giving ro om for more w orkplaces (5 to 7 p eople),

electronic w orkshop and a hangar for in tegration of PET systems.

In this c hapter an o v erview of the concepts regarding radiation protection and mea-

suremen t is giv en, together with the exp erimen tal w ork carried out in this thesis concern-

ing the v alidation of the radiological protection sc hemes implemen ted in T agusLIP . The

discrete electronics setups and commissioning, p erformed as a preparatory w ork for the

detector mo dule c haracterization, are also describ ed.

2.2 The T agusLIP Lab oratory

2.2.1 The Hot Lab

The Hot Lab, or the "bunk er" (Fig. 2.1), is an area dev oted to n uclear testing and is

isolated from the rest of the lab oratory tec hnical areas, according to the main guiding

principles on protecting w ork ers and the en vironmen t from the risk of exp osure. It has

an area of 14 m

2
with 30 cm thic k concrete w alls, w ashable �o or and rounded corners,

with facilities to manage and store b oth sealed and unsealed radioactiv e sources. Inside
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Figure 2.1: T op view of the hot lab with 30 cm thic k concrete w alls ( left ) and en trance

to the bunk er ( right ) where is visible the en vironmen tal radiation monitor.

the bunk er a sho w er for rapid cleansing if liquid radioactiv e source spreads o v er a p erson

w as installed.

2.2.2 Primary Radiation Barriers

Figure 2.2: L-blo c k table shielding for handling high-energy radion uclides( left ) and w all

made of lead bric ks for primary protection( right ).

F or handling doses of high-energy radion uclides, radiation blo c k protectors, made of lead

with 5 cm thic kness, w ere b ough t to Bio dex Medical Systems, Inc.. Barriers in "L"
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con�guration are designed for receiving and preparing unit doses of radion uclides lik e

FDG, pro viding a protected area for safe handling of the 511 k e V n uclides. The fron t w all

and the base of the unit are constructed of steel with built-in lead shielding. A 10 cm

thic k lead glass windo w pro vide a protected viewing area - Fig. 2.2 ( left ). Sev eral lead

blo c ks w as also purc hased to build up primary protectiv e w alls - Fig. 2.2 ( right ).

2.3 Radiation Protection and Measuremen t

Humans b ene�t from the use of X/ 
 -ra ys, radioisotop es, �ssionable materials in medicine,

industry and man y researc h areas. Ho w ev er, these gains en tails the exp osure of p eople

to radiation in the pro curemen t and routine use of sources, as w ell as exp osures from

acciden ts that ma y o ccur. Since an y radiation exp osure presumably in v olv es some risk to

the individual in v olv ed, the lev els of exp osure allo w ed should b e w orth the result that is

ac hiev ed.

As exp erience and kno wledge ha v e b een gained through the y ears, basic ideas and

concepts b ehind radiation protection and dosimetry ha v e con tin ually ev olv ed. On a w orld

scale, the recommendations of the In ternational Commission on Radiological Protection

(ICRP) ha v e pla y ed a ma jor role in establishing criteria at man y facilities that deal with

radiation [ T urner2007 ].

Radiation Dosimetry attempts to quan titativ ely relate sp eci�c measuremen ts made

in a radiation �eld of health and medical ph ysics that is fo cused on the calculation of

in ternal and external absorb ed doses in matter and tissue resulting from the exp osure to

ionizing radiation.

The primary ph ysical quan tit y in Radiation Dosimetry is the absorb ed dose. It is

de�ned as the energy absorb ed p er unit mass from an y kind of ionising radiation in an y

target. A bsorb e d dose , or simply dose , is rep orted in Gra y (Gy) for matter or Siev erts

(Sv) for biological tissue, where 1 Gy or 1 Sv is equal to 1 joule p er kilogram. Non-SI

units are still prev alen t as w ell, where, b y de�nition, 1 Gy = 100 rad and 1 Sv = 100

rem. The distinction b et w een absorb e d dose (D) and e quivalent dose (H) is based up on

the biological e�ects of the radiation in question and the tissue and organism irradiated.

F or di�eren t t yp es of radiation, the same absorb ed dose ma y ha v e v ery di�eren t biological

consequences. Therefore, r adiation weighting factors ( w R ) and tissue weighting factors

( w T ) ha v e b een established, whic h compare the relativ e biological e�ects of v arious t yp es

of radiation and the susceptibilit y of di�eren t organs. It follo ws that:

D =
1 J
kg

� 1Gy (2.1)

The absorb ed dose is treated as a p oin t function, ha ving a v alue at ev ery p osition in an

irradiated ob ject. The equiv alen t dose H T;R in a tissue or organ, T, due to radiation, R,

is giv en b y the a v erage absorb ed dose, D T;R , in T from R, wigh ted b y the factor w R :

HT;R = w RDT;R (Sv) (2.2)
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When radiation consists of comp onen ts with di�eren t w R , then the equiv alen t dose in T

is giv en b y summing all con tributions:

HT =
X

R

w RDT;R (Sv) (2.3)

With dose expressed in Gy and equiv alen t dose in Sv. V alues of w R sp eci�ed b y the

ICRP are sho wn in T ab. 2.1.

Radiation w R

Photons, all energies 1

Electrons and m uons, all energies (except Auger electrons) 1

Neutrons, energy < 10 k e V 5

10 k e V to 100 k e V 10

> 100 k e V to 2 Me V 20

> 2 Me V to 20 Me V 10

> 20 Me V 5

Protons, other than recoil protons, energy > 2 Mev 5

alpha�particles, �ssion fragmen ts, hea vy n uclei 20

T able 2.1: Radiation w eigh ting factors, w R , from ICRP [ Leo1994 ].

E�ects of ionizing radiation, whereb y the probabilit y of their o ccurrence, but not their

sev erit y is a function of the dose without the existence of a threshold v alue. Non-sto c hastic

e�ects, or deterministic radiation e�ects, are those in whic h the sev erit y of the e�ect v aries

with the dose and for whic h a threshold v alue exists. In the dose range relev an t for radi-

ation protection purp oses, inheritable damage, cancer and leuk emia b elong to sto c hastic

radiation damages. The probabilit y that sto c hastic radiation damage will o ccur di�ers

widely for the irradiated individual organs or tissues. The In ternational Commission on

Radiological Protection (Publication 103, 2007) indicates a v alue of 5.5 % p er siev ert for

cancer and 0.2 % p er siev ert for heritable e�ects after exp osure to radiation at lo w dose

rate.

Since di�eren t tissues of the b o dy resp ond di�eren tly to radiation, the probabilit y for

sto c hastic e�ects that result from a giv en equiv alen t dose will generally dep end up on the

particular tissue or organ irradiated. T o tak e that di�erences in to accoun t, it w as de�ned,

as already said, a w eigh ting factor for tissues, w T . The equiv alen t dose H T , w eigh ted

b y w T , giv es a quan tit y that is in tended to correlate with the o v erall detrimen t to an

individual, indep enden tly of T.

The risk for all sto c hastic e�ects for an irradiated individual is represen ted b y the

e�e ctive dose , E, de�ned as the sum of the w eigh ted equiv alen t doses o v er all tissues:

E =
X

T

w T HT (Sv) (2.4)

V alues of w T sp eci�ed b y the ICRP are sho wn in T ab. 2.2. The data refer to a reference

p opulation of equal n um b er of b oth sexes and a wide range of ages. In the de�nition of
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e�ectiv e dose, they apply to w ork ers, of the whole p opulation and to either sexes. The

w T are based on rounded v alues of the organ's con tribution to the total detrimen t.

Tissue or organ w T

Gonads 0.20

Bone marro w (red) 0.12

Colon 0.12

Lung 0.12

Stomac h 0.12

Bladder 0.05

Breast 0.05

Liv er 0.05

Esophagus 0.05

Th yroid 0.05

Skin 0.01

Bone Surface 0.01

Remainder 0.01

T able 2.2: Tissue w eigh ting factors, w T , sp eci�ed b y ICRP , whic h add to unit y when

summed all tissues [ T urner2007 ].

The risk of sto c hastic e�ects is dep enden t only on the v alue of the e�ectiv e dose,

whether or not the b o dy is irradiated uniformly . In case of whole-b o dy irradiation, since

the tissue w eigh ting factors sum to unit y , the e�ectiv e dose is equal to the equiv alen t dose:

E =
X

T

w T HT = HT

X

T

w T = HT (2.5)

The ICRP has de�ned other dosimetric quan tities that apply to the exp osure of groups

or p opulation to radiation. The c ol le ctive e quivalent dose and the c ol le ctive e�e ctive dose

are obtained b y m ultiplying the a v erage v alue of these quan tities in a p opulation or group

b y the n um b er of p eople therein.

Under the ICRP recommendations, the system of radiation protection is based on

three factors: the justi�cation of the practice, the optimization of the protection and

individual dose limits [ W rixon2008 ].

Di�eren t p ermissible exp osure criteria are usually applied to di�eren t groups of p eople.

Certain lev els are p ermitted for p eople who w ork with radiation. These guidelines are

referred as "o ccupational" or "on-site" radiation-protection standards. Other lev els, often

ten times less than the allo w able o ccupational v alues apply to mem b ers of the general

public. These are referred as "non-o ccupational" or "o�-site" guides. In T ab. 2.3 the

ICRP limits are presen ted for o ccupational and public to exp osure. Lo w er v alues are

applied for o ccupationally exp osed pregnan t w omen and appren tices.
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Occupational Exp osure Public Exp osure

E�ectiv e Dose

Ann ual 50 mSv 1 mSv (higher if need, pro vided

5-y a v erage � 1mSv)

Cum ulativ e 100 mSv in 5 y �

Equiv alen t Dose

Ann ual 150 mSv lens of ey e; 15 mSv lens of ey e;

500 mSv skin, hands, feet 50 mSv skin, hands, feet

T able 2.3: Occupational and public radiation exp osure limits, established b y ICRP .

An essen tial facet of the application of maxim um p ermissible exp osure lev els to radia-

tion protection practices is the ALARA (As Lo w As Reasonably A c hiev able) philosoph y .

The ALARA concept stands for the principle that exp osures should alw a ys b e k ept as

lo w as feasible. The maxim um p ermissible lev els are not to b e considered "acceptable"

but, instead, they represen t the lev els that should not b e exceeded.

The In ternational Commission on Radiation Units and Measuremen ts (ICR U) has

addressed the relationship b et w een practical radiation-protection measuremen ts and as-

sessmen t of compliance with the limits set forw ard b y the ICRP . The basic organ and

tissue doses sp eci�ed in the limits are essen tially unmeasurable, but can b e estimated

from measuremen ts made at appropriate lo cations in tissue-equiv alen t phan toms and from

sim ulations. A ccordingly , the ICR U has in tro duced three op erational quan tities for prac-

tical measuremen ts under w ell de�ned conditions with explicitly stated appro ximations.

T w o quan tities are de�ned for area monitoring that link an external radiation �eld to the

e�ectiv e dose equiv alen t and the dose equiv alen t to the skin and to the lens of the ey e. A

third quan tit y concerns to individual monitoring:

� The ambient dose e quivalent , H*(10), at the p oin t of in terest in the actual radiation

�eld is the dose equiv alen t whic h w ould b e generated in the asso ciated orien ted and

expanded radiation �eld at a depth of 10 mm on the radius of the ICR U sphere

whic h is orien ted opp osite to the direction of inciden t radiation. An orien ted and

expanded radiation �eld is an idealized radiation �eld whic h is expanded and in

whic h the radiation is additionally orien ted in one direction.

� The dir e ctional dose e quivalent , H'(d, 
 ), at the p oin t of in terest in the actual

radiation �eld is the dose equiv alen t whic h w ould b e generated in the asso ciated

expanded radiation �eld at a depth, d, t ypically of 0.07 mm (H'(0.07, 
 )), on the

radius of the ICR U sphere whic h is orien ted in the �xed direction 
 . An expanded

radiation �eld is an idealized radiation �eld in whic h the particle �ux densit y and

the energy and direction distribution of the radiation sho w the same v alues at all

p oin ts of a su�cien t v olume as the actual radiation �eld at the p oin t of in terest.

� The p ersonal dose e quivalent , Hp(d), is the dose equiv alen t in soft tissue, at an

appropriate depth, d, b elo w a sp eci�ed p oin t on the b o dy .
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The ICR U has de�ned a n um b er of measurable, op erational quan tities whic h o v eresti-

mate E under nearly all circumstances. F or p enetrating external radiation, the principal

radiation hazard at particle accelerators, the am bien t dose equiv alen t H*(10) is the most

imp ortan t quan tit y . Its exact relation to e�ectiv e dose is determined b y calculation.

H*(10) can b e calculated in a similar w a y as E when the radiation �eld is sp eci�ed with

su�cien t precision.

In this con text, p ersonnel exp osure and en vironmen tal radiation at T agusLIP is mea-

sured and monitorized con tin ually .

2.3.1 P ersonnel Dosimeters

F or real time monitoring of the p ersonal dose and dose rate, T agusLIP is equipp ed with

the Dosicard System, from Can b erra, whic h consists of electronic dosimeters (badges)

and a computerized data handling system for real time measuremen ts and triggering of

audible and visual alarm systems. The data acquisition and pro cessing system enables

the corresp onding dosimetric information to b e exploited indep enden tly or as part of a

net w ork.

Figure 2.3: The Dosicard and the LCB badge reader. The badge has three touc h buttons

that allo w programming and displa y setup on the LCD screen of the curren t dose, dose

rate and cum ulativ e doses p er da y/mon th/quarter/y ear and �v e y ears.

The badge has the size of a credit-card (89 � 57 � 8 mm

3
) and w eigh ts 60 g - Fig. 2.3.

It is enclosed in a transparen t plastic en v elop e pro vided with a clip enabling it to b e

clipp ed on to the breast p o c k et of the lab oratory coat, for example. Dosicard features

a silicon detector to estimate the equiv alen t dose receiv ed b y an op erator, analog and

digital circuitry with a micro con troller that con trols measuremen ts, triggers alarms and

ensures the transfer of information b et w een the badge and an external data acquisition

and pro cessing system. The silicon detector measures the Hp(10) deep dose equiv alen t,

the op erational quan tit y de�ned in ICR U39. The detector's energy resp onse w as normal-

ized to unit for

137
Cs in accordance with sp eci�cation requiremen ts. The o v erall v ariation
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in resp onse is � 15% in the 60 k e V to 1.25 Me V energy range and � 30% from 50 k e V to

60 k e V and from 1.25 Me V to 2 Me V. The dose equiv alen te range is 1 � Sv to 10 � Sv and

it can b e displa y ed either in Sv or in rem (1 Sv = 100 rem).

The Dosicards can b e connected to an y PC via the LCB badge reader, with the

DoseManager soft w are. This program enables transfers of the user p ersonal data (name,

ID n um b er, compan y , professional training, medical aptitude, etc) in to the badge memory

and retriev al of the stored data. It also allo ws data base op erations for detailed dose

history and dosimetry monitoring.

2.3.2 En vironmen tal Dosimeters

T agusLIP has a w orking en vironmen tal radiation con trol system, that ha v e b een purc hased

to MED Nuklear-Medizin tec hnik, Dresden. The stationary dose rate measuremen t system

ALMO consists in one NaI(Tl) detector and t w o Geiger-Muller (G-M) coun ter tub es,

connected to the measuring electronics and the displa y unit via sp ecial prob e cables.

The alarm monitor detects automatically whic h c hannel corresp onds to eac h detector,

p erforming an auto calibration based, b y default, on

137
Cs measuremen ts.

Hot Lab

Area Sensor 1
(NaI:Tl)

Area Sensor 2
(G-M) Area Sensor 3

(G-M)

Figure 2.4: T agusLIP lab oratory plan with en vironmen tal dosimeters mark ed in dark red

(not to scale), surrounding the hot lab.

One of G-M detectors is p ositioned at head-lev el inside the bunk er, the other G-M

tub e is placed outside of the bunk er concrete w all that is closer to the op en space o�ce

area, and the NaI(Tl) detector is ab o v e the bunk er ceiling, on the w all of the �rst-�o or

o�ces, co v ering the main areas where w ork ers are. In Fig. 2.4 it can b e seen the three

detectors on the lab oratory plan.
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Figure 2.5: Monitor for the Almo en vironmen tal radiation con trol.

Measuring electronics and displa y unit are in tegrated in to a plastic desktop case -

Fig. 2.5. The fron t panel includes a large LC displa y presen ting the measured results.

On the LC displa y , the curren t dose rate data of the three connected detectors are sho wn

in the selected unit of measure. F or eac h detector, the alarm threshold parameters can

b e de�ned as needed. This setting is made on the men u lev el and when it is exceeded, a

visual and acoustic w arning is triggered.

The system is also con trolled and monitorized in a PC via the ALMO soft w are, dev el-

op ed to displa y the measuring data of the three detectors graphically , to store the data

and mak e them a v ailable for further pro cessing.

2.3.3 Surv ey Meter

T agusLIP lab oratory also has a surv ey meter to monitor radiation lev els where radioactiv e

materials or other radiation sources are presen t. This t yp e of p ortable unit is useful for

detecting small quan tities of radioactivit y from minor spills and w aste receptacles, for

instance. The external pancak e prob e is used to c hec k hands, clothing, �o ors, furniture,

equipmen t, and pac k age surfaces for con tamination. A ccording to the prob e c hosen, the

surv ey meter is suitable for di�eren t radiation detection.

Figure 2.6: Surv ey Meter with P ancak e GM Prob e, suitable for � , � and 
 surv ey .
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The Surv ey Meter is a p ortable equipmen t (0.5 kg) to monitor lev els of radiation whic h

measures the rate of coun ts. It is an analog device, small size (2.1 dm

3
) whic h measures

the lev el of radiation in min

� 1
(cpm). A second scale allo ws reading dose rate in units of

mR/h using a implicit con v ersion factor of 1mR/h = 3.3 Kcpm. The mo del c hosen w as the

p ortable 14C Surv ey Meter with P ancak e G-M Prob e 44-9, sp eci�c for � , � and 
 surv ey -

Fig. 2.6. It has a cylindrical prob e t yp e (pancak e) that con tains a halogen. It w orks with

high v oltage of ab out 0.9 k V, adequate for a Geiger-Muller detector in whic h the energy

dep osited b y radiation results in an electric disc harge collected b y an ano de. The activ e

area of the prob e is 15 cm

2
. The prob e is connected b y a connector to the coun ter inside

a alumin um b o x. Inside the b o x, there is also a Geiger-Muller tub e that is activ ated only

when the measure coun ts more than 106 cpm. The detector is energy dep enden t, o v er

resp onding b y a factor of six in the 60 k e V � 100 k e V range when normalized to

137
Cs.

F or bac kground readings, the unit's built-in energy-comp ensated G-M detector handles

coun ts up to 2 R/hr. The time resp onse of the Surv ey Meter dep ends on the p osition

of the button �F/S� (fast/slo w). The surv ey meter in the F-p osition acquires 90% of

the �nal v alue of measuring in 4s. In the S-p osition it tak es 22s to get the �nal v alue of

measuremen t. In practice, the F-p osition is used to put rapidly the Surv ey Meter in the

v alue region of in terest and then it is c hanged to the S-p osition in order to acquire the

v alue with greater precision.

2.3.4 Dose Calibrator

Figure 2.7: A tom100 Dose calibrator.

A dose calibrator m ust b e capable of measuring with great accuracy the activit y of a

radioisotop e kno wn. Its main application is to measure the dose and c haracterize the

activit y of radiation sources, for example in the quan ti�cation of the system sensitivit y in

PET scanners. This system w as used to measure the activit y of a

22
Na source, emplo y ed in

the sensitivit y assessmen t of the ClearPEM detector and results will b e sho wn in Chapter
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6. The existing equipmen t in T agusLIP , an A tomlab 100 from Bio dex Medical Systems,

Inc. - Fig. 2.7, is comp osed of t w o parts: a displa y unit and the detector itself. The

detector consists of an ionization c ham b er, for detection of radiation and a electrometer,

to measure the ion curren t. The camera has a heigh t of 26 cm and an ap erture diameter

of 6.4 cm and it has a large range of activities measuring: from 0.01 � Ci to 9999mCi for

99m
T c.

The A tom100 Dose Calibrator pro vides accurate radion uclide activit y measuremen ts.

Moreo v er, the unit is simple to op erate and it has 13 isotop e selection k eys, ten are pre-

programmed for the most commonly used radion uclides (

57
Co,

137
Cs,

131
I,

133
Cn,

67
Ga,

133
Xe,

123
I,

201
Tl,

99
Mo,

99m
T c), and three are to b e de�ned b y the user. There are 88

isotop e-sp eci�c dial v alues listed in the man ual and an y k ey can b e reprogrammed b y the

user for a desired isotop e.

The activit y is displa y ed on a LED readout in either Curie or Becquerel units. Bac k-

ground correction and zero adjustmen t are p erformed at the touc h of a button and range

selection is automatic. A ctivit y measuremen ts are p erformed b y a micropro cessor con-

trolled electrometer lo cated within the detector assem bly of the ionization c ham b er. This

c ham b er is shielded with 0.64 cm lead to protect b oth the user from the source to b e

measured, and the dose calibrator from radiation en vironmen t. The detector has a geom-

etry close to 4 � allo wing measuring the activit y of a source regardless of their shap e or

size, pro vided that the source lies inside the ca vit y . T o en ter the source in this ca vit y the

equipmen t has a structure of plastic, adjusted to the inside measures of the c ham b er, with

a latc h for easy access. This piece of plastic is prepared to halt syringes and to prev en t

an y con tamination in the c ham b er during the pro cess of measuremen t.

The resp onse of the ionization c ham b ers is c haracterized b y the man ufacture using iso-

top es calibrated b y the National Institute of Standards and T ec hnology (NIST), yielding

an answ er in energy w ell kno wn, used to determine v ery precisely the v alues of calibration

of v arious isotop es. Eac h c ham b er is also calibrated with a tracer of the NIST and the

result recorded in the memory of the detector. The detector comm unicates with the dis-

pla y unit through a serial p ort. This unit con tains the con trols and the displa y allo wing

the measuremen ts.

2.3.5 Radiation Surv ey at T agusLIP

T o estimate the ann ual dose receiv ed b y a t ypical T agusLIP researc her a case study w as

conducted. The study consider all exp erimen tal w ork done b y one p erson, b eginning b y

an in terview to ha v e a detailed description of the daily routine in order to determine the

time exp osure to radioactiv e sources. A qualitativ e analysis of the record of his/her p er-

sonal dosimeter and iden ti�cation of p ossible p eaks, its correlation with un usual activities

in v olving radioactiv e sources w ere also tak en in to accoun t. In Fig. 2.8 it can b e seen

records of a p ersonal dose summary and daily registration of a p ersonal dosimeter along

four mon ths. This badge w as only used to p erform radiation dosimetry measuremen ts, so

it sho ws mainly bac kground activit y .
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Figure 2.8: Dose Manager badge view: p ersonal dose summary ( top ) and daily registry

( b ottom ).

F or ev eryda y tests the sources handled are essen tial sealed p oin t sources of

137
Cs and

22
Na with activities b et w een 1 � Ci to 100 � Ci. The w ork ers' exp osure is mainly due to

the source p ositioning in the supp ort of the exp erimen tal apparatus, transp ortation and

storage of the radioactiv e sources. It is p erformed sev eral times throughout the da y ,

ev eryda y in p erio ds of data acquisition and o ccasionally in p erio ds of data analysis. In

order to exp erimen tally measure the dose receiv ed b y a researc h w ork er from op erating a

source of

137
Cs with activit y of 10 � Ci, a wire w as tigh tened from the bunk er ceiling to

the �o or, marking the p ositions of some t ypical regions of the h uman b o dy: face, c hest,

ab domen and p elvis (Fig. 2.9). The hands region w as considered to b e at 1 cm of the

source, placed b ehind the primary barrier of lead. Coun ting rates and equiv alen t dose

rates w ere acquired with the surv ey meter and the p ersonal dosimeter in eac h p osition

mark ed.
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Guide Post
with predetermined positions
emulation the position of the
face, thorax, abdomen and pelvis

Primary Lead
Barrier

Testbench
Table

Figure 2.9: Exp erimen tal setup used to estimate the t ypical dose exp osure of b o dy regions.

These measuremen ts w ere then used to estimate the dose exp osure for one w ork er

carrying a set of t ypical exp erimen ts with a constrained academic radioactiv e sources

(

137
Cs with 100 � Ci), and the ann ual dose considering the same routine pro cedures along

one y ear (4 exp erimen ts p er da y , 4 da ys a w eek, along 45 w eeks). In T ab. 2.4 it can b e

seen the summary of these results. As can b e observ ed the one-y ear dose is w ell within

the maxim um v alues referred b y the actual legislation of 15 mSv p er y ear. As for the

H' p (10)

Timeline Hands Head T runk

One exp erimen t 15.5 ( � Sv) 0.095 ( � Sv) 0.083 ( � Sv)

One y ear 11.16 (mSv/y ear) 0.07 (mSv/y ear) 0.06 (mSv/y ear)

T able 2.4: Estimated dose exp osure of one w ork er p er exp erimen t and p er y ear, for

di�eren t parts of the b o dy .

en vironmen tal bac kground radiation, measured b y the area detectors, it is read directly

on the alarm panel lo cated at the en trance of the bunk er, with all the radioactiv e sources

enclosed in the safe con tainer. The results are sho wn in T ab. 2.5. The bac kground equiv a-

len t dose rate will b e giv en b y the a v erage of the v alues recorded b y the three area sensors

and it has the v alue of H' P (10) background = 0.497 � 0.006 � Sv/h. This v alue is in line with

the t ypical range of the ann ual bac kground radiation. A ccording to the [ Amsler2008 ] an

equiv alen t dose rate receiv ed b y absorption of bac kground radiation v aries b et w een 0.05
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Detector NaI(Tl) G-M (inside bunk er) G-M (outside bunk er)

H' p (10) ( � Sv/h) 0.49 � 0.01 0.50 � 0.01 0.50 � 0.01

T able 2.5: Equiv alen t dose rates for bac kground radiation at T agusLIP .

� Sv/h and 0.46 � Sv/h and, in some cases, up to 5.7 � Sv/h. It is also natural that in the

vicinit y of the radioactiv e sources enclosed in the safe con tainer, bac kground dose rate is

higher than the t ypical reference. F or comparison, the Nuclear Medicine departmen t at

IPO�P orto, where the ClearPEM scanner w as installed, sho ws in lo w-lev el regions dose

measuremen ts b et w een 0.10 � Sv/h and 0.40 � Sv/h, scaling up to 1�2 mSv/h in hot areas

suc h as radiotracer storage and patien t holding ro oms.

F or in tercalibration of the en vironmen tal detectors, the correlation b et w een the dose

measured and the distance of the source from the detector w as studied. A

137
Cs (10 � Ci)

source w as placed near eac h detector at distances of 0 cm, 1 cm, 5 cm and 10 cm. F or eac h

distance, the dose rate w as measured on the alarm panel. During eac h measuremen t, or

source placemen t, there w as a 30 s w ait time for sensors stabilization b efore considering

the dose rate v alue. In Fig. 2.10 it is sho wn the registration c hart obtained through the

Almo soft w are. It can b een seen that the NaI:Tl detector has a higher sensitivit y than the

G-M tub es, registering a m uc h higher dose. This is due to the fact that the absorption

e�ciency of the NaI:Tl crystal is m uc h larger than the Geiger-Muller tub e, resulting in

greater in trinsic detection e�ciency of radiation.

0 cm

1 cm

5 cm

10 cm

0 cm
1 cm

5 cm

10 cm 10 cm

0 cm
1 cm

5 cm

NaI:Tl

G-M
inside
bunker

G-M
outside
bunker

Figure 2.10: Registration c hart of the area sensors for eac h source-detector distance.

The measuremen ts done in this con text sho w ed that the area detectors can e�ectiv ely
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monitor the activit y in the lab oratory and Almo3 soft w are enables the access to the reg-

istration c harts and data base. Moreo v er, the ann ual dose for T agusLIP w ork ers are far

b elo w from the established maxim um acceptable v alues. This ev aluation w as p erformed

previously to the acquisition of

68
Ge sources with 18.5 MBq (0.5 mCi) and 37 MBq

(1.0 mCi), used in ClearPEM detector calibration and normalization and for Compton

and atten uation correction studies, resp ectiv ely . Although the ALARA principle is b eing

follo w ed, further studies ma y b e considered for the next exp erimen tal generation. Prelimi-

nary measuremen ts p erformed with the T agusLIP p ersonal dosimeters at IPO-P orto sho w

that a t ypical w ork er in v olv ed in the commissioning and clinical tests of the ClearPEM

scanner receiv e a daily dose in the order of 4 to 6 � Sv.

2.4 T agusLIP Main Equipmen t

2.4.1 General Equipmen t

T agusLIP has a robust computer infrastructure autonomous from the main LIP Computer

Cen tre. It includes a gigabit net w ork with sev eral Windo ws and Lin ux w orkstations, ded-

icated serv ers for in ternal and external net w ork resource managemen t and high capacit y

for data storage. All w ork ers can access to their o wn areas from an y computer of the

net w ork b y NFS (Net w ork File System) and Kerb eros V plus LD AP (Ligh t w eigh t Direc-

tory A ccess Proto col) distributed authen tication. A tap e bac kup unit ensures daily data

bac kup to magnetic tap es. All the equipmen t is protected from v oltage transien ts and

p o w er failures b y UPS (Unin terruptable P o w er Supply) systems.

Figure 2.11: Photographs of general T agusLIP equipmen t: Rob ot ( left ) and o v en ( right ).

Sev eral lab oratory equipmen t has b een purc hased, lik e oscilloscop es and lo w v oltage

p o w er supplies, high precision balance and m ultimeters, microscop e and arbitrary pulse

generators, according to the necessities of the activities b eing p erformed at T agusLIP ,

namely PCB design, �rm w are dev elopmen t, detector assem bly , among all exp erimen tal

and qualit y con trol tests. It w ould b e tedious and unin teresting to list all the equipmen t

existing in the lab oratory so, as an illustrativ e example, it can b e seen in Fig. 2.11 the
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rob ot, used to glue APD arra ys to PCB-APD, and the o v en, used to accelerate the gluing

pro cess.

2.4.2 VME and NIM Standard Mo dules

There ha v e b een three ma jor data acquisition standards used in mo dern n uclear ph ysics.

The �rst to b e in tro duced w as the NIM standard and w as used to pro vide p o w er to the

electronics. CAMA C w en t further and allo w ed data transfer on the crates bac kplane. The

curren t standard is VME, expanded on CAMA C b y pro viding more options and a faster

bus sp eed. In T agusLIP there are NIM and VME standards co existing.

The NIM standard is the �rst crate standard widely accepted b y ph ysicists. It pro-

vided a w a y to organize and distribute p o w er to the electronic setups. The p o w er is

distributed b y a series of connectors on the bac k of the crate and a lo w v oltage p o w er

supply is either b ehind the crate or sat in the crate along side the other mo dules. T ypi-

cal v oltages distributed are +/-6V, +/-12V, and +/-24V, although man y custom p o w er

supplies ha v e b een built for NIM crates. NIM crates ha v e 12 slots and are often used

for small setups with only a handful of detectors b ecause their lo w o v erhead mak es setup

easy . They are often used in larger exp erimen ts for setup and to handle logic signals

and analog electronics. Some of the most often used mo dules are ampli�ers, gate and

dela y generators, discriminators, high v oltage mo dules, and linear fan-in fan-out units.

One of the main disadv an tage with the NIM standard is the c hannel densit y . Because

NIM mo dules use knobs and switc hes on the fron t panel to adjust parameters that tak e

considerable space, the n um b er of c hannels p er mo dule is lo w [ Hoagland2004 ].

