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Abstra
tThis thesis de
ribes the design and 
onstru
tion of front-end read-out ele
troni
s for par-ti
le dete
tion. Front-end read-out boards for three major experiments have been made;�nalized versions used by the RICH dete
tor at CLEO-III (Cornell, US) and the Sili
onVertex Dete
tor at BELLE (KEK, Japan) and prototype hybrids for the Semi-Condu
torTra
ker in the LHC experiment ATLAS (CERN). In addition has a low 
ost PC-basedread-out system for evaluation of new sensors in te
hnologies like Si, CdTe and CdZnTebeen designed and 
onstru
ted, so far used by more than 20 universities, resear
h institutesand major 
ompanies throughout the world.
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Chapter 1Introdu
tion to parti
le dete
tion1.1 HistoryThe �rst parti
le dete
tor system was used by A.H.Bequerel as he dis
overed radioa
tivityin 1896. He used a photographi
 plate, and found it was bla
kened by an uranium salt. Bythe end of year 1900 three types of radiation were 
lassi�ed, 
alled alpha, beta and gammaradiation, whi
h we today know to be a helium-4 nu
leus, an ele
tron or positron and aphoton [1℄.The earliest methods of parti
le dete
tion used various types of ionization 
hambers ands
intillating dete
tors together with photographi
 methods or photo-multipliers. All thesemethods however have inherent limitations when it 
omes to tra
king, energy resolutionand high parti
le rates. When the real exploration of solid-state dete
tors begun in thelate 50's, a whole new era was started leading to the semi-
ondu
tor dete
tors of today. Ofmajor importan
e is the use of ele
troni
 readout that together with the semi-
ondu
tordete
tors give us tra
king down to a few �m pre
ision, energy resolution down to fewhundred eV FWHM and dete
tors operating at beam 
ollision frequen
ies of 40MHz, asthe Large Hadron Collider will do.1.2 The physi
s behind parti
le dete
tionThe physi
s involved in the parti
le dete
tion is usually divided into three 
ategories:� Intera
tion of 
harged parti
les with matter.� Intera
tion of photons with matter.� Other intera
tions, for instan
e involving non-
harged parti
les like neutrons.1.2.1 Passage of heavy 
harged parti
les through matterWhen a 
harged parti
le traverse a material, either gas or solid, it will 
ollide both elasti
and inelasti
 with the atoms or mole
ules. The dominant elasti
 s
attering is from the nu-1



2 Introdu
tion to parti
le dete
tion
lei and the inelasti
 from the atomi
 ele
trons. Other rea
tions also o

ur, but with a verylow rate, and 
an be ignored in the 
al
ulations. These rea
tions involve bremsstrahlung,whi
h is important for light parti
les, and nu
lear rea
tions.Inelasti
 
ollisions, either soft where the atomi
 ele
trons are ex
ited, or hard, wherethe atoms are ionized, will 
ause almost the full energy loss. Even though elasti
 s
at-tering o

ur often, very little energy is transferred as long as the atoms are heavier thanthe in
oming parti
le. The e�e
t of the elasti
 (Coulomb) 
ollisions is seen in the pathdeviations due to multiple small angle s
attering.The formula for des
ribing the energy loss 
orre
tly, in
luding quantum e�e
ts, was�rst developed by Bethe and Blo
h. The same formula for the 
lassi
al 
ase, however wasderived by Bohr. The steps in developing the formula for the 
lassi
al 
ase will be givenbelow [2℄, be
ause it intuitively explains how the important kinemati
 and other inherentparti
le properties, like parti
le 
harge and material parameters, enters the formula.Some starting assumptions are needed:� The heavy parti
le has the following properties; speed v, mass M and 
harge ze.� The parti
le is heavy, and assumed to 
ontinue its path approximately undeviatedwhen rea
ting with an ele
tron.� The atomi
 ele
trons are assumed free (small binding energy 
ompared to the energyof the heavy parti
les), and at rest initially. Throughout the intera
tion it will movejust a short distan
e.The momentum impulse transferred to the atomi
 ele
tron is given byp = mv = Z madt = Z F dt = e Z Et dt = Z Et dtdx dx = Z Etv dx; (1.1)where Et is the transverse 
omponent of the ele
tri
 �eld of the heavy parti
le. Only thetransverse 
omponent 
ontribute be
ause any momentum impulse ki
k along the path mustbe 
an
elled by symmetry (equal 
ontribution from the heavy parti
le when it is 
losingin and leaving). The last integral 
an be 
al
ulated using Gauss' law on an in�nite long
ylinder following the heavy parti
le tra
k, and with a radius r at the ele
trons minimumdistan
e from the tra
k. Gauss law states that the surfa
e integral over the ele
tri
 �eldinside a 
losed surfa
e is equal to 4� the 
harge en
losed (in Heaviside-Lorentz units where4��0 = 1). In this 
ase this implies2�r Z Et dx = 4�ze: (1.2)This result is easily inserted in 1.1 resulting inp = 2ze2rv : (1.3)



1.2 The physi
s behind parti
le dete
tion 3And the energy gained by the ele
tron is given as�E = p22me = 2z2e4mev2r2 (1.4)When traveling a length dx, the heavy parti
le will sweep a 
ylindri
al volume V =�r2dx. We are for now interested in the volume en
losed by the 
ylindri
al shell at radiusr and of thi
kness dr, dV = 2�rdrdx. If the density of ele
trons is Ne, the total amount ofparti
les passed are NedV . Sin
e the heavy parti
le will lose �E to ea
h of these ele
trons,its total energy 
hange (loss) isdE(r) = ��E(r)NedV = 4�z2e4mv2 Nedrr dx: (1.5)One 
ould na��vely think that this must be integrated up for all values of r between zeroand in�nity, but this is wrong. At zero the energy transfer is in�nite, whi
h is impossible,and at in�nity the momentum impulse transfer 
ould not be over a short period of time,as it is assumed. Instead we integrate from rmin to rmax, and we motivate our 
hoi
e ofextreme r-values with physi
s arguments.The rmin must be found from the maximum possible energy transfer. This is given bythe head-on 
ollision energy transfer 12me(2v)2, or relativisti
ally Wmax = 2
2mev2. Thelast one we 
an equal to equation 1.4 giving rmin = ze2
mv2 .We assume the ele
trons to be free, whi
h is not exa
tly true. The energy transfer musttake pla
e within a time whi
h is shorter than the orbital period, otherwise no energy istransferred. Sin
e the typi
al intera
tion time is t = r=v or relativisti
ally t = r=(
v), andthe orbital period is � , or if given by orbital frequen
ies � = 1=��, we require r=(
v) < 1=��,whi
h gives us rmax = 
v=��. As �� we use the average over all bound states.We should now note that the expression for dE(r) was derived 
lassi
ally, whereas thelimits for the integration for r have been introdu
ed relativisti
ally. If 1.5 is integrated upwith respe
t to r using the r-values found, the result is�dEdx = 4�z2e4mev2 Ne ln 
2mev3ze2�� : (1.6)We 
an introdu
e � = v=
, and Ne = Na�Z=A. In the last equation Na is Avogadro'snumber, and �, Z and A the density, 
harge number and atomi
 weight of the medium.We 
an in addition move a 
onstant 2 into the logarithm, thereby squaring the argumentof the ln-fun
tion, and reintrodu
e Wmax. These manipulations give.�dEdx = 2�  e2me
2!2me
2Na�ZA z2�2 ln 2
2�2me
2Wmax��2 � �2
24e4z2! (1.7)Here the squared parenthesis equals the 
lassi
al ele
tron radius, re = e2=(me
2). If the�ne stru
ture 
onstant � = e2=(2h
), is introdu
ed inside the logarithm, a �nal version ofBohr's formula 
an be written as�dEdx = 2�re2me
2Na�ZA z2�2  ln 2
2�2me
2Wmaxh2��2 !+ ln �216�2z2!! : (1.8)



4 Introdu
tion to parti
le dete
tionThe 
orre
t quantum me
hani
al result is the Bethe-Blo
h equation, written as�dEdx = 2�re2me
2Na�ZA z2�2  ln 2
2�2me
2WmaxI2 !� 2�2 � Æ � 2CZ ! : (1.9)The most important features are the same in both formulas. The energy loss s
ale byz2 of the in
oming parti
le and the ele
tron density of the traversed medium. The averageorbital frequen
y, ��, in the Bohr formula given as an energy h�� is repla
ed by the meanex
itation potential, I, being essentially the same quantity. It is the main parameter in theBethe-Blo
h equation, but very diÆ
ult to 
al
ulate. Empiri
al formulas are most oftenused.For low energies, that is v < 0:96
, the logarithmi
 part of the formula 
ontributes verylittle and �dE=dx goes more or less like 1=�2. Note that the Bethe-Blo
h equation is onlyused down to about 0:1�, where the assumptions are no longer valid.If the energy loss (stopping power) is normalized with respe
t to the density of thestopping medium, the mass stopping power � dE�dx is found. At approximately � = 0:96 aminimum is rea
hed for the mass stopping power, and this minimum is at about the samevalue for all traversing parti
les of the same 
harge. Above 0.96 the 1=�2 saturates andbe
omes more or less 
onstant sin
e it 
annot grow above 1. The logarithmi
 part startsto dominate and a slow growth is found. This is easily seen in �gure 1.1. This �gure alsoillustrates the weak dependen
e of the energy loss on the traversing parti
le, showing pionsand protons to have their minimum at the same relative momentum (p=(m0
) = �
) andwith approximately the same energy loss. A parti
le with a momentum pla
ing it in theminimum area of the Bethe-Blo
h is usually 
alled a minimum ionizing parti
le, or a MIP.Another interesting feature of the �gure is the fa
t that as a �rst approximation themass stopping power is equal to 2MeV 
m2=g independently of the stopping medium andthe type of traversing parti
le, as long as the parti
le has � > 0:96.The added terms Æ and C in Bethe-Blo
h, are 
orre
tions 
alled the density-
orre
tionand the shell-
orre
tion, whi
h apply at high and low energies, respe
tively. The density
orre
tion is due to the fa
t that the traversing parti
le polarizes the atoms, thus shieldingremote ele
trons from the full ele
tri
 �eld, and the parti
le loses less energy. The logarith-mi
 growth is damped by this e�e
t. The shell 
orre
tion in
ludes low velo
ity e�e
ts, sin
ewe no longer 
an assume the ele
tron stationary with respe
t to the traversing parti
le. Aslong as we stay above 0:1
 this 
orre
tion is very small.Another interesting parameter to measure is the distan
e the parti
le will travel beforeit 
omes to rest. For heavy 
harged parti
les, whi
h more or less travel in a straight line,we 
an as a �rst approximation integrate the dE=dx formula, R(Ek) = R Ek0 (dEdx )�1 dE. Forvery low energies the Bethe-Blo
h is not a good des
ription, and it would be better tointegrate from a Ek;min, where Bethe-Blo
h is valid and add a term des
ribing the lengthtraveled for a parti
le with kineti
 energy Ek;min. For the part of the Bethe-Blo
h where��2 dominates we see that R will go as E2k , but a �t to a
tual data gives E1:75k as a betterestimate.Sin
e the energy loss is not really 
ontinuous there exists a spread in range around themean range, with a typi
al Gaussian distribution. This spread is 
alled range straggling.
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Figure 1.1: The Bethe-Blo
h equation for pion and proton proje
tiles on lead (Pb), iron(Fe) and 
arbon (C) targets.1.2.2 Energy loss of 
harged light parti
lesThe ele
tron and the positron will also lose energy due to 
ollisions, but the assumptionsin the derivation of the Bethe-Blo
h formula are not 
orre
t. The most important fa
toris their small mass, whi
h will make other e�e
ts more important, the dominating e�e
tbeing bremsstrahlung.The 
ollision loss of ele
trons and positrons is des
ribed by a modi�ed Bethe-Blo
hformula. The parti
les will now 
hange dire
tions in the 
ollisions due to their low mass.The maximum transferred energy in a 
ollision, Wmax, is mu
h larger, now being half thekineti
 energy of the in
oming parti
le. For ele
trons there are also e�e
ts due to thefa
t that quantum me
hani
ally the in
oming and outgoing ele
trons are inter
hangeable.Typi
al 
ollision loss 
urves for ele
trons are shown in the left plot of �gure 1.2.Bremsstrahlung (radiation loss) is the emission of photons by an a

elerated 
hargein an ele
tri
 �eld. Sin
e bremsstrahlung emission is proportional to the square of theinverse parti
le mass, it is only important for ele
trons and positrons as long as we are notgetting 
lose to the TeV region. The a

eleration is given by the de
e
tion of the ele
tron orpositron by the ele
tri
 �eld of the nu
leus or the atomi
 ele
trons in the traversed material.The e�e
t will therefore depend not only on the ele
tron/positron in
ident energy, but alsoon the Z of the traversed material. In fa
t it is shown that the 
ross se
tion s
ales as thesquare of Z. The two plots of �gure 1.2 show separate and summed the 
ollision loss and
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Figure 1.2: Collision loss, radiation loss and total loss for ele
trons in four elements.radiation loss for ele
trons in several elements.We see that the radiation loss is more or less in
reasing linearly with energy, at highenergies. This introdu
es the quantity 
alled the radiation length, X0, de�ned as thedistan
e traversed before the ele
tron energy has dropped to 1/e due to the radiation loss.This 
an be written as E = E0 exp(�x=X0). Often the radiation length is given in g=
m2,whi
h means that the distan
e has been multiplied by the density of the material. Wetypi
ally de�ne a 
riti
al energy, empiri
ally given by E
 � 800MeV=(Z + 1:2), to be theenergy where the radiation loss starts to dominate the 
ollision loss. The average radiationlength (g/
m2) for a 
ompound, is found from the formula 1=X0(g=
m2) = Pi !i=X0;i,where !i is the fra
tion by weight of the i'th part of the 
ompound. The density of a
ompound is 
al
ulated in the same way, just substitute X0 with density in the aboveformula. The radiation length is empiri
ally given by the formula [5℄X0(g=
m2) = 716:4mol=
m2MZ(Z + 1) ln (287=pZ) ;where M is the atomi
 mass (g/mol) and Z the atomi
 number. The formula is 
orre
t towithin 2.5% for all elements ex
ept helium.The range of ele
trons is very diÆ
ult to 
al
ulate, and is usually found tabulated.Figure 1.3 shows the mass range and the range of ele
trons in several elements.1.2.3 Multiple Coulomb s
atteringOne 
an show that the path deviation by multiple Coulomb (elasti
) s
attering s
aleswith the radiation length, making the radiation length X0 an important quantity also for
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Figure 1.3: Mass range and range of ele
trons in Carbon, Aluminum, Copper and Gold.Coulomb s
attering. Of 
ourse Coulomb s
attering and bremsstrahlung have nothing to dowith ea
h other, but the expression for X0 enters in the formula as a simpli�
ation. Sin
eCoulomb s
attering starts to play a role below 50GeV, it is obvious that material needsto be minimized in the inner dete
tors to have good tra
king, and also that the radiationlength is a suitable quantity to 
hara
terize the tra
king performan
e of the inner dete
tors.For small angle s
attering and not too thin material, the angle distribution is more orless Gaussian in shape, the width being�0 = 13:6MeVZ2pt(1 + 0:038 ln t)=(�E): (1.10)Here the thi
kness of the material traversed, Tmaterial is measured as a fra
tion of a radi-ation length, t = Tmaterial=X0. In fa
t this formula is better for heavier 
harged parti
lesthan for ele
trons and positrons sin
e these also experien
e more violent s
attering due tobremsstrahlung, giving a larger tail to the distribution.For a typi
al tra
king dete
tor system the thi
kness is of the order of per
ent. If theparenthesis are evaluated on
e with t = 0:01 and in
luded in the leading 
onstant, a 
rudeformula will yield �20 � Z2E2norm�4E2 t: (1.11)The individual material 
ontributions add up, and sin
e �20 is a Gaussian width it needs tobe summed in quadrature, giving a total s
attering due to individual material 
ontributionsof: �20;total � Z2E2normttotal=(�4E2). This estimate should not be trusted to more than 30%.
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Figure 1.4: Photon mass attenuation for sili
on, individual 
ontributions due to photo-ele
tri
 e�e
t, Compton s
attering and 
oherent s
attering shown.1.2.4 Attenuation of photon beams in matterThe me
hanisms in whi
h photons rea
t are mainly through photo-ele
tri
 e�e
t, Comptons
attering and pair produ
tion. In analogy with the above sub-se
tions this sub-se
tionshould have been 
alled energy loss of photons. The fa
t that it is not demonstratesthe most striking feature of the above mentioned rea
tions. The photon will either rea
tand disappear (where disappear means a Compton s
attering that alters its dire
tion andenergy throwing the photon out of the beam), or 
ontinue straight through the matter.This means the photon beam is only attenuated and not shifted and straggled in energy.Figure 1.4 shows the photon mass attenuation for sili
on, where the separate 
ontributionsfrom photo-ele
tri
 e�e
t, Compton s
attering and 
oherent s
attering are shown. This�gure ends at the energy for the onset of pair-produ
tion, whi
h is about 1MeV. Figure 1.5shows total mass attenuations in the same energy range for 
arbon, sili
on, germanium andlead. The three �rst ones are highly interesting as dete
tor materials.In the photo-ele
tri
 e�e
t the photon will be absorbed by an atomi
 ele
tron, whi
his then ionized. The energy of the outgoing ele
tron will be E = h� � Eb, where Eb is thebinding energy of the ele
tron and � the photon frequen
y. The ele
tron must be boundsin
e a free ele
tron rea
tion 
ould not 
onserve momentum and energy.The most important feature is that above the highest binding energies of the atom (K-shell) the photo-ele
tri
 
ross-se
tion drops very rapidly with photon energy. A 
al
ulationwill reveal that it is proportional to Z5=E7=2photon. This formula also shows the very strongdependen
y of photo-ele
tri
 e�e
t on the atomi
 number, Z. Below ea
h absorption edgethere is a typi
al drop in the 
ross se
tion, sin
e a lot of ele
trons in the atom suddenlyare not available for photo-ele
tri
 absorption.
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Figure 1.5: Photon mass attenuation and attenuation lengths for 
arbon, sili
on, germa-nium and gold.Compton s
attering des
ribes the s
attering of photons o� free ele
trons. As long as thephoton has a high energy, it will be a good approximation to say that the atomi
 ele
tronsare free. The Compton s
attering is often 
alled in
oherent s
attering, this to show thatit is s
attering o� single ele
trons of the atom.For low photon energies there exist a possibility of 
oherent s
attering (Rayleigh s
at-tering), where the photon is s
attered o� the atom as a whole. The term 
oherent stemsfrom the fa
t that the ele
trons 
ontribute to the s
attering in a 
oherent way. This rea
-tion will 
hange the dire
tion but not the energy of the photon. The 
oherent s
attering
ross-se
tion drowns in the photo-ele
tri
 
ross-se
tion at low energies and dominates it athigher energies and low Z, but both are small at high energy 
ompared to the Compton
ross-se
tion.The relation between the energy of the in
oming, Ein, and the s
attered photon, Eout,for Compton s
attering is Eout = Ein1 + (Ein=E0)(1 � 
os �) ; (1.12)where E0 is the rest energy of the ele
tron. Of greater interest is the total Compton 
rossse
tion, whi
h is given by the integration of the Klein-Nishina formula,d�d
 = r2e2 1(1 + 
(1 � 
os �))2  1 + 
os2 � + 
2(1 � 
os �)21 + 
(1 � 
os �)! ; (1.13)where 
 = h�=(me
2). Also of great importan
e is the energy distribution of the Compton
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Figure 1.6: Di�erential 
ross-se
tion (d�=dEk) for Compton re
oil ele
trons. Measured inbarns per m
2. Ek is the ele
tron energy and m the ele
tron rest mass.re
oil ele
trons, found by the Klein-Nishina formula to bed�dEk = �r2eme
2
2  2 + s2
2(1 � s)2 + s1 � 2(s� 2=
)! ; (1.14)where s is Ek=(h�), and the maximum re
oil energy will be, Ek;max = 2h�
=(1+2
), and is
alled the Compton edge. Figure 1.6 shows some typi
al plots. Sin
e the 
ross-se
tion hereis for one ele
tron only, the Compton 
ross-se
tion for a material will go as the number ofele
trons, Z.When the photon energy 
rosses an energy of 1:02MeV, pair produ
tion of an e+e�
an o

ur if a nu
leus or an atomi
 ele
tron are present to ensure momentum and energy
onservation. This is the 
rossed pro
ess of bremsstrahlung. At energies past the onsetfor pair-produ
tion, the 
ross se
tion grows rather fast at �rst and then slower, and isthe dominant rea
tion pro
ess for photons already at 10MeV, helped by the fa
t that theCompton and photo-ele
tri
 
ross se
tions are dropping with energy. The dependen
e ofthe pair-produ
tion on atomi
 
harge number is Z2.The total photon absorption 
ross se
tion, �, is used to 
al
ulate the mass attenuationsas shown in �gure 1.4 and �gure 1.5. It is given as the sum of the 
ontributions from thephoto-ele
tri
 e�e
t, the Compton s
attering and the pair-produ
tion, remembering thatthe expression for the Compton 
ross se
tion above needs to be multiplied by Z sin
e it
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 ele
trons. If � is multiplied with the atomi
 density of thematerial N = Na�=A, the probability per unit length for an intera
tion is found, 
alledthe attenuation 
oeÆ
ient, u = N�. The mass attenuation 
oeÆ
ient is given as u=�. Theintensity of the photon beam will go as exp(�ux). The attenuation length is 1=u (thelength traversed to redu
e the intensity to a fra
tion of 1/e), but also here the quantitymass attenuation length 1=(u=�) is more often used sin
e it results in similar numbers overa wide range of stopping materials. The attenuation length is often just referred to asthe mean free path of a photon, sin
e the mean traversed length (mean free path) over aprobability fun
tion p(x) / exp(�ux) will be R10 xp(x)dx = 1=u.1.2.5 Summary on intera
tion pro
essesIt is diÆ
ult to give a brief summary for the use of the fore mentioned physi
s withoutlooking into the appli
ation. I will try to divide it into appli
ations for tra
king in highenergy physi
s experiments and appli
ations for medi
ine, being the two most interestingbran
hes.In the 
ase of tra
king of highly energeti
 parti
les, whi
h is the 
ase for the ATLASexperiment and other high energy physi
s experiments, two important points 
an be noti
edfrom the physi
s of the previous se
tion.� All equally 
harged highly relativisti
 parti
les will ionize a material equally. Thevalue of the ionization is most often taken as the MIP value, the minimum of theBethe-Blo
h fun
tion, and is in the order of 2MeV 
m2=g, ignoring the slow logarith-mi
 growth with energy.� The radiation length is a very useful quantity in the 
hara
terization of the tra
k-ing quality, sin
e it will give the Coulomb s
attering, and also the probability ofbremsstrahlung and pair-produ
tion.For appli
ations in medi
ine, where we are working with 'low' energeti
 photons andele
trons, energy measurements are often just as interesting as position resolution. Indete
ting a full energy deposition of the photon by means of the photo-ele
tri
 e�e
t,one should noti
e that the 
ross se
tion is larger for lower energies and that the 
rossse
tion s
ales by Z5 above the K absorption edge, thus favoring heavy materials for energymeasurements, sin
e the photo-ele
tri
 e�e
t is the dominant me
hanism up to higherenergies. Today the gamma 
amera is most widely used, 
onsisting of a s
intillating 
rystaland a photo-multiplier. A Compton 
amera, a newly proposed repla
ement to the gamma
amera in appli
ations like SPECT (Single Photon Emission Computed Tomography), willrequire lighter materials, sin
e the Compton e�e
t here starts to dominate already around100 keV, whi
h is very favorable sin
e typi
al radio-nu
lides like te
hnetium used in medi
alimaging emits in this energy range. The Compton 
amera 
an, by measuring Comptonre
oil ele
trons in the primary dete
tor and the s
attered photons stopped in the se
ondarydete
tor, give both position (
on�ned to a 
one) and energy measurements. For ma
hineslike PET (Positron Emission Tomography), whi
h will have to dete
t two opposite going
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tion to parti
le dete
tionphotons 
reated in an e+e� annihilation, even timing resolution is very important, to assurethat only two photons from the same annihilation are dete
ted.1.3 Dete
tor typesMost dete
tor systems are based on measurements of position and ionization of 
hargedparti
les. Photons are dete
ted through their intera
tion with matter, transferring theirenergy to ele
trons. Three basi
 dete
tors are used; s
intillators, ionization dete
tors andsolid state dete
tors. Ionization dete
tors are usually a reserved term for gas ionizationdete
tors, but it 
an also be liquid ionization dete
tors mostly used in 
alorimeters. Inall three 
ases we are interested in ending up with an ele
tri
 signal (ele
trons) 
owing inour measuring 
ir
uitry, whi
h is related to the properties (inherent and kinemati
) of thein
oming parti
le.1.3.1 S
intillating dete
tors and photo-multipliersS
intillation dete
tors are an important group of dete
tors for dete
ting both high energeti
photons and 
harged parti
les. The pro
ess involves an ex
itation of a transparent mate-rial, 
onversion of the ex
itation by the ionizing parti
le into visible light, and the transportof this light to a photo-
athode of a photo-multiplier. By the photo-ele
tri
 e�e
t the pho-tons 
an produ
e ele
trons on a 
athode of a photo-multiplier (photo-
athode). These area

