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Abstra
tThe ClearPEM dete
tor was developed by the Portuguese PET Consortium under the frameworkof the Crystal Clear Collaboration for early stage breast 
an
er dete
tion. The s
anner relies ona modular design in whi
h γ-ray dete
tor modules are readout by low-noise ASICs. FPGAs thenextra
t the information for energy and timing measurements required for the sele
tion of eventsin 
oin
iden
e. The baseline dete
tor module 
omprises avalan
he photodiodes arrays (APDs)to 
olle
t the light from 2×2×20 mm3 LYSO:Ce 
rystals, assembled on a matrix of 4×8 
rystals,individually en
ased in BaSO4. Double readout ar
hite
ture is provided by two APDs, one atea
h end of the 
rystal matrix, endeavouring depth-of-intera
tion (DOI) 
apability.In the s
ope of this thesis, experimental tests were performed in order to 
hara
terize thebaseline dete
tor module, 
onsidering light yield, energy resolution, inter-
rystal 
rosstalk andDOI resolution. 80 dete
tor modules (42% of the total) were measured and average resultswere obtained with 13�14% energy resolution at 662 keV and a typi
al DOI resolution of 2.2mm FWHM. Long-term stability of the dete
tor modules was also appraised, showing a severedegradation in DOI resolution (30% in one year). This degradation was studied and identi�edto be 
aused by a aging e�e
t of the opti
al interfa
e used between the 
rystal and the APD.Due to pixelized disposal and dete
tor 
ompa
tness, inter-
rystal 
rosstalk needs to be assessas it 
an generate false triggering in 
hannels adja
ent to the main event. The degree of 
rosstalkhas 
riti
al impli
ations on the spe
i�
ations of the front-end ele
troni
s. Dedi
ated studies haveshown that within the dete
tor module the average 
rosstalk is small (3 to 7%).In order to improve the dete
tion sensitivity and spatial resolution of the s
anner, the dete
-tor module was revised. Permanent opti
al solutions like Meltmount and Histomount were testedin terms of performan
e and me
hani
al properties. Modules assembled with Histomount haveshown a superior light 
olle
tion (20�30% improvement) and DOI resolution (5.5�6%/mm), in
omparison with the baseline dete
tor module. Di�erent 
rystal dimensions and 
rystal 
oatingswere also 
ompared. Exploratory experimental work was 
arried out with new 
rystal matri
es,with 2.2×2.2×30 mm3 LYSO:Ce 
rystals wrapped in a spe
ular re�e
tor (78% pa
king fra
-tion). Based on these studies, all ClearPEM produ
tion dete
tor modules were re-assembledwith Histomount 
oupling medium.The ClearPEM s
anner has two dete
tor planar heads 
omprising 8 supermodules, in atotal of 192 dete
tor modules. The integration of the supermodules was performed su

essfullyand performan
e test results were in good agreement with the obtained for individual dete
tormodules. In late 2008, the ClearPEM s
anner was transfered to IPO Hospital fa
ilities for 
lini
altrials. Chara
terization of the s
anner performan
e showed a spatial resolution of 1.3�1.6 mm,15.9% energy resolution at 511 keV and time resolution of 5.2 ns FWHM, in fully agreementwith the initial performan
e requisites.Key-words: Positron Emission Tomography, Dete
tor Module, Avalan
he Photodiodes,S
intillation Crystals, Opti
al Couplings, Crosstalk.





ResumoO dete
tor ClearPEM é um tomógrafo desenvolvido pelo 
onsór
io português PET�Mamogra�a,no âmbito da 
olaboração interna
ional Crystal Clear e do CERN, para a dete
ção pre
o
ede 
an
ro da mama. O protótipo é baseado em módulos dete
tores 
onstituídos por 
ristais
intiladores de LYSO:Ce 
om 2×2×20 mm3, dispostos numa matriz de BaSO4 de 4×8 
ristais,lidos individualmente, por fotodíodos de avalan
he pixelizados, possibilitando a determinação da
oordenada longitudinal da intera
ção do fotão no 
ristal (DOI). Os módulos dete
tores são lidospor um sistema de ele
tróni
a rápida e de baixo ruído, que extrai a informação em tempo e deenergia, ne
essária à sele
ção de fotões em 
oin
idên
ia.No âmbito desta tese, foram realizados estudos experimentais de 
ara
terização do módulodete
tor, 
onsiderando a 
ole
ção de luz, a resolução em energia, a distribuição do sinal prin
ipalentre 
anais adja
entes (
rosstalk) e resolução DOI. 80 módulos (42% do total) foram medidos
om resultados médios de 13�14% de resolução em energia a 662 keV e uma resolução DOI de2.2 mm FWHM a
ompanhada por uma assimetria de 
ole
ção de luz de 4 %/mm. Estudos deestabilidade ao longo do tempo mostram uma degradação de 
er
a de 30% na resolução DOI noperíodo de um ano. A 
ausa desta degradação foi identi�
ada, sendo devido ao envelhe
imentodo a
oplamento ópti
o utilizado, Rhodorsil Paste 7 grease.Sendo o módulo dete
tor bastante 
ompa
to e pixelizado, o 
rosstalk entre 
anais foi 
on-siderado 
omo sendo um parâmetro de relevân
ia, uma vez que in�uen
ia as espe
i�
ações daele
tróni
a integrada de frontend (ASIC). Estudos dedi
ados demonstraram que o 
rosstalk nomódulo dete
tor é baixo (3 a 7%).Com o obje
tivo de melhorar a sensibilidade de dete
ção e resolução espa
ial do tomógrafo,o módulo dete
tor foi revisto. Neste sentido, os a
oplamentos ópti
os Meltmount e Histomountforam testados em termos de desempenho e propriedades me
âni
as. Veri�
ou-se que os módulosmontados 
om Histomount 
ole
tavam mais luz (20�30% superior) e obtinham 5.5�6%/mm deassimetria de 
ole
ção de luz, em 
omparação 
om o módulo de produção. Foram ainda explo-radas outras alterações ao módulo, 
omo a utilização de 
ristais de diferentes dimensões e umnovo re�e
tor, realizando-se testes 
om uma nova matriz de 
ristais de LYSO:Ce 
om 2.2×2.2×30mm3, revestidos por um re�e
tor espe
ular (fra
ção de empa
otamento 78%). Com base nos re-sultados obtidos neste trabalho, todos os módulos do dete
tor ClearPEM foram remontados 
omo a
oplamento Histomount.O tomógrafo ClearPEM possui duas 
abeças dete
toras 
onstituídas por 8 supermódulos, numtotal de 192 módulos. Pro
edeu-se à integração dos supermódulos e os resultados dos testes dedesempenho estão de a
ordo 
om os obtidos 
om os módulos dete
tores medidos individualmente.No �nal de 2008, o dete
tor ClearPEM foi transferido para o IPO-Porto para ensaios 
líni
os. Odesempenho do dete
tor 
ara
teriza-se por 1.3�1.6 mm de resolução espa
ial, 
om resolução emenergia de 15.9% para 511 keV e resolução temporal de 5.2 ns FWHM, 
umprindo os requisitosini
iais do dete
tor.Palavras-
have: Tomogra�a por Emissão de Positrões, Módulo Dete
tor, Fotodíodos deAvalan
he, Cristais de Cintilação, A
oplamentos Ópti
os, Crosstalk.
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Introdu
tion
Positron Emission Tomography (PET) is a well established nu
lear medi
ine imaging te
h-nique, widely use in On
ology, Cardiology and Neurology, to dete
t 
an
er tumors andsear
h for metastases, heart disease and 
ertain brain disorders. It produ
es a image ormap of fun
tional pro
esses in the body, by the inje
tion of a short-lived radioa
tive tra
erisotope, whi
h de
ays by emitting a positron, that also has been 
hemi
ally in
orporatedinto a biologi
ally a
tive mole
ule, into the blood stream. As the radioisotope undergoes
β+ de
ay, it emits a positron whi
h annihilates with an ele
tron of the medium, produ
inga pair of photons moving in opposite dire
tions that are dete
ted by the s
anner to 
reatethe image.Can
er is a leading 
ause of death worldwide: it a

ounted for 7.9 million deaths (around13% of all deaths) in 2007. Lung, stoma
h, liver, 
olon and breast 
an
er 
ause the most
an
er deaths ea
h year [WHO2008℄. Breast 
an
er is the se
ond leading 
ause of 
an-
er deaths in women today after lung 
an
er, and is the most 
ommon 
an
er amongwomen, ex
luding nonmelanoma skin 
an
ers. A

ording to the Ameri
an Can
er So
i-ety, about 1.3 million women will be diagnosed with breast 
an
er annualluy worldwide[Imaginis2008℄. About one-third of the 
an
er burden 
ould be de
reased if 
ases weredete
ted and treated early.Motivated by these fa
ts and numbers, the Portuguese PET�Mammography Consortium,within the framework of the international Crystal Clear Collaboration at CERN, hasbeen developing, building and testing the ClearPEM dete
tor, a 
ompa
t high-resolutions
anner for breast 
an
er dete
tion, exploiting state-of-the-art te
hnology and knowledgetransfer from high energy parti
les dete
tors to medi
al imaging, improving the dete
tionof early stage breast 
an
er, 
omparatively to a
tual s
reening te
hniques.Breast 
an
er dete
tion with PET requires good time and energy resolution, to minimizerandom events from outside the �eld-of-view as 99% of the inje
ted dose is lo
ated outsidethe FOV, and redu
e s
attered events in the obje
t, high sensitivity, to have less inje
teddose or faster exams, and spatial resolution down to 2 mm. In order to a

omplish theserequirements, the dete
tor module must be 
ompa
t and with high-Z s
intillation 
rystalsto improve the dete
tion e�
ien
y of the 511 keV photons. To a
hieve a desirable spatialresolution after re
onstru
tion, pixelized 
rystals are required in a 1:1 
oupling s
heme1



Introdu
tionreadout, and the dete
tors must be able to measure the depth-of-intera
tion of the in-
oming photons to avoid parallax e�e
t.The PET-Mammography 
onsortium 
omprises several national institutions, with well de-�ned responsibilities, where LIP � Laboratório de Instrumentação e Físi
a Experimentalde Partí
ulas is responsible for the dete
tor design, simulation studies, experimental tests,integration and 
o-responsible for the development of the data a
quisition ele
troni
s, op-eration and image 
orre
tion re
onstru
tion software. In order to perform experimentaltests with radioa
tive sour
es, a new working area was needed and TagusLIP laboratorywas born to address this ne
essity.After �ve years working in the ClearPEM proje
t, it was inevitable the wish of tellinga story. This thesis fo
uses on the evolution of the ClearPEM dete
tor module alongthis period, as it was meant to be on the year of 2004, at the start-up of the TagusLIPlaboratory, to its present stand, assembled in the dete
tor heads of the prototype in pre-
lini
al phase, evolving through all experimental tests, driven a
hievements and major
on
lusions that 
ondu
ed to the a
tual and revised dete
tor module.This journey begins with a brief introdu
tion of the ClearPEM proje
t, its main goalsand motivations (Chapter 1), followed by the des
ription of the TagusLIP laboratory,its purposes and main equipment, in
luding a environmental radiation evaluation a

ord-ing to law requisites of safety for personnel working with radioa
tive material, and alsothe explanation of the dis
rete ele
troni
 setups, spe
ially developed for APD (Avalan
hePhoto Diodes) readout, with whi
h substantial experimental tests were performed, beforethe ClearPEM front-end ASIC has been available (Chapter 2).Thus said, it is time to 
hara
terize the baseline ClearPEM dete
tor module, with ainsight view of all its 
omponents and me
hani
al assembly, primary studies and �rstproof-of-prin
iple results (Chapter 3). As the dete
tor module is a key element to thefull ClearPEM s
anner performan
e, exhaustive dedi
ated testben
hs were a

omplishedto 
hara
terize light 
olle
tion, energy resolution, DOI (depth of intera
tion) resolution,APD response and long-term stability.Also the study of 
rosstalk and its main 
ontributors within the dete
tor module had re-quired spe
ial attention (Chapter 4), as the degree of 
rosstalk has 
riti
al impli
ationson the spe
i�
ations of the front-end ele
troni
s, whi
h has 12 288 
hannels, as a resultof the 1:1 
rystal-pixel APD 
oupling s
heme, that enable the DOI measurement 
apa-bility. Evaluation of the ele
tri
al and opti
al 
rosstalk on S8550 APD was also performed.Chapter 5 presents the experimental e�orts and results that led to a revised dete
tormodule, whi
h improves the light 
olle
tion and dete
tion sensitivity of the ClearPEMs
anner. Optimization of the opti
al 
oupling media led to a improved light 
olle
tionstability with dire
t 
onsequen
es in the performan
e of the dete
tor module. Studies ofthe dete
tor module pa
king fra
tion and dete
tion e�
ien
y with a new LYSO 
rystalmatrix were explored. 2



Introdu
tionThe integration of the dete
tor modules in supermodule arrangement into the ClearPEMdete
tor heads is des
ribed in Chapter 6. The validation of the supermodules (ea
h unitis a set of twelve dete
tor modules) was performed before the �nal assembly. The testsof the supermodules allowed to assess the performan
e of the dete
tor modules in their�nal working environment, 
ombining instrumentation e�e
ts introdu
ed by the frontendele
troni
s readout and the pro
essing of the data �ow by the data a
quisition ele
troni
sand trigger system. After validation, the supermodules were inserted in the ClearPEMdete
tor heads and the performan
e 
hara
terized in terms of energy resolution, DOI res-olution, light 
olle
tion, linearity and time resolution. A preliminary evaluation of thesystem sensitivity is also presented.Finally, the story ends with Summary and Con
lusions.

3
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1.1. Positron Emission Tomography (PET)1.1 Positron Emission Tomography (PET)Positron emission tomography (PET) is an imaging te
hnique that measures metaboli
a
tivity of the 
ells of body tissues and is used mostly by on
ologists, in the dete
tionof 
an
er and the evaluation of 
an
er treatment, by neurologists and neurosurgeons, inmonitoring and surgery of the brain and nervous system, and by 
ardiologists, in thediagnosis of heart diseases.PET is a
tually a 
ombination of nu
lear medi
ine and bio
hemi
al analysis and di�ersfrom other nu
lear medi
ine examinations in that PET images provide information aboutthe fun
tion and metabolism within body tissues, whereas other types of nu
lear medi
inepro
edures dete
t the amount of a radioa
tive substan
e 
olle
ted in body tissue in a 
er-tain lo
ation to examine the tissue's fun
tion. PET may dete
t bio
hemi
al 
hanges in anorgan or tissue that 
an identify the onset of a disease pro
ess before anatomi
al 
hangesrelated to the disease 
an be dete
ted with other imaging pro
esses su
h as 
omputedtomography (CT) or magneti
 resonan
e imaging (MRI)[HSVU2008℄.To provide images of the body, PET uses a radiopharma
euti
al (radionu
lide or ra-dioa
tive tra
er) whi
h de
ays by positron emission and that is administered to the patienteither into the blood stream or inhaled as a gas. Positrons are emitted by the breakdownof the radionu
lide, through a β+ de
ay pro
ess. The positron annihilates with an ele
-tron of the medium, produ
ing a pair of 511 keV photons emitted at 180 degrees that arethen dete
ted by the s
anner in temporal 
oin
iden
e (≤ 20 ns). Dedi
ated hardware andsoftware analyze the re
onstru
ted energy and time of the 511 keV photon pair and usethe information to 
reate an image map of the organ or tissue in observan
e. The amountof the radionu
lide 
olle
ted in the tissue a�e
ts how brightly the tissue appears on theimage, and indi
ates the level of organ or tissue fun
tion.Originally, PET pro
edures were performed in dedi
ated PET 
enters, be
ause theequipment to make the radiopharma
euti
als, in
luding a 
y
lotron and a radio
hemistrylaboratory, had to be available in addition to the PET s
anner [Muehllehner2006℄. Now,the radiopharma
euti
als are produ
ed in syn
hrotrons by dedi
ated 
ompanies and aresent to PET 
enters, only when a PET s
an is required.The radiopharma
euti
als used in PET s
anners in
lude in the 
omposition radionu-
lides that de
ay by positron emission bounded to 
hemi
al substan
es su
h as glu
ose,
arbon, or oxygen used naturally by the parti
ular organ or tissue during its metaboli
pro
ess. The most 
ommonly used positron emitting tra
er in the �eld of on
ology is theglu
ose analogue (18F)�uoro-2-deoxy-D-glu
ose (18F-FDG), whi
h is taken up like glu
osebut is not metabolized through the entire mito
ondrial Krebs 
y
le. Instead, it be
omesmetaboli
ally trapped within the 
ell and allows the dete
tion of metaboli
 alterationswithin 
ells. High 
on
entration of 18F-FDG in an organ or tissue typi
ally indi
ates ab-normal metabolism or 
ell proliferation, a distinguishing mark of malignant tumours and
an
er metastases [S
hilling2008℄. 6



CHAPTER 1. BREAST CANCER DETECTION WITH PETIn general, PET s
anners may be used to evaluate organs and/or tissues for the pres-en
e of disease or abnormal 
onditions and other radiopharma
euti
als may be appliedfor PET s
anning, depending on the purpose of the s
an [Smith1999℄. PET may also beused in 
onjun
tion with anatomi
al diagnosti
 te
hniques su
h as 
omputed tomogra-phy (CT) or magneti
 resonan
e imaging (MRI) to provide more de�nitive informationabout malignant tumors and other lesions. An example of typi
al images obtained withmutimodality PET/CT is shown in Fig. 1.1.

Figure 1.1: Typi
al multimodality PET/CT s
an.1.2 Positron Emission Mammography (PEM)Breast 
an
er is the se
ond leading 
ause of 
an
er deaths in women today (after lung
an
er) and is the most 
ommon 
an
er among women, ex
luding nonmelanoma skin
an
ers. A

ording to the Ameri
an Can
er So
iety, about 1.3 million women will bediagnosed with breast 
an
er annually worldwide [Imaginis2008℄. About one-third of the
an
er mortality 
ould be de
reased if 
ases were dete
ted and treated in an early stage.One of the major goals of breast imaging is to dete
t small 
an
er lesions so thattreatment may be initiated when the 
lini
al out
ome is most favourable. On
e a 
an
erhas been dete
ted, it is useful to demonstrate the extent of the lesion for surgi
al planningand to identify other fo
i of tumor in the breast. These tasks are not reliably performedeven with the best tools 
urrently in general use (mammography and ultrasound). A7



1.2. Positron Emission Mammography (PEM)key reason for the limited e�
a
y of 
onventional imaging is the limitation to anatomi
depi
tions. With the addition of fun
tional imaging, however, it is possible that mammo-graphi
ally o

ult disease may be better 
hara
terized, benign lesions may be re
ognizedas su
h, and unsuspe
ted tumors may be dete
ted [Levine2003℄.PET instruments 
ustomized for breast appli
ations, 
ommonly known as PositronEmission Mammography (PEM), have been shown to exhibit superior te
hni
al 
hara
-teristi
s for imaging small lesions in the breast [Levine2003℄. Compared with whole-bodyPET, PEM s
anners 
an better image small breast lesions and provide more a

uratelo
alization. Images obtained with a 
ommer
ial PEM s
anner are shown in Figs 1.2 and1.3. Preliminary results from 
lini
al trials with the Navis
an PEM s
anner, indi
ate asensitivity (de�ned as the number of dete
ted lesions over the total number of lesions) of92% (de
reasing down to 88% for lesions smaller than 5 mm) and a spe
i�
ity (de�ned asthe number of true positive lesions over the total number of dete
ted lesions) of 93%. In
omparison whole-body PET, when applied to breast 
an
er dete
tion, show a sensitivityof 80% and a spe
i�
ity of 76%. In a study with this PEM s
anner, 250 patients withbreast 
an
er were s
anned. Of 124 malignant lesions imaged, PEM dete
ted 114 foran overall sensitivity rate of 92 per
ent. Eighteen per
ent were du
tal 
ar
inoma in situ(DCIS), a noninvasive 
an
er 
on�ned to the du
ts of the breast; 82 per
ent were invasive
an
er. PEM su

essfully dete
ted 
an
er in about: 100 per
ent of fatty breasts; 96 per-
ent of dense breasts; 91 per
ent of extremely dense breasts; 93 per
ent of women bothwith and without a history of hormone repla
ement therapy; 88 per
ent of pre-menopausalwomen; 95 per
ent of post-menopausal women.

Figure 1.2: Clini
al 
ase of a breast imaged with X-ray mammography (left) and theNavis
an PEM s
anner (right). The mammography s
an found an index lesion but missedthe se
ondary malignan
y dete
ted with PEM. A metastasized 
an
er lesion was alsoidenti�ed with PEM. 8



CHAPTER 1. BREAST CANCER DETECTION WITH PET

(a) (b)Figure 1.3: Clini
al 
ase of a breast and axilla region imaged with the Navis
an PEMs
anner. (right) Intradu
tal 
ar
inoma at 2:00 right breast with intradu
tal extension.(left) The right axilla has also numerous lymph nodes showing FDG uptake 
onsistentwith metastati
 disease.The guiding prin
ipal behind PEM instrumentation is that a 
amera whose Field-Of-View (FOV) is restri
ted to a single breast will have signi�
antly higher performan
eand lower 
ost than a 
onventional PET 
amera. By pla
ing the dete
tors 
lose to thebreast, the PEM geometry is able to subtend more solid angle around the breast thana 
onventional PET 
amera. In addition, it provides redu
ed attenuation and higher
oin
ident 
ount rates for image produ
tion as the 511 keV photons emitted in the breasthave to pass through at most one attenuation length (∼10 
m) of tissue in the PEMgeometry, but may have to travel through as mu
h as four attenuation lengths of tissuein a 
onventional PET 
amera [Moses2003℄.1.3 The ClearPEM S
anner1.3.1 Motivation and General Design Prin
iplesSeveral designs for PET 
ameras have been optimized to image the breast sin
e 1994,when the �rst feasibility study had been reported by Thompson et al [Thompson1994℄.An ideally breast imaging te
hnique should be able to dete
t and diagnose primary tu-mors, determine the extent of the disease to regional lymph nodes as well as dete
t tumorre
urren
es and follow-up of patients after surgery, 
hemotherapy and/or external radio-therapy [Trindade2007℄.Under this 
ontext, the Portuguese PET�Mammography Consortium, within the frame-work of the international Crystal Clear Collaboration at CERN, has been developing,9



1.3. The ClearPEM S
annerbuilding and testing the ClearPEM dete
tor, a 
ompa
t high-resolution s
anner for earlybreast 
an
er dete
tion, exploiting state-of-the-art te
hnology and knowledge transferfrom high energy parti
les dete
tors to medi
al imaging, in order to avoid some of limi-tations found in the �rst generation of PEM s
anners [Rodrigues2007℄.The ClearPEM s
anner was developed based on three main guidelines [Abreu2006℄:low ba
kground, minimizing the fra
tion of random 
oin
iden
es under a high �ux ofsingle photons (up to 10 MHz); high sensitivity; and spatial resolution down to 2 mm.The �rst requirement arises from the fa
t that in this type of exams 99% of the inje
teddose is lo
ated outside the FOV. As a result, the s
anner must 
ope with a large singlephoton rate whi
h imposes the use of fast radiation sensors and readout ele
troni
s, 
a-pable of a
hieving high-resolution time measurements. The se
ond prerequisite, the highsensitivity, intends less inje
ted dose or faster exams. In order to a

omplish this require-ment, the ClearPEM imaging system uses high-Z s
intillation 
rystals to improve thedete
tion e�
ien
y of the 511 keV photons and exploits both photoele
tri
 and Comptonintera
tions in the dete
tor improving substantially the dete
tion sensitivity. In the 
aseof Compton events, the re
onstru
tion of the s
attering topology is required in order tonot degrade the spatial resolution. The trigger and data a
quisition system is able topro
ess and a
quire two-hit intera
tions in the dete
tor head, 
orresponding to Comptondi�usion followed by photoele
tri
 absorption, whi
h are re
onstru
ted using the energyand 
oordinates of the measured hits. Finally, in order to a
hieve the required 2 mmspatial resolution after re
onstru
tion, the dete
tors must be able to measure the depth-of-intera
tion of the in
oming photons [Varela2007℄.Due to the small lesion dimensions in the early stage of the disease, dete
tion te
h-niques require a large sensitivity and high resolution, with the aim to in
rease the signalover ba
kground signi�
an
e. The point sour
e sensitivity of a PET s
anner 
an be de�nedin �rst approximation as [Rodrigues2007℄:
ηp = Ωsolid angle × ξ2

packing fraction × ε2

detector efficiency (1.1)where Ωsolid angle stands for the subtended solid angle at the symmetry 
enter of the sys-tem, ξdetector efficiency is the s
intillator sensitivity for 511 keV photons and εpacking fractionis the ratio between the a
tual s
intillator volume and the ideal s
intillator material vol-ume. In order to 
ompensate the larger ring diameter, PET s
anners are usually equippedwith multiple rings of dete
tor elements, having a dire
t impa
t in the �nal 
ost of thesystem.The re
onstru
ted spatial resolution in millimetres (Γ) measured at full width halfmaximum 
an be des
ribed as [Dezenzo1993, Le
omte2004℄:
Γ = a

√

(d/2)2 + b2 + 0.0022D2 + r2 (1.2)where d is the 
rystal 
ross-se
tion, b is the 
ontribution to the spatial resolution in-trodu
ed by the di�erent s
intillation light readout s
hemes, D is the diameter of thedete
tor ring used to des
ribe the 
ontribution from annihilation photon non
ollinearity10



CHAPTER 1. BREAST CANCER DETECTION WITH PETand r is the e�e
t of the positron range in tissue before annihilation. The fa
tor 1.1 < a <1.3 depends on the algorithm used to re
onstru
t the image and typi
ally takes value of a= 1.2 when using �ltered ba
kproje
tion re
onstru
tion with a ramp �lter [Le
omte2004℄.Positrons emitted from the β+ de
ay of the tra
er radioisotopes used in PET undergo anenergy loss me
hanism, mainly due to the ionization of the atoms of the medium, beforethey annihilate in two 511 keV photons. In-�ight annihilation is largely suppressed andthe 
ross-se
tion only be
omes signi�
ant when the positron has loss most of its initialkineti
 energy. Due to the thermal or orbital movement of the ele
trons of the medium,the rest energy of the ele
tron-positron system is not zero. In this 
ase, the annihilationwill not produ
e photons exa
tly with 511 keV energy and the 
orresponding angulardistribution will show some spread from the expe
ted ba
k-to-ba
k emission. For a ringwith 80 
m diameter, the 
ontribution from non
ollinearity rea
hes 2.1 mm, but is almostnegligible (≤ 0.33 mm) in a small dedi
ated s
anner for rats and mi
e imaging (D ≤ 15
m) [Le
omte2004℄. To be e
onomi
 viable, blo
ks of 
rystal material are made either by
utting a solid pie
e of s
intillator part-way through to various depths and 
oupling thisto four photomultipliers, or by 
oupling individual 
rystals to a glass light guide whi
hhas a similar pattern of 
uts [Thompson2005℄. When 
ombined, these fa
tors 
ontribute toa spatial resolution between 5 mm to 8 mm. A 1:1 
oupling between the s
intillator andthe readout element 
ould bring b to 0, but in
reasing even more the 
ost of a whole-bodyPET [Rodrigues2007℄.Even assuming a small dedi
ated s
anner, to a
hieve a good re
onstru
ted image res-olution, the intrinsi
 dete
tor resolution must be kept as low as possible and this 
on
eptwas explored on the development of the ClearPEM dete
tor module, with a 1:1 
ouplings
heme. The position a

ura
y 
an be s
ale down to the size of individual 
rystals (Chap-ter 3), to obtain a spatial resolution only limited to the 
rystal size, and be improved byspe
ial 
rystal surfa
e treatment and assembly (Chapters 3 and 5). In the same way, inter-
rystal 
rosstalk has to be small as it has important impli
ations in the data a
quisitions
heme (Chapter 4), allowing to have b ≈ 0. Sensitivity also played a 
entral role on thedevelopment of the ClearPEM system. The dete
tor heads 
lose to the obje
t provide alarge angular 
overage and the double readout for depth-of-intera
tion measurement min-imize the so-
alled parallax e�e
t. In spite of the signi�
ant development, optimizationof pa
king fra
tion and dete
tor e�
ient of the dete
tor module in terms of new high-Z stopping power 
rystals, with adequate thi
kness to improve photoele
tri
 intera
tionprobability, as well as new opti
al 
oupling materials and re�e
tors, is a 
ontinuous work(Chapter 5).1.3.2 ClearPEM Dete
tor LayoutThe Clear-PEM s
anner has two parallel dete
tor heads ea
h one 
omprising 96 dete
tormodules. The baseline dete
tor module, whi
h design was 
arried out at LIP in the s
opeof this thesis, with double readout has avalan
he photodiodes arrays (APDs) that 
olle
tthe light from 2×2×20 mm3 LYSO:Ce 
rystals whi
h are assembled on a 4×8 matrix,individually en
ased in BaSO4. Double readout ar
hite
ture in a 1:1 s
heme is providedby two Hamamastu S8850 APDs, one at ea
h end of the 
rystal matrix, endeavouring11



1.3. The ClearPEM S
annerdepth-of-intera
tion (DOI) 
apability (see a detailed explanation and 
hara
terization ofthe dete
tor module in Chapter 3). Twelve dete
tor modules are me
hani
ally �xed andele
tri
ally 
onne
ted to top and bottom front-end ele
troni
s boards forming a supermod-ule - Fig. 1.4. Eight supermodules are mounted in a dete
tor head, 
overing a 16.5×14.5
m2 �eld-of-view [Abreu2006℄ - 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 
ut-side view of a supermodule with a exploded dete
tor module (left) andphotograph of ClearPEM supermodules (right).
Patch Panel 

Cold Plate 

Service Board 

Collision Detector

Supermodule

LVDS Serializer Connectors  

Figure 1.5: S
hemati
 view of a ClearPEM dete
tor head, where main 
omponents arepointed out (left) and photograph of the dete
tor heads (right).The dete
tion heads are mounted on a robotized me
hani
al system, enabling the examof both breasts - Fig. 1.6 (left), as well as the axillary lymph nodes - Fig. 1.6 (right). Itis ne
essary to examine the axillary lymph nodes in staging the disease, be
ause thoughbreast 
an
er has the potential to spread to other regions of the body �rst, it most
ommonly spreads primary to the axillary lymph nodes, known as regional spread. Fromthere, the breast 
an
er 
an metastasize systemati
ally to other areas of the body (su
has the bone, liver, lung, or brain). The system is used in 
onjun
tion with a examinationtable that makes possible the exam to be performed with the patient in prone position,with the breast well separated from the body. Con�gurable openings in the examination12



CHAPTER 1. BREAST CANCER DETECTION WITH PETtable allow the exam of both breasts with the dete
tor heads positioned in ea
h side ofthe breast (standard exam).

Figure 1.6: Clear-PEM s
anner 
on
eptual drawings showing the breast (left) and axilla(right) examination 
on�gurations.During the exam, the dete
tor heads 
an rotate around the dete
tor main axis, 
olle
t-ing data at several angular orientations as required for tomographi
 image re
onstru
tion.The examinations of the breast region 
lose to the 
hest and of the axilla region are per-formed in a front-ba
k 
on�guration. One dete
tor head is fa
ing the breast (
omplemen-tary exam) or the axilla region under the s
anner table and the other is positioned againstthe patient ba
k. Sin
e the area of interest will be imaged a
ross the body, the attenuationis expe
ted to be higher and, in this 
ase, attenuation 
orre
tions may be mandatory andsmall angle image re
onstru
tion te
hniques have to be developed. The position of thedete
tor heads, as well as their separation, 
an be adjusted to �t the anatomi
al regionunder analysis, minimizing the 
ontribution of the annihilation non
ollinearity photonemission to less than 0.2 mm, for a referen
e dete
tor heads separation distan
e of 10 
m[Rodrigues2007℄.1.3.3 ClearPEM Ele
troni
s and Data A
quisition SystemIn the ClearPEM s
anner, the ele
troni
 system fun
tionality is partitioned into front-endele
troni
s, 
oupled to the dete
tor heads, and a o�-dete
tor trigger and data a
quisitionele
troni
s [Albuquerque2006℄. The front-end ele
troni
 blo
k is responsible for analoguesignal dete
tion, dire
tly 
onne
ted to the top or bottom of a 
rystal plane. Ampli�ers andmultiplexer integrated 
ir
uits (ASIC) and the free-sampling analogue to digital 
onverters(ADCs) are the main 
omponents of the front-end ele
troni
s. After serialization, digitalsignal 
ables 
onne
t the front-end blo
ks to the o�-dete
tor ele
troni
s whi
h are housedin a standard 
rate system. A

epted data is sent to a host 
omputer for a se
ond levelof event �ltering before image re
onstru
tion [Abreu2006℄.1.3.3.1 Front-End Ele
troni
sThe front-end ele
troni
s system, physi
ally lo
ated on the dete
tor heads, performs signalampli�
ation, 
hannel sele
tion and analog multiplexing, analog to digital 
onversion and13



1.3. The ClearPEM S
annerparallel-to-serial translation. The front-end ele
troni
s development has been 
enteredon the design of a low noise ampli�er, due to the initial redu
ed 
harge at the ampli�erinput, and multiplexer VLSI ASIC. The front-end 
hip needs to amplify this 
harge byabout three orders of magnitude, while 
omplying with the low-power dissipation require-ments, 
ompatible with a 
ompa
t 
ooling system. A 
ooling system is required sin
ethe LYSO:Ce light yield and APD gain are inversely dependent on the temperature. The
olle
ted 
harge at the input is 
onstrained by the S8550 APD gain, 
rystal-APD pixelsize mismat
h, and to the fa
t that in ea
h 
rystal the light is split by two photosensors.The need to readout 12 288 
hannels pla
ed in a very 
onstrained spa
e demands thatthe front-end ASIC, developed by INESC-ID and INFN-Torino for this proje
t, has anunpre
edent level of integration - Fig. 1.7. This 
hip performs the readout of one sideof six modules (total of 192 APD pixel 
hannels), ampli�
ation, sampling and storage inanalogue memories and the sele
tion of two a
tive 
hannels (192:2 multiplexing) above a
ommon threshold - Fig. 1.8.
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Figure 1.7: ASIC fun
tional s
heme.Power and 
abling 
onstrains required that some form of multiplexing and zero sup-pression should be implemented in the 
hip, keeping to a minimum the number of output
hannels. The number of output 
hannels in a s
anner based on 
rystals with small 
ross-se
tion has to be 
hosen adequately in order to avoid signi�
ant losses of information, that
ould 
ompromise the dete
tion sensitivity of two photon events in 
oin
iden
e. MonteCarlo results show that in the 
ase of ClearPEM about 53% of all 
oin
iden
es will havetwo or more 
rystal hits in a given dete
tor head per event. Therefore, the number ofoutput 
hannels for the front-end ASIC should be 2, still allowing for the readout ofmulti-Compton intera
tions (more than 2) in the s
anner if the event is readout by twodi�erent ASIC regions ("Trigger Cell"). If three or more 
hannels are found a
tive, i.e.two 
hannels are already transmitting two dataframes and a request is made to transmita third, an error 
ode is produ
ed indi
ating the o

urren
e of an over�ow 
ondition. Theoperates in data-driven syn
hronous mode, su
h that the output samples have �xed la-ten
y relative to the input pulse. No dedi
ated trigger signal is generated by the front-endsystem, otherwise it would require sophisti
ated dis
riminators. Instead, the trigger in-formation is extra
ted from the main data �ow in the o�-dete
tor system. Ea
h analogue14



CHAPTER 1. BREAST CANCER DETECTION WITH PETdataframe is 
omposed of 10 samples and stored in analogue memories. The pre-samplesare used by the o�-dete
tor ele
troni
 system for pedestal estimation and 
orre
tion onan event-by-event basis.
32 channel

analogue block

Digital

control

block

8 x Analogue Memories

8 x Amplifier 

and ShapperFigure 1.8: Photograph of a bare die.The analogue samples are digitized in the front-end by 10-bit sampling ADCs. Thedigital data are serialized in low-voltage di�erential signaling (LVDS) bit streams andtransmitted to the o�-dete
tor system. The transmission of 10-sample dataframes perdete
tor pulse to the trigger and data a
quisition system represents a more �exible wayto adapt the trigger algorithms [Albuquerque2006℄.