VME o�ered a rear bac kplane for fast and e�cien t data transfer. The VME bus is

industry standard used in ph ysics, meaning that there is a larger v ariet y of crates and

mo dules commercially a v ailable. VME is curren tly used in most large-scale exp erimen ts

and also v ery p opular in smaller scale exp erimen ts. The fast bus also mean that more

data ma y b e transferred (up to 320 MB/s) and c hannel densit y can b e increased. This

made VME a v ery attractiv e alternativ e. VME crates can ha v e slots up to 21 mo dules,

b eing the �rst one reserv ed for the crate con troller. The VME bac kplane has t w o 3-ro w

connectors p er mo dule for data and p o w er distribution. VME also o�ers options to in-

corp orate other crates in to VME setups whic h allo ws exp erimen ters to use mo dules and

crates they already ha v e.

Although a v oiding an exhaustiv e description of all VME and NIM mo dules existing at

T agusLIP , some of these mo dules prev ail on imp ortance for b eing part of the exp erimen tal

data tak en electronic c hains. On Fig. 2.12 the VME and NIM rac ks existing in T agusLIP

are sho wn. As examples of the most relev an t NIM mo dules, T agusLIP coun ts with 8

Channel Constan t F raction Discriminator, 4-8 Logic F an-in F an-Out, Quad Scaler And

Preset Coun ter or Timer, 4 c hannel programmable HV P o w er Supply , T riple 4-F old Logic

Unit, 8 c hannel Leading Edge Discriminator. These mo dules are describ ed here brie�y .

A dditional information on these or other NIM and VME mo dules can b e seen in the

CAEN and ISEG w ebsites [ Caen2008 , Iseg2008 ].
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Figure 2.12: VME and NIM mo dules at T agusLIP used for readout of discrete electronic

setups.

The 8 Channel Constan t F raction Discriminator is the Mo d. N842 from CAEN. The

mo dule accepts 8 negativ e inputs and pro duces 2 � 8 NIM outputs (NIM outputs are pro-

vided with a fan-out of t w o), plus 8 negated NIM outputs, on fron t panel LEMO 00

connectors. The constan t fraction dela y is de�ned b y a dela y line net w ork of 20 ns with

5 taps. The timing stage of the discriminator pro duces an output pulse whose width

is adjustable in a range from 16.5 ns to 273 ns. Moreo v er, in order to protect against

m ultiple pulsing, it is p ossible to program a dead time during whic h the discriminator is

inhibited from retriggering.

The 4-8 Logic F an-in F an-out (Mo d. N454 from CAEN) is a single width NIM unit

housing 4 indep enden t F an In-F an Out sections. Eac h section accepts 4 input NIM signals

and p erforms on these the logic OR function. The result of the function is a v ailable as 4

normal and 2 complemen tary NIM signals on 6 fron t panel connectors. The unit can b e

programmed, via a fron t panel switc h, to w ork as 4 OR sections (4 inputs / 4 outputs) or

2 OR sections (8 inputs / 8 outputs).

The Quad Scaler And Preset Coun ter or Timer (Mo d. N1145 from CAEN) is a double

unit NIM mo dule that includes four indep enden t 8-digit up-coun ters plus a �fth 7-digit

do wn-coun ter that can b e used either as a preset coun ter or timer. The coun ters can

ha v e di�eren t op erating mo des and can b e v ariously in terconnected, making the mo dule

a �exible to ol for applications in v olving time, frequency and ratio measuremen ts. All

coun ters can accept either TTL or NIM inputs and all con trol and output signals are
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standard NIM. The maxim um input frequency is 250 MHz and the minim um pulse width

is 2 ns for the up-coun ters, and resp ectiv ely 80 MHz and 3 ns for the do wn-coun ter. All in-

put and output connectors as w ell as all the con trol switc hes are lo cated on the fron t panel.

The Programmable High V oltage P o w er Supply (Mo d. N470 from CAEN) is a double

width NIM unit housing 4 indep enden t HV c hannels, with output v oltage ranges from

0 to � 8k V (1 to 3 mA), with a precision v oltage of � 1 V. The range selection is au-

tomatic, as the output v oltage is set, and the curren t resolution is 1 � A. The output

p olarit y is indep enden tly selectable for eac h c hannel and it is p ossible to con trol sev eral

op erating parameters on eac h c hannel (t w o lev els of presettable high v oltage, t w o lev els

of curren t limit, Ramp-up, Ramp-do wn). All these parameters can b e programmed and

monitored either in remote mo de, via High Sp eed CAENET (either using the V288 VME

con troller or the A1303 PCI Bus con troller), or in lo cal mo de, via fron t panel alphan umeric

k eypad and t w o 8-c haracter displa ys. In addition some LEDs displa y the status of the

selected c hannel. The F ron t panel trimmers allo w the setting of maxim um v oltage limits,

and the t w o curren t and v oltage limits can b e selected via t w o external NIM/TTL signals.

The VHR high v oltage mo dule, Mo d. NHQ 224M from ISEG, is a NIM mo dule with

t w o c hannels of high v oltage from 0 to 4 k V. This unit o�ers high precision v oltage ( � 10

m V) and curren t resolution with high stabilit y , essen tial to sensing and radiation detec-

tion units where lo w noise and high stabilit y are paramoun t, suc h as APD based systems.

The mo dule has man ual con trols on the fron t panel and can b e con trolled with these if

remote con trol of the mo dule is not needed. An RS�232 in terface pro vides the user with

full functionalit y of the mo dule allo wing to con trol and op erate from a standard PC.

The T riple 4-F old Logic Unit/Ma jorit y with VETO (Mo d. N405 from CAEN) is a one

unit wide NIM mo dule housing three indep enden t sections that can b e used either as logic

unit or ma jorit y . The t w o mo des are selectable via in ternal switc hes. Eac h section accepts

4 input signals, a VETO input and pro vides 4 outputs (2 normal and 1 complemen tary ,

shap ed, plus 1 linear). The linear output pro vides a signal whose width is equal to the

time during whic h the input signals satisfy the conditions programmed via the fron t panel

lev er switc hes. The shap ed output widths can b e set via fron t panel trimmers in the range

6 ns to 800 ns.

As examples of the most relev an t VME mo dules, T agusLIP coun ts with 32 Channel

Multiev en t P eak Sensing ADC, Dual Timer, Quad Linear F an-in F an-out, 8 Channel F ast

Ampli�er, VME�USB2.0 and VME�PCI Optical Link Bridges.

The 32 Channel Multiev en t P eak Sensing ADC, Mo del V785 from CAEN, is a 1-unit

wide VME 6U mo dule housing 32 P eak Sensing Analog-to-Digital Con v ersion c hannels.

Eac h c hannel is able to detect and con v ert the p eak v alue of the p ositiv e analog signals

(with risetime bigger than 50 ns) fed to the relev an t connectors. Input v oltage range is

from 0 to 4 V. The outputs of the p eak detector electronics are m ultiplexed and subse-

quen tly con v erted b y t w o fast 12-bit ADCs (the total readout time for digitalization for all

c hannels is 5.7 � s). The in tegral non linearit y is � 0.1 of full scale range (FSR), measured
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from 2% to 97% of FSR; the di�eren tial non linearit y is � 1.5% of FSR, measured from

3% to 100% of FSR. The ADCs use a sliding scale tec hnique to reduce the di�eren tial

non-linearit y . This tec hnique consists in adding a kno wn v alue to the analog lev el to b e

con v erted, th us spanning di�eren t ADC con v ersion regions with the same analog v alue.

The kno wn lev el is then digitally subtracted after the con v ersion and the �nal v alue is

sen t to the threshold comparator. If the sliding scale is enabled, it reduces sligh tly the

dynamic range of the ADC: the 12-bit digital output is v alid from 0 to 3840, while the

v alues from 3841 to 4095 are not correct. Programmable zero suppression, m ultiev en t

bu�er memory , trigger coun ter and test features complete the �exibilit y of the unit. A

16 c hannel �at cable to LEMO input adapter (Mo d. A385 from CAEN) is a v ailable for

the Mo d. V785 (one 32 c h. V785 requires t w o A385 b oards). The b oard supp orts the

liv e insertion that allo ws inserting or remo ving them in to the crate without switc hing it o�.

The Dual Timer (Mo del V993 from CAEN) is a 1-unit VME mo dule housing t w o iden-

tical triggered pulse generators. The mo dule pro duces NIM/TTL (NIM/TTL selection

is p erformed via an on-b oard switc h) and ECL pulses whose width ranges from 50 ns to

10 s when triggered. Output pulses are pro vided normal and negated. Timers can b e

re-triggered with the pulse end mark er signal, a short pulse o ccurring at the end of eac h

output pulse. The coarse adjustmen t of the output width is pro vided via a 9-p osition

rotary switc h and the �ne adjustmen t can b e p erformed via either a rotary handle or b y

pro viding an external v oltage. The trigger ST AR T can b e pro vided via either an external

signal (NIM, TTL or ECL) or man ually via a fron t panel switc h. The mo dule features

also VETO and RESET input signals. RESET is also a v ailable on a fron t panel switc h.

VME�USB2.0 (Mo d. V1718) and VME-PCI Optical Link (Mo d. VX2718) Bridges

are a 1-unit wide 6U VME master mo dule whic h can b e op erated from the USB p ort of

a standard PC and a 1-unit wide 6U VME64X master mo dule, whic h can b e con trolled

b y a standard PC equipp ed with a PCI con troller card (Mo d. A2818 from CAEN), re-

sp ectiv ely . The connection b et w een the VX2718 and the PCI con troller card tak es place

through an optical �b er cable. These b oards can op erate as VME System Con troller

acting as Bus Arbiter in Singlemaster or Multimaster systems (when plugged in the slot

1). The VME bus activit y can b e monitored in detail, b oth lo cally (through a LED dis-

pla y) and remotely . The fron t panel of b oth mo dules includes 5 TTL/NIM programmable

outputs on LEMO 00 connectors and t w o programmable TTL/NIM inputs (on LEMO 00

connectors). The I/Os can b e programmed in order to implemen t functions lik e Timer,

Coun ter, Pulse generator and I/O register. The sustained data rate on the USB is up to

30 MByte/s and up to 70 MByte/s on the optical link. The mo dules are equipp ed with

a 128KB memory bu�er in a w a y that the activit y on the VME bus is not slo w ed do wn

b y the transfer rate on the USB p ort or when sev eral VX2718s share the same PCI bus.

The Quad Linear F an-in F an-out (Mo d. V925 from CAEN) is a 1-unit VME mo dule

whic h houses three 4 In / 4 Out and one 3 In / 3 Out sections. one Discriminator c han-

nel is also featured. Eac h F an-in F an-out section pro duces on all its output connectors,

the sum of the signals fed to the inputs, ev en tually in v erted. F an-in F an-out inputs are

bip olar, while the output can b e either in v erting or non in v erting b y a jump er selectable
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indep enden tly for eac h section. Both input and output signals are DC coupled. Maxim um

input amplitude is ±1.6 V. Moreo v er eac h F an-in F an-out section features a screwdriv er

trimmer whic h allo ws the DC o�set adjustmen t. The mo dule has also one discrimina-

tor c hannel, whic h has one DC coupled input (p olarit y is selectable b y one jump er), the

threshold is screwdriv er adjustable and monitorable via test p oin t and the output is NIM

standard, its width is screwdriv er adjustable as w ell. F ron t panel LEDs allo w to monitor

all the mo de, gain and p olarit y adjustmen ts p erformed via in ternal jump ers.

The 8 Channel F ast Ampli�er (Mo d. V975 from CAEN) is an 8 c hannel fast rise time

ampli�er housed in a 1-unit VME mo dule. Eac h c hannel features a �xed v oltage gain of

10. Channels are bip olar, non-in v erting and can b e cascaded in order to obtain larger

gain v alues. Input bandwidth is 250 MHz for signals up to 50 m V pp and decreases for

larger ones (up to 110 MHz at 400 m V pp). Eac h c hannel is pro vided with three LEMO 00

connectors, one for the input and t w o bridged for the output. The b oard features a � 2

V output dynamics. Screw-trimmers (one p er c hannel) allo w the o�set calibration whic h

op erates o v er a � 25 m V range.

2.5 The Exp erimen tal Setups

The main exp erimen tal setups implemen ted for the c haracterization studies describ ed in

the next c hapters of this thesis (APDs, crystal matrices and fully assem bled detector mo d-

ules) are based in t w o di�eren t discrete electronics systems. These systems are generally

c haracterized b y a mo dest n um b er of readout c hannels and their use w as mainly dictated

b y the fact that the �nal ClearPEM fron t-end ASIC w as only a v ailable in late 2007.

In the follo wing sections a description of t w o setups is pro vided as w ell as the v alidation

conducted previously the b eginning of the actual studies.

2.5.1 Discrete Electronics for Single Readout

This electronic c hain w as dev elop ed b y the In ter-Univ ersit y Institute F or High Energies

(I IHE) group, from the V rije Univ ersiteit Brussel (VUB), and it w as acquired b y LIP in

the con text of the Crystal Clear Collab oration, from whic h b oth institutes are mem b ers.

It w as designed for tests with Hamamatsu 32 c hannel APD arra ys and it is compatible

with standard NIM and CAMA C mo dules.

The basic readout principles is that whenev er a signal app ears at an y of the 32 c han-

nels, there will b e a negativ e NIM gate signal, whic h trigger all the ADC c hannels. The

discriminator, together with logic gates and TTL-NIM signal lev el con v erter, pro vide

strob e for the ADC. The strob e output on the b oard is terminated with a 50-ohm resistor

to ground. In order to meet the requiremen ts of the p eak sensing ADC, the analog signal

is dela y ed b y long t wisted pair �at cable b efore input to ADC [ Jiangui2004 ].

The ampli�er c hain electronics is partitioned in to three main b oards. The APD arra y ,
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Cremat preampli�ers and 1st stage op-amp are on the �rst b oard. Zero-p ole, 2nd stage

op-amp, discriminator, logic and TTL-NIM con v ersion are on the second b oard. T wisted

pair signal receiv er and shap er are on the third b oard. Analog signal is carried from the

second b oard to the third b oard b y t wisted pair �at cable, the digital strob e go es directly

from the second b oard to the p eak sensing ADC. T o trigger the ADC mo dule whenev er

an y c hannel has an analog signal, a NIM standard fast negativ e logic signal with a leading

edge preceding the p eak of the analog signal b y at least 80 ns is also generated.

Cremat 110 
pre-amplifiers

APD
socket

Temperature
sensor

Second stage 
outputs

First stage 
outputs

Cremat 110 
pre-amplifiers

Second stage 
outputs

First stage 
outputs

2nd stage op-amp, discriminator  

Figure 2.13: Photographs of 2 b oards of the "Brussels" Electronics (the third, t wisted

pair signal receiv er and shap erb oard, is not sho wn).
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Figure 2.14: 32 c hannel discrete electronics for single readout sc heme.

A sc hematic diagram of the setup for single readout using this electronic ampli�er c hain

is sho wn in Fig. 2.14. A single Hamamastu S8550 APD is placed in the discrete electronics

c hain to collect the signal from the radioactiv e source, using 2-stage ampli�cation, shaping

and trigger. Signals are readout b y a p eak sensing CAEN V785 VME ADC, data is
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collected on a dedicated computer for online visualization and analyzed shortly after.

The dedicated soft w are to con trol the exp erimen tal runs and monitorized the data tak en

is based on HAL (Hardw are A ccess Library , CMS) and R OOT, An Ob ject Orien ted

F ramew ork F or Large Scale Data Analysis [ Brun1997 ].

2.5.2 Discrete Electronics for Double Readout

T o fully explore the detector mo dule p erformance another discrete electronics w as ac-

quired and adapted from the original purp ose to the Lab oratoire de Ph ysique des Hautes

Energies (LPHE) at the "Ecole P olytec hnique F ederale de Lausanne". The "Lausanne"

analogue electronics pro vide lo w-noise ampli�cation of 32 APD pixel inputs. Eac h pixel

APD is connected to a c harge sensitiv e pre-ampli�er, after whic h are feed in to di�eren tial-

in tegrator shap ers. The shap ed output pulse passes through lev el discriminators, pro duc-

ing digital signals that are analyzed b y a trigger logic. T w o sets of 32 output c hannels are

a v ailable: slo w outputs after the di�eren tial-in tegrator shap er/ampli�ers and fast lines

a v ailable after the ampli�cation and the di�eren tial shap er stage [ Mosset2006 ].

Originally , the "Lausanne" analogue pro cessing electronics w as dev elop ed with the aim

of p erforming the signal readout of a complete 32 crystal matrix read at one of its ends

b y a Hamamatsu S8550 m ulti-pixel APD. In order to collect data from a double readout

mo dule, a group of 16 c hannels w as connected to one APD and the second group to the

opp osite APD. The 32-c hannel p ositiv e signals are coupled to CR�110 Cremat lo w-noise

c harge pre-ampli�ers with an in ternal gain of 1.4 V/pC [ Ro drigues2007 ]. Due to the lo w

amplitude of the output signal pulse is sen t through a di�eren tial-in tegrator shap er for

ampli�cation and pulse shaping needs b efore it reac hes the ADC mo dule.
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Figure 2.15: 32 c hannel discrete electronics for double readout sc heme.

A sc hematic diagram of the setup for double readout using this electronic ampli�er

c hain is sho wn in Fig. 2.15, as w ell as some illustrating photographs (Fig. 2.16). A detector

mo dule is placed in the discrete electronics c hain to collect the signal from the radioactiv e

source whic h can b e p ositioned at one top of the detector mo dule or at a side, for lateral

incidence.
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32 x Charge Sensitive Amplifiers (CSAs)

32 x Shaper and Amplifiers (SA-TDs)
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Figure 2.16: Photographs of the "Lausanne" electronic c hain [ Ro drigues2007 ].

Whenev er a signal app ears at an y of the 32 c hannels it is compared with a common

threshold. If one of the c hannels is higher than the amplitude threshold all 32 c hannels

are readout and a digital trigger gate issued. When the ampli�ed pulses are digitized b y

p eak sensing ADCs, the trigger gate needs to reac h the ADCs prior to the arriv al of the

ampli�ed signals. This is accomplished b y transp orting the di�eren tial analogue signals

in sev eral meters of Cat5 cable, pro viding a 250 ns dela y . The di�eren tial signals are

con v erted to single-ended in a custom VME b oard, and then connected to the ADC. The

"Lausanne" gate is fed, without dela y , in to a coincidence unit together with a CFD logic

signal from the photom ultiplier coupled to a NaI:Tl crystal for electronically collimated

measuremen ts with

22
Na. The coincidence unit generates the ADC signal gate whic h is

then used as trigger signal b y the ADCs. F or un-collimated and bac kground measuremen ts

the NaI:Tl trigger is not used.

2.5.3 Discrete Electronics Commissioning

2.5.3.1 Single Readout Electronics

The commissioning of the single readout electronics consisted mainly on the injection of

the con trolled amoun ts of c harge directly in eac h of the 32 CR-101D Cremat c harge sensi-

tiv e preampli�ers. A test signal, pro duced b y a T ektronics AF G3252 function generator,

w as applied to a 2.2 pF capacitor. Sync hronous to the test signal, a gate w as generated

and used to op en the sensing gate of the p eak sensing ADC V785. The analog output

pulses after the �nal shaping stage w ere also routed to the V785 ADC.
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Figure 2.17: ( left ) Input test pulse with amplitude of 10.8 m V with 1.0 ms duration and

( right ) corresp onding output pulse shap e.

Six discrete v alues of v oltage for the test pulse w ere selected: 6.85, 8.04, 9.3, 10.5,

11.6 and 12.8 m V. Fig. 2.17 (a) sho ws the applied test pulse (10.8 m V case) and the

corresp onding output pulse after the shap ers (third b oard) (b). As can b e observ ed in

Fig. 2.18, the b eha viour is rather linear, and a simple linear �t describ es w ell the data.

A similar plot, but for all c hannels is presen ted in Fig. 2.19. Is can b e observ ed that the

gain spread is lo w except c hannel 8, whic h has a lo w gain.
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Figure 2.18: V ariation of the pulse amplitude as function of the test pulse amplitude

applied at a 2.2 pF capacitor for 4 t ypical c hannels.
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Figure 2.19: Scan of the v ariation of the pulse shap e amplitude for all c hannels. Mea-

suremen ts corresp onding to a test pulse of 6.8 m V not sho wn for clarit y of the plot.

F rom the �ts to the amplitude of the output pulse as function of the test pulse the

slop e or the com bined gain of eac h c hannel w as computed. Results are sho wn in Fig. 2.20.

The mean relativ e gain is 122.9 ADC/m V with disp ersion in relation to the mean v alue

of ab out 2.8%. By taking in to accoun t the capacitor v alue of 2.2 pF, this yield a mean

absolute gain of 55.8 m V/fC whic h correlates w ell with the exp ected v alue of 55 m V/fC.
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Figure 2.20: Absolute gain distribution of the single readout electronics.

The v ariabilit y of the p edestal lev el (DC v alue from the Brussels electronics com bined
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with the DC v alue of the p eak sensing ADC) w as also ev aluated. Results are sho wn in

Fig. 2.21. The mean p edestal is of 156 ADC coun ts, with a disp ersion of 15.9%. T w o

c hannels (13 and 27) sho w v ariations up to 260 ADC coun ts. This fact p oin ts out that a

threshold common to all 32 c hannels should not b e used in the ADC in order to a v oid a

decrease of the dynamic range of the remaining crystals.
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Figure 2.21: Measured p edestal as function of the c hannel iden ti�er.

 / ndf = 5.556 / 52c
Constant  2.345± 6.899 
Mean  17.0±   618 
Sigma  15.9±  42.7 

ENC Nois e (electr ons)
0 100 200 300 400 500 600 700 800 900 1000

N
um

be
r 

of
 C

ha
nn

el
s

0

1

2

3

4

5

6

7

8

9

 / ndf = 5.556 / 52c
Constant  2.345± 6.899 
Mean  17.0±   618 
Sigma  15.9±  42.7 

Figure 2.22: Equiv alen t noise c harge (ENC) for the single readout electronic setup.

Com bining the r.m.s. of eac h p edestal and the total absolute gain of eac h c hannel, the
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total noise (without the con tribution from the dark curren t pro duced b y the APD) can

b e computed. Results are sho wn in Fig. 2.22. A mean ENC c harge of 670 electrons with

a disp ersion less than 7% w as obtained, whic h indicates that the dev elop ed electronics is

w ell suitable for the ev aluation of APD photo detectors.

2.5.3.2 Double Readout Electronics

The commissioning of the double readout electronics w as p erformed in a similar manner

to the one emplo y ed for the single readout electronics, describ ed in the prevision sub-

section. Brie�y , it consists on the injection of electrical c harge directly in eac h of the 32

CR�101D CREMA T c harge sensitiv e preampli�ers, b y means of a test signal pro duced

b y a T ektronics AF G3252 function generator at the terminals of a capacitor.
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Figure 2.23: V ariation of the pulse amplitude as a function of the test pulse amplitude

applied for 4 t ypical c hannels.

In Fig. 2.23 the v ariation of the pulse amplitude for four t ypical readout c hannels

is sho wn, where a go o d linearit y can b e inferred. F or the scanned c hannels, the o v erall

electronics gain expressed in terms of ADC coun ts, as recorded b y the p eak sensing ADC,

in function of the test pulse amplitude w as calculated. Results are sho wn in Fig. 2.24. A

mean gain of 17.81 ADC Coun ts p er m V w as found. The in ter-c hannel gain disp ersion

w as of ab out 7%, sligh tly higher than the one obtained with the single readout electronics

(2.8%). The mean gain is a factor of 7 lo w er than the one obtained with single readout

v ersion. This di�erence w as traced bac k to the initial settings determined b y the �nal

ampli�cation electronics, whic h is regulated b y a turning knob.
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Figure 2.24: Absolute gain distribution of the double readout electronics.
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Figure 2.25: Measured p edestal as function of the c hannel iden ti�er.

The v ariabilit y of the p edestal, whic h re�ects the com bination of the DC v alue form

the double readout electronics with the DC v alue from the ADC p eak sensing mo dule,

w as also assessed. Results are sho wn in Fig. 2.25. As can b e observ ed t w o di�eren t

b eha viours w ere found for the c hannel p edestal and v ariabilit y or noise r.m.s.. Channels

with iden ti�ers from 0 to 15, ha v e a larger mean p edestal (320 ADC coun ts), with a

noise r.m.s. of ab out 55 ADC coun ts. In con trast, the second group, corresp onding to

c hannels 16 up to 31, has a lo w er mean r.m.s. noise, do wn to less than 10 ADC. These
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measuremen ts are in go o d agreemen t with indep enden t ones rep orted in [ Ro drigues2007 ].

The di�eren t b eha viour in terms of the mean and r.m.s. p edestal is exp ected to arise from

the connectors that bridge the APD to the "Lausanne" fron tend PCB.

2.5.4 ISEG High V oltage Supply Calibration

F or an optim um p erformance of APD-t yp e photosensors, precise, accurate and lo w-noise

bias supplies mec hanism need to b e used. F or example, the Hamamatsu S8550 m ulti-

pixel arra y , whic h w as adopted for the ClearPEM pro ject (see Chapter 1), sho ws a gain

v ariation of 3.6%/V at gain 50 rising up to 5.8%/V at gain 100. Therefore and in order to

a v oide the in tro duction of a bias in the gain resp onse of the APD that w ould deteriorate

the energy resolution, bias supplies should b e stable at least at the 50 m V lev el.
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Figure 2.26: ISEG NHQ high v oltage stabilit y study . V alues recorded along 5 hours.

Input v alues: 395V (c hannel A) and 396V (c hannel B).

Characterization of the a v ailable HV mo dules at T agusLIP w as p erformed b y moni-

toring the HV v oltage as function of time. Results for the NIM NHQ 224M ISEG mo dule

are sho wn in Figs. 2.26 and 2.27. Channel A w as programmed with a target v alue of

395V while c hannel B w as programmed to supply a v alue of 396 V. V alues w ere recorded

along a 5-hour in terv al. Results sho w that c hannel A actually deliv ers 395.036 V and

c hannel B 396.039 V. The standard deviation is ab out 23.7 m V and 22.5 m V, resp ectiv ely .

The rep orted v alues are those obtained b y the in ternal sensing circuit implemen ted in

the NHQ mo dule and correlate v ery w ell, within 50 m V, of the v alue measured with a

Keithley 2000 m ultimeter at the end of the HV cables.
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Figure 2.27: HV distribution of the t w o ISEG NHQ (VHR option) c hannels, monitored

along 5 hours.
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Figure 2.28: CAEN N470 high v oltage stabilit y study . V alues w ere recorded along 25

hours. Only one c hannel, for clarit y of the plot, is sho wn.

Results for the N470 mo dule from CAEN are sho wn in Fig. 2.28. Only one c hannel

is sho wn, whic h w as programmed to deliv er 403 V. As can b e observ ed, the b eha viour

of this mo dule in terms of accuracy and stabilit y is signi�can tly di�eren t from the NHQ

mo dule. During the �rst three hours, the mo dule drifts from an initial v alue of 398 V

up to ab out 404 V. After this w arm-up time, the N470 mo dule b ecomes more stable,
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although di�erences in the 400 m V range can still b e observ ed - Fig. 2.29. An in teresting

p oin t with this mo dule is that the in ternal sensing system of the N470 mo dule (curv e in

Fig. 2.28 lab eled as V MON) sho ws a systematic di�erence of ab out 2 V in relation to the

stabilized v alue of 404 V � 500 m V, measured with a Keithley 2000 m ultimeter at the

end of the HV cable. Similar b eha viour (not sho wn) w as observ ed in the second c hannel

of the N470 mo dule.
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Figure 2.29: Beha viour of N470 high v oltage in the stabilized op eration region.

This study p oin ts out that for impro v ed p erformance of the N470 mo dule a settling

time of roughly 3�4 hours should b e adopted b efore measuremen ts are made. In compar-

ison, the ISEG NQH mo dule can b e used almost immediately after its p o w er-on.

2.6 Summary and Discussion

The ClearPEM scanner w as designed and dev elop ed during a timespan of sev eral y ears

that demanded a suitable w orking area, follo wing radiological safet y guidelines. T agus-

LIP w as setup for R&D, exp erimen tal tests, in tegration and acquisition electronics. It

curren tly has a w orking area of 300 m

2
with a hot bunk er dev oted to n uclear testing and

radiological safet y systems.

As part of this thesis, the ev aluation of these radiological safet y systems w as carried

out. Results indicate that the t ypical radiation dose is 2 � Sv p er da y . During the in tegra-

tion and commissioning phase of the scanner at IPO�P orto similar measuremen ts w ere

p erformed with a higher absorb ed dose of 4 to 6 � Sv but still within the radiation limits

established b y In ternational Commission on Radiological Protection.
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Besides the radiological assessmen t, w ork w as carried out on the commissioning of

the discrete electronics setups a v ailable for the design an qualit y con trol phases of the

ClearPEM detector mo dules. Both electronic setups, single and double readout mo des,

are c haracterizes b y a go o d gain uniformit y and lo w noise. P edestal v ariations w ere found

to b e signi�can t requiring individuals thresholds for the ADC mo dules. High v oltage

stabilit y w as also appraised for t w o indep enden t mo dules and results ha v e sho wn distinct

b eha viours. The ISEG NHQ mo dule w as found to b e usable almost after p o w er-up and

is v ery stable in sev eral hours but the CAEN N470 presen ted a signi�can t drift that

demanded a w arm-up time of ab out 2 hours.
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3.1. In tro duction

3.1 In tro duction

Dev elopmen t of detectors for PET has often seen the migration of tec hnologies, originally

dev elop ed for high energy ph ysics exp erimen ts, in to protot yp e PET detectors. A k ey com-

p onen t of suc h imaging systems is the detector mo dule, as its p erformance determines the

o v erall functioning of the detector.

The design and construction of the ClearPEM detector mo dule with depth of in terac-

tion (DOI) capabilit y has b een one of the most imp ortan t and inno v ativ e asp ects of the

pro ject and has required sev eral dev eloping iterations up to its �nal design. The pro cess

has in v olv ed the c hoice of the scin tillator crystal and its p olishing treatmen t, wrapping

and optical coupling to the photo detector, in order to optimize b oth the ligh t collection

and the DOI measuremen t p erformance, and sim ultaneously solv e electrical-mec hanical

connectivit y questions, alignmen t constrains and the �nal mec hanical pac k aging of the

detector mo dules.

In this c hapter, the ClearPEM detector mo dule is fully c haracterized. The design

principles and the mec hanical assem bly of the detector mo dule are presen ted, as w ell as

the p erformance ev aluation results, obtained during the exp erimen tal w ork carried out in

this thesis. Assessmen t of the long-term stabilit y of the main p erformance parameters,

namely ligh t collection, energy and DOI resolution is also discussed.

3.2 Design Principles of the Detector Mo dule

The ClearPEM protot yp e w as initially in tended to ev aluate PET tec hnology in the diag-

nosis of malign neoplasm in the breast and of ganglion lo co-regional in v asion. Relativ ely

to whole b o dy PET systems, a dedicated equipmen t has p oten tially b etter spatial reso-

lution, obtained with �ne-grain crystal segmen tation, and allo ws a closer co v erage of the

region under analysis, leading to a b etter sensitivit y . Moreo v er, whole b o dy PET systems

are exp ensiv e and massiv e and not adapted to a systematic breast screening. Because of

their op en geometry they are also v ery sensitiv e to the bac kground from the c hest whic h

reduces the detectabilit y of small lesions in the breast [ Leco q2002 ].

The ClearPEM scanner w as dev elop ed considering three main guidelines: lo w bac k-

ground, minimizing the fraction of random coincidences under a high �ux of single photons

(up to 10 MHz); high sensitivit y and spatial resolution do wn to 2 mm [ Ab reu2006 ]. Sen-

sitivit y is an imp ortan t parameter on the design since when the sensitivit y is increased it

allo ws a lo w er injected dose and a shorter examination time. This is particularly imp or-

tan t in determining the frequency of scans for w omen as w ell as the lo w er limit of their age

for systematic screening. Sensitivit y dep ends on geometrical and ph ysical parameters of

the detector. The detector geometry m ust co v er the largest solid angle p ossible, although

some limitations are imp osed b y image reconstruction considerations as w ell as b y the

sp eci�cit y of h uman b o dy anatom y and examination practice. The detector thic kness

and the crystal ph ysical prop erties (densit y and comp osition) determine the photo electric
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in teraction probabilit y for the emitted photons and in consequence ha v e a direct impact

on ClearPEM sensitivit y . On the other hand, the crystal length is resp onsible for the par-

allax e�ect in the image reconstruction pro cess and the consequen t degradation in spatial

resolution [ Moses2004 ]. P arallax e�ect in ClearPEM is an imp ortan t issue esp ecially for

b eing a planar detector lo cated close to the ob ject under examination. In consequence,

high-densit y crystals com bined with a metho d that pro vides depth-of-in teraction infor-

mation w ere required for the detector.