elerated down the photo-tube hitting dynodes thereby releasing more ele
trons a

eler-ated down to the next dynode. The pro
ess 
ontinues until the �rst few ele
trons releasedat the photo-
athode are multiplied into a measurable 
urrent at the anode. Theoreti-
ally one 
an repla
e the photo-multiplier by a solid state sensor, like a sili
on pad sensor,even though this has not yet been found 
ost-e�e
tive in medi
al appli
ations like SPECT.When the solid state sensor gain higher popularity, pri
es should drop. The advantage ofthe solid state sensor is in size, and the removal of the very high voltage supply that aphoto-multiplier need, and not so mu
h in performan
e.The s
intillator materials are divided into two large group; organi
 and inorgani
 s
in-tillators [4℄. Inorgani
 s
intillators like NaI and CsI are favored in energy measurements,sin
e the light yield is bigger for the same ionization energy, thereby redu
ing the statis-ti
al 
u
tuation (shot noise) of the number of s
intillating photons. The de
ay times ofinorgani
 
rystals 
an be very long and usually above some hundred nanose
onds, 
om-pared to a few nanose
onds for organi
 s
intillators. This is the reason for use of organi
s
intillators for timing and in trigger logi
.In the inorgani
 
rystal the ionizing parti
le produ
es ele
tron/hole pairs. In the 
ase ofan in
oming photon, the photon will give an ele
tron by means of the photo-ele
tri
 e�e
t,Compton s
attering or pair-produ
tion, where the ele
tron gives ionization and ex
itationof ele
tron/hole pairs just as if it was any other in
oming ionizing parti
le. The bandgapin inorgani
 
rystals is usually 6 � 8 eV, and the gap 
ontains a
tivator 
enters or states.The ele
trons and holes move around in the latti
e and 
an ex
ite the a
tivator states, and
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tor types 13the de
ay of these a
tivator states give light in the visible range. The long de
ay time ofthe s
intillating light is due to the rather long lifetimes of the a
tivator states.In the 
ase of an organi
 s
intillator, the me
hanism is 
ompletely di�erent. Thesematerials are not 
rystals, and we have no latti
e e�e
ts. The ionizing parti
le 
an ex
itemole
ular energy levels, these de
ay after a few nanose
onds emitting ultraviolet light.This material 
alled the primary 
uores
ent material, is only one 
omponent of the organi
s
intillator. The se
ond 
uores
ent material (also referred to as the wavelength shifter) is
hosen su
h that it easily absorbs these UV photons (typi
al absorption lengths are a fewmillimeters for almost all organi
 transparent materials) and emits visible light mat
hedto the quantum eÆ
ien
y of the photo-
athode. These two materials are usually mixed inan organi
 solution 
apable of polymerisation, su
h that the �nal s
intillator 
an be putinto the desired shape for the appli
ation.The photo-multiplier tube, whi
h is an eva
uated glass tube, re
eives the in
omingvisible photons, and by the photo-ele
tri
 e�e
t on the (photo-)
athode produ
es ele
trons.The photo-
athode is a semi-
ondu
ting alloy, usually 
ontaining two alkali elements andone element from group V. These 
athodes are referred to as bi-alkali 
athodes. Themaximum quantum eÆ
ien
y (photoele
trons produ
ed per in
oming photon) is 27% at380 nm. The photoele
trons have a most probable energy of 1:2 eV, but for light between400 � 430 nm the distribution goes from 0� 1:8 eV.The timing resolution and the time jitter are mostly due to geometri
al e�e
ts of ele
-trons taking di�erent paths through the dynode 
hain. The rise time of anode pulses 
anbe in the 10 ns order with time jitter up to half this value. To redu
e these times a so
alled mi
ro-
hannel multiplier has been introdu
ed, having total transit time of a fewnanose
onds and jitter down to 0:1 ns.1.3.2 Ionization dete
torsThe earliest method for dete
ting 
harged parti
les was the ionization 
hambers, whi
hinvolves putting a high ele
tri
 �eld a
ross a gas volume. A 
harged parti
le moving in thegas will break up gas mole
ules into ele
trons and ions by means of inelasti
 s
attering.This method evolved from 
urrent ionization 
hambers to pulse ionization 
hambers. Byin
reasing the ele
tri
 �eld new physi
al phenomena are introdu
ed giving us the propor-tional 
hamber and for the highest �elds, the Geiger-Muller tube. The dete
tion is in all
ases by measuring the ele
troni
 signal in the anode/
athode loop. In a proportional
hamber, typi
ally built with a 
ylinder 
athode and wire anode along the 
ylinder axis,the strong �eld around the 
enter wire will a

elerate the ele
trons. The energeti
 ele
tronswill 
ollide with the gas in the 
hamber produ
ing new ele
tron/ion pairs ending up witha dete
table avalan
he. The main part of the signal is by the drift of the positive ionsba
k towards the 
athode. The use of these devi
es are mainly for dete
ting and 
ountingionizing parti
les [1℄.From 1968, when Charpak invented the MWPC, the multi-wire proportional 
hamber,ionizing dete
tors started to play an important role also in parti
le tra
king. Earlier mosttra
king was opti
al, using photographs to re
ord tra
k information either dire
tly in the
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le dete
tionemulsion, or in spark, 
loud or bubble 
hambers [2℄. The prin
iple in the MWPC is toapply 
losely spa
ed anode wires between two 
athode planes. This will give a radial �eldaround ea
h wire, in the same way as found in a single wire proportional 
hamber.The MWPC (one-dimensional tra
king) later developed into two other important tra
k-ing devi
es, the drift 
hamber (two-dimensional) and the time proje
tion 
hamber (3-dimensional). In the drift 
hamber position information is also found by measuring thedrift time of the ele
trons until they rea
h the anode wire. The TPC is typi
ally built asa 
ylinder, the end-
aps being two-dimensional wire 
hambers, and employing drift timesfrom the originating ele
trons to �nd the position along the 
ylinder axis. Sin
e the driftvolume of the TPC is in a strong magneti
 �eld along the 
ylinder axis, the traversing
harge will ionize a heli
al path, whi
h will reveal the parti
le momentum, and as a side ef-fe
t keeps the ionized path from di�using while it is drifting towards the MWPC end-
aps.With analogue readout the dE=dx will also be known, identifying the parti
le.1.3.3 Solid-state dete
torsSolid-state dete
tors are more or less an obsolete term, today repla
ed by semi-
ondu
tordete
tors. The �rst real experiments started in the late 50's and 
ommer
ial availabledete
tors for high-resolution energy measurements were available already in the 60's, em-ploying nitrogen 
ooled Germanium diodes for measuring energy spe
tra of radioa
tivesour
es.The working prin
iple is the same as for the ionization 
hambers, with the gas repla
edby a solid. In a semi-
ondu
tor dete
tor the 
harged parti
le will ionize the materialthrowing ele
trons into the 
ondu
tion band from the valen
e band, leaving a positive
harged �xed ion in the latti
e. Or as this is des
ribed in semi-
ondu
tor terminology,
reating an ele
tron hole pair.Many advantageous sides are found in 
omparison with gas ionization 
hambers. Due tothe higher density the mass stopping power is greater, leading to more 
ompa
t dete
tors.In addition will the 
harge 
olle
tion times be mu
h shorter giving better time resolution.Additional important properties are the possibility of mu
h better energy resolution andspatial resolution.The improved energy resolution 
an be attributed to the very low energy needed toform an e-h+ pair, ionizing energies being w = 3:6 eV in sili
on and 2:9 eV in germanium.This 
an be 
ompared to 20� 40 eV for ionizing gases, whereas 400� 1000 eV is ne
essaryto ensure the produ
tion of one photo-ele
tron on the 
athode of a s
intillator/photo-multiplier system [4℄. This has an enormous e�e
t on the energy resolution of the dete
tor,as shown below.If a well-de�ned energy is lost, there is a statisti
al distribution of the number of ionizedpairs being produ
ed. One would �rst think this would be a Poisson distribution, witha standard deviation of N1=2, where N is the average number of pairs produ
ed. In fa
tit was �rst shown by Fano that the deviation is (FN)1=2, where F is 
alled the Fano-fa
tor. This is due to the 
onstraint energy 
onservation indu
e on the number of 
harge
arriers produ
ed in the individual ionization pro
esses [3℄. For ionizing dete
tors F is
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tor materials 15typi
ally around 0.2-0.3 for gases, whereas for solids like sili
on it is in the area 0.12-0.16. For s
intillators, however, the Fano fa
tor is 
lose to 1, indi
ating that it is Poissondistributed.The energy resolution is thus given by �E=E = (FN)1=2=N = (F=N)1=2 = (Fw=E)1=2.Sin
e the ionizing energies for s
intillators are about a fa
tor 150 higher than for sili
on andthe Fano fa
tor about 8 times higher the inherent energy resolution of the sili
on dete
toris approximately 40 times better than that of a s
intillator/photo-multiplier, at the samedeposited energy.The improved spatial resolution 
omes �rst from the geometri
al properties of thesemi-
ondu
tor pro
essing. This pro
ess based on photo-lithography and et
hing allowsthe fabri
ation of diode strips on a sili
on wafer with a position a

ura
y in the 1 um range.This te
hnology is a 
ommer
ial sili
on IC produ
tion te
hnology developed for 
onsumerele
troni
s.Of 
ourse, solid-state dete
tors are not without limitations. In position sensitive appli-
ations the size of the 
rystal is limited by the available wafer size. It has steadily beengrowing from 4 in
h wafers to 8 in
h, and during the last year the �rst 12 in
h fa
tories arebuilt. The HEP 
ommunity 
annot keep up the rate of 
onsumer ele
troni
s, and the most
ommon is 4 in
h wafers, though 6 in
h wafers are now also used. The most importante�e
t of the size limitation of the wafer is the fa
t that it leads to tra
king devi
es beingdivided into building blo
ks, 
alled modules, in the 100 square 
entimeter range.In addition is the 
ost of the material high, usually limiting the total size to how deepone is willing to dig for money. The biggest experiments being planned, like ATLAS andCMS for the CERN LHC proje
t, are both building sili
on tra
king devi
es of about 50square meters. The most important limitation 
an however be radiation damage of thesensor itself. Here we �nd three important e�e
ts, being the in
rease in leakage 
urrent,
hange of the doping 
on
entration and the 
hange of lifetime of 
harge 
arriers [6℄.To fully understand the working prin
iple of the semi-
ondu
tor dete
tor, an introdu
-tion is given below. Some items are des
ribed in more details later, when it is vital inunderstanding the reason behind the 
hoi
es made in spe
i�
 implementations.1.4 Semi-
ondu
tor materialsThe elements Sili
on and Germanium from group IV of the periodi
 system are the mostwell known semi-
ondu
tors. The term semi-
ondu
tor stems from the fa
t that the ele
-tri
al 
ondu
tivity is somewhere in between that of metals and that of insulators. It is alsopossible to produ
e 
ompound semi-
ondu
tors by 
ombining elements from group 3 and5, the most well known being Gallium Arsenide.A 
rystal has an energy-band stru
ture. This 
onsists of allowed energy bands separatedby energy levels where the ele
tron 
an not be. The allowed bands are for all pra
ti
alpurposes 
ontinuous, but are in reality formed by dis
rete atomi
 energy levels. The reasonis that the energy level of a spe
i�
 atom is split when equal atoms are brought together.This �ne splitting of energy levels will 
ontain one level for ea
h atom in the 
rystal,
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tion to parti
le dete
tionresulting in a number of dis
rete levels within a band in the order of the number of atomsin the 
rystal.The uppermost band 
ompletely �lled with ele
trons is 
alled the valen
e band, andrepresents the loosest bound atomi
 ele
trons. The next band is 
alled the 
ondu
tionband. An ele
tron re
eiving enough energy 
an be ex
ited into the 
ondu
tion band andis free to move within the latti
e of the 
rystal.In a metal the valen
e band and 
ondu
tion band are overlapping, partially �lling thelatter. This gives metal a very low resistivity. For an insulator the energy gap is in theorder of 3.5 to 6 eV with the impli
ation that thermally ex
itation of an ele
tron from thevalen
e band to the 
ondu
tion band is virtually impossible, leading to an extremely highresistivity. In a semi-
ondu
tor the band-gap is in the order of 1 eV, whi
h means that atroom temperature some ele
trons 
an be thermally ex
ited to the 
ondu
tion band, givingsome ele
tri
al 
ondu
tion.In working with the 
ondu
tion band, we think in 
ase of a 'few' moving ele
trons,ex
ited from the valen
e band. We 
ould for the valen
e band also think in terms of anenormous amount of ele
trons, in an almost full band. Instead we 
hoose to think in termsof the missing ele
trons in the valen
e band, and we visualize a 'few' holes with a positive
harge moving around in the valen
e band. An energy ex
itation will produ
e an ele
tron-hole pair, or in older terms the ex
ited ele
tron will leave an un�lled ele
tron position inone of the atoms in the latti
e. In an intrinsi
 semi-
ondu
tor, that is in a 
lean 
rystal, weunderstand that the amount of ele
trons and holes are equal, sin
e they must be produ
edin pairs.1.4.1 The statisti
al me
hani
s of ele
trons and holesThe distribution of ele
trons and holes in the valen
e and 
ondu
tion band is given bystatisti
al me
hani
s, and the ele
trons in a 
rystal follow the statisti
al law of Fermi-Dira
 sin
e ele
trons are fermions. The Fermi-Dira
 probability fun
tion is given byfF (E) = 11 + exp(E�EFkT ) : (1.15)This gives the probability that a quantum state of energy E will be o

upied at temperatureT . The two other quantities are Boltzmann's 
onstant, k = 1:38�10�23 J=K, and the Fermi-energy. The meaning of the latter will soon be apparent. This fun
tion is shown in the leftplot of �gure 1.7 for T = 0 and T > 0.If we visualize for ourselves a system at absolute zero temperature, we know that allele
trons must be in a quantum state with as low an energy as possible. If the fun
tiong(E) des
ribes the density of states as a fun
tion of energy for a parti
ular system, wewill have the situation in the right plot of �gure 1.7 with T = 0. Along the y-axis is theamount of ele
trons found in ea
h state for the parti
ular energy found along the x-axis.Sin
e all ele
trons are in the lowest possible energy state, the number of ele
trons followsthe density of states fun
tion. At a 
ertain energy along the x-axis will all ele
trons in
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Figure 1.7: Fermi-Dira
 probability fun
tions for temperatures T = 0 and T > 0 are shownin the left plot. Density of ele
trons at T = 0 and T > 0 and density of states, both for a
ontinuous energy system are given in the right plot.the 
rystal be used to �ll up the lower energy states, and no ele
trons are found at higherenergies. This energy will be the Fermi-energy, EF .When the temperature is in
reased (right plot of �gure 1.7 for T > 0), some ele
tronswill be ex
ited and found in states above the energy possible at zero temperature. Sin
eg(E) is the density of states at a given energy and fF (E) the probability of it being �lled,the produ
t fF (E)g(E)dE will give the number of ele
trons in the states at energy E. Thearea under the graph 
ontains the total number of ele
trons, or:N0 = Z 10 fF (E)g(E)dE (1.16)1.4.2 Intrinsi
 semi-
ondu
torsIn a semi-
ondu
tor the situation is as shown in �gure 1.8. If we �rst assume the densityof states fun
tion, g, to be the same for ele
trons and holes, we 
an immediately dedu
ethat the Fermi-energy is in the middle of the band-gap. This follows from the fa
t that theFermi-Dira
 probability fun
tion is symmetri
 around EF and we know that the ele
tronand hole 
on
entrations n0 and p0 must be the same, sin
e they are 
reated in pairs. Thedensity of states fun
tion goes as the square root of the energy di�eren
e to the band-edge, ex
ept for a 
onstant given by 4�(2m)3=2=h3, where m is the e�e
tive mass of eitherthe ele
tron or hole for the 
ondu
tion band or the valen
e band. The e�e
tive massesobserved for ele
trons and holes moving in the 
rystal are not the same as the free ele
tronmass, and they are not even the same for ele
trons and holes. They are however not moredi�erent than that the Fermi-energy is almost exa
tly in the 
enter of the band-gap.
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1Figure 1.8: Density of states in an intrinsi
 (left half) and extrinsi
 (right half) semi-
ondu
tor.As in equation 1.16 we 
an integrate up to �nd the ele
tron and hole 
on
entrations:n0 = N
 exp �(E
 � EF )kT ! and p0 = Nv exp �(EF � Ev)kT ! (1.17)Here N
 and Nv are two 
onstants, 
alled the e�e
tive density of states in the 
ondu
tionand valen
e bands, respe
tively, whereas Ev is the energy at the edge of the valen
e bandand E
 the energy at the edge of the 
ondu
tion band. In doing the integration thethe Boltzmann approximation of the Fermi-Dira
 equation is used, assuming the 1 in thedenominator to be negligible.The intrinsi
 semi-
ondu
tor has ni = n0 = p0 and we name ni the intrinsi
 
arrier
on
entration, ni. The produ
t of the two equations 1.17 give the the interesting relationn2i = N
Nv exp��EgkT � ; (1.18)where Eg is the band-gap energy E
 � Ev.1.4.3 Extrinsi
 semi-
ondu
torsIf small amounts of impurities, or dopants, are introdu
ed into the intrinsi
 
rystal, we willhave an extrinsi
 
rystal. Usually materials from group 3 or 5 are introdu
ed into sili
on,phosphor and boron being by far the most used materials.In the sili
on 
rystal we repla
e one atom with a phosphorous atom. Phosphorous has�ve valen
e ele
trons, and only four of these are needed to bind the phosphorous atom
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eptor states.to the sili
on latti
e, with the last ele
tron rather loosely bound. The extra ele
tron is
alled a donor ele
tron, to indi
ate that little energy is needed to lift this ele
tron to the
ondu
tion band. The energy states asso
iated with the donor ele
trons must therefore belo
ated in the band-gap rather 
lose to the 
ondu
tion band. When the donor ele
tron isex
ited to the 
ondu
tion band, it will leave a �xed positively 
harged phosphorous atom.Sin
e this material is able to donate ele
trons to the 
ondu
tion band without 
reatingholes it is 
alled a n-type semi-
ondu
tor.In a similar way will a boron atom be able to 
reate a p-type semi-
ondu
tor, 
reatingso 
alled a

eptor states 
lose to the valen
e band. This will leave negatively �xed boronions when a hole is liberated to the valen
e band. Both donor and a

eptor states diagramsare shown in �gure 1.9.A simpleBohr atommodel for the donor ele
tron, using the e�e
tivemass of the ele
tronin the 
rystal and the permittivity of sili
on instead of va
uum, will give approximate valuesfor the energy of the donor states, 
lose to the real value of �45meV, 
ompared to theband gap of 1:12 eV.The e�e
t of adding dopant material will be to shift the Fermi-energy within the band-gap. Our formulas for n0 and p0 were general relations, and will still hold if the Fermi-energy move. Using �gure 1.8 again (right plot), shifting the Fermi-energy upwards, weunderstand that the area representing the ele
tron 
on
entration must in
rease, whereasthe area representing the hole 
on
entration will de
rease, and we have a n-type material.We 
an rewrite the expression for n0 and p0 from equation 1.17 by introdu
ing theintrinsi
 Fermi-level EFi,n0 = ni exp�EF � EFikT � and p0 = ni exp �(EF � EFi)kT ! : (1.19)The produ
t of these two equations gives the mass-a
tion law of an extrinsi
 semi-
ondu
tor in thermal equilibrium, being the most important relation for semi-
ondu
tors,n0p0 = n2i : (1.20)
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tion to parti
le dete
tion1.4.4 Charge drift and di�usionThe ele
tron and holes in a semi-
ondu
tor 
an move due to two di�erent e�e
ts, eitherdrift due to the ele
tri
 �eld, or di�use due to the gradients in 
on
entration.The drift velo
ity of a 
harge 
arrier is proportional to the ele
tri
 �eld by the mobility,�, as long as the ele
tri
 �eld is not too strong. For most high purity semi-
ondu
torsthis limit is around 20 kV=
m. Above this limit the velo
ity will start to saturate. Theme
hanisms that a�e
t the mobility are phonon or latti
e s
attering and ionized impuritys
attering.The former is s
attering of ele
trons and holes on the perturbing potential, set up by thevibrating latti
e due to the thermal movement. Above zero temperature a �xed periodi
potential model is no longer valid for the 
rystal. The mobility due to the latti
e e�e
twill in
rease as the temperature de
rease, or more spe
i�
ally �L / T�3=2.The ionized impurity s
attering is due to the added dopant, whi
h is ionized at roomtemperatures. The holes and ele
trons will Coulomb s
atter o� these 
harged impurities.The mobility due to ionized impurities will de
rease as the ionized impurity 
on
entrationin
reases, but it will in
rease with in
reasing temperature sin
e added thermal movementwill give less time in the vi
inity of the impurities and therefore less probability of s
atter-ing. Mathemati
ally we 
an write �I / T 3=2=NI .It is easy to show that mobility is proportional to the mean time between 
ollisions. If� is the mean time between 
ollisions, then dt=� will be the probability of s
attering in atime dt. The total probability must be the sum of the individual probabilities, su
h thatdt=� = dt=�I +dt=�L, and sin
e mobilities and mean times are proportional we understandthat the total mobility � must go as 1=� = 1=�I + 1=�L.In sili
on the mobility is 1350 
m2=(Vs) for ele
trons and 480 
m2=(Vs) for holes at lowdoping 
on
entrations, and a fa
tor 3 higher for germanium. Gallium arsenide is spe
ial inthat the ele
tron mobility is very mu
h higher than the hole mobility, being 8500 and 400,respe
tively. For sili
on the mobility is almost 
onstant up to an impurity 
on
entrationof 1016
m�3.The total drift 
urrent density, J , is the produ
t of the 
harge 
on
entration and thedrift velo
ity, with 
ontributions from ele
trons and holes:Jdrift = e(�nn+ �pp)E = �E = 1�: (1.21)The equation also de�nes the 
ondu
tivity, �, and resistivity, �. In an extrinsi
 semi-
ondu
tor is Na � ni for a p-type and at room temperature all a

eptor states are ionizedsu
h that p ' Na. The mass-a
tion law states np = n2i give us n � ni � p = Na,leading to � ' e�pNa. This shows us that the 
ondu
tivity depends on the majority
arrier parameters only.Charge 
arrier transport is also mediated by di�usion. Di�usion is the 
ow, F, dueto the gradient in 
on
entration, 
, and is generally stated in Fi
ks's law, F = �Dr
,where D is the positive proportionality 
onstant between the 
ow and the gradient in
on
entration. For the di�usion of 
arriers, we must for ele
trons have the 
urrent densityJn = �eFn and for holes Jp = +eFp.
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urrent density in a semi-
ondu
tor is found by adding the 
ontributions fromdrift and di�usion, and is given asJ = en�nE+ ep�pE+ eDnrn� eDprp: (1.22)The 
onstants D are the di�usion 
oeÆ
ients for ele
trons and holes. The Einstein relationrelates mobilities and di�usion 
oeÆ
ientsDn=�n = Dp=�p = kT=e: (1.23)1.4.5 Ex
ess 
arriersWhen ex
ess 
arriers are found in the semi-
ondu
tor it will no longer be in equilibrium.If there exist a spot with ex
ess ele
trons and holes in a semi
ondu
tor with an appliedexternal ele
tri
 �eld they will start to drift in opposite dire
tions. As they 
ome apartan internal ele
tri
 �eld will be set up between the oppositely 
harged ele
trons and holesthat try to hold them together. The e�e
t of the external �eld will now be to drift/di�useele
trons and holes together. This phenomenon is 
alled ambipolar transport, and it showsthat the ex
ess ele
trons and holes do not a
t independently, but will drift, di�use andre
ombine with the same e�e
tive drift mobilities, di�usion 
oeÆ
ients and re
ombinationlife-times.In equilibrium the dire
t band-to-band generation and re
ombination rates for ele
tronsand holes must all be the same. If photons illuminate the semi-
ondu
tor, ele
tron-holepairs 
an be 
reated, and ele
tron and hole 
on
entrations are in
reased above the equi-librium values; n = n0 + Æn and similar for holes. For dire
t band-to-band generation andre
ombination it follows that Æn = Æp.There will not be a 
ontinuous buildup sin
e a re
ombination of ele
tron and holeso