Figure 1.9: Photographs of a Front-End Board (left) and Servi
e Board (right).In Fig. 1.9 it is shown a Front-End Board (FEB) with bonded ASICs (left) and theServi
e Board (right) developed at LIP, whi
h distributes the LV voltage lines to the15



1.3. The ClearPEM S
annerfront-end 
hips, ADCs and the HV bias voltages to the APDs. The Servi
e Board pro-vides also temperature measurements to the software monitoring system, whi
h is essentialto 
ontrol the APDs gain. The Servi
e Board is also responsible for the fanout of 
lo
k,syn
hronization, test and reset lines to the front-end boards.The 
ooling system, designed and built by INEGI, is based on a 
omputer 
ontrollable�ux of 
old water, 
apable of keep a 
onstant temperature, up to 0.1% r.m.s around thetarget temperature. The target temperature 
an be set bewteen 10 ◦C and 20 ◦C. Theestimated power dissipation per dete
tor head is 60 W. Water is 
arried by thin aluminiumtubes to 
ool the dissipation plates. In the patient port the dissipation plate is built ingraphite, in order to minimize the amount of non sensitive material pla
ed in the path ofthe photons.1.3.3.2 Data A
quisition Ele
troni
sThe o�-dete
tor DAQ system, developed by INOV/INESC-ID under LIP 
oordination,is housed in a 6U 
rate with two dedi
ated buses (Trigger and Data) implemented inCompa
tPCI ba
kplanes (Fig. 1.10). Two types of ele
troni
 boards were developed andprodu
ed: Data A
quisition Boards (DAQ Boards) and the Trigger and Data Con
entratorBoard (TGR/DCC Board) equipped with 4 and 2 million gates Xilinx Virtex II FPGAs,respe
tively - Fig. 1.11. DAQ Boards perform the initial phase of data redu
tion/sele
tion(pipeline data storage, parallel algorithmi
 pro
essing to extra
t the amplitude and time ofthe dete
tor hits) and transmit the potentially interesting events to the TGR/DCC Boardwhi
h performs the trigger 
andidate sele
tion. The energy, time extra
tion algorithmsand their impa
t on trigger performan
e are dis
ussed in more detail in [Rodrigues2007℄.

DAQ Boards

TGR/DCC Board
FedKit Transmitter

FedKit Merger

FedKit PCI-X 64 bit 66 MHz G3Figure 1.10: ClearPEM o�-dete
tor data a
quisition ele
troni
s.Two types of 
oin
iden
e triggers operate simultaneously in the TGR/DCC Board:
oin
iden
e trigger in whi
h 
andidate hits with timetags less than the 
oin
iden
e windoware a

epted and random 
oin
iden
e trigger in whi
h timetags before 
omparison are16



CHAPTER 1. BREAST CANCER DETECTION WITH PETrandomized. At ea
h trigger, 
omplete dataframes of the identi�ed dete
tor hits aretransmitted to the A
quisition servers (A
quisition Manager) via a fast data link with athroughput of 400 Mbyte/s (Fig. 1.10). The S�Link64 is a FIFO-like interfa
e standard,originally developed at CERN, for generi
 data readout with a maximum throughputof 800 MByte/s. The standard de�nes a hardware, link spe
i�
ations and a 
ommon64�bit words data format. The format en
apsulates the dete
tors spe
i�
 raw-data in a
ommon envelope, 
onsisting of a header, trailer and generi
 payload. Several resear
hand 
ommer
ial boards were developed upon this standard. For the ClearPEM s
anner,the CMS (Compa
t Muon Solenoid experiment at CERN) implementation named FEDkitwas adopted after some adaptations performed by LIP [Bugalho2008℄.

Figure 1.11: 6U DAQ Board (left) and 6U TGR/DCC Board (right).Both type of boards possess a Built-In-Self-Test [Leong2005℄ whi
h is used from theearly phase of 
omponent testing up to the level of system testing after the �nal dete
torele
troni
s integration. FPGAs �rmware was developed and bit-level 
omparisons betweenFPGA VHDL testben
hes against a C++ high-level FPGA simulation performed. Front-end dataframes were generated from Geant4 simulations and used as test ve
tors for theVHDL testben
h and C++ FPGA simulations. For ea
h front-end dataframe featureslike, pulse peak sear
h, pedestal 
omputation, energy and time extra
tion and trigger
andidates sele
tion were evaluated. A perfe
t mat
h at bit-level between the outputs ofthe energy and time extra
tion algorithms was a

omplished.1.3.3.3 Control SystemThe ClearPEM 
ontrol system, developed by IBILI and LIP, is divided into three sub-systems namely, the A
quisition Manager, the A
quisition Tool and the Servi
e Manager.Ea
h sub-system runs in dedi
ated servers inter
onne
ted through a private Gigabit LANswit
h. The A
quisition Tool runs on a single-CPU dual-
ore 
omputer that is physi
allo
ated in the 
ontrol room of the ClearPEM s
anner at the Hospital (Fig. 1.12). TheA
quisition and Servi
e Manager servers are pla
ed in a ra
k together with the High andLow Voltage units, that in the Hospital are lo
ated also in a te
hni
al room (Fig. 1.13).The A
quisition Tool is the front appli
ation available for the te
hni
ian or medi
al do
torwho wants to perform a patient examination with the ClearPEM s
anner [Trindade2007℄.17



1.3. The ClearPEM S
anner

Figure 1.12: Photograph of the A
quisition Tool at IPO�Porto.After ea
h exam, the s
anner operator 
an perform the image re
onstru
tion throughthe A
quisition Tool appli
ation. Several algorithms spe
i�
ally developed by IBEB todeal with data a
quired with the ClearPEM s
anner are available to be used. The re
on-stru
ted images 
an then be displayed using the visualization tool that allows to visualize,manipulate and analyze the imaging data sets obtained with the s
anner. Image 
orre
-tion te
hniques, developed at LIP, that allow to 
orre
t Compton s
attering in the breast,random 
oin
iden
es and photon attenuation are also available [Ferreira2009℄.

Detector 

Cooling 

UnitAcquisition 

and 

Services RackFigure 1.13: Photograph of the ra
k in the te
hni
al room at IPO�Porto.18



CHAPTER 1. BREAST CANCER DETECTION WITH PET1.3.4 Dete
tor Integration StatusThe ClearPEM s
anner integration was 
on
luded in 2008. Due to logisti
s-related time
onstraints, only 75% of the total number of 
rystal matri
es were initially assembled.The remaining 25% will be inserted in the end of 2009, during an upgrade intervention.The two dete
tor planar heads 
omprising 16 supermodules, were assembled su

essfullyand validation tests followed (Chapter 6) at IPO�Porto. In Fig. 1.14 it 
an be seenthe two dete
tor heads assembled for a demonstration exer
ise at TagusLIP (Chapter 2)before the �nal deployment at IPO�Porto and on Fig. 1.15 a pi
ture of the ClearPEMs
anner with the examination table, integrated in the roboti
 system, at the IPO�PortoHospital fa
ilities, where pre-
lini
al trials have started in May 2009.

Figure 1.14: Photograph of the Clear-PEM dete
tor heads during the integration phaseat TagusLIP.

Figure 1.15: Photograph of the Clear-PEM s
anner at the IPO�Porto Hospital.19
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2.1. Introdu
tion2.1 Introdu
tionThe PET-Mammography 
onsortium 
omprises several national institutions, with wellde�ned responsibilities, where LIP � Laboratório de Instrumentação e Físi
a Experimen-tal de Partí
ulas is responsible for the ClearPEM dete
tor design, simulation studies,experimental tests, integration and is also 
o-responsible for the development of the dataa
quisition ele
troni
s, operation and image re
onstru
tion software.To a

omplish these responsibilities a dedi
ated working area was needed, where han-dling sealed and unsealed radioa
tive sour
es would be possible, in order to study theperforman
e of the ClearPEM dete
tor modules (Chapters 3, 4 and 5) validate the main
on
epts and proof-of-prin
iple results as well as measure the 
ombined performan
e ofthe ClearPEM s
anner (Chapter 6). More over, experimental tests 
on
erning the qual-ity 
ontrol of the dete
tor module main 
omponents and the design of spe
i�
 ele
troni
pro
essing boards were also foreseen and taken into a

ount on the requisites for the newworking area.In late 2004, after a period of infrastru
tural 
onstru
tion and equipment, TagusLIPwas a newly laboratory with 100 m2 area 
reated and approved by portuguese governmen-tal regulations on radiation safety, based on a dedi
ated report elaborated by independentexperts from Nu
lear and Te
hnologi
al Institute (Instituto Te
nológi
o e Nu
lear � ITN),whi
h was evaluated by the Dire
ção-Geral de Saúde from the Ministry of Health. Theground �oor of the laboratory 
onsists of an open spa
e with work ben
hes for 
omputingand ele
troni
s, an area of toilets, a depository and a hot laboratory. The ground �oorhas a 
apa
ity of 6 to 8 people to work in the existing open spa
e. The top �oor has twoo�
es equipped with workstations with 
apa
ity for 5 people. In 2008, the lab was up-graded with an additional 200 m2 area, giving room for more workpla
es (5 to 7 people),ele
troni
 workshop and a hangar for integration of PET systems.In this 
hapter an overview of the 
on
epts regarding radiation prote
tion and mea-surement is given, together with the experimental work 
arried out in this thesis 
on
ern-ing the validation of the radiologi
al prote
tion s
hemes implemented in TagusLIP. Thedis
rete ele
troni
s setups and 
ommissioning, performed as a preparatory work for thedete
tor module 
hara
terization, are also des
ribed.2.2 The TagusLIP Laboratory2.2.1 The Hot LabThe Hot Lab, or the "bunker" (Fig. 2.1), is an area devoted to nu
lear testing and isisolated from the rest of the laboratory te
hni
al areas, a

ording to the main guidingprin
iples on prote
ting workers and the environment from the risk of exposure. It hasan area of 14 m2 with 30 
m thi
k 
on
rete walls, washable �oor and rounded 
orners,with fa
ilities to manage and store both sealed and unsealed radioa
tive sour
es. Inside22



CHAPTER 2. EXPERIMENTAL ENVIRONMENT

Figure 2.1: Top view of the hot lab with 30 
m thi
k 
on
rete walls (left) and entran
eto the bunker (right) where is visible the environmental radiation monitor.the bunker a shower for rapid 
leansing if liquid radioa
tive sour
e spreads over a personwas installed.2.2.2 Primary Radiation Barriers

Figure 2.2: L-blo
k table shielding for handling high-energy radionu
lides(left) and wallmade of lead bri
ks for primary prote
tion(right).For handling doses of high-energy radionu
lides, radiation blo
k prote
tors, made of leadwith 5 
m thi
kness, were bought to Biodex Medi
al Systems, In
.. Barriers in "L"23



2.3. Radiation Prote
tion and Measurement
on�guration are designed for re
eiving and preparing unit doses of radionu
lides likeFDG, providing a prote
ted area for safe handling of the 511 keV nu
lides. The front walland the base of the unit are 
onstru
ted of steel with built-in lead shielding. A 10 
mthi
k lead glass window provide a prote
ted viewing area - Fig. 2.2 (left). Several leadblo
ks was also pur
hased to build up primary prote
tive walls - Fig. 2.2 (right).2.3 Radiation Prote
tion and MeasurementHumans bene�t from the use of X/γ-rays, radioisotopes, �ssionable materials in medi
ine,industry and many resear
h areas. However, these gains entails the exposure of peopleto radiation in the pro
urement and routine use of sour
es, as well as exposures froma

idents that may o

ur. Sin
e any radiation exposure presumably involves some risk tothe individual involved, the levels of exposure allowed should be worth the result that isa
hieved.As experien
e and knowledge have been gained through the years, basi
 ideas and
on
epts behind radiation prote
tion and dosimetry have 
ontinually evolved. On a worlds
ale, the re
ommendations of the International Commission on Radiologi
al Prote
tion(ICRP) have played a major role in establishing 
riteria at many fa
ilities that deal withradiation [Turner2007℄.Radiation Dosimetry attempts to quantitatively relate spe
i�
 measurements madein a radiation �eld of health and medi
al physi
s that is fo
used on the 
al
ulation ofinternal and external absorbed doses in matter and tissue resulting from the exposure toionizing radiation.The primary physi
al quantity in Radiation Dosimetry is the absorbed dose. It isde�ned as the energy absorbed per unit mass from any kind of ionising radiation in anytarget. Absorbed dose, or simply dose, is reported in Gray (Gy) for matter or Sieverts(Sv) for biologi
al tissue, where 1 Gy or 1 Sv is equal to 1 joule per kilogram. Non-SIunits are still prevalent as well, where, by de�nition, 1 Gy = 100 rad and 1 Sv = 100rem. The distin
tion between absorbed dose (D) and equivalent dose (H) is based uponthe biologi
al e�e
ts of the radiation in question and the tissue and organism irradiated.For di�erent types of radiation, the same absorbed dose may have very di�erent biologi
al
onsequen
es. Therefore, radiation weighting fa
tors (wR) and tissue weighting fa
tors(wT ) have been established, whi
h 
ompare the relative biologi
al e�e
ts of various typesof radiation and the sus
eptibility of di�erent organs. It follows that:
D =

1 J

kg
≡ 1Gy (2.1)The absorbed dose is treated as a point fun
tion, having a value at every position in anirradiated obje
t. The equivalent dose HT,R in a tissue or organ, T, due to radiation, R,is given by the average absorbed dose, DT,R, in T from R, wighted by the fa
tor wR:

HT,R = wRDT,R (Sv) (2.2)24



CHAPTER 2. EXPERIMENTAL ENVIRONMENTWhen radiation 
onsists of 
omponents with di�erent wR, then the equivalent dose in Tis given by summing all 
ontributions:
HT =

∑

R

wRDT,R (Sv) (2.3)With dose expressed in Gy and equivalent dose in Sv. Values of wR spe
i�ed by theICRP are shown in Tab. 2.1.Radiation wRPhotons, all energies 1Ele
trons and muons, all energies (ex
ept Auger ele
trons) 1Neutrons, energy < 10 keV 510 keV to 100 keV 10> 100 keV to 2 MeV 20> 2 MeV to 20 MeV 10> 20 MeV 5Protons, other than re
oil protons, energy > 2 Mev 5
alpha�parti
les, �ssion fragments, heavy nu
lei 20Table 2.1: Radiation weighting fa
tors, wR, from ICRP [Leo1994℄.E�e
ts of ionizing radiation, whereby the probability of their o

urren
e, but not theirseverity is a fun
tion of the dose without the existen
e of a threshold value. Non-sto
hasti
e�e
ts, or deterministi
 radiation e�e
ts, are those in whi
h the severity of the e�e
t varieswith the dose and for whi
h a threshold value exists. In the dose range relevant for radi-ation prote
tion purposes, inheritable damage, 
an
er and leukemia belong to sto
hasti
radiation damages. The probability that sto
hasti
 radiation damage will o

ur di�erswidely for the irradiated individual organs or tissues. The International Commission onRadiologi
al Prote
tion (Publi
ation 103, 2007) indi
ates a value of 5.5 % per sievert for
an
er and 0.2 % per sievert for heritable e�e
ts after exposure to radiation at low doserate.Sin
e di�erent tissues of the body respond di�erently to radiation, the probability forsto
hasti
 e�e
ts that result from a given equivalent dose will generally depend upon theparti
ular tissue or organ irradiated. To take that di�eren
es into a

ount, it was de�ned,as already said, a weighting fa
tor for tissues, wT . The equivalent dose HT , weightedby wT , gives a quantity that is intended to 
orrelate with the overall detriment to anindividual, independently of T.The risk for all sto
hasti
 e�e
ts for an irradiated individual is represented by thee�e
tive dose, E, de�ned as the sum of the weighted equivalent doses over all tissues:

E =
∑

T

wT HT (Sv) (2.4)Values of wT spe
i�ed by the ICRP are shown in Tab. 2.2. The data refer to a referen
epopulation of equal number of both sexes and a wide range of ages. In the de�nition of25



2.3. Radiation Prote
tion and Measuremente�e
tive dose, they apply to workers, of the whole population and to either sexes. ThewT are based on rounded values of the organ's 
ontribution to the total detriment.Tissue or organ wTGonads 0.20Bone marrow (red) 0.12Colon 0.12Lung 0.12Stoma
h 0.12Bladder 0.05Breast 0.05Liver 0.05Esophagus 0.05Thyroid 0.05Skin 0.01Bone Surfa
e 0.01Remainder 0.01Table 2.2: Tissue weighting fa
tors, wT , spe
i�ed by ICRP, whi
h add to unity whensummed all tissues [Turner2007℄.The risk of sto
hasti
 e�e
ts is dependent only on the value of the e�e
tive dose,whether or not the body is irradiated uniformly. In 
ase of whole-body irradiation, sin
ethe tissue weighting fa
tors sum to unity, the e�e
tive dose is equal to the equivalent dose:
E =

∑

T

wT HT = HT

∑

T

wT = HT (2.5)The ICRP has de�ned other dosimetri
 quantities that apply to the exposure of groupsor population to radiation. The 
olle
tive equivalent dose and the 
olle
tive e�e
tive doseare obtained by multiplying the average value of these quantities in a population or groupby the number of people therein.Under the ICRP re
ommendations, the system of radiation prote
tion is based onthree fa
tors: the justi�
ation of the pra
ti
e, the optimization of the prote
tion andindividual dose limits [Wrixon2008℄.Di�erent permissible exposure 
riteria are usually applied to di�erent groups of people.Certain levels are permitted for people who work with radiation. These guidelines arereferred as "o

upational" or "on-site" radiation-prote
tion standards. Other levels, oftenten times less than the allowable o

upational values apply to members of the generalpubli
. These are referred as "non-o

upational" or "o�-site" guides. In Tab. 2.3 theICRP limits are presented for o

upational and publi
 to exposure. Lower values areapplied for o

upationally exposed pregnant women and apprenti
es.26



CHAPTER 2. EXPERIMENTAL ENVIRONMENTO

upational Exposure Publi
 ExposureE�e
tive DoseAnnual 50 mSv 1 mSv (higher if need, provided5-y average ≤ 1mSv)Cumulative 100 mSv in 5 y �Equivalent DoseAnnual 150 mSv lens of eye; 15 mSv lens of eye;500 mSv skin, hands, feet 50 mSv skin, hands, feetTable 2.3: O

upational and publi
 radiation exposure limits, established by ICRP.An essential fa
et of the appli
ation of maximum permissible exposure levels to radia-tion prote
tion pra
ti
es is the ALARA (As Low As Reasonably A
hievable) philosophy.The ALARA 
on
ept stands for the prin
iple that exposures should always be kept aslow as feasible. The maximum permissible levels are not to be 
onsidered "a

eptable"but, instead, they represent the levels that should not be ex
eeded.The International Commission on Radiation Units and Measurements (ICRU) hasaddressed the relationship between pra
ti
al radiation-prote
tion measurements and as-sessment of 
omplian
e with the limits set forward by the ICRP. The basi
 organ andtissue doses spe
i�ed in the limits are essentially unmeasurable, but 
an be estimatedfrom measurements made at appropriate lo
ations in tissue-equivalent phantoms and fromsimulations. A

ordingly, the ICRU has introdu
ed three operational quantities for pra
-ti
al measurements under well de�ned 
onditions with expli
itly stated approximations.Two quantities are de�ned for area monitoring that link an external radiation �eld to thee�e
tive dose equivalent and the dose equivalent to the skin and to the lens of the eye. Athird quantity 
on
erns to individual monitoring:
• The ambient dose equivalent, H*(10), at the point of interest in the a
tual radiation�eld is the dose equivalent whi
h would be generated in the asso
iated oriented andexpanded radiation �eld at a depth of 10 mm on the radius of the ICRU spherewhi
h is oriented opposite to the dire
tion of in
ident radiation. An oriented andexpanded radiation �eld is an idealized radiation �eld whi
h is expanded and inwhi
h the radiation is additionally oriented in one dire
tion.
• The dire
tional dose equivalent, H'(d, Ω), at the point of interest in the a
tualradiation �eld is the dose equivalent whi
h would be generated in the asso
iatedexpanded radiation �eld at a depth, d, typi
ally of 0.07 mm (H'(0.07, Ω)), on theradius of the ICRU sphere whi
h is oriented in the �xed dire
tion Ω. An expandedradiation �eld is an idealized radiation �eld in whi
h the parti
le �ux density andthe energy and dire
tion distribution of the radiation show the same values at allpoints of a su�
ient volume as the a
tual radiation �eld at the point of interest.
• The personal dose equivalent, Hp(d), is the dose equivalent in soft tissue, at anappropriate depth, d, below a spe
i�ed point on the body.27



2.3. Radiation Prote
tion and MeasurementThe ICRU has de�ned a number of measurable, operational quantities whi
h overesti-mate E under nearly all 
ir
umstan
es. For penetrating external radiation, the prin
ipalradiation hazard at parti
le a

elerators, the ambient dose equivalent H*(10) is the mostimportant quantity. Its exa
t relation to e�e
tive dose is determined by 
al
ulation.H*(10) 
an be 
al
ulated in a similar way as E when the radiation �eld is spe
i�ed withsu�
ient pre
ision.In this 
ontext, personnel exposure and environmental radiation at TagusLIP is mea-sured and monitorized 
ontinually.2.3.1 Personnel DosimetersFor real time monitoring of the personal dose and dose rate, TagusLIP is equipped withthe Dosi
ard System, from Canberra, whi
h 
onsists of ele
troni
 dosimeters (badges)and a 
omputerized data handling system for real time measurements and triggering ofaudible and visual alarm systems. The data a
quisition and pro
essing system enablesthe 
orresponding dosimetri
 information to be exploited independently or as part of anetwork.

Figure 2.3: The Dosi
ard and the LCB badge reader. The badge has three tou
h buttonsthat allow programming and display setup on the LCD s
reen of the 
urrent dose, doserate and 
umulative doses per day/month/quarter/year and �ve years.The badge has the size of a 
redit-
ard (89 × 57 × 8 mm3) and weights 60 g - Fig. 2.3.It is en
losed in a transparent plasti
 envelope provided with a 
lip enabling it to be
lipped onto the breast po
ket of the laboratory 
oat, for example. Dosi
ard featuresa sili
on dete
tor to estimate the equivalent dose re
eived by an operator, analog anddigital 
ir
uitry with a mi
ro
ontroller that 
ontrols measurements, triggers alarms andensures the transfer of information between the badge and an external data a
quisitionand pro
essing system. The sili
on dete
tor measures the Hp(10) deep dose equivalent,the operational quantity de�ned in ICRU39. The dete
tor's energy response was normal-ized to unit for 137Cs in a

ordan
e with spe
i�
ation requirements. The overall variation28



CHAPTER 2. EXPERIMENTAL ENVIRONMENTin response is ± 15% in the 60 keV to 1.25 MeV energy range and ± 30% from 50 keV to60 keV and from 1.25 MeV to 2 MeV. The dose equivalente range is 1 µSv to 10 µSv andit 
an be displayed either in Sv or in rem (1 Sv = 100 rem).The Dosi
ards 
an be 
onne
ted to any PC via the LCB badge reader, with theDoseManager software. This program enables transfers of the user personal data (name,ID number, 
ompany, professional training, medi
al aptitude, et
) into the badge memoryand retrieval of the stored data. It also allows data base operations for detailed dosehistory and dosimetry monitoring.2.3.2 Environmental DosimetersTagusLIP has a working environmental radiation 
ontrol system, that have been pur
hasedto MED Nuklear-Medizinte
hnik, Dresden. The stationary dose rate measurement systemALMO 
onsists in one NaI(Tl) dete
tor and two Geiger-Muller (G-M) 
ounter tubes,
onne
ted to the measuring ele
troni
s and the display unit via spe
ial probe 
ables.The alarm monitor dete
ts automati
ally whi
h 
hannel 
orresponds to ea
h dete
tor,performing an auto 
alibration based, by default, on 137Cs measurements.

Hot Lab

Area Sensor 1

(NaI:Tl)

Area Sensor 2

(G-M) Area Sensor 3

(G-M)

Figure 2.4: TagusLIP laboratory plan with environmental dosimeters marked in dark red(not to s
ale), surrounding the hot lab.One of G-M dete
tors is positioned at head-level inside the bunker, the other G-Mtube is pla
ed outside of the bunker 
on
rete wall that is 
loser to the open spa
e o�
earea, and the NaI(Tl) dete
tor is above the bunker 
eiling, on the wall of the �rst-�ooro�
es, 
overing the main areas where workers are. In Fig. 2.4 it 
an be seen the threedete
tors on the laboratory plan. 29



2.3. Radiation Prote
tion and Measurement

Figure 2.5: Monitor for the Almo environmental radiation 
ontrol.Measuring ele
troni
s and display unit are integrated into a plasti
 desktop 
ase -Fig. 2.5. The front panel in
ludes a large LC display presenting the measured results.On the LC display, the 
urrent dose rate data of the three 
onne
ted dete
tors are shownin the sele
ted unit of measure. For ea
h dete
tor, the alarm threshold parameters 
anbe de�ned as needed. This setting is made on the menu level and when it is ex
eeded, avisual and a
ousti
 warning is triggered.The system is also 
ontrolled and monitorized in a PC via the ALMO software, devel-oped to display the measuring data of the three dete
tors graphi
ally, to store the dataand make them available for further pro
essing.2.3.3 Survey MeterTagusLIP laboratory also has a survey meter to monitor radiation levels where radioa
tivematerials or other radiation sour
es are present. This type of portable unit is useful fordete
ting small quantities of radioa
tivity from minor spills and waste re
epta
les, forinstan
e. The external pan
ake probe is used to 
he
k hands, 
lothing, �oors, furniture,equipment, and pa
kage surfa
es for 
ontamination. A

ording to the probe 
hosen, thesurvey meter is suitable for di�erent radiation dete
tion.

Figure 2.6: Survey Meter with Pan
ake GM Probe, suitable for α, β and γ survey.30



CHAPTER 2. EXPERIMENTAL ENVIRONMENTThe Survey Meter is a portable equipment (0.5 kg) to monitor levels of radiation whi
hmeasures the rate of 
ounts. It is an analog devi
e, small size (2.1 dm3) whi
h measuresthe level of radiation in min−1 (
pm). A se
ond s
ale allows reading dose rate in units ofmR/h using a impli
it 
onversion fa
tor of 1mR/h = 3.3 K
pm. The model 
hosen was theportable 14C Survey Meter with Pan
ake G-M Probe 44-9, spe
i�
 for α, β and γ survey -Fig. 2.6. It has a 
ylindri
al probe type (pan
ake) that 
ontains a halogen. It works withhigh voltage of about 0.9 kV, adequate for a Geiger-Muller dete
tor in whi
h the energydeposited by radiation results in an ele
tri
 dis
harge 
olle
ted by an anode. The a
tivearea of the probe is 15 
m2. The probe is 
onne
ted by a 
onne
tor to the 
ounter insidea aluminum box. Inside the box, there is also a Geiger-Muller tube that is a
tivated onlywhen the measure 
ounts more than 106 
pm. The dete
tor is energy dependent, overresponding by a fa
tor of six in the 60 keV � 100 keV range when normalized to 137Cs.For ba
kground readings, the unit's built-in energy-
ompensated G-M dete
tor handles
ounts up to 2 R/hr. The time response of the Survey Meter depends on the positionof the button �F/S� (fast/slow). The survey meter in the F-position a
quires 90% ofthe �nal value of measuring in 4s. In the S-position it takes 22s to get the �nal value ofmeasurement. In pra
ti
e, the F-position is used to put rapidly the Survey Meter in thevalue region of interest and then it is 
hanged to the S-position in order to a
quire thevalue with greater pre
ision.2.3.4 Dose Calibrator

Figure 2.7: Atom100 Dose 
alibrator.A dose 
alibrator must be 
apable of measuring with great a

ura
y the a
tivity of aradioisotope known. Its main appli
ation is to measure the dose and 
hara
terize thea
tivity of radiation sour
es, for example in the quanti�
ation of the system sensitivity inPET s
anners. This system was used to measure the a
tivity of a 22Na sour
e, employed inthe sensitivity assessment of the ClearPEM dete
tor and results will be shown in Chapter31



2.3. Radiation Prote
tion and Measurement6. The existing equipment in TagusLIP, an Atomlab 100 from Biodex Medi
al Systems,In
. - Fig. 2.7, is 
omposed of two parts: a display unit and the dete
tor itself. Thedete
tor 
onsists of an ionization 
hamber, for dete
tion of radiation and a ele
trometer,to measure the ion 
urrent. The 
amera has a height of 26 
m and an aperture diameterof 6.4 
m and it has a large range of a
tivities measuring: from 0.01 µCi to 9999mCi for
99mT
.The Atom100 Dose Calibrator provides a

urate radionu
lide a
tivity measurements.Moreover, the unit is simple to operate and it has 13 isotope sele
tion keys, ten are pre-programmed for the most 
ommonly used radionu
lides (57Co, 137Cs, 131I, 133Cn, 67Ga,
133Xe, 123I, 201Tl, 99Mo, 99mT
), and three are to be de�ned by the user. There are 88isotope-spe
i�
 dial values listed in the manual and any key 
an be reprogrammed by theuser for a desired isotope.The a
tivity is displayed on a LED readout in either Curie or Be
querel units. Ba
k-ground 
orre
tion and zero adjustment are performed at the tou
h of a button and rangesele
tion is automati
. A
tivity measurements are performed by a mi
ropro
essor 
on-trolled ele
trometer lo
ated within the dete
tor assembly of the ionization 
hamber. This
hamber is shielded with 0.64 
m lead to prote
t both the user from the sour
e to bemeasured, and the dose 
alibrator from radiation environment. The dete
tor has a geom-etry 
lose to 4π allowing measuring the a
tivity of a sour
e regardless of their shape orsize, provided that the sour
e lies inside the 
avity. To enter the sour
e in this 
avity theequipment has a stru
ture of plasti
, adjusted to the inside measures of the 
hamber, witha lat
h for easy a

ess. This pie
e of plasti
 is prepared to halt syringes and to preventany 
ontamination in the 
hamber during the pro
ess of measurement.The response of the ionization 
hambers is 
hara
terized by the manufa
ture using iso-topes 
alibrated by the National Institute of Standards and Te
hnology (NIST), yieldingan answer in energy well known, used to determine very pre
isely the values of 
alibrationof various isotopes. Ea
h 
hamber is also 
alibrated with a tra
er of the NIST and theresult re
orded in the memory of the dete
tor. The dete
tor 
ommuni
ates with the dis-play unit through a serial port. This unit 
ontains the 
ontrols and the display allowingthe measurements.2.3.5 Radiation Survey at TagusLIPTo estimate the annual dose re
eived by a typi
al TagusLIP resear
her a 
ase study was
ondu
ted. The study 
onsider all experimental work done by one person, beginning byan interview to have a detailed des
ription of the daily routine in order to determine thetime exposure to radioa
tive sour
es. A qualitative analysis of the re
ord of his/her per-sonal dosimeter and identi�
ation of possible peaks, its 
orrelation with unusual a
tivitiesinvolving radioa
tive sour
es were also taken into a

ount. In Fig. 2.8 it 
an be seenre
ords of a personal dose summary and daily registration of a personal dosimeter alongfour months. This badge was only used to perform radiation dosimetry measurements, soit shows mainly ba
kground a
tivity. 32



CHAPTER 2. EXPERIMENTAL ENVIRONMENT

Figure 2.8: Dose Manager badge view: personal dose summary (top) and daily registry(bottom).For everyday tests the sour
es handled are essential sealed point sour
es of 137Cs and
22Na with a
tivities between 1µCi to 100µCi. The workers' exposure is mainly due tothe sour
e positioning in the support of the experimental apparatus, transportation andstorage of the radioa
tive sour
es. It is performed several times throughout the day,everyday in periods of data a
quisition and o

asionally in periods of data analysis. Inorder to experimentally measure the dose re
eived by a resear
h worker from operating asour
e of 137Cs with a
tivity of 10 µCi, a wire was tightened from the bunker 
eiling tothe �oor, marking the positions of some typi
al regions of the human body: fa
e, 
hest,abdomen and pelvis (Fig. 2.9). The hands region was 
onsidered to be at 1 
m of thesour
e, pla
ed behind the primary barrier of lead. Counting rates and equivalent doserates were a
quired with the survey meter and the personal dosimeter in ea
h positionmarked. 33



2.3. Radiation Prote
tion and Measurement
Guide Post

with predetermined positions

emulation the position of the

face, thorax, abdomen and pelvis

Primary Lead

Barrier

Testbench

TableFigure 2.9: Experimental setup used to estimate the typi
al dose exposure of body regions.These measurements were then used to estimate the dose exposure for one worker
arrying a set of typi
al experiments with a 
onstrained a
ademi
 radioa
tive sour
es(137Cs with 100 µCi), and the annual dose 
onsidering the same routine pro
edures alongone year (4 experiments per day, 4 days a week, along 45 weeks). In Tab. 2.4 it 
an beseen the summary of these results. As 
an be observed the one-year dose is well withinthe maximum values referred by the a
tual legislation of 15 mSv per year. As for theH'p(10)Timeline Hands Head TrunkOne experiment 15.5 (µSv) 0.095 (µSv) 0.083 (µSv)One year 11.16 (mSv/year) 0.07 (mSv/year) 0.06 (mSv/year)Table 2.4: Estimated dose exposure of one worker per experiment and per year, fordi�erent parts of the body.environmental ba
kground radiation, measured by the area dete
tors, it is read dire
tlyon the alarm panel lo
ated at the entran
e of the bunker, with all the radioa
tive sour
esen
losed in the safe 
ontainer. The results are shown in Tab. 2.5. The ba
kground equiva-lent dose rate will be given by the average of the values re
orded by the three area sensorsand it has the value of H'P (10)background = 0.497 ± 0.006 µSv/h. This value is in line withthe typi
al range of the annual ba
kground radiation. A

ording to the [Amsler2008℄ anequivalent dose rate re
eived by absorption of ba
kground radiation varies between 0.0534



CHAPTER 2. EXPERIMENTAL ENVIRONMENTDete
tor NaI(Tl) G-M (inside bunker) G-M (outside bunker)H'p(10) (µSv/h) 0.49 ± 0.01 0.50 ± 0.01 0.50 ± 0.01Table 2.5: Equivalent dose rates for ba
kground radiation at TagusLIP.
µSv/h and 0.46 µSv/h and, in some 
ases, up to 5.7 µSv/h. It is also natural that in thevi
inity of the radioa
tive sour
es en
losed in the safe 
ontainer, ba
kground dose rate ishigher than the typi
al referen
e. For 
omparison, the Nu
lear Medi
ine department atIPO�Porto, where the ClearPEM s
anner was installed, shows in low-level regions dosemeasurements between 0.10 µSv/h and 0.40 µSv/h, s
aling up to 1�2 mSv/h in hot areassu
h as radiotra
er storage and patient holding rooms.For inter
alibration of the environmental dete
tors, the 
orrelation between the dosemeasured and the distan
e of the sour
e from the dete
tor was studied. A 137Cs (10 µCi)sour
e was pla
ed near ea
h dete
tor at distan
es of 0 
m, 1 
m, 5 
m and 10 
m. For ea
hdistan
e, the dose rate was measured on the alarm panel. During ea
h measurement, orsour
e pla
ement, there was a 30 s wait time for sensors stabilization before 
onsideringthe dose rate value. In Fig. 2.10 it is shown the registration 
hart obtained through theAlmo software. It 
an been seen that the NaI:Tl dete
tor has a higher sensitivity than theG-M tubes, registering a mu
h higher dose. This is due to the fa
t that the absorptione�
ien
y of the NaI:Tl 
rystal is mu
h larger than the Geiger-Muller tube, resulting ingreater intrinsi
 dete
tion e�
ien
y of radiation.
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Figure 2.10: Registration 
hart of the area sensors for ea
h sour
e-dete
tor distan
e.The measurements done in this 
ontext showed that the area dete
tors 
an e�e
tively35



2.4. TagusLIP Main Equipmentmonitor the a
tivity in the laboratory and Almo3 software enables the a

ess to the reg-istration 
harts and data base. Moreover, the annual dose for TagusLIP workers are farbelow from the established maximum a

eptable values. This evaluation was performedpreviously to the a
quisition of 68Ge sour
es with 18.5 MBq (0.5 mCi) and 37 MBq(1.0 mCi), used in ClearPEM dete
tor 
alibration and normalization and for Comptonand attenuation 
orre
tion studies, respe
tively. Although the ALARA prin
iple is beingfollowed, further studies may be 
onsidered for the next experimental generation. Prelimi-nary measurements performed with the TagusLIP personal dosimeters at IPO-Porto showthat a typi
al worker involved in the 
ommissioning and 
lini
al tests of the ClearPEMs
anner re
eive a daily dose in the order of 4 to 6 µSv.2.4 TagusLIP Main Equipment2.4.1 General EquipmentTagusLIP has a robust 
omputer infrastru
ture autonomous from the main LIP ComputerCentre. It in
ludes a gigabit network with several Windows and Linux workstations, ded-i
ated servers for internal and external network resour
e management and high 
apa
ityfor data storage. All workers 
an a

ess to their own areas from any 
omputer of thenetwork by NFS (Network File System) and Kerberos V plus LDAP (Lightweight Dire
-tory A

ess Proto
ol) distributed authenti
ation. A tape ba
kup unit ensures daily databa
kup to magneti
 tapes. All the equipment is prote
ted from voltage transients andpower failures by UPS (Uninterruptable Power Supply) systems.