The crystal transv erse dimensions (ab out 2 � 2 mm

2
) w ere determined b y the desired

p osition resolution, whereas the longitudinal dimension (20 mm) w as dictated b y the

required detector sensitivit y . The detector assem bly is based on t w o detecting heads,

eac h one formed b y 96 detector mo dules of 8 � 4 crystal matrices. Depth-of-in teraction

information could b e obtained b y the "phoswic h" tec hnique using, instead of a single 20

mm long crystal, t w o 10 mm crystals with t w o di�eren t time constan ts [ Ziemons2005 ,

Mosset2006 ]. The analysis of the signal shap e should allo w distinguishing in whic h of

the t w o longitudinal segmen ts the in teraction o ccurred. An alternativ e tec hnique is to

collect the crystal ligh t in the fron t and bac k faces and to use the relativ e amplitude of the

t w o signals to estimate the longitudinal co ordinate of the in teraction p oin t [ Shao2000 ].

This last tec hnique w as adopted for the ClearPEM protot yp e, as result of preliminary

exp erimen tal w ork carried out in 2003, that falls outside of the scop e of this thesis and

will b e only brie�y discussed with the aim to b etter con textualize the w ork presen ted in

this c hapter.

3.2.1 Photosensors

As already discussed, one of the requiremen ts for the ClearPEM scanner w as to ac hiev e

spatial resolutions b etter than 2 mm without compromising the pac king fraction (or the

system sensitivit y). T o ac hiev e this goal, the abilit y to obtain depth of in teraction mea-

suremen ts on an ev en t-b y-ev en t basis w as mandatory as w ell as to readout the scin til-

lation ligh t without in tro ducing (b � 0) ligh t sharing e�ects. A solution based on a

double readout sc heme and an individual 1:1 coupling b et w een the photo detector and

the L YSO:Ce crystal w as explored. Ho w ev er, to do this without putting large amoun t of

non-activ e material in the patien t p ort and without decreasing the pac king fraction due

to dead spaces usually in tro duced b y the placemen t of sev eral photo detectors side-b y-

side, it has required the adoption of a particular sensor. P osition sensitiv e or m ulti-ano de

(PS-PMT s) photom ultipliers could b e used but only on one of the sides or when coupled

to a crystal optical �b er readout. Due to its v ery compact assem blies, semiconductor

photosensors are mandatory for the patien t p ort, lik e in the implemen tation adopted for

the LBNL PEM scanner [ W ang2006 ]. Using m ulti-pixel silicon pin-dio des (Si PDs) to-

gether with photom ultipliers has ho w ev er do wnsides related to their v ery di�eren t gains

[ Shao2000 , Shao2002 , W ang2004 ]. This e�ect could b e partial a v oided with the m ulti-

pixel a v alanc he photo-dio des (APDs) devices, curren tly a v ailable from di�eren t v endors

suc h as Hamamatsu Photonics K.K., RMD � Radiation Monitoring Devices, Inc. and

P erkinElmer Opto electronics, Inc..
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The traditional readout based on photom ultipliers w as th us replaced b y APDs, allo w-

ing to implemen t a 1:1 readout t yp e (b � 0). APDs ha v e higher quan tum e�ciency and

less in ter-c hannel cross-talk than standard PS-PMT s. The gain is b et w een 50�1000, a

clear impro v emen t when compared with silicon photo dio des (Si PDs) whic h do not ha v e

in ternal gain, but still lo w er than the ones obtained in standard (PMT) and h ybrid photon

detectors (HPDs) [ Braem2004 ]. The small dimensions of the APDs are compatible with

a direct coupling to pixelized crystals. Due to its compactness, it is p ossible to read eac h

single crystal with one APD pixel on eac h ends, and to use the relativ e amplitude of the

t w o signals to estimate the longitudinal co ordinate of the in teraction p oin t [ Shao2000 ].

This solution named double readout cannot b e easily implemen ted in con v en tional whole

b o dy ring and planar PET scanners, since the amoun t of non-activ e material (electronics

and photom ultipliers) placed b et w een the anatomic region under examination and the

crystals w ould lead to an unacceptable decrease of the solid angular co v erage plus addi-

tional atten uation of the incoming photons. Optical �b er readout could b e used to extract

the scin tillation signals to photom ultipliers placed outside the detector heads but at the

exp ense of energy and time resolution due to ligh t losses inside the �b ers and additional

optical in terfaces.
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Figure 3.1: APD rev erse structure sc heme (adapted from [ Rusack2003 ]).

In a v alanc he photo dio des, a rev erse bias is applied to a p-n junction and a high-�eld

is formed within the depletion la y er. This leads to the acceleration b y this �eld of the

initial c harge carrier (photo-electrons) whic h will collide with atoms in the �eld. After

collision, secondary carriers are pro duced. The amoun t b y whic h this pro cess can b e

rep eated, while main taining the �nal c harge prop ortional to the n um b er of initial photo-

electrons, is limited. Considering the sc hematic cross-section for a t ypical APD structure

(Fig. 3.1), the basic structural elemen ts pro vided b y the APD include an absorption

region "A", and a m ultiplication region "M". Presen t across region "A" is an electric

�eld "E" that serv es to separate the photo-generated holes and electrons, and sw eeps one

carrier to w ard the m ultiplication region. The m ultiplication region "M" is designed to ex-
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hibit a high electric �eld so as to pro vide in ternal photo-curren t gain b y impact ionization.

In spite of the lo w gain (10

2
�10

3
) when compared to photom ultipliers, the ligh t con v er-

sion quan tum e�ciency is signi�can tly higher, b y a factor of 2�3. The S8550 APD from

Hamamatsu Photonics, K. K. with 32 pixels in a 8 � 4 con�guration w as ev aluated b y the

Crystal Clear Collab oration in 2002�2003 [ Mosset2003 , Mosset2006 ]. Promising results led

to its adoption for the ClearPEM scanner. The S8550 arra y is assem bled from t w o dis-

tinct monolithic silicon w afer parts, of 2 � 8 "rev erse" t yp e structure pixel elemen ts. The

pixels are moun ted on a 1 mm thic k ceramic pac k age with a 0.5 mm thic k ep o xy windo w

[ Hamamatsu2001 , Kapusta2003 ]. Eac h Si pixel elemen t has a 1.6 � 1.6 mm

2
, compatible

with an individual 1:1 readout of 2 � 2 mm

2
cross-section L YSO:Ce crystals (Fig. 3.2). The

elemen t pitc h is 2.3 mm and all the pixels placed in the same sub-matrix share the same

common bias. This particular APD is an upgrade of the original Hamamatsu 2 � 16 pixel

APD, whic h w as initially used in the small animal PET scanner MADPET [ Pichler2001 ].

Most of its design la y out is similar to the S8644�55 APD, dev elop ed b y Hamamatsu for

the CMS collab oration. The 4 � 8 v ersion w as also adopted for the MADPET�I I up-

grade [ McElro y2005 ] with 1120 LSO:Ce crystals readout b y 35 APD S8550 units and for

the miniature PET scanner for in-viv o rat brain imaging (RatCAP) scanner with 384

LSO:Ce crystals (2.2 � 2.2 � 5 mm

3
) arranged in to 12 units [ V ask a2005 ]. The sp eci�cations

for the Hamamatsu S8550 APD are summarized in T ab. 3.1.

P arameter V alue

Pixel size 1.6 mm � 1.6 mm ( � 32 pixels)

Pixel pitc h 2.3 mm

Windo w t yp e 0.5 mm thic k ep o xy resin

P eak sensitivit y w a v elength 600 nm

Quan tum e�ciency @ 365 nm 50�58%

Quan tum e�ciency @ 420 nm 72�76%

Gain 50�200

P olarization bias 400�500 V

Gain gradien t @ M = 50 3.6%/V

Gain gradien t @ M = 100 5.8%/V

Gain gradien t @ M = 200 13.4%/V

Dark curren t 2�4 nA (p er pixel at gain M = 50)

Capacitance 10 pF (p er pixel at gain M = 50)

T able 3.1: Hamamatsu S8550 APD electrical and optical c haracteristics.

The e�ectiv e S8550 gain, the ratio of the total n um b er of secondary a v alanc he electrons

pro duced b y the initial n um b er of electron-hole pairs due to the scin tillation ligh t, can

v ary b et w een 50 and 200, with a sp eci�ed in ter-pixel gain v ariation around 5% r.m.s. and

a dark curren t of 2�4 nA p er pixel. The terminal capacitance is 10 pF p er pixel at gain 50.

The S8550 APD op erates at a bias v oltage b et w een 360-500 V, dep ending on the required

gain. The gain v aries b y ab out -2.4%/

�
C at gain 50. This is due to lattice vibrations

in the silicon structure of the APD whic h are enhanced as temp erature increases making
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3.2. Design Principles of the Detector Mo dule

more probable to in teract with a v alanc he secondary electrons. T emp erature drifts, if

not con trolled, ma y th us originate gain drifts con tributing to a detioration of the energy

resolution. The temp erature gradien t is also function of the bias v oltage, whic h means

that at higher gains the APDs sho w an increased susceptibilit y to temp erature drifts. All

this will imp ose the system to op erate under v ery stable thermal conditions. The gain

gradien t as function of the p olarizing bias increases as function of the gain itself. F or

higher gains, the bias p olarization supplied m ust b e v ery stable with con trolled amoun ts

of tension ripple.
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Figure 3.2: Hamamatsu S8550 APD: sc heme and dimensions ( left ) and photograph

( right ).

The main features that dictated the adoption of the Hamamastu S8550 APD for the

ClearPEM scanner w ere the follo wing:

� Stable op eration for gain b et w een 50�150;

� Gain v ariation b et w een pixels of the same subarra y less than 20% (w orst case);

� Rev erse t yp e design (Fig. 3.1), based on the S8664-55 APD, original dev elop ed for

the CMS exp erimen t at CERN. Ab out 1:2� 105
APDs w ere pro duced b y Hamamatsu

demonstrating the feasibilit y of its mass pro duction;

� A v ailabilit y in large quan tities within a short lead-time (6 mon ths for 400 units/

1:4 � 104
pixel APDs).

The S8550 also presen ts an in teresting asp ect that is a lo w excess noise factor F v alue,

as will b e sho wn latter, due to the thin depletion region, whic h mak es it able to ac hiev e

energy resolutions comparable to a PMT based readout sc heme. A qualit y con trol (QC)

proto col and metho dology for the 400 S8550 APDs w ere dev elop ed. T w o indep enden t

setups w ere used in the QC: one setup based on the direct measuremen t of the APD

arra y common catho de curren t when illuminated b y a 420 nm blue LED ligh t; the other,

based on the measuremen t of ligh t pulses induced on scin tillating crystals b y a

137
Cs

source. With the �rst setup eac h APD subarra y w as measured indep enden tly in terms

of gain dep endence on bias v oltage, gain gradien t at sev eral v oltages and dark curren t

dep endence on the bias v oltage, while the second setup used dedicated ampli�cation and
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CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULE

data acquisition electronics for the measuremen t of gain disp ersion among individual APD

pixels. The QC had v ery go o d results in terms of the p erformance of the Hamamatsu

S8550 arra ys: a v erage bias v oltage for gain 50, of 419 and 418 V for sub-arra y1 and 2

resp ectiv ely , a v erage dark curren t of 27.1 and 24.2 nA, for sub-arra y1 and 2, and a v erage

gain v ariation of 3.6%/V for b oth APD sub-arra ys. Only 1 arra y w as rejected b y the QC

pro cedure, due to a 22.7%/V gain v ariation in one of sub-arra y [ Ca rriço2006 , Ab reu2007 ].

In parallel, sev eral measuremen ts w ere p erformed in the scop e of this thesis to con-

�rm p erformance observ ables of these arra ys that w ere not originally included in the QC

program. The follo wing asp ects w ere examined:

� Linearit y and stabilit y of the APD resp onse to ligh t in the optical region of the 420

nm whic h corresp onds to the p eak scin tillation emission of the L YSO:Ce crystals

[ Pidol2004 ];

� Excess noise factor F ;

� Linearit y and stabilit y of the APD resp onse to direct ionization b y lo w energy X�

ra ys (5.9 k e V) from

55
F e;

� Ratio of APD gain for 420 nm ligh t v ersus direct ionization b y lo w energy X�ra ys.
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Figure 3.3: Mean v ariation, o v er 32 APD pixels of the same APD arra y , of the LED (420

nm) pulse heigh t sp ectrum as function of the APD gain.

Linearit y and stabilit y of the S8550 APD w ere ev aluated b y pulsing a 420 nm LED with

a T ektronics AF G3252 function generator. One S8550 APD arra y from the batc h of 400

APDs deliv ered b y Hamamatsu Photonics K.K. w as c hosen. The applied bias v oltage to

the APD w as �xed in eac h measuremen t run. Gains of 50, 60, 70, 80, 90 and 100 w ere
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3.2. Design Principles of the Detector Mo dule

explored. F or eac h gain the appropriate high v oltage w as determined b y measuring the

total photo curren t when excited b y a 420 nm LED. The photo curren t w as measured with

a Keithley picoamp erimetre. Due to the required precision for the APD bias v oltage, the

ISEG NHQ 224M mo dule, presen ted in Chapter 2, Section 2.5.4, w as used. Results are

sho wn in Fig. 3.3, indicating a go o d linearit y in the gain w orking region from M = 50 up

to 100. Sup erimp osed to the data is a linear �t of the form y = p0 + p1x .

Stabilit y of the gain measuremen ts w as also assessed, b y measuring with the same

420 nm LED, the pulse heigh t sp ectra in three di�eren t runs. Eac h run w as tak en with

a 48 hours apart. The same APD bias v oltage corresp onden t to gain 50 w as used. The

APD bias v oltage w as k ept the same while the LED p olarization bias w as v aried from 2.4

V to 2.5 V. Results are sho wn in Fig. 3.4. While its kno wn that the LED ligh t output

can strongly v ary with the am bien t temp erature it is remark able that the total ampli�ed

c harge is constan t at the 2% lev el, indicating a stable op eration b y the APD.
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Figure 3.4: V ariation of the LED pulse heigh t sp ectrum p eak p osition as function of the

LED p olarization bias (3 di�eren t runs are sho wn).

In addition to the APD linearit y and stabilit y , the excess noise factor of the S8550 w as

also determined. All a v alanc he photo dio des generate excess noise due to the statistical

nature of the a v alanc he pro cess. The Excess Noise F actor is generally denoted as F and

is giv en b y:

F = � 2
M =M(M � 1) (3.1)

where � 2
M is the v ariance of the m ultiplication factor and M is the a v erage m ultiplication

factor of the APD. F is the factor b y whic h the statistical noise on the APD curren t

(equal to the sum of the m ultiplied photo curren t plus the m ultiplied APD bulk dark

curren t) exceeds that whic h w ould b e exp ected from a noiseless m ultiplier on the basis of

P oisson statistics (shot noise) alone. The excess noise factor is a function of the carrier
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ionization ratio, k , where k is usually de�ned as the ratio of hole ( � ) to electron ( � )

ionization probabilities (k � 1). The excess noise factor ma y b e calculated using the

mo dels dev elop ed b y McIn t yre [ McInt yre1996 ] or V an Vliet [ V an Vliet1979 ] whic h considers

the statistical nature of a v alanc he m ultiplication. A ccording to the McIn t yre theory , the

excess noise factor is giv en b y:

� 2
M = kM +

�
2 �

1
M

�
(1 � k) (3.2)

The theory of McIn t yre cannot b e applied b ecause of the small size, of ab out 3�4 �m of

the a v alanc he region in the S8550 [ Mosset2006 ]. In this conditions, the V an Vliet form ula

has to b e used:

� 2
M =

M (M � 1)(1 � k)
(2 + � + k� )

�
� � + 2

�
(1 � k� 2)
(1 + k� )

�� �
Mk

(1 + � )
(1 � k)

+ (1 + � )� 1

�
(3.3)

The excess noise factor of the S8550 w as exp erimen tally determined using the setup

describ ed earlier that emplo ys a 420 nm LED pulsed at 500 Hz. The signal v ariance in

the case of an APD illuminated with a LED is giv en as:

� 2
tot = � 2

e + N� 2
M + � 2

N M 2 +
�

�N LED �
1

NLED
N

�
NM 2

(3.4)

Since exp erimen tally , the b eha viour of the � 2
tot is linear in resp ect to NM 2

it can b e

assumed that the con tribution of �uctuations of the LED output is small. In that case,

� 2
tot can b e simpli�ed:

� 2
tot = � 2

e + ( F � 1)NM 2 + NM 2 � � 2
tot = � 2

e + F NM 2

where � e is the electric noise of the readout c hain (pre-ampli�ers, ampli�ers and ADCs),

� 2
tot is the signal v ariance, � 2

e the electronic noise, N is the a v erage n um b er of photo elec-

trons and � 2
N is the v ariance of the photo electrons n um b er. The APD w as biased to a

�xed gain of 70 and exp osed to ligh t pulses of v arious in tensit y . Results for � 2
tot v ersus

NM 2
are sho wn in Fig. 3.5. T o obtain the collected c harge NM 2

, the ADC c hannels are

expressed in V units, whic h corresp ondence is done b y kno wing that the ADC range is

0�4 V and it is a 14 bit ADC (4096 c hannels). The ADC v alue has then to b e corrected

b y the electronic c hain gain (55 m V/fC), giving the total c harge. T o ha v e the n um b er of

photo electrons, N , the total c harge is divided b y the APD gain. Results are �tted with a

linear mo del ( p0 + p1x ) with the slop e ( p1 )giving F . The exp erimen tal v alue of 1.83 cor-

relates w ell with published v alues for older v ersions of the S8550 APD ( F = 1:75� 0:05),

b y the former CCC � Lausanne W orking Group [ Mosset2003 ].

Finally , the p erformance of the S8550 APD arra ys to detect 5.9 k e V X-ra ys b y direct

ionization of the p-n junction w as assessed. The device w as irradiated b y a

55
F e source.

Sp ectra w ere acquired from gain 50 to gain 100. Results for the same APD pixel as

function of the gain are sho wn in Fig. 3.6. The 5.9 k e V

55
F e p eak in the pulse heigh t

sp ectrum as function of the APD gain, a v eraged o v er 32 APD pixels of the same APD
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arra y , is sho wn in Fig. 3.7. Similar to the v ariation of the collected c harge b y the APD

as function of the gain for a �xed LED ligh t output, the APD sho ws for direct ionization

with

55
F e a v ery linear resp onse. A t gain 50, the energy resolution for the 5.9 k e V X�ra y

is 12.1% with a disp ersion of 9%.
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In order to c hec k the gain non-uniformit y of the APD arra y from pixel to pixel, sev eral

sp ectra w ere acquired with a

55
F e source and with the same v oltage, in t w o acquisition

runs, 15 da ys apart. The p osition of the 5.9 k e V

55
F e for eac h APD pixel tak en in the t w o

acquisition runs is sho wn in Fig. 3.8.
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Figure 3.7: Amplitude of the 5.9 k e V p eak in the pulse heigh t sp ectrum, a v eraged o v er

32 APD pixels of the same APD arra y , as function of the APD gain.
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The mean p osition of the 5.9 k e V line w as in the �rst run 653 ADC coun ts with a

disp ersion of 5.6%. In the second the mean v alue of the 5.9 k e V line for the 32 APD

pixels w as 639 ADC coun ts with a disp ersion of 5.1%. While the o v erall trend b et w een

the di�eren t pixels of the arra y is similar in b oth runs, a 2% shift in the a v erage v alue

w as observ ed. This shift can easly b e accoun ted b y di�erences in the ro om temp erature

of less than 1

�
C, since APDs at gain 50 ha v e a v ariation of gain with temp erature of

-2.4%/

�
C. The disp ersion b et w een APD pixels, when p olarized to the same mean gain

v alue is consisten t with the device uniformit y observ ed in the CMS APDs, supp orting

the go o d repro ductibilit y of the Hamamatsu APD pro duction pro cess. F or comparison

purp oses, the distribution of the relativ e in ter-pixel gain for the 12 288 APD pixels of the

ClearPEM scanner is sho wn in Fig. 3.9. The r.m.s. of the distribution is 4.6%.

It is in teresting to note that the S8550, when is p olarized to a �xed bias v oltage,

has di�eren t in ternal gains for pulsed ligh t and X�ra ys. The di�erence, as referred

in [ Moszy«ski2001 , Cresp o2005 ], is due to the in ternal structure of the APD and the

p osition of the p-n junction, optimized for the detection of ligh t of short w a v elength.

A ccording to the authors, the di�erence increases with the applied v oltage due to the

increasing extension of the a v alanc he region. Similar sp ectra acquired at di�eren t APD

in ternal gains sho w a X-ra y to ligh t ratio that decreases as the gain increases. This

b eha viour w as also v eri�ed in the ClearPEM APDs and is sho w in Fig. 3.10. This phe-

nomena is due to a deep er p enetration of the X�ra ys in to the APD pixel, creating pairs

of electron-holes inside the a v alanc he region. These electrons create a smaller signal in

resp ect to those raised b efore the a v alanc he region as a consequence of their shorter path

through the m ultiplication region.
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APD arra ys).
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Figure 3.10: RX;light ratio b et w een 5.9 k e V

55
F e X-ra y and 420 nm LED ligh t gain for

APD gains b et w een 50 and 100.

3.2.2 Scin tillation Crystals and Re�ectors

In the v ast ma jorit y of PET scanners, inorganic scin tillator crystals are used to record the

511 k e V photons pro duced b y the annihilation of p ositrons emitted b y injected tracers.

The p erformance of the scanner is strongly tied to b oth the ph ysical and scin tillation

prop erties of the crystals. F or this reason, researc hers ha v e in v estigated virtually all

kno wn scin tillator crystals for p ossible use in PET. Despite this massiv e researc h e�ort,

only a few di�eren t scin tillators ha v e b een found that ha v e a suitable com bination of

c haracteristics, and only t w o, NaI:Tl (thallium-dop ed so dium io dide) and BGO (bism uth

germanate), ha v e found widespread use [ Melcher2000 ]. Since late 90's, a new scin tillator

crystal w as dev elop ed, LSO (cerium-dop ed lutetium o xy orthosilicate), that exceeded all

previously used materials in most resp ects, b ecoming the scin tillator crystal eligible for

the new generation of PET scanners.

The desire scin tillation crystal for PET has to ha v e high stopping p o w er so that a

511 k e V gamma ra y will b e totally absorb ed b y the detector, to ha v e v ery go o d energy

resolution to b e p ossible the rejection of the scatter ev en ts, to ha v e fast time resp onse for

randoms' rejection and to b e inexp ensiv e to pro duce. The �rst ClearPEM detector mo d-

ule v ersion prop osed w as based on the LuAP:Ce (cerium dop ed lutetium-ortho-aluminate)

crystals dev elop ed b y the Crystal Clear collab oration at CERN [ Leco q2002 ]. These crys-

tals ha v e high densit y when compared to LSO and to BGO but a lo w er ligh t yield when

compared to LSO - T ab. 3.2. A t that time, LSO crystals w ere exp ensiv e and di�cult to

acquire but a similar one, L YSO:Ce had b een dev elop ed with 2�10% of Ytrium con ten t,

ha ving, for that reason lo w er densit y (7.1�7.3 g.cm

� 3
against 7.4 g.cm

� 3
for the LSO).

LuAP:Ce has a densit y of 8.3 gcm

� 3
but the main dra wbac ks of its use is the lo w ligh t
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yield, ab out 20% of L YSO:Ce and tec hnical issues related to the gro wth pro cess.

NaI BGO LSO L YSO LFS LuAP

E�ectiv e atomic n um b er (Z) 51 74 66 60 63 65

Linear A tten uation Co e�. (cm

� 1
) 0.34 0.92 0.87 0.86 0.82 0.9

Densit y (g cm

� 3
) 3.67 7.13 7.4 7.1�7.3 7.3 8.34

Index of refraction 1.85 2.15 1.82 1.81 1.78 1.95

Ligh t Yield (% NaI(Tl)) 100 15 75 80 77 16

P eak w a v elength (nm) 410 480 420 420 430 365

Deca y constan t (ns) 230 300 40 41 35 18

Hydroscopic y es no no no no no

T able 3.2: Prop erties of some scin tillators used in PET detectors (adapted from

[ Lew ellen2008 ]).

Due to the adequate scin tillation and mec hanical prop erties for PET applications,

L YSO:Ce b ecame the natural c hoice for the ClearPEM detector. Among them are its

high ligh t output (27 photons/k e V), high densit y (7.1 g.cm

� 3
for 10% yttrium con ten t),

high e�ectiv e atomic n um b er ensuring a high photo electric cross-section and a fast de-

ca y time (42 ns time constan t). The L YSO:Ce is easy to mac hine in to pixels and is not

h ygroscopic. As other scin tillators based on lutetium o xide (Lu 2 O 3 ), L YSO:Ce con tains

a natural activit y bac kground that arises from the deca y of

176
Lu. L YSO:Ce con tains a

2.6% abundance of this long-life isotop e (half-life 3.73 � 10

10
y ears [ Melcher2000 ]). This

radioisotop e daca ys through a � �
deca y follo w ed b y a gamma cascade from n uclear dex-

citation (�g. 3.11). The deca y rate is around 300 Bq/cm

3
and can b e easily suppressed

in coincidence measuremen ts as required for PET.
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Figure 3.11:

176
Lu deca y sc heme.

The presence of the

176
Lu bac kground also o�ers an in teresting approac h to calibrate

double readout scanners, allo wing to compute the in ter-pixel gain calibration krel , that
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equalizes the gain of b oth pixel APDs that read a giv en crystal, and the absolute gain

calibration K Abs that translates the digit sum energy in a crystal in to a ph ysical v alue.

The

176
Lu deca y is also used to compute the C DOI calibration constan t that allo ws to

translate the ligh t collection asymmetry in to the ph ysical DOI constan t, as will b e sho wn.

In a double ligh t collection readout approac h, as the one implemen ted in the Clear-

PEM scanner, the con v ersion of the digitized v alue of the ampli�ed pulse to an energy

v alue in k e V requires the extraction of t w o calibration constan ts. The total dep osited

energy E in one crystal corresp onds to the sum of top and b ottom pixel APD pulse

amplitudes that are prop ortional to the reconstructed energies:

E = E0 + E1 (3.5)

where E0 and E1 are the top and b ottom in units of energy . Eq. 3.5 is formally equiv alen t

to:

E = K 0E0 + K 1E1 (3.6)

in whic h K 0 and K 1 are the calibration constan ts for the top and b ottom APD c hannel and

E0 , E1 the top and b ottom reconstructed energies co ded as ADC in tegers. The equation

can b e re-written as:

E = K 0 (E0 + krel E1) (3.7)

where krel = K 1
K 0

is the relativ e in ter�pixel calibration constan t, with K 0 and K 1 in units of

k e V/ADC. Therefore, the energy calibration pro cess can b e tak en as a t w o�step pro cess.

First, the relativ e in ter�pixel calibration constan t krel is determined, whic h guaran tees

that the b ottom APD pro vide a similar resp onse in terms of ADC coun ts to the top

APD. The second step consists in the determination of the absolute ADC coun ts to en-

ergy calibration constan t K 0 , also referred as K Abs .

In Clear-PEM a metho d for the determination of the krel in ter�pixel calibration con-

stan t w as dev elop ed b y exploring the presence of the

176
Lu bac kground. It is based on

the searc h of the krel v alue that minimizes the di�erences b et w een the top and b ottom

APDs, quan ti�ed as a � 2=ndf .

In the ClearPEM scanner, the measuremen t of the DOI co ordinate for eac h photon

allo ws for the determination of the z co ordinate of eac h in teraction in the detector heads.

The v ariation of the ligh t collection as function of the depth of in teraction w as computed,

through out this thesis, using the

176
Lu bac kground or, in alternativ e, a

137
Cs �o o d

irradiation. The

176
Lu radioisotop e deca ys through a � �

deca y follo w ed b y a gamma

cascade from n uclear dexcitation. Due to the crystal pro duction pro cess it can b e assumed

that the

176
Lu is uniformly distributed throughout the crystal. In this case the � �

deca ys

along the depth direction are distributed symmetrically and the ligh t collection asymmetry

distribution should b e �at, with the exception of the far edges whic h corresp ond to the

crystal extremities [ W ang2004 ]. The in teraction depth of a photon, z, is computed from

the asymmetry of ligh t collection b et w een the t w o APDs that readout the ligh t of a giv en

crystal b y:

z = CDOI
E0 � krel E1

E0 + krel E1
(3.8)
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where the CDOI constan t transforms the ratio of shared ligh t in to a ph ysical distance unit

and is obtained righ t after krel , also using the

176
Lu bac kground data. This constan t is

then determined b y �nding the edges of the ligh t collection asymmetry , whic h is uniform

due to the uniform concen tration of the

176
Lu deca y along the crystal [ W ang2004 ]. F rom

this assumption, CDOI is estimated b y:

CDOI =
20 mm

Ap � An
(3.9)

where Ap and An are the asymmetry at the p ositiv e (+10 mm) and negativ e (-10 mm)

edges of the distribution [ Ro drigues2007 , Pinheiro2008 , F rade2009b ].

Polished
Rough

Figure 3.12: Asymmetry b et w een ligh t collected in the t w o crystal extremities for t w o

L YSO:Ce crystals, one p olished and the other v ery rough, wrapp ed in T yv ek (bars repre-

sen t the FWHM of the asymmetry distributions) [ Ab reu2006 , Moura2009 ].

2 � 2 � 20 mm

3
L YSO:Ce crystals with di�eren t surface roughness (p olished, sligh tly

p olished and v ery rough, obtained with mec hanical p olishing) and wrappings (T yv ek and

PTFE) w ere compared in terms of depth-of-in teraction resolution. Eac h crystal under

test w as sandwic hed b et w een t w o photom ultiplier (PM) tub es and irradiated at di�er-

en t depths with a 3.33 MBq (90 � Ci)

22
Na radioactiv e source with 1 mm extension

[ Ab reu2006 , Moura2009 ]. A third PM tub e coupled to a NaI:Tl scin tillator of 3.8 cm

diameter w as aligned with the source and p erp endicular to the crystal longest axis for

electronic collimation coincidence purp oses, suc h that a gamma sp ot with ab out 1 mm

diameter w as obtained on the L YSO:Ce crystal. The coincidence windo w b et w een the

three PM signals w as 150 ns. Ligh t collection asymmetry ((E 0 -E 1 )/(E 0 +E 1 )) w as es-

timated on an ev en t-b y-ev en t basis, and its dep endence with the co ordinate along the

crystal axis where the photon in teracts w as studied. Results for the b est con�gurations

are sho wn in Fig. 3.12, whic h indicates that rough crystals wrapp ed with T yv ek ha v e a

large v ariation of asymmetry as function of in teraction p osition whic h is a k ey feature for
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a go o d DOI measuremen t. More on this topic can b e found in the follo wing references

[ Ab reu2006 , Moura2009 ].

Highly re�ectiv e materials are used to minimize ligh t loss and maximize ligh t output

of scin tillation material in calorimeter t yp e detectors. The re�ectiv e c haracteristics of a

material need to b e co ordinated with the w a v elengths of scin tillation ligh t pro duced in the

detector and with the transmission c haracteristics of an y in termediate ligh t collecting or

guiding comp onen ts [ Stoll1996 ]. Thin, highly re�ectiv e, opaque separators are required to

assem ble compact arra ys of small discrete scin tillation crystals used in conjunction with

photo dio de arra y readouts in high-resolution imaging applications. Mec hanical stabilit y ,

individual detector p erformance, and ease of handling for wrapping crystals are the main

factors to b e considered in the c hoice of a suitable separator [ P epin2001 ]. In the �rst design

v ersion of the detector mo dule, the crystals had dimensions 2 � 2 � 20 mm

3
and w ere

optically isolated b y a T yv ek wrapping, assem bled on a 4 � 8 crystal matrix (Fig. 3.13),

follo wing an assem bly pro cedure already adopted for the �rst small animal Clear�PET

scanners demonstrators [ Ziemons2005 ].