urs at a rate proportional to both the ele
tron and hole 
on
entration:dn(t)=dt = ��rn(t)p(t) + �rn2i : (1.24)The last term just ensures zero rate at equilibrium.In terms of the ex
ess ele
tron (or hole) 
on
entration Æn de�ned above,d(Æn(t))=dt = ��rÆn(t)(n0 + p0 + Æn): (1.25)We introdu
e a very important 
ondition 
alled low-level inje
tion, whi
h assumes theex
ess 
arrier 
on
entration mu
h smaller than the majority 
arrier equilibrium 
on
en-tration. This implies for the above equation that only the n0 term will remain in theparenthesis for n-material and the p0 term for p-material. The resulting di�erential equa-tion has an exponential de
ay solution, with a time 
onstant of �n0 = (�rp0)�1. We 
allthis quantity the ex
ess minority 
arrier lifetime, sin
e it des
ribes the mean time betweenre-
ombination of the ex
ess minority 
arriers.We 
an de�ne 
ontinuity equations rather easily for ele
trons and holes by using Stokeslaw. The net in
rease of a quantity inside a volume element within a short amount of time
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le dete
tionhas to be equal to the gradient of the 
ux of this quantity into the volume element. Inaddition if there are any sour
es or sinks for this quantity inside the volume element, these
ontributions must be added and subtra
ted, respe
tively. For the holes we 
all the 
uxFp. There is one sour
e within the volume element, due to the generation rate of holes gp,and one sink, due to the re
ombination. The re
ombination rate must be proportional tothe hole 
on
entration and inversely proportional to the lifetime of holes �pt. This lifetimeis for the total hole 
on
entration, and involves both the lifetimes of thermal equilibriumholes and the ex
ess 
arrier holes.In total we will have a 
ontinuity equation for holes (and similar for ele
trons) of�p=�t = �rFp + gp � p=�pt: (1.26)We have earlier found the 
urrent densities for ele
trons and holes in equation 1.22, andthese are of 
ourse just the parti
le 
uxes multiplied by the 
arrier 
harge, sin
e a 
urrentdensity is nothing more than a 
ux of 
harges. If we insert the 
urrent density equation intothe 
ontinuity equation we arrive at the time dependent di�usion equations for ele
tronsand holes, the one for holes being�p=�t = ��pr (pE) +Dpr2p+ gp � p=�pt: (1.27)In the 
ase of a homogeneous semi-
ondu
tor, n0 and p0 does not depend on spa
e 
oordi-nates, and Æp 
an be substituted for p several pla
es in the above equation.�(Æp)=�t = ��p(prE+ErÆp) +Dpr2Æp+ gp � p=�pt: (1.28)The ele
tri
 �eld in this equation involves both a 
omponent from the applied external�eld and in addition the indu
ed internal �eld due to the ambipolar transport. It 
an beargued that the internal 
omponent is mu
h mu
h smaller than the external 
omponent,be
ause only a very weak �eld is needed to keep the ele
trons and holes drifting together.Sin
e the di�eren
e in ex
ess ele
trons and holes is related to the internal �eld through aPoisson equation, we 
an write in the one-dimensional 
asee(Æp� Æn)" = �Eint�x : (1.29)This leads us to the 
ondition of 
harge neutrality. We 
an assume as a �rst approximationthat the ex
ess ele
tron and hole 
on
entrations are equal at every point in spa
e. Fromnow on we will write Æn for both Æn and Æp. Equation 1.27 together with the same equationfor ele
trons 
an now be added together, after the �rst is multiplied by n�n and the se
ondby p�p, and using the fa
t that Æp = Æn, and that the generation rates are equal gp = gn = gand that the re
ombinations are equal R = n=�pt = p=�nt,�(Æn)=�t = �0ErÆn+D0r2Æn+ g �R: (1.30)Here the ambipolar mobility �0 and the ambipolar di�usion 
oeÆ
ient D0 are introdu
ed.It must be noted that these are not 
onstants, but fun
tions of the total ele
tron and hole
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on
entrations n and p. If we 
onsider extrinsi
 semi
ondu
tors (p0 � n0 for p-type andp0 � n0 for n-type) and low-level inje
tion (Æn� p0 for p-type and similar for n-type) wesee that D0 and �0 are approximated by D0 � Dn, �0 � �n for p-type and by by D0 � Dp,�0 � ��p for n-type. We see that the equation only 
ontains the mobility and di�usion
oeÆ
ient of the minority 
arrier.The generation-re
ombination term g�R 
an also be written in terms of ex
ess minority
arrier parameters, as g�R = g0� Æn=� , where g0 is the generation rate for ex
ess 
arriersand � the ex
ess 
arrier lifetime.By using Sho
kley-Read-Hall re
ombination theory one 
an show that the ex
ess 
arrierlifetime is more or less a fun
tion of the number of defe
ts. In the limit of low-inje
tion itwill redu
e to the minority 
arrier lifetime value. The generation rate will be proportionalto the defe
t number and inversely proportional to the ex
ess 
arrier lifetime.1.4.6 The diodeA pie
e of a semi-
ondu
tor 
an be used as a photo-dete
tor, and is then 
alled a photo-
ondu
tor. In
ident photons will 
reate e/h-pairs, whi
h will in
rease the 
ondu
tivity,sin
e the 
ondu
tivity is proportional to the 
harge 
on
entration. With an applied voltageover the material the in
ident photons will in
rease the DC 
urrent and the in
rease willbe proportional to the photon 
ux. Sin
e the ex
ess 
arrier 
on
entration will be mu
hless than the majority 
arrier 
on
entration, the signal is small and easily drowns in theshot noise of the DC 
urrent. It is also slow sin
e the 
urrent will die out exponentiallyafter the photon 
ux stops, with a time 
onstant of the mean 
arrier lifetime, whi
h is inthe order of a �s.Instead the most used photon and 
harged parti
le sensor is a reverse biased diode,having superior performan
e 
ompared to that of a photo-
ondu
tor. The diode is thesimplest stru
ture 
ontaining both n- and p- semi-
ondu
tor material in the same devi
e,being formed out of a single 
rystal. The interfa
e between the surfa
es is 
alled themetallurgi
al jun
tion.We think in terms of two pie
es of semi-
ondu
tor materials brought together to un-derstand what will happen at the jun
tion. At �rst large di�usion gradients will exist, andmajority 
arrier holes will di�use into the n-material and vi
e versa for ele
trons. This willsoon leave behind �xed negatively 
harge a

eptor atoms in the p-area and �xed positively
harged donor atoms in the n-area. In between these two regions, 
alled spa
e 
harge re-gions, an ele
tri
 �eld is formed. This �eld tends to stop the di�usion and an equilibriumstate is rea
hed where di�usion and drift due to ele
tri
 �eld 
an
el ea
h other. This iss
hemati
ally shown in the upper part of �gure 1.10.In thermal equilibrium the Fermi energy level must be 
onstant throughout the diode.The Fermi-level in n- and p-material is situated in opposite ends of the energy gap andele
trons in the 
ondu
tion band of the n-material will see a potential barrier stopping itfrom entering the 
ondu
tion band of the p-material. The height of this barrier is equalto the sum of the di�eren
e between intrinsi
 and a
tual Fermi level in ea
h of n- andp-material, or Vbi = (EFi(n)� EF (n)) + (EF (p)� EFi(p)). The expressions in ea
h of the
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Figure 1.10: A pn-jun
tion, its spa
e 
harge, ele
tri
 �eld and potential.parenthesis are familiar from equation 1.19. If we also assume full ionization (p0 = Na inp-region and n0 = Nd in n-region) we �nd that the barrier, also 
alled the built-in voltageis Vbi =  kTe ! ln NaNdn2i ! : (1.31)Assuming an abrupt jun
tion at x = 0, and also that the spa
e 
harge region endsabruptly at xn and �xp for n- and p-material, we 
an write the 
harge density�(x) = ( �eNa �xp < x < 0eNd 0 < x < xn: (1.32)The ele
tri
 �eld and the potential are found using Poisson's equation,d2�(x)dx2 = ��(x)"s = �dE(x)dx (1.33)performing two integrations the �rst gives the ele
tri
 �eld and the se
ond the potential.The resulting spa
e 
harge, ele
tri
 �eld and the potential is shown in �gure 1.10. Sin
eE is 
ontinuous at x = 0 and also zero outside the spa
e 
harge region, the equation for Eleads to Naxp = Ndxn; (1.34)
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tor materials 25whi
h is the same as saying that the area limited by �(x) (the 
harge 
on
entration in
m�2) is the same for x above and below x = 0 (in n and p regions).Using the expression found for � one �nds the built in potential to beVbi = �(xn)� �(xp) = e2"s �Ndx2n +Nax2p� ; (1.35)and also the width of the spa
e 
harge,W = xn + xp = �2"sVbie �Na +NdNaNd ��1=2 ; (1.36)where the last step in this equation is performed by using equations 1.34 and 1.35 toeliminate xp and xn in favor of the built-in potential.When the diode is reverse biased, it is no longer in equilibrium, and the total barrierseen for ele
trons trying to move from the 
ondu
tion band in n to the 
ondu
tion band inp will be the sum of the built-in potential and the applied reverse bias, or V = Vbi + VR.In the above equations this implies that we have to repla
e Vbi with V . The e�e
t of thereverse bias will be to in
rease the depletion width.The 
apa
itan
e of the pn-jun
tion is de�ned as C = dQ=dVR, where Q is the 
hargeand VR the applied reverse voltage. A reverse biased diode 
an be looked upon as a
apa
itor with an asso
iated leakage 
urrent. When operating at VR, the e�e
t of anin
remental voltage, dVR, will be that the jun
tion will grow dxn on the n-side and dxpon the p-side. Sin
e the spa
e 
harge densities are known to be Nd and Na in theseareas, respe
tively, the in
remental 
harge in the p and n regions will be (opposite signs)dQ = eANddxn = eANadxp, where A is the area of the jun
tion. The jun
tion 
apa
itan
eis therefore C = dQ=dVR = eANddxn=dVR: (1.37)Our earlier equations will allow us to write xn as a fun
tion of VR so that the derivativedxn=dVR 
an be found. The �nal equation is thusC = A e"sNaNd2(Vbi + VR)(Na +Nd)!1=2 = A"s=W (1.38)The last step shows the similarity to an ordinary parallel plate 
apa
itor, where the 
apa
-itan
e drops inverse proportional to the plate distan
e.1.4.7 The diode as a sensorOur main motivation when using the diode as a parti
le sensor is to redu
e its inherentnoise, or more 
learly to in
rease its signal to noise ratio. This will immediately gives ussome 
onstraints to the type of diode we want to build.An analysis of the sensor and front-end input step will show that the noise will de
reasewith the input 
apa
itan
e seen by the front end ampli�er. This immediately implies from1.38 that the diode should be fully depleted sin
e this maximizesW , and minimizes C.
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tion to parti
le dete
tionWe also 
hoose to have an one sided jun
tion, whi
h means we usually sele
t a very lown-doping (in the 5 � 1012
m3) and a high p-doping (1015 
m3). Sin
e the depletion widthsinto the di�erent 
harge regions are inversely proportional to the doping, we will have to
hoose a p+n-jun
tion. For a 300�m thi
k diode, 100V reverse voltage will assure fulldepletion, with the jun
tion extending 300�m into the n material and less than a �m inthe p+ material. The n-material is the dete
tor volume where the passing parti
les 
an
reate eh-pairs.For a given thi
kness, the signal 
an be 
al
ulated. A minimum ionizing parti
le willlose on the average 117 keV in 300�m Si, with 78 keV as the most probable value, due to theasymmetri
 Landau distribution explained later. The ionization needed for an energy/holepair is known, about 3:62 eV at 300K and in
reasing to 3:81 eV at 77K, where Germaniumhas 2:96 eV. This gives us 32400 eh-pairs on the average (108 pairs/�m) and 21600 (72pairs/�m) as the most probable in 300�m of Sili
on. For a required minimum signal-to-noise of a system, the maximum noise a

eptable 
an be 
al
ulated, with the limitationthis puts on the front-end, the read-out ele
troni
s and the sensor 
apa
itan
e.To have a very low doped dete
tor material 
an be motivated in several ways:� The low doping give high mobilities, giving short 
olle
tion times for the ele
tronand holes, leading to fast dete
tors.� It is also pra
ti
al from the biasing point of view, sin
e only biasing voltages in thefew hundred volt range are ne
essary to fully deplete the sensor, whereas for higherdoping several thousand volts would be ne
essary. With the given pra
ti
al operatingvoltages of a few hundred volts up to about a thousand volt, typi
al thi
knesses willbe from 200�m up to about one millimeter.� The most important fa
tor however is again the lower noise, sin
e low doping givesa mu
h lower reverse 
urrent in the diode. The shot noise e�e
t of the reverseDC 
urrent is a noise 
ontribution to the signal from the traversing parti
le. The
urrent in the reverse biased diode has two 
omponents. The �rst is given by thediode equation and it goes exponentially with the applied diode voltage. Sin
e we
hoose to operate the diode in extreme reverse dire
tion this 
urrent is essentiallyimmeasurable. Instead our dominating reverse 
urrent will be the generation 
urrent.The generation 
urrent is given by Sho
kley-Read-Hall re
ombination theory, whi
hgives the re
ombination rate of ex
ess ele
trons and holes. In our low doped n-materialwhere ele
trons and holes have been swept out to give us a bare spa
e 
harge region, theex
ess 
harge 
on
entrations are virtually zero, and we will have a negative re
ombinationrate. The negative rate implies that eh-pairs will be generated, and we 
all this thegeneration 
urrent of a reverse biased jun
tion. The ele
trons and holes originate in thetrap states inside the band gap, and are immediately swept out of the spa
e-
harge region.In equilibrium the rate for 
apture and emission into these states would be equal, but withan applied bias we are no longer in equilibrium and the goal of this pro
ess is to reestablishthe equilibrium situation within the spa
e 
harge area.
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ondu
tor materials 27SRH-theory gives the generation rate to beG = niNtCnCpCn + Cp (1.39)as long as the trap states are in the middle of the band gap. The 
onstants Cn and Cpdes
ribes the ele
tron and hole 
apture 
ross se
tions. We see that the generation 
urrentin
reases with the trap 
on
entration, Nt, whi
h is the reason for 
hoosing a low dopedmaterial. The generation 
urrent is found by JG = eAWG, sin
e AW is the volumewhere we have the rate G. The most important fa
tors to note are that the generation
urrent is temperature dependent, through ni, whi
h is approximately doubled for a 7�8Ktemperature in
rease.1.4.8 Sili
on strip sensorsIf we want to build a position sensitive sensor we need to segment the diode. This is theorigin of the sili
on strip sensor, where we typi
ally divide the thin p+material into narrowstrips, usually somewhere between 3 and 20�m. The low doped n-material is usuallyaround 300�m thi
k.The fabri
ation pro
ess [11℄ 
ontains more or less the steps shown in �gure 1.11;� We start with the low doped n-wafer, with a very high resistivity of 1 � 10 k

m,and a < 111 > latti
e orientation. The thi
kness is typi
ally 280 � 500�m.� The n-material is passivated, by heating to above 1000oC, oxidizing the surfa
e,
overing it by SiO2.� Photo-lithography and et
hing opens windows in the oxide on the top layer andexposes the ba
k side, where we want the doping of the semi-
ondu
tor.� The doping of the n-material to form p+ strips and the n+ ba
kside 
an eitherbe done by ion implantation or by di�usion. The ion implantation of the p-strips isusually done with low energeti
 boron atoms (15 keV and exposure to 5 �1016
m�2) tomake a very shallow p+ strip. The ba
kside is usually exposed with more energeti
astatinum, but to a lower dose (30 keV, 5 � 1015
m�2). This will ensure a goodohmi
 
onta
t to the ba
kside. In the 
ase of di�usion, the p+ strips are formed bydepositing boron atoms all over by gaseous boron. This boron glass is then strippedaway. The boron atoms that di�used into the sili
on during the gas deposition phase,are further di�used into the material by heating the whole wafer to more than 900degrees. This gives a p+ region of approximately 1�m depth. The heating will alsoform a new layer of sili
on oxide on top of the strips.� The strips and the ba
k side are metallized with aluminum to ensure good 
onta
tsuitable for wire bonding. In the 
ase of doping by di�usion one 
an either et
h awaythe oxide on top of the strips, before applying the metal, thus giving DC 
oupled
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(by etch ing) on the top.

A luminum rea r con tac t .Figure 1.11: Planar pro
essing of a DC-
oupled single sided p-in-n sili
on dete
tor. Theview is a 
ut through the dete
tor. The p+ and Al-strips 
an easily be 6 
m long if thedete
tor is manufa
tured on a 4 in
h wafer.dete
tors, or one 
an put the metal strip on top, forming an AC 
oupled dete
tor.In the last 
ase the 
apa
itor is a parallel plate 
apa
itor, with the aluminum stripbeing one plate and the p+ strip the other.The des
ribed dete
tor in �gure 1.11 is a single sided DC-
oupled devi
e. Duringoperation a large positive voltage is applied to the ba
kplane to fully deplete (reverse bias)the dete
tor diodes. The aluminum strip must be 
onne
ted to the input of the 
hargeampli�er. The ampli�er is required to sink the leakage (reverse) 
urrent in the diode strip.This is a

eptable as long as the leakage 
urrent is small. By radiation damage leakage
urrent grows fast, and DC 
oupling is hen
e used for low radiation appli
ations. Biasings
hemes for DC-
oupled, AC-
oupled and double sided dete
tors are shown in �gure 1.12.If a sili
on dioxide layer is put in between the aluminum strip and the p+ strip, formingan integrated 
apa
itor, we have an AC-
oupled dete
tor. Shorts/holes in the oxide of the
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Figure 1.12: Biasing of single sided DC-, AC and doubled sided sili
on strip dete
tors.
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readout strip
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Biasing of the p+ strips by polysilicon resistor in an AC coupled detectorFigure 1.13: Biasing of sili
on strip dete
tor by poly-sili
on resistors.integrated 
apa
itor will ruin the AC-
oupling, 
reating so 
alled pin-holes. One often addsa layer of sili
on nitride as an extra insulator on top of the sili
on dioxide, greatly redu
ingthe probability of pin-holes.Sin
e the p+ strips are not 
onne
ted to the aluminum strips in this 
ase, a separateway of biasing the strips is needed. Several methods exist, the simplest 
alled poly-sili
onbiasing [13℄. In this 
ase a separate resistor in poly-sili
on is made for ea
h strip, the otherend of the resistor being 
onne
ted to a 
ommon bias strip. This is shown in �gure 1.13.Unfortunately there are two 
ompeting goals. A high resistan
e is needed be
ause it redu
esthe S/N-ratio, dis
ussed in a later sub-se
tion. In addition, signal will be lost if the DCresistan
e in between the p+ strips are too low. Radiation damage will in
rease the leakage
urrent in the diode, requiring a modest resistan
e value otherwise the voltage drop willbe ex
essive. Usually a value in the 1 � 30M
 range is used.Two other methods have been developed to obtain the goal, whi
h is a low DC resistan
e(avoid voltage drops due to the leakage 
urrent) and a high dynami
 resistan
e (to avoid
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Al-strip

silicon dioxideFigure 1.14: N-side strip insulation in double sided dete
tors by p-stops and by �eld plates.Both dete
tors are AC 
oupled devi
es.signal loss). These are pun
h-through biasing [14℄ and FOXFET (Field OXide FET)biasing [15℄. Studies have shown that poly-sili
on biasing is the most robust solution, theother methods being more vulnerable to radiation damage manifested as ex
ess noise [17℄[18℄.It is also possible to segment the n-side, thereby building a double sided dete
tor.Typi
ally the n-side strips are angled, often 90 degrees, relative to the p-strips. Thisa
hieves 2D-positioning of the parti
les. Figure 1.14 shows the AC 
oupled n-side of adouble sided dete
tor. The n+ is segmented into strips and the ba
kside 
overed withsili
on dioxide. The oxide is opened over the strips to allow for the 
onne
tion to thealuminum strips. One big problem exists, however. During passivation positive �xed ion
harges in the sili
on oxide, will attra
t ele
trons to the surfa
e of the n-material. Thisele
tron a

umulation layer forms a 
ondu
ting 
hannel between the positive biased n+strips, redu
ing inter-strip resistan
e to a few k
 [12℄ [14℄. Two methods to resolve theproblem exist, insulation by p+ stops [19℄ and insulation by �eld plates [20℄, both illustratedin �gure 1.14.The p stop solution introdu
es a p+ stop line in between the readout lines. This line issupplied at a slightly lower voltage than the p+ strips. A depletion zone is formed betweenthe p+ strip and the n bulk, with a negatively spa
e 
harge in the p+ on the border to then bulk. This spa
e 
harge repels the mobile ele
trons of the surfa
e a

umulation layer,thus blo
king the leakage path. The �eld plate solution is even more intuitive. If thereadout aluminum strips are widened (given wings) su
h that they extend well outside then+ implant and in addition are put at a voltage well below the n+ (as it would be if theHV is put on the n+ and the readout ampli�er for the n side is at ground), a strong ele
tri
�eld will extend from the wings to the n bulk, repelling the ele
trons in the a

umulationlayer.
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ations it is impra
ti
al to read out a double sided dete
tor where thestrips are angled at 90 degrees. Typi
ally one is interested in pla
ing the readout ele
troni
sin one end, as des
ribed in the dete
tor ladders for BELLE dis
ussed in 
hapter 3. Thishas been solved by introdu
ing a se
ond metal layer (giving the name double metal layeror DML-dete
tors) on one side of the dete
tor. This extra layer has the aluminum stripsangled at 90 degrees and 
onne
ts to the underlying strips by holes in the oxide. A sidee�e
t is in
reased 
oupling between strips, whi
h will in
rease the total 
apa
itan
e andhen
e the noise.1.4.9 Spatial resolutionThe spatial resolution of a sili
on strip sensor is in
uen
ed by several parameters. The�rst ones are the geometri
al fa
tors, in
luding the et
hing a

ura
y of the sensor, thestrip width, the strip pit
h and the readout pit
h (if we do not read out every strip). Theouter operating 
onditions su
h as the angling of the dete
tor plane and the appli
ationof an external magneti
 �eld 
an both be a problem and an advantage. In the 
ase ofanalogue read-out and a rather good signal-to-noise ratio, it 
an improve resolution by
harge sharing over several strips.Other fa
tors are given by the inherent properties of the sensor, and its operating
onditions. The eh-pairs 
reated by the traversing parti
le is 
on�ned within a tube ofapproximately 1�m around the tra
k. As they drift, the ele
trons toward the ba
kplaneand the holes towards the strips, the 
harge 
louds will di�use out in the dire
tion per-pendi
ular to the drift, forming a Gaussian distribution of width (2Dt)1=2, where t is timeand D is the di�usion 
oeÆ
ient, related to the mobility via the Einstein relation. Thesmearing out of the 
harge 
loud is not ne
essarily bad, it will depend on the readout pit
hand the noise. This is easily understood sin
e a spread of the 
harge 
loud 
an give signalon several neighboring strips, and we 
an use a 
enter of gravity method to lo
alize theposition to mu
h better pre
ision than the strip pit
h. (A binary readout with pit
h d, willhave a resolution of � = d=121=2). As the 
harge is divided onto more strips, less signal isfound in ea
h strip, and it will be more diÆ
ult to separate the signal from the noise in thestrip. As long as the S/N of the system is good it is advantageous to use 
harge sharingto improve spatial resolution. In this 
ase we use a bias voltage just above full depletion.A higher voltage would just give a higher drift �eld resulting in shorter 
harge 
olle
tiontime. This will give a lesser smearing and higher probability of single strip events, redu
ingthe resolution.Remaining fa
tors are related to the statisti
al nature of the ionization. The energy lossin a relatively thin material like the sili
on sensor is not Gaussian in shape, whi
h it wouldhave been if the sensor was mu
h thi
ker. The exa
t distribution is very diÆ
ult to 
al
ulatesin
e we have the possibility of large energy transfers in single 
ollisions, due to produ
tionof high energeti
 primary ele
trons by hitting them more or less head on. This is worst forin
ident ele
trons that 
an transfer as mu
h as half its initial energy. This 
omes in additionto the more or less quasi-
ontinuous ionization energy loss giving low energeti
 ele
trons. A�rst approximation to the loss distribution is the Landau distribution, seen in �gure 1.15.
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Figure 1.15: Landau distribution for energy loss in a thin absorber. In this 
ase 300�m ofSili
on.The plot is based on a 
losed form approximation of the Landau distribution [40℄ given byp(Ep) = se���e��2� ; (1.40)with � = R(E � Ep), where R is a material dependent 
onstant, E is the energy lossand Ep the most probable energy loss. In evaluating the Landau distribution one assumesin�nite maximum energy transfer, free ele
trons and 
onstant traversing parti
le velo
ity.The distribution looks Gaussian but has a long tail towards higher energy loss, resultingin an average energy loss mu
h higher than the most probable energy loss. The a
tualloss distribution is even broader than the Landau distribution. Corre
tions by Vavilov [2℄taking into a

ount a �nite maximum energy transfer, results in a distribution that better�ts experimental data.The probability of eje
ting a primary ele
tron (Æ-ele
tron) with energy above a 
ertainthreshold is given in �gure 1.16. The �gure 
ontains an additional plot that shows thee�e
t on the displa
ement of the 
entroid (error in position due to the ionization of theÆ-ele
trons). A little example [12℄ will illustrate the e�e
t. Figure 1.16 shows us that theprobability for eje
ting a > 100 keV e� is around 2 � 10�4=�m, and for a 300�m sensorthis is around 6%. If this ele
tron moves perpendi
ular it will rea
h in average 40�m,depositing around 30000 se
ondary e� along its way. We 
an think of this as around30000 e� 
reated 40�m=2 away from the in
ident tra
k whi
h deposited about 33000 e�.The displa
ement from the true position will be given by the 
entroid of the two 
hargesseparated by 20�m, where the in
ident tra
k is taken to be at x = 0�m, or in this 
ase
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Figure 1.16: Æ-ele
tron eje
tion probability and its position displa
ement e�e
t.(33000 � 0+ 30000 � 20�m)=(33000 + 30000) � 9:5�m. A 
he
k on the total 
harge released
ould indi
ate if there is ex
ess ionization due to Æ-ele
trons. This is however seldomimplemented, ex
ept maybe from test-beam measurements.1.4.10 Noise of the sensor and pre-ampli�er systemIn the 
ase of a well designed sili
on sensor and a good 
harge sensitive pre-ampli�er,the 
apa
itan
e of the sensor as seen by the pre-ampli�er is the most important designparameter of the sensor to 
ontrol noise. This is seen from the formula for the equivalentnoise 
harge of the pre-ampli�er ENCamp = k0 + k1Cl: (1.41)It should be stressed that this formula give the only the ENC due to the pre-ampli�er, anddepends only on the 
apa
itive load of the sensor, Cl. In addition the dete
tor has its ownnoise sour
es and these will add in quadrature:ENC2TOT = ENC2amp + Xi=det:sour
esENC2i (1.42)The ENC gives the noise as a 
harge referred to the input of the pre-ampli�er. This hasthe advantage of an easy dire
t 
omparison with the input signal 
harge, making the S/N
al
ulation very easy. The 
onstants k0 and k1 des
ribes the pre-ampli�er-shaper 
hain and
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tionCMOS 
hips with k0 = 40e� and with k1 = 0:7e�=pF, like the VA3 and the VAHDR3 [21℄,exist for peaking times around a few mi
rose
onds.The 
apa
itan
e of a sensor strip has several 
omponents [27℄, one part is the 
apa
i-tan
e between the strip and ba
kplane, Cs, the next part is the 
apa
itan
e towards theba
kplane via neighboring strips. We 
an think of the total 
apa
itan
e to all neighboringstrips, Ci, as measured by a 
apa
itan
e meter 
onne
ted between the wanted strip and inthe other end to all other strips 
onne
ted together. In pra
ti
e a good enough a