Figure 2.11: Photographs of general TagusLIP equipment: Robot (left) and oven (right).Several laboratory equipment has been pur
hased, like os
illos
opes and low voltagepower supplies, high pre
ision balan
e and multimeters, mi
ros
ope and arbitrary pulsegenerators, a

ording to the ne
essities of the a
tivities being performed at TagusLIP,namely PCB design, �rmware development, dete
tor assembly, among all experimentaland quality 
ontrol tests. It would be tedious and uninteresting to list all the equipmentexisting in the laboratory so, as an illustrative example, it 
an be seen in Fig. 2.11 the36



CHAPTER 2. EXPERIMENTAL ENVIRONMENTrobot, used to glue APD arrays to PCB-APD, and the oven, used to a

elerate the gluingpro
ess.2.4.2 VME and NIM Standard ModulesThere have been three major data a
quisition standards used in modern nu
lear physi
s.The �rst to be introdu
ed was the NIM standard and was used to provide power to theele
troni
s. CAMAC went further and allowed data transfer on the 
rates ba
kplane. The
urrent standard is VME, expanded on CAMAC by providing more options and a fasterbus speed. In TagusLIP there are NIM and VME standards 
oexisting.The NIM standard is the �rst 
rate standard widely a

epted by physi
ists. It pro-vided a way to organize and distribute power to the ele
troni
 setups. The power isdistributed by a series of 
onne
tors on the ba
k of the 
rate and a low voltage powersupply is either behind the 
rate or sat in the 
rate along side the other modules. Typi-
al voltages distributed are +/-6V, +/-12V, and +/-24V, although many 
ustom powersupplies have been built for NIM 
rates. NIM 
rates have 12 slots and are often usedfor small setups with only a handful of dete
tors be
ause their low overhead makes setupeasy. They are often used in larger experiments for setup and to handle logi
 signalsand analog ele
troni
s. Some of the most often used modules are ampli�ers, gate anddelay generators, dis
riminators, high voltage modules, and linear fan-in fan-out units.One of the main disadvantage with the NIM standard is the 
hannel density. Be
auseNIM modules use knobs and swit
hes on the front panel to adjust parameters that take
onsiderable spa
e, the number of 
hannels per module is low [Hoagland2004℄.VME o�ered a rear ba
kplane for fast and e�
ient data transfer. The VME bus isindustry standard used in physi
s, meaning that there is a larger variety of 
rates andmodules 
ommer
ially available. VME is 
urrently used in most large-s
ale experimentsand also very popular in smaller s
ale experiments. The fast bus also mean that moredata may be transferred (up to 320 MB/s) and 
hannel density 
an be in
reased. Thismade VME a very attra
tive alternative. VME 
rates 
an have slots up to 21 modules,being the �rst one reserved for the 
rate 
ontroller. The VME ba
kplane has two 3-row
onne
tors per module for data and power distribution. VME also o�ers options to in-
orporate other 
rates into VME setups whi
h allows experimenters to use modules and
rates they already have.Although avoiding an exhaustive des
ription of all VME and NIM modules existing atTagusLIP, some of these modules prevail on importan
e for being part of the experimentaldata taken ele
troni
 
hains. On Fig. 2.12 the VME and NIM ra
ks existing in TagusLIPare shown. As examples of the most relevant NIM modules, TagusLIP 
ounts with 8Channel Constant Fra
tion Dis
riminator, 4-8 Logi
 Fan-in Fan-Out, Quad S
aler AndPreset Counter or Timer, 4 
hannel programmable HV Power Supply, Triple 4-Fold Logi
Unit, 8 
hannel Leading Edge Dis
riminator. These modules are des
ribed here brie�y.Additional information on these or other NIM and VME modules 
an be seen in theCAEN and ISEG websites [Caen2008, Iseg2008℄.37



2.4. TagusLIP Main Equipment

Figure 2.12: VME and NIM modules at TagusLIP used for readout of dis
rete ele
troni
setups.The 8 Channel Constant Fra
tion Dis
riminator is the Mod. N842 from CAEN. Themodule a

epts 8 negative inputs and produ
es 2×8 NIM outputs (NIM outputs are pro-vided with a fan-out of two), plus 8 negated NIM outputs, on front panel LEMO 00
onne
tors. The 
onstant fra
tion delay is de�ned by a delay line network of 20 ns with5 taps. The timing stage of the dis
riminator produ
es an output pulse whose widthis adjustable in a range from 16.5 ns to 273 ns. Moreover, in order to prote
t againstmultiple pulsing, it is possible to program a dead time during whi
h the dis
riminator isinhibited from retriggering.The 4-8 Logi
 Fan-in Fan-out (Mod. N454 from CAEN) is a single width NIM unithousing 4 independent Fan In-Fan Out se
tions. Ea
h se
tion a

epts 4 input NIM signalsand performs on these the logi
 OR fun
tion. The result of the fun
tion is available as 4normal and 2 
omplementary NIM signals on 6 front panel 
onne
tors. The unit 
an beprogrammed, via a front panel swit
h, to work as 4 OR se
tions (4 inputs / 4 outputs) or2 OR se
tions (8 inputs / 8 outputs).The Quad S
aler And Preset Counter or Timer (Mod. N1145 from CAEN) is a doubleunit NIM module that in
ludes four independent 8-digit up-
ounters plus a �fth 7-digitdown-
ounter that 
an be used either as a preset 
ounter or timer. The 
ounters 
anhave di�erent operating modes and 
an be variously inter
onne
ted, making the modulea �exible tool for appli
ations involving time, frequen
y and ratio measurements. All
ounters 
an a

ept either TTL or NIM inputs and all 
ontrol and output signals are38



CHAPTER 2. EXPERIMENTAL ENVIRONMENTstandard NIM. The maximum input frequen
y is 250 MHz and the minimum pulse widthis 2 ns for the up-
ounters, and respe
tively 80 MHz and 3 ns for the down-
ounter. All in-put and output 
onne
tors as well as all the 
ontrol swit
hes are lo
ated on the front panel.The Programmable High Voltage Power Supply (Mod. N470 from CAEN) is a doublewidth NIM unit housing 4 independent HV 
hannels, with output voltage ranges from0 to ± 8kV (1 to 3 mA), with a pre
ision voltage of ± 1 V. The range sele
tion is au-tomati
, as the output voltage is set, and the 
urrent resolution is 1 µA. The outputpolarity is independently sele
table for ea
h 
hannel and it is possible to 
ontrol severaloperating parameters on ea
h 
hannel (two levels of presettable high voltage, two levelsof 
urrent limit, Ramp-up, Ramp-down). All these parameters 
an be programmed andmonitored either in remote mode, via High Speed CAENET (either using the V288 VME
ontroller or the A1303 PCI Bus 
ontroller), or in lo
al mode, via front panel alphanumeri
keypad and two 8-
hara
ter displays. In addition some LEDs display the status of thesele
ted 
hannel. The Front panel trimmers allow the setting of maximum voltage limits,and the two 
urrent and voltage limits 
an be sele
ted via two external NIM/TTL signals.The VHR high voltage module, Mod. NHQ 224M from ISEG, is a NIM module withtwo 
hannels of high voltage from 0 to 4 kV. This unit o�ers high pre
ision voltage (±10mV) and 
urrent resolution with high stability, essential to sensing and radiation dete
-tion units where low noise and high stability are paramount, su
h as APD based systems.The module has manual 
ontrols on the front panel and 
an be 
ontrolled with these ifremote 
ontrol of the module is not needed. An RS�232 interfa
e provides the user withfull fun
tionality of the module allowing to 
ontrol and operate from a standard PC.The Triple 4-Fold Logi
 Unit/Majority with VETO (Mod. N405 from CAEN) is a oneunit wide NIM module housing three independent se
tions that 
an be used either as logi
unit or majority. The two modes are sele
table via internal swit
hes. Ea
h se
tion a

epts4 input signals, a VETO input and provides 4 outputs (2 normal and 1 
omplementary,shaped, plus 1 linear). The linear output provides a signal whose width is equal to thetime during whi
h the input signals satisfy the 
onditions programmed via the front panellever swit
hes. The shaped output widths 
an be set via front panel trimmers in the range6 ns to 800 ns.As examples of the most relevant VME modules, TagusLIP 
ounts with 32 ChannelMultievent Peak Sensing ADC, Dual Timer, Quad Linear Fan-in Fan-out, 8 Channel FastAmpli�er, VME�USB2.0 and VME�PCI Opti
al Link Bridges.The 32 Channel Multievent Peak Sensing ADC, Model V785 from CAEN, is a 1-unitwide VME 6U module housing 32 Peak Sensing Analog-to-Digital Conversion 
hannels.Ea
h 
hannel is able to dete
t and 
onvert the peak value of the positive analog signals(with risetime bigger than 50 ns) fed to the relevant 
onne
tors. Input voltage range isfrom 0 to 4 V. The outputs of the peak dete
tor ele
troni
s are multiplexed and subse-quently 
onverted by two fast 12-bit ADCs (the total readout time for digitalization for all
hannels is 5.7 µs). The integral non linearity is ±0.1 of full s
ale range (FSR), measured39



2.4. TagusLIP Main Equipmentfrom 2% to 97% of FSR; the di�erential non linearity is ±1.5% of FSR, measured from3% to 100% of FSR. The ADCs use a sliding s
ale te
hnique to redu
e the di�erentialnon-linearity. This te
hnique 
onsists in adding a known value to the analog level to be
onverted, thus spanning di�erent ADC 
onversion regions with the same analog value.The known level is then digitally subtra
ted after the 
onversion and the �nal value issent to the threshold 
omparator. If the sliding s
ale is enabled, it redu
es slightly thedynami
 range of the ADC: the 12-bit digital output is valid from 0 to 3840, while thevalues from 3841 to 4095 are not 
orre
t. Programmable zero suppression, multieventbu�er memory, trigger 
ounter and test features 
omplete the �exibility of the unit. A16 
hannel �at 
able to LEMO input adapter (Mod. A385 from CAEN) is available forthe Mod. V785 (one 32 
h. V785 requires two A385 boards). The board supports thelive insertion that allows inserting or removing them into the 
rate without swit
hing it o�.The Dual Timer (Model V993 from CAEN) is a 1-unit VME module housing two iden-ti
al triggered pulse generators. The module produ
es NIM/TTL (NIM/TTL sele
tionis performed via an on-board swit
h) and ECL pulses whose width ranges from 50 ns to10 s when triggered. Output pulses are provided normal and negated. Timers 
an bere-triggered with the pulse end marker signal, a short pulse o

urring at the end of ea
houtput pulse. The 
oarse adjustment of the output width is provided via a 9-positionrotary swit
h and the �ne adjustment 
an be performed via either a rotary handle or byproviding an external voltage. The trigger START 
an be provided via either an externalsignal (NIM, TTL or ECL) or manually via a front panel swit
h. The module featuresalso VETO and RESET input signals. RESET is also available on a front panel swit
h.VME�USB2.0 (Mod. V1718) and VME-PCI Opti
al Link (Mod. VX2718) Bridgesare a 1-unit wide 6U VME master module whi
h 
an be operated from the USB port ofa standard PC and a 1-unit wide 6U VME64X master module, whi
h 
an be 
ontrolledby a standard PC equipped with a PCI 
ontroller 
ard (Mod. A2818 from CAEN), re-spe
tively. The 
onne
tion between the VX2718 and the PCI 
ontroller 
ard takes pla
ethrough an opti
al �ber 
able. These boards 
an operate as VME System Controllera
ting as Bus Arbiter in Singlemaster or Multimaster systems (when plugged in the slot1). The VME bus a
tivity 
an be monitored in detail, both lo
ally (through a LED dis-play) and remotely. The front panel of both modules in
ludes 5 TTL/NIM programmableoutputs on LEMO 00 
onne
tors and two programmable TTL/NIM inputs (on LEMO 00
onne
tors). The I/Os 
an be programmed in order to implement fun
tions like Timer,Counter, Pulse generator and I/O register. The sustained data rate on the USB is up to30 MByte/s and up to 70 MByte/s on the opti
al link. The modules are equipped witha 128KB memory bu�er in a way that the a
tivity on the VME bus is not slowed downby the transfer rate on the USB port or when several VX2718s share the same PCI bus.The Quad Linear Fan-in Fan-out (Mod. V925 from CAEN) is a 1-unit VME modulewhi
h houses three 4 In / 4 Out and one 3 In / 3 Out se
tions. one Dis
riminator 
han-nel is also featured. Ea
h Fan-in Fan-out se
tion produ
es on all its output 
onne
tors,the sum of the signals fed to the inputs, eventually inverted. Fan-in Fan-out inputs arebipolar, while the output 
an be either inverting or non inverting by a jumper sele
table40



CHAPTER 2. EXPERIMENTAL ENVIRONMENTindependently for ea
h se
tion. Both input and output signals are DC 
oupled. Maximuminput amplitude is ±1.6 V. Moreover ea
h Fan-in Fan-out se
tion features a s
rewdrivertrimmer whi
h allows the DC o�set adjustment. The module has also one dis
rimina-tor 
hannel, whi
h has one DC 
oupled input (polarity is sele
table by one jumper), thethreshold is s
rewdriver adjustable and monitorable via test point and the output is NIMstandard, its width is s
rewdriver adjustable as well. Front panel LEDs allow to monitorall the mode, gain and polarity adjustments performed via internal jumpers.The 8 Channel Fast Ampli�er (Mod. V975 from CAEN) is an 8 
hannel fast rise timeampli�er housed in a 1-unit VME module. Ea
h 
hannel features a �xed voltage gain of10. Channels are bipolar, non-inverting and 
an be 
as
aded in order to obtain largergain values. Input bandwidth is 250 MHz for signals up to 50 mVpp and de
reases forlarger ones (up to 110 MHz at 400 mVpp). Ea
h 
hannel is provided with three LEMO 00
onne
tors, one for the input and two bridged for the output. The board features a ±2V output dynami
s. S
rew-trimmers (one per 
hannel) allow the o�set 
alibration whi
hoperates over a ±25 mV range.2.5 The Experimental SetupsThe main experimental setups implemented for the 
hara
terization studies des
ribed inthe next 
hapters of this thesis (APDs, 
rystal matri
es and fully assembled dete
tor mod-ules) are based in two di�erent dis
rete ele
troni
s systems. These systems are generally
hara
terized by a modest number of readout 
hannels and their use was mainly di
tatedby the fa
t that the �nal ClearPEM front-end ASIC was only available in late 2007.In the following se
tions a des
ription of two setups is provided as well as the validation
ondu
ted previously the beginning of the a
tual studies.2.5.1 Dis
rete Ele
troni
s for Single ReadoutThis ele
troni
 
hain was developed by the Inter-University Institute For High Energies(IIHE) group, from the Vrije Universiteit Brussel (VUB), and it was a
quired by LIP inthe 
ontext of the Crystal Clear Collaboration, from whi
h both institutes are members.It was designed for tests with Hamamatsu 32 
hannel APD arrays and it is 
ompatiblewith standard NIM and CAMAC modules.The basi
 readout prin
iples is that whenever a signal appears at any of the 32 
han-nels, there will be a negative NIM gate signal, whi
h trigger all the ADC 
hannels. Thedis
riminator, together with logi
 gates and TTL-NIM signal level 
onverter, providestrobe for the ADC. The strobe output on the board is terminated with a 50-ohm resistorto ground. In order to meet the requirements of the peak sensing ADC, the analog signalis delayed by long twisted pair �at 
able before input to ADC [Jiangui2004℄.The ampli�er 
hain ele
troni
s is partitioned into three main boards. The APD array,41



2.5. The Experimental SetupsCremat preampli�ers and 1st stage op-amp are on the �rst board. Zero-pole, 2nd stageop-amp, dis
riminator, logi
 and TTL-NIM 
onversion are on the se
ond board. Twistedpair signal re
eiver and shaper are on the third board. Analog signal is 
arried from these
ond board to the third board by twisted pair �at 
able, the digital strobe goes dire
tlyfrom the se
ond board to the peak sensing ADC. To trigger the ADC module wheneverany 
hannel has an analog signal, a NIM standard fast negative logi
 signal with a leadingedge pre
eding the peak of the analog signal by at least 80 ns is also generated.
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Figure 2.13: Photographs of 2 boards of the "Brussels" Ele
troni
s (the third, twistedpair signal re
eiver and shaperboard, is not shown).
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Figure 2.14: 32 
hannel dis
rete ele
troni
s for single readout s
heme.A s
hemati
 diagram of the setup for single readout using this ele
troni
 ampli�er 
hainis shown in Fig. 2.14. A single Hamamastu S8550 APD is pla
ed in the dis
rete ele
troni
s
hain to 
olle
t the signal from the radioa
tive sour
e, using 2-stage ampli�
ation, shapingand trigger. Signals are readout by a peak sensing CAEN V785 VME ADC, data is42
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olle
ted on a dedi
ated 
omputer for online visualization and analyzed shortly after.The dedi
ated software to 
ontrol the experimental runs and monitorized the data takenis based on HAL (Hardware A

ess Library, CMS) and ROOT, An Obje
t OrientedFramework For Large S
ale Data Analysis [Brun1997℄.2.5.2 Dis
rete Ele
troni
s for Double ReadoutTo fully explore the dete
tor module performan
e another dis
rete ele
troni
s was a
-quired and adapted from the original purpose to the Laboratoire de Physique des HautesEnergies (LPHE) at the "E
ole Polyte
hnique Federale de Lausanne". The "Lausanne"analogue ele
troni
s provide low-noise ampli�
ation of 32 APD pixel inputs. Ea
h pixelAPD is 
onne
ted to a 
harge sensitive pre-ampli�er, after whi
h are feed into di�erential-integrator shapers. The shaped output pulse passes through level dis
riminators, produ
-ing digital signals that are analyzed by a trigger logi
. Two sets of 32 output 
hannels areavailable: slow outputs after the di�erential-integrator shaper/ampli�ers and fast linesavailable after the ampli�
ation and the di�erential shaper stage [Mosset2006℄.Originally, the "Lausanne" analogue pro
essing ele
troni
s was developed with the aimof performing the signal readout of a 
omplete 32 
rystal matrix read at one of its endsby a Hamamatsu S8550 multi-pixel APD. In order to 
olle
t data from a double readoutmodule, a group of 16 
hannels was 
onne
ted to one APD and the se
ond group to theopposite APD. The 32-
hannel positive signals are 
oupled to CR�110 Cremat low-noise
harge pre-ampli�ers with an internal gain of 1.4 V/pC [Rodrigues2007℄. Due to the lowamplitude of the output signal pulse is sent through a di�erential-integrator shaper forampli�
ation and pulse shaping needs before it rea
hes the ADC module.
Differen�al to 

Single Ended

VME board 

Gate Trigger

ADC 

peak sensing

V785

PC 

(online  visualiza�on)

Amplifier

(SA-TD)

Pre-Amp

(CSA)

Pre-Amp

(CSA)

DC: ± 9 V

± 12 V

Power Supply HV

CAEN N470

VX2718

or

V1718

Figure 2.15: 32 
hannel dis
rete ele
troni
s for double readout s
heme.A s
hemati
 diagram of the setup for double readout using this ele
troni
 ampli�er
hain is shown in Fig. 2.15, as well as some illustrating photographs (Fig. 2.16). A dete
tormodule is pla
ed in the dis
rete ele
troni
s 
hain to 
olle
t the signal from the radioa
tivesour
e whi
h 
an be positioned at one top of the dete
tor module or at a side, for lateralin
iden
e. 43



2.5. The Experimental Setups
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hain [Rodrigues2007℄.Whenever a signal appears at any of the 32 
hannels it is 
ompared with a 
ommonthreshold. If one of the 
hannels is higher than the amplitude threshold all 32 
hannelsare readout and a digital trigger gate issued. When the ampli�ed pulses are digitized bypeak sensing ADCs, the trigger gate needs to rea
h the ADCs prior to the arrival of theampli�ed signals. This is a

omplished by transporting the di�erential analogue signalsin several meters of Cat5 
able, providing a 250 ns delay. The di�erential signals are
onverted to single-ended in a 
ustom VME board, and then 
onne
ted to the ADC. The"Lausanne" gate is fed, without delay, into a 
oin
iden
e unit together with a CFD logi
signal from the photomultiplier 
oupled to a NaI:Tl 
rystal for ele
troni
ally 
ollimatedmeasurements with 22Na. The 
oin
iden
e unit generates the ADC signal gate whi
h isthen used as trigger signal by the ADCs. For un-
ollimated and ba
kground measurementsthe NaI:Tl trigger is not used.2.5.3 Dis
rete Ele
troni
s Commissioning2.5.3.1 Single Readout Ele
troni
sThe 
ommissioning of the single readout ele
troni
s 
onsisted mainly on the inje
tion ofthe 
ontrolled amounts of 
harge dire
tly in ea
h of the 32 CR-101D Cremat 
harge sensi-tive preampli�ers. A test signal, produ
ed by a Tektroni
s AFG3252 fun
tion generator,was applied to a 2.2 pF 
apa
itor. Syn
hronous to the test signal, a gate was generatedand used to open the sensing gate of the peak sensing ADC V785. The analog outputpulses after the �nal shaping stage were also routed to the V785 ADC.44
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Figure 2.17: (left) Input test pulse with amplitude of 10.8 mV with 1.0 ms duration and(right) 
orresponding output pulse shape.
Six dis
rete values of voltage for the test pulse were sele
ted: 6.85, 8.04, 9.3, 10.5,11.6 and 12.8 mV. Fig. 2.17 (a) shows the applied test pulse (10.8 mV 
ase) and the
orresponding output pulse after the shapers (third board) (b). As 
an be observed inFig. 2.18, the behaviour is rather linear, and a simple linear �t des
ribes well the data.A similar plot, but for all 
hannels is presented in Fig. 2.19. Is 
an be observed that thegain spread is low ex
ept 
hannel 8, whi
h has a low gain.
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Figure 2.18: Variation of the pulse amplitude as fun
tion of the test pulse amplitudeapplied at a 2.2 pF 
apa
itor for 4 typi
al 
hannels.45



2.5. The Experimental Setups
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Figure 2.19: S
an of the variation of the pulse shape amplitude for all 
hannels. Mea-surements 
orresponding to a test pulse of 6.8 mV not shown for 
larity of the plot.From the �ts to the amplitude of the output pulse as fun
tion of the test pulse theslope or the 
ombined gain of ea
h 
hannel was 
omputed. Results are shown in Fig. 2.20.The mean relative gain is 122.9 ADC/mV with dispersion in relation to the mean valueof about 2.8%. By taking into a

ount the 
apa
itor value of 2.2 pF, this yield a meanabsolute gain of 55.8 mV/fC whi
h 
orrelates well with the expe
ted value of 55 mV/fC.
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Figure 2.20: Absolute gain distribution of the single readout ele
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s.The variability of the pedestal level (DC value from the Brussels ele
troni
s 
ombined46



CHAPTER 2. EXPERIMENTAL ENVIRONMENTwith the DC value of the peak sensing ADC) was also evaluated. Results are shown inFig. 2.21. The mean pedestal is of 156 ADC 
ounts, with a dispersion of 15.9%. Two
hannels (13 and 27) show variations up to 260 ADC 
ounts. This fa
t points out that athreshold 
ommon to all 32 
hannels should not be used in the ADC in order to avoid ade
rease of the dynami
 range of the remaining 
rystals.
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Figure 2.21: Measured pedestal as fun
tion of the 
hannel identi�er.
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harge (ENC) for the single readout ele
troni
 setup.Combining the r.m.s. of ea
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2.5. The Experimental Setupstotal noise (without the 
ontribution from the dark 
urrent produ
ed by the APD) 
anbe 
omputed. Results are shown in Fig. 2.22. A mean ENC 
harge of 670 ele
trons witha dispersion less than 7% was obtained, whi
h indi
ates that the developed ele
troni
s iswell suitable for the evaluation of APD photodete
tors.2.5.3.2 Double Readout Ele
troni
sThe 
ommissioning of the double readout ele
troni
s was performed in a similar mannerto the one employed for the single readout ele
troni
s, des
ribed in the prevision sub-se
tion. Brie�y, it 
onsists on the inje
tion of ele
tri
al 
harge dire
tly in ea
h of the 32CR�101D CREMAT 
harge sensitive preampli�ers, by means of a test signal produ
edby a Tektroni
s AFG3252 fun
tion generator at the terminals of a 
apa
itor.
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Figure 2.23: Variation of the pulse amplitude as a fun
tion of the test pulse amplitudeapplied for 4 typi
al 
hannels.In Fig. 2.23 the variation of the pulse amplitude for four typi
al readout 
hannelsis shown, where a good linearity 
an be inferred. For the s
anned 
hannels, the overallele
troni
s gain expressed in terms of ADC 
ounts, as re
orded by the peak sensing ADC,in fun
tion of the test pulse amplitude was 
al
ulated. Results are shown in Fig. 2.24. Amean gain of 17.81 ADC Counts per mV was found. The inter-
hannel gain dispersionwas of about 7%, slightly higher than the one obtained with the single readout ele
troni
s(2.8%). The mean gain is a fa
tor of 7 lower than the one obtained with single readoutversion. This di�eren
e was tra
ed ba
k to the initial settings determined by the �nalampli�
ation ele
troni
s, whi
h is regulated by a turning knob.48
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Figure 2.24: Absolute gain distribution of the double readout ele
troni
s.
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Figure 2.25: Measured pedestal as fun
tion of the 
hannel identi�er.The variability of the pedestal, whi
h re�e
ts the 
ombination of the DC value formthe double readout ele
troni
s with the DC value from the ADC peak sensing module,was also assessed. Results are shown in Fig. 2.25. As 
an be observed two di�erentbehaviours were found for the 
hannel pedestal and variability or noise r.m.s.. Channelswith identi�ers from 0 to 15, have a larger mean pedestal (320 ADC 
ounts), with anoise r.m.s. of about 55 ADC 
ounts. In 
ontrast, the se
ond group, 
orresponding to
hannels 16 up to 31, has a lower mean r.m.s. noise, down to less than 10 ADC. These49



2.5. The Experimental Setupsmeasurements are in good agreement with independent ones reported in [Rodrigues2007℄.The di�erent behaviour in terms of the mean and r.m.s. pedestal is expe
ted to arise fromthe 
onne
tors that bridge the APD to the "Lausanne" frontend PCB.2.5.4 ISEG High Voltage Supply CalibrationFor an optimum performan
e of APD-type photosensors, pre
ise, a

urate and low-noisebias supplies me
hanism need to be used. For example, the Hamamatsu S8550 multi-pixel array, whi
h was adopted for the ClearPEM proje
t (see Chapter 1), shows a gainvariation of 3.6%/V at gain 50 rising up to 5.8%/V at gain 100. Therefore and in order toavoide the introdu
tion of a bias in the gain response of the APD that would deterioratethe energy resolution, bias supplies should be stable at least at the 50 mV level.
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Figure 2.26: ISEG NHQ high voltage stability study. Values re
orded along 5 hours.Input values: 395V (
hannel A) and 396V (
hannel B).Chara
terization of the available HV modules at TagusLIP was performed by moni-toring the HV voltage as fun
tion of time. Results for the NIM NHQ 224M ISEG moduleare shown in Figs. 2.26 and 2.27. Channel A was programmed with a target value of395V while 
hannel B was programmed to supply a value of 396 V. Values were re
ordedalong a 5-hour interval. Results show that 
hannel A a
tually delivers 395.036 V and
hannel B 396.039 V. The standard deviation is about 23.7 mV and 22.5 mV, respe
tively.The reported values are those obtained by the internal sensing 
ir
uit implemented inthe NHQ module and 
orrelate very well, within 50 mV, of the value measured with aKeithley 2000 multimeter at the end of the HV 
ables.50
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Figure 2.27: HV distribution of the two ISEG NHQ (VHR option) 
hannels, monitoredalong 5 hours.
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Figure 2.28: CAEN N470 high voltage stability study. Values were re
orded along 25hours. Only one 
hannel, for 
larity of the plot, is shown.Results for the N470 module from CAEN are shown in Fig. 2.28. Only one 
hannelis shown, whi
h was programmed to deliver 403 V. As 
an be observed, the behaviourof this module in terms of a

ura
y and stability is signi�
antly di�erent from the NHQmodule. During the �rst three hours, the module drifts from an initial value of 398 Vup to about 404 V. After this warm-up time, the N470 module be
omes more stable,51



2.6. Summary and Dis
ussionalthough di�eren
es in the 400 mV range 
an still be observed - Fig. 2.29. An interestingpoint with this module is that the internal sensing system of the N470 module (
urve inFig. 2.28 labeled as V MON) shows a systemati
 di�eren
e of about 2 V in relation to thestabilized value of 404 V ± 500 mV, measured with a Keithley 2000 multimeter at theend of the HV 
able. Similar behaviour (not shown) was observed in the se
ond 
hannelof the N470 module.
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Figure 2.29: Behaviour of N470 high voltage in the stabilized operation region.This study points out that for improved performan
e of the N470 module a settlingtime of roughly 3�4 hours should be adopted before measurements are made. In 
ompar-ison, the ISEG NQH module 
an be used almost immediately after its power-on.2.6 Summary and Dis
ussionThe ClearPEM s
anner was designed and developed during a timespan of several yearsthat demanded a suitable working area, following radiologi
al safety guidelines. Tagus-LIP was setup for R&D, experimental tests, integration and a
quisition ele
troni
s. It
urrently has a working area of 300 m2 with a hot bunker devoted to nu
lear testing andradiologi
al safety systems.As part of this thesis, the evaluation of these radiologi
al safety systems was 
arriedout. Results indi
ate that the typi
al radiation dose is 2 µSv per day. During the integra-tion and 
ommissioning phase of the s
anner at IPO�Porto similar measurements wereperformed with a higher absorbed dose of 4 to 6 µSv but still within the radiation limitsestablished by International Commission on Radiologi
al Prote
tion.52



CHAPTER 2. EXPERIMENTAL ENVIRONMENTBesides the radiologi
al assessment, work was 
arried out on the 
ommissioning ofthe dis
rete ele
troni
s setups available for the design an quality 
ontrol phases of theClearPEM dete
tor modules. Both ele
troni
 setups, single and double readout modes,are 
hara
terizes by a good gain uniformity and low noise. Pedestal variations were foundto be signi�
ant requiring individuals thresholds for the ADC modules. High voltagestability was also appraised for two independent modules and results have shown distin
tbehaviours. The ISEG NHQ module was found to be usable almost after power-up andis very stable in several hours but the CAEN N470 presented a signi�
ant drift thatdemanded a warm-up time of about 2 hours.
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3.1. Introdu
tion3.1 Introdu
tionDevelopment of dete
tors for PET has often seen the migration of te
hnologies, originallydeveloped for high energy physi
s experiments, into prototype PET dete
tors. A key 
om-ponent of su
h imaging systems is the dete
tor module, as its performan
e determines theoverall fun
tioning of the dete
tor.The design and 
onstru
tion of the ClearPEM dete
tor module with depth of intera
-tion (DOI) 
apability has been one of the most important and innovative aspe
ts of theproje
t and has required several developing iterations up to its �nal design. The pro
esshas involved the 
hoi
e of the s
intillator 
rystal and its polishing treatment, wrappingand opti
al 
oupling to the photodete
tor, in order to optimize both the light 
olle
tionand the DOI measurement performan
e, and simultaneously solve ele
tri
al-me
hani
al
onne
tivity questions, alignment 
onstrains and the �nal me
hani
al pa
kaging of thedete
tor modules.In this 
hapter, the ClearPEM dete
tor module is fully 
hara
terized. The designprin
iples and the me
hani
al assembly of the dete
tor module are presented, as well asthe performan
e evaluation results, obtained during the experimental work 
arried out inthis thesis. Assessment of the long-term stability of the main performan
e parameters,namely light 
olle
tion, energy and DOI resolution is also dis
ussed.3.2 Design Prin
iples of the Dete
tor ModuleThe ClearPEM prototype was initially intended to evaluate PET te
hnology in the diag-nosis of malign neoplasm in the breast and of ganglion lo
o-regional invasion. Relativelyto whole body PET systems, a dedi
ated equipment has potentially better spatial reso-lution, obtained with �ne-grain 
rystal segmentation, and allows a 
loser 
overage of theregion under analysis, leading to a better sensitivity. Moreover, whole body PET systemsare expensive and massive and not adapted to a systemati
 breast s
reening. Be
ause oftheir open geometry they are also very sensitive to the ba
kground from the 
hest whi
hredu
es the dete
tability of small lesions in the breast [Le
oq2002℄.The ClearPEM s
anner was developed 
onsidering three main guidelines: low ba
k-ground, minimizing the fra
tion of random 
oin
iden
es under a high �ux of single photons(up to 10 MHz); high sensitivity and spatial resolution down to 2 mm [Abreu2006℄. Sen-sitivity is an important parameter on the design sin
e when the sensitivity is in
reased itallows a lower inje
ted dose and a shorter examination time. This is parti
ularly impor-tant in determining the frequen
y of s
ans for women as well as the lower limit of their agefor systemati
 s
reening. Sensitivity depends on geometri
al and physi
al parameters ofthe dete
tor. The dete
tor geometry must 
over the largest solid angle possible, althoughsome limitations are imposed by image re
onstru
tion 
onsiderations as well as by thespe
i�
ity of human body anatomy and examination pra
ti
e. The dete
tor thi
knessand the 
rystal physi
al properties (density and 
omposition) determine the photoele
tri
56



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEintera
tion probability for the emitted photons and in 
onsequen
e have a dire
t impa
ton ClearPEM sensitivity. On the other hand, the 
rystal length is responsible for the par-allax e�e
t in the image re
onstru
tion pro
ess and the 
onsequent degradation in spatialresolution [Moses2004℄. Parallax e�e
t in ClearPEM is an important issue espe
ially forbeing a planar dete
tor lo
ated 
lose to the obje
t under examination. In 
onsequen
e,high-density 
rystals 
ombined with a method that provides depth-of-intera
tion infor-mation were required for the dete
tor.The 
rystal transverse dimensions (about 2×2 mm2) were determined by the desiredposition resolution, whereas the longitudinal dimension (20 mm) was di
tated by therequired dete
tor sensitivity. The dete
tor assembly is based on two dete
ting heads,ea
h one formed by 96 dete
tor modules of 8×4 
rystal matri
es. Depth-of-intera
tioninformation 
ould be obtained by the "phoswi
h" te
hnique using, instead of a single 20mm long 
rystal, two 10 mm 
rystals with two di�erent time 
onstants [Ziemons2005,Mosset2006℄. The analysis of the signal shape should allow distinguishing in whi
h ofthe two longitudinal segments the intera
tion o

urred. An alternative te
hnique is to
olle
t the 
rystal light in the front and ba
k fa
es and to use the relative amplitude of thetwo signals to estimate the longitudinal 
oordinate of the intera
tion point [Shao2000℄.This last te
hnique was adopted for the ClearPEM prototype, as result of preliminaryexperimental work 
arried out in 2003, that falls outside of the s
ope of this thesis andwill be only brie�y dis
ussed with the aim to better 
ontextualize the work presented inthis 
hapter.3.2.1 PhotosensorsAs already dis
ussed, one of the requirements for the ClearPEM s
anner was to a
hievespatial resolutions better than 2 mm without 
ompromising the pa
king fra
tion (or thesystem sensitivity). To a
hieve this goal, the ability to obtain depth of intera
tion mea-surements on an event-by-event basis was mandatory as well as to readout the s
intil-lation light without introdu
ing (b ≈ 0) light sharing e�e
ts. A solution based on adouble readout s
heme and an individual 1:1 
oupling between the photodete
tor andthe LYSO:Ce 
rystal was explored. However, to do this without putting large amount ofnon-a
tive material in the patient port and without de
reasing the pa
king fra
tion dueto dead spa
es usually introdu
ed by the pla
ement of several photodete
tors side-by-side, it has required the adoption of a parti
ular sensor. Position sensitive or multi-anode(PS-PMTs) photomultipliers 
ould be used but only on one of the sides or when 
oupledto a 
rystal opti
al �ber readout. Due to its very 
ompa
t assemblies, semi
ondu
torphotosensors are mandatory for the patient port, like in the implementation adopted forthe LBNL PEM s
anner [Wang2006℄. Using multi-pixel sili
on pin-diodes (Si PDs) to-gether with photomultipliers has however downsides related to their very di�erent gains[Shao2000, Shao2002, Wang2004℄. This e�e
t 
ould be partial avoided with the multi-pixel avalan
he photo-diodes (APDs) devi
es, 
urrently available from di�erent vendorssu
h as Hamamatsu Photoni
s K.K., RMD � Radiation Monitoring Devi
es, In
. andPerkinElmer Optoele
troni
s, In
.. 57