Figure 3.13: The �rst ClearPEM protot yp e T yv ek assem bly .

Comparison studies of t w o T yv ek matrices with L YSO:Ce crystals w ere then p er-

formed, to v erify the early measuremen ts and to establish the �nal detector mo dule con-

�guration. Crystals with t w o di�eren t p olishing treatmen t, referred in the follo wing text

as "ligh t lap" (LL) and "rough lap" (RL), w ere compared in terms of ligh t yield, DOI

resolution and energy resolution. The di�erence b et w een the LL and RL crystals is the

roughness of the surface, that is usually describ ed in the R a roughness parameter. F or

example, the lapping pro cess whic h brings "rough from cut" crystals reduces the R a � 2

� m do wn to lapp ed surfaces of R a � 0.5 � m [ Au�ra y2002 ]. The LL crystals ha v e a R a of

175.88 � 48.81 nm (sligh tly p olished) and RL crystals ha v e a R a of 735.98 � 81.06 nm

(rough p olished). The matrices w ere measured using the same APDs and sp ectra of a

22
Na (511 k e V photop eak) source w ere obtained with a dedicated setup for double readout

(describ ed in section 2.5.2, c hapter 2). On Fig. 3.14 it can b e seen examples of sp ectra of

a

22
Na source (511 k e V photop eak) for the t w o T yv ek grade matrices.

A gaussian with a linear bac kground is �tted to the 511 k e V photop eak to extract
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photop eak p osition (ligh t yield) and energy resolution. T o determine DOI resolution, one

inc h NaI:Tl scin tillator, coupled to a PMT, w as used in coincidence for electronic collima-

tion of 511 k e V photop eak. T o seek the cen tre of the matrix a pro�le of the coincidence

trigger rates along the matrix w as used. Finding the extremes of the crystal, the cen tre

can b e inferred. Three inciden t b eam p ositions along the crystal w ere considered, one

in the cen tre and t w o near the p eripheries. A t eac h b eam p osition the ligh t collection

asymmetry w as calculated and t w o reference parameters ev aluated: 1) slop e de�ned as

the asymmetry v ariation p er unit length; 2) DOI resolution estimated b y the FHWM of

the asymmetry p eak o v er the slop e. The adopted exp erimen tal pro cedure w as similar to

the �rst exp erimen tal measuremen ts rep orted earlier [ Ab reu2006 ]. Ligh t collection distri-

butions at three excitation depths (-7.0, 0.0 and 7.0 mm) are presen ted on Fig. 3.15 ( left ,

top and b ottom) and the asymmetry a v erage v alue as function of the excitation depth

(3.15 right , top and b ottom) for the t w o T yv ek matrices considered.

Figure 3.14: T ypical

22
Na (511 k e V photop eak) sp ectra obtained from the online data

acquisition soft w are. T op : T yv ek-RL matrix; Bottom : T yv ek-LL matrix.

72



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULE

Figure 3.15: T ypical plots of asymmetry distributions at three excitation depths (-7.0, 0.0

and 7.0 mm) and the asymmetry a v erage v alue as function of the excitation depth. T op :

T yv ek-RL matrix; Bottom : T yv ek-LL matrix.

Sligh tly p olished crystals (LL) ha v e b etter ligh t collection and, consequen tly , also b et-

ter energy resolution (15.5%) than the rough crystal (RL) matrix (16.2%). Rough crystals

(RL) presen t an in teresting DOI resolution (1.3 mm) but ha v e a to o lo w ligh t collection

to b e used with an APD readout. Comparison results can b e consulted in T ab. 3.3.

The T yv ek matrix with LL crystals seemed to b e the b est compromised arrangemen t but

the mec hanical problems addressed to this con�guration, lik e di�cult y in inserting all 32

crystals without damaging the re�ector, time consuming pro cess without guaran ties of

homogeneous matrices and sev eral w aste t yv ek matrix structures due to brok en or folded

inner w alls, forced the scrutinize of other solutions and a new re�ector w as tested. In

Fig. 3.16 the re�ectance in terms of the incidence w a v elength is sho wn for T yv ek, T e�on

(PTFE) and barium sulfate, a white crystalline solid with the c hemical form ula BaSO 4 .

Barium sulfate is insoluble in w ater and other traditional solv en ts but is soluble in concen-

trated sulfuric acid. Barium sulfate ceramic is a sup erlativ e re�ector and it w as exp ected

that used as a crystal separator it could enhance the ligh t collection of the detector mo dule

due to is re�ectance (97% at 420 nm). The pro duction of BaSO 4 matrices (Fig. 3.17) w as

ordered to industry . T aking in to accoun t the results sho wn previously , the new matrix

w as assem bled with sligh tly p olished crystals. The t ypical sp ectra of a

22
Na source (511
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k e V photop eak) for this matrix can b e seen on Fig. 3.18. On Fig. 3.19 ligh t collection

distributions at three excitation depths (-7.0, 0.0 and 7.0 mm) and the asymmetry a v erage

v alue as function of the excitation depth for the BaSO 4 matrix are also presen ted.
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Figure 3.16: Re�ectance of T yv ek, PTFE (te�on) and BaSO 4 in terms of the incidence

w a v elength [ Pichler2000 , Stoll1996 , Labsphere2008 ].

Figure 3.17: ClearPEM protot yp e BaSO 4 assem bly .

The a v erage v alues of the 32 crystals within eac h matrix w ere plotted in Fig. 3.20 for

a b etter ev aluation of ligh t yield, energy and DOI resolution. Ligh t yield for the di�eren t

matrices w as normalized to the mean photop eak p osition obtained with the BaSO 4 ma-

trix. A resume with the comparison results is also presen ted in T ab. 3.3.

BaSO 4 matrix has sho wn the b est b eha viour, with the higher ligh t collection, b etter

energy resolution and a DOI resolution within the initial requiremen ts for the ClearPEM

scanner. T aking in to accoun t these results, the LL crystals assem bled in BaSO 4 re�ector
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w as considered the b est con�guration to the pro duction of detector mo dules and a �rst

batc h of 24 matrices w as order to industry to p erform further studies.

Figure 3.18: T ypical

22
Na (511 k e V photop eak) sp ectra for the BaSO 4 -LL matrix, obtained

from the online data acquisition soft w are.

Figure 3.19: T ypical plots of asymmetry distributions at three excitation depths (-7.0,

0.0 and 7.0 mm) and the asymmetry a v erage v alue as function of the excitation depth for

the new BaSO 4 -LL matrix.

Coating

Crystal Rough. Ligh t Yield Energy Resol. Asymmetry DOI Resol.

R a (nm) (%) at 511 k e V (%) (%/mm) (mm)

T yv ek 735.98 � 81.06 66 16.2 � 1.9 7.3 � 0.8 1.3 � 0.3

T yv ek 175.88 � 48.81 80 15.5 � 1.4 1.7 � 0.2 4.2 � 0.1

BaSO 4 175.88 � 48.81 100 13.5 � 1.1 4.2 � 0.1 1.7 � 0.1

T able 3.3: Comparison results b et w een the T yv ek and BaSO 4 matrices: T yv ek (LL and

RL crystals) and BaSO 4 (LL crystals).
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Figure 3.20: Ligh t yield normalized, energy resolution and DOI resolution of 3 matrices.
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3.3 Electromec hanical Assem bly

The design adopted for the ClearPEM detector mo dule with DOI capabilit y consists of

32 L YSO:Ce crystals with 2 � 2 � 20 mm

3
optically coupled, on b oth ends, to 32�pixel

Hamamatsu S8550 APD arra ys. In Fig. 3.21 (a) the sc hematic of a detector mo dule

with all its constituen ts is presen ted. The APD arra y is moun ted in a small PCB with

a lo w fo otprin t KEL connector on the bac k side (Fig. 3.21 (b) ), b y a meticulous pro cess

of precise gluing with silv er conductiv e ep o xy glue. On the rev erse side of this PCB a

40�pin connector allo ws a fast in tegration and un-moun ting of the APDs in a detector

mo dule assem bly . The comp onen ts of a detector mo dule are housed and sealed in a

dedicated plastic assem bly , dev elop ed b y INEGI, with a mec hanical precision of 0.1 mm

in the placemen t of its comp onen ts. The assem bly has t w o empt y slots in whic h t w o

detector mo dules can b e plug-in, de�ning a "double detector mo dule" (Fig. 3.21 (c) ),

with external dimensions of 37:5 � 44� 13 mm

3
. 12 detector mo dules are mec hanically

�xed and electrically connected to a fron t and bac k F ron tend Boards (FEBs) forming a

sup ermo dule. Eac h detector head has 8 of these sup ermo dules in the �nal in tegration.

APD + PCB + KEL connector

APD array

BaSO4 matrix

External casing

External casing

Assembled BaSO4 matrix Double Detector Module

(a) (b) (c)

Figure 3.21: (a) Explo ded detector mo dule sc heme; (b) APD moun ted on a PCB (with

KEL connector); (c) photograph of a double mo dule assem bled.
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3.4 P erformance of the ClearPEM Detector Mo dules

The detector mo dules w ere c haracterized b y detailed exp erimen tal measuremen ts. The

p erformance results obtained for the �rst 24 detector mo dules w ork ed also as pro of-of-

principle of the detector mo dule design concepts. Ligh t yield, energy resolution, depth-

of-in teraction resolution and in ter-crystal crosstalk w ere measured in a dedicated setup

of a discrete 32-c hannel electronic c hain for double readout based on Cremat CR-101D

pre-ampli�ers and a VME-based data acquisition system with m ultic hannel p eak-sensing

ADCs (describ ed in detail in Chapter 2, Section 2.5.2). In ter-crystal crosstalk is discussed

in the follo wing c hapter (Chapter 4). An analysis in the 511 k e V photop eak region, cor-

resp onding to the sum of top and b ottom APD pixel c hannels, w as conducted. Relativ e

gain, krel , and energy resolution, taking in to accoun t the con tribution of ligh t yield v ari-

ation, ligh t collection e�ciency , APD quan tum e�ciency and gain w ere ev aluated.

The relativ e disp ersion of the krel gain measured (r.m.s.) in 623 pixels is of the order

of 18%, with a bias v oltage set for APD gain M = 50. F or this disp ersion con tributes

the di�eren t crystal ligh t yield, APD in ter-pixel gain, di�erences in optical coupling and

ampli�cation electronics. Ov erall, the relativ e gain has a distribution cen tered at 1. The

r.m.s. of less of 20% mak es unnecessary gain comp ensation through bias v oltage con-

trol, since disp ersions of this magnitude can b e comp ensated b y calibration of the data

acquisition electronics and soft w are trigger. The lo w in ter-pixel gain v ariation is also an

indication that the application of the optical coupling do es not in tro duces a signi�can t

v arialibit y on the total signal collected b y eac h crystal. The a v erage energy resolution

is 18% with a r.m.s. disp ersion of 3%. These results w ere obtained with a

22
Na �o o d

irradiation. In the �o o d irradiation, the electronic collimation is not used. Therefore, the

511 k e V photop eak has the con tribution of Compton ev en ts from the 1.2 Me V photop eak

emitted during the

22
Na desin tegration. As result, the energy resolution is generally w orse

than the obtained with a 511 k e V collimated b eam.

The abilit y to measure the depth-of-in teraction co ordinate w as also assessed in the

�rst 24 detector mo dules, using a

22
Na collimated b eam. Ligh t collection asymmetry

w as calculated and t w o reference parameters ev aluated in a similar manner as in Sec-

tion 3.2: 1) slop e de�ned as the asymmetry v ariation p er unit length ( C � 1
DOI ); 2) DOI

resolution estimated b y the FHWM of asymmetry p eak o v er slop e. The a v erage v alue of

the slop e ( C � 1
DOI ) is 5%/mm and the relativ e disp ersion is 12%. The a v erage DOI resolu-

tion (FWHM) is 2 mm. This result is not corrected for the 1 mm b eam width, whic h is

originate from the �nite size of the activ e medium (1 mm diameter) of the

22
Na source.

Results for the �rst 24 mo dules sho w that the ma jor requiremen ts for the ClearPEM

scanner could b e ac hiev ed, namely an energy resolution comparable to a PMT readout

and a DOI resolution compatible with a spatial resolution suitable for early stage breast

cancer imaging. As result of this study , the full pro duction of the remaining mo dules w as

pro ceeded.

F or the ev aluation of the new batc hes of detector mo dules, the c haracterization pro ce-

dure w as mo di�ed in face of the large n um b er of pixels to b e measured. As

137
Cs source
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with an activit y of 90 � Ci (3.33 MBq) w as used and data acquisitions carried out in �o o d

mo de. The 60 detector mo dules of the second batc h w ere assem bled in t w o w eeks and

measuremen ts w ere p erformed after that. Results of the 662 k e V photop eak p osition for

the 60 detector mo dules are sho wn in Fig. 3.22. The mean v alue is 1995 ADC c hannels

with a disp ersion b et w een mo dules of 16.34%. The disp ersion within the same matrix w as

9% whic h is compatible to the early results obtain for set of 24 mo dules. It can b e seen a

considerable increase of the ligh t yield on 6 detector mo dules (2693 ADC c hannels with

a disp ersion of 6%). These detector mo dules w ere the last to b e assem bled and p oin t out

a p ossible dep endence of the ligh t yield with the elapsed time after assem bly . F or that

reason the long-term stablit y of the detector mo dules w ere studied (see Section 3.5).
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Figure 3.22: Mean (o v er all 32 crystals) 662 k e V photop eak p osition for the �rst 60

matrices.

An in teresting result w as obtained for the correlation b et w een the photop eak and the

crystal p ositions in the matrix (Fig. 3.23). T ypically , crystals placed in the inner lines

of the matrix (A2�H2 and A3�H3) ha v e larger mean photop eak p ositions. A v erage ligh t

yield and disp ersions p er set are: A1�H1, 1756 ADC c hannels with 2%; A2�H2, 2086 ADC

c hannels with 5%; A3�H3, 2101 ADC c hannels with 4%; A4�H4, 1794 ADC c hannels with

3%. Pixels placed in mirror p ositions ha v e sho wn to ha v e similar b eha viour with mean

di�erence in photop eak p osition of 3% with a standard deviation of 2%, whic h is compat-

ible with the assumption that the pixels of the same pair ha v e similar gains. Therefore

the t w o mo dule sub-arra ys are equiv alen t in terms of in ter�pixel gain distribution. This

systematic e�ect, observ ed o v er 60 di�eren t crystal matrices and APD arra ys p oin ts out

that the underlying mec hanism should b e related to the crystal matrices construction of

di�erences b et w een the inner and outer pixel APDs. The e�ect is, nev ertheless, v ery small

and can easily b e corrected during system calibration (Chapter 6).
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Figure 3.23: Mean (o v er 60 matrices) 662 k e V photop eak p osition as function of the

crystal iden ti�er.

Matr ix ID
0 10 20 30 40 50 60

M
ea

n 
E

ne
rg

y 
R

es
ol

ut
io

n 
(%

)

0

5

10

15

20

25

Figure 3.24: A v erage 662 k e V energy resolution (o v er all 32 crystals) for the �rst 60

matrices.

The a v erage energy resolution at 662 k e V is sho wn in Fig. 3.24. The mean energy

resolution is 13.6% with a 3% disp ersion. The energy resolution is compatible with the

511 k e V energy resolution of the �rst 24 mo dules batc h (18 %) if a correction from the

1=
p

E is applied (15.5%). In Fig. 3.25 the mean energy resolution p er crystal p osition is

sho wn. No noticeable bias is observ ed.
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Figure 3.25: A v erage 662 k e V energy resolution (o v er 60 matrices) as function of the

crystal iden ti�er.
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Figure 3.26: A v erage asymmetry (o v er all 32 crystals) for the �rst 60 matrices.

Results for the a v erage asymmetry , whic h measures the capabilit y of ac hieving a go o d

DOI is sho wn in Figs. 3.26 and 3.27. The mean asymmetry is 3.2%/mm with a 3%

disp ersion. The same matrices that ha v e sho wn higher ligh t yield also ha v e higher asym-

metry . Since the asymmetry is a k ey parameter for ac hieving a go o d DOI measuremen t,

this b eha viour w as further ev aluated in the follo wing section.
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Figure 3.27: A v erage asymmetry (o v er 60 matrices) as function of the crystal iden ti�er.

3.5 Long-term Stabilit y Studies

Long-term stabilit y studies of the ClearPEM detector mo dules w ere conducted in t w o

w a ys. One ClearPEM mo dule of the �rst batc h of 60 had b een c hosen among the others

and it w as used as reference. It w as established that the exp erimen tal setup w ould op erate

b et w een 19 and 21

�
C to minimize temp erature dep endence deviations. This temp erature

w as also adopted b ecause it is close to the temp erature at with the ClearPEM detector

heads are k ept b y activ e co oling [ F rade2009 ]. The bias v oltage of the APDs w as set to

gain 50 and a

137
Cs source w as placed in fron t of the mo dule for a �o o d irradiation.

The total ligh t yield, energy and the DOI asymmetry of the reference mo dule along 20

measuremen ts in di�eren t da ys w ere ev aluated, and their time ev olution w as studied. Ef-

fects on the p erformance as a consequence of reassem bling the mo dule w ere also appraised.

The other pro cedure w as to remeasure 5 detector mo dules one y ear after they had

b een assem bled and compare the parameters.

3.5.1 Signal Yield

The total signal yield is measured b y the photop eak p osition, corrected b y the p edestal.

The signal yield dep ends on the ligh t yield of the crystals, ligh t collection e�ciency , APD

and electronic c hain gains. The a v erage signal yield is 1580 � 311 ADC coun ts, where

the error is the standard deviation of all measuremen ts made along this study . On the

measuremen t 7, the reference mo dule w as reassem bled and the e�ects on signal yield

w ere studied. Fig. 3.28 sho ws an increase in signal yield after reassem bling, follo w ed b y

a decrease of its a v erage v alue. This b eha viour w as a �rst indication of optical coupling

aging and therefore results w ere ob ject of further in v estigation.
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Figure 3.28: Time ev olution of the 662 k e V a v erage signal yield of the reference matrix.

On Fig. 3.29 the v ariation of the signal yield is presen ted for the 5 detector mo dules

measured t wice with one y ear of di�erence. A systematic decrease w as observ ed in all

detector mo dules, resulting in a v erage of a 11.5% degradation of this parameter. A

summary is sho wn on T ab. 3.5. After this study some detector mo dules w ere op enned for

examination with a microscop e. It w as observ ed that the grease used as optical coupling

had b ecome opaque and brittle, whic h could justify the loss of ligh t transmission.

Figure 3.29: 662 k e V a v erage signal yield of 5 detector mo dules measured with 1 y ear

di�erence.

3.5.2 Energy Resolution

The time ev olution of the energy resolution at 662 k e V is presen ted in Fig. 3.30. The

a v erage energy resolution for the reference matrix along the 20 measuremen ts in a 5 mon th
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in terv al is 13.77 � 1.3%, where the error is the standard deviation of all measuremen ts

done during that p erio d. V ariations on this parameter w ere not found after reassem bling

the mo dule on the measuremen t 7. The result is explained b y the fact that in L YSO:Ce

the energy resolution is dominated b y a constan t in trinsic term (9%) whic h o�sets the

photo-statistic term [ Kuntner2002 ].

Figure 3.30: Time ev olution of the a v erage energy resolution at 662 k e V of the reference

matrix.

Figure 3.31: A v erage energy resolution of 5 detector mo dules measured with 1 y ear dif-

ference.

On Fig. 3.31 the v ariation of the energy resolution is presen ted for the 5 detector

mo dules measured t wice with one y ear of di�erence. In this case a residual degradation

(3.8%) of the energy resolution w as observ ed.
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3.5.3 Depth of In teraction Resolution

Assessmen t of the stabilit y of the depth of in teraction resolution w as done using the

same �o o d

137
Cs acquisition, making use of the asymmetry parameter for in teractions

that corresp ond to the 662 k e V photop eak. Asymmetry w as calculated on an ev en t-

b y-ev en t basis, from the in teractions that corresp ond to the 662 k e V photop eak. As

discussed earlier, the width of the histogram obtained divided b y the crystal length giv es

an estimation of the asymmetry p er unit length, whic h pro vides an ev aluation of the DOI

p erformance. In Fig. 3.32, the time ev olution of the a v erage asymmetry is plotted b y da y

of measuremen t. An increase of 75% in the asymmetry w as observ ed after the mo dule w as

reassem bled. F our measuring da ys later the asymmetry parameter returns to its previous

a v erage v alue.

Figure 3.32: Time ev olution of the a v erage asymmetry of the reference matrix.

Figure 3.33: A v erage asymmetry of 5 detector mo dules measured with 1 y ear di�erence.
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On Fig. 3.33 the v ariation of the asymmetry is presen ted for the 5 detector mo dules

measured t wice with one y ear of di�erence. It can b e seen a degradation of this parameter

of ab out 20�30% in eac h mo dule.

Mo dule

Signal Yield (ADC c h) Energy Resol. (%) Asymmetry (%/mm)

2005 2006 2005 2006 2005 2006

14 1828 � 341 1798 � 364 13.3 � 1.5 14.3 � 2.1 3.5 � 0.4 2.7 � 0.3

17 1864 � 246 1642 � 230 13.2 � 1.1 13.7 � 1.2 3.7 � 0.4 2.6 � 0.4

18 2032 � 317 1720 � 214 12.9 � 1.2 13.0 � 0.9 3.2 � 0.7 2.4 � 0.3

19 1844 � 313 1504 � 343 13.0 � 1.1 14.1 � 1.2 3.5 � 0.7 2.3 � 0.3

21 1776 � 352 1599 � 225 15.0 � 2.3 14.8 � 2.2 3.7 � 0.7 2.6 � 0.4

T able 3.4: Comparison results b et w een 2005 and 2006 data.

Mo dule

Di�erences b et w een measuremen ts (%)

Signal Yield Ener Resol Asymmetry

14 -1.66 7.52 -24.70

17 -11.88 3.34 -29.59

18 -15.37 1.15 -25.67

19 -18.43 8.40 -32.27

21 -9.96 1.45 -30.70

A v erage -11.46 3.79 -28.49

rms 6.37 4.18 3.27

T able 3.5: P ercen tage di�erences b et w een measuremen ts tak en in 2005 and 2006.

A resume of the comparison results b et w een 2005 and 2006 data is presen ted in

T ab. 3.4. On T ab. 3.5 the di�erences b et w een these measuremen ts are sho wn. T o corrob o-

rate these results that, at the time, w ere though t to b e due to a degradation of the optical

coupling transmission, a set of 20 detector mo dules from the last batc h of 108 matrices

w as assem bled and measured shortly after, with a settling time of 24 hours to prev en t

con tamination from L YSO:Ce afterglo w [ Rogers2000 ]. Results are sho wn in Figs. 3.34.

In this new set the a v erage v alues are signi�can tly b etter, with ligh t yield of 2616 ADC

c hannels (disp ersion of 9%), energy resolution of 12.4% (5% disp ersion) and asymmetry

of 4.0 %/mm (disp ersion of 7%).

This long-term study brough t out a sev ere degradation on the ligh t collection and DOI

resolution, disco v ered to b e a result of the aging of the optical coupling used and it has

driv en the searc h of new solutions. A detailed discussion of this pro cess is describ ed in

Chapter 5.
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3.6 Summary and Discussion

The dev elopmen t of compact, small fo otprin t solid state detectors allo ws the exploitation

of readout approac hes for PET scanners that when com bined with �ne pixelized crystals

can pro vide an accurate 3D lo calization of the photon in teraction co ordinate in the de-

tector activ e region. T w o of the most successfully approac hes w ere based on the double

readout sc heme either with a silicon photo dio de plus a photom ultiplier tub e at the crys-

tals ends or with t w o iden tical a v alanc he photo dio de readout. The �rst has a signi�can t

disadv an tage in terms of gain tuning due to the large di�erence b et w een silicon photo-

dio des (unit gain) and classical photom ultipliers (gain 10

6
�10

7
). The ClearPEM design,

with t w o Hamamatsu S8550 APDs at b oth ends of eac h arra y , should enable a higher

p erformance since the use of iden tical photo detectors pro vide in theory a more uniform

and symmetric detector p erformance.

In this c hapter the ev aluation of the ClearPEM detector mo dule w as presen ted, namely

the c haracterization of some basic p erformance parameters of the S8550 APD as w ell as

the optimization pro cess of the crystal p olish and wrappings that as led to the �nal con-

�guration, based on a highly di�usiv e re�ector build from BaSO 4 and sligh tly p olished

crystals. The initial T yv ek matrix with v ery rough crystals w as abandoned due to its

lo w ligh t collection.The BaSO 4 matrix con�guration yields an energy resolution of in the

14�17% range at 511 k e V and a DOI resolution b etter than 2 mm. A k ey ingredien t for

these results is a stable op eration of the APDs. Sev eral S8550s w ere ev aluated in the

course of this w ork in relation to their linearit y , excess noise and resp onse to optical ligh t

in the UV long/blue short region as w ell as to direct ionization of

55
F e. A go o d long-term

stabilit y , at the 2% lev el w as found. Indep enden t measuremen ts that the excess noise

factor in the S8550 is lo w w ere con�rmed. A mean excess noise factor, for 420 nm ligh t, of

1.83 at gain 70 w as found. As comparison, the RMD A1604 16 (4 � 4) m ulti-pixel sho ws

an excess noise factor at gain 50�100 of 2, rising to 3 at gain 1000. F or the quiet mo derate

excess noise of the S8550 con tributes an a v alanc he la y er no larger than 4 � m. APD in ter-

pixel, within same sub-arra y , gain v ariabilit y (5.7% r.m.s.) w as observ ed to b e constan t

(2% lev el) o v er time. The di�eren t gain b eha viour of the S8550 APD when sub ject to

a blue ligh t illumination (420 nm) or to direct ionization of 5.9 k e V w as examined. The

decrease of the ratio R x,light is consisten t with the small thic kness of the a v alanc he region.

Results for the �rst batc h of the adopted con�guration (24 matrices) w as also presen ted

that sho ws that the go o d ligh t collection, energy resolution and DOI resolution can b e

ac hiev ed without signi�can t deterioration of one parameter in face of the other. These

results are indicativ e that a go o d p erformance of the scanner, in terms of the qualit y

of the information (energy , time, p osition) can b e ac hiev ed for coincidence ev en ts, as a

requisite for high-resolution PET. In summary:

� Go o d energy resolution, comparable to what is ac hiev e with standard PMT readout,

allo ws to reject the scatter ev en ts originated in the breast and outside the F O V.

� DOI resolution (longitudinal axis) is comparable to the crystal cross-section (2 � 2

mm

2
), allo wing to compute the 3D spatial co ordinates of the in teraction of the
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photon in the scanner with a precision of ab out 2 mm.

� The disp ersion of the relativ e ligh t collection is small (less than 20%) and can b e

comp ensated at the hardw are or soft w are trigger, ac hieving an homogeneous energy

resp onse in the en tire scanner.

As result, the �nal assem bly of the remaining detector mo dules 168 w as ordered. The

mo dules w ere receiv ed during 2005 and 2006 and w ere sub ject to a qualit y con trol pro-

gram. Results from this QC con�rm the initial go o d p erformance in accordance to the

initial requiremen ts la y out for the scanner.

An unexp ected increase in the ligh t collection and the DOI asymmetry distribution

w as found in some detector mo dules after the c haracterization of the �rst 60 matrices.

This b eha viour seemed to b e correlated with the time elapsed after the detector mo dules

w ere assem bled in their plastic housing.

Long-term stabilit y of the ClearPEM mo dules w as appraised and the e�ects on the p er-

formance of a reassem bled mo dule w as studied. Signal yield and asymmetry parameters

su�er considerable v ariations when reassem bling the mo dule. T o minimize in ter-matrix

v ariations for homogeneous resp onse scanner, sp ecial care w as tak en when assem bling the

mo dules, in particular with the application of the optical grease.

Results sho w that one y ear after the detector mo dules w ere assem bled a mean ligh t

collection reduction of ab out 12% and a decrease of the ligh t collection asymmetry , whic h

is fundamen tal for the DOI measuremen t, of almost 30% w as observ ed. The degradation

can b e reco v ered b y re-assem bling the detector mo dules. Since the APD are v ery stable,

when w orking in a stable temp erature and the plastic housing b o xes minimizes misalign-

men ts it w as assumed that the b eha viour w as due to an aging of the optical grease.

This w as corrob orated b y visual insp ection of the crystal-APD con tact surfaces that ha v e

sho wn a loss of optical transmission of the grease. As result of this study , an impro v ed

revision of the optical coupling b et w een the crystal and the APD w as p erformed. A new

optical coupling media w as selected and successfully tested allo wing to further impro v ed

the already go o d p erformance of the detector mo dule. This part of the thesis w ork is

describ ed in Chapter 5.
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4.1. In tro duction

4.1 In tro duction

Crosstalk is the leak age of a signal in to adjacen t c hannels or in to another part of a system.

Crosstalk ma y o ccur through optical, electrical, mec hanical, magnetic, capacitiv e or other

forms of coupling, for example, b et w een adjacen t wires on a prin ted circuit b oard that

are close together or nearb y pixelized photosensors.

High resolution and high sensitivit y are the ma jor requiremen ts for dedicated PET

scanners. A common solution to impro v e the resolution is to reduce the crystal cross-

section, whic h usually implies a decrease of the system e�ciency . The e�orts to increase

sensitivit y normally are done at exp ense of data blurring due to DOI e�ect b y increasing

the crystal length [ Rafecas2003 ]. Recalling Eq. 1.2 (Chapter 1), for the lo w est spatial

resolution p ossible, the 1:1 coupling b et w een the scin tillator and the readout elemen t

could scale the spatial resolution do wn to the size of individual crystals, but in ter-crystal

crosstalk has to b e small as it has imp ortan t implications in the data acquisition sc heme,

allo wing to ha v e b � 0. It is kno wn that w orking with small cross-section crystals ma y

lead to in ter-crystal crosstalk con tamination, whic h arises from Compton scattering from

one crystal to another or p ossibly the escap e of the photo electron from the primary crystal

follo wing photo electric absorption. Other reasons can induce crosstalk, lik e ligh t sharing

b et w een t w o pixels due to p osition mismatc h of the crystal pixel - APD pixel, ine�cien t

optical isolation, namely air bubbles in the re�ector w alls b et w een crystals, degradation

or absence of the optical coupling in terface crystal-APD.

The degree of crosstalk has particularly imp ortan t implications for the design of the

ClearPEM fron t-end electronics. If high enough, crosstalk can generate false triggering in

c hannels adjacen t to the actual ev en t. Due to the arc hitecture of the ClearPEM ASIC,

192 input c hannels, corresp onding to 6 APDs, are m ultiplexed to 2 outputs. If 3 c hannels

are higher than the common threshold, an error bit signals that part of the information

w as lost. In this case, the o�-detector electronics, discard the en tire ev en t, leading to a

loss of e�ciency . On the other hand, it can b e suppressed b y su�cien tly increasing the

ASIC threshold, but on the other hand a threshold to o high can already prev en t v alid

ev en ts on the lo w er gain c hannels from b eing detected.

Th us, due to its p ossible impact on the system p erformance, this parameter w as ev alu-

ated in a series of dedicated measuremen ts to the study of the p ossible causes of crosstalk

and the analysis is presen ted in this c hapter.