ura
yis rea
hed by measuring to the two 
losest neighbor strips (inter-strip 
apa
itan
e). Inthe 
ase of an AC 
oupled dete
tor there is also the 
oupling 
apa
itan
e in series, C
.The total 
apa
itan
e seen by the pre-ampli�er is thus the sum of the strip 
apa
itan
eand inter-strip 
apa
itan
e, and this sum in series with the 
oupling 
apa
itor. For thepre-ampli�er to re
eive most of the 
harge the 
oupling 
apa
itor should be mu
h higherthan the two others, sin
e the fra
tion of 
harge ending on the 
oupling 
apa
itor will be,C
=(C
 + Cs + Ci), whi
h is 
losest to one for large C
. The e�e
tive 
apa
itan
e seen bythe pre-ampli�er is in this 
ase Cs+Ci. It is also obvious why the pre-ampli�ers are usually
alled front-end ampli�ers. If these were to be pla
ed further away the wiring 
apa
itan
ewould in
rease and the S/N go down.The noise sour
es inherent in the sensor itself are the shot noise, the thermal noiseand the series resistan
e noise. The two �rst ones are parallel noise sour
es, the latteris a series noise sour
e. The shot noise is due to the leakage 
urrent of the diode strip,Il. This 
urrent has several sour
es as mentioned earlier. First the ideal diode 
urrentequation gives a negligible 
ontribution. The 
ontribution from the generation 
urrent,originating from trap 
enters serving as intermediate states for re
ombination as given bySRH-theory, is mu
h bigger. In addition there are surfa
e e�e
ts, whi
h are very hard to
al
ulate. These e�e
ts depend on surfa
e states, the smoothness of the 
ut edge, guardrings, 
ontaminations, surrounding atmosphere and mounting [2℄. Under mounting animportant 
onsideration is the type of glue used on the sensor and stresses introdu
ed.The 
ontribution to the ENC by the leakage 
urrent (l
) is given by,ENCl
 = 12 eqqqIlTp: (1.43)The 
onstant e � 2:7183 is the base of the natural logarithm, and q � 1:6022 � 10�19 Cthe ele
tron 
harge. The peaking time of the pre-ampli�er-shaper is given by Tp. Thetemperature enters this formula through the leakage 
urrent.The thermal noise is 
ontributed by the parallel of the strip bias resistor and theampli�er feedba
k resistor, denoted by Rp. The latter usually being so large, above 50M
,that this is essentially the bias resistor value itself. The bias resistors are typi
ally in therange 1 � 30M
, and the noise 
ontribution is usually negligible 
ompared to the shotnoise for values above 20M
. The expression for the ENC 
ontribution by the parallelresistor (pr) is given by, ENCpr = 14 eqqkTTp=Rp: (1.44)Here k � 1:3807 � 10�23 J=K is Boltzmann's 
onstant and T the temperature.
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NOTA configured asFigure 1.17: An operational trans
ondu
tan
e ampli�er (OTA) in a CMOS pro
ess. It isalso illustrated how to 
on�gure it as a 
harge sensitive ampli�er (CSA).Series resistan
e noise is due to the thermal noise in the strip resistan
e. In ATLASone motivation to 
hoose readout in the middle of the 12 
m long strips, is that it redu
esthe series resistan
e to one fourth. The expression for the series noise (sr) is given by,ENCsr = 14 eqCtqkTRs=Tp; (1.45)where Ct is the total input 
apa
itan
e, whi
h is the sum of the dete
tor load 
apa
i-tan
e, Cl, and the gate 
apa
itan
e of the input transistor, Ci, in addition to the feedba
k
apa
itan
e and stray 
apa
itan
es.The remaining noise sour
es are due to the pre-ampli�er. We 
ould envisage threetypes of ampli�ers, 
urrent sensitive, voltage sensitive and 
harge sensitive. The �rst isonly useful with low impedan
e signal, whi
h is not the 
ase with diode sensors. The voltagesensitive ampli�er will amplify the input signal, V that is built up on the total 
apa
itan
eseen by the pre-ampli�er input, CTOT , by means of the input 
harge, V = Q=CTOT . This
apa
itan
e is built up by stray 
apa
itan
e in the 
ir
uit, sensor 
apa
itan
e and input
apa
itan
e on the input transistor. Neither of these are stable over temperature or time.The best solution will be to use a 
harge sensitive ampli�er (CSA), integrating up the 
hargefrom the eh-pairs produ
ed by the parti
le intera
tion. This is illustrated in �gure 1.17.As long as the gain in the ampli�er is high, the inverting input node is for
ed to a 
onstantvoltage, and the input 
harge will a

umulate fully on Cf , the voltage on the output beingVo = �CfQ. The response to a fast 
urrent spike in the sensor will be a voltage step onthe CSA output, making the 
ir
uit an integrator.The 
harge a

umulated must be removed, otherwise the voltage would just pile-up.This is normally done by pla
ing a resistor in parallel with Cf . This means that the steppulses piling up on ea
h other for ea
h new parti
le will have an exponential de
ay, usuallywith a rather long time 
onstants 
ompared to those of the following shapers. Anothersolution would be to use opti
al feedba
k, allowing pile-up to a 
ertain level before a resetis performed, to restore the starting DC level [2℄. We need to use a FET input transistor,



36 Introdu
tion to parti
le dete
tionwhi
h has an extremely low input 
urrent, sin
e we would like to bias it with a very bigfeedba
k resistan
e. Pulse shaping in the pre-ampli�er stage is avoided, sin
e the �ltera
tion of a smaller feedba
k resistor and Cf is more than ruined by the higher parallelnoise.The ampli�er most often used to build the CSA is an OTA, or an operational trans
on-du
tan
e ampli�er. A spe
ial way of building an OTA is to use a 
on�guration basedon a single-ended folded 
as
ode (SEFC). The SEFC OTA was �rst proposed by VeljkoRadeka and is also known as the Radeka-star. Sin
e the pre-ampli�ers are often built inCMOS te
hnology, �gure 1.17 shows an OTA based on NMOS input transistors, and its
on�guration as a CSA [8℄.In analyzing the e�e
t of the pre-ampli�er noise sour
es, we need to take into a

ountthe following �ltering 
ir
uitry. The goal of the �ltering 
ir
uitry is to limit the band-width, and in su
h a way as to optimize the 
ir
uit for the best possible S/N. The most
ommon pulse shaping is CR-RC pulse shaping, 
onsisting of a CR di�erentiator and a RCintegrator. The frequen
y response of this �lter will beH(s) = Vo(s)Vi(s) = sCdRd1 + sCdRd � 11 + sC1R1 : (1.46)We 
hoose 
omponent values su
h that � = RdCd = R1C1, and the �lter response redu
esto H(s) = s�(1 + s� )2 : (1.47)This will assure minimum noise. It 
an be shown theoreti
ally that the minimum noisewould o

ur for Gaussian-shaping. CR-RC shaping is often 
alled semi-Gaussian shaping,sin
e the limit of CR-(RC)n shaping (several RC integrators in a row) as n in
reases towardsin�nity, will be the Gaussian shaping. Usually n does not need to be more than four or�ve. The disadvantage is that the pulse is mu
h wider than the single CR-RC shaping,making it impra
ti
al. In addition one 
an show theoreti
ally that the S/N for Gaussianshaping is only 18 per
ent lower than for CR-RC shaping.In pra
tise the shaper is built as a CSA like the pre-ampli�er, but with other values forRf and Cf . In between the pre-ampli�er and the shaper a 
oupling 
apa
itor is required,providing the nominator s in the CR-RC transfer fun
tion in equation 1.47. The denom-inator 
omes from the R and C in the shaper OTA feedba
k, providing an 1=(�s). Theother fa
tor, to square the denominator, 
omes from the low-pass e�e
t of the band-widthlimited shaper OTA. Redu
ing the 
urrent in the OTA will limit its band-width. Thesetwo time 
onstants are tuned by biasing and design parameters of the OTA.The only important part of the pre-ampli�er 
ontributing to the noise is the inputtransistor [9℄. There are three main sour
es of this noise. Two of these sour
es are white,being the 
hannel thermal (
t) noise and the bulk series resistan
e (br) noise in the inputtransistor. The latter is usually unimportant, sin
e it by 
areful design will be mu
h lessthan the �rst. There exist also a Fli
ker-noise (1/f) in the input transistor having a spe
traldensity with an 1=f dependen
y. The Fli
ker 
omponent is usually larger in MOS devi
es
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ompared to bipolar devi
es and it originates due to 
u
tuations of 
harge in the gate-
hannel interfa
e, whi
h will modulate the 
ondu
ting 
hannel [10℄. The 
u
tuations 
omefrom trapping-detrapping in the sili
on oxide. The ENC due to the ampli�er is given as;ENCamp = eqCtqV 2on: (1.48)Here the V 2on denotes the noise voltage relative to the output of the preamp-shaper.The noise voltage 
ontains three terms,V 2on = nkTmTpgm + Rbulk�2kT2Tp + Fk2WLe� ; (1.49)
orresponding to the 
hannel thermal noise, the bulk series resistan
e noise and the Fli
kernoise in this order. The W and Le� are the width and length of the input transistor andgm its trans
ondu
tan
e, whi
h depends on the width, length and drain 
urrent. Typi
alvalues of gm are around 3mA=V for dimensions of W=Le� = fewmm=one �m and drain
urrent in the few hundred �A range. The 
onstant n is 
alled the slope fa
tor, and is moreor less an ex
ess noise fa
tor being in the order 1 to 1.5. Depending on whether the inputtransistor works in strong or weak inversion, the parameter m should be 3 or 4. Typi
allywe are somewhere on the edge and a value in between is suitable. The bulk resistan
eis given by Rbulk and is typi
ally in the order of 2 k
, whereas � � 0:15 and is typi
allylowest for the highest possible bulk-to-sour
e voltage. The Fli
ker noise 
oeÆ
ient, Fk,is typi
ally around 7:6 � 10�22. The values quoted are typi
al values of the Miete
 1:5�mCMOS pro
ess [9℄.To minimize the noise voltage spe
tral density of these three noise sour
es we will haveto: � Maximize the trans
ondu
tan
e, gm, of the input transistor. Sin
e in strong inversionthe trans
ondu
tan
e is approximately (IdW=Le�)1=2, we should have a large tran-sistor width, W , a short e�e
tive transistor length, Le�, and a high drain 
urrent,Id.� Minimize the gmbs=gm, gmbs being the bulk-to-
hannel trans
ondu
tan
e. This isusually a
hieved by having a high sour
e-to-bulk voltage.� Empiri
ally it seems to introdu
e ex
ess noise to have sub-mi
ron e�e
tive 
hannellength, whi
h means that Le� should not be to small.If we expand the Ct of equation 1.48 into Ct = Cl +Crest, the familiar equation 1.41 isobtained with k0 = eqCrestqV 2on; (1.50)and k1 = eqqV 2on: (1.51)
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tion to parti
le dete
tionThe noise spe
tral densities for the Fli
ker noise and the 
hannel thermal noise 
ontainthe gate 
apa
itan
e itself, sin
e the 
apa
itan
e is given by the dimensions of the transistor.This means that for a given dete
tor 
apa
itan
e, Cd and feedba
k 
apa
itan
e, Cf , it willbe possible to sele
t a gate 
apa
itan
e that minimize either the Fli
ker noise or the 
hannelthermal noise. The optimal gate 
apa
itan
e is Cd + Cf in the �rst 
ase and (Cd + Cf )=3in the se
ond 
ase. The optimal 
hoi
e is somewhere in between depending on the relativestrength of the two noise types. For peaking times around 1�s the 
hannel thermal noiseis usually dominant. Sin
e we use a Le� as small as possible allowed by the CMOS pro
ess(as long as it is not sub-mi
ron), we 
an 
al
ulate the transistor width as soon as theoptimal gate 
apa
itan
e is known.1.4.11 Radiation damageIrradiation of semi-
ondu
tors produ
e the wanted signal (ele
tron-hole pairs) by meansof transient ionization. The degradation of the semi-
ondu
tor 
an be divided into two
ategories [22℄ [23℄:� Bulk damage by displa
ements. Atoms are dislo
ated from their normal positions inthe latti
e, produ
ing less ordered stru
tures.� Surfa
e damage by long term ionization. Charged regions are indu
ed in the insu-lators when ele
trons and holes produ
ed are �xed and do not return to the initialstate. This will 
hange the ele
tri
 �eld 
lose to the interfa
e. Sili
on/sili
on-dioxideinterfa
e levels are also indu
ed.Displa
ements are progressing through several steps:� The parti
le hits an atom and displa
es it. Interstitials and va
an
ies appear. Athigh energies nu
lear rea
tions 
an o

ur 
reating fragments (se
ondary parti
les).� Fragments migrate and 
reates further displa
ements.� Thermal motion will rearrange latti
e defe
ts at room temperature. This is an impor-tant e�e
t 
alled annealing. The annealing is partly in
uen
ed by the initial impuritylevel of the material.� The thermal stable defe
ts will permanently alter the semi
ondu
tor properties, andtherefore also the dete
tor parameters.For sili
on dete
tors the most important e�e
ts are in the in
rease of 
apture, generationand re
ombination rates. This will among other e�e
ts in
rease the leakage 
urrent. Thelow doped n-material will during irradiation turn less and less n and will at a 
ertainradiation level go through a type inversion, ending up like a p-doped material. This isthe result of radiation indu
ed deep level defe
ts turning out to be of a

eptor type. Thiswill 
hange the internal �eld in the dete
tor, and the ohmi
 and jun
tion side will swap
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tri
 �eld through irradiation of a double sided mi
ro-stripdete
tor [13, page 32℄.position. This is illustrated in �gure 1.18 for a double sided dete
tor. When startingout with a strongly over-depleted dete
tor, the ele
tri
 �eld is more or less uniform. The�eld is de
reasing towards the n-side (ohmi
 side). After type inversion the resistivitywill steadily de
rease, and at a 
ertain level a �xed operating voltage will not manage tofully deplete the dete
tor and the hole signal will be lost. The ele
tron signal will still be
olle
ted, but from an a
tive dete
tor thi
kness (depletion width) steadily de
reasing [25℄.As a 
onsequen
e the dete
tor will have to be operated at higher bias voltage to ensurefull depletion.After irradiation the annealing will redu
e the leakage 
urrent with time. Both shortand long term annealing e�e
ts exist, whi
h 
an be des
ribed by a sum of exponentials.There is also a substantial non-bene�
ial annealing e�e
t, usually 
alled anti-annealing.This e�e
t 
auses serious 
on
ern sin
e the depletion voltage in
reases with the square ofthe doping 
on
entration. Only 30% anti-annealing 
an ex
eed the safe operating voltage ofthe dete
tors. Anti-annealing is very temperature and 
uen
e dependent. Low temperatureredu
es the e�e
t of anti-annealing strongly. Great 
are must however be taken sin
emaintenan
e and warm-up periods must be expe
ted during the life-time of a dete
tor.1.5 Des
ription of a general dete
tor systemThis thesis will fo
us on the assembly of sili
on mi
ro systems and on the ele
troni
s andread out of these systems. In most 
ases su
h a system will be modular, dividing it intofront-end modules 
onne
ted with long 
ables to a ba
k-end read-out system. The most
riti
al steps in the 
onstru
tion of su
h a front-end system (module) are design, pro
essingand testing of:� The sensors and the read-out 
hips.



40 Introdu
tion to parti
le dete
tion� The �nished readout boards/hybrids/modules.1.5.1 Sensors and front-end 
hipsThe importan
e of 
areful design, pro
essing and testing of the sensors and the indi-vidual read out 
hips is:� For the most important design parameter, noise, is it easily motivated. As long as therest of the read out 
hain is 
arefully designed (engineered) the noise is only dependenton the inherent noise sour
es of the dete
tor itself (whi
h 
annot be removed) andon the input stage of the front-end ampli�er. This requires a good low noise frontend design, as explained in the previous se
tions.� The 
hoi
e of the a
tual pro
ess for the front-end, like CMOS, bipolar or BiCMOS,and the material like sili
on or GaAs, relies on the requirements to speed, S/N andradiation hardness.� Single 
hip testing on wafer is essential sin
e very high yield is seldom found. Toassemble and rework read-out boards/hybrids with several bad 
hips are mu
h moretime 
onsuming and 
ostly than testing the individual 
hips. It must be proved thatwafer testing gives results that are very 
lose to what are measured on assembledboards/hybrids. This requires very low noise test methods.My work has mainly been 
on
erned with the last point. A very low noise read-outand test system for VA 
hips has been developed, 
alled VA-DAQ. The VA-DAQ system
an be 
on�gured for testing single 
hips on wafer with a probe 
ard, or the �nished readout boards. Automati
 testing measuring all vital parameters exist, whi
h will produ
e adata sheet 
ontaining the result. Cuts 
an be de�ned on all these parameters to lo
ate bad
hannels or overall 
hip parameters that are not a

eptable. Results from probe testingand assembled boards are given and 
ompared, to show the validity of the probe testingand also typi
al spread in parameters for VA-
hips. The example 
hip used is VA1 and theboard is the readout board designed by the author to read-out the Sili
on Vertex Dete
tor(SVD) in the Belle experiment.In addition it should be mentioned that the VA-DAQ system is a full readout systemthat 
an be used in experiments where the front-end is based on VA/TA-type of 
hips. Fullsoftware exist to dump data from a system under test and to later analyze them o�-line.Examples of results with the VA-DAQ readout system are presented.1.5.2 Readout boardsThe importan
e of 
areful design, pro
essing and testing of the readout boards is:� The design of the read out hybrid requires good knowledge of low noise ele
troni
s,and all the te
hniques ne
essary to avoid noise sour
es to 
ouple into the signal read-out 
hain, thereby redu
ing the inherent signal-to-noise ratio of the sensor/front-end
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tor system 41stage. Items that needs 
areful engineering are grounding s
hemes, whi
h needs ex-treme 
onsiderations sin
e its vital to have good performan
e. Other important fa
-tors are low impedan
e supply/grounds paths usually a
hieved by planes or fat tra
ksto minimize resistivity part and de
oupling 
lose to 
hips to have low impedan
e re-turn path. Other key issues are the use of di�erential low swing digital signals tominimize 
apa
itive 
ouplings to sensitive analogue parts.� The pro
essing sele
ted for the readout board depends on several fa
tors. The mostimportant me
hani
al 
onstraint is usually to minimize the total material sin
e thisimproves the tra
king , whi
h otherwise are worsened by multiple Coulomb s
atteringin the module material. This 
onstraint needs to be balan
ed against the need formaterial to assure the wanted me
hani
al stability (espe
ially if the module is itselfa part of the alignment of the sensor) and need for good thermal transport of theheat produ
ed by the sensor and the readout 
hips. For the ele
tri
al properties,one must sele
t a pro
ess that gives the ne
essary resistivity of tra
ks (Cu, Au, Ag),the required minimum tra
k separation (
hips are bare sili
on and must be bondedat small pit
hes), bondable and solderable/gluable 
ondu
tors and the ne
essaryminimum permittivity (to redu
e 
apa
itive 
ouplings).� The testing is needed to 
on�rm that the full board ful�lls all the spe
i�
ationsgiven. The same test system 
an usually be employed for both 
hips on wafer andfor �nished boards.On the board/hybrid/module level I have been involved in all three phases. In thedesign phase I have 
onstru
ted boards 
overing a wide range of experiments. The ex-periments used to exemplify designs of read-out boards are the RICH-sub-dete
tor at theCleo-III experiment at Cornell CESR (US), the SVD-sub-dete
tor at the Belle experimentat KEK-B (Japan), and the SCT-sub-dete
tor at the ATLAS experiment at LHC (CERN).This will show the di�eren
e between systems with very di�erent requirements in terms ofspeed, size, radiation levels, material radiation thi
kness and thermal transport.The pro
essing te
hniques used depend on the experiment. In Cleo-III a 4-layer PCBin FR4 was used. In this 
ase the PCB has no fun
tion in the support of any 
riti
allyaligned part. They are just plugged into the ba
kside 
athode plane of the RICH-
ylinder.For Belle two di�erent versions were made. Both are based on an AlN substrate, whi
his a rigid 
erami
 with good thermal properties. The sili
on sensors are atta
hed to thehybrid and whi
h is thus important in the me
hani
al stability and alignment of the sensors.A good heat 
ondu
tivity is needed sin
e several read-out 
hips are �tted in a small area.The �rst version had a 300�m AlN substrate with one thin �lm gold layer on top. Ontop of this a 300�m FR4 two-layer PCB was glued, with a polyimide �lm in between toensure isolation where this is wanted. This is a rather fast and 
heap way to make a multilayer module with mu
h better me
hani
al and thermal properties than a
hievable withonly FR4.In ATLAS even more extreme solutions are required. Two approa
hes are tried, the �rstone is the baseline solution for ATLAS and is a thi
k �lm hybrid, where the substrate is a
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tion to parti
le dete
tionBeO 
erami
 and the 
ondu
ting and insulating layers are printed on top. The 
ondu
toris gold and the insulator is based on aluminum-oxide. Another solution tried as an RD isa 
exible thin �lm hybrid based on 
ondu
ting layers of aluminum and insulating layers ofpolyimide.The test results of the produ
ed boards for Cleo-RICH and Belle-SVD are presented,whi
h show typi
al values and spreads in parameters for the front-end 
hips. A DSP basedread-out system was used to test all 2200 boards delivered, and statisti
s on the �rst 1000are given. The Belle-SVD boards were tested using the VA-DAQ system, and statisti
s onmore than half the delivered boards are presented (120 5-
hip boards). Results obtainedby more or less �nished CLEO-RICH and Belle-SVD dete
tors are also presented. Resultsfrom fully equipped (6 
hip) BeO hybrid prototypes for ATLAS are given, as found in apaper presented at the 1997 IEEE Nu
lear S
ien
e Symposium in Albuquerque.1.6 Outline of thesisThe introdu
tory remarks in the previous se
tion summarize the subje
ts treated and thework done. Below follows an outline of how the following 
hapters are organized. Ea
h
hapter 
an be read as a separate part and has its own summarizing remarks. The last
hapter, 
hapter 5, summarizes and 
on
ludes on the results obtained in this thesis.� Chapter 2 summarizes the VA-DAQ read-out and test system for VA-
hips. Moti-vation for su
h a system, des
ription of its usability and performan
e is given. TheVA-DAQ system is now sold as a produ
t of Integrated Dete
tor & Ele
troni
s, the
ommer
ial vendor of the VA/TA/XA type of front-end 
hips.� Chapter 3 treats readout boards developed for Belle at KEK-B and Cleo-III atCornell CESR, whi
h are similar physi
s experiments. They are both B-fa
torieswith 
lean e+e� beams at the �(4S) peak, but the boards are used in very di�erentsub-dete
tors, a Ring Imaging Cherenkov dete
tor in Cleo-III and a Sili
on VertexDete
tor in Belle. The 
hoi
e of read-out 
hips and readout-boards are motivatedfrom the di�eren
e in the signal generated in a MWPC and a sili
on dete
tor and thelo
ation of the sub-dete
tor within the full dete
tor. Instead of just listing results,a 
omparative study of the two experiments is done in some 
ases, sin
e it usuallybetter illustrates the 
hoi
es made. Two examples 
an illustrate this already at thisstage. The SVD is the innermost dete
tor, and in order not to ruin the performan
eof other dete
tors it should have very little material to minimize Coulomb s
attering.This is not so 
riti
al for the RICH, whi
h sits further from the beam. In the RICHdete
tor, where the 
harge signal for the input 
hips are taken from the 
athode padsof a MWPC, the signal due to a 
harged parti
le 
rossing the gas is typi
ally 20times bigger than the signal generated in a pad due to 
onverted photons from theCerenkov light. This will require a very high dynami
 range front-end 
hip for theRICH. In the SVD we are always interested in dete
ting just the position of 
harged
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les, whi
h all have enough energy to give a signal in the 1 MIP range. A highdynami
 range 
hip is therefore not ne
essary, and one 
an use a lower noise 
hip.� Chapter 4 
on
erns the ATLAS SCT, where the sub-dete
tor is SCT, sili
on bar-rels and disks using Si-strip sensors for tra
king (a SVD). This is an experiment withan enormous in
rease in 
omplexity due to the in
rease in speed, size and radia-tion levels. This requires new te
hnologies for solving all problems. Several hybriddesigns are presented, most of them based on BeO substrates, but also alternativethin �lm designs using aluminum/polyimide. Some results a
hieved with these hy-brids (also assembled modules) are referred to. It is shown that the material budget
an more or less be met with both te
hnologies. The reason for doing RD on thealuminum/polyimide solution is the potential of even lower material, better thermalproperties, and better ele
tri
al properties.
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Chapter 2A General read-out and test systembased on VA/TAA general low-
ost PC-based system for test and read-out VA/TA front-end ampli�erswas fully developed by the author during 1998. The 
omplete hardware and an extensive
olle
tion of software routines, 
ontained within the VA-DAQ program, were made withinthis short time span. The short turn-around time and its 
exibility in use are mostlyattributed to the 
hoi
e of implementing the 
ode in the graphi
al programming languageLabView, a trade mark of National Instruments. Labview is today one of the most usedtools for data a
quisition and instrumentation for s
ienti�
 and 
ommer
ial appli
ations.The system has been highly su