3.2. Design Prin
iples of the Dete
tor ModuleThe traditional readout based on photomultipliers was thus repla
ed by APDs, allow-ing to implement a 1:1 readout type (b ≈ 0). APDs have higher quantum e�
ien
y andless inter-
hannel 
ross-talk than standard PS-PMTs. The gain is between 50�1000, a
lear improvement when 
ompared with sili
on photodiodes (Si PDs) whi
h do not haveinternal gain, but still lower than the ones obtained in standard (PMT) and hybrid photondete
tors (HPDs) [Braem2004℄. The small dimensions of the APDs are 
ompatible witha dire
t 
oupling to pixelized 
rystals. Due to its 
ompa
tness, it is possible to read ea
hsingle 
rystal with one APD pixel on ea
h ends, and to use the relative amplitude of thetwo signals to estimate the longitudinal 
oordinate of the intera
tion point [Shao2000℄.This solution named double readout 
annot be easily implemented in 
onventional wholebody ring and planar PET s
anners, sin
e the amount of non-a
tive material (ele
troni
sand photomultipliers) pla
ed between the anatomi
 region under examination and the
rystals would lead to an una

eptable de
rease of the solid angular 
overage plus addi-tional attenuation of the in
oming photons. Opti
al �ber readout 
ould be used to extra
tthe s
intillation signals to photomultipliers pla
ed outside the dete
tor heads but at theexpense of energy and time resolution due to light losses inside the �bers and additionalopti
al interfa
es.
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Figure 3.1: APD reverse stru
ture s
heme (adapted from [Rusa
k2003℄).In avalan
he photodiodes, a reverse bias is applied to a p-n jun
tion and a high-�eldis formed within the depletion layer. This leads to the a

eleration by this �eld of theinitial 
harge 
arrier (photo-ele
trons) whi
h will 
ollide with atoms in the �eld. After
ollision, se
ondary 
arriers are produ
ed. The amount by whi
h this pro
ess 
an berepeated, while maintaining the �nal 
harge proportional to the number of initial photo-ele
trons, is limited. Considering the s
hemati
 
ross-se
tion for a typi
al APD stru
ture(Fig. 3.1), the basi
 stru
tural elements provided by the APD in
lude an absorptionregion "A", and a multipli
ation region "M". Present a
ross region "A" is an ele
tri
�eld "E" that serves to separate the photo-generated holes and ele
trons, and sweeps one
arrier toward the multipli
ation region. The multipli
ation region "M" is designed to ex-58



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEhibit a high ele
tri
 �eld so as to provide internal photo-
urrent gain by impa
t ionization.In spite of the low gain (102�103) when 
ompared to photomultipliers, the light 
onver-sion quantum e�
ien
y is signi�
antly higher, by a fa
tor of 2�3. The S8550 APD fromHamamatsu Photoni
s, K. K. with 32 pixels in a 8×4 
on�guration was evaluated by theCrystal Clear Collaboration in 2002�2003 [Mosset2003,Mosset2006℄. Promising results ledto its adoption for the ClearPEM s
anner. The S8550 array is assembled from two dis-tin
t monolithi
 sili
on wafer parts, of 2×8 "reverse" type stru
ture pixel elements. Thepixels are mounted on a 1 mm thi
k 
erami
 pa
kage with a 0.5 mm thi
k epoxy window[Hamamatsu2001, Kapusta2003℄. Ea
h Si pixel element has a 1.6×1.6 mm2, 
ompatiblewith an individual 1:1 readout of 2×2 mm2 
ross-se
tion LYSO:Ce 
rystals (Fig. 3.2). Theelement pit
h is 2.3 mm and all the pixels pla
ed in the same sub-matrix share the same
ommon bias. This parti
ular APD is an upgrade of the original Hamamatsu 2×16 pixelAPD, whi
h was initially used in the small animal PET s
anner MADPET [Pi
hler2001℄.Most of its design layout is similar to the S8644�55 APD, developed by Hamamatsu forthe CMS 
ollaboration. The 4 × 8 version was also adopted for the MADPET�II up-grade [M
Elroy2005℄ with 1120 LSO:Ce 
rystals readout by 35 APD S8550 units and forthe miniature PET s
anner for in-vivo rat brain imaging (RatCAP) s
anner with 384LSO:Ce 
rystals (2.2×2.2×5 mm3) arranged into 12 units [Vaska2005℄. The spe
i�
ationsfor the Hamamatsu S8550 APD are summarized in Tab. 3.1.Parameter ValuePixel size 1.6 mm × 1.6 mm (× 32 pixels)Pixel pit
h 2.3 mmWindow type 0.5 mm thi
k epoxy resinPeak sensitivity wavelength 600 nmQuantum e�
ien
y � 365 nm 50�58%Quantum e�
ien
y � 420 nm 72�76%Gain 50�200Polarization bias 400�500 VGain gradient � M = 50 3.6%/VGain gradient � M = 100 5.8%/VGain gradient � M = 200 13.4%/VDark 
urrent 2�4 nA (per pixel at gain M = 50)Capa
itan
e 10 pF (per pixel at gain M = 50)Table 3.1: Hamamatsu S8550 APD ele
tri
al and opti
al 
hara
teristi
s.The e�e
tive S8550 gain, the ratio of the total number of se
ondary avalan
he ele
tronsprodu
ed by the initial number of ele
tron-hole pairs due to the s
intillation light, 
anvary between 50 and 200, with a spe
i�ed inter-pixel gain variation around 5% r.m.s. anda dark 
urrent of 2�4 nA per pixel. The terminal 
apa
itan
e is 10 pF per pixel at gain 50.The S8550 APD operates at a bias voltage between 360-500 V, depending on the requiredgain. The gain varies by about -2.4%/◦C at gain 50. This is due to latti
e vibrationsin the sili
on stru
ture of the APD whi
h are enhan
ed as temperature in
reases making59



3.2. Design Prin
iples of the Dete
tor Modulemore probable to intera
t with avalan
he se
ondary ele
trons. Temperature drifts, ifnot 
ontrolled, may thus originate gain drifts 
ontributing to a detioration of the energyresolution. The temperature gradient is also fun
tion of the bias voltage, whi
h meansthat at higher gains the APDs show an in
reased sus
eptibility to temperature drifts. Allthis will impose the system to operate under very stable thermal 
onditions. The gaingradient as fun
tion of the polarizing bias in
reases as fun
tion of the gain itself. Forhigher gains, the bias polarization supplied must be very stable with 
ontrolled amountsof tension ripple.
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Figure 3.2: Hamamatsu S8550 APD: s
heme and dimensions (left) and photograph(right).The main features that di
tated the adoption of the Hamamastu S8550 APD for theClearPEM s
anner were the following:
• Stable operation for gain between 50�150;
• Gain variation between pixels of the same subarray less than 20% (worst 
ase);
• Reverse type design (Fig. 3.1), based on the S8664-55 APD, original developed forthe CMS experiment at CERN. About 1.2×105 APDs were produ
ed by Hamamatsudemonstrating the feasibility of its mass produ
tion;
• Availability in large quantities within a short lead-time (6 months for 400 units/

1.4 × 104 pixel APDs).The S8550 also presents an interesting aspe
t that is a low ex
ess noise fa
tor F value,as will be shown latter, due to the thin depletion region, whi
h makes it able to a
hieveenergy resolutions 
omparable to a PMT based readout s
heme. A quality 
ontrol (QC)proto
ol and methodology for the 400 S8550 APDs were developed. Two independentsetups were used in the QC: one setup based on the dire
t measurement of the APDarray 
ommon 
athode 
urrent when illuminated by a 420 nm blue LED light; the other,based on the measurement of light pulses indu
ed on s
intillating 
rystals by a 137Cssour
e. With the �rst setup ea
h APD subarray was measured independently in termsof gain dependen
e on bias voltage, gain gradient at several voltages and dark 
urrentdependen
e on the bias voltage, while the se
ond setup used dedi
ated ampli�
ation and60



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEdata a
quisition ele
troni
s for the measurement of gain dispersion among individual APDpixels. The QC had very good results in terms of the performan
e of the HamamatsuS8550 arrays: average bias voltage for gain 50, of 419 and 418 V for sub-array1 and 2respe
tively, average dark 
urrent of 27.1 and 24.2 nA, for sub-array1 and 2, and averagegain variation of 3.6%/V for both APD sub-arrays. Only 1 array was reje
ted by the QCpro
edure, due to a 22.7%/V gain variation in one of sub-array [Carriço2006, Abreu2007℄.In parallel, several measurements were performed in the s
ope of this thesis to 
on-�rm performan
e observables of these arrays that were not originally in
luded in the QCprogram. The following aspe
ts were examined:
• Linearity and stability of the APD response to light in the opti
al region of the 420nm whi
h 
orresponds to the peak s
intillation emission of the LYSO:Ce 
rystals[Pidol2004℄;
• Ex
ess noise fa
tor F ;
• Linearity and stability of the APD response to dire
t ionization by low energy X�rays (5.9 keV) from 55Fe;
• Ratio of APD gain for 420 nm light versus dire
t ionization by low energy X�rays.
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Figure 3.3: Mean variation, over 32 APD pixels of the same APD array, of the LED (420nm) pulse height spe
trum as fun
tion of the APD gain.Linearity and stability of the S8550 APD were evaluated by pulsing a 420 nm LED witha Tektroni
s AFG3252 fun
tion generator. One S8550 APD array from the bat
h of 400APDs delivered by Hamamatsu Photoni
s K.K. was 
hosen. The applied bias voltage tothe APD was �xed in ea
h measurement run. Gains of 50, 60, 70, 80, 90 and 100 were61



3.2. Design Prin
iples of the Dete
tor Moduleexplored. For ea
h gain the appropriate high voltage was determined by measuring thetotal photo 
urrent when ex
ited by a 420 nm LED. The photo 
urrent was measured witha Keithley pi
oamperimetre. Due to the required pre
ision for the APD bias voltage, theISEG NHQ 224M module, presented in Chapter 2, Se
tion 2.5.4, was used. Results areshown in Fig. 3.3, indi
ating a good linearity in the gain working region from M = 50 upto 100. Superimposed to the data is a linear �t of the form y = p0 + p1x.Stability of the gain measurements was also assessed, by measuring with the same420 nm LED, the pulse height spe
tra in three di�erent runs. Ea
h run was taken witha 48 hours apart. The same APD bias voltage 
orrespondent to gain 50 was used. TheAPD bias voltage was kept the same while the LED polarization bias was varied from 2.4V to 2.5 V. Results are shown in Fig. 3.4. While its known that the LED light output
an strongly vary with the ambient temperature it is remarkable that the total ampli�ed
harge is 
onstant at the 2% level, indi
ating a stable operation by the APD.
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Figure 3.4: Variation of the LED pulse height spe
trum peak position as fun
tion of theLED polarization bias (3 di�erent runs are shown).In addition to the APD linearity and stability, the ex
ess noise fa
tor of the S8550 wasalso determined. All avalan
he photodiodes generate ex
ess noise due to the statisti
alnature of the avalan
he pro
ess. The Ex
ess Noise Fa
tor is generally denoted as F andis given by:
F = σ2

M/M(M − 1) (3.1)where σ2
M is the varian
e of the multipli
ation fa
tor and M is the average multipli
ationfa
tor of the APD. F is the fa
tor by whi
h the statisti
al noise on the APD 
urrent(equal to the sum of the multiplied photo
urrent plus the multiplied APD bulk dark
urrent) ex
eeds that whi
h would be expe
ted from a noiseless multiplier on the basis ofPoisson statisti
s (shot noise) alone. The ex
ess noise fa
tor is a fun
tion of the 
arrier62



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEionization ratio, k, where k is usually de�ned as the ratio of hole (β) to ele
tron (α)ionization probabilities (k ≤ 1). The ex
ess noise fa
tor may be 
al
ulated using themodels developed by M
Intyre [M
Intyre1996℄ or Van Vliet [Van Vliet1979℄ whi
h 
onsidersthe statisti
al nature of avalan
he multipli
ation. A

ording to the M
Intyre theory, theex
ess noise fa
tor is given by:
σ2

M = kM +

(

2 −
1

M

)

(1 − k) (3.2)The theory of M
Intyre 
annot be applied be
ause of the small size, of about 3�4 µm ofthe avalan
he region in the S8550 [Mosset2006℄. In this 
onditions, the Van Vliet formulahas to be used:
σ2

M =
M(M − 1)(1 − k)

(2 + β + kβ)

(

−β + 2

(

(1 − kβ2)

(1 + kβ)

)) (

Mk
(1 + β)

(1 − k)
+ (1 + β)−1

) (3.3)The ex
ess noise fa
tor of the S8550 was experimentally determined using the setupdes
ribed earlier that employs a 420 nm LED pulsed at 500 Hz. The signal varian
e inthe 
ase of an APD illuminated with a LED is given as:
σ2

tot = σ2

e + Nσ2

M + σ2

NM2 +

(

νNLED −
1

NLED

N

)

NM2 (3.4)Sin
e experimentally, the behaviour of the σ2
tot is linear in respe
t to NM2 it 
an beassumed that the 
ontribution of �u
tuations of the LED output is small. In that 
ase,

σ2
tot 
an be simpli�ed:

σ2

tot = σ2

e + (F − 1)NM2 + NM2 ≡ σ2

tot = σ2

e + FNM2where σe is the ele
tri
 noise of the readout 
hain (pre-ampli�ers, ampli�ers and ADCs),
σ2

tot is the signal varian
e, σ2
e the ele
troni
 noise, N is the average number of photoele
-trons and σ2

N is the varian
e of the photoele
trons number. The APD was biased to a�xed gain of 70 and exposed to light pulses of various intensity. Results for σ2
tot versus

NM2 are shown in Fig. 3.5. To obtain the 
olle
ted 
harge NM2, the ADC 
hannels areexpressed in V units, whi
h 
orresponden
e is done by knowing that the ADC range is0�4 V and it is a 14 bit ADC (4096 
hannels). The ADC value has then to be 
orre
tedby the ele
troni
 
hain gain (55 mV/fC), giving the total 
harge. To have the number ofphotoele
trons, N , the total 
harge is divided by the APD gain. Results are �tted with alinear model (p0 + p1x) with the slope (p1)giving F . The experimental value of 1.83 
or-relates well with published values for older versions of the S8550 APD (F = 1.75± 0.05),by the former CCC � Lausanne Working Group [Mosset2003℄.Finally, the performan
e of the S8550 APD arrays to dete
t 5.9 keV X-rays by dire
tionization of the p-n jun
tion was assessed. The devi
e was irradiated by a 55Fe sour
e.Spe
tra were a
quired from gain 50 to gain 100. Results for the same APD pixel asfun
tion of the gain are shown in Fig. 3.6. The 5.9 keV 55Fe peak in the pulse heightspe
trum as fun
tion of the APD gain, averaged over 32 APD pixels of the same APD63



3.2. Design Prin
iples of the Dete
tor Modulearray, is shown in Fig. 3.7. Similar to the variation of the 
olle
ted 
harge by the APDas fun
tion of the gain for a �xed LED light output, the APD shows for dire
t ionizationwith 55Fe a very linear response. At gain 50, the energy resolution for the 5.9 keV X�rayis 12.1% with a dispersion of 9%.
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CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEIn order to 
he
k the gain non-uniformity of the APD array from pixel to pixel, severalspe
tra were a
quired with a 55Fe sour
e and with the same voltage, in two a
quisitionruns, 15 days apart. The position of the 5.9 keV 55Fe for ea
h APD pixel taken in the twoa
quisition runs is shown in Fig. 3.8.
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3.2. Design Prin
iples of the Dete
tor ModuleThe mean position of the 5.9 keV line was in the �rst run 653 ADC 
ounts with adispersion of 5.6%. In the se
ond the mean value of the 5.9 keV line for the 32 APDpixels was 639 ADC 
ounts with a dispersion of 5.1%. While the overall trend betweenthe di�erent pixels of the array is similar in both runs, a 2% shift in the average valuewas observed. This shift 
an easly be a

ounted by di�eren
es in the room temperatureof less than 1 ◦C, sin
e APDs at gain 50 have a variation of gain with temperature of-2.4%/◦C. The dispersion between APD pixels, when polarized to the same mean gainvalue is 
onsistent with the devi
e uniformity observed in the CMS APDs, supportingthe good reprodu
tibility of the Hamamatsu APD produ
tion pro
ess. For 
omparisonpurposes, the distribution of the relative inter-pixel gain for the 12 288 APD pixels of theClearPEM s
anner is shown in Fig. 3.9. The r.m.s. of the distribution is 4.6%.It is interesting to note that the S8550, when is polarized to a �xed bias voltage,has di�erent internal gains for pulsed light and X�rays. The di�eren
e, as referredin [Moszy«ski2001, Crespo2005℄, is due to the internal stru
ture of the APD and theposition of the p-n jun
tion, optimized for the dete
tion of light of short wavelength.A

ording to the authors, the di�eren
e in
reases with the applied voltage due to thein
reasing extension of the avalan
he region. Similar spe
tra a
quired at di�erent APDinternal gains show a X-ray to light ratio that de
reases as the gain in
reases. Thisbehaviour was also veri�ed in the ClearPEM APDs and is show in Fig. 3.10. This phe-nomena is due to a deeper penetration of the X�rays into the APD pixel, 
reating pairsof ele
tron-holes inside the avalan
he region. These ele
trons 
reate a smaller signal inrespe
t to those raised before the avalan
he region as a 
onsequen
e of their shorter paththrough the multipli
ation region.
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intillation Crystals and Re�e
torsIn the vast majority of PET s
anners, inorgani
 s
intillator 
rystals are used to re
ord the511 keV photons produ
ed by the annihilation of positrons emitted by inje
ted tra
ers.The performan
e of the s
anner is strongly tied to both the physi
al and s
intillationproperties of the 
rystals. For this reason, resear
hers have investigated virtually allknown s
intillator 
rystals for possible use in PET. Despite this massive resear
h e�ort,only a few di�erent s
intillators have been found that have a suitable 
ombination of
hara
teristi
s, and only two, NaI:Tl (thallium-doped sodium iodide) and BGO (bismuthgermanate), have found widespread use [Mel
her2000℄. Sin
e late 90's, a new s
intillator
rystal was developed, LSO (
erium-doped lutetium oxyorthosili
ate), that ex
eeded allpreviously used materials in most respe
ts, be
oming the s
intillator 
rystal eligible forthe new generation of PET s
anners.The desire s
intillation 
rystal for PET has to have high stopping power so that a511 keV gamma ray will be totally absorbed by the dete
tor, to have very good energyresolution to be possible the reje
tion of the s
atter events, to have fast time response forrandoms' reje
tion and to be inexpensive to produ
e. The �rst ClearPEM dete
tor mod-ule version proposed was based on the LuAP:Ce (
erium doped lutetium-ortho-aluminate)
rystals developed by the Crystal Clear 
ollaboration at CERN [Le
oq2002℄. These 
rys-tals have high density when 
ompared to LSO and to BGO but a lower light yield when
ompared to LSO - Tab. 3.2. At that time, LSO 
rystals were expensive and di�
ult toa
quire but a similar one, LYSO:Ce had been developed with 2�10% of Ytrium 
ontent,having, for that reason lower density (7.1�7.3 g.
m−3 against 7.4 g.
m−3 for the LSO).LuAP:Ce has a density of 8.3 g
m−3 but the main drawba
ks of its use is the low light67



3.2. Design Prin
iples of the Dete
tor Moduleyield, about 20% of LYSO:Ce and te
hni
al issues related to the growth pro
ess.NaI BGO LSO LYSO LFS LuAPE�e
tive atomi
 number (Z) 51 74 66 60 63 65Linear Attenuation Coe�. (
m−1) 0.34 0.92 0.87 0.86 0.82 0.9Density (g 
m−3) 3.67 7.13 7.4 7.1�7.3 7.3 8.34Index of refra
tion 1.85 2.15 1.82 1.81 1.78 1.95Light Yield (% NaI(Tl)) 100 15 75 80 77 16Peak wavelength (nm) 410 480 420 420 430 365De
ay 
onstant (ns) 230 300 40 41 35 18Hydros
opi
 yes no no no no noTable 3.2: Properties of some s
intillators used in PET dete
tors (adapted from[Lewellen2008℄).Due to the adequate s
intillation and me
hani
al properties for PET appli
ations,LYSO:Ce be
ame the natural 
hoi
e for the ClearPEM dete
tor. Among them are itshigh light output (27 photons/keV), high density (7.1 g.
m−3 for 10% yttrium 
ontent),high e�e
tive atomi
 number ensuring a high photoele
tri
 
ross-se
tion and a fast de-
ay time (42 ns time 
onstant). The LYSO:Ce is easy to ma
hine into pixels and is nothygros
opi
. As other s
intillators based on lutetium oxide (Lu2O3), LYSO:Ce 
ontainsa natural a
tivity ba
kground that arises from the de
ay of 176Lu. LYSO:Ce 
ontains a2.6% abundan
e of this long-life isotope (half-life 3.73×1010 years [Mel
her2000℄). Thisradioisotope da
ays through a β− de
ay followed by a gamma 
as
ade from nu
lear dex-
itation (�g. 3.11). The de
ay rate is around 300 Bq/
m3 and 
an be easily suppressedin 
oin
iden
e measurements as required for PET.
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Figure 3.11: 176Lu de
ay s
heme.The presen
e of the 176Lu ba
kground also o�ers an interesting approa
h to 
alibratedouble readout s
anners, allowing to 
ompute the inter-pixel gain 
alibration krel, that68



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEequalizes the gain of both pixel APDs that read a given 
rystal, and the absolute gain
alibration KAbs that translates the digit sum energy in a 
rystal into a physi
al value.The 176Lu de
ay is also used to 
ompute the CDOI 
alibration 
onstant that allows totranslate the light 
olle
tion asymmetry into the physi
al DOI 
onstant, as will be shown.In a double light 
olle
tion readout approa
h, as the one implemented in the Clear-PEM s
anner, the 
onversion of the digitized value of the ampli�ed pulse to an energyvalue in keV requires the extra
tion of two 
alibration 
onstants. The total depositedenergy E in one 
rystal 
orresponds to the sum of top and bottom pixel APD pulseamplitudes that are proportional to the re
onstru
ted energies:
E = E0 + E1 (3.5)where E0 and E1 are the top and bottom in units of energy. Eq. 3.5 is formally equivalentto:

E = K0E0 + K1E1 (3.6)in whi
h K0 and K1 are the 
alibration 
onstants for the top and bottom APD 
hannel and
E0, E1 the top and bottom re
onstru
ted energies 
oded as ADC integers. The equation
an be re-written as:

E = K0 (E0 + krelE1) (3.7)where krel = K1

K0

is the relative inter�pixel 
alibration 
onstant, with K0 and K1 in units ofkeV/ADC. Therefore, the energy 
alibration pro
ess 
an be taken as a two�step pro
ess.First, the relative inter�pixel 
alibration 
onstant krel is determined, whi
h guaranteesthat the bottom APD provide a similar response in terms of ADC 
ounts to the topAPD. The se
ond step 
onsists in the determination of the absolute ADC 
ounts to en-ergy 
alibration 
onstant K0, also referred as KAbs.In Clear-PEM a method for the determination of the krel inter�pixel 
alibration 
on-stant was developed by exploring the presen
e of the 176Lu ba
kground. It is based onthe sear
h of the krel value that minimizes the di�eren
es between the top and bottomAPDs, quanti�ed as a χ2/ndf .In the ClearPEM s
anner, the measurement of the DOI 
oordinate for ea
h photonallows for the determination of the z 
oordinate of ea
h intera
tion in the dete
tor heads.The variation of the light 
olle
tion as fun
tion of the depth of intera
tion was 
omputed,through out this thesis, using the 176Lu ba
kground or, in alternative, a 137Cs �oodirradiation. The 176Lu radioisotope de
ays through a β− de
ay followed by a gamma
as
ade from nu
lear dex
itation. Due to the 
rystal produ
tion pro
ess it 
an be assumedthat the 176Lu is uniformly distributed throughout the 
rystal. In this 
ase the β− de
aysalong the depth dire
tion are distributed symmetri
ally and the light 
olle
tion asymmetrydistribution should be �at, with the ex
eption of the far edges whi
h 
orrespond to the
rystal extremities [Wang2004℄. The intera
tion depth of a photon, z, is 
omputed fromthe asymmetry of light 
olle
tion between the two APDs that readout the light of a given
rystal by:
z = CDOI

E0 − krelE1

E0 + krelE1

(3.8)69



3.2. Design Prin
iples of the Dete
tor Modulewhere the CDOI 
onstant transforms the ratio of shared light into a physi
al distan
e unitand is obtained right after krel, also using the 176Lu ba
kground data. This 
onstant isthen determined by �nding the edges of the light 
olle
tion asymmetry, whi
h is uniformdue to the uniform 
on
entration of the 176Lu de
ay along the 
rystal [Wang2004℄. Fromthis assumption, CDOI is estimated by:
CDOI =

20 mm

Ap − An

(3.9)where Ap and An are the asymmetry at the positive (+10 mm) and negative (-10 mm)edges of the distribution [Rodrigues2007, Pinheiro2008, Frade2009b℄.
Polished

Rough

Figure 3.12: Asymmetry between light 
olle
ted in the two 
rystal extremities for twoLYSO:Ce 
rystals, one polished and the other very rough, wrapped in Tyvek (bars repre-sent the FWHM of the asymmetry distributions) [Abreu2006, Moura2009℄.2×2×20 mm3 LYSO:Ce 
rystals with di�erent surfa
e roughness (polished, slightlypolished and very rough, obtained with me
hani
al polishing) and wrappings (Tyvek andPTFE) were 
ompared in terms of depth-of-intera
tion resolution. Ea
h 
rystal undertest was sandwi
hed between two photomultiplier (PM) tubes and irradiated at di�er-ent depths with a 3.33 MBq (90 µCi) 22Na radioa
tive sour
e with 1 mm extension[Abreu2006, Moura2009℄. A third PM tube 
oupled to a NaI:Tl s
intillator of 3.8 
mdiameter was aligned with the sour
e and perpendi
ular to the 
rystal longest axis forele
troni
 
ollimation 
oin
iden
e purposes, su
h that a gamma spot with about 1 mmdiameter was obtained on the LYSO:Ce 
rystal. The 
oin
iden
e window between thethree PM signals was 150 ns. Light 
olle
tion asymmetry ((E0-E1)/(E0+E1)) was es-timated on an event-by-event basis, and its dependen
e with the 
oordinate along the
rystal axis where the photon intera
ts was studied. Results for the best 
on�gurationsare shown in Fig. 3.12, whi
h indi
ates that rough 
rystals wrapped with Tyvek have alarge variation of asymmetry as fun
tion of intera
tion position whi
h is a key feature for70



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEa good DOI measurement. More on this topi
 
an be found in the following referen
es[Abreu2006, Moura2009℄.Highly re�e
tive materials are used to minimize light loss and maximize light outputof s
intillation material in 
alorimeter type dete
tors. The re�e
tive 
hara
teristi
s of amaterial need to be 
oordinated with the wavelengths of s
intillation light produ
ed in thedete
tor and with the transmission 
hara
teristi
s of any intermediate light 
olle
ting orguiding 
omponents [Stoll1996℄. Thin, highly re�e
tive, opaque separators are required toassemble 
ompa
t arrays of small dis
rete s
intillation 
rystals used in 
onjun
tion withphotodiode array readouts in high-resolution imaging appli
ations. Me
hani
al stability,individual dete
tor performan
e, and ease of handling for wrapping 
rystals are the mainfa
tors to be 
onsidered in the 
hoi
e of a suitable separator [Pepin2001℄. In the �rst designversion of the dete
tor module, the 
rystals had dimensions 2 × 2 × 20 mm3 and wereopti
ally isolated by a Tyvek wrapping, assembled on a 4 × 8 
rystal matrix (Fig. 3.13),following an assembly pro
edure already adopted for the �rst small animal Clear�PETs
anners demonstrators [Ziemons2005℄.

Figure 3.13: The �rst ClearPEM prototype Tyvek assembly.Comparison studies of two Tyvek matri
es with LYSO:Ce 
rystals were then per-formed, to verify the early measurements and to establish the �nal dete
tor module 
on-�guration. Crystals with two di�erent polishing treatment, referred in the following textas "light lap" (LL) and "rough lap" (RL), were 
ompared in terms of light yield, DOIresolution and energy resolution. The di�eren
e between the LL and RL 
rystals is theroughness of the surfa
e, that is usually des
ribed in the Ra roughness parameter. Forexample, the lapping pro
ess whi
h brings "rough from 
ut" 
rystals redu
es the Ra ≈ 2
µm down to lapped surfa
es of Ra ≈ 0.5 µm [Au�ray2002℄. The LL 
rystals have a Ra of175.88 ± 48.81 nm (slightly polished) and RL 
rystals have a Ra of 735.98 ± 81.06 nm(rough polished). The matri
es were measured using the same APDs and spe
tra of a
22Na (511 keV photopeak) sour
e were obtained with a dedi
ated setup for double readout(des
ribed in se
tion 2.5.2, 
hapter 2). On Fig. 3.14 it 
an be seen examples of spe
tra ofa 22Na sour
e (511 keV photopeak) for the two Tyvek grade matri
es.A gaussian with a linear ba
kground is �tted to the 511 keV photopeak to extra
t71



3.2. Design Prin
iples of the Dete
tor Modulephotopeak position (light yield) and energy resolution. To determine DOI resolution, onein
h NaI:Tl s
intillator, 
oupled to a PMT, was used in 
oin
iden
e for ele
troni
 
ollima-tion of 511 keV photopeak. To seek the 
entre of the matrix a pro�le of the 
oin
iden
etrigger rates along the matrix was used. Finding the extremes of the 
rystal, the 
entre
an be inferred. Three in
ident beam positions along the 
rystal were 
onsidered, onein the 
entre and two near the peripheries. At ea
h beam position the light 
olle
tionasymmetry was 
al
ulated and two referen
e parameters evaluated: 1) slope de�ned asthe asymmetry variation per unit length; 2) DOI resolution estimated by the FHWM ofthe asymmetry peak over the slope. The adopted experimental pro
edure was similar tothe �rst experimental measurements reported earlier [Abreu2006℄. Light 
olle
tion distri-butions at three ex
itation depths (-7.0, 0.0 and 7.0 mm) are presented on Fig. 3.15 (left,top and bottom) and the asymmetry average value as fun
tion of the ex
itation depth(3.15 right, top and bottom) for the two Tyvek matri
es 
onsidered.

Figure 3.14: Typi
al 22Na (511 keV photopeak) spe
tra obtained from the online dataa
quisition software. Top: Tyvek-RL matrix; Bottom: Tyvek-LL matrix.72
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Figure 3.15: Typi
al plots of asymmetry distributions at three ex
itation depths (-7.0, 0.0and 7.0 mm) and the asymmetry average value as fun
tion of the ex
itation depth.Top:Tyvek-RL matrix; Bottom: Tyvek-LL matrix.Slightly polished 
rystals (LL) have better light 
olle
tion and, 
onsequently, also bet-ter energy resolution (15.5%) than the rough 
rystal (RL) matrix (16.2%). Rough 
rystals(RL) present an interesting DOI resolution (1.3 mm) but have a too low light 
olle
tionto be used with an APD readout. Comparison results 
an be 
onsulted in Tab. 3.3.The Tyvek matrix with LL 
rystals seemed to be the best 
ompromised arrangement butthe me
hani
al problems addressed to this 
on�guration, like di�
ulty in inserting all 32
rystals without damaging the re�e
tor, time 
onsuming pro
ess without guaranties ofhomogeneous matri
es and several waste tyvek matrix stru
tures due to broken or foldedinner walls, for
ed the s
rutinize of other solutions and a new re�e
tor was tested. InFig. 3.16 the re�e
tan
e in terms of the in
iden
e wavelength is shown for Tyvek, Te�on(PTFE) and barium sulfate, a white 
rystalline solid with the 
hemi
al formula BaSO4.Barium sulfate is insoluble in water and other traditional solvents but is soluble in 
on
en-trated sulfuri
 a
id. Barium sulfate 
erami
 is a superlative re�e
tor and it was expe
tedthat used as a 
rystal separator it 
ould enhan
e the light 
olle
tion of the dete
tor moduledue to is re�e
tan
e (97% at 420 nm). The produ
tion of BaSO4 matri
es (Fig. 3.17) wasordered to industry. Taking into a

ount the results shown previously, the new matrixwas assembled with slightly polished 
rystals. The typi
al spe
tra of a 22Na sour
e (51173



3.2. Design Prin
iples of the Dete
tor ModulekeV photopeak) for this matrix 
an be seen on Fig. 3.18. On Fig. 3.19 light 
olle
tiondistributions at three ex
itation depths (-7.0, 0.0 and 7.0 mm) and the asymmetry averagevalue as fun
tion of the ex
itation depth for the BaSO4 matrix are also presented.
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Figure 3.16: Re�e
tan
e of Tyvek, PTFE (te�on) and BaSO4 in terms of the in
iden
ewavelength [Pi
hler2000, Stoll1996, Labsphere2008℄.

Figure 3.17: ClearPEM prototype BaSO4 assembly.The average values of the 32 
rystals within ea
h matrix were plotted in Fig. 3.20 fora better evaluation of light yield, energy and DOI resolution. Light yield for the di�erentmatri
es was normalized to the mean photopeak position obtained with the BaSO4 ma-trix. A resume with the 
omparison results is also presented in Tab. 3.3.BaSO4 matrix has shown the best behaviour, with the higher light 
olle
tion, betterenergy resolution and a DOI resolution within the initial requirements for the ClearPEMs
anner. Taking into a

ount these results, the LL 
rystals assembled in BaSO4 re�e
tor74



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEwas 
onsidered the best 
on�guration to the produ
tion of dete
tor modules and a �rstbat
h of 24 matri
es was order to industry to perform further studies.

Figure 3.18: Typi
al 22Na (511 keV photopeak) spe
tra for the BaSO4-LL matrix, obtainedfrom the online data a
quisition software.

Figure 3.19: Typi
al plots of asymmetry distributions at three ex
itation depths (-7.0,0.0 and 7.0 mm) and the asymmetry average value as fun
tion of the ex
itation depth forthe new BaSO4-LL matrix.Coating Crystal Rough. Light Yield Energy Resol. Asymmetry DOI Resol.Ra (nm) (%) at 511 keV (%) (%/mm) (mm)Tyvek 735.98 ± 81.06 66 16.2 ± 1.9 7.3 ± 0.8 1.3 ± 0.3Tyvek 175.88 ± 48.81 80 15.5 ± 1.4 1.7 ± 0.2 4.2 ± 0.1BaSO4 175.88 ± 48.81 100 13.5 ± 1.1 4.2 ± 0.1 1.7 ± 0.1Table 3.3: Comparison results between the Tyvek and BaSO4 matri
es: Tyvek (LL andRL 
rystals) and BaSO4 (LL 
rystals). 75
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CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULE3.3 Ele
trome
hani
al AssemblyThe design adopted for the ClearPEM dete
tor module with DOI 
apability 
onsists of32 LYSO:Ce 
rystals with 2×2×20 mm3 opti
ally 
oupled, on both ends, to 32�pixelHamamatsu S8550 APD arrays. In Fig. 3.21 (a) the s
hemati
 of a dete
tor modulewith all its 
onstituents is presented. The APD array is mounted in a small PCB witha low footprint KEL 
onne
tor on the ba
k side (Fig. 3.21 (b)), by a meti
ulous pro
essof pre
ise gluing with silver 
ondu
tive epoxy glue. On the reverse side of this PCB a40�pin 
onne
tor allows a fast integration and un-mounting of the APDs in a dete
tormodule assembly. The 
omponents of a dete
tor module are housed and sealed in adedi
ated plasti
 assembly, developed by INEGI, with a me
hani
al pre
ision of 0.1 mmin the pla
ement of its 
omponents. The assembly has two empty slots in whi
h twodete
tor modules 
an be plug-in, de�ning a "double dete
tor module" (Fig. 3.21 (
)),with external dimensions of 37.5 × 44 × 13 mm3. 12 dete
tor modules are me
hani
ally�xed and ele
tri
ally 
onne
ted to a front and ba
k Frontend Boards (FEBs) forming asupermodule. Ea
h dete
tor head has 8 of these supermodules in the �nal integration.