4.2 Metho d and Materials

Sev eral measuremen ts w ere p erformed in order to study p ossible con tributions for crosstalk

along the ClearPEM detector mo dule. T o do that, it w as de�ned a w orking plan, starting

b y the electronic crosstalk on S8550 APD and ending with the ev aluation of the full

assem bled detector mo dule.
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4.2.1 Proto col of Measuremen ts

The ev aluation of the electrical and optical crosstalk on S8550 APD w as p erformed b y

placing an APD in the so c k et of the 32 c hannel discrete electronics for single readout (see

setup description on Chapter 2, Sub-Section 2.5.1) and p olarized it to gain 50. A

55
F e

w as used for �o o d and collimated irradiations. An alumin um collimator w as designed,

with the same dimensions of the APD and 5 mm thic kness that w ould b e able to stop

the 5.9 k e V gamma ra ys - Fig. 4.1. One single hole w as p ositioned in order to b e p ossible

to illuminate one of four di�eren t APD pixels, simply b y rotation or in v ersion of the

collimator - Fig. 4.2. All measuremen ts w ere p erformed in the dark, at ro om temp erature

b et w een 19

�
C and 21

�
C to minimize temp erature dep endence deviations.

Figure 4.1: Collimator design sc heme for measuremen ts with the S8550 APD: dimensions

and hole p osition of the collimator.

T o study optical crosstalk on the APD ep o xy and optical in terface b et w een APDs

and the crystal matrices, another setup w as dev elop ed. A blue LED (Ligh t Emitting

Dio de) with 420 nm output p eak (RL T420�3�30 from Roithner Lasertec hnik), w as optical

coupled to a ligh t guide, for pixel b y pixel illumination. A dedicated blac k mask w as used

as supp ort and as optical collimator for the �b er - Fig. 4.3. The in tensit y of the ligh t

w as con trolled b y the signal generator (T ektronics AF G3252), as w ell as pulse width and

frequency .
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Figure 4.2: Collimator design sc heme for measuremen ts with the S8550 APD: represen-

tation of the p ossible irradiation pixels, b y rotation and in v ersion of the collimator.

APD

Light guide

Black mask

Figure 4.3: LED setup: S8550 APD placed on the PCB connector ( left ) and ligh t guide

with supp ort and blac k mask ( right ).

Ev ery time the LED w as to b e used, a qualit y measuremen t w as conducted b y v arying

the input v oltage (2 to 3 V) and registering the signal on the same APD pixel (see Fig.

3.4 in Chapter 3). The c haracterization curv e w as then used to obtain the input v oltage

v alue that ga v e a p eak signal at 1500 ADC c hannels, a t ypical v alue of the ADC output

when op erating with

22
Na source (511 k e V photop eak). This v alue is �xed and used to
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illuminate all the pixels.

As for the crosstalk of the ClearPEM detector mo dule, the ev aluation w as done with

a single detector mo dule placed in the 32 discrete electronics c hain for double readout to

collect the signal from the radioactiv e source (

22
Na or

137
Cs , whic h is p ositioned in lateral

incidence (see setup description on Chapter 2, Sub-Section 2.5.2). The bias v oltage of the

APDs w as set to gain 50 and a radioactiv e source is placed in fron t of the mo dule for a

�o o d irradiation. Data is collected on a dedicated computer for online visualization and

analyzed shortly after.

4.2.2 Data Analysis

The principle of all analysis to ev aluate crosstalk is to select the p eak signal in one c hannel

and seek for an y leak age signal on the surrounded c hannels. Crosstalk con tamination w as

analyzed b y selecting ev en ts with a dep osited energy in a cen tral pixel or crystal (sum

energy read from top and b ottom APD, on double readout mo de) and recording the

energy distribution in the neigh b our pixels or crystals.

Figure 4.4: De�nitions of neigh b ours on the APD: a) if pixel B2 is the cen tral pixel, A2,

B1 and C2 are �rst neigh b ours "near" and B3 is a �rst neigh b our "far"; b) if pixel F3

is the cen tral pixel, then E3, F4 and G3 are �rst neigh b ours "near" and F2 is a �rst

neigh b our "far".

As APDs ha v e t w o sub arra ys (the S8550 is built from 2 � 8 monolithic silicon w afers

with a common HV bias), pixel neigh b ours w ere de�ned as "near", if in the same sub

arra y , or "far", if in di�eren t sub arra ys. T w o cases are represen ted on Fig. 4.4. As it

can b e seen in the �gure, if pixel B2 is selected (hea vy blue), pixels A2, B1, B3 and C2

(ligh t blue) are the �rst neigh b ours, but A2, B1 and C2 are in the same sub arra y of B2

- sub arra y near; but B3 is in the other - sub arra y far. In the same w a y , if pixel F3 is

selected, E3, F4 and G3 are the �rst neigh b ours of the sub arra y "near" and F2 is the
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�rst neigh b our of the sub arra y "far".

F or data analysis of the optical crosstalk on detector mo dules using the double readout

electronic c hain, eac h crystal w as also assigned with a n um b er, and equiv alen t w alls of

neigh b ours, according to the n um b ering sc heme in Fig. 4.5. F or example, if c hannel 2

is c hosen as the cen tral crystal then the w alls 1, 2 and 9 are considered; if lo oking to

c hannel 10 then w alls 9, 16, 17 and 24 are considered. As the discrete electronic c hain has

32 c hannels, for double readout only 16 crystals (corresp onding to t w o APD sub-arra ys)

can b e read at a time, meaning that w alls on the fron tier (23 to 30) are not ev aluated, as

can b e seen in the result plots. Also, due to an inop erativ e electronic c hannel at the time

of the measuremen ts, w alls 6 and 36 could not b e assessed to o.
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Figure 4.5: Num b ering sc heme for crosstalk analysis. Blac k: crystal n um b er (energy sum

of APDs b ottom and top c hannels); Red: crosstalk w alls.

The p eak of the energy sp ectrum (511 k e V or 662 k e V) is found in the histogram of

the cen tral crystal considered b y a dedicated p eak �nder R OOT script [ Brun1997 ], and a

�t with a Gaussian distribution and p olynomial function of the �rst degree is p erformed

to obtain the parameters for the energy cut p er crystal. The a v erage v alue of c hannel

p edestal is then used to correct the p eak p osition. F or selected ev en ts, within the in terv al

of in terested [ � - � , � +3 � ], the ev en ts of the neigh b our crystal are plotted (Fig. 4.6), on

an ev en t-b y-ev en t basis. The p osition of crosstalk p eak is found and also corrected b y

the corresp onden t p edestal v alue. The asymmetric in terv al os in terest, [ � - � , � +3 � ], w as

c hosen to a v oid Compton con tamination. The crosstalk p er w all is determined b y the

ratio of the p eak p ositions:

Crosstalk[%] =
peak of the leakage signal of the neighbour crystal

photopeak position of central crystal
� 100 (4.1)
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Figure 4.6: Example of the optical crosstalk analysis. In the plot, a

137
Cs sp ectrum w as

�tted and, considering the ev en ts on the p eak, sp ectra of the neigh b ouring crystals w ere

sup erimp osed (in red and blue).

4.3 Results

4.3.1 Electrical Crosstalk on the S8550 APD

Electrical crosstalk w as ev aluated using the

55
F e source and the designed aluminium col-

limator to irradiate pixels B3 and C3 of an APD. Results are sho wn in Fig. 4.7. V alues

w ere normalized to the �red pixel and t w o electronic c hannels, corresp onding to pixels

B7 and B8, w ere not w orking prop erly . It can b e seen that electrical crosstalk is less

than 0.3% in the �rst neigh b ouring pixels and negligible (< 0.1%) on all the other. This

result indicates a go o d electrical isolation b et w een pixels and also of the c hannels of the

electronic c hain used, in this case, the discrete electronics for single readout.

4.3.2 Optical Crosstalk on the S8550 APD

The LED with ligh t guide setup (Fig. 4.3) p ermitted to irradiate the APD pixel b y pixel

(Fig. 4.8). As can b e observ ed, the optical crosstalk is mostly inexisten t. On T ab. 4.1 it

can b e seen the a v erage results for direct illumination on APD ep o xy (0.23%) and with a

la y er of optical grease (0.31%). These results indicate that there are no signi�can t signal

propagation in the ep o xy nor in the thin la y er of optical grease (less than 20 � m).
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Figure 4.7: Electrical crosstalk ev aluation with

55
F e irradiation on pixels B3 ( top ) and C3

( b ottom ).

Coupling on APD Without Optical Grease

1

st
neigh b ours (near) 0.23 � 0.87% 0.31 � 0.94%

1

st
neigh b ours (far) 0.00% 0.00%

T able 4.1: A v erage optical crosstalk on APD, using direct illumination on APD ep o xy

with and without optical grease.

Sev eral pixels had no crosstalk at all, as can b e seen in Fig. 4.9, whic h explains the

larger v ariance in the a v erage calculation.
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Figure 4.8: Optical crosstalk ev aluation with a 420 nm LED: example of the output signal

in the �red pixel (E3) and in the neigh b ouring pixels (E4, D3 and D4). The mean p edestal

w as subtracted.
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Figure 4.9: Optical crosstalk distributions on the S8850 APD.

4.3.3 Crosstalk on the ClearPEM Detector Mo dule

On Fig. 4.10 it can b e seen an example of the analysis p erformed to one c hannel, consid-

ering the 511 k e V and the 1274 k e V photo p eaks from a

22
Na source. On b oth sp ectra, it

w as sup erimp osed the neigh b ours ev en ts when the ev en t on the cen tral crystal w as within

the in terv al of in terest.
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Figure 4.10: Sp ectrum and crosstalk ev aluation for one c hannel, considering the 511 k e V

( top ) and the 1274 k e V p eaks ( b ottom ) from a

22
Na source, obtained from the data analysis

soft w are. Sp ectra of neigh b ouring crystals w ere sup erimp osed (in red and blue).

This primary analysis allo w ed the discrimination of optical crosstalk from Compton

ev en ts. Cho osing the ev en ts from the 1274 k e V p eak the con tamination signal on the

neigh b ouring crystal shifts to the righ t, considering the p eak p osition resulting from the

511 k e V photop eak. This shift is consisten t to optical crosstalk and not to Compton

ev en ts. In the case sho wn on Fig. 4.10, the �re crystal corresp onds to the crystal 10 and

w all 17 (that separates crystals 10 and 11 - recall Fig.4.5) w as examined. The

22
Na source

w as placed near crystal 9. Since the energy windo w in crystal 10 is 400�600 k e V, forw ard

Compton is excluded as it m ust dep osit less than 100 k e V in crystal 10 and ab out 400 k e V

in crystal 11 - Fig 4.11. Bac kw ard Compton is also excluded b ecause it has to dep osit

ab out 300 k e V in crystal 10 and 200 k e V in crystal 11, whic h is b elo w the energy windo w

considered.
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Figure 4.11: Energy dep osited at the initial in teraction p oin t (E1) and energy dep osited

b y the scattered photon (E2) as function of the Compton scatter angle ( � ), for 511 k e V

inciden t photons.

F or analysis simplicit y , the crosstalk ev aluation w as done with measuremen ts with

�o o d

137
Cs acquisitions, since this allo w ed to re-use the earlier measuremen ts p erformed

for the c haracterization of the �rst batc h of 24 detector mo dules as explained in Chapter

3. The most probable crosstalk of these 24 detector mo dules, corresp onding to 1056 w alls

observ ed, w as 3%, with 4.7% w alls ha ving a optical crosstalk larger than 5% - Figs. 4.12

and 4.13 [ Ab reu2005 ].
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Figure 4.12: Crosstalk distribution p er w all for the �rst 24 detector mo dules.
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These results ha v e indicated that the housing b o x dev elop ed to encase the detector

mo dule ensures a go o d matc h b et w een crystals and APD pixels, minimizing the mis-

alignmen t that could lead to a case in whic h one crystal is read b y t w o di�eren t APD

pixels.
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Figure 4.13: A v erage crosstalk p er detector mo dule.
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Figure 4.14: A v erage crosstalk found p er matrix in the �rst batc h of 60 detector mo dules.

After this assessmen t, crosstalk w as included on the qualit y con trol proto col to reas-

sure the go o d mec hanical assem bly of the detector mo dules, kno wing that a considerable
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mismatc h b et w een APDs and crystal matrices w ould lead to considerable crosstalk con-

tamination. In Fig. 4.14 can b e seen the a v erage crosstalk for the 60 detector mo dules,

w ere the error bars represen t the r.m.s of eac h matrix. The a v erage crosstalk found p er

matrix is 2.37 � 0.39% (disp ersion of 16.6%). The ev aluation of the second bacth is not

sho wn but the o v erall v alue of the 80 detector matrices remained small, 2.60 � 0.89%.

In Fig. 4.15 it is sho wn the maxim um crosstalk con tamination observ ed p er matrix and

in Fig. 4.16 the a v erage crosstalk is presen ted p er w all, to seek for correlations on matrix

assem bly , where error bars are the r.m.s p er w all. As already rep orted, the w all 23 to 30

are not ev aluated due to n um b er of c hannels constrain of the discrete electronic c hain.
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Figure 4.15: Maxim um crosstalk found p er matrix (80 detector mo dules).

The maxim um crosstalk w as found on the �rst batc h of detector mo dules, with 13.25%

( � 88 k e V to 662 k e V

137
Cs photop eak, or � 68 k e V to 511 k e V

22
Na photop eak). The

highest v alue on the second batc h w as 10.56% ( � 54 k e V to 511 k e V

22
Na photop eak).

This means that only t w o v alues of the 3360 w alls ev aluated are ab o v e the threshold of the

ASIC in the �nal ClearPEM system (Chapter 6). In a double readout sc heme, the total

energy dep osited in a crystal is the energy collected b y the t w o APD pixels. Therefore,

t w o c hannels from di�eren t APDs and ASICs con tribute to the total noise. Assuming that

the t w o c hannels ha v e similar noise and the total noise can b e quadratically summed, the

noise w ould b e 7 k e V whic h corresp onds to a minim um threshold (7 � the noise RMS) of

ab out 50 k e V [ Ro drigues2009 ]. Despite that, to a v oid electronic noise problems lik e digital

noise pic k up, the common threshold w as set to 1.55 V (equiv alen t to � 120 k e V), 56 m V

ab o v e the c hip baseline (1.49 V) so ev en the highest crosstalk v alues are not readout to

the data acquisition electronics.
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Figure 4.16: A v erage crosstalk p er w all (80 detector mo dules).

A closer lo ok to the Fig. 4.16 p oin ts out a similar b eha viour from the �rst set (corre-

sp onding to w alls 1 to 23) to the second set (w alls 31 to 52), corresp onding to the same

electronic c hannels of the double readout electronic c hain used. Although small, the a v er-

age v alue is 2.69 � 0.76%. This b eha viour could b e attributed to a residual con tamination

of the adjacen t c hannels of the double readout electronics c hain.

4.4 Summary and Discussion

W orking with small adjacen t crystals ma y lead to in ter-crystal crosstalk con tamination,

whic h arises from Compton scattering from one crystal to another or p ossibly the es-

cap e of the photo electron from the primary crystal follo wing photo electric absorption.

Ligh t sharing b et w een t w o pixels due to p osition mismatc h of the crystal pixel - APD

pixel, ine�cien t optical isolation, degradation or absence of the optical coupling in terface

crystal-APD ma y also induce crosstalk, whic h has particularly imp ortan t implications

for the design of the ClearPEM fron t-end electronics and on the system p erformance.

This parameter w as ev aluated in a series of dedicated measuremen ts to study the p ossible

causes of crosstalk.

Electrical crosstalk w as �rst ev aluated b y means of direct ionization of the silicon

la y er with a 5.9 k e V

55
F e source. Results indicate a negligible lev el of electrical crosstalk

(<0.3%). Optical crosstalk that can b e in tro duced b y the APD ep o xy co v er w as assessed

and it is mostly inexisten t (a v erage v alues: 0.31% and 0.23%, with and without optical

grease resp ectiv ely). As conclusions, it can b e stated that there is no relev an t electrical or

optical crosstalk on APD. The ma jor con tribution to the detector mo dule crosstalk from

the small pixels separated b y the 300 � m la y er of BaSO 4 . The con tribution of crosstalk
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on the ClearPEM detector mo dules, despite the pixelized matrix con�guration, is lo w.

The �rst 24 detector mo dules presen t a v erage crosstalk of 3% and the o v erall ev aluation

of 80 detector mo dules reassures the small con tamination.

Measuremen ts in di�eren t conditions and with di�eren t discrete electronics did not

disturb ed the ev aluation of the crosstalk, but p ermitted to infer a higher con tamination

on the double readout sc heme electronics, probably due to curren t sharing b et w een the

PCB traces. Nev ertheless, the a v erage crosstalk v alue remained small, so this issue w as

not further in v estigated.

Sev eral authors ha v e presen ted similar studies of crosstalk. Rep orting the Pic hler et

al [ Pichler2001 ] study of the S8550 APD for a High-Resolution PET with 32-c hannel LSO

matrix, it w as found no electronic crosstalk on the S8550 APD and a optical crosstalk

of 5.9%, when coupled to the LSO crystal matrix with 3M Vikuiti ESR re�ector. This

matrix w as glued directly to the APD arra y , read b y a 16�c hannel lo w-noise JFET�CMOS

preampli�er c hip sp ecially dev elop ed. F rom the FZD group, w orking with LSO crystals

readout b y the S8550 APD as a p ossible detector for in-b eam PET in hadron therap y ,

Cresp o [ Cresp o2005 ] has sho wn in ter-crystal crosstalk b elo w 10%, with crystals wrapp ed

in T yv ek re�ector. Crosstalk on APD w as also appraised b y this author, with depreci-

ate in�uence of electrical crosstalk (0.5% maxim um) and an optical crosstalk of 3.6%,

considered to b e due to the ep o xy windo w completely co v ering the sensitiv e area. The

results regarding electrical and optical crosstalk on the APD are consisten t with the ones

obtained in this thesis. As for the ClearPEM detector mo dule, optical crosstalk (less than

3%) w as lo w er and, as it will b e sho wn in Chapter 5, this can b e attributed to the sup erior

mec hanical and optical isolation of the BaSO 4 relativ ely to the T yv ek based matrices.

These results are b elo w of the �nal electronic threshold, that w as set to 1.55 V (equiv-

alen t to � 120 k e V), so ev en the highest crosstalk v alues are not readout to the data

acquisition electronics.
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5.1. In tro duction

5.1 In tro duction

The ClearPEM detector mo dule consists on 32 L YSO:Ce crystals with 2 � 2 � 20 mm

3
en-

cased in a BaSO 4 matrix, readout at b oth ends b y t w o Hamamatsu S8550 4 � 8 APD

arra ys. The ev aluation of the detector mo dule design w as presen ted in Chapter 3 sho w-

ing an energy resolution of 15% at 511 k e V, DOI resolution b etter than 2 mm and ligh t

collection (photop eak p osition) v ariation b etter than 20%. Long-term stabilit y w as also

appraised and detected that one y ear after the detector mo dules w ere assem bled a mean

ligh t collection reduction of 12% and a decrease of the ligh t collection asymmetry , fun-

damen tal for the DOI measuremen t, of almost 30% w as observ ed. It w as sho wn that the

degradation can b e reco v ered b y re-assem bling the detector mo dules and the b eha viour

traced bac k to an aging of the optical grease that acts as a coupling media b et w een the

L YSO crystals and the Si APD pixels.

As already describ ed in Chapter 1, Section 1.3, the dev elopmen t of the ClearPEM

detector mo dule had explored the concept of ha ving the in trinsic detector resolution as

lo w as p ossible to ac hiev e a go o d reconstructed image resolution. Sensitivit y also pla y ed

a cen tral role on the design of the ClearPEM system. The detector heads close to the

ob ject pro vide a large angular co v erage and the double readout for depths-of-in teraction

minimize the parallax e�ect. The p osition accuracy , c haracterized b y the spatial reso-

lution, w as assured b y the 2 � 2 mm

2
individual crystals. In ter-crystal crosstalk is small

(Chapter 4) allo wing to ha v e b � 0 (recall Eq. 1.2, on Chapter 1).

In spite of the signi�can t dev elopmen t and go o d p erformance already ac hiev ed (Chap-

ters 3 and 4), optimization of the ClearPEM detector mo dule design is a con tin uous

w ork. In this c hapter, the revision of the optical coupling is presen ted. T riggered b y the

aging problems detected with the optical grease, sev eral optical coupling materials w ere

studied, namely Meltmoun t 1.58, Histomoun t and R TV 3145, ev olving for a p ermanen t

solution with b etter p erformance. T o increase the sensitivit y of the detector mo dules,

e�orts on impro ving the pac king fraction of the ClearPEM detector mo dule, whic h is

64% and is mainly constrained b y the S8550 APD matrix la y out and the thic kness of

the BaSO 4 w alls, w ere explored with a new matrix with 2.2 � 2.2 � 30 mm

3
crystals and

thinner sp ecular re�ector w alls. More o v er, the lo w in ternal gain of the APD and the lo w

ligh collection are curren tly the limiting factors in time resolution (5 ns FWHM measured

with ClearPEM, as will b e sho wn in Chapter 6). F urther impro v emen ts on the timing

information require an increase on the ligh t collection whic h is limited b y the 1.6 � 1.6

mm

2
APD pixel matc hing with the 2 � 2 mm

2
cross-section crystals. P ossible solutions

lik e the redesign of the S8550 APD w ere addressed. As a result of this w ork, a new APD,

with 1.8 � 1.8 mm

2
pixels, quan tum e�ciency of 80�90% at 420 nm and gain 200, w as

dev elop ed b y Radiation Monitoring Devices, under a frame con tract with LIP .
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5.2 Optical Coupling Optimization

A small amoun t of optical grease from Rho dorsil, designated as P aste 7, w as used to pro-

vide a b etter refraction index matc hing in the crystal-APD in terface, to increase the ligh t

transfer b et w een crystals and the APD pixels. The optical grease is a silicone comp ound

with refractiv e index of 1.47 for 420 nm, translucen t and with a ligh t grey colour, easy to

handle whic h can b e applied with a brush, a spatula or with a paste gun. When stored in

its original unop ened pac k aging at a temp erature b et w een 2

�
C and 50

�
C, Rho dorsil P aste

7 m ust b e used within 36 mon ths of the man ufacture date sho wn on the pac k aging.

Long-term stabilit y ev aluation, sho wn on Chapter 3, has detected that one y ear after

the detector mo dules w ere assem bled a sev ere degradation on the p erformance could b e

observ ed. Some detector mo dules pac k ages w ere disassem bled for visual insp ection. It

w as observ ed that the P aste 7 had lost the prop erties of a gel and had b ecome solid (Fig.

5.1). The b eha viour w as assumed to b e due to the aging of the optical coupling as the

degradation on the ligh t collection and asymmetry could b e reco v ered b y re-assem bling

the detector mo dules with a new application of fresh optical grease.

Figure 5.1: Photographs of a detector mo dule op en apart, 18 mon ths after b eing assem-

bled.

The c hoice of a new optical medium for ClearPEM detector mo dules w as then manda-

tory and has tak en in to accoun t some requiremen ts, namely the refractiv e index for op-

tim um ligh t-transmission, aging e�ects, handling and curing pro cesses. The n um b er of

photons detected b y the APDs dep ends on the optical coupling medium b et w een crystals

and APD. The index of refraction, ncoupling , determines the angle of refraction and the

re�ection losses in the crystals in terface to optical coupling medium and optical coupling

medium to APD. Both e�ects in�uence the ligh t collection e�ciency with the optim um

reac hed at ncoupling �
p

ncrystal � nAP D [ Kirn1999 ]. In addition, the absorption length of

the coupling medium should b e large enough so the transmitted photons are not absorb ed

in the optical la y er. The ideal optical coupling for the ClearPEM detector mo dule should

ha v e an index of refraction of 1.63, b et w een the indexes for the L YSO:Ce crystal (1.82 @

420 nm) and the APD ep o xy (1.53 @ 420 nm) la y er that protect the Si pixels. Silicone
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grease is a go o d option for temp orary assem bly but an ep o xy based comp ound or resin

t yp e is preferable for a p ermanen t construction. On T ab. 5.1 the optical couplings con-

sidered for the optimization of ClearPEM detector mo dules are listed and compared with

the Rho dorsil Silicones P aste 7.

Pro duct V endor n @ 420 nm Curing time

P aste 7 Rho dorsil Silicones 1.47 NA

Meltmoun t 1.58 Cargille 1.58 < 10s

R TV 3145 Do w Corning 1.50 2 to 72h @ R T

Histomoun t National Diagnostics 1.63 12h @ R T

T able 5.1: Prop erties of the tested optical couplings for the optimization of the ClearPEM

detector mo dule.

Figure 5.2: Photograph of the tested optical couplings.

Cargille Melmoun t 1.58

Cargille Melmoun t 1.58 (Meltmoun t) is a thermal plastic material. Its viscosit y is in v ersely

dep enden t on temp erature. As the temp erature increases the viscosit y decreases. There

is no sharp melting p oin t. Being thermal plastic, it is capable of "cold �o w". This means

that Meltmoun t, the sp ecimen, the slide and the co v er slip can all mo v e indep enden tly

of eac h other giv en a mix of time, temp erature, and lateral pressure or gra vit y . It is

100% usable, con tains no solv en ts and it is thermally rev ersible for particle retriev al or re-

orien tation. It is soluble in toluene for sp ecial tec hniques or clean-up. It b ecomes �uid at

65

�
C, a temp erature c hosen b ecause it mak es p ermanen t moun t and protects the ma jorit y

of sp ecimens from thermal c hanges. In Fig. 5.3 the refractiv e index of the Meltmoun t as

a function of scin tillation w a v elength is sho wn. A t 420 nm the refractiv e index is 1.58

and the absorption length is 10 cm, whic h is not a issue for ClearPEM detector mo dule

as a thin la y er (10 to 20 � m) of optical material is su�cien t to couple the crystal matrix

to the APD arra ys.
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Figure 5.3: Meltmoun t refractiv e index and absorption length (extracted from

[ Montecchi2001 ]).

One detector mo dule w as assem bled with Meltmoun t, whic h ha v e implied the use of an

o v en (Fig. 2.11 right , Section 2.4, Chapter 2) to heat the optical coupling to the �uid state,

completing all the pro cess at the same temp erature. The p erformance of this mo dule w as

ev aluated in terms of ligh t yield, energy resolution and depth of in teraction capabilit y

(asymmetry p er millimetre) with the discrete electronic c hain for double readout (see

description on Chapter 2).
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Figure 5.4: T ypical pulse heigh t sp ectra of a crystal glued with Meltmoun t ( left ) and

close-up of the 662 k e V photop eak region ( right ).

In Fig. 5.4 it can b e seen a t ypical sp ectra of the

137
Cs source. Mean ligh t yield is

1974 � 306 ADC c hannels, the a v erage energy resolution at 662 k e V is 15.8 � 2.5% and the

asymmetry p er mm is 5.64 � 0.44 %/mm. Photop eak p osition v ariation of the Meltmoun t

detector mo dule along t w o mon ths is sho wn in Fig. 5.5, presen ting a stabler and higher

ligh t yield when compared with ClearPEM pro duction detector mo dule, assem bled with

P aste 7 (grease).
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Figure 5.5: 662 k e V (

137
Cs) photop eak p osition v ariation of the Meltmoun t detector mo d-

ule along t w o mon ths, compared with ClearPEM pro duction detector mo dule, assem bled

with P aste 7 (grease).
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Figure 5.6: Energy resolution at 662 k e V of the Meltmoun t detector mo dule along t w o

mon ths compared with the ClearPEM pro duction detector mo dule, assem bled with P aste

7 (grease).

Energy resolution v ariation at 662 k e V of the Meltmoun t detector mo dule along time

is sho wn in Fig. 5.6, compared with a ClearPEM pro duction detector mo dule, assem bled
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with grease. It can b e seen that the energy resolution ac hiev ed for the Meltmoun t de-

tector mo dule is higher when compared with the ClearPEM detector mo dule, with larger

disp ersion, whic h is related to the di�cult y of assem bling the detector mo dule with Melt-

moun t. The action is p erformed at 65

�
C temp erature as already referred, whic h mak es

the pro cedure di�cult in the sense that the user has limited time for the gluing. As a

consequence, air bubbles and inhomogeneous amoun t of optical coupling b et w een crystals

and APD pixels ma y b e in tro duce. In result, one of APD pixels of the same crystal ma y

collect more ligh t than the other, enlarging the �nal sum photop eak in a double readout

mo de. An example of this b eha viour is sho wn in Fig. 5.7, where the energy resolution

of the photop eak grew up to 30%. Comparison of the top and b ottom APD (Fig. 5.7,

left ) sho ws a signi�can t di�erence in the ligh t collection sp ectra, indicating di�eren t ligh t

collection e�ciency b et w een b oth APD pixels. As describ ed in Chapter 3, in a double

readout arrangemen t, the sum energy for a giv en crystal is giv en b y:

E = K Abs (E top + krel Ebottom ) (5.1)

where K Abs is the absolute gain calibration constan t that translate the energy in ADC

coun ts to the ph ysical v alue (in k e V), and krel is the in ter-pixel calibration constan t

whic h guaran tees that b oth APDs (top and b ottom) pro vide a similar resp onse in terms

of ADC coun ts. With air bubbles in the optical coupling, it is exp ected that the top

and b ottom APDs collect di�eren t amoun ts of ligh t. As a consequence, krel can b e

m uc h larger or smaller than 1. The miscalibration b et w een t w o pixels, reading the same

crystal, in tro duces an additional spread in the energy resolution. The e�ect w as studied in

dedicated Mon te Carlo sim ulations ([ Ro drigues2007 ]), where miscalibration higher than

20% can lead to a signi�can t degradation of the energy resolution (Fig. 5.8). Belo w

20%, miscalibration do es not a�ect the energy resolution. In measuremen ts p erformed in

Chapters 3, 4 and 5, the energy sum is computed assuming krel = 1, whic h implicitely

assumes that miscalibabration is less than 20%.
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Figure 5.7: T op and b ottom APD ligh t collection for a crystal glued with Meltmoun t

( left ) and corresp onding sum sp etrum, with a 662 k e V photop eak energy resolution of

30% ( right ).
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Figure 5.8: Energy resolution as function of the in ter-pixel miscalibration

([ Ro drigues2007 ]).
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Figure 5.9: Ligh t collection asymmetry v ariation of the Meltmoun t detector mo dule along

t w o mon ths compared with the ClearPEM pro duction detector mo dule, assem bled with

P aste 7 (grease).

Ligh t collection asymmetry v ariation of the Meltmoun t detector mo dule along t w o

mon ths is presen ted in Fig. 5.9, where results w ere compared with a ClearPEM pro duc-

tion detector mo dule, assem bled with P aste 7 (grease). The v alues presen ted for the

ClearPEM detector mo dule are lo w er than the a v erage v alue presen ted on Chapter 3,
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b ecause these measuremen ts w ere done 6 mon ths after the detector mo dule had b een

assem bled, where the aging of the optical coupling a�ected the parameter p erformance.

Despite that, ev en considering the b est ligh t collection asymmetry ac hiev ed with grease

detector mo dules, the Meltmoun t detector mo dule is considerable b etter.

In conclusion, the Meltmoun t detector mo dule has sho wn to b e more stable and with

b etter p erformance in terms of ligh t yield and asymmetry p er mm (5.6%/mm) than mo d-

ules assem bled with grease (3.5%/mm, a v erage v alue for ClearPEM). Energy resolution

is marginally w orse due to the asymmetrical ligh t collection observ ed in some of the

pixel APDs b y the presence of air bubbles and inhomogeneities in the quan tit y of the

Meltoumn t as result of the di�cult gluing pro cedure. The p erformance of the assem bled

detector mo dule along 2 mon ths has sho wn no signi�can t v ariation on the assessed pa-

rameters. This optical coupling w as considered as a go o d candidate for ClearPEM but

it is extremely di�cult to assem ble detector mo dules with Meltmoun t, to ensure go o d

matc h b et w een crystals and APD pixels and to a v oid air bubbles, essen tially b y the need

to heat and main tain the temp erature at 65

�
C during the pro cess. It is also crucial not to

o v ercome this temp erature to a v oid damaging the APD ep o xy . Therefore, for mec hanical

reasons, other solutions w ere considered.