essful and is today used for probe testing, veri�
ationand data sheet generation of all VA/TA 
hips of IDE. The 
exibility of the system alsoallows it to be 
onne
ted to any high ohmi
 
apa
itive (the signal being a 
harge) solidstate dete
tor that 
an be read out by VA/TA 
hips.The su

ess of the system is also demonstrated by being sold to over 20 resear
h insti-tutions, universities and major 
ompanies in the �eld of parti
le dete
tion throughout theworld.2.1 Introdu
tion to the VA/TA and the VA-DAQThe VA-family of 
hips manufa
tured by Integrated Dete
tor & Ele
troni
s AS (IDE)in Norway, 
ontains more than 20 very low noise read out 
hips normally used as thefront-end ampli�ers for parti
le and photon sensors, su
h as sili
on pad- and strip sensorsand multi-wire proportional 
hambers. These sensors �nd their use both in high energyphysi
s and medi
al imaging. Even though the VA series of 
hips are tailored for a varietyof appli
ations, as seen from their wide range of possible input 
harges, input 
apa
itan
eand peaking times, they have all the same fun
tional s
hemati
. The 
hips typi
ally have128 or less parallel input 
harge sensitive ampli�ers. The front-end is based on a pre-ampli�er integrator followed by a shaper, both 
onstru
ted from OTAs as des
ribed in
hapter 1. Ea
h 
hannel fa
ilitates a separate hold 
ir
uitry and the 
hip has a 
ommon45
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Figure 2.1: The working prin
iple of a VA 
hip.multiplexed analogue output. The prin
iple of the 
hips is shown in �gure 2.1, and thea

ompanying timing diagram in �gure 2.2.The read-out sequen
e starts with issuing a hold signal, whi
h will open the samplingswit
hes su
h that ea
h 
hannel holds the signal at the time the hold was issued. At theend of the previous read-out 
y
le a shift-in bit has been inserted in the 
hip. This meansthat the value of the �rst 
hannel is already at the 
hip output and ready to be sampled.The 
hip is 
lo
ked and an ADC sampling performed, and this is repeated until all 
hannelshave been sampled.All 
hips have the possibility to be fully 
he
ked on a 
hannel to 
hannel basis withouthaving to 
onne
t to the a
tual input 
hannels (or to a sensor), by using the 
alibrationinput mux to inje
t a 
harge into any spe
i�
 
hannel.The 
hip size, typi
ally in the order of 5mm by 5mm, allows the sensor to have aslow as 50�m 
hannel pit
h. Table 2.1 summarizes parameters for two VA-
hips, VA1 andVA-RICH, the 
hips used in the experiments dis
ussed in 
hapter 3. Figure 2.3 shows thea
tual layouts of these two 
hips. The VA-RICH is a 64 
hannel 
hip for bonding to aboard, whereas the VA1 is a 128 
hannel 
hip for dire
t bonding to a 50�m strip dete
tor.The VA-DAQ system des
ribed in this 
hapter is intended to be used as a general testand read-out system for the whole family of VA-
hips. Typi
al use is in probe testing forveri�
ation of 
hips before they are taken from the sili
on wafer, or in testing of read-outhybrids, whi
h typi
ally feature from 2 to 10 
hips on small printed 
ir
uit boards or thi
k�lm hybrids. Sin
e the VA-family, as opposed to the XA-family of IDE, does not fa
ilitate
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ch#4 withFigure 2.2: Channel response and readout sequen
ing of a VA 
hip.Parameter VA-RICH VA1Pro
ess 1:2�m CMOS 1:2�m CMOSSize 5:2mm by 4:5mm 4:5mm by 6:2mmDire
t dete
tor pit
h not appli
able 50�mCapa
itive load < 10 pF < 100 pFNoise 100e� + 15e�=pF 165e� + 6:1e�=pFTypi
al gain � 8:3�A=fC � 17:9� 0:8�A=fCGain range of 
hip 10% of mean 
hip gain 5:4% of mean 
hip gainPedestal range of 
hip 4:5% of full range 2:4% of rangeAvg. 
hip ped. spread � < 2:5% of range � < 0:8% of rangeTable 2.1: Summary of VA-RICH and VA1 parameters.self-triggering, an external trigger is needed to use VA-DAQ as a read-out system. TheVA-DAQ system 
an a

ept several types of external triggers. For instan
e a NIM triggeron a LEMO from a s
intillator/photo-multiplier or from a TA-
hip, the trigger 
hip ofIDE. The TA-
hip 
an not be used with any VA-
hip, sin
e it requires to be bonded to theoutput of the preampli�er of ea
h VA 
hannel.The TA 
ontains a very fast shaper (
ompared to the VA shaper), whi
h is followed bya 
omparator. A 
ommon voltage threshold 
an be set for all 
hannels. The output of all
omparators are ORed together, to give a single trigger for the 
hip. The TA prin
iple isshown in �gure 2.4, and the timing diagram in �gure 2.5. The fast TA trigger is, after adelay to mat
h the typi
al VA peaking time, a suitable 
andidate for making a hold signal



48 A General read-out and test system based on VA/TA

hFigure 2.3: Layout of VA1 (right) and VA-RICH (left), their size being 6:2mm by 4:5mmand 5:2mm by 4:5mm, respe
tively. The 
hips shown in s
ale 10:1.
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ombination.for the VA. Only a very small time jitter is asso
iated with the trigger for di�erent input
harges above the threshold, sin
e the fast shaper has a very fast rise time.The VA-DAQ was designed to minimize 
ost and equipment for the user. It is fully
ontrolled with a PC through the parallel port, and the user interfa
e is LabView, thepresent standard in data a
quisition and instrumentation, whi
h features easy graphi
alprogramming. The software, 
onsisting of many high level VIs (short for Virtual Instru-ment), allows the user to measure all fundamental parameters of the 
hips, su
h as gain,pedestal and noise pro�les. In addition exists a detailed des
ription of the lower level rou-tines, whi
h makes it easy for the user to build his own high level VIs for measuring other
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thresholdFigure 2.5: Timing diagram for a VA-TA front end.interesting parameters or 
orrelations.The VA-DAQ system is �tted in a box of approximately 25 
m square and 10 
m height.The general VA-DAQ board is within this box plugged into a board that routes all ne
-essary signals to a 
onne
tor in the front of the box (The ADAPTER board). Two su
hADAPTER boards 
urrently exist, one that emulates the old VA repeater 
ard output,and one re
ommended for new designs. Both de�nitions use a 50 pin ERNI 
onne
torfor 50mil 
at 
ables. The new de�nition 
ontains all signals needed for a VA-TA hybridboard. The user 
an have his own ADAPTER board designed, to interfa
e to any preferred
onne
tor in the front plate of the VA-DAQ box. Figure 2.6 shows a pi
ture of a VA-DAQsetup, 
onsisting of the VA-DAQ, a PC and a lab-ben
h power supply. Figure 2.7 showsa pi
ture of the inside of a VA-DAQ system, with the VA-DAQ board and an ADAPTERboard visible.This 
hapter will try to fo
us on the more general side of the VA-DAQ software andhardware. Most of the details are des
ribed in the appendix.2.2 A short software des
riptionThe main program for 
ontrolling the VA-DAQ system, is the LabView VI (Virtual Instru-ment) 
alled VADAQ.VI. This is a menu driven program from where a large sele
tion ofmeasurements on a VA/TA 
hip or hybrid 
an be laun
hed. The most important VIs are:� Bias settings. The VA-
hip supplies and biasing 
an be set. De�nition �les 
an beread or written for the 
hip or hybrid under test, su
h that the system rapidly 
anbe brought to a spe
i�
 operating 
ondition.
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Figure 2.6: Pi
ture of a VA-DAQ system, showing the VA-DAQ box, a PC and a lab-ben
hsupply.� Os
illos
ope. The output wave-form from a VA 
hip subje
ted to a 
alibrationpulse is shown 
ontinuously. The size of the 
alibration pulse, and biasing voltagesand 
urrents 
an be 
hanged on the 
y. This will help the user to �nd an appropriatepulse-shape response of the 
hip.� Pedestals and noise. Measures the pedestal and the noise of all 
hannels in a
hip. This is done by using a standard read- out sequen
e, where a hold is issuedto the 
hip and 
onse
utive 
lo
ks and samplings of the VA 
hip output return thepedestal of all 
hannels. The noise is 
al
ulated from the spread in the pedestal valueof a 
hannel over several read-out sequen
es. The noise is given after 
ommon modesubtra
tion on a 
hip basis, and also the 
ommon mode for ea
h 
hip is shown.� Gain measurement. Measures gain and pedestal of every 
hannel in a 
hip. Thisis done by �tting the signal response 
urve (output voltage vs. input 
harge) for a
hannel to a n'th order polynomial. The gain is taken as the slope of the pro�le (andthe pedestal as the value of the pro�le) at zero input 
harge.
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Figure 2.7: Pi
ture of the inside of a VA-DAQ system. It shows the VA-DAQ PCB andan adapter board.� Peaking time measurement. Measures the peaking time for ea
h 
hannel for a�xed input 
harge. The exa
t peaking time is found from �tting a polynomial to anaveraged os
illos
ope pi
ture.� Signal pro�le. Sweeps through the full range of 
alibrating pulses to make a signalpro�le for a 
hannel. Should give an ar
-tangent shape with plateaus for both extremepolarities of the 
alibration step. If these plateaus are not seen, the attenuation ofthe 
alibration step should be 
hanged so that the 
alibration signal 
overs the fulldynami
 range of the VA 
hip under test. A routine similar to this is the 
ore of thegain measurement.� Automati
 data sheet generation. Sweeps through a set of tests, de�ned by theuser, resulting in a data sheet in ASCII format des
ribing the results. A

eptan
e
riteria 
an be set for all important parameters to mark 
hannels as dead or alive.After a data sheet is de�ned the settings 
an be 
ommitted to a �le for later use.



52 A General read-out and test system based on VA/TA2.3 The use of VA ampli�ersThe VA serial readout stru
ture is a very simple s
heme, but it has its limitations, 
omparedto the more advan
ed 
hips of 
hapter 4. It 
an not be used in a dead-time free system,be
ause when a trigger is issued the 
hip will hold the data from ea
h 
hannel until all
hannels are multiplexed out. This puts limitations on the readout rate. A system with1024 
hannels using a readout 
lo
k of about 1MHz will be busy and not a

epting triggers(events/parti
les) for about 1ms after the previous trigger.A 
ertain pre-ampli�er/shaper stage 
an not be optimal for all ranges of input 
harges(dynami
 range), input 
apa
itive load and peaking times. The �rst de
isions for a spe
i�
appli
ation will be to sele
t a 
hip whi
h more or less mat
h the dynami
 range and
apa
itive load presented by the dete
tor.The most important parameter for the system is the S/N-ratio, sin
e this ultimatelyde�nes the resolution of the system. In an energy measurement (of photons) this de
idesthe energy resolution, and in a sili
on strip dete
tor it will de
ide the optimal positionresolution. To tune the front end will 
orrespond to maximize S/N by s
anning all ad-justable front-end parameters. These parameters usually in
ludes the 
urrent 
onsumptionand the feedba
k resistan
e in the pre-amp and shaper. The parameters will 
hange thegain, peaking time, amount of undershoot and other features of the pre-amp/shaper outputwaveform. Unfortunately is this tuning often 
onstrained. The two most typi
al 
onstraintsare the power 
onsumption and the peaking time.The power 
onsumption is usually limited due to total power budgets, for instan
e inspa
e appli
ations, or due to limited 
ooling possibilities. The 
hip power 
onsumption isalmost totally determined by the 
urrent in the gain stages (transistors) of the pre-ampand shaper, thus 
onstraining the tuning possibilities.In a 
ollider experiment the �rst important setting is peaking time, whi
h is �xed.When a 
ollision o

ur there will typi
ally take in the order of 1 � 10�s (a �xed time forea
h experiment) until we know if this was an interesting 
ollision/event. When the triggerde
ision 
omes, typi
ally based on 
alorimeters or muon spe
trometers, the front end 
hipis told to hold the data. Sin
e we want to sample at the peak of the pulse shape the 
hipshould be optimized to have a peaking time equal to the trigger de
ision time. Trying tosample o� the peak means in
luding extra noise sin
e any time jitter in the system will bemapped into a voltage jitter (noise).When optimal settings are found for the S/N (measured as the ENC of ea
h 
hannel)other parameters 
an be measured for the 
hip. Typi
ally the signal response of a 
hipis 
hara
terized by only two number, being the pedestal and the gain. The pedestal of a
hannel is de�ned as its value (DC value) at zero input 
harge. The gain is given as theslope of the signal response at zero input 
harge. Due to transistor variation the pedestaland gain are slightly di�erent from 
hannel to 
hannel. In a typi
al appli
ation the user isinterested in 
onstraining the 
hannel to 
hannel variation. This is easily motivated by thefa
t that the serial readout ne
essarily means quantization of the data by a single ADCwith a 
ertain input range. A 
hannel with pedestal or gain far o� the typi
al values ismore or less useless sin
e its output does not map the ADC input range. If parameters
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lose enough it will often be suÆ
ient to represent the gains and pedestals of a 
hipwith two single numbers (the average pedestal and the average gain), greatly redu
ing the
al
ulations needed in the later data analysis. It 
an even fa
ilitate more of the analysison a DSP 
lose to the front end, redu
ing the data �les dumped to disk for later analysis.For some appli
ations also linearity plays a role. The 
hannel output should be linear fora 
ertain input 
harge range.This was a general des
ription on 
hara
terizing CSA 
hips, whi
h motivates the exist-ing measurements available within the VA-DAQ software.2.4 Overview of 
hip measurementsThe VA-DAQ system front panel is shown in �gure 2.8. It is a menu driven programwhere the required operation 
an be sele
ted from the menu list on the left hand side.The operations 
an be divided into four 
lasses. The �rst menu items are for setting upthe system, the next group of items for measuring VA parameters, the third group formeasuring TA parameters and the last group for doing dete
tor readout. The dete
torreadout options are for single 
hannel readout or full system readout. The 
hip suppliesand their 
urrent draw are shown on the front panel. The supplies are automati
ally turnedo� if a de�ned 
urrent limit is passed.2.5 Setting up the VA-DAQ systemThree menu items exist for setting up the system, Initialize & Calibrate, VA-DAQsetup, and Swap VA Chip/Board.2.5.1 Startup of systemWhen the VA-DAQ system is �rst started one need to initialize it with the menu itemInitialize & Calibrate. The system will go through a self test and also 
alibrate someparameters. Ea
h self test will either give a red or green LED depending on the su

ess.All LEDS should be green for the system to perform properly.It is not ne
essary to run this item more than on
e unless the lab-ben
h supply forthe VA-DAQ or the PC is turned on or o�. The system 
an query for an initialization�le during this phase, and the VADAQ.INI �le needs to be spe
i�ed. The �le 
ontainsthe parameters spe
i�
 for the VA-DAQ system used. If this �le is found in the 
orre
tdire
tory it will not be queried.2.5.2 Setting up for VA-TA testingAfter the initialization of VA-DAQ one should set up the system for testing a spe
i�
VA-TA-board, by the VA-DAQ Setup menu item. Figure 2.9 shows the setup window,
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C L E ARFigure 2.8: Front panel of the VA-DAQ software.whi
h presents the user with several options. The menu items on the left 
ould more orless be run in the listed order from top to bottom to setup the system.The �rst menu item,Calibrate VA Current, is used to 
alibrate the 
urrent used bythe VA 
hip/board under test. This 
alibration is needed sin
e also the VA-DAQ boarditself has units powered by the same supply as the VA-
hips. The 
urrents used by theseunits should be subtra
ted in order to get the 
orre
t 
urrent draw by the 
hips.All parameters for putting the VA-DAQ in a spe
i�
 state for testing a 
ertain VA-board 
an be put in a �le, 
alled a de�nition �le. This �le 
an be retrieved by 
hoosing themenu item,Read de�nition �le. When the �le has been read the right side of the setupwindow will show the general parameters given by the �le, su
h as the 
hip type under test,how many 
hips on the tested boards and so on. However, the most important parametersare the values of all voltage and 
urrent biases and the values of the 
hip supplies. These
an be popped up by sele
ting the Setup biasing item in the setup frame. Here the valuesof all biases as read from the de�nition �le are listed, and they 
an be 
hanged. The menuitem Use 
urrent bias settings is very useful. It will take the values 
urrently in thesystem and �ll them in as default values in the tables. For ea
h bias and supply an o�setvalue 
an be set. If a bias is further from the default value than the o�set indi
ates it isregarded as an error.
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Shape op t im iza t i onFigure 2.9: The Setup menu of the VA-DAQ system.After the de�nition �le has been read the system will not apply the values from the �lebefore it is ordered by the user. This is done with the For
e bias & supply menu item.The result of the for
ing will be listed and error messages given if it was not possible toset a bias to a value 
loser than the o�set value indi
ates. Errors 
an be 
aused by 
hipproblems or by the board under test. At later stages it 
an be interesting to 
he
k whetherbiases and supplies are within the default values set, this 
an be done by the Che
k bias& supply menu item.Several of the VI's in the main menu 
an 
hange the setup, for instan
e 
an the Os
il-los
ope 
hange spe
i�
 bias values. As long as the new value has not been set to defaultvalue by sele
ting Use 
urrent bias settings, they will be reset to default by using forinstan
e the For
e bias & Supply. After playing around with a new board and one issatis�ed with all settings, one should push Use 
urrent bias settings and write a newde�nition �le, using the Write de�nition �le menu item.If one for some reason would like to 
hange a bias or a supply to a new value it 
anbe done by the buttons Adjust VA biases and Adjust VA supplies. The �rst onelist all bias values of the system in a window, as seen in �gure 2.10 for a �ve 
hip VA2hybrid. The user 
an 
hange a spe
i�
 bias or for
e all biases to the values given by thede�nition, similar to the for
e program. The user 
an set the VA 
hip supplies in therange 1:7�2:4V for the positive supply and the equivalent negative range for the negativesupply. The values for the 
urrents listed will only be the a
tual VA 
hip 
urrents as long
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# & & 0 1 2 % 3 * 4 0 ' ,Figure 2.10: VA-DAQ panel for setting VA bias values.as the Calibrate VA 
urrent has been performed.Hot swapping of a 
hip/board under test is vital to speed up testing. This is done bythe Swap 
hip/board button. It will put all supplies, biases and digital lines for theVA 
hips to ground level. When �nished, a re-
alibration of the test 
harge is performed.This is easily motivated, sin
e the inje
ted test 
harge depends on the a
tual terminatingresistor on the board under test. The attenuation of the of the test 
harge also in
ludessome jumpers in the ba
k plate of the VA-DAQ system. If these jumpers have been moved,Swap 
hip/board must be run to re-
alibrate. In this 
ase the board does not have tobe dis
onne
ted.The last button in the setup menu is 
alled Shape optimization. There exist twopossible options, one to s
an any bias to �nd an optimal peaking time and a se
ond tos
an any bias to �nd the ENC and the gain (usually to lo
ate the lowest possible noise).These are des
ribed below.Peaking time as a fun
tion of biasingIt is sometimes interesting to work with bias values not at nominal settings, for instan
eto re-tune for another peaking time that better mat
h the appli
ation. For instan
e in a
ollider experiment the hold time (peaking time) of the 
hip needs to be set to the �rstlevel trigger delay.In order to �nd su
h a setting it is interesting to s
an for instan
e one of the biases,with the others still at nominal value, to see the e�e
t on the peaking time and signalheight. This is exa
tly what this menu item 
an perform.



2.6 VA measurements 57For the shape of the VA pulse, the most interesting parameters to s
an are the shabiasand the vfs. The �rst 
ontrols the amount of 
urrent 
oating in the shaper OTA. Loweringthe 
urrent will lower the band-with of the OTA, thus in
reasing the peaking time. Thevfs voltage 
ontrols the feedba
k resistan
e in the shaper, and thus the RC time-
onstantand the pulse shape.ENC as a fun
tion of biasingThis VI allows the user to s
an one of the biases and see the e�e
t it has on the ENC andgain. Both ENC and gain are de�ned as the average over all 
hannels. It is important tonote that the test is performed at a �xed hold delay. This is a very important optimization,sin
e the ENC is the single most important parameter of a system.In order to a
hieve good noise performan
e it is important that vfp is as low as possible.This voltage 
ontrols the feedba
k resistan
e of the front-end OTA. Sin
e this OTA shouldoperate as an integrator, the resistan
e should be as high as possible. If it be
omes tohigh, nothing will stabilize the DC point of the integrator and the signal response will die.By s
anning vfp one 
an �nd the voltage knee where the 
hannel dies. To have good noiseperforman
e one should sele
t a vfp value 50 � 100mV above this point.An alternative way to �nd a good vfp value will be to alter vfp in the Os
illos
opeand look for the vfp point where the signal response dies out, and in a similar way sele
ta vfp value 50� 100mV above.2.6 VA measurementsThe menu items 
orresponding to VA measurements are the Channel os
illos
ope,Pedestals & noise, Gains & pedestals, Peaking time and Peaks. The os
illos
opelooks only at a single 
hannel, while the other measure some parameter for all 
hannels.2.6.1 VA signal waveformThe VI allows the user to look at a running os
illos
ope pi
ture of an user sele
ted 
hannel,by sele
ting theOs
illos
ope from the main menu. The front panel is shown in �gure 2.11.It is possible to sele
t the time window (typi
ally �1�s to 30�s) with respe
t to thetime of 
harge inje
tion to the 
hip, and it is also possible to sele
t the input 
harge in fC.The waveform is not the response to a single 
harge inje
tion, but rather ea
h point on thewaveform is found from a separate 
harge inje
tion. The full waveform is therefore foundby s
anning the sampling time over the sele
ted time window, sampling at ea
h time-stepwith a 
harge inje
ted. The s
an interval (time resolution of waveform) is in the order of250 ns if the COARSE button is set, whi
h is good enough for typi
al VA waveforms with2�s peaking and tails rea
hing to about 10�s. If the time resolution is set to FINE, it isin the order of 25 ns and a maximum time window of about 2:5�s. It 
an be used to look
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Figure 2.11: VA-DAQ os
illos
ope showing a typi
al VA 
hannel response.at details of the rising edge of VA pulses and to look at waveforms for fast VA 
hips withpeaking times from 75 � 500 ns.If the user zooms in on the peak by sele
ting a suitable start and end time, the valueson the right side of the s
reen will indi
ate the 
orre
t peaking time and peak value.In the lower end of the panel it is possible to adjust any of the 
hip biases so that anoptimum shape 
an be found.2.6.2 Measuring o�sets and their deviationThe VI Pedestals & noise performs a full read-out sequen
e a 
ertain number of times(runs) indi
ated by the user. The pedestal (o�set) of a 
hannel is taken as its averagevalue over the runs. The raw noise of a 
hannel is de�ned as the standard deviation ofthe samples for this 
hannel. For ea
h readout sequen
e and for ea
h 
hip a quantity
alled 
ommon mode 
an be de�ned, being the average of all pedestals for that 
hip forthat spe
i�
 readout 
y
le. The 
ommon mode 
an be subtra
ted from the raw pedestaldata, giving the 
ommon mode subtra
ted pedestals. The 
hannel noise is 
al
ulated fromthe 
ommon mode subtra
ted data, as opposed to the raw 
hannel noise. The standarddeviation on the set of 
ommon mode values for a 
hip over all runs is de�ned as the
ommon mode noise of the 
hip, also listed on the front panel.In the 
ase of a Gaussian distributed 
hannel noise and a Gaussian distributed 
ommonmode noise, it is easily shown that the total 
hannel noise is the root square sum of the
ommon mode subtra
ted 
hannel noise and the 
ommon mode noise. This result is provedon a general basis in the appendix, as equation B.15.Figure 2.12 shows the front panel of this VI, with data for a 5-
hip VA2 hybrid. Boththe noise and the pedestals are listed as voltage levels into the ADC.
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Figure 2.13: VA-DAQ front panel for measuring gains and pedestals.2.6.3 Gain measurementsThe menu item Gains & pedestals will measure the gain and pedestal of all 
hannels,its window being shown in �gure 2.13. The shown plot is for a 5-
hip VA2 hybrid, and itis 
learly visible that the 5 
hips have slightly di�erent gain.
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[us ]Figure 2.14: Variation of peaking time as a fun
tion of input 
harge for a VA 
hannel.In order to a
hieve a 
orre
t result, two single 
hannel tests should be run. These havetheir own buttons on the front panel 
alledChe
k peak time and Che
k signal pro�le.It is important that the user has found a suitable hold time, su
h that the signalresponse is sampled at the peak. This 
an be found by the Che
k peak time. Theinje
ted 
harge will be s
anned in the 
urrently set 
harge range. For ea
h 
harge pointthe peaking time and signal height (not subtra
ting the pedestal) are measured. Two plotsare presented, one is the peaking time as fun
tion of input 
harge, the other the signalheight as fun
tion of input 
harge. This is shown in �gure 2.14.When a VA 
hip is used in a real read-out the hold time (peaking time) is �xed and itis therefore important that the peaking time does not 
hange mu
h with the input 
harge.In the ideal 
ase where the signal response is proportional to Qt exp(�t=� ), with Q theinput 
harge and � the peaking time, the peaking time should be independent of the input
harge. An a