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) Exploded dete
tor module s
heme; (b) APD mounted on a PCB (withKEL 
onne
tor); (
) photograph of a double module assembled.77



3.4. Performan
e of the ClearPEM Dete
tor Modules3.4 Performan
e of the ClearPEM Dete
tor ModulesThe dete
tor modules were 
hara
terized by detailed experimental measurements. Theperforman
e results obtained for the �rst 24 dete
tor modules worked also as proof-of-prin
iple of the dete
tor module design 
on
epts. Light yield, energy resolution, depth-of-intera
tion resolution and inter-
rystal 
rosstalk were measured in a dedi
ated setupof a dis
rete 32-
hannel ele
troni
 
hain for double readout based on Cremat CR-101Dpre-ampli�ers and a VME-based data a
quisition system with multi
hannel peak-sensingADCs (des
ribed in detail in Chapter 2, Se
tion 2.5.2). Inter-
rystal 
rosstalk is dis
ussedin the following 
hapter (Chapter 4). An analysis in the 511 keV photopeak region, 
or-responding to the sum of top and bottom APD pixel 
hannels, was 
ondu
ted. Relativegain, krel, and energy resolution, taking into a

ount the 
ontribution of light yield vari-ation, light 
olle
tion e�
ien
y, APD quantum e�
ien
y and gain were evaluated.The relative dispersion of the krel gain measured (r.m.s.) in 623 pixels is of the orderof 18%, with a bias voltage set for APD gain M = 50. For this dispersion 
ontributesthe di�erent 
rystal light yield, APD inter-pixel gain, di�eren
es in opti
al 
oupling andampli�
ation ele
troni
s. Overall, the relative gain has a distribution 
entered at 1. Ther.m.s. of less of 20% makes unne
essary gain 
ompensation through bias voltage 
on-trol, sin
e dispersions of this magnitude 
an be 
ompensated by 
alibration of the dataa
quisition ele
troni
s and software trigger. The low inter-pixel gain variation is also anindi
ation that the appli
ation of the opti
al 
oupling does not introdu
es a signi�
antvarialibity on the total signal 
olle
ted by ea
h 
rystal. The average energy resolutionis 18% with a r.m.s. dispersion of 3%. These results were obtained with a 22Na �oodirradiation. In the �ood irradiation, the ele
troni
 
ollimation is not used. Therefore, the511 keV photopeak has the 
ontribution of Compton events from the 1.2 MeV photopeakemitted during the 22Na desintegration. As result, the energy resolution is generally worsethan the obtained with a 511 keV 
ollimated beam.The ability to measure the depth-of-intera
tion 
oordinate was also assessed in the�rst 24 dete
tor modules, using a 22Na 
ollimated beam. Light 
olle
tion asymmetrywas 
al
ulated and two referen
e parameters evaluated in a similar manner as in Se
-tion 3.2: 1) slope de�ned as the asymmetry variation per unit length (C−1

DOI); 2) DOIresolution estimated by the FHWM of asymmetry peak over slope. The average value ofthe slope (C−1

DOI) is 5%/mm and the relative dispersion is 12%. The average DOI resolu-tion (FWHM) is 2 mm. This result is not 
orre
ted for the 1 mm beam width, whi
h isoriginate from the �nite size of the a
tive medium (1 mm diameter) of the 22Na sour
e.Results for the �rst 24 modules show that the major requirements for the ClearPEMs
anner 
ould be a
hieved, namely an energy resolution 
omparable to a PMT readoutand a DOI resolution 
ompatible with a spatial resolution suitable for early stage breast
an
er imaging. As result of this study, the full produ
tion of the remaining modules waspro
eeded.For the evaluation of the new bat
hes of dete
tor modules, the 
hara
terization pro
e-dure was modi�ed in fa
e of the large number of pixels to be measured. As 137Cs sour
e78



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEwith an a
tivity of 90 µCi (3.33 MBq) was used and data a
quisitions 
arried out in �oodmode. The 60 dete
tor modules of the se
ond bat
h were assembled in two weeks andmeasurements were performed after that. Results of the 662 keV photopeak position forthe 60 dete
tor modules are shown in Fig. 3.22. The mean value is 1995 ADC 
hannelswith a dispersion between modules of 16.34%. The dispersion within the same matrix was9% whi
h is 
ompatible to the early results obtain for set of 24 modules. It 
an be seen a
onsiderable in
rease of the light yield on 6 dete
tor modules (2693 ADC 
hannels witha dispersion of 6%). These dete
tor modules were the last to be assembled and point outa possible dependen
e of the light yield with the elapsed time after assembly. For thatreason the long-term stablity of the dete
tor modules were studied (see Se
tion 3.5).
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Figure 3.22: Mean (over all 32 
rystals) 662 keV photopeak position for the �rst 60matri
es.An interesting result was obtained for the 
orrelation between the photopeak and the
rystal positions in the matrix (Fig. 3.23). Typi
ally, 
rystals pla
ed in the inner linesof the matrix (A2�H2 and A3�H3) have larger mean photopeak positions. Average lightyield and dispersions per set are: A1�H1, 1756 ADC 
hannels with 2%; A2�H2, 2086 ADC
hannels with 5%; A3�H3, 2101 ADC 
hannels with 4%; A4�H4, 1794 ADC 
hannels with3%. Pixels pla
ed in mirror positions have shown to have similar behaviour with meandi�eren
e in photopeak position of 3% with a standard deviation of 2%, whi
h is 
ompat-ible with the assumption that the pixels of the same pair have similar gains. Thereforethe two module sub-arrays are equivalent in terms of inter�pixel gain distribution. Thissystemati
 e�e
t, observed over 60 di�erent 
rystal matri
es and APD arrays points outthat the underlying me
hanism should be related to the 
rystal matri
es 
onstru
tion ofdi�eren
es between the inner and outer pixel APDs. The e�e
t is, nevertheless, very smalland 
an easily be 
orre
ted during system 
alibration (Chapter 6).79



3.4. Performan
e of the ClearPEM Dete
tor Modules
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Figure 3.23: Mean (over 60 matri
es) 662 keV photopeak position as fun
tion of the
rystal identi�er.
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Figure 3.24: Average 662 keV energy resolution (over all 32 
rystals) for the �rst 60matri
es.The average energy resolution at 662 keV is shown in Fig. 3.24. The mean energyresolution is 13.6% with a 3% dispersion. The energy resolution is 
ompatible with the511 keV energy resolution of the �rst 24 modules bat
h (18 %) if a 
orre
tion from the
1/
√

E is applied (15.5%). In Fig. 3.25 the mean energy resolution per 
rystal position isshown. No noti
eable bias is observed. 80
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Figure 3.25: Average 662 keV energy resolution (over 60 matri
es) as fun
tion of the
rystal identi�er.
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Figure 3.26: Average asymmetry (over all 32 
rystals) for the �rst 60 matri
es.Results for the average asymmetry, whi
h measures the 
apability of a
hieving a goodDOI is shown in Figs. 3.26 and 3.27. The mean asymmetry is 3.2%/mm with a 3%dispersion. The same matri
es that have shown higher light yield also have higher asym-metry. Sin
e the asymmetry is a key parameter for a
hieving a good DOI measurement,this behaviour was further evaluated in the following se
tion.81



3.5. Long-term Stability Studies
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Figure 3.27: Average asymmetry (over 60 matri
es) as fun
tion of the 
rystal identi�er.3.5 Long-term Stability StudiesLong-term stability studies of the ClearPEM dete
tor modules were 
ondu
ted in twoways. One ClearPEM module of the �rst bat
h of 60 had been 
hosen among the othersand it was used as referen
e. It was established that the experimental setup would operatebetween 19 and 21◦C to minimize temperature dependen
e deviations. This temperaturewas also adopted be
ause it is 
lose to the temperature at with the ClearPEM dete
torheads are kept by a
tive 
ooling [Frade2009℄. The bias voltage of the APDs was set togain 50 and a 137Cs sour
e was pla
ed in front of the module for a �ood irradiation.The total light yield, energy and the DOI asymmetry of the referen
e module along 20measurements in di�erent days were evaluated, and their time evolution was studied. Ef-fe
ts on the performan
e as a 
onsequen
e of reassembling the module were also appraised.The other pro
edure was to remeasure 5 dete
tor modules one year after they hadbeen assembled and 
ompare the parameters.3.5.1 Signal YieldThe total signal yield is measured by the photopeak position, 
orre
ted by the pedestal.The signal yield depends on the light yield of the 
rystals, light 
olle
tion e�
ien
y, APDand ele
troni
 
hain gains. The average signal yield is 1580 ± 311 ADC 
ounts, wherethe error is the standard deviation of all measurements made along this study. On themeasurement 7, the referen
e module was reassembled and the e�e
ts on signal yieldwere studied. Fig. 3.28 shows an in
rease in signal yield after reassembling, followed bya de
rease of its average value. This behaviour was a �rst indi
ation of opti
al 
ouplingaging and therefore results were obje
t of further investigation.82
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Figure 3.28: Time evolution of the 662 keV average signal yield of the referen
e matrix.On Fig. 3.29 the variation of the signal yield is presented for the 5 dete
tor modulesmeasured twi
e with one year of di�eren
e. A systemati
 de
rease was observed in alldete
tor modules, resulting in average of a 11.5% degradation of this parameter. Asummary is shown on Tab. 3.5. After this study some dete
tor modules were openned forexamination with a mi
ros
ope. It was observed that the grease used as opti
al 
ouplinghad be
ome opaque and brittle, whi
h 
ould justify the loss of light transmission.

Figure 3.29: 662 keV average signal yield of 5 dete
tor modules measured with 1 yeardi�eren
e.3.5.2 Energy ResolutionThe time evolution of the energy resolution at 662 keV is presented in Fig. 3.30. Theaverage energy resolution for the referen
e matrix along the 20 measurements in a 5 month83



3.5. Long-term Stability Studiesinterval is 13.77 ± 1.3%, where the error is the standard deviation of all measurementsdone during that period. Variations on this parameter were not found after reassemblingthe module on the measurement 7. The result is explained by the fa
t that in LYSO:Cethe energy resolution is dominated by a 
onstant intrinsi
 term (9%) whi
h o�sets thephoto-statisti
 term [Kuntner2002℄.

Figure 3.30: Time evolution of the average energy resolution at 662 keV of the referen
ematrix.

Figure 3.31: Average energy resolution of 5 dete
tor modules measured with 1 year dif-feren
e.On Fig. 3.31 the variation of the energy resolution is presented for the 5 dete
tormodules measured twi
e with one year of di�eren
e. In this 
ase a residual degradation(3.8%) of the energy resolution was observed.84



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULE3.5.3 Depth of Intera
tion ResolutionAssessment of the stability of the depth of intera
tion resolution was done using thesame �ood 137Cs a
quisition, making use of the asymmetry parameter for intera
tionsthat 
orrespond to the 662 keV photopeak. Asymmetry was 
al
ulated on an event-by-event basis, from the intera
tions that 
orrespond to the 662 keV photopeak. Asdis
ussed earlier, the width of the histogram obtained divided by the 
rystal length givesan estimation of the asymmetry per unit length, whi
h provides an evaluation of the DOIperforman
e. In Fig. 3.32, the time evolution of the average asymmetry is plotted by dayof measurement. An in
rease of 75% in the asymmetry was observed after the module wasreassembled. Four measuring days later the asymmetry parameter returns to its previousaverage value.

Figure 3.32: Time evolution of the average asymmetry of the referen
e matrix.

Figure 3.33: Average asymmetry of 5 dete
tor modules measured with 1 year di�eren
e.85



3.5. Long-term Stability StudiesOn Fig. 3.33 the variation of the asymmetry is presented for the 5 dete
tor modulesmeasured twi
e with one year of di�eren
e. It 
an be seen a degradation of this parameterof about 20�30% in ea
h module.Module Signal Yield (ADC 
h) Energy Resol. (%) Asymmetry (%/mm)2005 2006 2005 2006 2005 200614 1828 ± 341 1798 ± 364 13.3 ± 1.5 14.3 ± 2.1 3.5 ± 0.4 2.7 ± 0.317 1864 ± 246 1642 ± 230 13.2 ± 1.1 13.7 ± 1.2 3.7 ± 0.4 2.6 ± 0.418 2032 ± 317 1720 ± 214 12.9 ± 1.2 13.0 ± 0.9 3.2 ± 0.7 2.4 ± 0.319 1844 ± 313 1504 ± 343 13.0 ± 1.1 14.1 ± 1.2 3.5 ± 0.7 2.3 ± 0.321 1776 ± 352 1599 ± 225 15.0 ± 2.3 14.8 ± 2.2 3.7 ± 0.7 2.6 ± 0.4Table 3.4: Comparison results between 2005 and 2006 data.
Module Di�eren
es between measurements (%)Signal Yield Ener Resol Asymmetry14 -1.66 7.52 -24.7017 -11.88 3.34 -29.5918 -15.37 1.15 -25.6719 -18.43 8.40 -32.2721 -9.96 1.45 -30.70Average -11.46 3.79 -28.49rms 6.37 4.18 3.27Table 3.5: Per
entage di�eren
es between measurements taken in 2005 and 2006.A resume of the 
omparison results between 2005 and 2006 data is presented inTab. 3.4. On Tab. 3.5 the di�eren
es between these measurements are shown. To 
orrobo-rate these results that, at the time, were thought to be due to a degradation of the opti
al
oupling transmission, a set of 20 dete
tor modules from the last bat
h of 108 matri
eswas assembled and measured shortly after, with a settling time of 24 hours to prevent
ontamination from LYSO:Ce afterglow [Rogers2000℄. Results are shown in Figs. 3.34.In this new set the average values are signi�
antly better, with light yield of 2616 ADC
hannels (dispersion of 9%), energy resolution of 12.4% (5% dispersion) and asymmetryof 4.0 %/mm (dispersion of 7%).This long-term study brought out a severe degradation on the light 
olle
tion and DOIresolution, dis
overed to be a result of the aging of the opti
al 
oupling used and it hasdriven the sear
h of new solutions. A detailed dis
ussion of this pro
ess is des
ribed inChapter 5. 86
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Figure 3.34: Comparison of the mean (over all 32 
rystals) 662 keV photopeak position(top), energy resolution (
entre) and asymmetry (bottom) between the �rst 60 matri
esand the sample of the last bat
h of 108 matri
es.87



3.6. Summary and Dis
ussion3.6 Summary and Dis
ussionThe development of 
ompa
t, small footprint solid state dete
tors allows the exploitationof readout approa
hes for PET s
anners that when 
ombined with �ne pixelized 
rystals
an provide an a

urate 3D lo
alization of the photon intera
tion 
oordinate in the de-te
tor a
tive region. Two of the most su

essfully approa
hes were based on the doublereadout s
heme either with a sili
on photodiode plus a photomultiplier tube at the 
rys-tals ends or with two identi
al avalan
he photodiode readout. The �rst has a signi�
antdisadvantage in terms of gain tuning due to the large di�eren
e between sili
on photo-diodes (unit gain) and 
lassi
al photomultipliers (gain 106�107). The ClearPEM design,with two Hamamatsu S8550 APDs at both ends of ea
h array, should enable a higherperforman
e sin
e the use of identi
al photodete
tors provide in theory a more uniformand symmetri
 dete
tor performan
e.In this 
hapter the evaluation of the ClearPEM dete
tor module was presented, namelythe 
hara
terization of some basi
 performan
e parameters of the S8550 APD as well asthe optimization pro
ess of the 
rystal polish and wrappings that as led to the �nal 
on-�guration, based on a highly di�usive re�e
tor build from BaSO4 and slightly polished
rystals. The initial Tyvek matrix with very rough 
rystals was abandoned due to itslow light 
olle
tion.The BaSO4 matrix 
on�guration yields an energy resolution of in the14�17% range at 511 keV and a DOI resolution better than 2 mm. A key ingredient forthese results is a stable operation of the APDs. Several S8550s were evaluated in the
ourse of this work in relation to their linearity, ex
ess noise and response to opti
al lightin the UV long/blue short region as well as to dire
t ionization of 55Fe. A good long-termstability, at the 2% level was found. Independent measurements that the ex
ess noisefa
tor in the S8550 is low were 
on�rmed. A mean ex
ess noise fa
tor, for 420 nm light, of1.83 at gain 70 was found. As 
omparison, the RMD A1604 16 (4×4) multi-pixel showsan ex
ess noise fa
tor at gain 50�100 of 2, rising to 3 at gain 1000. For the quiet moderateex
ess noise of the S8550 
ontributes an avalan
he layer no larger than 4 µm. APD inter-pixel, within same sub-array, gain variability (5.7% r.m.s.) was observed to be 
onstant(2% level) over time. The di�erent gain behaviour of the S8550 APD when subje
t toa blue light illumination (420 nm) or to dire
t ionization of 5.9 keV was examined. Thede
rease of the ratio Rx,light is 
onsistent with the small thi
kness of the avalan
he region.Results for the �rst bat
h of the adopted 
on�guration (24 matri
es) was also presentedthat shows that the good light 
olle
tion, energy resolution and DOI resolution 
an bea
hieved without signi�
ant deterioration of one parameter in fa
e of the other. Theseresults are indi
ative that a good performan
e of the s
anner, in terms of the qualityof the information (energy, time, position) 
an be a
hieved for 
oin
iden
e events, as arequisite for high-resolution PET. In summary:
• Good energy resolution, 
omparable to what is a
hieve with standard PMT readout,allows to reje
t the s
atter events originated in the breast and outside the FOV.
• DOI resolution (longitudinal axis) is 
omparable to the 
rystal 
ross-se
tion (2×2mm2), allowing to 
ompute the 3D spatial 
oordinates of the intera
tion of the88



CHAPTER 3. THE BASELINE CLEARPEM DETECTOR MODULEphoton in the s
anner with a pre
ision of about 2 mm.
• The dispersion of the relative light 
olle
tion is small (less than 20%) and 
an be
ompensated at the hardware or software trigger, a
hieving an homogeneous energyresponse in the entire s
anner.As result, the �nal assembly of the remaining dete
tor modules 168 was ordered. Themodules were re
eived during 2005 and 2006 and were subje
t to a quality 
ontrol pro-gram. Results from this QC 
on�rm the initial good performan
e in a

ordan
e to theinitial requirements layout for the s
anner.An unexpe
ted in
rease in the light 
olle
tion and the DOI asymmetry distributionwas found in some dete
tor modules after the 
hara
terization of the �rst 60 matri
es.This behaviour seemed to be 
orrelated with the time elapsed after the dete
tor moduleswere assembled in their plasti
 housing.Long-term stability of the ClearPEM modules was appraised and the e�e
ts on the per-forman
e of a reassembled module was studied. Signal yield and asymmetry parameterssu�er 
onsiderable variations when reassembling the module. To minimize inter-matrixvariations for homogeneous response s
anner, spe
ial 
are was taken when assembling themodules, in parti
ular with the appli
ation of the opti
al grease.Results show that one year after the dete
tor modules were assembled a mean light
olle
tion redu
tion of about 12% and a de
rease of the light 
olle
tion asymmetry, whi
his fundamental for the DOI measurement, of almost 30% was observed. The degradation
an be re
overed by re-assembling the dete
tor modules. Sin
e the APD are very stable,when working in a stable temperature and the plasti
 housing boxes minimizes misalign-ments it was assumed that the behaviour was due to an aging of the opti
al grease.This was 
orroborated by visual inspe
tion of the 
rystal-APD 
onta
t surfa
es that haveshown a loss of opti
al transmission of the grease. As result of this study, an improvedrevision of the opti
al 
oupling between the 
rystal and the APD was performed. A newopti
al 
oupling media was sele
ted and su

essfully tested allowing to further improvedthe already good performan
e of the dete
tor module. This part of the thesis work isdes
ribed in Chapter 5.
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al and Opti
al Crosstalk
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4.1. Introdu
tion4.1 Introdu
tionCrosstalk is the leakage of a signal into adja
ent 
hannels or into another part of a system.Crosstalk may o

ur through opti
al, ele
tri
al, me
hani
al, magneti
, 
apa
itive or otherforms of 
oupling, for example, between adja
ent wires on a printed 
ir
uit board thatare 
lose together or nearby pixelized photosensors.High resolution and high sensitivity are the major requirements for dedi
ated PETs
anners. A 
ommon solution to improve the resolution is to redu
e the 
rystal 
ross-se
tion, whi
h usually implies a de
rease of the system e�
ien
y. The e�orts to in
reasesensitivity normally are done at expense of data blurring due to DOI e�e
t by in
reasingthe 
rystal length [Rafe
as2003℄. Re
alling Eq. 1.2 (Chapter 1), for the lowest spatialresolution possible, the 1:1 
oupling between the s
intillator and the readout element
ould s
ale the spatial resolution down to the size of individual 
rystals, but inter-
rystal
rosstalk has to be small as it has important impli
ations in the data a
quisition s
heme,allowing to have b ≈ 0. It is known that working with small 
ross-se
tion 
rystals maylead to inter-
rystal 
rosstalk 
ontamination, whi
h arises from Compton s
attering fromone 
rystal to another or possibly the es
ape of the photoele
tron from the primary 
rystalfollowing photoele
tri
 absorption. Other reasons 
an indu
e 
rosstalk, like light sharingbetween two pixels due to position mismat
h of the 
rystal pixel - APD pixel, ine�
ientopti
al isolation, namely air bubbles in the re�e
tor walls between 
rystals, degradationor absen
e of the opti
al 
oupling interfa
e 
rystal-APD.The degree of 
rosstalk has parti
ularly important impli
ations for the design of theClearPEM front-end ele
troni
s. If high enough, 
rosstalk 
an generate false triggering in
hannels adja
ent to the a
tual event. Due to the ar
hite
ture of the ClearPEM ASIC,192 input 
hannels, 
orresponding to 6 APDs, are multiplexed to 2 outputs. If 3 
hannelsare higher than the 
ommon threshold, an error bit signals that part of the informationwas lost. In this 
ase, the o�-dete
tor ele
troni
s, dis
ard the entire event, leading to aloss of e�
ien
y. On the other hand, it 
an be suppressed by su�
iently in
reasing theASIC threshold, but on the other hand a threshold too high 
an already prevent validevents on the lower gain 
hannels from being dete
ted.Thus, due to its possible impa
t on the system performan
e, this parameter was evalu-ated in a series of dedi
ated measurements to the study of the possible 
auses of 
rosstalkand the analysis is presented in this 
hapter.4.2 Method and MaterialsSeveral measurements were performed in order to study possible 
ontributions for 
rosstalkalong the ClearPEM dete
tor module. To do that, it was de�ned a working plan, startingby the ele
troni
 
rosstalk on S8550 APD and ending with the evaluation of the fullassembled dete
tor module. 92



CHAPTER 4. ANALYSIS OF ELECTRICAL AND OPTICAL CROSSTALK4.2.1 Proto
ol of MeasurementsThe evaluation of the ele
tri
al and opti
al 
rosstalk on S8550 APD was performed bypla
ing an APD in the so
ket of the 32 
hannel dis
rete ele
troni
s for single readout (seesetup des
ription on Chapter 2, Sub-Se
tion 2.5.1) and polarized it to gain 50. A 55Fewas used for �ood and 
ollimated irradiations. An aluminum 
ollimator was designed,with the same dimensions of the APD and 5 mm thi
kness that would be able to stopthe 5.9 keV gamma rays - Fig. 4.1. One single hole was positioned in order to be possibleto illuminate one of four di�erent APD pixels, simply by rotation or inversion of the
ollimator - Fig. 4.2. All measurements were performed in the dark, at room temperaturebetween 19◦C and 21◦C to minimize temperature dependen
e deviations.

Figure 4.1: Collimator design s
heme for measurements with the S8550 APD: dimensionsand hole position of the 
ollimator.To study opti
al 
rosstalk on the APD epoxy and opti
al interfa
e between APDsand the 
rystal matri
es, another setup was developed. A blue LED (Light EmittingDiode) with 420 nm output peak (RLT420�3�30 from Roithner Laserte
hnik), was opti
al
oupled to a light guide, for pixel by pixel illumination. A dedi
ated bla
k mask was usedas support and as opti
al 
ollimator for the �ber - Fig. 4.3. The intensity of the lightwas 
ontrolled by the signal generator (Tektroni
s AFG3252), as well as pulse width andfrequen
y. 93



4.2. Method and Materials

Figure 4.2: Collimator design s
heme for measurements with the S8550 APD: represen-tation of the possible irradiation pixels, by rotation and inversion of the 
ollimator.
APD

Light guide

Black mask

Figure 4.3: LED setup: S8550 APD pla
ed on the PCB 
onne
tor (left) and light guidewith support and bla
k mask (right).Every time the LED was to be used, a quality measurement was 
ondu
ted by varyingthe input voltage (2 to 3 V) and registering the signal on the same APD pixel (see Fig.3.4 in Chapter 3). The 
hara
terization 
urve was then used to obtain the input voltagevalue that gave a peak signal at 1500 ADC 
hannels, a typi
al value of the ADC outputwhen operating with 22Na sour
e (511 keV photopeak). This value is �xed and used to94



CHAPTER 4. ANALYSIS OF ELECTRICAL AND OPTICAL CROSSTALKilluminate all the pixels.As for the 
rosstalk of the ClearPEM dete
tor module, the evaluation was done witha single dete
tor module pla
ed in the 32 dis
rete ele
troni
s 
hain for double readout to
olle
t the signal from the radioa
tive sour
e (22Na or 137Cs , whi
h is positioned in lateralin
iden
e (see setup des
ription on Chapter 2, Sub-Se
tion 2.5.2). The bias voltage of theAPDs was set to gain 50 and a radioa
tive sour
e is pla
ed in front of the module for a�ood irradiation. Data is 
olle
ted on a dedi
ated 
omputer for online visualization andanalyzed shortly after.4.2.2 Data AnalysisThe prin
iple of all analysis to evaluate 
rosstalk is to sele
t the peak signal in one 
hanneland seek for any leakage signal on the surrounded 
hannels. Crosstalk 
ontamination wasanalyzed by sele
ting events with a deposited energy in a 
entral pixel or 
rystal (sumenergy read from top and bottom APD, on double readout mode) and re
ording theenergy distribution in the neighbour pixels or 
rystals.

Figure 4.4: De�nitions of neighbours on the APD: a) if pixel B2 is the 
entral pixel, A2,B1 and C2 are �rst neighbours "near" and B3 is a �rst neighbour "far"; b) if pixel F3is the 
entral pixel, then E3, F4 and G3 are �rst neighbours "near" and F2 is a �rstneighbour "far".As APDs have two sub arrays (the S8550 is built from 2 × 8 monolithi
 sili
on waferswith a 
ommon HV bias), pixel neighbours were de�ned as "near", if in the same subarray, or "far", if in di�erent sub arrays. Two 
ases are represented on Fig. 4.4. As it
an be seen in the �gure, if pixel B2 is sele
ted (heavy blue), pixels A2, B1, B3 and C2(light blue) are the �rst neighbours, but A2, B1 and C2 are in the same sub array of B2- sub array near; but B3 is in the other - sub array far. In the same way, if pixel F3 issele
ted, E3, F4 and G3 are the �rst neighbours of the sub array "near" and F2 is the95



4.2. Method and Materials�rst neighbour of the sub array "far".For data analysis of the opti
al 
rosstalk on dete
tor modules using the double readoutele
troni
 
hain, ea
h 
rystal was also assigned with a number, and equivalent walls ofneighbours, a

ording to the numbering s
heme in Fig. 4.5. For example, if 
hannel 2is 
hosen as the 
entral 
rystal then the walls 1, 2 and 9 are 
onsidered; if looking to
hannel 10 then walls 9, 16, 17 and 24 are 
onsidered. As the dis
rete ele
troni
 
hain has32 
hannels, for double readout only 16 
rystals (
orresponding to two APD sub-arrays)
an be read at a time, meaning that walls on the frontier (23 to 30) are not evaluated, as
an be seen in the result plots. Also, due to an inoperative ele
troni
 
hannel at the timeof the measurements, walls 6 and 36 
ould not be assessed too.
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Figure 4.5: Numbering s
heme for 
rosstalk analysis. Bla
k: 
rystal number (energy sumof APDs bottom and top 
hannels); Red: 
rosstalk walls.The peak of the energy spe
trum (511 keV or 662 keV) is found in the histogram ofthe 
entral 
rystal 
onsidered by a dedi
ated peak �nder ROOT s
ript [Brun1997℄, and a�t with a Gaussian distribution and polynomial fun
tion of the �rst degree is performedto obtain the parameters for the energy 
ut per 
rystal. The average value of 
hannelpedestal is then used to 
orre
t the peak position. For sele
ted events, within the intervalof interested [µ-σ, µ+3σ℄, the events of the neighbour 
rystal are plotted (Fig. 4.6), onan event-by-event basis. The position of 
rosstalk peak is found and also 
orre
ted bythe 
orrespondent pedestal value. The asymmetri
 interval os interest, [µ-σ, µ+3σ℄, was
hosen to avoid Compton 
ontamination. The 
rosstalk per wall is determined by theratio of the peak positions:
Crosstalk[%] =

peak of the leakage signal of the neighbour crystal

photopeak position of central crystal
× 100 (4.1)96
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Figure 4.6: Example of the opti
al 
rosstalk analysis. In the plot, a 137Cs spe
trum was�tted and, 
onsidering the events on the peak, spe
tra of the neighbouring 
rystals weresuperimposed (in red and blue).
4.3 Results4.3.1 Ele
tri
al Crosstalk on the S8550 APDEle
tri
al 
rosstalk was evaluated using the 55Fe sour
e and the designed aluminium 
ol-limator to irradiate pixels B3 and C3 of an APD. Results are shown in Fig. 4.7. Valueswere normalized to the �red pixel and two ele
troni
 
hannels, 
orresponding to pixelsB7 and B8, were not working properly. It 
an be seen that ele
tri
al 
rosstalk is lessthan 0.3% in the �rst neighbouring pixels and negligible (< 0.1%) on all the other. Thisresult indi
ates a good ele
tri
al isolation between pixels and also of the 
hannels of theele
troni
 
hain used, in this 
ase, the dis
rete ele
troni
s for single readout.
4.3.2 Opti
al Crosstalk on the S8550 APDThe LED with light guide setup (Fig. 4.3) permitted to irradiate the APD pixel by pixel(Fig. 4.8). As 
an be observed, the opti
al 
rosstalk is mostly inexistent. On Tab. 4.1 it
an be seen the average results for dire
t illumination on APD epoxy (0.23%) and with alayer of opti
al grease (0.31%). These results indi
ate that there are no signi�
ant signalpropagation in the epoxy nor in the thin layer of opti
al grease (less than 20 µm).97



4.3. Results
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Figure 4.7: Ele
tri
al 
rosstalk evaluation with 55Fe irradiation on pixels B3 (top) and C3(bottom). Coupling on APD Without Opti
al Grease1st neighbours (near) 0.23 ± 0.87% 0.31 ± 0.94%1st neighbours (far) 0.00% 0.00%Table 4.1: Average opti
al 
rosstalk on APD, using dire
t illumination on APD epoxywith and without opti
al grease.Several pixels had no 
rosstalk at all, as 
an be seen in Fig. 4.9, whi
h explains thelarger varian
e in the average 
al
ulation. 98
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Figure 4.8: Opti
al 
rosstalk evaluation with a 420 nm LED: example of the output signalin the �red pixel (E3) and in the neighbouring pixels (E4, D3 and D4). The mean pedestalwas subtra
ted.
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Figure 4.9: Opti
al 
rosstalk distributions on the S8850 APD.4.3.3 Crosstalk on the ClearPEM Dete
tor ModuleOn Fig. 4.10 it 
an be seen an example of the analysis performed to one 
hannel, 
onsid-ering the 511 keV and the 1274 keV photo peaks from a 22Na sour
e. On both spe
tra, itwas superimposed the neighbours events when the event on the 
entral 
rystal was withinthe interval of interest. 99



4.3. Results

Figure 4.10: Spe
trum and 
rosstalk evaluation for one 
hannel, 
onsidering the 511 keV(top) and the 1274 keV peaks (bottom) from a 22Na sour
e, obtained from the data analysissoftware. Spe
tra of neighbouring 
rystals were superimposed (in red and blue).
This primary analysis allowed the dis
rimination of opti
al 
rosstalk from Comptonevents. Choosing the events from the 1274 keV peak the 
ontamination signal on theneighbouring 
rystal shifts to the right, 
onsidering the peak position resulting from the511 keV photopeak. This shift is 
onsistent to opti
al 
rosstalk and not to Comptonevents. In the 
ase shown on Fig. 4.10, the �re 
rystal 
orresponds to the 
rystal 10 andwall 17 (that separates 
rystals 10 and 11 - re
all Fig.4.5) was examined. The 22Na sour
ewas pla
ed near 
rystal 9. Sin
e the energy window in 
rystal 10 is 400�600 keV, forwardCompton is ex
luded as it must deposit less than 100 keV in 
rystal 10 and about 400 keVin 
rystal 11 - Fig 4.11. Ba
kward Compton is also ex
luded be
ause it has to depositabout 300 keV in 
rystal 10 and 200 keV in 
rystal 11, whi
h is below the energy window
onsidered. 100
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Figure 4.11: Energy deposited at the initial intera
tion point (E1) and energy depositedby the s
attered photon (E2) as fun
tion of the Compton s
atter angle (θ), for 511 keVin
ident photons.For analysis simpli
ity, the 
rosstalk evaluation was done with measurements with�ood 137Cs a
quisitions, sin
e this allowed to re-use the earlier measurements performedfor the 
hara
terization of the �rst bat
h of 24 dete
tor modules as explained in Chapter3. The most probable 
rosstalk of these 24 dete
tor modules, 
orresponding to 1056 wallsobserved, was 3%, with 4.7% walls having a opti
al 
rosstalk larger than 5% - Figs. 4.12and 4.13 [Abreu2005℄.
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Figure 4.12: Crosstalk distribution per wall for the �rst 24 dete
tor modules.101



4.3. ResultsThese results have indi
ated that the housing box developed to en
ase the dete
tormodule ensures a good mat
h between 
rystals and APD pixels, minimizing the mis-alignment that 
ould lead to a 
ase in whi
h one 
rystal is read by two di�erent APDpixels.
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rosstalk per dete
tor module.
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Figure 4.14: Average 
rosstalk found per matrix in the �rst bat
h of 60 dete
tor modules.After this assessment, 
rosstalk was in
luded on the quality 
ontrol proto
ol to reas-sure the good me
hani
al assembly of the dete
tor modules, knowing that a 
onsiderable102



CHAPTER 4. ANALYSIS OF ELECTRICAL AND OPTICAL CROSSTALKmismat
h between APDs and 
rystal matri
es would lead to 
onsiderable 
rosstalk 
on-tamination. In Fig. 4.14 
an be seen the average 
rosstalk for the 60 dete
tor modules,were the error bars represent the r.m.s of ea
h matrix. The average 
rosstalk found permatrix is 2.37 ± 0.39% (dispersion of 16.6%). The evaluation of the se
ond ba
th is notshown but the overall value of the 80 dete
tor matri
es remained small, 2.60 ± 0.89%.In Fig. 4.15 it is shown the maximum 
rosstalk 
ontamination observed per matrix andin Fig. 4.16 the average 
rosstalk is presented per wall, to seek for 
orrelations on matrixassembly, where error bars are the r.m.s per wall. As already reported, the wall 23 to 30are not evaluated due to number of 
hannels 
onstrain of the dis
rete ele
troni
 
hain.
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Figure 4.15: Maximum 
rosstalk found per matrix (80 dete
tor modules).
The maximum 
rosstalk was found on the �rst bat
h of dete
tor modules, with 13.25%(≈ 88 keV to 662 keV 137Cs photopeak, or ≈ 68 keV to 511 keV 22Na photopeak). Thehighest value on the se
ond bat
h was 10.56% (≈ 54 keV to 511 keV 22Na photopeak).This means that only two values of the 3360 walls evaluated are above the threshold of theASIC in the �nal ClearPEM system (Chapter 6). In a double readout s
heme, the totalenergy deposited in a 
rystal is the energy 
olle
ted by the two APD pixels. Therefore,two 
hannels from di�erent APDs and ASICs 
ontribute to the total noise. Assuming thatthe two 
hannels have similar noise and the total noise 
an be quadrati
ally summed, thenoise would be 7 keV whi
h 
orresponds to a minimum threshold (7 × the noise RMS) ofabout 50 keV [Rodrigues2009℄. Despite that, to avoid ele
troni
 noise problems like digitalnoise pi
k up, the 
ommon threshold was set to 1.55 V (equivalent to ≈ 120 keV), 56 mVabove the 
hip baseline (1.49 V) so even the highest 
rosstalk values are not readout tothe data a
quisition ele
troni
s. 103



4.4. Summary and Dis
ussion
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Figure 4.16: Average 
rosstalk per wall (80 dete
tor modules).A 
loser look to the Fig. 4.16 points out a similar behaviour from the �rst set (
orre-sponding to walls 1 to 23) to the se
ond set (walls 31 to 52), 
orresponding to the sameele
troni
 
hannels of the double readout ele
troni
 
hain used. Although small, the aver-age value is 2.69 ± 0.76%. This behaviour 
ould be attributed to a residual 
ontaminationof the adja
ent 
hannels of the double readout ele
troni
s 
hain.4.4 Summary and Dis
ussionWorking with small adja
ent 
rystals may lead to inter-
rystal 
rosstalk 
ontamination,whi
h arises from Compton s
attering from one 
rystal to another or possibly the es-
ape of the photoele
tron from the primary 
rystal following photoele
tri
 absorption.Light sharing between two pixels due to position mismat
h of the 
rystal pixel - APDpixel, ine�
ient opti
al isolation, degradation or absen
e of the opti
al 
oupling interfa
e
rystal-APD may also indu
e 
rosstalk, whi
h has parti
ularly important impli
ationsfor the design of the ClearPEM front-end ele
troni
s and on the system performan
e.This parameter was evaluated in a series of dedi
ated measurements to study the possible
auses of 
rosstalk.Ele
tri
al 
rosstalk was �rst evaluated by means of dire
t ionization of the sili
onlayer with a 5.9 keV 55Fe sour
e. Results indi
ate a negligible level of ele
tri
al 
rosstalk(<0.3%). Opti
al 
rosstalk that 
an be introdu
ed by the APD epoxy 
over was assessedand it is mostly inexistent (average values: 0.31% and 0.23%, with and without opti
algrease respe
tively). As 
on
lusions, it 
an be stated that there is no relevant ele
tri
al oropti
al 
rosstalk on APD. The major 
ontribution to the dete
tor module 
rosstalk fromthe small pixels separated by the 300 µm layer of BaSO4. The 
ontribution of 
rosstalk104