Do w Corning R TV 3145

Do w Corning 3145 R TV MIL-A-46146 A dhesiv e/Sealan t (R TV) has a paste lik e consis-

tency and can b e applied directly from its collapsible tub e or extruded from its cartridge.

On exp osure to moisture in the air, the surface of R TV will form a skin in ab out 25 min-

utes at ro om temp erature with 50% relativ e h umidit y . An y to oling should b e completed

b efore this skin forms. After 90 min utes under these conditions, the R TV will b ecome tac k

free, allo wing limited handling un til the cure is fully complete. Curing con tin ues in w ard

from the surface and it will b e completed in 24 hours (at ro om temp erature and 50%

relativ e h umidit y) for a depth of 3 mm. Optim um ph ysical prop erties are reac hed after

curing for 7 da ys at ro om temp erature. It resists to w eigh t and pressure. In Fig. 5.10 it

is sho wn the refractiv e index of R TV 3145 as a function of scin tillation w a v elength. A t

430 nm the refractiv e index is 1.50, whic h is considerably lo w er than Meltmoun t and the

absorption length is 2 cm, again not a problem when using a thin la y er of optical coupling.

This optical coupling w as rejected for the ClearPEM detector mo dule due to iden ti�ed

problems with reassem bly , since R TV can only b e soften with acetone. Ho w ev er, to

disassem ble a detector mo dule with R TV, acetone is not enough and an extra force is

required whic h ma y damage the BaSO 4 w alls of the crystal matrix and the APD ep o xy

co v er (0.5 mm thic kness). F or this reason, the R TV 3145 option w as abandoned and no

further studies w ere carried out.
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Figure 5.10: R TV 3145 refractiv e index and absorption length (extracted from

[ Montecchi2001 ]).

National Diagnostics Histomoun t

Histomoun t, from National Diagnostics, is an organic based moun ting medium for im-

m unohisto c hemical pro cedures and is commonly used in arc hiv al slide preparation. It

cures b y the ev ap oration of xylene. High v ap or concen trations are anesthetic and cen tral

nerv ous system depressan ts so it requires a fume ho o d during application to a v oid inhala-

tion of v ap ors irritating to the nose and throat. The optical coupling is viscous and forms

a skim almost immediately . The refractiv e index and absorption length of Histomoun t as

a function of scin tillation w a v elength is sho wn in Fig. 5.11.
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Figure 5.11: Histomoun t refractiv e index and absorption length (extracted from

[ Montecchi2001 ]).

A t 420 nm the refractiv e index is 1.63, whic h is considered the b est optimization in
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terms of ligh t collection e�ciency for the ClearPEM scenario and the absorption length is

12 cm. As Histomoun t cures b y the ev ap oration of xylene, whose refractiv e index (ab out

1.5) is lo w er than the constituen t of Histomoun t (vin yl toluene), it can b e seen in the

curing pro cess that the refractiv e index of this optical medium rises as the con ten t of

xylene falls (Fig. 5.12). This optical coupling w ere explored b y the CMS collab oration at

CERN, but has b een abandoned b ecause the long curing time for thic k la y ers and to xicit y

when w orking with large quan tities (120 000 APDs with a 5 � 5 mm

2
activ e area).
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Figure 5.12: Histomoun t refractiv e index ev olution with curing time (extracted from

[ Montecchi2001 ]).

F or comparison purp oses, one detector mo dule w as assem bled with Histomoun t, using

an organic mask (organic v ap or half mask respirator, from 3M), to refrain the inhalation

of xylene to xic v ap ors. Visual insp ection with a microscop e has sho wn no air bubbles or

negligible b y its dimensions. The thin la y er used did not required long curing time and

p erformance measuremen ts w ere done 5 da ys after the detector mo dule had b een assem-

bled. As the discrete electronic c hain for double readout w as inop erativ e for main tenance,

ligh t collection and energy resolution w ere assessed with the discrete electronic c hain for

single readout and compared with a ClearPEM detector mo dule in the same measuremen t

conditions. In Fig. 5.13 the photop eak p ositions of b oth mo dules are sho wn, where can

b e seen a consisten t increase of the ligh t collection in the Histomoun t mo dule in all c han-

nels. The gain in terms of ligh t yield obtained with the Histomout compared with the

fresh Grease detector mo dule, sp eci�cally assem bled for this optical coupling comparison

study , is presen ted in Fig. 5.14, ha ving an a v erage gain of 16%. Photop eak disp ersion

of the Histomoun t mo dule is 14%, similar to the 15% v alue obtained with the Grease

mo dule.
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Figure 5.13: 662 k e V (

137
Cs) p eak p osition of the Histomoun t detector mo dule, compared

with a ClearPEM pro duction detector mo dule.
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Figure 5.14: Ligh t yield gain of the Histomoun t detector mo dule relativ ely to the Grease

detector mo dule.

Long-term v ariation of the ligh t yield for the Histomoun t detector mo dule w as ev alu-

ated along t w o mon ths and compared with the Grease detector mo dule. As can b e seen

in Fig. 5.15, there is no detectable degradation on the p erformance of this parameter.
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Figure 5.15: Long-term v ariation of the ligh t yield for the Histomoun t detector mo dule

along t w o mon ths, compared with the ClearPEM pro duction detector mo dule, measured

in the same exp erimen tal conditions.

In agreemen t with this result, a b etter energy resolution is ac hiev ed for the Histomoun t

detector mo dule, in comparison with the Grease detector mo dule (Fig. 5.16). The a v erage

energy resolution at 662 k e V for the Histomoun t detector mo dule, measured in the single

readout electronics, is 13.36 � 0.57% and 14.23 � 0.73% for the Grease detector mo dule.
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Figure 5.16: Energy resolution at 662 k e V of the Histomoun t detector mo dule, compared

with a ClearPEM pro duction detector mo dule.
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Figure 5.17: Photograph of the "T rigger Cell" setup, with t w o ASIC test b oards read-

ing 6 Hamamatsu S8550 APDs coupled to detector mo dules assem bled with Grease and

Histomoun t.

T o assess the impact of this optical medium in DOI, measuremen ts in double read-

out sc heme w ere p erformed with the T rigger Cell setup (Fig. 5.17) as replacemen t for

the discrete double readout electronics. This setup manage to read 6 detector mo dules

at the same time in double readout b y the t w o ASIC test b oards. Eac h test b oard

has a ClearPEM fron tend ASIC allo wing to readout up to 6 Hamamatsu S8550 APDs

[ Ro drigues2009 ]. In these tests, the ASICs dies w ere co v ered b y a temp orary glass since

the thermally conductiv e ep o xy adhesiv e (glob-top) co v ering step had not b een p erformed.

This prev en ts the usage of a suitable co oling system. Instead cold air w as directed to the

b oard a v oiding the uncon trolled heating of the APDs. Using this approac h the temp er-

ature measured under the PCB region underlying the APDs w as 24�26

�
C. The trigger

mo de w as op erated in single photon mo de, whic h means that all accepted ev en ts ab o v e

the energy threshold (set at 200 k e V) are readout to the data acquisition serv er. Measure-

men ts w ere p erformed with 2 detector mo dules assem bled with Histomoun t, 2 detector

mo dules with fresh Grease and 2 other detector mo dules already assem bled mon ths b e-

fore, considered, for that reason, that w ere assem bled with old Grease.

In Figs. 5.18 and 5.19 examples of the 662 k e V sp ectra and asymmetry plot for the

Histomoun t detector mo dule are sho wn, in comparison with the ClearPEM detector mo d-

ule. As exp ected, an increase ligh t yield is observ ed with b etter asymmetry p er millimetre

is ac hiev ed with the Histomoun t optical coupling.
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Figure 5.18: Example of a

137
Cs sp ectra (662 k e V photop eak) for a crystal from the

Histomoun t detector mo dule readout with the T rigger Cell setup, compared with a crystal

from the ClearPEM pro duction detector mo dule (2 mon ths moun ting time).
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Figure 5.19: Example of a ligh t collection asymmetry plot for the Histomoun t detector

mo dule, compared with the ClearPEM pro duction detector mo dule.

F or a b etter picture of the impact of the optical coupling on the detector p erfor-

mance, in Fig. 5.20 v alues for the asymmetry p er millimetre are sho wn for Histomoun t

and Grease detector mo dules. It can b e seen the aging e�ect of the optical glue, with

a v erage asymmetry of 3.5%/mm for the old grease (grease results on the left, for c hannel
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IDs inferior to 1600), compatible with results already presen ted in the c haracterization

of the ClearPEM baseline detector mo dules (Chapter 3) and a b etter p erformance when

reassem bled with fresh Grease (grease results on the righ t, for c hannel IDs sup erior to

1664), with 4.5%/mm a v erage asymmetry . Despite that, Histomoun t coupling can ac hiev e

more fa v ourable p erformance, with a mean asymmetry of 5.4%/mm.
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Figure 5.20: Ligh t collection asymmetry comparison results obtained with detector mo d-

ules assem bled with Histomoun t (cen tre), old Grease (left) and fresh Grease(righ t).

Pro ving to b e the b est optical coupling for the ClearPEM, regarding the long-term

stabilit y of the ligh t collection, energy and DOI resolution, all detector mo dules w ere

reassem bled with Histomoun t, an action p erformed in 8 w orking da ys.

5.3 High P ac king F raction Matrices

The ClearPEM scanner w as dev elop ed with a high sensitivit y requiremen t to in tend less

injected dose or faster exams. F or that reason, the ClearPEM detector mo dule has high-

Z scin tillation crystals to impro v e the detection e�ciency of the 511 k e V photons and

exploits b oth photo electric and Compton in teractions in the detector impro ving substan-

tially the detection sensitivit y . T o b e able to detect small lesion dimensions, the system

has to ha v e large sensitivit y and high resolution, with the aim to increase the signal o v er

bac kground signi�cance. The p oin t source sensitivit y of a PET scanner, de�ned in Chap-

ter 1, dep ends on three main factors: the subtended solid angle at the symmetry cen ter of

the system, the scin tillator sensitivit y for 511 k e V photons and the pac king fraction, whic h

is de�ned as the activ e crystal area o v er the total surface of the mo dule. The baseline

ClearPEM detector mo dule consists on 32 L YSO:Ce crystals with 2 � 2 � 20 mm

3
(0.82

in teraction probabilit y for 511 k e V inciden t photons) encased in a BaSO 4 ( Zef f = 56, �
= 4.5 g/cm

3
) matrix, readout at b oth ends b y t w o Hamamatsu S8550-01 4 � 8 APD pixel
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for depth-of-in teraction measuremen t of the incoming photons, in order to ac hiev e the

required 2 mm spatial resolution after reconstruction. The pac king fraction is 64% and is

mainly constrained b y the S8550 APD matrix la y out and the thic kness of the BaSO 4 w alls.

T o increase the detection and ligh t collection e�ciencies k eeping, as a �rst approac h,

the same scin tillator t yp e and photo detector, preserving the depth-of-in teraction capabil-

it y , one crystal matrix from Proteus Inc. (Fig. 5.21), with 2.2 � 2.2 � 30 mm

3
L YSO:Ce pix-

els (0.92 in teraction probabilit y for 511 k e V photons) optically isolated b y a 3M Vikuiti

T M

( Zef f = 10, � � 2 g/cm

3
) ESR �lm sp ecular re�ector with 61�68 � m thic kness and 98%

re�ectivit y w as ev aluated. The pac king fraction is 78% whic h represen ts an increase in

detection sensitivit y , whic h scales with the square of the pac king fraction, b y ab out 1.48.

Figure 5.21: Photograph of a Proteus crystal matrix with 2.2 � 2.2 � 30 mm

3
L YSO:Ce

pixels optically isolated b y a 3M Vikuiti

T M
ESR �lm sp ecular re�ector.

Figure 5.22: (left) End-view of a pro duction-t yp e ClearPEM crystal matrix with 2 � 2

mm

2
cross-section pixels. (righ t) End-view of a Proteus crystal matrix with 2.2 � 2.2 mm

2

cross-section pixels.
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In Fig. 5.22, end-views of a ClearPEM pro duction matrix and the Proteus matrix (also

named Vikuiti matrix) are sho wn, with corresp onding dimensons sc hema.

Vikuiti

T M
is made of a m ultila y er p olymeric �lm giving it a v ery high sp ecular re-

�ectivit y for visible and infra-red ligh t. It is suitable for L YSO emission sp ectra but

transparen t for shorter w a v e lengths, as the bandwidth is 415 to 1020 nm. In Fig. 5.23

the sp ectral resp onse of Vikuiti

T M
and emission sp ectra of LSO and LuAP is sho wn.

Figure 5.23: Sp ectral resp onse of Vikuiti

T M
and emission sp ectra of LSO:Ce and

LuAP:Ce.

The �rst a v ailable Vikuiti matrix had all crystals p olished and its p erformance, in

terms of scin tillation linearit y , energy resolution, ligh t yield and in ter-pixel crosstalk,

w as assessed in dedicated testb enc hs using the single readout electronics. Results w ere

compared with the other crystal matrices prop osed for the ClearPEM detector mo dule,

32 2 � 2 � 20 mm

3
crystals wrapp ed in T yv ek (�rst matrix v ersion) and encased in BaSO 4

(pro duction matrix), measured in the same exp erimen tal conditions.
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Figure 5.24: T ypical sp ectra for the Vikuiti matrix:

137
Cs (662 k e V) sp ectrum ( r eft ) and

176
Lu p eaks (202 and 307 k e V) ( right ).
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CHAPTER 5. OPTIMIZA TION OF THE CLEARPEM DETECTOR MODULE

In Fig. 5.24, t ypical sp ectra for the Vikuiti matrix are sho wn. It can b e seen a w ell

de�ned photop eak for the

137
Cs (662 k e V) source and go o d resolution to discriminate the

t w o p eaks (202 and 307 k e V) emitted during the

176
Lu deca y .

In Fig.5.25, ligh t yield as a function of the photop eak energy (202 and 307 k e V from

176
Lu; 511 and 1274 k e V from

22
Na; 662 k e V from

137
Cs) for the Vikuiti and ClearPEM

pro duction matrices is presen ted, where can b e seen that b oth matrices ha v e go o d scin-

tillation linearit y . V ariation on slop e b et w een the t w o matrices is due to the di�eren t

ligh t collection. F or the Vikuiti matrix, due to the sup erior energy resolution, photop eak

p ositions at 202 and 307 k e V are easily observ ed. Moreo v er, for the Vikuiti matrix, a

go o d linearit y w as found in the 200�1200 k e V energy range.
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Figure 5.25: Photop eak p osition as a function of the photon energy for the BaSO 4 and

Vikuiti matrices.

Photop eak p osition p er pixel, p er matrix, are sho wn in Fig. 5.26. The 2D maps repre-

sen tation enables to realize the homogeneit y of the matrices, where results w ere calibrated

in terms of electronic c hannel gain v ariation. Mean ligh t yields of the Vikuiti and T yv ek

matrices w ere compared with the ClearPEM pro duction matrix (BaSO 4 ). Vikuiti (1588

� 99 ADC c hannels) presen ts 20% less ligh t than BaSO 4 (1907 � 242 ADC c hannels) but

smaller in ter pixel disp ersion. T yv ek (848 � 295 ADC c hannels) presen ts 56% less ligh t

than BaSO 4 and higher in ter pixel disp ersion.

Energy resolution p er pixel, presen ted p er matrix in a 2D map, is sho wn in Fig. 5.27.

Vikuiti matrix (mean v alue of 12.51 � 0.80% at 662 k e V) presen ts an impro v emen t of

11% in energy resolution and T yv ek matrix (mean v alue of 17.76 � 4.62% at 662 k e V)

presen ts the highest energy resolution v alues, 23% w orse than BaSO 4 matrix (mean v alue

of 14.48 � 1.90% at 662 k e V).
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Figure 5.26: Ligh t yield for the 3 matrices: T yv ek ( top ); BaSO 4 ( c entr e ) and Vikuiti

( b ottom ) in single readout (t w o dead c hannels, corresp onding to G2 and H2).
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Figure 5.27: Energy resolution for the 3 matrices: T yv ek ( top ); BaSO 4 ( c entr e ) and

Vikuiti ( b ottom ) in single readout (t w o dead c hannels, corresp onding to G2 and H2).
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In Figs. 5.28 and 5.29, the study of the energy resolution for the Vikuiti matrix is

presen ted. First, it is sho wn the a v erage energy resolution as a function of the photop eak

energy (Fig. 5.28) and secondly , the v alidation of the previous results b y a linear �t

(Fig. 5.29) to the energy resolution expression: (2:35 �=E ) = a=
p

E + b. As can b e seen,

the Vikuiti matrix follo ws v ery w ell the exp ected b eha viour of energy resolution with

energy .
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Figure 5.28: A v erage energy resolution for the Vikuiti and BaSO 4 matrices as a function

of the photon energy .
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In ter-pixel crosstalk is a parameter of concern for the Vikuiti matrix as it has larger

crystals (2.2 � 2.2 mm

2
) and thinner re�ector w alls (62.5 � m). Mismatc h with APD, due

to pixel size (1.6 � 1.6 mm

2
), ma y b e more lik ely . Crosstalk w as ev aluated for the Vikuiti,

BaSO 4 and T yv ek matrices in the same conditions and results compared. Data analysis

follo w ed the metho d already describ ed for the single readout mo de in Chapter 4, where

neigh b ouring crystals w ere discriminated as near, if in the same APD sub-arra y , and far,

if in the other APD sub-arra y . In Fig. 5.30, a sc hematic 2D view of the crosstalk found

for some pixels of the three matrices is sho wn. A v erage v alues are presen ted in T ab. 5.2,

p er sub-arra y and p er matrix. Di�erences in sub-arra ys can b e seen in all matrices, whic h

is consisten t with the APD la y out. Similar v alues of crosstalk b et w een the Proteus (11.93

� 4.86%) and the BaSO 4 (10.73 � 6.40%) matrices w ere found. The T yv ek matrix has

sho wn a unfa v ourable p erformance in terms of crosstalk (24.10 � 18.86%). The larger

crosstalk v alue in the T yv ek matrix is consisten t to the higher ligh t collection disp ersion

and w orse energy resolution, whic h ma y to b e in tro duced b y the man ual assem bly pro cess

of the T yv ek detector mo dule where incomplete optical isolation of the crystal pixels ma y

prev ail. In this study , crosstalk results are higher than the presen ted in Chapter 4 for

the ClearPEM detector mo dule, where measuremen ts w ere p erfomed in a double readout

mo de. In the single readout mo de, alignmen t of the matrix crystals with the APD pixels

is a man ual trial-and-error pro cess, whic h can induce more crosstalk. This situation do es

not happ en in the �nal detector mo dule, insured b y the double readout con�guration and

dedicated design co v er b o x in whic h is assem bled.

Figure 5.30: T ypical 2D crosstalk distributions for the Vikuiti, BaSO 4 and T yv ek matrices

in single readout. Fired c hannel mark ed as blue.
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crosstalk on: Vikuiti BaSO 4 T yv ek

1

st
neigh b ours near 12.72 � 4.34% 11.49 � 6.28% 24.42 � 19.11%

1

st
neigh b ours far 4.77 � 3.17% 3.96 � 1.97% 21.21 � 17.18%

2

nd
neigh b ours near 3.47 � 3.47% 2.73 � 3.14% 9.58 � 9.48%

2

nd
neigh b ours far 1.43 � 1.43% 0.74 � 3.15% 9.02 � 8.27%

1

st
neigh b ours 11.93 � 4.86% 10.73 � 6.40% 24.10 � 18.86%

2

nd
neigh b ours 2.76 � 3.24% 2.06 � 2.77% 9.39 � 9.03%

T able 5.2: A v erage crosstalk p er sub-arra y and p er matrix.

In o v erall, the Vikuiti design allo ws to ac hiev e signi�can t b etter results that the BaSO 4

design in a single readout option. In the double readout con�guration, and due to the

use p olished L YSO crystals together with a sp ecular re�ector, DOI information cannot

b e extracted since there is no mec hanism that creates a ligh t collection asymmetry as

function of the in teraction depth of the photon in the crystal. T o o v ercome this di�cult y

and as result of the study , other Proteus matrices w ere man ufactured using crystals in

whic h the lateral 30 mm surfaces had di�eren t p olishing treatmen ts [ Ro drigues2008 ]. In

matrices with as-cut crystals, DOI information can b e extracted, with a DOI resolution

of ab out 1.7 mm, at the exp ense of a degradation in the ligh t collection and the energy

resolution. F urther studies, outside the scop e of this thesis, with crystals ha ving a mixture

of p olished and sa w-cut surfaces w ere carried out. In matrices with t w o sides p olished,

DOI resolutions in the 2.3 mm range, with energy resolutions of 16% at 511 k e V w ere

ac hiev ed, op ening the p ossibilit y to use this t yp e of detector mo dule design for scanners

with double readout sc hemes.

5.4 Prosp ects for an Impro v ed Multi-pixel APD

Curren tly , the design of the S8550 APD in tro duces sev eral design limitations to the de-

tector matrices, namely on the mismatc h b et w een the crystal cross section of 2 � 2 mm

2

and the APD activ e pixel size of 1.6 � 1.6 mm

2
. Due to this mismatc h, up to 30-35% of

the ligh t ma y b e lost, in the in terface b et w een the crystal and the APD. This fact and the

lo w gain of the S8550 places an in trinsic limit on the ac hiev able time resolution as w ell

as loss on the total collected c harge b y the APD, requiring the use of a v ery lo w noise,

high bandwith and high gain fron tend electronics. Due to the crystal size�APD pixel

mismatc h, the usefulness of crystal matrices with high pac king fractions (b y instance b y

using crystals with 2.2 � 2.2 mm

2
cross section) is impaired.

Therefore, a limited redesign of the basic S8550 APD la y out w as carried out in collab o-

ration with Radiation Monitoring Devices Inc. (RMD) for the dev elopmen t of a impro v ed

APD b y means of a R&D con tract. The new device, called A3220, is a S8550-pinout

compatible APD arra y whic h incorp orates some c hanges in order to impro v e its p erfor-

mance in resp ect to the original Hamamatsu S8550 APD. The most signi�can t tec hnical

sp eci�cations of this new device is presen ted in T able 5.3. A photograph of one of the

�rst A3220 samples, deliv ered in the second half of 2009, is sho wn in Fig. 5.31.
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P arameter V alue

Pixel size 1.8 mm � 1.8 mm ( � 32 pixels)

Pixel pitc h 2.3 mm

Windo w t yp e Windo wless (bare silicon)

P eak sensitivit y w a v elength 650 nm

Quan tum e�ciency @ 420 nm 80�90%

Bias v oltage op erating range -1750 V up to -1850 V

Breakdo wn v oltage -1860 V

Gain regime 200�1000 (function of bias)

T ypical bias v oltage for gain M =200 -1750 V

Maxim um gain (requires co oling) 10 000

Gain gradien t @ M = 100 2%/V

T emp erature gradien t @ M = 100 -3%/

�
C

Dark curren t (ro om temp erature) 30 nA (p er pixel at M = 200)

Capacitance 2.4 pF (p er pixel at M = 200)

T able 5.3: Preliminary RMD A3220 APD 32 c hannel electrical and optical c haracteristics.

Figure 5.31: Photograph of the new m ulti-pixel RMD APD A3220.

The new A3220 m ulti-pixel APD, op erates at a higher v oltage bias, from -1750V to

-1850V, allo wing to ac hiev e t ypical gains from 200 to 1000. Higher gains (theoretical

10 000) are p ossible according the man ufacturer b y co oling the APD do wn to negativ e

temp eratures (-22

�
C). The activ e pixel die w as increased from the original size of 1.6 � 1.6

mm

2
to an extended size of 1.8 � 1.8 mm

2
in order to reduce the pixel-crystal mismatc h

from the original 36% v alue to 19%. The o v eral quan tum e�ciency w as also increased, b y

means of abandoning the protectiv e ep o xy la y er used in the S8550. With this windo wless

approac h, quan tum e�ciency at 420 nm can go up, according to RMD in ternal measure-

men ts, up to 80�90%. Another impro v emen t w as the reduction of the pixel capacitance

from 10 pF to 2.4 pF, whic h will allo w a theoretical faster resp onse of the fron tend elec-

tronics, con tributing to an impro v emen t of the o v erall time resolution. Due to the large

thic kness of the a v alanc he la y er, the excess noise at gain 200 rep orted b y RMD is 2.2 (at
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gain 50, the S8550 has an excess noise factor of 1.85, as sho wn in Chapter 3).

The ma jor dra wbac k of the A3220 is the high HV (t ypically -1800V) that is required

to p olarize the APD. Suc h c haracteristic demands a re-design of the original ClearPEM

high-v oltage system, due to the need of larger PCB traces clearances, b oth in the fron tend

b oards and HV supply system. A second factor that m ust b e tak en in to accoun t is the

probabilit y of breakdo wn of the dielectric air medium b et w een the APD HV and signal

pins. In order to reduce the probabilit y of suc h o ccurence, the APDs m ust b e op erated

in a con trolled h umidit y . This can b e easily ac hiev ed b y pressuring the detector housing

with N 2 gas.

While the 16 pixels of one sub-arra y of the S8550 APD ha v e a common catho de, the

A3220 is built in a common ano de con�guration. This means that the obtained pulses ha v e

negativ e p olarit y , b eing incompatible with the curren t ClearPEM fron tend ASIC. This has

motiv ated the design of a new ASIC, whic h can accommo date b oth p olarities. The gain

of this new ASIC ma y also b e programmed in order to �t the di�eren t t ypical gains of

the S8550 and the A3220 APD. The ASIC dev elopmen t is curren tly b eing p erformed b y

INESC�ID and INFN�T orino and the �rst 32 c hannel ASIC demonstrator is exp ected to

b e receiv ed from foundry in early 2010.

5.5 Summary and Discussion

The ClearPEM scanner w as designed with the goal to optimize b oth the detection sen-

sitivit y of 511 k e V photons as w ell as the spatial resolution along the en tire F O V. Suc h

requiremen ts ha v e led to the adoption of a basic sensitiv e v olume comprehended b y 2 � 2

mm

2
�ne pitc h L YSO:Ce crystals coupled to a double readout based on 1.6 � 1.6 mm

2

m ulti-pixel APD arra y .

On this t yp e of readout, ligh t collection can b e impaired b y the long path that the

optical photons need to tra v el b efore can exit the crystal, due to the reduced crystal cross-

section (2 � 2 mm

2
) in comparison with the crystal length (20 mm), whic h increases the

cum ulativ e probabilit y of b eing atten uated inside the crystal, the optical coupling media

used to create an appropriate in termediate la y er with a refractiv e index that maximize

the probabilit y of the photon and the photosensor pixel sensitiv e area in relation to the

crystal cross section.

Besides the ligh t collection asp ect, the detection sensitivit y of the scanner is also a

parameter of concern. In crystal pixel-based mo dules, the pac king fraction is generally

reduced due to the compromise b et w een re�ector thic kness and ligh t collection isolation.

Since the detection sensitivit y of 511 k e V photon pairs follo ws the square of the pac king

fraction, marginally impro v emen ts in the pac king fraction ma y in tro duce signi�can t gains

on the scanner p erformance, allo w to ac hiev e higher v alues lesion detectabilit y in shorter

time exams. The crystal length is also a parameter that can b e optimized. Usually , in

scanners without DOI in teraction capabilit y , the length of the crystal is sub-optimal to
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a v oid the in tro duction of the parallax e�ect. In the ClearPEM case, 20 mm crystals can

b e used since the double readout sc heme allo ws to extract the DOI co ordinate with a

resolution b etter than 2 mm, minimizing the e�ect of the parallax e�ect while o�ering a

mo derate detection e�ciency for 511 k e V photons.

In this c hapter, the optimization studies on sev eral of these asp ects w ere rep orted.

T riggered b y the long-term stabilit y issues of the optical coupling initially selected, based

on a silicon grease (P aste 7), p ermanen t optical glues w ere explored in terms of the ligh t

collection, energy resolution and DOI resolution. Three options w ere explored: Melt-

moun t, R TV 3145 and Histomoun t. Initial tests with Meltmoun t sho wn a sup erior ligh t

collection capabilit y o v er grease, with a gain up to 30% and a signi�can t impro v emen t

in the ligh t collection asymmetry (from 4%/mm up to 5.5%/mm). Long-term stabilit y

measuremen ts did not sho wn for an y decrease of ligh t collection with time. The main issue

with this optical glue w as the need to p erform the mo dules moun ting and un-moun ting

at high temp erature, sligh tly ab o v e 65

�
C. A t this temp erature, man ual manipulation of

the detector mo dule is more di�cult leading to the formation of air bubbles in the appli-

cation phase. These bubbles can in tro duce a systematic asymmetry in the ligh t collection

b et w een the top and b ottom APDs, whic h in turn lead to a degradation of the energy

resolution. R TV 3145 glue w as explored in order to circum v en t some of these di�culties.

While this glue is routinely used to moun t detector matrices to PMT glasses, it w as found

that the un-moun ting pro cedure requires some mec hanical force after 24 hours em b ed-

ding in acetone. This pro cedure can b e a hazard to delicate surfaces suc h as the APD

ep o xy and therefore the R TV 3145 w as discarded. Histomoun t moun ting media w as then

explored. This medium w as one of the b est c hoices initially explored for the CMS ECAL

sub detector, for the gluing of 5 � 5 mm

2
APDs to PW O crystals. It w as rejected due to

curing problems. Histomoun t relies on the ev ap oration of a organic solv en t, named xylene.

In large areas, lik e the 5 � 5 mm

2
APD pixel for CMS, curing w ould only b e completed

after 55 da ys after initial application. The to xic nature of xylene w as also a problem since

the application of large quan tities of the comp ound (around 120 000 APDs) requires the

use of a con trolled-air c ham b er. These problems ha v e a v ery di�eren t magnitude in the

ClearPEM case since the application area is small. T ests with Histomoun t ha v e sho wn

a similar p erformance to Meltmoun t in terms of the ligh t yield (20�30% impro v emen t)

and DOI resolution (5.5�6%/mm). Energy resolution w as systematic b etter than grease,

largely out-p erforming the Meltmoun t mo dule energy resolution. As result of this w ork, it

w as decided to re-assem ble all ClearPEM matrices with Histomoun t. Curren tly , a second

ClearPEM scanner, named ClearPEM�Sonic, whic h com bines the Clear-PEM tec hnology

with an Ultrasound imaging device, is b eing built. The camera will b e used for ev aluation

of correlations b et w een di�eren t radiotracer uptak es and no dule elastometric parameters

for breast cancer. P erformance results of the ClearPEM detector using the Histomoun t

mo dules will b e sho wn in detail in Chapter 6.

While the optimization of the optical coupling media led to a go o d stabilit y in the

ligh t collection, with direct consequences in the obtained energy , DOI and time resolution,

optimization studies of the detector mo dule pac king fraction and detection e�ciency w ere

also carried out. The initial approac h consisted on the exploration of a no v el matrices
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design, man ufactured b y Proteus Inc, comp osed b y L YSO crystals with cross-sections of

2.2 � 2.2 mm2, with 30 mm length, optically isolated b y a la y er of Vikuiti

T M
sp ecular re-

�ector with 61�68 micron thic k. The reduction on the optical la y er thic kness from 300 � m

in BaSO 4 to 70 � m with the Vikuiti

T M
re�ector, together with the larger crystal cross-

section, allo ws increasing the pac king fraction up to 90%, a gain in detection sensitivit y

of ab out a factor of 1.48. When the crystal length of 30 mm is tak en in to consideration,

the o v erall detection sensitivit y gain go es from 1.48 to 2.1. Characterization results ha v e

sho wn that matrices with this design, using p olished crystal, in a single readout, ac hiev e

b etter energy resolutions (12.5% at 662 k e V) in comparison with the mean energy reso-

lution of the standard ClearPEM BaSO 4 mo dules (14.5% at 662 k e V) and T yv ek based

mo dules (17.8% at 662 k e V). A smaller ligh t collection disp ersion b et w een di�eren t pixels

w as also found (6.2%) in comparison with the BaSO 4 (12.7%) and T yv ek (34.8%) matri-

ces. With the use of crystals with larger cross-section, there w as a concern on the increase

of the crosstalk, since the larger crystal dimension mak e more prone a giv en crystal b e-

ing readout b y t w o di�eren t pixel APD. Crosstalk w as ev aluated for the Proteus, BaSO 4

and T yv ek matrices. Similar v alues of crosstalk b et w een the Proteus and the standard

BaSO 4 matrices w ere found. The T yv ek matrix has sho wn a sub-optim um p erformance

in terms of crosstalk (24.1%). In o v erall, the Proteus design allo w to ac hiev e signi�can t

b etter results that the BaSO 4 design in a single readout option. In the double readout

option, and due to the use p olished L YSO crystals together with a sp ecular re�ector,

DOI information cannot b e extracted since there is no mec hanism that creates a ligh t

collection asymmetry as function of the in teraction depth of the photon in the crystal.