eptable spread is about �200 ns. This will still give sampling more or lesson the 
at part of the peak. If the shape is assumed as above a 
al
ulation give that thesignal height is still 99:5% at time t = 1:8�s and t = 2:2�s, for a peaking time of 2:0�s.Figure 2.14 shows that for positive input 
harge is the peaking time in the range 1:8�2:0�sfor the s
anned 
harge range, and for negative 
harge a bit 
atter, more like 1:75�1:85�s.A peaking time mat
hing the typi
al input 
harge of the experiment should be used. This
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->Figure 2.15: Signal pro�le for a 
hannel in a TA1 
hip.spread over input 
harge 
an be 
ompared to the 
annel-to-
hannel spread found by themain menu item Peaking time des
ribed later.Che
k Signal pro�le will s
an a desired range of input 
harges (fC) and measurethe 
hip output signal (mV) at a desired hold time. The values are plotted with theinput 
harge along the x-axis and the 
hip response along the y-axis. The plot is �ttedto a polynomial, and the gain of the 
hip (mV/fC) is de�ned to be the slope (�rst order
oeÆ
ient) of the �t at zero input 
harge, whereas the pedestal (o�set, the 
hannels DCvalue) is de�ned as the output signal value at zero input 
harge (zero order 
oeÆ
ient ofthe �t). The signal pro�le is obtained several times for the same 
hannel to get statisti
son the a

ura
y of the gain measurement (%). If the a

ura
y is not good enough, eitherthe averaging or the number of 
harge points along the x-axis 
an be in
reased. Figure 2.15shows a typi
al front panel. The typi
al signal response is an ar
us tangent shape, whi
his easily �tted to a polynomial as long as the 
at plateaus are not in
luded in the �t. Theshown plot has de�ned a too big 
harge range and the third order polynomial has problemswith the plateaus at large input 
harges. In this 
ase the input range should be limited toa smaller range to get a good �t.If the two VIs Pedestals & noise and Gains & Pedestals have been run, the lastmain menu item, Ni
eplot, 
an be run. It will present the gain, pedestals and noise forall 
hannels in three plots, with a

ompanying histograms. This is the VI best suited forprinting the important 
hip parameters. Figure 2.16 shows the plot produ
ed for a �ve
hip VA2 hybrid after it has been optimized for minimum noise, with the 
onstraint thatthe peaking time should be 2�s. Average 
hannel noise is 64 e�, when the system noise issubtra
ted, to be 
ompared to 60 e�, the lowest possible noise for a single 
hip a

ordingto the VA2 data sheet.
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4O F L WFigure 2.16: Showing 
hannel pedestal, gain and noise for a 5 
hip VA2 hybrid. All 640
hannels are fully fun
tional.2.6.4 Peaking time measurementsThe menu item Peaking time will 
he
k the peaking time of all 
hannels. Ea
h 
hannelis pulsed with the same input 
harge, sele
table by the user, and the signal waveform fora 
ertain time range around the peak is obtained. A polynomial �t is done to obtain thepeaking time of ea
h 
hannel, whi
h is plotted. Figure 2.17 shows the front panel.2.6.5 Peak measurementsThe Peaks menu item 
an be used to 
he
k the full dynami
 range of all 
hannels in a VA
hip. Two input test 
harges 
an be de�ned for inje
tion to the 
hip under test. Typi
allyone sele
ts a big negative 
harge and a big positive 
harge. The signal height for ea
h ofthese two for all 
hannels is shown in two plots. This 
an be used to 
he
k the full dynami
range of the 
hannel, sin
e the gain measurement itself usually only sele
ts a more or lesslinear part of the ar
us tangent shaped total 
hannel response. If the two input 
hargesare sele
ted to be on the two plateaus of the ar
us tangent shape, the di�eren
e betweenthe two plots is the full output range of the 
hannels.2.7 TA measurementsThe interesting feature to measure for a TA 
hip is the 
hannel-to-
hannel variation of the
harge needed to have the 
hannel trigger, on
e a spe
i�
 threshold voltage is applied to
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Figure 2.17: Peaking time of all 128 
hannels of a TA1 
hip. The peaking time is in therange 1.0 to 1:1�s. Channel 43 is a dead 
hannel.(the 
omparator inputs of) the TA. The spread should be small to ensure that parti
les(for instan
e photons) have the same absolute energy threshold regardless of what 
hannelthe parti
le should hit. The VI TA 
harge s
an will measure the trigger 
harge for ea
h
hannel for a spe
i�
 threshold voltage.In addition it is interesting to look at the linearity of ea
h 
hannel. This is done with theTA voltage s
an whi
h is a single 
hannel measurement. Both menu items are des
ribedbelow.2.7.1 Threshold 
harge vs. voltageFigure 2.18 belonging to the menu itemTA voltage s
an shows a s
an for a single 
hannelof a TA1 
hip. We see that the trigger 
harge in the threshold voltage range of 15�50mVis linear. For the spe
i�
 
hannel a TA threshold of about 40mV is needed to set thetrigger level to 3:6 fC, whi
h is a signal of a MIP in 300�m of sili
on. This VI is typi
allyused to 
he
k the linearity of the 
harge trigger level versus the set voltage threshold, andto have a feeling for what threshold voltage to set to obtain a 
ertain trigger 
harge level.When this VI is run only the spe
i�
 
hannel under test is enabled to trigger. This is
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[mV]Figure 2.18: Trigger 
harge level as a fun
tion of TA threshold for one 
hannel of a TA
hip.done by down-loading a mask to the TA where only one 
hannel is set to trigger.2.7.2 Trigger 
harge levelThe TA 
harge s
an will for all 
hannels �nd the ne
essary inje
ted 
harge to triggerthe 
hip. This is done at a �xed TA threshold voltage. Figure 2.19 shows this plot for aTA1 
hip. It shows that for a set threshold of 53mV the trigger 
harge needed is in therange 2:9� 3:8 fC for all 
hannels ex
ept for 
hannel 43, whi
h is dead. The 
harge rangeto s
an, from 1 to 7 fC in plot 2.19, should be sele
ted to be a wide 
harge range aroundthe expe
ted average trigger 
harge, whi
h here is 3:4 fC.Two other interesting buttons exist. One is the Set threshold button, whi
h allowsone to set the TA threshold voltage. The other is the Single 
hannel button, used toperform a more detailed test of a single 
hannel. It is this single 
hannel test that helpsthe user to sele
t a good 
harge range to s
an, and the use of this test is des
ribed below.Single 
hannel trigger levelThis VI operates on a rather low level, o�ering several possibilities of experimenting withthe TA trigger for a spe
i�
 
hannel. The window asso
iated with this test is shown in�gure 2.20. Three buttons on the left will allow the user to de�ne a 
ertain input 
hargerange to s
an, Set 
harge, a TA threshold voltage Threshold and to de�ne the TA mask,Manual mask.The Manual mask allows one to enable 
ertain 
hannels for triggering. Typi
ally you
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harge level at a given threshold for all 
hannels of a TA1 
hip.
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4 7 . 0 5 mVFigure 2.20: Trigger probability of a given 
hannel as a fun
tion of the input 
harge.should only enable the 
hannel you want to test. It is also possible to sele
t what polarityyou want the 
hip to trigger on. This polarity is by default set to positive if the presentTA threshold voltage is positive, and to negative if the voltage is negative.



66 A General read-out and test system based on VA/TAWhen the VI is run it will for ea
h 
harge in the sele
ted range pulse the VA-TA boarda 
ertain number of times, given by the parameter 'Smpls/
harge'. The VA-DAQ systemwill 
ount how many of these pulses that a
tually gave a TA trigger in response, to buildthe lower plot that shows the trigger fra
tion in per
ent for the s
anned 
harge range. Thetrigger 
harge asso
iated with the set TA voltage is given by the x-axis 
harge at the pointwhere the trigger probability 
rosses 50%. Figure 2.20 (lower left) shows the trigger 
hargeto be 4:2 fC at a TA voltage threshold of 47mV. The observed plot should be that of anerror fun
tion, width the sharpness of 
rossing from 0 to 100% trigger eÆ
ien
y giving thenoise of the trigger 
hannel.A feature of the TA 
hip should here be mentioned. If the 
harge range is sele
tedin
luding both polarities one 
an often see that triggers are returned for the 'wrong' polarityas long as the 
harge is big enough. This only implies that the fast shaped TA pulse into the
omparator has a small undershoot and then an overshoot, whi
h, when the total 
hargeinje
ted is large, 
an 
reate a 
omparator trigger.2.8 VA-DAQ as a readout systemThe last group of menu items is for using the VA-DAQ system as a read-out system. Twomenu items, Single 
hannel readout and Full readout exist. The �rst one is typi
allyused to get a high rate system, in the order of 10k events per se
ond. A single 
hannelreadout 
an not give results as good as reading out the full system. This is due to thefa
t that the 
ommon mode noise 
annot be removed without reading out several 
hannels.The full 
hannel readout will give a maximum readout rate of about 32 kHz=
hannel on atypi
al equipped 1998 PC running Windows-95. This amount to about 250 events=s for a128-
hannel readout system.Both readout possibilities are otherwise very similar, and only full readout will bedes
ribed here. The front panel for Full readout is shown in �gure 2.21. It should bestressed that the data presented on the s
reen always will be raw data before any pedestaland 
ommon mode analysis have been performed.The 
olle
tion of data is divided into data 
olle
tion 
y
les. The �rst part of settingup this VI will be to sele
t the a
quisition time for ea
h 
y
le, and also the maximumnumbers of events allowed in ea
h 
y
le, in the shown plot these are 1000ms and 1000events, respe
tively. The last requirement is ne
essary to minimize the amount of RAMused by the arrays. If the arrays be
ome too big, the PC will have to do swapping ofdata between RAM and disk, whi
h will slow down the data 
olle
tion. A
quisition timesshould maximum be half an hour. Another reason to divide the a
quisition into 
y
les isto redu
e time used to update the s
reen. The s
reen is only updated at the end of ea
h
y
le.The se
ond part of the setup will be to de�ne the number of data 
olle
tion 
y
lesto be started when the RUN button is pushed, in the shown plot this is 100 
y
les. Arun 
an be stopped before all 
y
les are 
ompleted by pressing the STOP button. TheRETURN button will return to the main VA-DAQ panel. The a
tual plot also shows
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Figure 2.21: Full readout of a system in
luding a dete
tor. Allows raw data dumping to�le for later analysis.that dumping of raw data to �le is enabled, meaning that a �le with raw data 
olle
ted iswritten at the end of ea
h 
y
le. The a
tual �le dumping 
an be disabled, typi
ally doneunder the evaluation phase of a new setup, and in this 
ase the number of 
y
les is set to alarge number, su
h that one does not need to 
onstantly start a
quisition with the RUNbutton. The a
quisition time should be set short so that the s
reen is often updated. Fordata taking to �le, longer a
quisition time for ea
h 
y
le is better, redu
ing the time usedto update the s
reen and other unne
essary tasks.The data �les 
ontains raw 16-bit signed ADC values for ea
h 
hannel from ea
h event.There are no markers in between ea
h event, so the �le 
ontains Nevents � N
hannels signed16 bit integers. An index �le will be written to the same dire
tory as the raw data �les,showing the time the 
y
le was started and the amount of events in ea
h data �le.Three graphs on the panel allows the user to have a visualized pi
ture of the 
ontinuousdata 
olle
tion. The upper left one shows all values in a spe
i�
 
hannel (here 
hannelnumber 5) for all events of the last a
quisition 
y
le. This shows a rather 
at plot with 6spikes. These spikes are the times when the trigger was asso
iated with this spe
i�
 
hanneland are thus real signals. Most of the time it is however some of the other 
hannels thattrigger and we see just the pedestal value in this 
hannel. The pedestal is seen to be justabove 0mV, while the largest signals are around 400mV.The upper right graph shows the last event of the 186 events of the last 
y
le. We seethat 
learly 
hannel 12 has a big signal and must have been the 
hannel that gave a triggerfor this event. The signal is around 400mV. For the other 
hannels that did not triggerwe only see the pedestal value.



68 A General read-out and test system based on VA/TAThe last graph is a histogram for one of the 
hannel, here number 5. This histograma

umulates data from all 
y
les sin
e the run started. On the left it is seen that thishistogram 
ontains data from 41 
y
les (the run will 
ontinue to 100) and so far there are7720 entries in this histogram. The data sample from ea
h event is s
aled by the 
onstant'Signal ! histos
ale' and o�setted su
h that zero value ends up in bin number 'Zero signalbin'. The by far biggest peak is seen around bin 100, being all the events for 
hannel 5when it was not the triggering 
hannel. The peak is therefore indi
ating the pedestal valueof this 
hannel. The peak around bin 238 is however asso
iated with the Am-sour
e used.One 
learly see that the threshold voltage is set su
h that signals 
orresponding to lowerthan bin 145 will not trigger the TA. The width of the pedestal peak in the histogram
an be used to de�ne the raw 
hannel noise before any 
ommon-mode subtra
tion routineshave been used. It should be stressed that the histogram is not written to �le, only theraw ADC data is written.The user 
an write their own program to analyze the raw data �les. Additional pro-grams, not integrated into the VA-DAQ software, exist to analyze su
h raw data �les. Itwill read in the data �les, do pedestal and 
ommon mode subtra
tion on the data, andbuild histograms for ea
h 
hannel. Various 
uts on the quality of ea
h event 
an be set,and also the histogram size 
an be altered. S
aling and o�set 
oeÆ
ients map the rawADC values into a spe
i�
 histogram bin. Measurements 
an be performed on the energyhistograms, for instan
e to measure the energy resolution (%) of peaks in the spe
trum.The �gure 2.22 shows the result of a very simple analysis program used on data 
olle
ted bya 32 
hannel VA-TA system 
onne
ted to a sili
on pad dete
tor. The sensor was radiatedwith an 241Am sour
e, whi
h radiate 59:5 keV photons. The VA-TA system was 
on�nedin an aluminum box and the sensor radiated through a window from the top. The �gureshows the energy spe
trum for one of the 
hannels, and the Am-peak is easily lo
atedaround bin 515. Bin 100 in the histogram refers to 0 keV, and again shows a peak due tothe pedestals. The width of the pedestal peak gives the noise in a 
hannel after 
ommonmode subtra
tion sin
e the analysis do 
ommon mode subtra
tion. The plot in the lowerright 
orner of the �gure reveals the energy resolution of the Am-peak and it is seen to bein the order of 2:8% FWHM for most 
hannels.In �gure 2.23 the spe
trum for one of the 
hannels is shown. The pedestal peak hasbeen removed and the x-axis s
aled to show the energy in keV. The energy resolution ofthe Am-241 peak is about 2:8%. The threshold for this 
hannel of the TA 
hip is around20 keV. Closely below the sensor the bottom of the aluminum box will give rise to someba
k-s
attered photons. Figure 1.6 shows the most probable re
oil ele
tron energy of about11:4 keV, whi
h is also the maximum allowable energy, giving ba
k s
attered photons witha peak at about 48 keV. This is seen in the spe
trum.2.9 A des
ription of the hardwareThe VA-DAQ system 
ontains 5 fun
tional hardware units. These are referred to as PARIO,SUPPLY, ADC, PULSE and BIAS, ea
h des
ribed below. The VA-DAQ is a bus based
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Figure 2.22: Pre-analyze of Am-241 data taken with VA-DAQ system.
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Figure 2.23: Am-241 spe
trum from one pad of a 32 pad sili
on dete
tor.system, and the 
ard 
ontains an 8-bit bi-dire
tional bus, 
alled the VA-DAQ bus. ThePARIO unit sits between the PC and the VA-DAQ bus, allowing the PC to read andwrite to registers belonging to the other units over the VA-DAQ bus. The other units,all 
ontaining di�erent analogue fun
tions, are 
ontrolled by the state of these read andwrite registers. The VA-DAQ address spa
e 
ontains 8 readable and 8 writeable registers,making the VA-DAQ a memory mapped IO system. All operations that 
an be performedwith a VA-DAQ system 
an be boiled down to a series of read and write operations to thisIO-spa
e (registers).The design is implemented on a double Europe 
ard (160mm x 233mm). The tops
hemati
 and the PARIO interfa
e are found in �gure 2.24. A silk print showing 
om-
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Figure 2.24: The top s
hemati
 and the PARIO s
hemati
 for VA-DAQ 1.20.
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Figure 2.25: Silk print showing 
omponent pla
ement and dimensions of VA-DAQ 1.20.
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Figure 2.26: All 4 ele
tri
al layers of the VA-DAQ 1.20, showing from upper left to lowerright: the top layer for 
omponent mounting, the bottom layer, the ground plane and thepower plane.



2.9 A des
ription of the hardware 73ponent pla
ement is given in �gure 2.25. The VA-DAQ board 
ontains just above 500
omponents, all mounted on the top side, and almost all being surfa
e mounted. Thedesign is a 4 layered stru
ture. Two signal routing layers and two inner planes used forsplit ground and split power. Figure 2.26 is a 
ollage showing all 4 ele
tri
 layers.A variety of 
onne
tions to this lo
al bus 
an be foreseen. The present VA-DAQ systemuse the parallel port of a PC as the outside world 
onne
tion. The PARIO unit 
ontainsbu�ering and logi
 to map the parallel port Compatibility/Nibble-mode proto
ol for two-way data transport into the VA-DAQ lo
al bus proto
ol. The low-level software driver onthe PC 
ontains all that is spe
i�
 for the parallel port, su
h that the user of this driversees only read and write operations to the VA-DAQ lo
al bus as the possible/allowedoperations.In this way the only 
hanges needed when 
hanging the interfa
e to say USB (UniversalSerial Bus) would be to redesign the PARIO unit of VA-DAQ to a USBIO unit and 
hangethe driver to translate between USB and VA-DAQ lo
al bus instead of between the parallelport and VA-DAQ lo
al bus.2.9.1 Parallel Port Interfa
e; PARIOThe PARIO unit is the parallel port interfa
e and uses Compatibility mode (Centroni
sor standard mode) for byte transport to VA-DAQ, and Nibble mode for the reverse datatransport. Both these modes are supported by IEEE1284-1994, whi
h is the industryde�ned parallel port standard. The s
hemati
 is shown in �gure 2.24.The VA-DAQ system has 16 1-byte registers, 8 for reads and 8 for writes. The interfa
ehas been designed su
h that a 
hange to the mu
h faster EPP (Extended Parallel Port)mode easily 
an be done. In this mode byte reads and writes are both performed in a singleISA bus I/O 
y
le. In this way at least 500Kbytes of transfer rate 
ould be a
hieved, evenin the reverse dire
tion, if the ADC is 
hanged to a faster type (like LTC1419) that 
onvertsin 1:25�s. A 
hannel 
ould be read out in approximately 5�s (or less), 
ompared to the
urrent system where the read-out time is around 30�s.In the ba
k end of the VA-DAQ 
ard, a

ess to the internal data bus is available on a20 pin IDC (standard 
at-
able) 
onne
tor. The 8 data lines, 4 read strobes and 2 writestrobes and also 5V digital and ground, are available. This makes it easy to build anextension 
ard. By using a so 
alled long ADAPTER 
ard, the users 
an have a

ess tothe VA-DAQ bus and implement fun
tions spe
i�
 for their use.2.9.2 Supply voltage generation; SUPPLYThe s
hemati
 for this unit is shown in �gure 2.27. The low noise �2V supplies aregenerated, based on a s
hemati
 originally from the CERN VIKING repeater used forVIKING 
hips.Both supplies are monitored, and it is possible to measure the 
urrent to about 1mAand the voltage to about 200�V. It is possible to sele
t between pot-meter or PC 
ontrol(via a DAC) of ea
h of the supplies by a jumper. The output of ea
h supply is a

essible
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Figure 2.27: The SUPPLY s
hemati
 of VA-DAQ 1.20.to the rest of the system via a software 
ontrollable relay. This 
an be used to avoid lat
hup during probe testing or to ground lines when swapping VA-boards under test.In front two optional green light diodes indi
ates if the �2V supplies are on. Theintensity of the light indi
ates the voltage of the supply. About 1:8V gives weak lightwhile 2:4V gives strong light.2.9.3 Input signal sele
tion and sampling; ADCThe ADC s
hemati
 is shown in �gure 2.28, and it 
ontains a 14-bit ADC 
alled AD7871from Analog Devi
es, with an input range of �3V. The input is bu�ered by an op-ampfollower, whi
h input is from a 16 
hannel input multiplexor. The 16 
hannels are the
ards referen
e voltages (�2:5V), the VA 
hip supplies (�2V), the 
urrent draw of the
hip supplies, the �5V analogue supplies, the VA 
hip output after being pro
essed by thetrans-impedan
e input stage, the analogue ground, Monitor-A and B and �nally 4 generalsignal inputs. The monitoring information 
omes from two 16 
hannel multiplexors, 
alledMonitor-A and Monitor-B, whi
h means that 32 
hannels of monitoring information, mostlyfrom the biasing (BIAS) part, is available.When the ADC has �nished a 
onversion it asserts the parallel port �ACK line. Todaythis is polled by the readout program. A read-out routine being invoked by an interrupt
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Figure 2.28: The ADC s
hemati
 of VA-DAQ 1.20.
an be used to pro
ess data every time the ADC has �nished a 
onversion.2.9.4 Digital signal generator and analogue test pulse; PULSEThis unit 
ontains several sub-units, as 
an be seen in the s
hemati
 in �gure 2.29. Onesub-unit generates 8 di�erential digital signals at VA logi
 levels. Six of these are general.The two last one are primarily intended to be used for the 
lo
k and hold signals of theVA 
hip. If the VA �2V are turned o�, these lines are at ground levels.The se
ond sub-unit of PULSE generates the 
alibration pulse, whi
h 
an have bothpolarities and is generated by a fast 8 bit DAC. The 
alibration pulse needs to be terminatedby 50
 to avoid distortion. If this is the 
ase, the rise/fall time of the pulse should be20 ns or less. The attenuation of the step is performed by jumpers in the ba
k plate of theVA-DAQ box, to allow for the great variety of input 
harges existing for the VA family.The attenuation jumpers are des
ribed in appendix A.The third sub-unit pro
esses the trigger (the trigger gives the time of the physi
al event)and generates the ne
essary hold delay. This delay is in the order of 500 ns to 30�s foran external trigger. When the 
hip is pulsed with a 
alibration signal (whi
h simulates anevent by inje
ting a 
harge into a sele
ted VA-
hannel), one 
an have delays in the rangeof about �1�s to 30�s. Here a negative delay indi
ates that the 
hip hold is set before the
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Figure 2.29: The PULSE s
hemati
 for VA-DAQ 1.20.
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alibration line is pulsed. In this way the full waveform in the time domain (os
illos
ope)of a VA 
hip 
an be investigated. The delay is set by a mono-stable, and the various delaysare obtained by using a programmable CMOS resistor in the time 
onstant for the mono-stable. Both resistors 
ontain 100 steps, but one of them have a total resistan
e being 10times the other. This allows for both the �ne and 
oarse os
illos
ope options found in thesoftware.It is possible to sele
t between several types of external triggers. A NIM trigger 
anbe given via a LEMO input. This input is terminated in 50
. It is also possible to givea single ended TTL trigger, whi
h is terminated in 50
. A di�erential TTL (or RS422)terminated in 120
 is also available. The last trigger is a di�erential 
urrent trigger to bedelivered by a TA 
hip, whi
h is pro
essed by a very fast 
omparator.It is also possible to read ba
k a byte of signals as TTL-levels. In addition spareanalogue monitoring inputs 
an be used to read ba
k logi
 signals at VA logi
 levels. Thisis typi
ally used to 
he
k the shift out signal of a VA-
hip. The advantage of analoguemonitoring of digital signals is that the voltage levels of the logi
 signals are 
he
ked.2.9.5 Bias generation and monitoring; BIASThere are two sub-units in BIAS, one is the generation of biases for the VA 
hips, and theother is the monitoring of these biases. This is seen in the s
hemati
 in �gure 2.30. Thesystem 
an generate 12 biases, all monitored for both voltage and 
urrent. For every pair ofbias (like BIAS0/BIAS1) a jumper needs to be set on the board to sele
t between positiveor negative voltages generated by this pair. This minor in
onvenien
e gives a fa
tor of twobetter resolution in the setting of a bias voltage. The 8 �rst biases 
an be referen
ed toeither the �2V supplies or to the referen
e voltages (�2:5V). The �rst alternative is thepreferred 
hoi
e sin
e it grounds all biases when the �2V supplies are turned o�. Onlythese 8 �rst should be used for the standard VA biasing 
urrents and voltages vref, vfp,vfs, shabias, prebias and ibuf.There are 6 available monitoring 
hannels brought to the ADAPTER board by non-ne
tor CON-C. These 
an be used di�erently from appli
ation to appli
ation. They 
antypi
ally be used to remotely sense the value of ground and supply and vfp on the readout
ard. On the standard adapter boards only one of these are used to sense the thresholdvoltage for the TA 
hip, sin
e it is taken not dire
tly from a bias, but �rst s
aled down bya resistor network.2.10 Overview of read and write registersAll bits in the read and write registers are summarized in table 2.2 and table 2.3. Thedetailed fun
tion of ea
h of the bits/signals are explained in appendix A.The possible analogue values that 
an be sampled by the ADC is 
ontrolled by mul-tiplexors. These are organized in a two-layer stru
ture. The ADC input multiplexor isa 16-to-1 multiplexor, and the signals sele
ted depends on the multiplexors 4-bit address.
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Figure 2.30: The BIAS unit performing bias generation and monitoring in VA-DAQ 1.20.