CHAPTER 4. ANALYSIS OF ELECTRICAL AND OPTICAL CROSSTALKon the ClearPEM dete
tor modules, despite the pixelized matrix 
on�guration, is low.The �rst 24 dete
tor modules present average 
rosstalk of 3% and the overall evaluationof 80 dete
tor modules reassures the small 
ontamination.Measurements in di�erent 
onditions and with di�erent dis
rete ele
troni
s did notdisturbed the evaluation of the 
rosstalk, but permitted to infer a higher 
ontaminationon the double readout s
heme ele
troni
s, probably due to 
urrent sharing between thePCB tra
es. Nevertheless, the average 
rosstalk value remained small, so this issue wasnot further investigated.Several authors have presented similar studies of 
rosstalk. Reporting the Pi
hler etal [Pi
hler2001℄ study of the S8550 APD for a High-Resolution PET with 32-
hannel LSOmatrix, it was found no ele
troni
 
rosstalk on the S8550 APD and a opti
al 
rosstalkof 5.9%, when 
oupled to the LSO 
rystal matrix with 3M Vikuiti ESR re�e
tor. Thismatrix was glued dire
tly to the APD array, read by a 16�
hannel low-noise JFET�CMOSpreampli�er 
hip spe
ially developed. From the FZD group, working with LSO 
rystalsreadout by the S8550 APD as a possible dete
tor for in-beam PET in hadron therapy,Crespo [Crespo2005℄ has shown inter-
rystal 
rosstalk below 10%, with 
rystals wrappedin Tyvek re�e
tor. Crosstalk on APD was also appraised by this author, with depre
i-ate in�uen
e of ele
tri
al 
rosstalk (0.5% maximum) and an opti
al 
rosstalk of 3.6%,
onsidered to be due to the epoxy window 
ompletely 
overing the sensitive area. Theresults regarding ele
tri
al and opti
al 
rosstalk on the APD are 
onsistent with the onesobtained in this thesis. As for the ClearPEM dete
tor module, opti
al 
rosstalk (less than3%) was lower and, as it will be shown in Chapter 5, this 
an be attributed to the superiorme
hani
al and opti
al isolation of the BaSO4 relatively to the Tyvek based matri
es.These results are below of the �nal ele
troni
 threshold, that was set to 1.55 V (equiv-alent to ≈ 120 keV), so even the highest 
rosstalk values are not readout to the dataa
quisition ele
troni
s.
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5.1. Introdu
tion5.1 Introdu
tion
The ClearPEM dete
tor module 
onsists on 32 LYSO:Ce 
rystals with 2×2×20 mm3 en-
ased in a BaSO4 matrix, readout at both ends by two Hamamatsu S8550 4×8 APDarrays. The evaluation of the dete
tor module design was presented in Chapter 3 show-ing an energy resolution of 15% at 511 keV, DOI resolution better than 2 mm and light
olle
tion (photopeak position) variation better than 20%. Long-term stability was alsoappraised and dete
ted that one year after the dete
tor modules were assembled a meanlight 
olle
tion redu
tion of 12% and a de
rease of the light 
olle
tion asymmetry, fun-damental for the DOI measurement, of almost 30% was observed. It was shown that thedegradation 
an be re
overed by re-assembling the dete
tor modules and the behaviourtra
ed ba
k to an aging of the opti
al grease that a
ts as a 
oupling media between theLYSO 
rystals and the Si APD pixels.As already des
ribed in Chapter 1, Se
tion 1.3, the development of the ClearPEMdete
tor module had explored the 
on
ept of having the intrinsi
 dete
tor resolution aslow as possible to a
hieve a good re
onstru
ted image resolution. Sensitivity also playeda 
entral role on the design of the ClearPEM system. The dete
tor heads 
lose to theobje
t provide a large angular 
overage and the double readout for depths-of-intera
tionminimize the parallax e�e
t. The position a

ura
y, 
hara
terized by the spatial reso-lution, was assured by the 2×2 mm2 individual 
rystals. Inter-
rystal 
rosstalk is small(Chapter 4) allowing to have b ≈ 0 (re
all Eq. 1.2, on Chapter 1).In spite of the signi�
ant development and good performan
e already a
hieved (Chap-ters 3 and 4), optimization of the ClearPEM dete
tor module design is a 
ontinuouswork. In this 
hapter, the revision of the opti
al 
oupling is presented. Triggered by theaging problems dete
ted with the opti
al grease, several opti
al 
oupling materials werestudied, namely Meltmount 1.58, Histomount and RTV 3145, evolving for a permanentsolution with better performan
e. To in
rease the sensitivity of the dete
tor modules,e�orts on improving the pa
king fra
tion of the ClearPEM dete
tor module, whi
h is64% and is mainly 
onstrained by the S8550 APD matrix layout and the thi
kness ofthe BaSO4 walls, were explored with a new matrix with 2.2×2.2×30 mm3 
rystals andthinner spe
ular re�e
tor walls. More over, the low internal gain of the APD and the lowligh 
olle
tion are 
urrently the limiting fa
tors in time resolution (5 ns FWHM measuredwith ClearPEM, as will be shown in Chapter 6). Further improvements on the timinginformation require an in
rease on the light 
olle
tion whi
h is limited by the 1.6×1.6mm2 APD pixel mat
hing with the 2×2 mm2 
ross-se
tion 
rystals. Possible solutionslike the redesign of the S8550 APD were addressed. As a result of this work, a new APD,with 1.8×1.8 mm2 pixels, quantum e�
ien
y of 80�90% at 420 nm and gain 200, wasdeveloped by Radiation Monitoring Devi
es, under a frame 
ontra
t with LIP.108



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULE5.2 Opti
al Coupling OptimizationA small amount of opti
al grease from Rhodorsil, designated as Paste 7, was used to pro-vide a better refra
tion index mat
hing in the 
rystal-APD interfa
e, to in
rease the lighttransfer between 
rystals and the APD pixels. The opti
al grease is a sili
one 
ompoundwith refra
tive index of 1.47 for 420 nm, translu
ent and with a light grey 
olour, easy tohandle whi
h 
an be applied with a brush, a spatula or with a paste gun. When stored inits original unopened pa
kaging at a temperature between 2◦C and 50◦C, Rhodorsil Paste7 must be used within 36 months of the manufa
ture date shown on the pa
kaging.Long-term stability evaluation, shown on Chapter 3, has dete
ted that one year afterthe dete
tor modules were assembled a severe degradation on the performan
e 
ould beobserved. Some dete
tor modules pa
kages were disassembled for visual inspe
tion. Itwas observed that the Paste 7 had lost the properties of a gel and had be
ome solid (Fig.5.1). The behaviour was assumed to be due to the aging of the opti
al 
oupling as thedegradation on the light 
olle
tion and asymmetry 
ould be re
overed by re-assemblingthe dete
tor modules with a new appli
ation of fresh opti
al grease.

Figure 5.1: Photographs of a dete
tor module open apart, 18 months after being assem-bled.The 
hoi
e of a new opti
al medium for ClearPEM dete
tor modules was then manda-tory and has taken into a

ount some requirements, namely the refra
tive index for op-timum light-transmission, aging e�e
ts, handling and 
uring pro
esses. The number ofphotons dete
ted by the APDs depends on the opti
al 
oupling medium between 
rystalsand APD. The index of refra
tion, ncoupling, determines the angle of refra
tion and there�e
tion losses in the 
rystals interfa
e to opti
al 
oupling medium and opti
al 
ouplingmedium to APD. Both e�e
ts in�uen
e the light 
olle
tion e�
ien
y with the optimumrea
hed at ncoupling ≈ √
ncrystal · nAPD [Kirn1999℄. In addition, the absorption length ofthe 
oupling medium should be large enough so the transmitted photons are not absorbedin the opti
al layer. The ideal opti
al 
oupling for the ClearPEM dete
tor module shouldhave an index of refra
tion of 1.63, between the indexes for the LYSO:Ce 
rystal (1.82 �420 nm) and the APD epoxy (1.53 � 420 nm) layer that prote
t the Si pixels. Sili
one109



5.2. Opti
al Coupling Optimizationgrease is a good option for temporary assembly but an epoxy based 
ompound or resintype is preferable for a permanent 
onstru
tion. On Tab. 5.1 the opti
al 
ouplings 
on-sidered for the optimization of ClearPEM dete
tor modules are listed and 
ompared withthe Rhodorsil Sili
ones Paste 7.Produ
t Vendor n � 420 nm Curing timePaste 7 Rhodorsil Sili
ones 1.47 NAMeltmount 1.58 Cargille 1.58 < 10sRTV 3145 Dow Corning 1.50 2 to 72h � RTHistomount National Diagnosti
s 1.63 12h � RTTable 5.1: Properties of the tested opti
al 
ouplings for the optimization of the ClearPEMdete
tor module.

Figure 5.2: Photograph of the tested opti
al 
ouplings.Cargille Melmount 1.58Cargille Melmount 1.58 (Meltmount) is a thermal plasti
 material. Its vis
osity is inverselydependent on temperature. As the temperature in
reases the vis
osity de
reases. Thereis no sharp melting point. Being thermal plasti
, it is 
apable of "
old �ow". This meansthat Meltmount, the spe
imen, the slide and the 
over slip 
an all move independentlyof ea
h other given a mix of time, temperature, and lateral pressure or gravity. It is100% usable, 
ontains no solvents and it is thermally reversible for parti
le retrieval or re-orientation. It is soluble in toluene for spe
ial te
hniques or 
lean-up. It be
omes �uid at65◦C, a temperature 
hosen be
ause it makes permanent mount and prote
ts the majorityof spe
imens from thermal 
hanges. In Fig. 5.3 the refra
tive index of the Meltmount asa fun
tion of s
intillation wavelength is shown. At 420 nm the refra
tive index is 1.58and the absorption length is 10 
m, whi
h is not a issue for ClearPEM dete
tor moduleas a thin layer (10 to 20 µm) of opti
al material is su�
ient to 
ouple the 
rystal matrixto the APD arrays. 110
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Figure 5.3: Meltmount refra
tive index and absorption length (extra
ted from[Monte

hi2001℄).One dete
tor module was assembled with Meltmount, whi
h have implied the use of anoven (Fig. 2.11 right, Se
tion 2.4, Chapter 2) to heat the opti
al 
oupling to the �uid state,
ompleting all the pro
ess at the same temperature. The performan
e of this module wasevaluated in terms of light yield, energy resolution and depth of intera
tion 
apability(asymmetry per millimetre) with the dis
rete ele
troni
 
hain for double readout (seedes
ription on Chapter 2).
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Figure 5.4: Typi
al pulse height spe
tra of a 
rystal glued with Meltmount (left) and
lose-up of the 662 keV photopeak region (right).In Fig. 5.4 it 
an be seen a typi
al spe
tra of the 137Cs sour
e. Mean light yield is1974±306 ADC 
hannels, the average energy resolution at 662 keV is 15.8±2.5% and theasymmetry per mm is 5.64±0.44 %/mm. Photopeak position variation of the Meltmountdete
tor module along two months is shown in Fig. 5.5, presenting a stabler and higherlight yield when 
ompared with ClearPEM produ
tion dete
tor module, assembled withPaste 7 (grease). 111
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Figure 5.5: 662 keV (137Cs) photopeak position variation of the Meltmount dete
tor mod-ule along two months, 
ompared with ClearPEM produ
tion dete
tor module, assembledwith Paste 7 (grease).
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Figure 5.6: Energy resolution at 662 keV of the Meltmount dete
tor module along twomonths 
ompared with the ClearPEM produ
tion dete
tor module, assembled with Paste7 (grease).Energy resolution variation at 662 keV of the Meltmount dete
tor module along timeis shown in Fig. 5.6, 
ompared with a ClearPEM produ
tion dete
tor module, assembled112



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEwith grease. It 
an be seen that the energy resolution a
hieved for the Meltmount de-te
tor module is higher when 
ompared with the ClearPEM dete
tor module, with largerdispersion, whi
h is related to the di�
ulty of assembling the dete
tor module with Melt-mount. The a
tion is performed at 65◦C temperature as already referred, whi
h makesthe pro
edure di�
ult in the sense that the user has limited time for the gluing. As a
onsequen
e, air bubbles and inhomogeneous amount of opti
al 
oupling between 
rystalsand APD pixels may be introdu
e. In result, one of APD pixels of the same 
rystal may
olle
t more light than the other, enlarging the �nal sum photopeak in a double readoutmode. An example of this behaviour is shown in Fig. 5.7, where the energy resolutionof the photopeak grew up to 30%. Comparison of the top and bottom APD (Fig. 5.7,left) shows a signi�
ant di�eren
e in the light 
olle
tion spe
tra, indi
ating di�erent light
olle
tion e�
ien
y between both APD pixels. As des
ribed in Chapter 3, in a doublereadout arrangement, the sum energy for a given 
rystal is given by:
E = KAbs (Etop + krelEbottom) (5.1)where KAbs is the absolute gain 
alibration 
onstant that translate the energy in ADC
ounts to the physi
al value (in keV), and krel is the inter-pixel 
alibration 
onstantwhi
h guarantees that both APDs (top and bottom) provide a similar response in termsof ADC 
ounts. With air bubbles in the opti
al 
oupling, it is expe
ted that the topand bottom APDs 
olle
t di�erent amounts of light. As a 
onsequen
e, krel 
an bemu
h larger or smaller than 1. The mis
alibration between two pixels, reading the same
rystal, introdu
es an additional spread in the energy resolution. The e�e
t was studied indedi
ated Monte Carlo simulations ([Rodrigues2007℄), where mis
alibration higher than20% 
an lead to a signi�
ant degradation of the energy resolution (Fig. 5.8). Below20%, mis
alibration does not a�e
t the energy resolution. In measurements performed inChapters 3, 4 and 5, the energy sum is 
omputed assuming krel = 1, whi
h impli
itelyassumes that mis
alibabration is less than 20%.
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Figure 5.7: Top and bottom APD light 
olle
tion for a 
rystal glued with Meltmount(left) and 
orresponding sum spetrum, with a 662 keV photopeak energy resolution of30% (right). 113



5.2. Opti
al Coupling Optimization
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Figure 5.8: Energy resolution as fun
tion of the inter-pixel mis
alibration([Rodrigues2007℄).
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Figure 5.9: Light 
olle
tion asymmetry variation of the Meltmount dete
tor module alongtwo months 
ompared with the ClearPEM produ
tion dete
tor module, assembled withPaste 7 (grease).Light 
olle
tion asymmetry variation of the Meltmount dete
tor module along twomonths is presented in Fig. 5.9, where results were 
ompared with a ClearPEM produ
-tion dete
tor module, assembled with Paste 7 (grease). The values presented for theClearPEM dete
tor module are lower than the average value presented on Chapter 3,114



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEbe
ause these measurements were done 6 months after the dete
tor module had beenassembled, where the aging of the opti
al 
oupling a�e
ted the parameter performan
e.Despite that, even 
onsidering the best light 
olle
tion asymmetry a
hieved with greasedete
tor modules, the Meltmount dete
tor module is 
onsiderable better.In 
on
lusion, the Meltmount dete
tor module has shown to be more stable and withbetter performan
e in terms of light yield and asymmetry per mm (5.6%/mm) than mod-ules assembled with grease (3.5%/mm, average value for ClearPEM). Energy resolutionis marginally worse due to the asymmetri
al light 
olle
tion observed in some of thepixel APDs by the presen
e of air bubbles and inhomogeneities in the quantity of theMeltoumnt as result of the di�
ult gluing pro
edure. The performan
e of the assembleddete
tor module along 2 months has shown no signi�
ant variation on the assessed pa-rameters. This opti
al 
oupling was 
onsidered as a good 
andidate for ClearPEM butit is extremely di�
ult to assemble dete
tor modules with Meltmount, to ensure goodmat
h between 
rystals and APD pixels and to avoid air bubbles, essentially by the needto heat and maintain the temperature at 65◦C during the pro
ess. It is also 
ru
ial not toover
ome this temperature to avoid damaging the APD epoxy. Therefore, for me
hani
alreasons, other solutions were 
onsidered.
Dow Corning RTV 3145Dow Corning 3145 RTV MIL-A-46146 Adhesive/Sealant (RTV) has a paste like 
onsis-ten
y and 
an be applied dire
tly from its 
ollapsible tube or extruded from its 
artridge.On exposure to moisture in the air, the surfa
e of RTV will form a skin in about 25 min-utes at room temperature with 50% relative humidity. Any tooling should be 
ompletedbefore this skin forms. After 90 minutes under these 
onditions, the RTV will be
ome ta
kfree, allowing limited handling until the 
ure is fully 
omplete. Curing 
ontinues inwardfrom the surfa
e and it will be 
ompleted in 24 hours (at room temperature and 50%relative humidity) for a depth of 3 mm. Optimum physi
al properties are rea
hed after
uring for 7 days at room temperature. It resists to weight and pressure. In Fig. 5.10 itis shown the refra
tive index of RTV 3145 as a fun
tion of s
intillation wavelength. At430 nm the refra
tive index is 1.50, whi
h is 
onsiderably lower than Meltmount and theabsorption length is 2 
m, again not a problem when using a thin layer of opti
al 
oupling.This opti
al 
oupling was reje
ted for the ClearPEM dete
tor module due to identi�edproblems with reassembly, sin
e RTV 
an only be soften with a
etone. However, todisassemble a dete
tor module with RTV, a
etone is not enough and an extra for
e isrequired whi
h may damage the BaSO4 walls of the 
rystal matrix and the APD epoxy
over (0.5 mm thi
kness). For this reason, the RTV 3145 option was abandoned and nofurther studies were 
arried out. 115



5.2. Opti
al Coupling Optimization
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Figure 5.10: RTV 3145 refra
tive index and absorption length (extra
ted from[Monte

hi2001℄).National Diagnosti
s HistomountHistomount, from National Diagnosti
s, is an organi
 based mounting medium for im-munohisto
hemi
al pro
edures and is 
ommonly used in ar
hival slide preparation. It
ures by the evaporation of xylene. High vapor 
on
entrations are anestheti
 and 
entralnervous system depressants so it requires a fume hood during appli
ation to avoid inhala-tion of vapors irritating to the nose and throat. The opti
al 
oupling is vis
ous and formsa skim almost immediately. The refra
tive index and absorption length of Histomount asa fun
tion of s
intillation wavelength is shown in Fig. 5.11.
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Figure 5.11: Histomount refra
tive index and absorption length (extra
ted from[Monte

hi2001℄).At 420 nm the refra
tive index is 1.63, whi
h is 
onsidered the best optimization in116



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEterms of light 
olle
tion e�
ien
y for the ClearPEM s
enario and the absorption length is12 
m. As Histomount 
ures by the evaporation of xylene, whose refra
tive index (about1.5) is lower than the 
onstituent of Histomount (vinyl toluene), it 
an be seen in the
uring pro
ess that the refra
tive index of this opti
al medium rises as the 
ontent ofxylene falls (Fig. 5.12). This opti
al 
oupling were explored by the CMS 
ollaboration atCERN, but has been abandoned be
ause the long 
uring time for thi
k layers and toxi
itywhen working with large quantities (120 000 APDs with a 5×5 mm2 a
tive area).
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Figure 5.12: Histomount refra
tive index evolution with 
uring time (extra
ted from[Monte

hi2001℄).For 
omparison purposes, one dete
tor module was assembled with Histomount, usingan organi
 mask (organi
 vapor half mask respirator, from 3M), to refrain the inhalationof xylene toxi
 vapors. Visual inspe
tion with a mi
ros
ope has shown no air bubbles ornegligible by its dimensions. The thin layer used did not required long 
uring time andperforman
e measurements were done 5 days after the dete
tor module had been assem-bled. As the dis
rete ele
troni
 
hain for double readout was inoperative for maintenan
e,light 
olle
tion and energy resolution were assessed with the dis
rete ele
troni
 
hain forsingle readout and 
ompared with a ClearPEM dete
tor module in the same measurement
onditions. In Fig. 5.13 the photopeak positions of both modules are shown, where 
anbe seen a 
onsistent in
rease of the light 
olle
tion in the Histomount module in all 
han-nels. The gain in terms of light yield obtained with the Histomout 
ompared with thefresh Grease dete
tor module, spe
i�
ally assembled for this opti
al 
oupling 
omparisonstudy, is presented in Fig. 5.14, having an average gain of 16%. Photopeak dispersionof the Histomount module is 14%, similar to the 15% value obtained with the Greasemodule. 117
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al Coupling Optimization
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Figure 5.13: 662 keV (137Cs) peak position of the Histomount dete
tor module, 
omparedwith a ClearPEM produ
tion dete
tor module.
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Figure 5.14: Light yield gain of the Histomount dete
tor module relatively to the Greasedete
tor module.Long-term variation of the light yield for the Histomount dete
tor module was evalu-ated along two months and 
ompared with the Grease dete
tor module. As 
an be seenin Fig. 5.15, there is no dete
table degradation on the performan
e of this parameter.118
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Figure 5.15: Long-term variation of the light yield for the Histomount dete
tor modulealong two months, 
ompared with the ClearPEM produ
tion dete
tor module, measuredin the same experimental 
onditions.In agreement with this result, a better energy resolution is a
hieved for the Histomountdete
tor module, in 
omparison with the Grease dete
tor module (Fig. 5.16). The averageenergy resolution at 662 keV for the Histomount dete
tor module, measured in the singlereadout ele
troni
s, is 13.36 ± 0.57% and 14.23 ± 0.73% for the Grease dete
tor module.
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Figure 5.16: Energy resolution at 662 keV of the Histomount dete
tor module, 
omparedwith a ClearPEM produ
tion dete
tor module.119



5.2. Opti
al Coupling Optimization
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Figure 5.17: Photograph of the "Trigger Cell" setup, with two ASIC test boards read-ing 6 Hamamatsu S8550 APDs 
oupled to dete
tor modules assembled with Grease andHistomount.To assess the impa
t of this opti
al medium in DOI, measurements in double read-out s
heme were performed with the Trigger Cell setup (Fig. 5.17) as repla
ement forthe dis
rete double readout ele
troni
s. This setup manage to read 6 dete
tor modulesat the same time in double readout by the two ASIC test boards. Ea
h test boardhas a ClearPEM frontend ASIC allowing to readout up to 6 Hamamatsu S8550 APDs[Rodrigues2009℄. In these tests, the ASICs dies were 
overed by a temporary glass sin
ethe thermally 
ondu
tive epoxy adhesive (glob-top) 
overing step had not been performed.This prevents the usage of a suitable 
ooling system. Instead 
old air was dire
ted to theboard avoiding the un
ontrolled heating of the APDs. Using this approa
h the temper-ature measured under the PCB region underlying the APDs was 24�26◦C. The triggermode was operated in single photon mode, whi
h means that all a

epted events abovethe energy threshold (set at 200 keV) are readout to the data a
quisition server. Measure-ments were performed with 2 dete
tor modules assembled with Histomount, 2 dete
tormodules with fresh Grease and 2 other dete
tor modules already assembled months be-fore, 
onsidered, for that reason, that were assembled with old Grease.In Figs. 5.18 and 5.19 examples of the 662 keV spe
tra and asymmetry plot for theHistomount dete
tor module are shown, in 
omparison with the ClearPEM dete
tor mod-ule. As expe
ted, an in
rease light yield is observed with better asymmetry per millimetreis a
hieved with the Histomount opti
al 
oupling.120



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULE
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Figure 5.18: Example of a 137Cs spe
tra (662 keV photopeak) for a 
rystal from theHistomount dete
tor module readout with the Trigger Cell setup, 
ompared with a 
rystalfrom the ClearPEM produ
tion dete
tor module (2 months mounting time).
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Figure 5.19: Example of a light 
olle
tion asymmetry plot for the Histomount dete
tormodule, 
ompared with the ClearPEM produ
tion dete
tor module.For a better pi
ture of the impa
t of the opti
al 
oupling on the dete
tor perfor-man
e, in Fig. 5.20 values for the asymmetry per millimetre are shown for Histomountand Grease dete
tor modules. It 
an be seen the aging e�e
t of the opti
al glue, withaverage asymmetry of 3.5%/mm for the old grease (grease results on the left, for 
hannel121



5.3. High Pa
king Fra
tion Matri
esIDs inferior to 1600), 
ompatible with results already presented in the 
hara
terizationof the ClearPEM baseline dete
tor modules (Chapter 3) and a better performan
e whenreassembled with fresh Grease (grease results on the right, for 
hannel IDs superior to1664), with 4.5%/mm average asymmetry. Despite that, Histomount 
oupling 
an a
hievemore favourable performan
e, with a mean asymmetry of 5.4%/mm.
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Figure 5.20: Light 
olle
tion asymmetry 
omparison results obtained with dete
tor mod-ules assembled with Histomount (
entre), old Grease (left) and fresh Grease(right).Proving to be the best opti
al 
oupling for the ClearPEM, regarding the long-termstability of the light 
olle
tion, energy and DOI resolution, all dete
tor modules werereassembled with Histomount, an a
tion performed in 8 working days.5.3 High Pa
king Fra
tion Matri
esThe ClearPEM s
anner was developed with a high sensitivity requirement to intend lessinje
ted dose or faster exams. For that reason, the ClearPEM dete
tor module has high-Z s
intillation 
rystals to improve the dete
tion e�
ien
y of the 511 keV photons andexploits both photoele
tri
 and Compton intera
tions in the dete
tor improving substan-tially the dete
tion sensitivity. To be able to dete
t small lesion dimensions, the systemhas to have large sensitivity and high resolution, with the aim to in
rease the signal overba
kground signi�
an
e. The point sour
e sensitivity of a PET s
anner, de�ned in Chap-ter 1, depends on three main fa
tors: the subtended solid angle at the symmetry 
enter ofthe system, the s
intillator sensitivity for 511 keV photons and the pa
king fra
tion, whi
his de�ned as the a
tive 
rystal area over the total surfa
e of the module. The baselineClearPEM dete
tor module 
onsists on 32 LYSO:Ce 
rystals with 2×2×20 mm3 (0.82intera
tion probability for 511 keV in
ident photons) en
ased in a BaSO4 (Zeff = 56, ρ= 4.5 g/
m3) matrix, readout at both ends by two Hamamatsu S8550-01 4×8 APD pixel122



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEfor depth-of-intera
tion measurement of the in
oming photons, in order to a
hieve therequired 2 mm spatial resolution after re
onstru
tion. The pa
king fra
tion is 64% and ismainly 
onstrained by the S8550 APD matrix layout and the thi
kness of the BaSO4 walls.To in
rease the dete
tion and light 
olle
tion e�
ien
ies keeping, as a �rst approa
h,the same s
intillator type and photodete
tor, preserving the depth-of-intera
tion 
apabil-ity, one 
rystal matrix from Proteus In
. (Fig. 5.21), with 2.2×2.2×30 mm3 LYSO:Ce pix-els (0.92 intera
tion probability for 511 keV photons) opti
ally isolated by a 3M VikuitiTM(Zeff = 10, ρ ≤ 2 g/
m3) ESR �lm spe
ular re�e
tor with 61�68 µm thi
kness and 98%re�e
tivity was evaluated. The pa
king fra
tion is 78% whi
h represents an in
rease indete
tion sensitivity, whi
h s
ales with the square of the pa
king fra
tion, by about 1.48.

Figure 5.21: Photograph of a Proteus 
rystal matrix with 2.2×2.2×30 mm3 LYSO:Cepixels opti
ally isolated by a 3M VikuitiTM ESR �lm spe
ular re�e
tor.

Figure 5.22: (left) End-view of a produ
tion-type ClearPEM 
rystal matrix with 2×2mm2 
ross-se
tion pixels. (right) End-view of a Proteus 
rystal matrix with 2.2×2.2 mm2
ross-se
tion pixels. 123



5.3. High Pa
king Fra
tion Matri
esIn Fig. 5.22, end-views of a ClearPEM produ
tion matrix and the Proteus matrix (alsonamed Vikuiti matrix) are shown, with 
orresponding dimensons s
hema.VikuitiTM is made of a multilayer polymeri
 �lm giving it a very high spe
ular re-�e
tivity for visible and infra-red light. It is suitable for LYSO emission spe
tra buttransparent for shorter wave lengths, as the bandwidth is 415 to 1020 nm. In Fig. 5.23the spe
tral response of VikuitiTM and emission spe
tra of LSO and LuAP is shown.

Figure 5.23: Spe
tral response of VikuitiTM and emission spe
tra of LSO:Ce andLuAP:Ce.The �rst available Vikuiti matrix had all 
rystals polished and its performan
e, interms of s
intillation linearity, energy resolution, light yield and inter-pixel 
rosstalk,was assessed in dedi
ated testben
hs using the single readout ele
troni
s. Results were
ompared with the other 
rystal matri
es proposed for the ClearPEM dete
tor module,32 2×2×20 mm3 
rystals wrapped in Tyvek (�rst matrix version) and en
ased in BaSO4(produ
tion matrix), measured in the same experimental 
onditions.
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CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEIn Fig. 5.24, typi
al spe
tra for the Vikuiti matrix are shown. It 
an be seen a wellde�ned photopeak for the 137Cs (662 keV) sour
e and good resolution to dis
riminate thetwo peaks (202 and 307 keV) emitted during the 176Lu de
ay.In Fig.5.25, light yield as a fun
tion of the photopeak energy (202 and 307 keV from
176Lu; 511 and 1274 keV from 22Na; 662 keV from 137Cs) for the Vikuiti and ClearPEMprodu
tion matri
es is presented, where 
an be seen that both matri
es have good s
in-tillation linearity. Variation on slope between the two matri
es is due to the di�erentlight 
olle
tion. For the Vikuiti matrix, due to the superior energy resolution, photopeakpositions at 202 and 307 keV are easily observed. Moreover, for the Vikuiti matrix, agood linearity was found in the 200�1200 keV energy range.
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Figure 5.25: Photopeak position as a fun
tion of the photon energy for the BaSO4 andVikuiti matri
es.Photopeak position per pixel, per matrix, are shown in Fig. 5.26. The 2D maps repre-sentation enables to realize the homogeneity of the matri
es, where results were 
alibratedin terms of ele
troni
 
hannel gain variation. Mean light yields of the Vikuiti and Tyvekmatri
es were 
ompared with the ClearPEM produ
tion matrix (BaSO4). Vikuiti (1588
± 99 ADC 
hannels) presents 20% less light than BaSO4 (1907 ± 242 ADC 
hannels) butsmaller inter pixel dispersion. Tyvek (848 ± 295 ADC 
hannels) presents 56% less lightthan BaSO4 and higher inter pixel dispersion.Energy resolution per pixel, presented per matrix in a 2D map, is shown in Fig. 5.27.Vikuiti matrix (mean value of 12.51 ± 0.80% at 662 keV) presents an improvement of11% in energy resolution and Tyvek matrix (mean value of 17.76 ± 4.62% at 662 keV)presents the highest energy resolution values, 23% worse than BaSO4 matrix (mean valueof 14.48 ± 1.90% at 662 keV). 125



5.3. High Pa
king Fra
tion Matri
es

387 448 432 751 748 510 469 621

396 708 836 927 942 913

765 783 1129 814 1224 1255 807 810

805 805 1059 1248 1356 1319 1293 825

A B C D E F G H  

1

2

3

4

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

APD Pixel Index

A
P

D
 P

ix
e

l 
In

d
e

x

P
h

o
to

p
e
a

k
 P

o
s

it
io

n
 (

A
D

C
 C

o
u

n
ts

)
1675 1557 1568 1748 1714 1596 1576 1624

1745 2076 1842 1849 1885 1764

1868 2166 2104 1813 1909 1889 1509 1758

1726 1859 1776 1889 1825 1609 1537 1592

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

A B C D E F G H

1

2

3

4

APD Pixel Index

A
P

D
 P

ix
e

l 
In

d
e

x

P
h

o
to

p
e
a

k
 P

o
s

it
io

n
 (

A
D

C
 C

o
u

n
ts

)

1467 1621 1619 1571 1585 1596 1623 1601

1598 1735 1653 1651 1600 1650

1640 1593 1674 1620 1529 1603 1568 1549

1591 1564 1585 1544 1481 1549 1503 1504

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

A B C D E F G H

1

2

3

4

APD Pixel Index

A
P

D
 P

ix
e

l 
In

d
e

x

P
h

o
to

p
e
a

k
 P

o
s

it
io

n
 (

A
D

C
 C

o
u

n
ts

)

Figure 5.26: Light yield for the 3 matri
es: Tyvek (top); BaSO4 (
entre) and Vikuiti(bottom) in single readout (two dead 
hannels, 
orresponding to G2 and H2).126



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULE
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Figure 5.27: Energy resolution for the 3 matri
es: Tyvek (top); BaSO4 (
entre) andVikuiti (bottom) in single readout (two dead 
hannels, 
orresponding to G2 and H2).127



5.3. High Pa
king Fra
tion Matri
esIn Figs. 5.28 and 5.29, the study of the energy resolution for the Vikuiti matrix ispresented. First, it is shown the average energy resolution as a fun
tion of the photopeakenergy (Fig. 5.28) and se
ondly, the validation of the previous results by a linear �t(Fig. 5.29) to the energy resolution expression: (2.35 σ/E) = a/
√

E + b. As 
an be seen,the Vikuiti matrix follows very well the expe
ted behaviour of energy resolution withenergy.
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CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEInter-pixel 
rosstalk is a parameter of 
on
ern for the Vikuiti matrix as it has larger
rystals (2.2×2.2 mm2) and thinner re�e
tor walls (62.5 µm). Mismat
h with APD, dueto pixel size (1.6 × 1.6 mm2), may be more likely. Crosstalk was evaluated for the Vikuiti,BaSO4 and Tyvek matri
es in the same 
onditions and results 
ompared. Data analysisfollowed the method already des
ribed for the single readout mode in Chapter 4, whereneighbouring 
rystals were dis
riminated as near, if in the same APD sub-array, and far,if in the other APD sub-array. In Fig. 5.30, a s
hemati
 2D view of the 
rosstalk foundfor some pixels of the three matri
es is shown. Average values are presented in Tab. 5.2,per sub-array and per matrix. Di�eren
es in sub-arrays 
an be seen in all matri
es, whi
his 
onsistent with the APD layout. Similar values of 
rosstalk between the Proteus (11.93
± 4.86%) and the BaSO4 (10.73 ± 6.40%) matri
es were found. The Tyvek matrix hasshown a unfavourable performan
e in terms of 
rosstalk (24.10 ± 18.86%). The larger
rosstalk value in the Tyvek matrix is 
onsistent to the higher light 
olle
tion dispersionand worse energy resolution, whi
h may to be introdu
ed by the manual assembly pro
essof the Tyvek dete
tor module where in
omplete opti
al isolation of the 
rystal pixels mayprevail. In this study, 
rosstalk results are higher than the presented in Chapter 4 forthe ClearPEM dete
tor module, where measurements were perfomed in a double readoutmode. In the single readout mode, alignment of the matrix 
rystals with the APD pixelsis a manual trial-and-error pro
ess, whi
h 
an indu
e more 
rosstalk. This situation doesnot happen in the �nal dete
tor module, insured by the double readout 
on�guration anddedi
ated design 
over box in whi
h is assembled.