T o b ypass this di�cult y , matrices, follo wing the Proteus design, w ere man ufactured using

crystals in whic h the lateral 30 mm surfaces w ere lea v ed as-cut. In this approac h, DOI

information can b e extracted, with a DOI resolution of ab out 1.7 mm, at the exp ense of

a degradation in the ligh t collection and the energy resolution. F urther studies, carried

out outside of the scop e of this thesis, w ere conducted with crystals ha ving a mixture of

p olished and sa w-cut surfaces coupled to Vikuiti

T M
. In matrices with t w o sides p olished,

DOI resolutions in the 2.3 mm range, with energy resolutions of 16% at 511 k e V w ere

ac hiev ed, op ening the p ossibilit y to use this t yp e of detector mo dule design for scanners

with double readout sc hemes.
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6.1. In tro duction

6.1 In tro duction

Before the �nal in tegration of the ClearPEM scanner w as completed, sev eral partial in te-

gration and engineering runs w ere carried out at T agusLIP (Chapter 2). One of the most

imp ortan t activities consisted on the v alidation of the sup ermo dules, eac h unit compre-

hending a set of t w elv e detector mo dules, whose individual p erformance w as measured in

dedicated discrete electronics setup describ ed in the previous c hapters, to c haracterize its

p erformance b efore the �nal assem bly of the sup ermo dules inside the ClearPEM detector

heads could to ok place. The tests of the sup ermo dules allo w ed to assess the p erformance

of the detector mo dules in their �nal w orking en vironmen t, com bining instrumen tation

e�ects in tro duced b y the fron tend electronics readout and the pro cessing of the data �o w

b y the data acquisition electronics and trigger system, allo wing a direct comparison with

the previous results obtained in limited discrete electronics test b enc hes as rep orted in

Chapter 3 and in [ Moura2005 ]. After the v alidation of eac h individual sup ermo dule, the

�nal assem bly of the ClearPEM detector heads w as carried out.

The presen t c hapter is organized as follo ws: First, the spatial organization of the

individual detector mo dules in the larger logical structures called sup ermo dules, carried

out in the scop e of this thesis, is presen ted. This organization w as p erformed b y taking

in to accoun t the compromise b et w een the di�eren t high v oltages required to op erate eac h

one of the 384 Hamamatsu S8550 APDs at gain 150 and the fact that eac h detector head

has 384 HV lines than can b e group ed in 32 indep enden t sets. Second, the assem bly and

test of the sup ermo dules in a stand-alone test b enc h is rep orted. Results w ere compared

with the exp ected v alues from the initial c haracterization phase. The sup ermo dules w ere

inserted in the ClearPEM detector heads and its b eha viour c haracterized in terms of

energy resolution, DOI resolution, ligh t collection, linearit y and time resolution. The

spatial resolution of the system w as then measured with a

22
Na source. A preliminary

ev aluation of the system sensitivit y w as also p erformed. Finally , these results are discussed

in terms of the initial p erformance requiremen ts la y out for the scanner, at the ligh t of

early stage breast cancer detection, as discussed in Chapter 1.

6.2 Detector Mo dules Organization in Sup ermo dules

The organization of the eac h detector mo dule in the ClearPEM detector heads w as con-

ducted b y exploring the mo dularit y of the arc hitectural design of the detector. Crystals

are group ed in a set of 192 matrices and groups of t w o matrices are assem bled in a detec-

tor mo dule (Chapters 2 and 3). Since the detector mo dules are assem bled in t w o detector

heads in a planar arrangemen t, a mec hanical structure called sup ermo dule, grouping 12

detector mo dules placed b et w een a top and a b ottom F ron tend b oard, w as conceptual-

ized [ T rindade2008 ].

The F ron tend b oards corresp onds to the �rst lev el of signal pro cessing p erformed b y

a lo w noise and high gain ASICs that carry out the readout, ampli�cation, sampling and

storage in analogue memories of the APD output c hannels signals. Analogue Digital Con-
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v erters (ADCs) digitize the output analogue sampled pulses and Lo w V oltage Di�eren tial

Signaling (L VDS) Channel Link transmitters serialize the data to the o��detector system

o v er a 2.5 Gbps link [ Albuquerque2006 ]. Eac h ClearPEM detector head has 16 indep en-

den t sup ermo dules in a total of 96 detector mo dules - Fig. 6.1. The F ron tend system is

ph ysically lo cated on the detector heads as close as p ossible to the detector mo dules in

order to minimize noise and k eep the compactness of the full system. F or that reason, it

is one of the most c hallenging and inno v ativ e sub-system of the ClearPEM detector. It is

comp osed b y the F ron tend Boards (FEBs) in terfacing directly with the APDs assem bled

in the detector mo dules and one Service Board in eac h detector head, for clo c k and p o w er

supply distribution, bias v oltage regulation and temp erature monitoring surrounding the

APDs inside the detector heads. T w o FEBs, eac h one with t w o 192 c hannels ASICs,

are used to moun t one sup ermo dule structure with a total of 768 electronic c hannels, as

illustrated in Fig. 6.2.

SM1B

SM1B

SM7B
SM7A

SM5B
SM5A

SM3B
SM3A

SM1B
SM1A

DETECTOR HEAD

 ID ID

UP APD

DOWN APD

UP APD

DOWN APD

Figure 6.1: Sc heme of the structure of one detector head ( left ). Double detector mo dules

( right ) are group ed in a total of 8 sup ermo dules.

Figure 6.2: Photograph of a fully assem bled sup ermo dule.
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6.2. Detector Mo dules Organization in Sup ermo dules

In eac h detector head, 8 sup ermo dules needs to b e supplied with 3.3V lo w v oltage lines

for the fron tend ASIC, ADCs and Channel Link c hips. In addition, eac h APD sub-matrix

needs to b e p olarized. The regulation of the required high v oltage is p erformed in the

Service Boards (one p er detector head). Eac h Service Board is placed on the bac kside

of the detector head, and in tegrates 32 HV indep enden t regulation c hannels to supply

the APDs (Chapter 1, Section 1.3), with a range regulation b et w een 350 to 500 V and

stabilit y b etter than 0.1% r.m.s [ Pinheiro2008 ].

Due to space limitation in the Service Board PCB, only 32 indep enden t HV regulation

c hannels w ere implemen ted. Ho w ev er, a total of 384 HV lines p er detector head (192

APDs) are needed. Since the S8550 is comp osed of t w o indep enden t sub�matrices that

need to b e biased, a connection matrix placed ab o v e the Service Board pro vides in ter�

connections b et w een the 32 indep enden t HV c hannels and the 384 HV output lines �

Fig. 6.3. The 32 indep enden t HV c hannels ha v e therefore to co v er a range that includes

all APD HV v alues for a giv en gain. The APD HV v alues w ere binned p er indep enden t

HV c hannel and the HV connection matrix is programmed b y soldering establishing a

direct corresp ondence b et w een the APD HV and the HV bin.

16 HV16 HV192 HV outputs 192 HV outputs

Figure 6.3: CAD o v erview of the HV in terconector matrix.

T o carry out the programing of the HV connection matrix the v alues of the HV required

to p olarized eac h APD sub-matrix for gain 150 w ere examined. T ab. 6.1 sho ws the main

c haracterization parameters, obtained during the APD QC phase, for the 384 APDs used

in the ClearPEM scanner [ Ca rriço2006 ].
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Bias V oltage Sub�Arra y 1 (V) Sub�Arra y 2 (V)

A v erage � r.m.s. 434 � 22 434 � 21

Minim um 375 379

Maxim um 473 474

Gain V ariation Sub-arra y 1 (%/V) Sub-arra y 2(%/V)

A v erage � r.m.s. 6.3 � 1.8 6.0 � 0.8

Minim um 5.4 5.4

Maxim um 26.5 19.4

T able 6.1: ClearPEM Hamamatsu S8550 APDs HV and gain gradien t distribution range

for gain 150.

As it can b e observ ed, at gain 150, the maxim um v ariation in the p olarization HV

can amoun t up to 98 V. If the APDs w ere placed randomly in eac h detector head, then

eac h indep enden t HV c hannel in the Service Board w ould ha v e a bin width of ab out 3.2

V. Since the mean gain gradien t ( dM=dV ), or v ariation of the APD gain p er V olt, at

gain 150 is of ab out 6%/V this w ould mean that APDs connected to the same HV bin

could ha v e gain di�erences o v er 20%. T o reduce this e�ect the APDs w ere splitted in t w o

classes, denoted as "Lo w" and "High". The "Lo w" class is c haracterized b y 32 HV bins

ranging from 375 V to 437 V � Fig. 6.4. The "High" class is c haracterized b y 32 HV bins

ranging from 411 V to 473 V � Fig. 6.5. This yields a bin size of 1.93 V, for b oth classes.

In this case, the mean gain v ariation for t w o APDs atributed to the same bin w ould b e

less than 12%. A t gain 150, ab out 5% of the 384 APDs ha v e a dM=dV ab o v e 10% (Fig.

6.6. This indicates that in the some cases, 20% di�erences in gain are exp ected. As a

consequence the broadning of the in ter�pixel calibration, krel , (Chapter 3) will b e higher.

Nev ertheless, they can b e comp ensated b oth on the hardw are and soft w are trigger b y

means of a suitable calibration pro cedure [ F rade2009 ].
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Figure 6.4: HV distribution (gain 150) for the "Lo w" class detector head.
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Figure 6.5: HV distribution (gain 150) for the "High" class detector head.
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Figure 6.6: Distribution of the dM/dV at gain 150 for eac h measured APD. Both sub-

arra ys are sho wn.

6.3 Exp erimen tal Measuremen ts of Individual Sup er-

mo dules

The v alidation of the ClearPEM sup ermo dules is an imp ortan t qualit y con trol step that

guaran tees that the desired p erformance of the ClearPEM detector can b e obtained. It

should b e noted that all the L YSO:Ce crystal matrices w ere glued to the APDs using the

National Diagnostics Histomoun t media, replacing the Rho dorsil P aste 7 silicon grease

that has sho wn signs of accelerated aging (Chapters 3 and 5). The individual calibration of
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the sup ermo dules can b e a go o d indicator of its p erformance, pro viding a �rst indication

of the relativ e gain b et w een top and b ottom APDs, the absolute gain and the energy

resolution and the DOI ligh t collection asymmetry constan t. Pulse shap e parameters for

eac h APD-ASIC readout c hannel w ere also determined, but will not b e presen t since they

fall outside the scop e of this thesis (see [ Pinheiro2008 , F rade2009 ]).

The sup ermo dules w ere tested in a setup that in tegrates the electronics and data

acquisition sub-systems as it will op erate in the fully assem bled detector. The co oling

system w as a small v ersion of the �nal system and is capable of co oling one sup ermo dule.

In the ClearPEM scanner, heat dissipated b y the ASICs, ADC and serializers is remo v ed

b y means of w ater-co oled dissipation plates in thermal con tact with the FEBs. A similar

approac h w as used in this testb enc h, w ere the FEBs are in thermal con tact via a gap �ller

with t w o alumminium plates (Fig. 6.7). These plates are co oled b y running w ater at 20

�
C.

This setup can b e tak en as a small scale ClearPEM demonstrator as the exp erimen tal

testb enc h that w as setup to c haracterize the sup ermo dules uses all the di�eren t electronic

sub-systems dev elop ed for the ClearPEM scanner. The input clo c k, for the tests describ ed

in this w ork w as set to 50 MHz. The system clo c k is generated in the L1 data acquisition

electronics TGR/DCC b oard and fanout b y a dedicated b oard, b efore arriv al to the

sup ermo dule FEBs (Fig. 6.8).

Figure 6.7: Photograph of the sup ermo dules c haracterization testb enc h.

The serialized output of the sup ermo dule FEB b oards w as connected to one of the

D A Q Boards of the L1 trigger (Chapter 1, Section 1.3). The trigger w as op erated in single

photon mo de, whic h means that all accepted ev en ts ab o v e the L1 energy threshold (set

at 200 k e V) are readout to the data acquisition serv er.
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Figure 6.8: Sc heme of the sup ermo dules c haracterization testb enc h.

F or the v alidation of eac h sup ermo dule,

176
Lu bac kground deca y ,

22
Na and

137
Cs

(Chapter 3) data acquisitions w ere p erformed. The v alidation tak es in to accoun t the

v alues of the calibration constan ts (if they are within an exp ected range) and the qualit y

con trol parameters (for example, energy resolution).

F rom the set of 16 sup ermo dules that w ere individually measured, 3 t ypical sup er-

mo dules are sho wn (SM2B, SM4B and SM6A) and results compared with the previous

measuremen ts rep orted in Chapter 3 with the aim to detect a p ossible p erformance degra-

dation due to the adopted binning HV sc heme and readout electronics. As men tioned

earlier, APDs ha v e a lo w er gain (less than 200), in comparison with standard PMT s, that

demanded the design of a sp eci�c fron tend ASIC [ Ro drigues2009 ]. The ASIC m ust b e lo w

noise and has high gain. These requiremen ts p ose a v ery sp eci�c c hallenge, aggra v ated b y

the fact the ASIC itself m ust b e moun ted on high densit y fron tend b oards whic h require

a careful la y out for electromagnetic compatibilit y with the ASIC to a v oid noise pic kup

from, for example, the digital activit y from the ADCs or the Channel Link serializer. If

the PCB la y out is not able to cancel this noise con tribution, the ph ysics p erformance of

the SM could b e a�ected, whic h stresses the imp ortance of this QC phase. The analysis

of the remaining sup ermo dules is curren tly undergoing. The ph ysical observ ables that

c haracterize the men tioned sup ermo dules w ere:

� In ter�pixel gain v ariation

� Photop eak p osition at 511 k e V and linearit y

� Energy resolution at 511 k e V

� DOI asymmetry

6.3.1 In ter�pixel Gain V ariation

The results obtained for the relativ e gain ( krel ) for the SM2B, SM4B and SM6A sup er-

mo dules are summarized in T ab. 6.2 and sho wn in Fig. 6.9. The relativ e gains of the 3
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sup ermo dules ha v e a disp ersion comprehended b et w een 14 and 17%, whic h is consisten t

with the rep orted v alue of 13%, when using a discrete electronics testb enc h (Chapter 3).
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Figure 6.9: Distribution of the in ter-pixel krel gain for SM2B and SM4B.

Sup ermo dules Mean krel Disp ersion

SM2B 1.012 14.3%

SM4B 1.040 16.0%

SM6A 1.099 16.9%

T able 6.2: Results (mean and disp ersion) for the in ter-pixel krel for sup ermo dules 2B, 4B

and 6A.
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6.3.2 Photop eak P osition at 511 k e V and Linearit y
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Figure 6.10: T ypical calibrated pulse heigh t sp ectra obtained with the

22
Na source, from

a crystal of the SM2B.

Fig. 6.10 sho ws t ypical pulse heigh t sp ectra obtained with the

22
Na source. A w ell

de�ned 511 k e V photop eak is observ ed with energy resolutions of 15.5% (Fig. 6.10 (a))

and 15.2% (Fig. 6.10 (b)). In this plot set, the 511 k e V photop eak p osition in ADC coun ts

w as con v erted to a ph ysical energy v alue in k e V through the application of a calibration

constan t K Abs . This constan t pro vides an absolute gain calibration, comp ensating for the

di�eren t ligh t yield b et w een crystals. T ypical distributions for the three sup ermo dules

(SM2B, SM4B and SM6A) are sho wn in Fig. 6.11 and T ab. 6.3.
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Figure 6.11: Distribution of the absolute gain, K Abs for three sup ermo dules: SM2B ( top ),

SM4B( c entr e ), SM6A ( b ottom ).
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The K Abs disp ersion (r.m.s. o v er the mean v alue) for the three sup ermo dules v ary

b et w een 13% and 18%. These results are in go o d agreemen t with the photop eak v ariabil-

it y (16.34% disp ersion) measured in individual detector matrices (Chapter 3, Section 3.4).

Energy linearit y , or v ariation of the photop eak p osition in ADC coun ts as function of

the energy of photon w as also assessed. F our distinct photop eak p ositions w ere used for

this analysis: 303 k e V from the

176
Lu bac kground deca y (Fig. 6.13, top ), 511 k e V from

the

22
Na deca y (Fig. 6.13, c entr e ), 662 k e V from the

137
Cs deca y (Fig. 6.13, b ottom ) and

�nally the 1.2 Me V line from the

22
Na deca y . A t ypical plot is sho wn in Fig. 6.12. As can

b e observ ed, a go o d linearit y w as found o v er the en tire energy range.

Sup ermo dules Mean K Abs (k e V/ADC) Disp ersion

SM2B 2.80 13.1%

SM4B 2.60 16.9%

SM6A 2.51 18.1%

T able 6.3: Results (mean and disp ersion) for the absolute gain calibration.
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Figure 6.12: Reconstructed energy as a function of the photop eak p osition.

6.3.3 Energy Resolution at 511 k e V

Energy resolution at 511 k e V w as extracted from a Gaussian �t, o v er a linear bac kground,

of eac h crystal in a sup ermo dule. Distributions for the three sup ermo dules are sho wn

in Figs. 6.14 and the resp ectiv e disp ersions presen ted in T ab. 6.4. The mean energy

resolution w as 15.35% with 8.4% disp ersion. The results are in v ery go o d agreemen t with
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the ones discussed in Chapter 3, where a set of 80 matrices w ere readout b y discrete

electronics based on CREMA T 110 c harge sensitiv e preampli�ers, in whic h the mean

energy resolution and the standard deviation w ere, resp ectiv ely , 15.6% and 1.3% (8.3%

disp ersion). This result is explained b y the fact that in the L YSO:Ce, the in trinsic term

dominates largely the energy resolution, and therefore, in spite of the ligh t collection

increase when using the Histomoun t coupling media when compared with the P aste 7

grease, small impro v emen t is observ ed in the energy resolution.

Sup ermo dules Energy resolution (%) Disp ersion (%)

SM2B 15.55 7.72

SM4B 14.62 8.21

SM6A 15.89 9.19

T able 6.4: Results (mean and disp ersion) for the energy resolution at 511 k e V.

6.3.4 DOI Resolution

F or the three analyzed sup ermo dules, the in v erse of the CDOI w as computed since it

relates directly to the asymmetry p er millimetre v alues sho wn earlier in Chapter 3 and

5. Results are sho wn in T able 6.5 and Fig. 6.15. The mean v alue is 5.8%/mm, with

disp ersions in the 6�8% range. The larger asymmetry p er milimiter in comparison with

the ones obtained in Chapter 3 (3�4%/mm) are exp ected if one tak es in consideration the

w ork carried out regarding the optimization of ligh t collection. As sho wn in Chapter 5,

Section 5.2, the replacemen t of the Ro dorshil P ate 7 grease b y the Histomoun t glue leads

to an increase in the ligh t collection of up to 40% and as a consequence a broadening

of the ligh t asymmetry distribution. Altough

22
Na collimated measuremen ts where not

made with the sup ermo dules, the exp ected DOI resolution should b e b etter than 2.2 mm

FWHM, since the measuremen ts that establish this DOI resolution v alue, in Chapter 3,

w ere made with a P aste 7 optical grease where ligh t collection asymmetry is in the 4%

range.

Sup ermo dules Mean C � 1
DOI (%/mm) Disp ersion

SM2B 5.70 6.3%

SM4B 5.63 8.6%

SM6A 6.21 6.1%

T able 6.5: Results (mean and disp ersion) for the C � 1
DOI constan t.

147



6.3. Exp erimen tal Measuremen ts of Individual Sup ermo dules

h1
Entries  16719
Mean   142.9
RMS   66.69

 / ndf 2c  14.34 / 11
p0  16.7± 300.2 
p1  0.7± 118.7 
p2  0.9±  11.3 
p3  48.7± 621.9 
p4  0.353± -2.419 

Energy (ADC Cou nts)
100 200 300 400 500 600

N
um

be
r 

of
 E

ve
nt

s

0

100

200

300

400

500

600 176Lu
Entries  16719
Mean   142.9
RMS   66.69

 / ndf 2c  14.34 / 11
p0  16.7± 300.2 
p1  0.7± 118.7 
p2  0.9±  11.3 
p3  48.7± 621.9 
p4  0.353± -2.419 

hist o
Entries  88236
Mean   170.4
RMS   95.39

 / ndf 2c  36.37 / 15
p0  24.6±  1575 
p1  0.2± 202.5 
p2  0.29± 13.22 
p3  76.3±  3370 
p4  0.3±   -13 

Energy (ADC Cou nts)
0 100 200 300 400 500 600

N
um

be
r 

of
 E

ve
nt

s

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

22Na
Entries  88236
Mean   170.4
RMS   95.39

 / ndf 2c  36.37 / 15
p0  24.6±  1575 
p1  0.2± 202.5 
p2  0.29± 13.22 
p3  76.3±  3370 
p4  0.3±   -13 

h1
Entri es  307094
Mean   196.4
RMS   74.57

 / ndf 2c  187.8 / 22
p0  65.1±  5750 
p1  0.2± 286.2 
p2  0.29± 22.46 
p3  327.8±  2751 
p4  0.91± -6.89 

Energy (ADC Cou nts)
0 100 200 300 400 500 600

N
um

be
r 

of
 E

ve
nt

s

0

1000

2000

3000

4000

5000

6000

7000
137Cs

Entri es  307094
Mean   196.4
RMS   74.57

 / ndf 2c  187.8 / 22
p0  65.1±  5750 
p1  0.2± 286.2 
p2  0.29± 22.46 
p3  327.8±  2751 
p4  0.91± -6.89 
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SM4B( c entr e ), SM6A ( b ottom ).
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6.4 Exp erimen tal Measuremen ts with the ClearPEM

Detector Heads

During F all 2008 the ClearPEM detector w as on its �nal assem bling phase at T agusLIP ,

where all the electronic sub-systems, computing, p o w er suppliers and soft w are comp onen ts

w ere tested in com bined runs. Due to logistics-related time constrain ts, only 75% of the

total n um b er of crystal matrices w ere assem bled. Fig. 6.16 sho ws the �rst test of one of

the detector heads op erating in single mo de trigger. Latter, the t w o detector heads w ere

placed in the rob otic structure and com bined tests, b oth in single mo de and coincidence

photon trigger, p erformed. Fig. 6.17 sho ws the o ccupancy plots, e.g. n um b er of hits p er

crystal, obtained with a 0.5 mCi planar

68
Ge radioactiv e source in single photon trigger

mo de. 99.7% of all c hannels w ere found to b e activ e.

Figure 6.16: Photograph of in tegration tests at T agusLIP of one ClearPEM detector

heads.

The o ccupancy map of a

22
Na p oin t-source in coincidence trigger is also sho wn in

Fig. 6.18. In parallel with this functional tests, acquisitions b oth with

176
Lu bac k-

ground and

68
Ge w ere obtained. The scanner w as calibrated and results compared with

the obtained with the discrete electronics as w ell also the sup ermo dules qualit y con trol

[ F rade2009 ].
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Figure 6.17: On-line monitoring of a

68
Ge acquisition run on single-photon trigger.

Figure 6.18: On-line monitoring of a

22
Na p oin t source acquisition run on coincidence

trigger.

6.4.1 In ter�pixel Gain V ariation

Fig. 6.19 sho ws the krel in ter�pixel calibration constan t distribution obtained with the

assem bled scanner. The distribution has a mean v alue of 1.02 and a disp ersion of 12%.

This disp ersion is in go o d agreemen t with the the 13% v alue obtained earlier with the

discrete electronics and sligh tly b etter than the one obtained in individual sup ermo dules
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(16%). The impro v emen t can b e attributed to the fact that the temp erature inside the

detector heads is k ept m uc h more con trolled (18 � 0.1

�
C) in comparison with the simpler

approac h en vised for the sup ermo dules testing.
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Figure 6.19: Distribution of the ClearPEM scanner krel in ter-pixel gain.

6.4.2 Photop eak P osition at 511 k e V and Linearit y
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Figure 6.20: Distribution of the ClearPEM scanner absolute gain.
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The absolute gain distribution, sho wn in Fig. 6.20, sho ws a mean v alue and disp ersion,

of, resp ectiv ely , 2.3 k e V/ADC and 15.1%. The mean gain has, in these measuremen ts, an

impro v emen t from 2.6 to 2.3 k e V/ADC. This means that the absolute gain is higher b y

roughly 12%. This can b e explained b y the lo w er temp eratures at whic h the ClearPEM

detector heads w ere op erated in the lab (18

�
C) in relation to the sup ermo dules c haracter-

ization setup (20

�
C). A t gain 150, the dM=dT for the Hamamatsu S8550 APD is � 4%/

�
C

[ Mosset2002 ], whic h correlates w ell with the observ ed di�erence in the absolute gain.

6.4.3 Energy and Time Resolution at 511 k e V

The distribution of the energy resolution at 511 k e V for all crystals is sho wn in Fig. 6.21,

with a mean v alue of 15.9% and 9.1% disp ersion, extracted from a gaussian �t. These

results are in order with those obtained with the sup ermo dules qualit y con trol phase as

w ell as with the individual measuremen ts carry out earlier.
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Figure 6.21: Energy resolution at 511 k e V for the ClearPEM scanner.

The sum of the energy sp ectra for all crystal in the same plot is sho wn in Fig. 6.22. The

calibrated plot of the en tire ClearPEM scanner sho ws a w ell de�ned 511 k e V photop eak,

ab o v e the Compton con tin uum. The energy resolution is 16%, v ery close the mean v alue

of 15.9% of the individual energy resolutions, con�rming the correctness of the energy

calibration pro cedure as w ell as the excelen t energy resp onse of the detector [ F rade2009 ].
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Figure 6.22: Energy sum plot of ClearPEM scanner.

The coincidence time resolution for 511 k e V photons, de�ned as the FWHM of the

gaussian �t of the distribution of the time di�erence b et w een 2 photons originated from

the same p ositron deca y , using a 400�600 k e V energy windo w, is of 5.2 ns, as sho wn in

Fig. 6.23. F or this measuremen t a

22
Na source (100 � Ci) w as placed b et w een the detector

heads. The distribution w as obtained b y subtracting a linear bac kground that arises from

the presence of random coincidences (less than 5%).

Time Dif feren ce (ns)
-8 -6 -4 -2 0 2 4 6 8 10

-9

N
um

be
r 

of
 E

nt
rie

s

0

5000

10000

15000

20000

25000

30000

35000
FWHM=5.2ns

Figure 6.23: Time di�erence distribution for coincidence photon ev en ts in the energy

range 400�600 k e V.
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6.4.4 DOI Resolution

The ligh t collection asymmetry C � 1
DOI distribution is presen ted in Fig. 6.24, ha ving a mean

v alue of 5.9%/mm and a disp ersion of 7.8%, obtained from a gaussian �t. Results are

in v ery go o d agreemen t with the obtained in the sup ermo dules c haracterization phase

(5.8%/mm with 6�8% disp ersion), con�rmimg the impro v emen t in the ligh t collection

asymmetry obtained after the Rho dorsil P aste 7 grease w as replaced b y the Histomoun t

coupling, presen ted in Chapter 5.

 (%/mm)DOI
-1C

3 4 5 6 7 8 9

N
um

be
r 

of
 C

ry
s

ta
ls

0

200

400

600

800

1000

1200

1400

Mean=5.9
Dispersion=7.8%

Figure 6.24: Ligh t collection asymmetry width ( C � 1
DOI ) for the ClearPEM scanner.

6.4.5 Preliminary Image P erformance

F or a direct estimation of the spatial resolution, a 1 mm diameter

22
Na radioactiv e source

w as placed b et w een the detector heads and displaced in 5 mm steps with a xy translation

stage. A total of 16 displacemen ts w ere p erformed. Data w as acquired in t w o angular pro-

jections. T w o�photon coincidence ev en ts in the 400�600 k e V energy range inside an 20 ns

time windo w w ere selected. A list mo de �le (LMF) that includes the spatial co ordinates of

eac h photon w as pro duced and images reconstructed using a OSEM�3D algorithm. The

OSEM algorithm for the ClearPEM scanner relies on the Soft w are for T omographic Im-

age Reconstruction (STIR) to olkit, an ob ject�orien ted op en source soft w are for 3D PET

image reconstruction [ Thielemans2004 , Ma rtins2005 ]. This soft w are implemen ts di�eren t

image reconstruction algorithms and scanner geometries including b oth cylindrical and

dual�planar scanners. The maxim um lik eliho o d estimation reconstruction metho d a v ail-

able in STIR is called OSMAPOSL, an implemen tation of the OS�EM One Step Late

algorithm [ Thielemans2004 ]. This algorithm w as tunned to reconstruct data from the

ClearPEM scanner, acquired at t w o orthogonal detector p ositions but it is also capable to

reconstruct data acquired with only one angular orien tation. No normalization of other

image corrections, namely for random coincidences, w ere used.
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Figure 6.25:

22
Na p oin t source image reconstructed with and without DOI information.
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Figure 6.26: Pro�le of

22
Na p oin t source image reconstructions with DOI information.
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F or comparison purp oses, the original data w as re-pro cessed and the z co ordinate

discarded. Instead of the DOI information, the z co ordinate w as attributed to the crystal

face closer to the patien t p ort, as in con v en tional PET scanners. Results are sho wn in

Fig. 6.25. As can b e observ ed, the use of the DOI co ordinate has a drastic impact in the

image qualit y of these small radioactiv e sources. A FWHM spatial resolution of 1.3�1.6

mm w as obtained - Fig. 6.26.
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Figure 6.27: Spatial resolution as a function of the crystal cross-section.

T o conclude this topic of discussion, it is imp ortan t to compare the exp erimen tal

ClearPEM spatial resolution with other dedicated PET scanners. Lecom te has published

in [ Lecomte2004 ] the in trinsic spatial resolution of sev eral existing small-animal PET

scanners as a function of the crystal pixel size. The e�ects of non-collinearit y , p ositron

range or in some cases the e�ectiv e source size used to measure the detector resolutions

w ere de-con v oluted from the data. The scanners w ere organized according to the t yp e

of coupling sc heme ( b in Eq. 1.2 sho wn in Chapter 1) of eac h scanner and compared

with the crystal resolution theoretical limit as sho wn in Fig. 6.27. The ClearPEM spatial

resolution obtained with this �rst set of images w as plotted o v er the surv ey . It is clear

that ClearPEM follo ws the trend of remaining scanners with individual coupling sc hemes,

in whic h the spatial resolution is limited b y the size of the crystal pixel ( d). Small

deviations from the theoretical limit can b e attributed either to the p erformance of the

image reconstruction algorithm or to the adopted ev en t reconstruction metho d, when in

the presence of in-detector Compton scattering. The comparison suggests that ClearPEM

curren tly represen ts one of the most promising dedicated h uman PET scanner dev elop ed

so far, com bining pixelized detector mo dules with an individual coupling b et w een the

crystal pixels and the photo detector, making the spatial resolution only limited b y the

crystal pixel size.
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6.4.6 Preliminary Sensitivit y Assessmen t

F or the sensitivit y assessmen t of the ClearPEM scanner, a

22
Na source w as previously

calibrated at T agusLIP . Sev eral activit y measuremen ts with dose calibrator in di�eren t

da ys with bac kground subtraction using the A tom100 Dose Calibrator (describ ed earlier

in Chapter 2) w ere p erformed. The measured activit y for the 1 mm diameter

22
Na source

w as 2.73 � Curie (101 kBq), with a 0.3% uncertain t y . The

22
Na source w as placed on

a metallic holder structure and w as �xed to the rob otized examination b ed (Fig. 6.28),

whic h has 3 degrees of freedom (XYZ).