2.10 Overview of read and write registers 79Address Bit Name Des
riptionW0 0 RESBCAL Zero 
al-pulse register value.1 CKCAL In
rease 
al-pulse register value.2 INCDEL In
rease/de
rease 
oarse hold delay.3 INCDEL2 In
rease/de
rease �ne hold delay.4 UDDEL Sele
t in
rease/de
rease for hold delay.5 ZEROHLD A
knowledges/
lears an ADC trigger.6 COMPL Complement the value of the pulse DAC.7 CAL Generate an internal trigger.W1 0-3 SADR0-3 Sele
t address of main signal multiplexor.4 POWEN Turn on/o� VA 
hip supplies.5 LOADB Enables writing of pulse DAC.6 CALGEN Pulses the 
alibration DAC.7 LATCH Enables/disables TA triggers.W2 0 CONVERT Start ADC 
onversion.1 VADIG1, CK The VA 
lo
k signal.2 VADIG2, DRESET The VA reset signal.3 VADIG3, SHIFTIN Controls the VA shift register loading.4 VADIG4, TESTON Sets VA 
hip test mode.5 VADIG5, CLKIN The TA shift register 
lo
k.6 VADIG6, REGIN Data for TA shift register.7 VADIG7 Available digital signal at VA levels.W3 0-3 MADR0-3 Sele
ts address for the monitoring MUXes.4 DACCSB Enabling of bias DACs down-loading.5 Unused Reserved for future extensions.6 DACDAT Data for serial bias DAC down-loading.7 DACCLK Clo
k for bias DAC down-loading.W4 0-7 DACBYTE Calibration pulse register.W5 0-7 Unused Register reserved for future extensions.W6 0-7 WREG6 Optional write register on adapter board.W7 0-7 WREG7 Optional write register on adapter board.Table 2.2: Summary of write registers in a VA-DAQ system.The signals are des
ribed in table 2.4, and the address is 
ontrolled by the four lower bitsof write register 1. Two of the multiplexor inputs are even 
onne
ted to the output oftwo other 16-to-1 multiplexors, used for monitoring mostly the biasing part of the VA-DAQ system. The address for these two multiplexors are 
ommon and 
ontrolled by thefour lower bits of write register 3. The signals on these two multiplexors are des
ribed intable 2.5.The naming 
onvention used in table 2.5 is as follows; BIASx are the a
tual voltages onthe bias output lines and BIASxT is measured on the other side of a 470
 resistor, whi
hallows measuring the 
urrent in ea
h bias. CALR is the raw voltage of the 
alibration stepsignal before it is attenuated. The CALA is the voltage after the attenuation.



80 A General read-out and test system based on VA/TAAddress Bit Name Des
riptionR0 0-7 ADC0-7 Least signi�
ant byte of ADC result.R1 0-7 ADC8-15 Most signi�
ant byte of ADC result.R2 0-7 TTLREG Readable TTL data on adapter board.R3 0-7 Unused Register reserved for future extensions.R4 0-7 RREG4 Optional read register on adapter board.R5 0-7 RREG5 Optional read register on adapter board.R6 0-7 RREG6 Optional read register on adapter board.R7 0-7 RREG7 Optional read register on adapter board.Table 2.3: Summary of read registers in a VA-DAQ system.Address Signal name Des
ription0 R+2.5 +2.5V referen
e voltage1 R-2.5 -2.5V referen
e voltage2 VDD The VA 
hip +2V supply3 VSS The VA-
hip -2V supply4 I-2 The 
urrent in the -2V5 I+2 The 
urrent in the +2V6 MON-A Data from monitoring MUX A7 MON-B Data from monitoring MUX B8 -5V/2 Half the analogue -5V supply9 +5V/2 Half the analogue +5V supply10 VASIG Signal from the VA 
hip11 AGND Analogue ground12 SIG12 General signal for user13 SIG13 General signal for user14 SIG14 General signal for user15 SIG15 General signal for userTable 2.4: Signals on the ADC input signal multiplexor.2.11 VA-DAQ 
onne
tor des
riptionThe VA-DAQ PCB is equipped with three IDC 
onne
tors to fa
ilitate plug-in boards(ADAPTER boards) that map all relevant signals to a 
onne
tor in the front plate of theVA-DAQ box for the spe
i�
 VA-hybrid used. These three 
onne
tors are named CON-A, CON-B and CON-C, as 
an be seen in the me
hani
al drawing showing dimensions,
onne
tors and jumpers. The signals on these three 
onne
tors are found in the tables 2.6,2.7 and 2.8.The di�erential output 
urrent OUTP/OUTM from a VA-
hip has a typi
al outputrange (OUTP-OUTM) of �5 times the ibuf value. The standard ibuf value is 140�Agiving an output range of �700�A. The input trans-impedan
e ampli�er of the VA-DAQsystem uses 3:3 k
 resistors giving voltage swings of about �2:3V to the �3V input rangeADC. This input stage was designed by the Cleo-III group to be used for the read-out of



2.11 VA-DAQ 
onne
tor des
ription 81Address Monitor A Monitor B0 BIAS0 (TA vfs) BIAS81 BIAS0T BIAS8T2 BIAS1 (vfs) BIAS93 BIAS1T BIAS9T4 BIAS2 (ibuf) BIAS105 BIAS2T BIAS10T6 BIAS3 (vref) BIAS117 BIAS3T BIAS11T8 BIAS4 (vfp) CALR9 BIAS4T CALA10 BIAS5 (prebias) MON1011 BIAS5T MON1112 BIAS6 (shabias) MON1213 BIAS6T MON1314 BIAS7 (TA vth-neg) MON1415 BIAS7T MON15Table 2.5: Signals on the two monitoring multiplexors.the VA-RICH boards. The general input signals are all well prote
ted, and 
an sustainrather large over-voltages. The VSS is given one more line than VDD, re
e
ting that most
urrent into the VA 
hips are in the VSS-AGND loop.Several other 
onne
tors 
an be �tted to the VA-DAQ system, the details are explainedin appendix A, only two will be des
ribed here. These are the PC 
onne
tion and thepower supply 
onne
tion.CN64: Centroni
s 
onne
tor for parallel port 
ommuni
ationA standard Centroni
s 
able to the PC is used. For 
orre
t load a 3 meter 
able is required.CN77: VA-DAQ supply 
onne
torThis is a 6-pin 
onne
tor on a 100mil grid. The leftmost pin, when the VA-DAQ is viewedfrom the ba
k, is number 1. The pin-out of the 
onne
tor is given in table 2.9. All threesupplies should be 
oating, low-noise and linear. The analogue supplies should be 2A andthe digital 1A. The supplies are listed in table 2.9. The same supply for analogue anddigital +5V 
ould be used if not extreme noise performan
e is required.User made extensions to the VA-DAQ busA me
hani
al des
ription of the ADAPTER boards is found in �gure 2.31. In the 
ase ofa long ADAPTER board, the VA-DAQ bus extension 
onne
tor (CON-D) 
an be used.The pin 
on�guration for CON-D is given in table 2.10. There are two write strobes andfour read strobes found on the 
onne
tor, to be utilized on the ADAPTER board. Aswrite registers 6 or 7, a 74LS574 8-bit 
ip/
op 
an be used. This is easily implementedby 
onne
ting the data-bus to the data inputs of the LS574, and tying the wanted writestrobe to the 
lo
k input of the LS574. Reads are just as easily implemented by using a74LS245. Here the data bus is 
onne
ted to the B-side of a LS245 (pins 11 through 18),



82 A General read-out and test system based on VA/TAPin Signal Des
ription1 VDIG +5V digital supply2 DGND Digital ground3 TTLSNG Single-end TTL trigger (120
)4 DGND Digital ground (TTLSNG referen
e)5 TTLDIFP di�erential TTL trig. (120
)6 TTLDIFN Neg. phase of di�erential TTL trigger7 TANEG Negative phase of TA trigger8 TAPOS Positive phase of TA trigger9 DGND Digital ground10 VDIG Digital +5V supply11 VADIG7B General VA logi
 signal, neg. phase12 VADIG7 Positive phase13 VADIG4B(TESTONB) VA logi
14 VADIG4 (TESTON) pos. phase15 VADIG6B(REGINB) VA logi
16 VADIG6(REGIN) pos. phase17 VADIG5B(CLKINB) VA logi
18 VADIG5(CLKIN) pos. phase19 VADIG3B(SHIFTINB) VA logi
20 VADIG3(SHIFTIN) pos. phase21 HOLDB VA hold signal22 HOLD pos. phase23 VADIG2B(DRESETB) VA logi
24 VADIG2(DRESET) pos. phase25 VADIG1B(CKB) VA 
lo
k signal26 VADIG1(CK) pos. phase27 RD2B0 Bit0 of read reg. 228 RD2B1 Bit1, TTL input29 RD2B2 Bit230 RD2B3 Bit331 RD2B4 Bit432 RD2B5 Bit533 RD2B6 Bit634 RD2B7 Bit7Table 2.6: CON-A. 34-pin IDC 
onne
tor for digital signals and triggers.the read strobe to the 
hip enable (pin 19 of LS245) and dire
tion bit (pin 1 of LS245) is
onne
ted to +5V digital. To the A-side of the LS245 the 8 TTL-signals that one wantsto read are 
onne
ted.2.12 VA-DAQ low and mid level software des
riptionAll 
ommuni
ation between the PC and the VA-DAQ system goes through the hardwaredriver. The driver is a LabView VI implemented as a Code-Interfa
e-Node (CIN), whi
hmeans that the a
tual 
ode performing the IO operations to the VA-DAQ address spa
e,



2.12 VA-DAQ low and mid level software des
ription 83Pin Signal Des
ription1 OUTM Negative phase of the VA di�.
urrent signal2 OUTP Positive phase of the VA output signal3 SIG15 General input signal4 SIG14 General input signal5 SIG13 General input signal.(REGOUT)6 SIG12 General input signal.(SHIFTOUTB)7 AGND Analogue ground8 VSS The VA 
hip �2V supply9 AGND Analogue ground10 VSS The VA 
hip �2V supply11 AGND Analogue ground12 VSS The VA 
hip �2V supply13 AGND Analogue ground14 VDD The VA 
hip +2V supply15 AGND Analogue ground16 VDD The VA 
hip +2V supply17 AGND Analogue ground18 VPOS The analogue +5V supply19 AGND Analogue ground20 VNEG The analogue �5V supplyTable 2.7: CON-B. 20-pin IDC 
onne
tor for analogue VA signal, and the 
hip supplies.

Figure 2.31: Me
hani
al outline of VA-DAQ Adapter boards.
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ription1 BIAS0 Is default used for TA vfs2 AGND Analogue ground3 BIAS1 Is default used for VA vfs4 AGND Analogue ground5 BIAS2 Is default used for VA ibuf6 AGND Analogue ground7 BIAS3 Is default used for VA vref8 AGND Analogue ground9 BIAS4 Is default used for VA vfp10 AGND Analogue ground11 BIAS5 Is default used for VA prebias12 AGND Analogue ground13 BIAS6 Is default used for VA shabias14 AGND Analogue ground15 BIAS7 Is default used for vthr-neg16 AGND Analogue ground17 BIAS8 Default used to set value of +2V supply18 AGND Analogue ground19 BIAS9 Default used for TA vr
20 AGND Analogue ground21 BIAS10 Default used to set value of �2V supply22 AGND Analogue ground23 BIAS11 Default used for twbi24 AGND Analogue ground25 MON11 Monitoring, 
hannel 11 in Monitor-B, Default TA threshold26 MON10 General monitoring input.(twbi monitoring)27 MON13 General monitoring input.(GND sense)28 MON12 General monitoring input.(vfp sense)29 MON15 General monitoring input.(VDD sense)30 MON14 General monitoring input.(VSS sense)31 AGND Analogue ground32 AGND Analogue ground33 AGND Ground for the 
alibration signal34 CAL Calibration pulse, (terminate in 50
)Table 2.8: CON-C. 34-pin IDC 
onne
tor for biasing and monitoring.Pin Signal Des
ription1 VPOS The +5V analogue supply2 AGND Analogue ground3 VNEG The �5V analogue supply4 AGND Analogue ground5 VDIG The +5V digital supply6 DGND Digital groundTable 2.9: CN77. 6-pin supply 
onne
tor. Pin1 is on the left when the system is viewedfrom the ba
k.



2.12 VA-DAQ low and mid level software des
ription 85Pin Signal Des
ription1 DGND Digital ground2 VDIG Digital +5V supply3 DGND Digital ground4 VDIG Digital +5V supply5 DGND Digital ground6 VDIG Digital +5V supply7 WSTRB7 A

ess strobe for write register 78 WSTRB6 A

ess strobe for write register 69 RSTRB7 A

ess strobe for read register 710 RSTRB6 A

ess strobe for read register 611 RSTRB5 A

ess strobe for read register 512 RSTRB4 A

ess strobe for read register 413 D0 Bit 0 (least signi�
ant bit) of data bus14 D1 Bit 1 of data bus15 D2 Bit 216 D3 Bit 317 D4 Bit 418 D5 Bit 519 D6 Bit 620 D7 Bit 7 (most signi�
ant bit) of data busTable 2.10: CON-D. 20-pin IDC 
onne
tor for VA-DAQ bus extension to the ADAPTERboard.through the parallel port, is implemented as a C-
ode program linked to the VI.The low level library, Lowlevel.llb, 
ontains all fun
tions to manipulate the hardwaresettings of the VA-DAQ system. An example list is setting hold delays, setting 
alibrationsignal size, 
hoosing the analogue value to sample, turn on or o� the 
hip supplies, settingbias values et
. These fun
tions all work in hardware units, like ADC and DAC 
ounts.The mid level library, Midlevel.llb, more or less performs the same operations as thelow level library, but tries to abstra
t from hardware units to real values like 
urrent, voltageand 
harge. Some of these involve 
al
ulations and the use of 
alibrated 
onstants for the
onversion from hardware units to physi
al units. The library Glob
onv.llb 
ontains allglobal variables used in su
h 
onversions and also routines to translate between hardwareunits and physi
al units. The library Cal
ulate.llb tries to assemble all 
al
ulations thatare typi
ally needed to a
hieve this higher abstra
tion level. Appendix A will list the mostimportant VI's from these libraries.2.12.1 The VA-DAQ hardware driverThe LabView version used to make the VA-DAQ VIs is version 4.1. The 
urrent hardwaredriver is written for Windows 3.11 and Win95. Common to all VIs that are involved intime sequential requests to the VA-DAQ hardware, are the error input and error outputparameters. Ea
h time the driver is 
alled and it 
annot perform the spe
i�ed data fet
h,
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 Code Des
riptionReadword 0 Read a word. LSB at even adr, MSB at odd.Readword14ext 1 Read a word, assuming 14bit ADC-value.Readwordauto 2 Read and 
lo
ks VA and starts new ADC 
y
le.Readword14extauto 3 As above, but assumes 14bit ADC data.Writebyte
ore 1002 Writes, assumes writing enabled.Writebyte 1003 Writes, 
hanges to write mode if not.Writebytetoadr 1004 Writes a byte to a spe
i�
 register.Writereadba
k 1005 Writes, and 
he
ks a
tual bus value.Dtardy 100 Returns the ADC 
onversion status 
ag.Waitrdy 101 Waits, but times out with error if not.Waitrdyb 102 Waits for ADC, but times out if not.Setport 500 Set parallel port hardware address.Table 2.11: The most important VA-DAQ driver fun
tion 
ode 
alls.it will return an error out value that is equal to the error input plus one. The error outputof a high level VI will always be the a

umulated 
ount of missed samplings that o

urredduring the run of the VI.Another motivation for using error in and out nodes on all VIs is that it ensures se-quential running without the use of the LabView (or G) 
onstru
t 'sequen
e' that usuallyruins the possibility to understand the data 
ow from one glan
e at the graphi
al 
ode.There are four other spe
ial inputs in addition to the error input, 
alled Fun
tion,Address, Data and Mask. Fun
tion is a simple number to sele
t the fun
tion one want thedriver to perform. Table 2.11 des
ribes the fun
tions that are implemented and inherentto the hardware driver. Only four fun
tions are vital; Readword, Writebytetoadr,Waitdta and Setport. Readword will read a word (16 bit) from the address spe
i�edin the Address parameter (even address required). The word is built by reading the leastsigni�
ant byte from read register 'Address' and the most signi�
ant byte from 'Address+1'of the VA-DAQ system. Writebytetoadr will write a byte to a register spe
i�ed withthe 'Address' parameter. The a
tual byte written is given by the 'Data' parameter, butonly those bits marked by an 1 in the 'Mask' will be altered in the hardware register. Theother bits will remain un
hanged. Waitdta will poll a 
ertain time (100�s range) for adata ready (ADC �nished sampling). If no data ready is re
eived, it will time out withan error. Setport is only for initialization, and is used to set the hardware address of theparallel port. In Win3.11 and Win95, the address is 0x378 for parallel port 1.Some higher level fun
tions are put in the driver to speed up a
quisition, sin
e a lotof overhead is removed when the driver is not 
alled for ea
h read/write operation. Thesefun
tions are not des
ribed in the fun
tion table for the driver, sin
e they have their ownVI's, though these VI's most often 
ontains only a 
all to the driver.



2.13 Summary 872.13 SummaryThe development of the VA-DAQ system has resulted in a low-
ost PC based 
hip testingand read-out system for the VA-TA 
hip sets. The VA-DAQ system has shown the abilityto measure 
hip parameters to a high a

ura
y, and is able to measure noise �gures down tothe lowest possible values given by the theoreti
al noise performan
e on the input transistor.Equally interesting and important is the possibility to measure 
hip parameters with similargood results based on probe testing.A development starting with the �rst multi-
hannel multiplexed 
harge ampli�ers likeBALDER, AMPLEX and VIKING in the mid 80's has resulted in the VA/TA 
hips oftoday. A multitude of te
hni
al problems were solved in these years, resulting in 
hips thatare 
ommer
ially available for a wide range of appli
ations (input ranges and 
apa
itiveloads). The 
hips are highly reliable, and are today o� the shelf produ
ts, whi
h due to theVA-DAQ system, 
an be delivered with guaranteed performan
e based on wafer testing ortesting of �nished boards. Exa
t measurements on a large number of 
hips have been usedto �nd typi
al values for all important 
hip parameters.The 
exibility of the VA-DAQ system also allows it to be a read-out system. Morethan 20 systems have been sold worldwide to universities, resear
h institutes and major
ompanies for test and veri�
ation of new semi
ondu
tor dete
tors in materials su
h assili
on, CdTe and CdZnTe, making it a su

essfull produ
t in the portfolio of IDE AS.



88 A General read-out and test system based on VA/TA



Chapter 3Readout ele
troni
s for B-physi
sexperimentsThe most promising experiments for revealing 
ompletely new physi
s, like the Higgs se
torand physi
s beyond the Standard Model, will take pla
e at the Large Hadron Collider atCERN. At this pp-ma
hine operating at a 
enter of mass energy of 14TeV the long awaitedHiggs parti
le, predi
ted by the Standard Model, will hopefully be dire
tly produ
ed,giving us the understanding of the me
hanism whi
h provides parti
les with mass. TheLHC we 
ould 
all the energy and luminosity frontier of parti
le physi
s, due to the fa
tthat one hopes for dire
t veri�
ation of new and heavy parti
les. In parti
le physi
s therehas traditionally also been a sensitivity frontier. This bran
h has in later years beenpursued by LEP, by very a

urate Standard Model measurements, and also by dedi
atedB-physi
s and neutrino experiments. The B-experiments are also generally sensitive to verysmall rates, and a

urate enough to dete
t small dis
repan
ies from the Standard Model,whi
h indire
tly 
an predi
t new parti
les or physi
s. This was for instan
e seen in thedis
overy of the Z. The Z (91GeV) was indire
tly seen as 'neutral 
urrents' in the CERNbubble 
hamber Gargamelle [26℄ and in the Hamburg PETRA e+e� 
ollider. In the latterexperiment with a total energy of 45GeV it was seen as a forward/ba
kward asymmetry inthe �+�� produ
tion 
aused by interferen
e of the two 
hannels, e+e� ! 
 ! �+�� ande+e� ! Z� ! �+��. The Z-mass was thus estimated before the �rst real Z was produ
edat the CERN SPS p�p-
ollider and dete
ted in the UA1 experiment [29℄.When the LHC experiments start, the sensitivity/energy frontier is not as easily dif-ferentiated anymore. Even though LHC is at the energy frontier, the extreme luminosityboost in the giganti
 LHC experiments will make them very sensitive to rare de
ays anddis
repan
ies from the Standard Model. The more dedi
ated B-physi
s experiments willhowever be built and give valuable results within the time span of the LHC 
onstru
tion.LHC will �rst start data taking around 2005, and in the years ahead of this, the mostinteresting experiments in the B-physi
s sensitivity frontier will be based on hadroni
 
ol-liders like HERA-B and the Tevatron and the three large '
lean' leptoni
 (e+e�) 
olliderexperiments; BaBar at PEP-II (Stanford, US), Belle at KEK-B (KEK, Japan) and Cleo-IIIat CESR (Cornell, US). The most important goal of these experiments is the investigation89



90 Readout ele
troni
s for B-physi
s experimentsof the CP-violation found in B-de
ays, that 
an point to physi
s beyond the Standardmodel. The PEP-II and KEK-B 
olliders will operate with asymmetri
 beam energies,while CESR will be a symmetri
 beam experiment.My involvement has been in the Belle and Cleo-III experiments. For Belle in the design,
onstru
tion and testing of the front-end read-out boards for the Sili
on Vertex Dete
tor(SVD) and for Cleo-III in the design, 
onstru
tion and testing of the read-out boards forthe Ring Imaging Cherenkov Dete
tor (RICH). These are vastly di�erent sub-dete
tors inexperiments with more or less the same physi
s goal, and serves as a good 
omparisonof the use of front-end ele
troni
s in di�erent sub-dete
tors. The physi
s of the di�erentsub-dete
tors motivates the di�erent te
hnology 
hoi
es made for the two readout boards.The Cleo-III board went through three iterations in produ
tion starting around thesummer of 1996, and all boards were delivered in bat
hes of typi
ally 200 ending aroundend of 1998. The responsible 
onta
t person in Cleo-III has been M.Artuso at Syra
useUniversity in the US. The Belle board was made in two versions during the last part of1997, and the deliveries starting in the �rst part of 1998. The �rst board, a prototype, isdes
ribed in most detail, based on a PCB and AlN substrate glued together. The se
ondboard used for the deliveries was a multi-layer AlN hybrid in the Kyo
era thi
k �lm pro
ess.At the Belle 
ollaboration I have had the pleasure of working with D.Marlow at Prin
etonUniversity and M.Hazumi at Osaka University.A large amount of 
hip and board statisti
 has been 
olle
ted. The Cleo-RICH proje
tinvolves around 2200 readout boards and the Belle-SVD about one tenth of this. For bothproje
ts the basis for the analysis has been around half the boards. The statisti
s doesnot only give important insight into typi
al spread in 
hip parameters, but also proves thevalidity of probe testing results in the assembly of the readout boards. In addition has thetesting proved the usefulness of the VA-DAQ test and readout system des
ribed in 
hapter2.3.1 The Belle and Cleo-III experimentsCompared to one of the big experiments at LHC, ATLAS or CMS, the Belle and Cleo-IIIdete
tors are rather small, seen already in the amount of people involved. The ATLASand CMS experiments involve of the order of 150 institutes and 
lose to 2000 persons,whereas the Belle and Cleo-III experiments both involve about 250 persons. Also the sizeof ATLAS, over 20m tall and 25m long and a mass of over 7000 tons will dwarf a dete
torlike Cleo-III with an overall dimension of about 6m and a mass of 1000 tons.Both KEK-B and CESR are e+e� 
ollider that are typi
ally operating at a 
enter ofmass energy of 10:57GeV, whi
h is on the �(4S)-resonan
e, giving the highest possibleprodu
tion rate of B-mesons. In the 
ase of CESR the beam is symmetri
, whereas KEK-Boperate with an e� beam about three times as energeti
 as the e+ beam. Sin
e typi
albran
hing ratios are in the order of 10�6 one needs about 100 million B-meson pairs pro-du
ed per year (integrated luminosities of about 100 fb�1) to get good statisti
s.CP-violation is des
ribed in the Standard Model by the Cabibbo-Kobayashi-Maskawa
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Figure 3.1: The Belle dete
tor at the KEK-B 
ollider.(CKM) matrix. A

ording to the SM the 3 by 3 
oupling matrix (CKM-matrix) of the threequark generations must be unitarian. The matrix 
an be represented as three phasors inthe 
omplex plane, and the matrix is unitarian if the three phasors form a 
losed triangle.The veri�
ation 
an be redu
ed to the problem of measuring the length of the phasors andthe internal angles of the triangle [28, 
hapter 1℄.In the 
ase of the Belle experiment, it has been optimized to look for de
ay 
hannels ofB-mesons that will give the best possible measurements of the three angles. And the �rstglimpse of physi
s beyond the Standard Model 
an be seen if the sum of these angles arenot 180o. In the Cleo-III the symmetri
 beam assures that the B's are produ
ed almost atrest, giving no parti
les with momenta above 2:6GeV, ensuring better energy resolutionand fewer parti
les lost along the beam dire
tion. Sin
e there is no boost along the beamdire
tion, the time evolution of the de
ays will not be as simple to measure as in the Belleexperiment [29℄.All e+e� 
ollider experiments will have more or less the same 
onstru
tion, illustratedin �gure 3.1 showing the Belle dete
tor. Closest to the beam a tra
king dete
tor is found,espe
ially important in the 
ase of B-physi
s to properly re
onstru
t primary and se
ondary
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Figure 3.2: The Cherenkov angle for pions, kaons and protons in the LiF radiator of theCleo-III RICH.verti
es of the B-de
ay. Belle and Cleo-III will be using a 3/4-barrel Sili
on Vertex Dete
torbased on double sided sili
on strip dete
tors. The next tra
king element in both dete
torsis a wire drift 
hamber. The wire drift 
hamber will also give a measurement of traversemomentum in the 0:5� 1:0% range and dE=dx resolution around 6%. The next dete
torelement is the parti
le identi�
ation. In Cleo-III this will be a Ring Imaging Cherenkovdete
tor (RICH), to repla
e Time-Of-Flight dete
tors (TOF) in Cleo-II. Belle will useboth TOF and Cherenkov dete
tors, but the latter dete
tor will be using photo-multiplier-readout 
ompared to the MWPC readout in Cleo-III. The dE=dx measurement from thewire drift 
hamber is also used to supplement the parti
le identi�
ation. The importan
e ofthe parti
le identi�
ation 
omes from the requirement of separating K and �. The followingele
tro-magneti
 