Figure 5.30: Typi
al 2D 
rosstalk distributions for the Vikuiti, BaSO4 and Tyvek matri
esin single readout. Fired 
hannel marked as blue.129



5.4. Prospe
ts for an Improved Multi-pixel APD
rosstalk on: Vikuiti BaSO4 Tyvek1st neighbours near 12.72 ± 4.34% 11.49 ± 6.28% 24.42 ± 19.11%1st neighbours far 4.77 ± 3.17% 3.96 ± 1.97% 21.21 ± 17.18%2nd neighbours near 3.47 ± 3.47% 2.73 ± 3.14% 9.58 ± 9.48%2nd neighbours far 1.43 ± 1.43% 0.74 ± 3.15% 9.02 ± 8.27%1st neighbours 11.93 ± 4.86% 10.73 ± 6.40% 24.10 ± 18.86%2nd neighbours 2.76 ± 3.24% 2.06 ± 2.77% 9.39 ± 9.03%Table 5.2: Average 
rosstalk per sub-array and per matrix.In overall, the Vikuiti design allows to a
hieve signi�
ant better results that the BaSO4design in a single readout option. In the double readout 
on�guration, and due to theuse polished LYSO 
rystals together with a spe
ular re�e
tor, DOI information 
annotbe extra
ted sin
e there is no me
hanism that 
reates a light 
olle
tion asymmetry asfun
tion of the intera
tion depth of the photon in the 
rystal. To over
ome this di�
ultyand as result of the study, other Proteus matri
es were manufa
tured using 
rystals inwhi
h the lateral 30 mm surfa
es had di�erent polishing treatments [Rodrigues2008℄. Inmatri
es with as-
ut 
rystals, DOI information 
an be extra
ted, with a DOI resolutionof about 1.7 mm, at the expense of a degradation in the light 
olle
tion and the energyresolution. Further studies, outside the s
ope of this thesis, with 
rystals having a mixtureof polished and saw-
ut surfa
es were 
arried out. In matri
es with two sides polished,DOI resolutions in the 2.3 mm range, with energy resolutions of 16% at 511 keV werea
hieved, opening the possibility to use this type of dete
tor module design for s
annerswith double readout s
hemes.5.4 Prospe
ts for an Improved Multi-pixel APDCurrently, the design of the S8550 APD introdu
es several design limitations to the de-te
tor matri
es, namely on the mismat
h between the 
rystal 
ross se
tion of 2×2 mm2and the APD a
tive pixel size of 1.6×1.6 mm2. Due to this mismat
h, up to 30-35% ofthe light may be lost, in the interfa
e between the 
rystal and the APD. This fa
t and thelow gain of the S8550 pla
es an intrinsi
 limit on the a
hievable time resolution as wellas loss on the total 
olle
ted 
harge by the APD, requiring the use of a very low noise,high bandwith and high gain frontend ele
troni
s. Due to the 
rystal size�APD pixelmismat
h, the usefulness of 
rystal matri
es with high pa
king fra
tions (by instan
e byusing 
rystals with 2.2×2.2 mm2 
ross se
tion) is impaired.Therefore, a limited redesign of the basi
 S8550 APD layout was 
arried out in 
ollabo-ration with Radiation Monitoring Devi
es In
. (RMD) for the development of a improvedAPD by means of a R&D 
ontra
t. The new devi
e, 
alled A3220, is a S8550-pinout
ompatible APD array whi
h in
orporates some 
hanges in order to improve its perfor-man
e in respe
t to the original Hamamatsu S8550 APD. The most signi�
ant te
hni
alspe
i�
ations of this new devi
e is presented in Table 5.3. A photograph of one of the�rst A3220 samples, delivered in the se
ond half of 2009, is shown in Fig. 5.31.130



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEParameter ValuePixel size 1.8 mm×1.8 mm (× 32 pixels)Pixel pit
h 2.3 mmWindow type Windowless (bare sili
on)Peak sensitivity wavelength 650 nmQuantum e�
ien
y � 420 nm 80�90%Bias voltage operating range -1750 V up to -1850 VBreakdown voltage -1860 VGain regime 200�1000 (fun
tion of bias)Typi
al bias voltage for gain M=200 -1750 VMaximum gain (requires 
ooling) 10 000Gain gradient � M = 100 2%/VTemperature gradient � M = 100 -3%/◦CDark 
urrent (room temperature) 30 nA (per pixel at M = 200)Capa
itan
e 2.4 pF (per pixel at M = 200)Table 5.3: Preliminary RMD A3220 APD 32 
hannel ele
tri
al and opti
al 
hara
teristi
s.

Figure 5.31: Photograph of the new multi-pixel RMD APD A3220.The new A3220 multi-pixel APD, operates at a higher voltage bias, from -1750V to-1850V, allowing to a
hieve typi
al gains from 200 to 1000. Higher gains (theoreti
al10 000) are possible a

ording the manufa
turer by 
ooling the APD down to negativetemperatures (-22◦C). The a
tive pixel die was in
reased from the original size of 1.6×1.6mm2 to an extended size of 1.8×1.8 mm2 in order to redu
e the pixel-
rystal mismat
hfrom the original 36% value to 19%. The overal quantum e�
ien
y was also in
reased, bymeans of abandoning the prote
tive epoxy layer used in the S8550. With this windowlessapproa
h, quantum e�
ien
y at 420 nm 
an go up, a

ording to RMD internal measure-ments, up to 80�90%. Another improvement was the redu
tion of the pixel 
apa
itan
efrom 10 pF to 2.4 pF, whi
h will allow a theoreti
al faster response of the frontend ele
-troni
s, 
ontributing to an improvement of the overall time resolution. Due to the largethi
kness of the avalan
he layer, the ex
ess noise at gain 200 reported by RMD is 2.2 (at131



5.5. Summary and Dis
ussiongain 50, the S8550 has an ex
ess noise fa
tor of 1.85, as shown in Chapter 3).The major drawba
k of the A3220 is the high HV (typi
ally -1800V) that is requiredto polarize the APD. Su
h 
hara
teristi
 demands a re-design of the original ClearPEMhigh-voltage system, due to the need of larger PCB tra
es 
learan
es, both in the frontendboards and HV supply system. A se
ond fa
tor that must be taken into a

ount is theprobability of breakdown of the diele
tri
 air medium between the APD HV and signalpins. In order to redu
e the probability of su
h o

uren
e, the APDs must be operatedin a 
ontrolled humidity. This 
an be easily a
hieved by pressuring the dete
tor housingwith N2 gas.While the 16 pixels of one sub-array of the S8550 APD have a 
ommon 
athode, theA3220 is built in a 
ommon anode 
on�guration. This means that the obtained pulses havenegative polarity, being in
ompatible with the 
urrent ClearPEM frontend ASIC. This hasmotivated the design of a new ASIC, whi
h 
an a

ommodate both polarities. The gainof this new ASIC may also be programmed in order to �t the di�erent typi
al gains ofthe S8550 and the A3220 APD. The ASIC development is 
urrently being performed byINESC�ID and INFN�Torino and the �rst 32 
hannel ASIC demonstrator is expe
ted tobe re
eived from foundry in early 2010.5.5 Summary and Dis
ussionThe ClearPEM s
anner was designed with the goal to optimize both the dete
tion sen-sitivity of 511 keV photons as well as the spatial resolution along the entire FOV. Su
hrequirements have led to the adoption of a basi
 sensitive volume 
omprehended by 2×2mm2 �ne pit
h LYSO:Ce 
rystals 
oupled to a double readout based on 1.6×1.6 mm2multi-pixel APD array.On this type of readout, light 
olle
tion 
an be impaired by the long path that theopti
al photons need to travel before 
an exit the 
rystal, due to the redu
ed 
rystal 
ross-se
tion (2×2 mm2) in 
omparison with the 
rystal length (20 mm), whi
h in
reases the
umulative probability of being attenuated inside the 
rystal, the opti
al 
oupling mediaused to 
reate an appropriate intermediate layer with a refra
tive index that maximizethe probability of the photon and the photosensor pixel sensitive area in relation to the
rystal 
ross se
tion.Besides the light 
olle
tion aspe
t, the dete
tion sensitivity of the s
anner is also aparameter of 
on
ern. In 
rystal pixel-based modules, the pa
king fra
tion is generallyredu
ed due to the 
ompromise between re�e
tor thi
kness and light 
olle
tion isolation.Sin
e the dete
tion sensitivity of 511 keV photon pairs follows the square of the pa
kingfra
tion, marginally improvements in the pa
king fra
tion may introdu
e signi�
ant gainson the s
anner performan
e, allow to a
hieve higher values lesion dete
tability in shortertime exams. The 
rystal length is also a parameter that 
an be optimized. Usually, ins
anners without DOI intera
tion 
apability, the length of the 
rystal is sub-optimal to132



CHAPTER 5. OPTIMIZATION OF THE CLEARPEM DETECTOR MODULEavoid the introdu
tion of the parallax e�e
t. In the ClearPEM 
ase, 20 mm 
rystals 
anbe used sin
e the double readout s
heme allows to extra
t the DOI 
oordinate with aresolution better than 2 mm, minimizing the e�e
t of the parallax e�e
t while o�ering amoderate dete
tion e�
ien
y for 511 keV photons.In this 
hapter, the optimization studies on several of these aspe
ts were reported.Triggered by the long-term stability issues of the opti
al 
oupling initially sele
ted, basedon a sili
on grease (Paste 7), permanent opti
al glues were explored in terms of the light
olle
tion, energy resolution and DOI resolution. Three options were explored: Melt-mount, RTV 3145 and Histomount. Initial tests with Meltmount shown a superior light
olle
tion 
apability over grease, with a gain up to 30% and a signi�
ant improvementin the light 
olle
tion asymmetry (from 4%/mm up to 5.5%/mm). Long-term stabilitymeasurements did not shown for any de
rease of light 
olle
tion with time. The main issuewith this opti
al glue was the need to perform the modules mounting and un-mountingat high temperature, slightly above 65◦C. At this temperature, manual manipulation ofthe dete
tor module is more di�
ult leading to the formation of air bubbles in the appli-
ation phase. These bubbles 
an introdu
e a systemati
 asymmetry in the light 
olle
tionbetween the top and bottom APDs, whi
h in turn lead to a degradation of the energyresolution. RTV 3145 glue was explored in order to 
ir
umvent some of these di�
ulties.While this glue is routinely used to mount dete
tor matri
es to PMT glasses, it was foundthat the un-mounting pro
edure requires some me
hani
al for
e after 24 hours embed-ding in a
etone. This pro
edure 
an be a hazard to deli
ate surfa
es su
h as the APDepoxy and therefore the RTV 3145 was dis
arded. Histomount mounting media was thenexplored. This medium was one of the best 
hoi
es initially explored for the CMS ECALsubdete
tor, for the gluing of 5×5 mm2 APDs to PWO 
rystals. It was reje
ted due to
uring problems. Histomount relies on the evaporation of a organi
 solvent, named xylene.In large areas, like the 5×5 mm2 APD pixel for CMS, 
uring would only be 
ompletedafter 55 days after initial appli
ation. The toxi
 nature of xylene was also a problem sin
ethe appli
ation of large quantities of the 
ompound (around 120 000 APDs) requires theuse of a 
ontrolled-air 
hamber. These problems have a very di�erent magnitude in theClearPEM 
ase sin
e the appli
ation area is small. Tests with Histomount have showna similar performan
e to Meltmount in terms of the light yield (20�30% improvement)and DOI resolution (5.5�6%/mm). Energy resolution was systemati
 better than grease,largely out-performing the Meltmount module energy resolution. As result of this work, itwas de
ided to re-assemble all ClearPEM matri
es with Histomount. Currently, a se
ondClearPEM s
anner, named ClearPEM�Soni
, whi
h 
ombines the Clear-PEM te
hnologywith an Ultrasound imaging devi
e, is being built. The 
amera will be used for evaluationof 
orrelations between di�erent radiotra
er uptakes and nodule elastometri
 parametersfor breast 
an
er. Performan
e results of the ClearPEM dete
tor using the Histomountmodules will be shown in detail in Chapter 6.While the optimization of the opti
al 
oupling media led to a good stability in thelight 
olle
tion, with dire
t 
onsequen
es in the obtained energy, DOI and time resolution,optimization studies of the dete
tor module pa
king fra
tion and dete
tion e�
ien
y werealso 
arried out. The initial approa
h 
onsisted on the exploration of a novel matri
es133



5.5. Summary and Dis
ussiondesign, manufa
tured by Proteus In
, 
omposed by LYSO 
rystals with 
ross-se
tions of2.2×2.2 mm2, with 30 mm length, opti
ally isolated by a layer of VikuitiTM spe
ular re-�e
tor with 61�68 mi
ron thi
k. The redu
tion on the opti
al layer thi
kness from 300 µmin BaSO4 to 70 µm with the VikuitiTM re�e
tor, together with the larger 
rystal 
ross-se
tion, allows in
reasing the pa
king fra
tion up to 90%, a gain in dete
tion sensitivityof about a fa
tor of 1.48. When the 
rystal length of 30 mm is taken into 
onsideration,the overall dete
tion sensitivity gain goes from 1.48 to 2.1. Chara
terization results haveshown that matri
es with this design, using polished 
rystal, in a single readout, a
hievebetter energy resolutions (12.5% at 662 keV) in 
omparison with the mean energy reso-lution of the standard ClearPEM BaSO4 modules (14.5% at 662 keV) and Tyvek basedmodules (17.8% at 662 keV). A smaller light 
olle
tion dispersion between di�erent pixelswas also found (6.2%) in 
omparison with the BaSO4 (12.7%) and Tyvek (34.8%) matri-
es. With the use of 
rystals with larger 
ross-se
tion, there was a 
on
ern on the in
reaseof the 
rosstalk, sin
e the larger 
rystal dimension make more prone a given 
rystal be-ing readout by two di�erent pixel APD. Crosstalk was evaluated for the Proteus, BaSO4and Tyvek matri
es. Similar values of 
rosstalk between the Proteus and the standardBaSO4 matri
es were found. The Tyvek matrix has shown a sub-optimum performan
ein terms of 
rosstalk (24.1%). In overall, the Proteus design allow to a
hieve signi�
antbetter results that the BaSO4 design in a single readout option. In the double readoutoption, and due to the use polished LYSO 
rystals together with a spe
ular re�e
tor,DOI information 
annot be extra
ted sin
e there is no me
hanism that 
reates a light
olle
tion asymmetry as fun
tion of the intera
tion depth of the photon in the 
rystal.To bypass this di�
ulty, matri
es, following the Proteus design, were manufa
tured using
rystals in whi
h the lateral 30 mm surfa
es were leaved as-
ut. In this approa
h, DOIinformation 
an be extra
ted, with a DOI resolution of about 1.7 mm, at the expense ofa degradation in the light 
olle
tion and the energy resolution. Further studies, 
arriedout outside of the s
ope of this thesis, were 
ondu
ted with 
rystals having a mixture ofpolished and saw-
ut surfa
es 
oupled to VikuitiTM . In matri
es with two sides polished,DOI resolutions in the 2.3 mm range, with energy resolutions of 16% at 511 keV werea
hieved, opening the possibility to use this type of dete
tor module design for s
annerswith double readout s
hemes.
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6.1. Introdu
tion6.1 Introdu
tionBefore the �nal integration of the ClearPEM s
anner was 
ompleted, several partial inte-gration and engineering runs were 
arried out at TagusLIP (Chapter 2). One of the mostimportant a
tivities 
onsisted on the validation of the supermodules, ea
h unit 
ompre-hending a set of twelve dete
tor modules, whose individual performan
e was measured indedi
ated dis
rete ele
troni
s setup des
ribed in the previous 
hapters, to 
hara
terize itsperforman
e before the �nal assembly of the supermodules inside the ClearPEM dete
torheads 
ould took pla
e. The tests of the supermodules allowed to assess the performan
eof the dete
tor modules in their �nal working environment, 
ombining instrumentatione�e
ts introdu
ed by the frontend ele
troni
s readout and the pro
essing of the data �owby the data a
quisition ele
troni
s and trigger system, allowing a dire
t 
omparison withthe previous results obtained in limited dis
rete ele
troni
s test ben
hes as reported inChapter 3 and in [Moura2005℄. After the validation of ea
h individual supermodule, the�nal assembly of the ClearPEM dete
tor heads was 
arried out.The present 
hapter is organized as follows: First, the spatial organization of theindividual dete
tor modules in the larger logi
al stru
tures 
alled supermodules, 
arriedout in the s
ope of this thesis, is presented. This organization was performed by takinginto a

ount the 
ompromise between the di�erent high voltages required to operate ea
hone of the 384 Hamamatsu S8550 APDs at gain 150 and the fa
t that ea
h dete
tor headhas 384 HV lines than 
an be grouped in 32 independent sets. Se
ond, the assembly andtest of the supermodules in a stand-alone test ben
h is reported. Results were 
omparedwith the expe
ted values from the initial 
hara
terization phase. The supermodules wereinserted in the ClearPEM dete
tor heads and its behaviour 
hara
terized in terms ofenergy resolution, DOI resolution, light 
olle
tion, linearity and time resolution. Thespatial resolution of the system was then measured with a 22Na sour
e. A preliminaryevaluation of the system sensitivity was also performed. Finally, these results are dis
ussedin terms of the initial performan
e requirements layout for the s
anner, at the light ofearly stage breast 
an
er dete
tion, as dis
ussed in Chapter 1.6.2 Dete
tor Modules Organization in SupermodulesThe organization of the ea
h dete
tor module in the ClearPEM dete
tor heads was 
on-du
ted by exploring the modularity of the ar
hite
tural design of the dete
tor. Crystalsare grouped in a set of 192 matri
es and groups of two matri
es are assembled in a dete
-tor module (Chapters 2 and 3). Sin
e the dete
tor modules are assembled in two dete
torheads in a planar arrangement, a me
hani
al stru
ture 
alled supermodule, grouping 12dete
tor modules pla
ed between a top and a bottom Frontend board, was 
on
eptual-ized [Trindade2008℄.The Frontend boards 
orresponds to the �rst level of signal pro
essing performed bya low noise and high gain ASICs that 
arry out the readout, ampli�
ation, sampling andstorage in analogue memories of the APD output 
hannels signals. Analogue Digital Con-136



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATIONverters (ADCs) digitize the output analogue sampled pulses and Low Voltage Di�erentialSignaling (LVDS) Channel Link transmitters serialize the data to the o��dete
tor systemover a 2.5 Gbps link [Albuquerque2006℄. Ea
h ClearPEM dete
tor head has 16 indepen-dent supermodules in a total of 96 dete
tor modules - Fig. 6.1. The Frontend system isphysi
ally lo
ated on the dete
tor heads as 
lose as possible to the dete
tor modules inorder to minimize noise and keep the 
ompa
tness of the full system. For that reason, itis one of the most 
hallenging and innovative sub-system of the ClearPEM dete
tor. It is
omposed by the Frontend Boards (FEBs) interfa
ing dire
tly with the APDs assembledin the dete
tor modules and one Servi
e Board in ea
h dete
tor head, for 
lo
k and powersupply distribution, bias voltage regulation and temperature monitoring surrounding theAPDs inside the dete
tor heads. Two FEBs, ea
h one with two 192 
hannels ASICs,are used to mount one supermodule stru
ture with a total of 768 ele
troni
 
hannels, asillustrated 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: S
heme of the stru
ture of one dete
tor head (left). Double dete
tor modules(right) are grouped in a total of 8 supermodules.

Figure 6.2: Photograph of a fully assembled supermodule.137



6.2. Dete
tor Modules Organization in SupermodulesIn ea
h dete
tor head, 8 supermodules needs to be supplied with 3.3V low voltage linesfor the frontend ASIC, ADCs and Channel Link 
hips. In addition, ea
h APD sub-matrixneeds to be polarized. The regulation of the required high voltage is performed in theServi
e Boards (one per dete
tor head). Ea
h Servi
e Board is pla
ed on the ba
ksideof the dete
tor head, and integrates 32 HV independent regulation 
hannels to supplythe APDs (Chapter 1, Se
tion 1.3), with a range regulation between 350 to 500 V andstability better than 0.1% r.m.s [Pinheiro2008℄.Due to spa
e limitation in the Servi
e Board PCB, only 32 independent HV regulation
hannels were implemented. However, a total of 384 HV lines per dete
tor head (192APDs) are needed. Sin
e the S8550 is 
omposed of two independent sub�matri
es thatneed to be biased, a 
onne
tion matrix pla
ed above the Servi
e Board provides inter�
onne
tions between the 32 independent HV 
hannels and the 384 HV output lines �Fig. 6.3. The 32 independent HV 
hannels have therefore to 
over a range that in
ludesall APD HV values for a given gain. The APD HV values were binned per independentHV 
hannel and the HV 
onne
tion matrix is programmed by soldering establishing adire
t 
orresponden
e between the APD HV and the HV bin.
16 HV16 HV192 HV outputs 192 HV outputs

Figure 6.3: CAD overview of the HV inter
one
tor matrix.To 
arry out the programing of the HV 
onne
tion matrix the values of the HV requiredto polarized ea
h APD sub-matrix for gain 150 were examined. Tab. 6.1 shows the main
hara
terization parameters, obtained during the APD QC phase, for the 384 APDs usedin the ClearPEM s
anner [Carriço2006℄. 138



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATIONBias Voltage Sub�Array 1 (V) Sub�Array 2 (V)Average ± r.m.s. 434 ± 22 434 ± 21Minimum 375 379Maximum 473 474Gain Variation Sub-array 1 (%/V) Sub-array 2(%/V)Average ± r.m.s. 6.3 ± 1.8 6.0 ± 0.8Minimum 5.4 5.4Maximum 26.5 19.4Table 6.1: ClearPEM Hamamatsu S8550 APDs HV and gain gradient distribution rangefor gain 150.As it 
an be observed, at gain 150, the maximum variation in the polarization HV
an amount up to 98 V. If the APDs were pla
ed randomly in ea
h dete
tor head, thenea
h independent HV 
hannel in the Servi
e Board would have a bin width of about 3.2V. Sin
e the mean gain gradient (dM/dV ), or variation of the APD gain per Volt, atgain 150 is of about 6%/V this would mean that APDs 
onne
ted to the same HV bin
ould have gain di�eren
es over 20%. To redu
e this e�e
t the APDs were splitted in two
lasses, denoted as "Low" and "High". The "Low" 
lass is 
hara
terized by 32 HV binsranging from 375 V to 437 V � Fig. 6.4. The "High" 
lass is 
hara
terized by 32 HV binsranging from 411 V to 473 V � Fig. 6.5. This yields a bin size of 1.93 V, for both 
lasses.In this 
ase, the mean gain variation for two APDs atributed to the same bin would beless than 12%. At gain 150, about 5% of the 384 APDs have a dM/dV above 10% (Fig.6.6. This indi
ates that in the some 
ases, 20% di�eren
es in gain are expe
ted. As a
onsequen
e the broadning of the inter�pixel 
alibration, krel, (Chapter 3) will be higher.Nevertheless, they 
an be 
ompensated both on the hardware and software trigger bymeans of a suitable 
alibration pro
edure [Frade2009℄.
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6.3. Experimental Measurements of Individual Supermodules
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tor head.
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h measured APD. Both sub-arrays are shown.6.3 Experimental Measurements of Individual Super-modulesThe validation of the ClearPEM supermodules is an important quality 
ontrol step thatguarantees that the desired performan
e of the ClearPEM dete
tor 
an be obtained. Itshould be noted that all the LYSO:Ce 
rystal matri
es were glued to the APDs using theNational Diagnosti
s Histomount media, repla
ing the Rhodorsil Paste 7 sili
on greasethat has shown signs of a

elerated aging (Chapters 3 and 5). The individual 
alibration of140



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATIONthe supermodules 
an be a good indi
ator of its performan
e, providing a �rst indi
ationof the relative gain between top and bottom APDs, the absolute gain and the energyresolution and the DOI light 
olle
tion asymmetry 
onstant. Pulse shape parameters forea
h APD-ASIC readout 
hannel were also determined, but will not be present sin
e theyfall outside the s
ope of this thesis (see [Pinheiro2008, Frade2009℄).The supermodules were tested in a setup that integrates the ele
troni
s and dataa
quisition sub-systems as it will operate in the fully assembled dete
tor. The 
oolingsystem was a small version of the �nal system and is 
apable of 
ooling one supermodule.In the ClearPEM s
anner, heat dissipated by the ASICs, ADC and serializers is removedby means of water-
ooled dissipation plates in thermal 
onta
t with the FEBs. A similarapproa
h was used in this testben
h, were the FEBs are in thermal 
onta
t via a gap �llerwith two alumminium plates (Fig. 6.7). These plates are 
ooled by running water at 20◦C.This setup 
an be taken as a small s
ale ClearPEM demonstrator as the experimentaltestben
h that was setup to 
hara
terize the supermodules uses all the di�erent ele
troni
sub-systems developed for the ClearPEM s
anner. The input 
lo
k, for the tests des
ribedin this work was set to 50 MHz. The system 
lo
k is generated in the L1 data a
quisitionele
troni
s TGR/DCC board and fanout by a dedi
ated board, before arrival to thesupermodule FEBs (Fig. 6.8).

Figure 6.7: Photograph of the supermodules 
hara
terization testben
h.The serialized output of the supermodule FEB boards was 
onne
ted to one of theDAQ Boards of the L1 trigger (Chapter 1, Se
tion 1.3). The trigger was operated in singlephoton mode, whi
h means that all a

epted events above the L1 energy threshold (setat 200 keV) are readout to the data a
quisition server.141



6.3. Experimental Measurements of Individual Supermodules
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Figure 6.8: S
heme of the supermodules 
hara
terization testben
h.For the validation of ea
h supermodule, 176Lu ba
kground de
ay, 22Na and 137Cs(Chapter 3) data a
quisitions were performed. The validation takes into a

ount thevalues of the 
alibration 
onstants (if they are within an expe
ted range) and the quality
ontrol parameters (for example, energy resolution).From the set of 16 supermodules that were individually measured, 3 typi
al super-modules are shown (SM2B, SM4B and SM6A) and results 
ompared with the previousmeasurements reported in Chapter 3 with the aim to dete
t a possible performan
e degra-dation due to the adopted binning HV s
heme and readout ele
troni
s. As mentionedearlier, APDs have a lower gain (less than 200), in 
omparison with standard PMTs, thatdemanded the design of a spe
i�
 frontend ASIC [Rodrigues2009℄. The ASIC must be lownoise and has high gain. These requirements pose a very spe
i�
 
hallenge, aggravated bythe fa
t the ASIC itself must be mounted on high density frontend boards whi
h requirea 
areful layout for ele
tromagneti
 
ompatibility with the ASIC to avoid noise pi
kupfrom, for example, the digital a
tivity from the ADCs or the Channel Link serializer. Ifthe PCB layout is not able to 
an
el this noise 
ontribution, the physi
s performan
e ofthe SM 
ould be a�e
ted, whi
h stresses the importan
e of this QC phase. The analysisof the remaining supermodules is 
urrently undergoing. The physi
al observables that
hara
terize the mentioned supermodules were:
• Inter�pixel gain variation
• Photopeak position at 511 keV and linearity
• Energy resolution at 511 keV
• DOI asymmetry6.3.1 Inter�pixel Gain VariationThe results obtained for the relative gain (krel) for the SM2B, SM4B and SM6A super-modules are summarized in Tab. 6.2 and shown in Fig. 6.9. The relative gains of the 3142



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATIONsupermodules have a dispersion 
omprehended between 14 and 17%, whi
h is 
onsistentwith the reported value of 13%, when using a dis
rete ele
troni
s testben
h (Chapter 3).
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Figure 6.9: Distribution of the inter-pixel krel gain for SM2B and SM4B.Supermodules Mean krel DispersionSM2B 1.012 14.3%SM4B 1.040 16.0%SM6A 1.099 16.9%Table 6.2: Results (mean and dispersion) for the inter-pixel krel for supermodules 2B, 4Band 6A. 143



6.3. Experimental Measurements of Individual Supermodules6.3.2 Photopeak Position at 511 keV and Linearity
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Figure 6.10: Typi
al 
alibrated pulse height spe
tra obtained with the 22Na sour
e, froma 
rystal of the SM2B.Fig. 6.10 shows typi
al pulse height spe
tra obtained with the 22Na sour
e. A wellde�ned 511 keV photopeak is observed with energy resolutions of 15.5% (Fig. 6.10 (a))and 15.2% (Fig. 6.10 (b)). In this plot set, the 511 keV photopeak position in ADC 
ountswas 
onverted to a physi
al energy value in keV through the appli
ation of a 
alibration
onstant KAbs. This 
onstant provides an absolute gain 
alibration, 
ompensating for thedi�erent light yield between 
rystals. Typi
al distributions for the three supermodules(SM2B, SM4B and SM6A) are shown in Fig. 6.11 and Tab. 6.3.144



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATION
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6.3. Experimental Measurements of Individual SupermodulesThe KAbs dispersion (r.m.s. over the mean value) for the three supermodules varybetween 13% and 18%. These results are in good agreement with the photopeak variabil-ity (16.34% dispersion) measured in individual dete
tor matri
es (Chapter 3, Se
tion 3.4).Energy linearity, or variation of the photopeak position in ADC 
ounts as fun
tion ofthe energy of photon was also assessed. Four distin
t photopeak positions were used forthis analysis: 303 keV from the 176Lu ba
kground de
ay (Fig. 6.13, top), 511 keV fromthe 22Na de
ay (Fig. 6.13, 
entre), 662 keV from the 137Cs de
ay (Fig. 6.13, bottom) and�nally the 1.2 MeV line from the 22Na de
ay. A typi
al plot is shown in Fig. 6.12. As 
anbe observed, a good linearity was found over the entire energy range.Supermodules Mean KAbs (keV/ADC) DispersionSM2B 2.80 13.1%SM4B 2.60 16.9%SM6A 2.51 18.1%Table 6.3: Results (mean and dispersion) for the absolute gain 
alibration.
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Figure 6.12: Re
onstru
ted energy as a fun
tion of the photopeak position.6.3.3 Energy Resolution at 511 keVEnergy resolution at 511 keV was extra
ted from a Gaussian �t, over a linear ba
kground,of ea
h 
rystal in a supermodule. Distributions for the three supermodules are shownin Figs. 6.14 and the respe
tive dispersions presented in Tab. 6.4. The mean energyresolution was 15.35% with 8.4% dispersion. The results are in very good agreement with146



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATIONthe ones dis
ussed in Chapter 3, where a set of 80 matri
es were readout by dis
reteele
troni
s based on CREMAT 110 
harge sensitive preampli�ers, in whi
h the meanenergy resolution and the standard deviation were, respe
tively, 15.6% and 1.3% (8.3%dispersion). This result is explained by the fa
t that in the LYSO:Ce, the intrinsi
 termdominates largely the energy resolution, and therefore, in spite of the light 
olle
tionin
rease when using the Histomount 
oupling media when 
ompared with the Paste 7grease, small improvement is observed in the energy resolution.Supermodules Energy resolution (%) Dispersion (%)SM2B 15.55 7.72SM4B 14.62 8.21SM6A 15.89 9.19Table 6.4: Results (mean and dispersion) for the energy resolution at 511 keV.
6.3.4 DOI ResolutionFor the three analyzed supermodules, the inverse of the CDOI was 
omputed sin
e itrelates dire
tly to the asymmetry per millimetre values shown earlier in Chapter 3 and5. Results are shown in Table 6.5 and Fig. 6.15. The mean value is 5.8%/mm, withdispersions in the 6�8% range. The larger asymmetry per milimiter in 
omparison withthe ones obtained in Chapter 3 (3�4%/mm) are expe
ted if one takes in 
onsideration thework 
arried out regarding the optimization of light 
olle
tion. As shown in Chapter 5,Se
tion 5.2, the repla
ement of the Rodorshil Pate 7 grease by the Histomount glue leadsto an in
rease in the light 
olle
tion of up to 40% and as a 
onsequen
e a broadeningof the light asymmetry distribution. Altough 22Na 
ollimated measurements where notmade with the supermodules, the expe
ted DOI resolution should be better than 2.2 mmFWHM, sin
e the measurements that establish this DOI resolution value, in Chapter 3,were made with a Paste 7 opti
al grease where light 
olle
tion asymmetry is in the 4%range. Supermodules Mean C−1

DOI (%/mm) DispersionSM2B 5.70 6.3%SM4B 5.63 8.6%SM6A 6.21 6.1%Table 6.5: Results (mean and dispersion) for the C−1

DOI 
onstant.147



6.3. Experimental Measurements of Individual Supermodules
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6.3. Experimental Measurements of Individual Supermodules
 / ndf = 17.14 / -32χ

Constant  5.57± 81.39 

Mean  0.019± 5.698 

Sigma  0.0160± 0.3599 

 (%/mm)
DOI

-1C

0 1 2 3 4 5 6 7 8 9 10

N
u

m
b

e
r 

o
f 

C
ry

s
ta

ls

0

10

20

30

40

50

60

70

80

90
 / ndf = 17.14 / 162χ

Constant  5.57± 81.39 

Mean  0.019± 5.698 

Sigma  0.0160± 0.3599 

 / ndf = 18.69 / -32χ

Constant  4.49± 60.06 

Mean  0.027± 5.632 

Sigma  0.0274± 0.4865 

 (%/mm)
DOI
-1C

0 1 2 3 4 5 6 7 8 9 10

N
u

m
b

e
r 

o
f 

C
ry

s
ta

ls

0

10

20

30

40

50

60

70

 / ndf = 18.69 / 132χ

Constant  4.49± 60.06 

Mean  0.027± 5.632 

Sigma  0.0274± 0.4865 

 / ndf = 10.66 / -32χ
Constant  5.05± 78.97 

Mean  0.021± 6.205 

Sigma  0.0148± 0.3786 

 (%/mm)
DOI

-1C

0 1 2 3 4 5 6 7 8 9 10

N
u

m
b

e
r 

o
f 

C
ry

s
ta

ls

0

10

20

30

40

50

60

70

80
 / ndf = 10.66 / 92χ

Constant  5.05± 78.97 

Mean  0.021± 6.205 

Sigma  0.0148± 0.3786 

Figure 6.15: Light 
olle
tion asymmetry C−1

DOI distributions for supermodules SM2B (top),SM4B (
entre) and SM6A(bottom). 150



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATION6.4 Experimental Measurements with the ClearPEMDete
tor HeadsDuring Fall 2008 the ClearPEM dete
tor was on its �nal assembling phase at TagusLIP,where all the ele
troni
 sub-systems, 
omputing, power suppliers and software 
omponentswere tested in 
ombined runs. Due to logisti
s-related time 
onstraints, only 75% of thetotal number of 
rystal matri
es were assembled. Fig. 6.16 shows the �rst test of one ofthe dete
tor heads operating in single mode trigger. Latter, the two dete
tor heads werepla
ed in the roboti
 stru
ture and 
ombined tests, both in single mode and 
oin
iden
ephoton trigger, performed. Fig. 6.17 shows the o

upan
y plots, e.g. number of hits per
rystal, obtained with a 0.5 mCi planar 68Ge radioa
tive sour
e in single photon triggermode. 99.7% of all 
hannels were found to be a
tive.

Figure 6.16: Photograph of integration tests at TagusLIP of one ClearPEM dete
torheads.The o

upan
y map of a 22Na point-sour
e in 
oin
iden
e trigger is also shown inFig. 6.18. In parallel with this fun
tional tests, a
quisitions both with 176Lu ba
k-ground and 68Ge were obtained. The s
anner was 
alibrated and results 
ompared withthe obtained with the dis
rete ele
troni
s as well also the supermodules quality 
ontrol[Frade2009℄. 151



6.4. Experimental Measurements with the ClearPEM Dete
tor Heads

Figure 6.17: On-line monitoring of a 68Ge a
quisition run on single-photon trigger.

Figure 6.18: On-line monitoring of a 22Na point sour
e a
quisition run on 
oin
iden
etrigger.6.4.1 Inter�pixel Gain VariationFig. 6.19 shows the krel inter�pixel 
alibration 
onstant distribution obtained with theassembled s
anner. The distribution has a mean value of 1.02 and a dispersion of 12%.This dispersion is in good agreement with the the 13% value obtained earlier with thedis
rete ele
troni
s and slightly better than the one obtained in individual supermodules152



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATION(16%). The improvement 
an be attributed to the fa
t that the temperature inside thedete
tor heads is kept mu
h more 
ontrolled (18±0.1◦C) in 
omparison with the simplerapproa
h envised for the supermodules testing.
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Figure 6.19: Distribution of the ClearPEM s
anner krel inter-pixel gain.6.4.2 Photopeak Position at 511 keV and Linearity
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anner absolute gain.153



6.4. Experimental Measurements with the ClearPEM Dete
tor HeadsThe absolute gain distribution, shown in Fig. 6.20, shows a mean value and dispersion,of, respe
tively, 2.3 keV/ADC and 15.1%. The mean gain has, in these measurements, animprovement from 2.6 to 2.3 keV/ADC. This means that the absolute gain is higher byroughly 12%. This 
an be explained by the lower temperatures at whi
h the ClearPEMdete
tor heads were operated in the lab (18◦C) in relation to the supermodules 
hara
ter-ization setup (20◦C). At gain 150, the dM/dT for the Hamamatsu S8550 APD is ≈4%/◦C[Mosset2002℄, whi
h 
orrelates well with the observed di�eren
e in the absolute gain.
6.4.3 Energy and Time Resolution at 511 keVThe distribution of the energy resolution at 511 keV for all 
rystals is shown in Fig. 6.21,with a mean value of 15.9% and 9.1% dispersion, extra
ted from a gaussian �t. Theseresults are in order with those obtained with the supermodules quality 
ontrol phase aswell as with the individual measurements 
arry out earlier.
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Figure 6.21: Energy resolution at 511 keV for the ClearPEM s
anner.The sum of the energy spe
tra for all 
rystal in the same plot is shown in Fig. 6.22. The
alibrated plot of the entire ClearPEM s
anner shows a well de�ned 511 keV photopeak,above the Compton 
ontinuum. The energy resolution is 16%, very 
lose the mean valueof 15.9% of the individual energy resolutions, 
on�rming the 
orre
tness of the energy
alibration pro
edure as well as the ex
elent energy response of the dete
tor [Frade2009℄.154
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Figure 6.22: Energy sum plot of ClearPEM s
anner.The 
oin
iden
e time resolution for 511 keV photons, de�ned as the FWHM of thegaussian �t of the distribution of the time di�eren
e between 2 photons originated fromthe same positron de
ay, using a 400�600 keV energy window, is of 5.2 ns, as shown inFig. 6.23. For this measurement a 22Na sour
e (100 µCi) was pla
ed between the dete
torheads. The distribution was obtained by subtra
ting a linear ba
kground that arises fromthe presen
e of random 
oin
iden
es (less than 5%).