22Na radioactive
source

Examination bed

Detector Head 1Detector Head 0

Figure 6.28: Photograph of ClearPEM scanner with a

22
Na source for sensitivit y assess-

men t.

20 ns

DAQ0 DAQ1

CLOCK

Time

TGR OUT

Figure 6.29: T rigger sc heme for ClearPEM sensitivit y assessmen t.

The TGR OUT output of the TGR/DCC b oard whic h is set HIGH during a clo c k

p erio d when t w o photon hits inside the selected time windo w are detected (Fig. 6.29)

w as feed in to a CAEN N470 NIM scaler. F or the sensitivit y measuremen ts rep orted in
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this section, the energy windo ws w as set to 350�700 k e V and a time windo w of 20 ns w as

selected b ecause of the 101 kBq activit y of the

22
Na source (since random coincidences

are suppressed due to the lo w activit y of the source).

In order to searc h for the p eak sensitivit y of the system, a XYZ scan w as p erformed in

steps of 0.5 mm. After the p eak sensitivit y has b een found in a giv en axis, the follo wing

axis w as scanned starting from that p oin t un til the p oin t that maximizes the detector

sensitivit y in the new axis. The t w o photon system sensitivit y as function of the rotation

axis of the scanner, de�ned as the fraction of detected t w o photon ev en ts o v er the total

n um b er of deca ys, w as corrected b y the branc hing ratio of the

22
Na deca y to a single 1.2

Me V photon and b y the presence of random coincidences when the

22
Na w as remo v ed

from the �eld-of-view. Without the

22
Na, coincidences arise either due to random single

photons or from bac kground coincidences of the

176
Lu. The measured random rate w as 24

Hz, in go o d agreemen t with the Mon te Carlo sim ulations that yield a random rate of 20

Hz [ T rindade2007 ]. The system sensitivit y pro�le, along the rotation axis for a separation

distance b et w een the external carb on �b er detector housing of 70 mm, equiv alen t to

a separation distance b et w een the crystal top face of 132 mm, is sho wn in Fig. 6.30.

After correction b y the

176
Lu con tribution and

22
Na branc hing ration, the p eak sensitivit y

amoun ts to 1.33%.
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Figure 6.30: ClearPEM sensitivit y with axial distance.

T w o larger irregularities on the sensitivit y pro�le can b e found at roughly -20 and +20

mm and these, according to Mon te Carlo sim ulations, are due to dead spaces b et w een the

detector sup ermo dules. The region comprehended b et w een -25 and +25 mm corresp onds

to the cen tral SM, whic h is consisten t with the fact that eac h SM has a width of ab out

4.5 cm.

160



CHAPTER 6. CLEARPEM DETECTOR HEAD V ALID A TION

A ccording to the Mon te Carlo sim ulation, the system sensitivit y for a separation dis-

tance of 70 mm (equiv alen t to a crystal separation distance of 132 mm) should b e 4.1%.

This v alue has to b e corrected b y the follo wing factors:

1. The Gean t4 Mon te Carlo sim ulation assumed a detector mo dule with a pac king

fraction of 0.52. Ho w ev er the plastic assem bly , describ ed in Chapter 3, in tro duces addi-

tional dead spaces leading to a decrease do wn to 0.47. The sensitivit y is prop ortional to

the square of the pac king fraction and, therefore, the Mon te Carlo sim ulations ha v e to b e

corrected b y a factor of (0.46/0.52)

2
, or 0.78.

2. The Gean t4 Mon te Carlo sim ulations assumed T yv ek re�ector w alls, since those

w ere made b efore the adoption of the BaSO 4 solution. Due to higher densit y and e�ectiv e

atomic n um b er of the BaSO 4 , photons ha v e a larger probabilit y of b eing absorb ed in the

300�600 � m thic kness w alls. Mon te Carlo sim ulations in whic h T yv ek w as replaced b y

BaSO 4 w ere done, indicating that the original T yv ek sim ulations need to b e corrected b y

an additional term of 0.85 (15% additional atten uation).

When these t w o factors are tak en in to accoun t, the original Mon te Carlo sensitivit y

estimation decreases from 4.1% to 2.7% (also assuming an energy windo w of 350�700 k e V).

A third factor, whic h will need additional Mon te Carlo sim ulations and therefore w as not

tak en in to accoun t, is that the exp erimen tal measuremen ts of the ClearPEM scanner w ere

made with only 75% of the SMs assem bled. This con tributes to a decrease of the solid

angle co v erage. As explained earlier, the system sensitivit y scales also quadratically with

the solid angle co v erage.
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Figure 6.31: ClearPEM sensitivit y with detector heads distance.

The p eak system sensitivit y as function of the distance b et w een the detector heads

external housing is sho wn in Fig. 6.31, decreasing from the 1.33% at 70 mm do wn to

0.18% for a detector heads distance of 350 mm. F urther sensitivit y assessmen t will b e

carried out when the remain SM are assem bled, during the �nal detector upgrade.
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6.5 Summary and Discussion

The measuremen ts sho wn in this c hapter con�rm the go o d p erformance of the ClearPEM

sup ermo dules, indicating that the in tegration of a large n um b er of c hannels in a v ery

compact readout system do es not lead to a degradation on the basic sp ectrometric p er-

formances of the dev elop ed detector mo dules, namely its energy and DOI measuremen t

capabilit y . All mo dules w ere re�moun ted with the National Diagnostics Histomoun t me-

dia, follo wing the results describ ed in Chapter 5. The main consequence of this c hange

w as a consisten t impro v emen t in the ligh t collection and the ligh t collection asymmetry

(5.85%/mm � 8%) in comparison with the individual detector matrices mo dules mea-

suremen ts (3.26%/mm � 22%). The higher the C � 1
DOI means that the ligh t asymmetry

b et w een top and b ottom APDs is higher, therefore allo wing a b etter determination of the

z co ordinate where the photon in teraction o ccurs, impro ving the scanner p erformance.

Regarding the energy resolution and photop eak v ariabilit y , results are consisten t with the

�rst measuremen ts but with a signi�can t di�erence: while in the �rst measuremen ts, only

32 crystals (2 HV lines) w ere readout, with the sup ermo dules eac h aquisition measure-

men t allo ws to pro cess 384 crystals (48 HV lines) in the same run. The small disp ersion

in the krel in ter�pixel calibration constan t indicates that the HV m ultiplexing sc heme,

in tro duced in the ClearPEM scanner to bias a total of 768 APD sub-matrices, do es not

lead to a degradation on the system p erformance. The disp ersion of the absolute gain

(or photop eak p osition) is less than 15% whic h indicates that the c hange in the optical

medium do es not in tro duce additional v ariabilit y in the ligh t collection. In fact, the en-

ergy resolution and photop eak v ariabilit y is systematic b etter than most m ulti�pixel APD

animal PET systems [ W ang2006 , Roldan2007 , Lecomte2009 , Ziegler2005 ], in spite of the

fact that the double-readout con�guration decreases the ammoun t of collected ligh t. Mea-

suremen ts with the assem bled ClearPEM scanner ha v e con�rm the excelen t p erformance

that re�ects in a spatial resolution b et w een 1.3�1.6 mm FWHM v ery close to theoretical

limit for the 1:1 individual crystal�photosensor coupling.

In the end of Decem b er of 2008, the scanner w as re-assem bled in the n uclear depart-

men t of IPO�P orto where commissioning w ork w as carried out to con�rm the earlier

measuremen ts at T agusLIP . Sensitivit y assessmen t of 75% assem bled ClearPEM scanner

w as p erformed with a

22
Na source and the p eak sensitivit y is 1.33%. F urther assessemen t

of the system sensitivit y of the fully assem bled scanner is foreseen after the upgrade phase,

sc heduled to the end of 2009. The commissioning phase w as concluded in April 2009 and

the detector w as considered to b e ready for the pre-clinical trials phase.

162



Summary and Conclusions

The ClearPEM detector w as dev elop ed b y the P ortuguese PET Consortium under the

framew ork of the Crystal Clear Collab oration for early stage breast cancer detection.

The scanner w as dev elop ed based on three main guidelines: lo w bac kground, minimizing

the fraction of random coincidences under a high �ux of single photons (up to 10 MHz);

high sensitivit y; and spatial resolution do wn to 2 mm. Due to the small lesion dimensions

in the early stage of the disease, detection tec hniques require a large sensitivit y and high

resolution, with the aim to increase the signal o v er bac kground signi�cance. Sensitivit y

is an imp ortan t parameter on the design as it allo ws a lo w er injected dose and a shorter

examination time. This is particularly imp ortan t in determining the frequency of scans

for w omen as w ell as the lo w er limit of their age for systematic screening. Sensitivit y

dep ends on geometrical and ph ysical parameters of the detector. The detector geometry

m ust co v er the largest solid angle p ossible, although some limitations are imp osed b y im-

age reconstruction considerations as w ell as b y the sp eci�cit y of h uman b o dy anatom y and

examination practice. The detector thic kness and the crystal ph ysical prop erties (den-

sit y and comp osition) determine the photo electric in teraction probabilit y for the emitted

photons and in consequence ha v e a direct impact on ClearPEM sensitivit y . On the other

hand, the crystal length is resp onsible for the parallax e�ect in the image reconstruction

pro cess and the consequen t degradation in spatial resolution. P arallax e�ect in ClearPEM

is an imp ortan t issue since the planar detector heads are lo cated close to the ob ject under

examination. In consequence, high-densit y crystals com bined with depth-of-in teraction

information w ere required for the detector. The crystal transv erse dimensions (ab out 2

� 2 mm

2
) w ere determined b y the desired p osition resolution, whereas the longitudinal

dimension (20 mm) w as dictated b y the required detector sensitivit y . Depth-of-in teraction

information in the ClearPEM detector is obtained b y collecting the crystal ligh t in the

fron t and bac k faces and using the relativ e amplitude of the t w o signals to estimate the

longitudinal co ordinate of the in teraction p oin t.

This thesis presen ts the ev aluation of the ClearPEM detector mo dule design, namely

the c haracterization of basic p erformance parameters of the S8550 APD as w ell as the

optimization pro cess of the crystal p olish and wrappings that as led to the �nal con-

�guration, based on a highly di�usiv e re�ector build from BaSO 4 and sligh tly p olished

crystals. The ClearPEM detector mo dule consists on 32 L YSO:Ce crystals with 2 � 2 � 20

mm

3
encased in a BaSO 4 matrix, readout at b oth ends b y t w o Hamamatsu S8550 4 � 8
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APD arra ys, sho wing an energy resolution of 15% at 511 k e V, DOI resolution b etter than

2 mm and ligh t collection (photop eak p osition) disp ersion b etter than 20%. A k ey ingre-

dien t for these results is a stable op eration b y the APDs. Sev eral S8550s w ere ev aluated in

the course of this w ork in relation to their linearit y , excess noise and resp onse to optical

ligh t in the UV long/blue short region as w ell as to direct ionization of

55
F e. A go o d

long-term stabilit y , at the 2% lev el w as found. Indep enden t measuremen ts con�rmed

that the excess noise factor in the S8550 is lo w. A mean excess noise factor, for 420 nm

ligh t, of 1.83 at gain 70 w as found. As comparison, the RMD A1604 16 (4 � 4) m ulti-

pixel sho ws an excess noise factor at gain 50�100 of 2, rising to 3 at gain 1000. F or the

quiet mo derate excess noise of the S8550 con tributes an a v alanc he la y er no larger than

4 � m. In ter-pixel gain v ariabilit y (5.7% r.m.s.) w as observ ed to b e constan t (2% lev el)

o v er time. The di�eren t gain b eha viour of the S8550 APD when sub ject to a blue ligh t

illumination (420 nm) or to direct ionization of 5.9 k e V from

55
F e w as examined. The

decrease of the ratio R x,light is consisten t with the small thic kness of the a v alanc he region.

Long-term stabilit y of the ClearPEM mo dules w as appraised and the e�ects on the p er-

formance of a reassem bled mo dule w as studied. Signal yield and asymmetry parameters

su�er considerable v ariations when reassem bling the mo dule. T o minimize in ter-matrix

v ariations for homogeneous resp onse scanner, sp ecial care m ust b e tak en when assem bling

the mo dules, in particular with the application of the optical grease. Results sho w that

one y ear after the detector mo dules w ere assem bled a mean ligh t collection reduction of

ab out 12% and a decrease of the ligh t collection asymmetry , whic h is fundamen tal for

the DOI measuremen t, of almost 30% w as observ ed. The degradation can b e reco v ered

b y re-assem bling the detector mo dules. As result of this study , a revision of the optical

coupling b et w een the crystal and the APD w as p erformed and a new optical coupling

media w as selected.

The degree of crosstalk has particularly imp ortan t implications for the design of the

ClearPEM fron t-end electronics. If high enough, crosstalk can generate false triggering in

c hannels adjacen t to the actual ev en t. Due to arc hitecture of the Clear PEM ASIC, 192

input c hannels, corresp onding to 6 APDs, are m ultiplexed to 2 outputs. If 3 c hannels are

higher than the common threshold, an error bit signals that part of the information w as

lost. In this case, the o�-detector electronics discard the en tire ev en t, leading to a loss

of e�ciency . On the other hand, it can b e suppressed b y su�cien tly increasing the ASIC

threshold, but on the other hand a threshold to o high can already prev en t v alid ev en ts on

the lo w er gain c hannels from b eing detected. W orking with small adjacen t crystal ma y

lead to in ter-crystal crosstalk con tamination, whic h arises from Compton scattering from

one crystal to another or p ossibly the escap e of the photo electron from the primary crys-

tal follo wing photo electric absorption. Ligh t sharing b et w een t w o pixels due to p osition

mismatc h of the crystal pixel - APD pixel, ine�cien t optical isolation, degradation or

absence of the optical coupling in terface crystal-APD ma y also induce crosstalk. This pa-

rameter w as ev aluated in a series of measuremen ts dedicated to the study of the p ossible

causes of crosstalk. It w as found that there is no relev an t electrical or optical crosstalk

on the S8550 APD, b eing the ma jor con tribution to the detector mo dule crosstalk from

the small pixels separated b y a 300 � m la y er of BaSO 4 . The con tribution of crosstalk

164



Summary and Conclusions

on the ClearPEM detector mo dules, despite the pixelized matrix con�guration, is small.

The �rst 24 detector mo dules presen t a v erage crosstalk of 3% and the o v erall ev aluation

of 80 detector mo dules reassures the small con tamination. Measuremen ts in di�eren t

conditions and with di�eren t discrete electronics did not disturb ed the ev aluation of the

crosstalk, but p ermitted to inferred a higher con tamination on the double readout sc heme

electronics, probably due to curren t sharing b et w een the PCB traces. Nev ertheless, the

a v erage crosstalk v alue remained small, so this issue w as not further in v estigated.

In spite of the signi�can t dev elopmen t and go o d p erformance ac hiev ed, optimization

the ClearPEM detector mo dule design is a con tin uous w ork. T riggered b y the aging prob-

lems detected with the optical grease, sev eral optical coupling materials w ere studied,

ev olving for a p ermanen t solution with b etter p erformance. T o increase the sensibilit y

of the detector mo dules, e�orts on impro ving the pac king fraction of the ClearPEM de-

tector mo dule, whic h is 64% and is mainly constrained b y the S8550 APD matrix la y out

and the thic kness of the BaSO 4 w alls, w ere explored with a new matrix with 2.2 � 2.2 � 30

mm

3
crystals and thinner sp ecular re�ector w alls. More o v er, the lo w in ternal gain of the

APD and the lo w ligh collection are curren tly the limiting factors in time resolution (5

ns FWHM measured with ClearPEM). F urther impro v emen ts on the timing information

require an increase on the ligh t collection whic h is limited b y the 1.6 � 1.6 mm

2
APD pixel

matc hing with the 2 � 2 mm

2
cross-section crystals. P ossible solutions lik e the redesign of

the S8550 APD w ere addressed. As a result of this w ork, a new APD, with 1.8 � 1.8 mm

2

pixels, quan tum e�ciency of 90% at 420 nm and gain 200, w as dev elop ed b y Radiation

Monitoring Devices, under a frame con tract with LIP .

Besides the ligh t collection asp ect, the detection sensitivit y of the scanner w as also a

parameter of concern. In crystal pixel-based mo dules, the pac king fraction is generally

reduced due to the compromise b et w een re�ector thic kness and ligh t collection isolation.

Since the detection sensitivit y of 511 k e V photon pairs follo ws the square of the pac king

fraction, marginally impro v emen ts in the pac king fraction ma y in tro duce signi�can t gains

on the scanner p erformance, allo wing to ac hiev e higher v alues of lesion detectabilit y in

shorter time exams. The crystal length is also a parameter that can b e optimized. Usually ,

in scanners without DOI in teraction capabilit y , the length of the crystal is sub-optimal

to a v oid the in tro duction of the parallax e�ect. In the ClearPEM case, 20 mm crystals

can b e used since the double readout sc heme allo ws to extract the DOI co ordinate with

a resolution b etter than 2 mm, minimizing the e�ect of the parallax e�ect while o�ering

a mo derate detection e�ciency for 511 k e V photons.

P ermanen t optical glues w ere explored in terms of the ligh t collection, energy reso-

lution and DOI resolution. Three options w ere explored: Meltmoun t, R TV 3145 and

Histomoun t. Initial tests with Meltmoun t sho wn a sup erior ligh t collection capabilit y

o v er grease, with a gain up to 30% and a signi�can t impro v emen t in the ligh t collection

asymmetry (from 4%/mm up to 5.6%/mm). Long-term stabilit y measuremen ts did not

sho w an y decrease of ligh t collection with time. The main issue with this optical glue w as

the need to p erform the mo dules moun ting and un-moun ting at high temp erature, sligh tly

ab o v e 65 degree Celsius. A t this temp erature, man ual manipulation of the detector mo d-
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ule is more di�cult leading to the formation of air bubbles in the application phase.

These bubbles can in tro duce a systematic asymmetry in the ligh t collection b et w een the

top and b ottom APDs, whic h in turn lead to a degradation of the energy resolution.

T ests with Histomoun t ha v e sho wn a similar p erformance to Meltmoun t in terms of the

ligh t yield (20�30% impro v emen t) and DOI resolution (5.5�6%/mm). Energy resolution

w as systematic b etter than grease, largely out-p erforming the Meltmoun t mo dule energy

resolution. As result of this w ork, it w as decided to re-assem ble all ClearPEM matrices

with Histomoun t. The scanner sp ectrometric results obtained with this optical medium

are w ell within the initial requiremen ts, whic h has led the adoption of the Histomoun t

moun ting coupling also for the detector mo dules of the second ClearPEM scanner, named

ClearPEM�Sonic, whic h com bines the ClearPEM tec hnology with an Ultrasound imaging

device.

While the optimization of the optical coupling media led to a go o d stabilit y in the ligh t

collection, with direct consequences in the obtained energy , DOI and time resolution, opti-

mization studies of the detector mo dule pac king fraction and detection e�ciency w ere also

carried out. The initial approac h consisted on the exploration of a no v el matrices design,

man ufactured b y Proteus Inc, comp osed b y L YSO crystals with cross-sections of 2.2 � 2.2

mm

2
, with 30 mm length, optically isolated b y a la y er of Vikuiti

T M
sp ecular re�ector with

61�68 micron thic k. The reduction on the optical la y er thic kness from 300 � m in BaSO 4

to 70 � m with the Vikuiti

T M
re�ector, together with the larger crystal cross-section, al-

lo ws increasing the pac king fraction up to 90%, a gain in detection sensitivit y of ab out a

factor of 1.48. When the crystal length of 30 mm is tak en in to consideration, the o v erall

detection sensitivit y gain go es from 1.48 to 2.1. Characterization results ha v e sho wn that

matrices with this design, using p olished crystal, in a single readout, ac hiev e b etter en-

ergy resolutions (12.5% at 662 k e V) in comparison with the mean energy resolution of the

standard ClearPEM BaSO 4 mo dules (14.5% at 662 k e V) and T yv ek based mo dules (17.8%

at 662 k e V). A smaller ligh t collection disp ersion b et w een di�eren t pixels w as also found

(6.2%) in comparison with the BaSO 4 (12.7%) and T yv ek (34.8%) matrices. With the use

of crystals with larger cross-section, there w as a concern on the increase of the crosstalk,

since the larger crystal dimension mak e more prone a giv en crystal b eing readout b y t w o

di�eren t pixel APD. Crosstalk w as ev aluated for the Proteus, BaSO 4 and T yv ek matrices.

Similar v alues of crosstalk b et w een the Proteus (11.9%) and the standard BaSO 4 (10.7%)

matrices w ere found. The T yv ek matrix has sho wn a sub-optim um p erformance in terms

of crosstalk (24.1%). In o v erall, the Proteus design allo ws to ac hiev e signi�can t b etter re-

sults than the BaSO 4 design in a single readout option. In the double readout option, and

due to the use p olished L YSO crystals together with a sp ecular re�ector, DOI information

cannot b e extracted since there is no mec hanism that creates a ligh t collection asymmetry

as function of the in teraction depth of the photon in the crystal. T o b ypass this di�cult y ,

matrices, follo wing the Proteus design, w ere man ufactured using crystals in whic h the

lateral 30 mm surfaces w ere lea v ed as-cut. In this approac h, DOI information can b e

extracted, with a DOI resolution of ab out 1.7 mm, at the exp ense of a degradation in the

ligh t collection and the energy resolution. F urther studies, outside the scop e of this thesis,

w ere carried out in whic h crystals ha ving a mixture of p olished and sa w-cut surfaces w ere

coupled to Vikuiti

T M
. In matrices with t w o sides p olished, DOI resolutions in the 2.3

166



Summary and Conclusions

mm range, with energy resolutions of 16% at 511 k e V w ere ac hiev ed, op ening the p ossi-

bilit y to use this t yp e of detector mo dule design for scanners with double readout sc hemes.

Before the �nal in tegration of the ClearPEM scanner w as completed, sev eral partial

in tegration and engineering runs w ere carried out at T agusLIP . One of the most imp or-

tan t activities consisted on the v alidation of the sup ermo dules, eac h unit comprehending

a set of t w elv e detector mo dules, whose individual p erformance w as measured in dedi-

cated discrete electronics setup, to c haracterize its p erformance b efore the �nal assem bly

of the sup ermo dules inside the ClearPEM detector heads could to ok place. The tests

of the sup ermo dules allo w ed to assess the p erformance of the detector mo dules in their

�nal w orking en vironmen t, com bining instrumen tation e�ects in tro duced b y the fron tend

electronics readout and the pro cessing of the data �o w b y the data acquisition electronics

and trigger system, allo wing a direct comparison with the previous results obtained in dis-

crete electronics test b enc hes. Measuremen ts ha v e con�rmed the go o d p erformance of the

ClearPEM sup ermo dules, indicating that the in tegration of a large n um b er of c hannels in

a v ery compact readout system do es not lead to a degradation on the basic sp ectrometric

p erformances of the dev elop ed detector mo dules, namely its energy and DOI measuremen t

capabilit y . The main consequence of c hanging the optical coupling media w as a consisten t

impro v emen t in the ligh t collection and the ligh t collection asymmetry (5.85%/mm � 8%)

in comparison with the individual detector matrices mo dules measuremen ts (3.26%/mm

� 22%). The small disp ersion in the krel in ter-pixel calibration constan t indicates that

the HV m ultiplexing sc heme adopted for the ClearPEM scanner to bias a total of 768

APD sub-matrices do es not lead to a degradation on the system p erformance. The dis-

p ersion of the absolute gain (or photop eak p osition) is less than 15% whic h indicates that

the c hange in the optical medium has not in tro duced additional v ariabilit y in the ligh t

collection.

In the end of Decem b er of 2008, the scanner w as re-assem bled in the Nuclear Medicine

departmen t of IPO�P orto where commissioning w ork w as carried out to con�rm the ear-

lier measuremen ts at T agusLIP . This phase w as concluded in April 2009 and the detector

w as considered to b e ready for the pre-clinical trials phase, whic h has started in June

2009. The �rst commissioning results ha v e sho wn 99.7% activ e c hannels, whic h, after cal-

ibration, ha v e in ter-pixel and absolute gain distributions with disp ersions of, resp ectiv ely ,

12.2% and 15.3%, demonstrating that, despite the large n um b er of c hannels, the system

is uniform. The a v erage energy resolution at 511 k e V is 15.9% (8.8% disp ersion) and a

DOI resolution b etter than 2 mm FWHM. The coincidence time resolution, at 511 k e V,

for an energy windo w b et w een 400 and 600 k e V, is 5.2 ns FWHM. The �rst images ha v e

demonstrated a spatial resolution of 1.3 mm at the cen tre of the �eld of view (F O V), close

to the theoretical limit for crystals with 2 � 2 mm

2
cross-section.

Prosp ects of F uture W ork

Animal mo dels of h uman disease are an imp ortan t and widely used researc h to ol in

understanding disease pro cesses and ev aluating p oten tial therapies. Among the sev eral

imaging tec hnologies applied to in vivo studies of researc h animals, p ositron emission
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tomograph y (PET) is a n uclear imaging tec hnique that p ermits the spatial and temp o-

ral distribution of comp ounds lab eled with a p ositron-emitting radion uclide to b e deter-

mined nonin v asiv ely . Man y di�eren t p ositron-lab eled comp ounds ha v e b een syn thesized

as tracers that target a range of sp eci�c mark ers or path w a ys. These tracers p ermit the

measuremen t of quan tities of biological in terest, ranging from glucose metab olism to gene

expression. PET has b een extensiv ely used in imaging studies of larger researc h animals

suc h as dogs and nonh uman primates. Using high-resolution dedicated animal PET scan-

ners, these t yp es of studies can b e p erformed in small lab oratory animals suc h as mice

and rats.

The mouse is the exp erimen tal mo del of c hoice in man y situations due to a range of

factors including relativ ely high genetic homology with man and widespread exp ertise and

w ell dev elop ed metho dology for genetic manipulation. PET enables rep eat studies in a

single sub ject and signi�can t data can b e obtained from a handful of animals without the

need to euthanize h undreds of animals that migh t b e required for a similar study with

other imaging tec hniques.

In P ortugal, there is a w ell established and activ e comm unit y on biomedical researc h,

namely in the genetic basis of dev elopmen t and ev olution of complex systems, lik e mice

and rats, and on the genetics of complex h uman diseases, lik e cancer. In this con text, the

design and installation in P ortugal of a PET scanner sp ecially tailored for Small Animal

(PET-SA) imaging could extend the imaging sp ectrum a v ailable for study of genetic reg-

ulated pro cesses and pharmaceutical kinetics studies.

The p erformance sho wn b y the Clear-PEM scanner is suitable for small animal imag-

ing, whic h ha v e motiv ated the redesign of the baseline ClearPEM tec hnology for this

application, in order to b e fully comp etitiv e with other small animal PET scanners in the

mark et. This new scanner will b e assem bled on a �xed planar con�guration, with a F O V

of ab out 9 � 14 cm

2
, ha ving a total of 6144 APD pixels.

Characterization in terms of ligh t collection, energy resolution, DOI resolution, in ter-

pixel crosstalk and long-term stabilit y , ev olving from p erformance ev aluation of the base-

line detector mo dule, passing b y electrical and mec hanical assem bly v alidation to the

in tegration phase of the full PET-SA scanner, will b e carried out.

In order to p erform exams with small animals, legal conditions on the judgmen ts re-

quired in the managemen t of animal facilities and radiation protection ha v e to b e ful�lled

and certi�ed in terms of animal w elfare. The small animal PET-SA scanner will b e ph ys-

ical installed at the T agusLIP . F or that, the existing hot area needs a ma jor o v erhaul.

Proto cols for animal care and use and corresp onding certi�cation pro cesses will b e con-

duced. Supp ort will b e pro vided in animal PET images logistics, ensuring institutional

p olicies and resp onsibilities on animal en vironmen t, h usbandry , managemen t and v eteri-

nary care. P articipation in exam trials aimed at demonstrating the p erformance of the

PET-SA/CT scanner in high resolution animal PET and CT images will b e carried out.
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Man y di�eren t t yp es of radiation ha v e b een exploited to pro vide images of the struc-

ture and function of tissues inside a living sub ject. Eac h imaging mo dalit y is c haracterized

b y di�eren t resolutions on the spatial and temp oral scales, and b y a di�eren t sensitivit y

for measuring prop erties related to morphology or function. Com binations that in te-

grate the strengths of t w o imaging mo dalities and, at the same time, eliminate one or

more w eaknesses of an individual mo dalit y , th us o�er the prosp ect of impro v ed diagnos-

tics, therap eutic monitoring, and preclinical researc h using imaging approac hes. In this

con text, the PET - Consortium in collab oration with the CERIMED organization and

CERN has started the dev elopmen t of the ClearPEM-Sonic scanner. The ClearPEM-

Sonic is a dual mo dalit y scanner (PET and Ultrasound) dedicated breast imaging camera

for ev aluation of correlations b et w een di�eren t radiotracer uptak es and no dule elastomeric

parameters for breast cancer.

The PET-SA scanner with its CT extension as w ell as the ClearPEM-Sonic scanner

will corresp ond to a signi�can t landmark in terms of m ultimo dalit y imaging in relation

to the curren t commercial solutions. Ho w ev er, b oth scanners rely on the in tegration of

di�eren t apparatus (PET/CT/US) in the same mac hine, whic h increases the o v erall sys-

tem complexit y and cost. F urther impro v emen ts to this approac h are th us desirable. One

of the most promising researc h lines will b e the dev elopmen t of a single detector mo dule

that is able to detect not only the 511 k e V photons relev an t to PET imaging but also

lo w-energy X-ra y photons (20�50 k e V) for CT imaging and in termediate energy photons

(100�150 k e V) for Single Photon Emission Computerized T omograph y (SPECT). This

dev elopmen t w ould then b e used as a starting p oin t for the design of a new scanner that

is able to acquire using the same electronics, images in PET, SPECT mo de and CT mo de.

The addition of SPECT capabilities will allo w carrying sim ultaneous imaging studies with

di�eren t radiopharmaceuticals in order to obtain images of the di�eren t bio c hemical path-

w a ys in v olv ed, for example, in gene expression and regulation.

The initial phase of the w ork will consist on the dev elopmen t, in collab oration with

a leading APD man ufacturer, of an APD m ulti-pixel arra y with higher gain (200�1000).

This APD will b e used for ligh t collection using L YSO:Ce crystal matrices or other scin-

tillation crystals (lik e LaBr 3 :Ce). The use of an APD with higher gains (curren t APDs

are limited to gains 100�150) will enable the detection of X-ra ys, op ening a new windo w

in the small animal studies, com bining anatomical information from X-ra y images with

metab olic images from PET/SPECT detectors. The dev elopmen t of a high gain APD,

with a large activ e region, and exploration of Silicon Photom ultiplier photo detectors

(gains of 10

4
�10

5
) is exp ected also to reduce some of the factors that limit the time reso-

lution obtainable with the curren t Clear-PEM scanner tec hnology (lo w in ternal gain of the

APD S8550 from Hamamatsu and the lo w ligh t collection due to the 1.6 � 1.6 mm

2
APD

pixel matc hing with the 2 � 2 mm

2
cross-section crystals). Exp erimen tal c haracterization

of the dev elop ed APDs will b e p erformed and results will b e used to select the b est APDs

or SiPM for this m ultimo dalit y application.

In parallel with the w ork to dev elop an enhanced APD, in v estigation will b e carried

out on the optimization of the detector mo dule crystal arra y and re�ector wrapping, with
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Summary and Conclusions

the aim to increase the total ligh t collected, enabling the detection of photons from 20

k e V to 511 k e V co v ering the energy range of in terest for m ultimo dalit y PET/SPECT/CT.

P ossible solutions lik e the exploration of the new brigh t scin tillator suc h as LaBr3:Ce (60

000 optical photons p er Me V in comparison with the 27 000 optical photons p er Me V

with L YSO:Ce), and sp ecular re�ector materials with thic kness of the order of 70 � m will

b e p erformed.
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