Time Difference (ns)

-8 -6 -4 -2 0 2 4 6 8 10

-9

N
u

m
b

e
r 

o
f 

E
n

tr
ie

s

0

5000

10000

15000

20000

25000

30000

35000

FWHM=5.2ns

Figure 6.23: Time di�eren
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oin
iden
e photon events in the energyrange 400�600 keV. 155



6.4. Experimental Measurements with the ClearPEM Dete
tor Heads6.4.4 DOI ResolutionThe light 
olle
tion asymmetry C−1

DOI distribution is presented in Fig. 6.24, having a meanvalue of 5.9%/mm and a dispersion of 7.8%, obtained from a gaussian �t. Results arein very good agreement with the obtained in the supermodules 
hara
terization phase(5.8%/mm with 6�8% dispersion), 
on�rmimg the improvement in the light 
olle
tionasymmetry obtained after the Rhodorsil Paste 7 grease was repla
ed by the Histomount
oupling, presented in Chapter 5.

 (%/mm)
DOI

-1C

3 4 5 6 7 8 9

N
u

m
b

e
r 

o
f 

C
ry

s
ta

ls

0

200

400

600

800

1000

1200

1400

Mean=5.9
Dispersion=7.8%

Figure 6.24: Light 
olle
tion asymmetry width (C−1

DOI) for the ClearPEM s
anner.6.4.5 Preliminary Image Performan
eFor a dire
t estimation of the spatial resolution, a 1 mm diameter 22Na radioa
tive sour
ewas pla
ed between the dete
tor heads and displa
ed in 5 mm steps with a xy translationstage. A total of 16 displa
ements were performed. Data was a
quired in two angular pro-je
tions. Two�photon 
oin
iden
e events in the 400�600 keV energy range inside an 20 nstime window were sele
ted. A list mode �le (LMF) that in
ludes the spatial 
oordinates ofea
h photon was produ
ed and images re
onstru
ted using a OSEM�3D algorithm. TheOSEM algorithm for the ClearPEM s
anner relies on the Software for Tomographi
 Im-age Re
onstru
tion (STIR) toolkit, an obje
t�oriented open sour
e software for 3D PETimage re
onstru
tion [Thielemans2004, Martins2005℄. This software implements di�erentimage re
onstru
tion algorithms and s
anner geometries in
luding both 
ylindri
al anddual�planar s
anners. The maximum likelihood estimation re
onstru
tion method avail-able in STIR is 
alled OSMAPOSL, an implementation of the OS�EM One Step Latealgorithm [Thielemans2004℄. This algorithm was tunned to re
onstru
t data from theClearPEM s
anner, a
quired at two orthogonal dete
tor positions but it is also 
apable tore
onstru
t data a
quired with only one angular orientation. No normalization of otherimage 
orre
tions, namely for random 
oin
iden
es, were used.156
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e image re
onstru
ted with and without DOI information.
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6.4. Experimental Measurements with the ClearPEM Dete
tor HeadsFor 
omparison purposes, the original data was re-pro
essed and the z 
oordinatedis
arded. Instead of the DOI information, the z 
oordinate was attributed to the 
rystalfa
e 
loser to the patient port, as in 
onventional PET s
anners. Results are shown inFig. 6.25. As 
an be observed, the use of the DOI 
oordinate has a drasti
 impa
t in theimage quality of these small radioa
tive sour
es. A FWHM spatial resolution of 1.3�1.6mm was obtained - Fig. 6.26.
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Figure 6.27: Spatial resolution as a fun
tion of the 
rystal 
ross-se
tion.To 
on
lude this topi
 of dis
ussion, it is important to 
ompare the experimentalClearPEM spatial resolution with other dedi
ated PET s
anners. Le
omte has publishedin [Le
omte2004℄ the intrinsi
 spatial resolution of several existing small-animal PETs
anners as a fun
tion of the 
rystal pixel size. The e�e
ts of non-
ollinearity, positronrange or in some 
ases the e�e
tive sour
e size used to measure the dete
tor resolutionswere de-
onvoluted from the data. The s
anners were organized a

ording to the typeof 
oupling s
heme (b in Eq. 1.2 shown in Chapter 1) of ea
h s
anner and 
omparedwith the 
rystal resolution theoreti
al limit as shown in Fig. 6.27. The ClearPEM spatialresolution obtained with this �rst set of images was plotted over the survey. It is 
learthat ClearPEM follows the trend of remaining s
anners with individual 
oupling s
hemes,in whi
h the spatial resolution is limited by the size of the 
rystal pixel (d). Smalldeviations from the theoreti
al limit 
an be attributed either to the performan
e of theimage re
onstru
tion algorithm or to the adopted event re
onstru
tion method, when inthe presen
e of in-dete
tor Compton s
attering. The 
omparison suggests that ClearPEM
urrently represents one of the most promising dedi
ated human PET s
anner developedso far, 
ombining pixelized dete
tor modules with an individual 
oupling between the
rystal pixels and the photodete
tor, making the spatial resolution only limited by the
rystal pixel size. 158



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATION6.4.6 Preliminary Sensitivity AssessmentFor the sensitivity assessment of the ClearPEM s
anner, a 22Na sour
e was previously
alibrated at TagusLIP. Several a
tivity measurements with dose 
alibrator in di�erentdays with ba
kground subtra
tion using the Atom100 Dose Calibrator (des
ribed earlierin Chapter 2) were performed. The measured a
tivity for the 1 mm diameter 22Na sour
ewas 2.73 µCurie (101 kBq), with a 0.3% un
ertainty. The 22Na sour
e was pla
ed ona metalli
 holder stru
ture and was �xed to the robotized examination bed (Fig. 6.28),whi
h has 3 degrees of freedom (XYZ).

22Na radioactive

source

Examination bed

Detector Head 1Detector Head 0Figure 6.28: Photograph of ClearPEM s
anner with a 22Na sour
e for sensitivity assess-ment.
20 ns

DAQ0 DAQ1

CLOCK

Time

TGR OUTFigure 6.29: Trigger s
heme for ClearPEM sensitivity assessment.The TGR OUT output of the TGR/DCC board whi
h is set HIGH during a 
lo
kperiod when two photon hits inside the sele
ted time window are dete
ted (Fig. 6.29)was feed into a CAEN N470 NIM s
aler. For the sensitivity measurements reported in159



6.4. Experimental Measurements with the ClearPEM Dete
tor Headsthis se
tion, the energy windows was set to 350�700 keV and a time window of 20 ns wassele
ted be
ause of the 101 kBq a
tivity of the 22Na sour
e (sin
e random 
oin
iden
esare suppressed due to the low a
tivity of the sour
e).In order to sear
h for the peak sensitivity of the system, a XYZ s
an was performed insteps of 0.5 mm. After the peak sensitivity has been found in a given axis, the followingaxis was s
anned starting from that point until the point that maximizes the dete
torsensitivity in the new axis. The two photon system sensitivity as fun
tion of the rotationaxis of the s
anner, de�ned as the fra
tion of dete
ted two photon events over the totalnumber of de
ays, was 
orre
ted by the bran
hing ratio of the 22Na de
ay to a single 1.2MeV photon and by the presen
e of random 
oin
iden
es when the 22Na was removedfrom the �eld-of-view. Without the 22Na, 
oin
iden
es arise either due to random singlephotons or from ba
kground 
oin
iden
es of the 176Lu. The measured random rate was 24Hz, in good agreement with the Monte Carlo simulations that yield a random rate of 20Hz [Trindade2007℄. The system sensitivity pro�le, along the rotation axis for a separationdistan
e between the external 
arbon �ber dete
tor housing of 70 mm, equivalent toa separation distan
e between the 
rystal top fa
e of 132 mm, is shown in Fig. 6.30.After 
orre
tion by the 176Lu 
ontribution and 22Na bran
hing ration, the peak sensitivityamounts to 1.33%.
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Figure 6.30: ClearPEM sensitivity with axial distan
e.Two larger irregularities on the sensitivity pro�le 
an be found at roughly -20 and +20mm and these, a

ording to Monte Carlo simulations, are due to dead spa
es between thedete
tor supermodules. The region 
omprehended between -25 and +25 mm 
orrespondsto the 
entral SM, whi
h is 
onsistent with the fa
t that ea
h SM has a width of about4.5 
m. 160



CHAPTER 6. CLEARPEM DETECTOR HEAD VALIDATIONA

ording to the Monte Carlo simulation, the system sensitivity for a separation dis-tan
e of 70 mm (equivalent to a 
rystal separation distan
e of 132 mm) should be 4.1%.This value has to be 
orre
ted by the following fa
tors:1. The Geant4 Monte Carlo simulation assumed a dete
tor module with a pa
kingfra
tion of 0.52. However the plasti
 assembly, des
ribed in Chapter 3, introdu
es addi-tional dead spa
es leading to a de
rease down to 0.47. The sensitivity is proportional tothe square of the pa
king fra
tion and, therefore, the Monte Carlo simulations have to be
orre
ted by a fa
tor of (0.46/0.52)2, or 0.78.2. The Geant4 Monte Carlo simulations assumed Tyvek re�e
tor walls, sin
e thosewere made before the adoption of the BaSO4 solution. Due to higher density and e�e
tiveatomi
 number of the BaSO4, photons have a larger probability of being absorbed in the300�600 µm thi
kness walls. Monte Carlo simulations in whi
h Tyvek was repla
ed byBaSO4 were done, indi
ating that the original Tyvek simulations need to be 
orre
ted byan additional term of 0.85 (15% additional attenuation).When these two fa
tors are taken into a

ount, the original Monte Carlo sensitivityestimation de
reases from 4.1% to 2.7% (also assuming an energy window of 350�700 keV).A third fa
tor, whi
h will need additional Monte Carlo simulations and therefore was nottaken into a

ount, is that the experimental measurements of the ClearPEM s
anner weremade with only 75% of the SMs assembled. This 
ontributes to a de
rease of the solidangle 
overage. As explained earlier, the system sensitivity s
ales also quadrati
ally withthe solid angle 
overage.
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Figure 6.31: ClearPEM sensitivity with dete
tor heads distan
e.The peak system sensitivity as fun
tion of the distan
e between the dete
tor headsexternal housing is shown in Fig. 6.31, de
reasing from the 1.33% at 70 mm down to0.18% for a dete
tor heads distan
e of 350 mm. Further sensitivity assessment will be
arried out when the remain SM are assembled, during the �nal dete
tor upgrade.161



6.5. Summary and Dis
ussion6.5 Summary and Dis
ussionThe measurements shown in this 
hapter 
on�rm the good performan
e of the ClearPEMsupermodules, indi
ating that the integration of a large number of 
hannels in a very
ompa
t readout system does not lead to a degradation on the basi
 spe
trometri
 per-forman
es of the developed dete
tor modules, namely its energy and DOI measurement
apability. All modules were re�mounted with the National Diagnosti
s Histomount me-dia, following the results des
ribed in Chapter 5. The main 
onsequen
e of this 
hangewas a 
onsistent improvement in the light 
olle
tion and the light 
olle
tion asymmetry(5.85%/mm ± 8%) in 
omparison with the individual dete
tor matri
es modules mea-surements (3.26%/mm ± 22%). The higher the C−1

DOI means that the light asymmetrybetween top and bottom APDs is higher, therefore allowing a better determination of the
z 
oordinate where the photon intera
tion o

urs, improving the s
anner performan
e.Regarding the energy resolution and photopeak variability, results are 
onsistent with the�rst measurements but with a signi�
ant di�eren
e: while in the �rst measurements, only32 
rystals (2 HV lines) were readout, with the supermodules ea
h aquisition measure-ment allows to pro
ess 384 
rystals (48 HV lines) in the same run. The small dispersionin the krel inter�pixel 
alibration 
onstant indi
ates that the HV multiplexing s
heme,introdu
ed in the ClearPEM s
anner to bias a total of 768 APD sub-matri
es, does notlead to a degradation on the system performan
e. The dispersion of the absolute gain(or photopeak position) is less than 15% whi
h indi
ates that the 
hange in the opti
almedium does not introdu
e additional variability in the light 
olle
tion. In fa
t, the en-ergy resolution and photopeak variability is systemati
 better than most multi�pixel APDanimal PET systems [Wang2006, Roldan2007, Le
omte2009, Ziegler2005℄, in spite of thefa
t that the double-readout 
on�guration de
reases the ammount of 
olle
ted light. Mea-surements with the assembled ClearPEM s
anner have 
on�rm the ex
elent performan
ethat re�e
ts in a spatial resolution between 1.3�1.6 mm FWHM very 
lose to theoreti
allimit for the 1:1 individual 
rystal�photosensor 
oupling.In the end of De
ember of 2008, the s
anner was re-assembled in the nu
lear depart-ment of IPO�Porto where 
ommissioning work was 
arried out to 
on�rm the earliermeasurements at TagusLIP. Sensitivity assessment of 75% assembled ClearPEM s
annerwas performed with a 22Na sour
e and the peak sensitivity is 1.33%. Further assessementof the system sensitivity of the fully assembled s
anner is foreseen after the upgrade phase,s
heduled to the end of 2009. The 
ommissioning phase was 
on
luded in April 2009 andthe dete
tor was 
onsidered to be ready for the pre-
lini
al trials phase.
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Summary and Con
lusions
The ClearPEM dete
tor was developed by the Portuguese PET Consortium under theframework of the Crystal Clear Collaboration for early stage breast 
an
er dete
tion.The s
anner was developed based on three main guidelines: low ba
kground, minimizingthe fra
tion of random 
oin
iden
es under a high �ux of single photons (up to 10 MHz);high sensitivity; and spatial resolution down to 2 mm. Due to the small lesion dimensionsin the early stage of the disease, dete
tion te
hniques require a large sensitivity and highresolution, with the aim to in
rease the signal over ba
kground signi�
an
e. Sensitivityis an important parameter on the design as it allows a lower inje
ted dose and a shorterexamination time. This is parti
ularly important in determining the frequen
y of s
ansfor women as well as the lower limit of their age for systemati
 s
reening. Sensitivitydepends on geometri
al and physi
al parameters of the dete
tor. The dete
tor geometrymust 
over the largest solid angle possible, although some limitations are imposed by im-age re
onstru
tion 
onsiderations as well as by the spe
i�
ity of human body anatomy andexamination pra
ti
e. The dete
tor thi
kness and the 
rystal physi
al properties (den-sity and 
omposition) determine the photoele
tri
 intera
tion probability for the emittedphotons and in 
onsequen
e have a dire
t impa
t on ClearPEM sensitivity. On the otherhand, the 
rystal length is responsible for the parallax e�e
t in the image re
onstru
tionpro
ess and the 
onsequent degradation in spatial resolution. Parallax e�e
t in ClearPEMis an important issue sin
e the planar dete
tor heads are lo
ated 
lose to the obje
t underexamination. In 
onsequen
e, high-density 
rystals 
ombined with depth-of-intera
tioninformation were required for the dete
tor. The 
rystal transverse dimensions (about 2
× 2 mm2) were determined by the desired position resolution, whereas the longitudinaldimension (20 mm) was di
tated by the required dete
tor sensitivity. Depth-of-intera
tioninformation in the ClearPEM dete
tor is obtained by 
olle
ting the 
rystal light in thefront and ba
k fa
es and using the relative amplitude of the two signals to estimate thelongitudinal 
oordinate of the intera
tion point.This thesis presents the evaluation of the ClearPEM dete
tor module design, namelythe 
hara
terization of basi
 performan
e parameters of the S8550 APD as well as theoptimization pro
ess of the 
rystal polish and wrappings that as led to the �nal 
on-�guration, based on a highly di�usive re�e
tor build from BaSO4 and slightly polished
rystals. The ClearPEM dete
tor module 
onsists on 32 LYSO:Ce 
rystals with 2×2×20mm3 en
ased in a BaSO4 matrix, readout at both ends by two Hamamatsu S8550 4×8163



Summary and Con
lusionsAPD arrays, showing an energy resolution of 15% at 511 keV, DOI resolution better than2 mm and light 
olle
tion (photopeak position) dispersion better than 20%. A key ingre-dient for these results is a stable operation by the APDs. Several S8550s were evaluated inthe 
ourse of this work in relation to their linearity, ex
ess noise and response to opti
allight in the UV long/blue short region as well as to dire
t ionization of 55Fe. A goodlong-term stability, at the 2% level was found. Independent measurements 
on�rmedthat the ex
ess noise fa
tor in the S8550 is low. A mean ex
ess noise fa
tor, for 420 nmlight, of 1.83 at gain 70 was found. As 
omparison, the RMD A1604 16 (4×4) multi-pixel shows an ex
ess noise fa
tor at gain 50�100 of 2, rising to 3 at gain 1000. For thequiet moderate ex
ess noise of the S8550 
ontributes an avalan
he layer no larger than4 µm. Inter-pixel gain variability (5.7% r.m.s.) was observed to be 
onstant (2% level)over time. The di�erent gain behaviour of the S8550 APD when subje
t to a blue lightillumination (420 nm) or to dire
t ionization of 5.9 keV from 55Fe was examined. Thede
rease of the ratio Rx,light is 
onsistent with the small thi
kness of the avalan
he region.Long-term stability of the ClearPEM modules was appraised and the e�e
ts on the per-forman
e of a reassembled module was studied. Signal yield and asymmetry parameterssu�er 
onsiderable variations when reassembling the module. To minimize inter-matrixvariations for homogeneous response s
anner, spe
ial 
are must be taken when assemblingthe modules, in parti
ular with the appli
ation of the opti
al grease. Results show thatone year after the dete
tor modules were assembled a mean light 
olle
tion redu
tion ofabout 12% and a de
rease of the light 
olle
tion asymmetry, whi
h is fundamental forthe DOI measurement, of almost 30% was observed. The degradation 
an be re
overedby re-assembling the dete
tor modules. As result of this study, a revision of the opti
al
oupling between the 
rystal and the APD was performed and a new opti
al 
ouplingmedia was sele
ted.The degree of 
rosstalk has parti
ularly important impli
ations for the design of theClearPEM front-end ele
troni
s. If high enough, 
rosstalk 
an generate false triggering in
hannels adja
ent to the a
tual event. Due to ar
hite
ture of the Clear PEM ASIC, 192input 
hannels, 
orresponding to 6 APDs, are multiplexed to 2 outputs. If 3 
hannels arehigher than the 
ommon threshold, an error bit signals that part of the information waslost. In this 
ase, the o�-dete
tor ele
troni
s dis
ard the entire event, leading to a lossof e�
ien
y. On the other hand, it 
an be suppressed by su�
iently in
reasing the ASICthreshold, but on the other hand a threshold too high 
an already prevent valid events onthe lower gain 
hannels from being dete
ted. Working with small adja
ent 
rystal maylead to inter-
rystal 
rosstalk 
ontamination, whi
h arises from Compton s
attering fromone 
rystal to another or possibly the es
ape of the photoele
tron from the primary 
rys-tal following photoele
tri
 absorption. Light sharing between two pixels due to positionmismat
h of the 
rystal pixel - APD pixel, ine�
ient opti
al isolation, degradation orabsen
e of the opti
al 
oupling interfa
e 
rystal-APD may also indu
e 
rosstalk. This pa-rameter was evaluated in a series of measurements dedi
ated to the study of the possible
auses of 
rosstalk. It was found that there is no relevant ele
tri
al or opti
al 
rosstalkon the S8550 APD, being the major 
ontribution to the dete
tor module 
rosstalk fromthe small pixels separated by a 300 µm layer of BaSO4. The 
ontribution of 
rosstalk164



Summary and Con
lusionson the ClearPEM dete
tor modules, despite the pixelized matrix 
on�guration, is small.The �rst 24 dete
tor modules present average 
rosstalk of 3% and the overall evaluationof 80 dete
tor modules reassures the small 
ontamination. Measurements in di�erent
onditions and with di�erent dis
rete ele
troni
s did not disturbed the evaluation of the
rosstalk, but permitted to inferred a higher 
ontamination on the double readout s
hemeele
troni
s, probably due to 
urrent sharing between the PCB tra
es. Nevertheless, theaverage 
rosstalk value remained small, so this issue was not further investigated.In spite of the signi�
ant development and good performan
e a
hieved, optimizationthe ClearPEM dete
tor module design is a 
ontinuous work. Triggered by the aging prob-lems dete
ted with the opti
al grease, several opti
al 
oupling materials were studied,evolving for a permanent solution with better performan
e. To in
rease the sensibilityof the dete
tor modules, e�orts on improving the pa
king fra
tion of the ClearPEM de-te
tor module, whi
h is 64% and is mainly 
onstrained by the S8550 APD matrix layoutand the thi
kness of the BaSO4 walls, were explored with a new matrix with 2.2×2.2×30mm3 
rystals and thinner spe
ular re�e
tor walls. More over, the low internal gain of theAPD and the low ligh 
olle
tion are 
urrently the limiting fa
tors in time resolution (5ns FWHM measured with ClearPEM). Further improvements on the timing informationrequire an in
rease on the light 
olle
tion whi
h is limited by the 1.6×1.6 mm2 APD pixelmat
hing with the 2×2 mm2 
ross-se
tion 
rystals. Possible solutions like the redesign ofthe S8550 APD were addressed. As a result of this work, a new APD, with 1.8×1.8 mm2pixels, quantum e�
ien
y of 90% at 420 nm and gain 200, was developed by RadiationMonitoring Devi
es, under a frame 
ontra
t with LIP.Besides the light 
olle
tion aspe
t, the dete
tion sensitivity of the s
anner was also aparameter of 
on
ern. In 
rystal pixel-based modules, the pa
king fra
tion is generallyredu
ed due to the 
ompromise between re�e
tor thi
kness and light 
olle
tion isolation.Sin
e the dete
tion sensitivity of 511 keV photon pairs follows the square of the pa
kingfra
tion, marginally improvements in the pa
king fra
tion may introdu
e signi�
ant gainson the s
anner performan
e, allowing to a
hieve higher values of lesion dete
tability inshorter time exams. The 
rystal length is also a parameter that 
an be optimized. Usually,in s
anners without DOI intera
tion 
apability, the length of the 
rystal is sub-optimalto avoid the introdu
tion of the parallax e�e
t. In the ClearPEM 
ase, 20 mm 
rystals
an be used sin
e the double readout s
heme allows to extra
t the DOI 
oordinate witha resolution better than 2 mm, minimizing the e�e
t of the parallax e�e
t while o�eringa moderate dete
tion e�
ien
y for 511 keV photons.Permanent opti
al glues were explored in terms of the light 
olle
tion, energy reso-lution and DOI resolution. Three options were explored: Meltmount, RTV 3145 andHistomount. Initial tests with Meltmount shown a superior light 
olle
tion 
apabilityover grease, with a gain up to 30% and a signi�
ant improvement in the light 
olle
tionasymmetry (from 4%/mm up to 5.6%/mm). Long-term stability measurements did notshow any de
rease of light 
olle
tion with time. The main issue with this opti
al glue wasthe need to perform the modules mounting and un-mounting at high temperature, slightlyabove 65 degree Celsius. At this temperature, manual manipulation of the dete
tor mod-165



Summary and Con
lusionsule is more di�
ult leading to the formation of air bubbles in the appli
ation phase.These bubbles 
an introdu
e a systemati
 asymmetry in the light 
olle
tion between thetop and bottom APDs, whi
h in turn lead to a degradation of the energy resolution.Tests with Histomount have shown a similar performan
e to Meltmount in terms of thelight yield (20�30% improvement) and DOI resolution (5.5�6%/mm). Energy resolutionwas systemati
 better than grease, largely out-performing the Meltmount module energyresolution. As result of this work, it was de
ided to re-assemble all ClearPEM matri
eswith Histomount. The s
anner spe
trometri
 results obtained with this opti
al mediumare well within the initial requirements, whi
h has led the adoption of the Histomountmounting 
oupling also for the dete
tor modules of the se
ond ClearPEM s
anner, namedClearPEM�Soni
, whi
h 
ombines the ClearPEM te
hnology with an Ultrasound imagingdevi
e.While the optimization of the opti
al 
oupling media led to a good stability in the light
olle
tion, with dire
t 
onsequen
es in the obtained energy, DOI and time resolution, opti-mization studies of the dete
tor module pa
king fra
tion and dete
tion e�
ien
y were also
arried out. The initial approa
h 
onsisted on the exploration of a novel matri
es design,manufa
tured by Proteus In
, 
omposed by LYSO 
rystals with 
ross-se
tions of 2.2×2.2mm2, with 30 mm length, opti
ally isolated by a layer of VikuitiTM spe
ular re�e
tor with61�68 mi
ron thi
k. The redu
tion on the opti
al layer thi
kness from 300 µm in BaSO4to 70 µm with the VikuitiTM re�e
tor, together with the larger 
rystal 
ross-se
tion, al-lows in
reasing the pa
king fra
tion up to 90%, a gain in dete
tion sensitivity of about afa
tor of 1.48. When the 
rystal length of 30 mm is taken into 
onsideration, the overalldete
tion sensitivity gain goes from 1.48 to 2.1. Chara
terization results have shown thatmatri
es with this design, using polished 
rystal, in a single readout, a
hieve better en-ergy resolutions (12.5% at 662 keV) in 
omparison with the mean energy resolution of thestandard ClearPEM BaSO4 modules (14.5% at 662 keV) and Tyvek based modules (17.8%at 662 keV). A smaller light 
olle
tion dispersion between di�erent pixels was also found(6.2%) in 
omparison with the BaSO4 (12.7%) and Tyvek (34.8%) matri
es. With the useof 
rystals with larger 
ross-se
tion, there was a 
on
ern on the in
rease of the 
rosstalk,sin
e the larger 
rystal dimension make more prone a given 
rystal being readout by twodi�erent pixel APD. Crosstalk was evaluated for the Proteus, BaSO4 and Tyvek matri
es.Similar values of 
rosstalk between the Proteus (11.9%) and the standard BaSO4 (10.7%)matri
es were found. The Tyvek matrix has shown a sub-optimum performan
e in termsof 
rosstalk (24.1%). In overall, the Proteus design allows to a
hieve signi�
ant better re-sults than the BaSO4 design in a single readout option. In the double readout option, anddue to the use polished LYSO 
rystals together with a spe
ular re�e
tor, DOI information
annot be extra
ted sin
e there is no me
hanism that 
reates a light 
olle
tion asymmetryas fun
tion of the intera
tion depth of the photon in the 
rystal. To bypass this di�
ulty,matri
es, following the Proteus design, were manufa
tured using 
rystals in whi
h thelateral 30 mm surfa
es were leaved as-
ut. In this approa
h, DOI information 
an beextra
ted, with a DOI resolution of about 1.7 mm, at the expense of a degradation in thelight 
olle
tion and the energy resolution. Further studies, outside the s
ope of this thesis,were 
arried out in whi
h 
rystals having a mixture of polished and saw-
ut surfa
es were
oupled to VikuitiTM . In matri
es with two sides polished, DOI resolutions in the 2.3166



Summary and Con
lusionsmm range, with energy resolutions of 16% at 511 keV were a
hieved, opening the possi-bility to use this type of dete
tor module design for s
anners with double readout s
hemes.Before the �nal integration of the ClearPEM s
anner was 
ompleted, several partialintegration and engineering runs were 
arried out at TagusLIP. One of the most impor-tant a
tivities 
onsisted on the validation of the supermodules, ea
h unit 
omprehendinga set of twelve dete
tor modules, whose individual performan
e was measured in dedi-
ated dis
rete ele
troni
s setup, to 
hara
terize its performan
e before the �nal assemblyof the supermodules inside the ClearPEM dete
tor heads 
ould took pla
e. The testsof the supermodules allowed to assess the performan
e of the dete
tor modules in their�nal working environment, 
ombining instrumentation e�e
ts introdu
ed by the frontendele
troni
s readout and the pro
essing of the data �ow by the data a
quisition ele
troni
sand trigger system, allowing a dire
t 
omparison with the previous results obtained in dis-
rete ele
troni
s test ben
hes. Measurements have 
on�rmed the good performan
e of theClearPEM supermodules, indi
ating that the integration of a large number of 
hannels ina very 
ompa
t readout system does not lead to a degradation on the basi
 spe
trometri
performan
es of the developed dete
tor modules, namely its energy and DOI measurement
apability. The main 
onsequen
e of 
hanging the opti
al 
oupling media was a 
onsistentimprovement in the light 
olle
tion and the light 
olle
tion asymmetry (5.85%/mm ± 8%)in 
omparison with the individual dete
tor matri
es modules measurements (3.26%/mm
± 22%). The small dispersion in the krel inter-pixel 
alibration 
onstant indi
ates thatthe HV multiplexing s
heme adopted for the ClearPEM s
anner to bias a total of 768APD sub-matri
es does not lead to a degradation on the system performan
e. The dis-persion of the absolute gain (or photopeak position) is less than 15% whi
h indi
ates thatthe 
hange in the opti
al medium has not introdu
ed additional variability in the light
olle
tion.In the end of De
ember of 2008, the s
anner was re-assembled in the Nu
lear Medi
inedepartment of IPO�Porto where 
ommissioning work was 
arried out to 
on�rm the ear-lier measurements at TagusLIP. This phase was 
on
luded in April 2009 and the dete
torwas 
onsidered to be ready for the pre-
lini
al trials phase, whi
h has started in June2009. The �rst 
ommissioning results have shown 99.7% a
tive 
hannels, whi
h, after 
al-ibration, have inter-pixel and absolute gain distributions with dispersions of, respe
tively,12.2% and 15.3%, demonstrating that, despite the large number of 
hannels, the systemis uniform. The average energy resolution at 511 keV is 15.9% (8.8% dispersion) and aDOI resolution better than 2 mm FWHM. The 
oin
iden
e time resolution, at 511 keV,for an energy window between 400 and 600 keV, is 5.2 ns FWHM. The �rst images havedemonstrated a spatial resolution of 1.3 mm at the 
entre of the �eld of view (FOV), 
loseto the theoreti
al limit for 
rystals with 2×2 mm2 
ross-se
tion.Prospe
ts of Future WorkAnimal models of human disease are an important and widely used resear
h tool inunderstanding disease pro
esses and evaluating potential therapies. Among the severalimaging te
hnologies applied to in vivo studies of resear
h animals, positron emission167



Summary and Con
lusionstomography (PET) is a nu
lear imaging te
hnique that permits the spatial and tempo-ral distribution of 
ompounds labeled with a positron-emitting radionu
lide to be deter-mined noninvasively. Many di�erent positron-labeled 
ompounds have been synthesizedas tra
ers that target a range of spe
i�
 markers or pathways. These tra
ers permit themeasurement of quantities of biologi
al interest, ranging from glu
ose metabolism to geneexpression. PET has been extensively used in imaging studies of larger resear
h animalssu
h as dogs and nonhuman primates. Using high-resolution dedi
ated animal PET s
an-ners, these types of studies 
an be performed in small laboratory animals su
h as mi
eand rats.The mouse is the experimental model of 
hoi
e in many situations due to a range offa
tors in
luding relatively high geneti
 homology with man and widespread expertise andwell developed methodology for geneti
 manipulation. PET enables repeat studies in asingle subje
t and signi�
ant data 
an be obtained from a handful of animals without theneed to euthanize hundreds of animals that might be required for a similar study withother imaging te
hniques.In Portugal, there is a well established and a
tive 
ommunity on biomedi
al resear
h,namely in the geneti
 basis of development and evolution of 
omplex systems, like mi
eand rats, and on the geneti
s of 
omplex human diseases, like 
an
er. In this 
ontext, thedesign and installation in Portugal of a PET s
anner spe
ially tailored for Small Animal(PET-SA) imaging 
ould extend the imaging spe
trum available for study of geneti
 reg-ulated pro
esses and pharma
euti
al kineti
s studies.The performan
e shown by the Clear-PEM s
anner is suitable for small animal imag-ing, whi
h have motivated the redesign of the baseline ClearPEM te
hnology for thisappli
ation, in order to be fully 
ompetitive with other small animal PET s
anners in themarket. This new s
anner will be assembled on a �xed planar 
on�guration, with a FOVof about 9×14 
m2, having a total of 6144 APD pixels.Chara
terization in terms of light 
olle
tion, energy resolution, DOI resolution, inter-pixel 
rosstalk and long-term stability, evolving from performan
e evaluation of the base-line dete
tor module, passing by ele
tri
al and me
hani
al assembly validation to theintegration phase of the full PET-SA s
anner, will be 
arried out.In order to perform exams with small animals, legal 
onditions on the judgments re-quired in the management of animal fa
ilities and radiation prote
tion have to be ful�lledand 
erti�ed in terms of animal welfare. The small animal PET-SA s
anner will be phys-i
al installed at the TagusLIP. For that, the existing hot area needs a major overhaul.Proto
ols for animal 
are and use and 
orresponding 
erti�
ation pro
esses will be 
on-du
ed. Support will be provided in animal PET images logisti
s, ensuring institutionalpoli
ies and responsibilities on animal environment, husbandry, management and veteri-nary 
are. Parti
ipation in exam trials aimed at demonstrating the performan
e of thePET-SA/CT s
anner in high resolution animal PET and CT images will be 
arried out.168



Summary and Con
lusionsMany di�erent types of radiation have been exploited to provide images of the stru
-ture and fun
tion of tissues inside a living subje
t. Ea
h imaging modality is 
hara
terizedby di�erent resolutions on the spatial and temporal s
ales, and by a di�erent sensitivityfor measuring properties related to morphology or fun
tion. Combinations that inte-grate the strengths of two imaging modalities and, at the same time, eliminate one ormore weaknesses of an individual modality, thus o�er the prospe
t of improved diagnos-ti
s, therapeuti
 monitoring, and pre
lini
al resear
h using imaging approa
hes. In this
ontext, the PET - Consortium in 
ollaboration with the CERIMED organization andCERN has started the development of the ClearPEM-Soni
 s
anner. The ClearPEM-Soni
 is a dual modality s
anner (PET and Ultrasound) dedi
ated breast imaging 
amerafor evaluation of 
orrelations between di�erent radiotra
er uptakes and nodule elastomeri
parameters for breast 
an
er.The PET-SA s
anner with its CT extension as well as the ClearPEM-Soni
 s
annerwill 
orrespond to a signi�
ant landmark in terms of multimodality imaging in relationto the 
urrent 
ommer
ial solutions. However, both s
anners rely on the integration ofdi�erent apparatus (PET/CT/US) in the same ma
hine, whi
h in
reases the overall sys-tem 
omplexity and 
ost. Further improvements to this approa
h are thus desirable. Oneof the most promising resear
h lines will be the development of a single dete
tor modulethat is able to dete
t not only the 511 keV photons relevant to PET imaging but alsolow-energy X-ray photons (20�50 keV) for CT imaging and intermediate energy photons(100�150 keV) for Single Photon Emission Computerized Tomography (SPECT). Thisdevelopment would then be used as a starting point for the design of a new s
anner thatis able to a
quire using the same ele
troni
s, images in PET, SPECT mode and CT mode.The addition of SPECT 
apabilities will allow 
arrying simultaneous imaging studies withdi�erent radiopharma
euti
als in order to obtain images of the di�erent bio
hemi
al path-ways involved, for example, in gene expression and regulation.The initial phase of the work will 
onsist on the development, in 
ollaboration witha leading APD manufa
turer, of an APD multi-pixel array with higher gain (200�1000).This APD will be used for light 
olle
tion using LYSO:Ce 
rystal matri
es or other s
in-tillation 
rystals (like LaBr3:Ce). The use of an APD with higher gains (
urrent APDsare limited to gains 100�150) will enable the dete
tion of X-rays, opening a new windowin the small animal studies, 
ombining anatomi
al information from X-ray images withmetaboli
 images from PET/SPECT dete
tors. The development of a high gain APD,with a large a
tive region, and exploration of Sili
on Photomultiplier photo dete
tors(gains of 104�105) is expe
ted also to redu
e some of the fa
tors that limit the time reso-lution obtainable with the 
urrent Clear-PEM s
anner te
hnology (low internal gain of theAPD S8550 from Hamamatsu and the low light 
olle
tion due to the 1.6×1.6 mm2 APDpixel mat
hing with the 2×2 mm2 
ross-se
tion 
rystals). Experimental 
hara
terizationof the developed APDs will be performed and results will be used to sele
t the best APDsor SiPM for this multimodality appli
ation.In parallel with the work to develop an enhan
ed APD, investigation will be 
arriedout on the optimization of the dete
tor module 
rystal array and re�e
tor wrapping, with169



Summary and Con
lusionsthe aim to in
rease the total light 
olle
ted, enabling the dete
tion of photons from 20keV to 511 keV 
overing the energy range of interest for multimodality PET/SPECT/CT.Possible solutions like the exploration of the new bright s
intillator su
h as LaBr3:Ce (60000 opti
al photons per MeV in 
omparison with the 27 000 opti
al photons per MeVwith LYSO:Ce), and spe
ular re�e
tor materials with thi
kness of the order of 70 µm willbe performed.
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