alorimeters will in both experiments be based on CsI. Belle will use a
rude hadron 
alorimeter (KL-
at
her) outside the magnet to dete
t de
ays/intera
tionsof KL. This will indire
tly reveal the muons. Cleo-III will rely on interleaved proportionaltubes in the return yoke of the magnet as an alternative way of doing muon identi�
ation.3.2 The Cleo-III RICHThe aim of the RICH is to provide parti
le identi�
ation. In a B-physi
s experiment the
ru
ial separation is between � and K up to the highest possible meson-energy of 2:8GeV.The required separation is 3 sigma or better, 
ompared to about 2 sigmas obtained from
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Figure 3.3: The photon dete
tor of the Cleo-III RICH.the dE=dx measurement of the wire drift 
hambers. Figure 3.2 shows the Cherenkov angleas a fun
tion of parti
le energy for �, K and protons up to 3GeV [30, page 10℄. Theseparation between � and K is 12:8mrad at the highest energy. A better than 3 sigmaseparation gives a design goal for the resolution of about 4mrad.The 
one proje
ted onto the 
athode plane 
onsists of hits due to several dete
tedphotoele
trons and the a

ura
y of ea
h of these do not need to be 4mrad. The dete
tor isdesigned to give an average of N = 12 photo-ele
trons for ea
h tra
k, and thus ea
h photo-ele
tron need only be re
onstru
ted to an a

ura
y of pN � 4mrad or about 14mrad, tore
onstru
t the tra
k to � = 4mrad.3.2.1 Me
hani
al des
ription of the Cleo-III RICHThe RICH dete
tor is 
ylinder-shaped, with an outer radius of 1:01m and an inner radiusof 0:82m and a total length of 2:4m. The dete
tor is segmented into 30 se
tors in azimuth,giving elements of about 0:2m width, 2:3m length and 0:2m thi
kness. The inner wallof this se
tor 
onsists of a LiF window where a 
rossing parti
le will produ
e a 
one ofCherenkov light. These windows are about 0:17m long, so 14 are sta
ked to form the fulllength of the se
tor.The Cherenkov 
one of light will expand in the inner volume of the se
tor for 0:16m [30℄,this volume being �lled with N2-gas, until it hits the photon dete
tor. The photon dete
tor,shown in �gure 3.3, is itself a wire 
hamber of a few 
entimeter thi
kness. The inner wallin the wire 
hamber is a CaF2-window transparent to photons in this energy range. Theouter wall is put together of G10 printed 
ir
uit boards. On the inside the G10 boards
ontain pads of 7:5mm by 8:0mm forming 
athode pads for the wire 
hamber.The 70 anode wires, made of 20�m Au plated W, are stret
hed in the full length of
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hannel for single photons and for 
harged tra
ks.the se
tor and soldered and glued in the two ends. Every 30 
m these are held in pla
eby 
erami
 spa
ers to maintain the wanted 1mm spa
ing to the 
athode board. To formthe 
orre
t drift �eld a se
ond 
athode is needed. This 
athode is made as 100�m wide
ondu
ting tra
es va
uum-deposited onto the CaF2 window.The MWPC gas is TEA (trethylamine) as the photo-
onverter, added some CH4(methane). The maximum in the photo-
onversion 
ross-se
tion is at 150 nm with a meanfree path of 0:5mm. The photoele
trons will drift towards the anode wires. Close to thewires the strong �eld will make an ele
tron avalan
he, produ
ing a large number of ele
-trons and ions. The ele
trons are very fast 
olle
ted by the anode, while the more slowly
olle
ted ions will drift towards the 
athode pads. The drifting ions indu
e a signal inthe 
athode pads, to be dete
ted by the front-end ampli�ers. The expe
ted signal dueto one photo-
onverted ele
trons is rather small. The probability for larger signals dropsexponentially with the signal size. This is s
hemati
ally indi
ated in �gure 3.4 [30, page13℄.One would think that the front-end ampli�ers would not require a very high dynami
range. This is wrong, sin
e 
harged parti
les will give mu
h larger signals. A 
hargedparti
le 
rossing the gas will give an ionized tra
k produ
ing a large signal in some 
athodepads in the 
enter of the ring formed by the photoele
trons. Figure 3.4 shows that the largesignals are from 
harged tra
ks. In fa
t the tra
king of the 
harged parti
les is improvedby use of the RICH information.The 
athode pads on the G10 boards are routed through the board to 
onne
torssoldered on the outer side. The VA-RICH readout boards are plugged into the 
onne
tors,as seen in �gure 3.3. Ea
h board is plugged into two 
onne
tors and pro
esses the signalsfrom 128 
athode pads by means of two 64-
hannel VA-RICH 
hips.
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like supply, biasing,

240 cm

Covers the full RICH length, and 12 degrees of the
circumference. A total of 30 sectors.

Readout cell

20cm

Cables to VME-
crates. One per 
cell.

A readout cell

A RICH sector

Printed
circuit board

Boar-to-board
cableConnector for

connection towards
cathode pads One of the two 64-channels
(128 pads/board) VA-RICH chips on the board

In goes common signals

hold and readout clock.
Out comes the analog values
from each of the 5 boards on
separate lines. The 128 data
from each board comes out
serially.Figure 3.5: Des
ription of a Cleo-III RICH readout se
tor and a readout 
ell.3.2.2 Read-out stru
ture of the Cleo-III RICHThe read-out boards are plugged into the outer side of a se
tor as explained in the previousse
tion. Ea
h se
tor has been divided into 12 read-out 
ells, 3 in width and 4 in length.Ea
h 
ell 
onsists of 5 readout-boards daisy-
hained together, and with a 
ommon 
ableout of the dete
tor and to a read-out module in a VME-
rate. The fun
tionality of ase
tor and a 
ell are shown in �gure 3.5. Ea
h 
ell of 5 boards will 
ontain 128 � 5 = 640readout-
hannels and a se
tor of 640 � 12 = 7680 
hannels. Sin
e the full dete
tor 
onsistsof 30 se
tors, the RICH dete
tor will 
ontain 30 � 7680 = 230400 
hannels pla
ed on 1800readout-boards. Figure 3.5 also shows that ea
h board in a 
ell has its own analogue outputto fa
ilitate digitization of a full 
ell in parallel.3.2.3 The VA-RICH readout boardsThe VA-RICH readout board is a 4-layered printed 
ir
uit board. The me
hani
al dimen-sions are 107mm by 42mm. The board is not symmetri
al in width and length aboutthe four (2:45mm) guiding holes for the board-to-board 
onne
tor, but 1mm shorter onthe left edge. The board went through two upgrades, and the des
ribed board is the lastversion.3.2.4 VA-RICH board s
hemati
 and des
riptionThe VA-RICH 
hip is a 64-
hannel VA readout 
hip as des
ribed in 
hapter 2. Sin
esparking is a risk in a MWPC is ea
h 
hannel prote
ted with a resistor and 
lamping



96 Readout ele
troni
s for B-physi
s experimentsdiodes in front of the pre-ampli�er, not found in other VA-
hips sin
e it adds some noise.The design goal for the RICH is to use a 5MHz readout 
lo
k, whi
h will require around30�s to sample, hold and readout the 128 
hannels of a readout board (or 
ell, sin
e theyare read out in parallel). The parameters of the VA-RICH 
hip was summarized in table 2.1and the layout shown in �gure 2.3 of 
hapter 2.The output of a VA-
hip is a di�erential 
urrent, whi
h gives a very low noise readoutdue to its low sus
eptibility to pi
k-up, and the ability to dire
tly drive 
ables in the 10mrange. In the VA-RICH 
ase are the 
ables around 6m long.The s
hemati
 of the board is shown in �gure 3.6. Ea
h board 
ontains only two a
tive
omponents, the 64-
hannel VA-RICH readout 
hips, with their 128 signal inputs routedto two 70-pin JAE 
onne
tors whi
h serve as the interfa
e towards the 
athode plane G10boards.Sin
e a readout 
ell daisy-
hains �ve readout boards, all signals that are to be suppliedin parallel to all boards are routed straight from the input 
onne
tor to the output 
onne
tor(next board in the 
hain), as indi
ated in �gure 3.7. Biasing, supply and digital 
ontrolsignals are all in this 
ategory. The bran
h o� of signals to the 
hips is done to minimizethe length of the bran
hes. In the 
ase of the 
hip biases, the bran
h o� 
ontains an RC,to de
ouple the bias 
lose to ea
h 
hip. This low-pass �ltering is around a few kHz, sothat the most dangerous noise for the 
hip (100 kHz range, sin
e the signal peaking timeis in the order of 2�s) is �ltered out. For the supply, ea
h bran
h (either VSS, the �2Vsupply, or VDD, the +2V supply) is split into two sub-bran
hes. One bran
h is for theanalog and one for the digital supply of the VA-RICH 
hip. Ea
h bran
h 
an be �ttedwith a de
oupling 
apa
itor. In the digital bran
hes there are not mu
h 
urrent 
oating,so 100 nF is enough. In the analog bran
hes there are about 7 times the 
urrent in theVSS bran
h 
ompared to the VDD bran
h. To a

omodate this there is made room fortwo de
oupling 
apa
itors in ea
h VSS bran
h. In both bran
hes 1�F 
erami
s are used,while the se
ond VSS position is �tted with a 100 nF.All digital signals are provided di�erential. There is made room for terminating resistorson the boards, and these are mounted only on the last board in a 
ell. The terminations
heme is su
h that both lines of a di�erential pair are terminated in a resistor. A pair ina long 
at-
able typi
ally has 100 � 120
 of 
hara
teristi
 impedan
e, and the resistor is
hosen to be 100
.There is room for one thermistor. It 
an be �tted on one of the boards. If several areput one, the e�e
t will be to measure an average temperature of the boards �tted withthermistors. One 
ould argue that to really measure temperature to good pre
ision onewould need to bring out both ends of the thermistor, and not grounding one end on thehybrid. This is true if an absolute temperature measurement is needed, be
ause it is noteasy to know the potential drop in the ground between the hybrid and the point where themonitoring is performed. In most 
ases, however, the absolute value is not very important,what really matters is to monitor sudden 
hanges, whi
h indi
ates an error 
ondition.The analogue outputs are in parallel from the �ve boards in a readout-
ell. Sin
e the
ell is daisy 
hained, and the readout-boards are identi
al in produ
tion, the board mustroute all �ve outputs between input and output 
onne
tors (CON1 and CON2). On the
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Functional diagram for one board in a readout cell

Analog
signals
to next 4
boards

Digital
signals
to next 4
boards

The analog
output from
the 4 other
boards

VA-RICH VA_RICH

Reset

Read bit
Read clock
Hold

Signals from 128 cathode pads Board1

Biasing
Test pulse
Supply

Analog
data from
the 5
boards in
one
readout cell

VME-crate
Cable to 4
next boards

Cable to/from

Figure 3.7: Fun
tionality of a VA-RICH board in a read-out daisy 
hain.board one 
an by means of 0
 resistors de
ide to whi
h of these �ve outputs the 
hipoutput of the board should go. This is seen in the s
hemati
, but the 
hip output isa di�erential 
urrent output, so that the total number of lines passing between the two
onne
tors are 10. Inside a board the two 
hips are daisy 
hained, by taking the shift-outof the �rst 
hip to the shift-in of the se
ond. Both 
hips on a board should by means ofthe 0
 resistors be 
onne
ted to the same output line. With this 
onne
tion the two 
hipson one board behave exa
tly as a single 128 
hannel 
hip.The 
omponents list is shown in table 3.1, and a des
ription of the pin numbering forthe board-to-board 
onne
tors is found in table 3.2.3.2.5 VA-RICH board material and layout 
onsiderationsBoard material and PCB pro
essThe PCB is of FR4 material with a total thi
kness of 1mm, thi
k enough to give a satis-fa
tory me
hani
al stability in this appli
ation where the boards play no role in supportor alignment of any 
riti
al dete
tor 
omponent. FR4 is also the most used PCB material,and hen
e the 
heapest in produ
tion. The FR4, whi
h is an epoxy material, is also thinwith respe
t to radiation length. A 4-layer board is ne
essary, both due to the large amountof signals in a small area, and for the desire to have a low resistivity and low indu
tiveground plane.



3.2 The Cleo-III RICH 99Components Value Board no. Des
riptionU1, U2 All VA RICH 
hips.CON1 50 pin 1 Angled ERNI 
onne
tor on bottom.50 pin 2-5 Samte
 
onne
tor on top side.CON2 50 pin 1-4 Samte
 
onne
tor on top side.CON3, CON4 70 pin All JAE Board to board 
onne
tors.R1 thru R12 1k
 All Bias 
urrent/voltage limiting.C1 thru C12 100nF All De
oupling of bias.C13, C14 1.8pF All Calibrate 
apa
itors.C15 thru C24 100nF All De
oupling of supply.R13 thru R16 0
 1 Sele
t analog line.R17 thru R20 0
 2 Sele
t analog line.R21 thru R24 0
 3 Sele
t analog line.R25 thru R28 0
 4 Sele
t analog line.R29 thru R32 0
 5 Sele
t analog line.R33 thru R40 100
 5 Terminating digital lines.R41 50
 5 Terminating the 
al-step.R42 - 3? Thermistor for temperature reading.Table 3.1: Component list for the VA-RICH boards.The PCB 
ondu
tors are in the outer layers made by a 17�m Cu pro
ess. To fa
ilitate25�m Al-bond wiring of the 
hip on the top layer, the Cu has an approximately 5�m Ni
over and about 1�m Au on top. The most important design rules are 4mil (100�m)tra
ks and spa
ing, and minimum via pads of 20mil (500�m), with the drilled via of halfthis diameter. The inner layers have 
ondu
tors of double thi
kness (35�m), whi
h hasthe e�e
t that tra
ks and spa
ings must be in
reased to 5mil. The vendor used for thedesign was KAM Cir
uits in England, 
hosen for their ability to provide a low pit
h andgold 
overing of the tra
es. Both fa
tors are vital for assuring mounting and bonding of alow pit
h 
hip dire
tly to a PCB. The VA-RICH 
hip 
overs an area of about a fourth ofa square 
entimeter and requires 90 bonds to the PCB spread over three of its edges.ComponentsThe only two a
tive 
omponents are the two 64 
hannel VA RICH 
hips. The a
tive
omponents together with the rest of the 
omponents are mounted on the top layer. Onlythe 
onne
tors CON1 and CON2 are hole mounted, the rest of the 
omponents are surfa
emounted. All SMD resistors and 
apa
itors are in the series 1206.Chip 
oolingEa
h 
hip is pla
ed by 
ondu
ting glue on a 
opper plane that is 
onne
ted to the negativeanalogue supply. This serves as the substrate 
onne
tion for the 
hip, but also as the the
hip 
ooling. Cooling is improved by having the plane extend to a bigger area than the
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troni
s for B-physi
s experimentsPin number Signal name Des
ription1,2 vfp Pre-amp feedba
k resistor 
ontrol voltage.3,4 vfs Shaper feedba
k resistor 
ontrol voltage.5,6 ibuf Pre-amp/shaper bu�er 
urrent.7,8 vref Output level adjustment.9,10 sha�bias Shaper bias 
urrent.11,12 pre�bias Pre-amp bias 
urrent.13,14 GND Ground.15 outm1 Negative di�erential analog signal board 1.16 outp1 Positive di�erential analog signal board 1.17 outm1 Negative di�erential analog signal board 2.18 outp1 Positive di�erential analog signal board 2.19 outm1 Negative di�erential analog signal board 3.20 outp1 Positive di�erential analog signal board 3.21 outm1 Negative di�erential analog signal board 4.22 outp1 Positive di�erential analog signal board 4.23 outm1 Negative di�erential analog signal board 5.24 outp1 Positive di�erential analog signal board 5.25 GND Ground.26 
al Calibrate pulse to use in test mode.27,28 test�on Put the 
hip in test mode.29,30 GND Ground.31 
kb The readout 
lo
k signal.32 
k The inverted readout 
lo
k. (dummy).33,34 GND Ground.35,36 VDD Positive supply. (+2 V).37 sib Inverted read bit. (dummy).38 si Read bit to mux shift register.39 VDD Positive supply.40 ther Temperature measurement.41 dresetb Inverted digital reset. (dummy).42 dreset Digital reset.43,44 VSS Negative supply. (-2 V).45,46 VSS Negative supply.47 holdb Inverted hold of mux.48 hold Hold mux value. (dummy).49,50 VSS Negative supply.Table 3.2: Signals on the board-to-board 
onne
tor.
hip itself, and having su
h a plane in all three routing layers ex
ept for the ground plane.The three 
ooling planes are 
onne
ted together with an array of 9 vias, to give an e�e
tiveheat transport. The plane is biggest on the bottom side where most of the 
ooling will takepla
e. In the bottom layer one must make sure that the plane is not 
overed by the solderstop to have optimal radiation and 
onve
tion to the surrounding environmental gas.



3.2 The Cleo-III RICH 101Supply and groundingThe ground is provided as a full plane in the third layer from the top. This is a very lowresistivity plane, helped by the fa
t that the inner layers of the PCB are made of thi
ker
opper than the outer layers. On the input/output 
onne
tors 7 lines are allo
ated toground, 6 to VSS and 3 to VDD. This re
e
ts that most of the 
urrent is 
oating in theVSS supply. On the board itself the VSS routing between the input and output 
onne
torsare very fat, in order to minimize the voltage drop between the 5 boards of a 
ell. This is theonly interesting voltage drop sin
e the drop over the in
oming 
able 
an be 
ompensatedby adjusting up the VSS and VDD supplies in the readout-
rate until �2V is found on thethe third board. This will ensure the two �rst boards having somewhat more than nominalsupply and the two last ones slightly less. Several lines on the 
able are allo
ated for thesupplies, the purpose being shielding of digital and analogue signals from ea
h other inaddition to minimizing voltage drops and providing redundan
y. Paralleling supply lineson the 
able helps to redu
e 
onta
t resistan
e in the 
able to board 
onne
tors, whi
hthere are 9 of in a 
ell, further redu
ing voltage drops within the 
ell.Signal linesThe most 
riti
al lines are the ones bringing the signals from the 
athode pad input 
on-ne
tors to the 
hips. The noise is proportional to the 
apa
itan
e seen by the inputs andseveral a
tions are taken to redu
e this 
apa
itan
e and to minimize pi
kup.� The input lines should be well separated to avoid inter-
hannel 
apa
itive 
ouplings.Close to the 
hip this is not possible. Here the lowest distan
e allowed by the PCBte
hnology is required, sin
e the 
hip itself has an even smaller signal pit
h, and atoo wide angle fan-out is not possible with wedge bonding. Further from the 
hipthe signal lines should be spread from ea
h other.� To minimize 
apa
itive 
oupling to ground, the ground plane is pla
ed as layer 3 ofthe board. It 
annot go further down sin
e the s
reening of inputs from digital lines
onstrains them to go in the bottom layer.� The lines (espe
ially from the 
athode pads) should be kept as thin as possible tominimize pi
kup.� The lines should be well shielded from the digital 
ontrol signals, espe
ially the holdand 
lo
k signals, whi
h are a
tive at the sampling time and during readout. Theshielding is a
hieved by pla
ing the board ground plane in between the input linesand the digital bus. The digital signals are also provided di�erential to redu
e pi
k-upand 
ommon mode e�e
ts.� The two 64-
hannel readout 
hips are organized to minimize the signal routing lengthfrom 
hip to the input 
athode pad 
onne
tors. The position of the 
onne
tors is�xed by the layout of the 
athode ba
kplane G10 boards.



102 Readout ele
troni
s for B-physi
s experimentsThe prototyping revealed problems with over-et
hing of input lines, making automati
bonding very diÆ
ult sin
e 4mil lines ended up 
loser to 3mil. The PCB vendor allowed5mil tra
ks and 3mil spa
ing in the layout the last few millimeters of the input tra
ks.After produ
tion this gave bond pads of at least 4mil width.Figure 3.8 shows the evolution of the bond pattern around a 
hip from the �rst to thethird version of the VA-RICH board. The �rst version had 3 mil bond pads and 3 milspa
ing, whereas the third version had 5 mil tra
ks and 3 mil spa
ing. In the third run allbond pads are in addition widened wherever possible. These measures in
rease the bondingyield 
onsiderably. In fa
t the �rst version is not possible to bond automati
, whereas thethird version is.The layout of the VA-RICH board is found in �gure 3.9 and �gure 3.10, where the�rst �gure shows the 
omponent pla
ement, the solder stop layers and the drill (hole)information. The se
ond �gure shows the four ele
tri
al layers with the third plot fromthe top being the ground plane shown inverted.3.3 The Belle SVDThe primary fun
tion of the SVD is vertex �nding, even though it aids the tra
king fromthe wire drift 
hamber. In the Belle experiment the vertex dete
tor should be able tomeasure the distan
e between de
ay verti
es along the beam axis of the produ
ed b and b,when the pair de
ays into a CP-eigenstate. The reason is that this reveals the asymmetryin the proper time distribution in the de
ay, sin
e �t � �z=
�
, where �
 is the Lorentzboost due to the asymmetri
 beam.The ina

ura
y in the time measurement smears the distribution, and it 
an be shownthat a time resolution of �t=� = 1=2 will require a 30% luminosity in
rease 
ompared toperfe
t vertex re
onstru
tion. The required luminosity will in
rease fast for even worsevertex re
onstru
tion. With a time resolution of 1=2, the required vertex resolution alongthe beam axis is 95� 100�m.3.3.1 Me
hani
al des
ription of the Belle SVDThe SVD, see �gure 3.11, is a three-layer 
ylindri
al stru
ture, built from double sideddete
tors (DSSD), from Hamamatsu Photoni
s (HPK). The readout ele
troni
s is sittingonly at the ends of the 
ylinders, to minimizematerial within the Belle dete
tor a

eptan
e.Ea
h 
ylinder is built from a stru
ture 
alled a ladder, 
onsisting of two, three or fourDSSD's glued together in length and with a readout hybrid at ea
h end. This results inladders of three di�erent lengths. All layers are built from ladders of the same width,
onsisting of 7, 10 and 13 ladders in the 
ylinders 1 (inner), 2 and 3, favoring the use of thesame readout hybrid all over. The radii of the layers are approximately 30mm, 43mm and57mm, 
onstrained on the inside by the beryllium beam pipe and on the outside by theCDC (wire drift 
hamber). The a
tual read-out unit will be of two types, short and longhalf-ladders. This sin
e the middle and outer layers will have units 
onsisting of two DSSDs
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Figure 3.8: Evolution of bond pattern from VA-RICH board version 1 to version 3. Thelast version is possible to bond automati
, whereas the �rst is not. In the latter versionalso note the alignment 
rosses required by the bond ma
hine.glued and ele
tri
ally 
onne
ted together. This is shown in �gure 3.12. The 
hosen s
hemeis to 
onne
t p-side to n-side and vi
e versa for the two DSSDs in the long half-ladders.This is similar to the DELPHI vertex dete
tor. It has the advantage of removing some
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Figure 3.9: The 
omponent pla
ement, the solder stop layers (top and bottom) and thedrill �le for the VA-RICH board.
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Figure 3.10: The layout of the four ele
tri
al layers of the VA-RICH board. From top tobottom.
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Two-sensor ladder:Figure 3.12: Con�guration of short and long half ladders into full ladders for the SVD.ambiguity, sin
e the signals in one spe
i�
 read-out 
hannel will have di�erent polarity forthe �rst and se
ond DSSD of the long half-ladder.The Hamamatsu DSSDs to be used are of the double metal layer type des
ribed in
hapter 1. It implies that the p-strips on the top side are to be 
onne
ted dire
tly to thereadout ele
troni
s by bonding in the end of the short side. The n-strips on the bottomside are orthogonal to the p-strips, and a se
ond metal-layer is used to route these strips sothat they arrive on the short end where the readout sits. To shield the n-strips from ea
hother a 
ommon p-stop is used in this dete
tor. The dete
tors for the short half ladder



3.3 The Belle SVD 107is approximately 33:5mm by 57:5mm. Sin
e the readout pit
h towards the VA-
hips is50�m, this de
ides the readout p-strip pit
h of the sensor. The average n-strip pit
h isof 
ourse wider, sin
e the dete
tor is almost twi
e as long as wide. The n-strips will berouted out by the se
ond metal layer to the short end where the 
hips for
e a 50�m pit
h.Typi
al 
apa
itan
es for the dete
tors are 7 pF on the p-side and 22 pF on the n-side. Thehigher number is due two the extra line lengths and 
apa
itive 
oupling between strips dueto the double-metal routing. In the long half-ladders, whi
h have two DSSD's with p onone DSSD 
onne
ted to n on the other and vi
e versa, the 
apa
itan
e of a strip is thesum, or 29 pF.The Belle 
ollaboration has measured the radiation e�e
ts of the VA1 
hip [32℄. Ir-radiation by 
-rays by 60Co up to 200 krads show a more or less linear in
rease in the
onstant noise part and in the noise slope. The initial ENC in their measurement wasgiven by 194e�+7:19e�=pF growing to 429e�+22:1e�=pF at 100 krad. The gain drop wasfound to be 0:3%=krad. To properly use 
luster �nding algorithms in the re
onstru
tion,a signal-to-noise of 10 is needed [33, page 7℄. Armed with the 
apa
itan
e values for theDSSD's shown above, the long half ladders should be fun
tioning up to about 150 kradwith a S/N=12. In the 
ase of the VA-RICH the radiation toleran
e is not an issue. Theseare experiments with similar luminosities, but the SVD o

upies the spa
e a few 
entimeterfrom the intera
tion point whereas the RICH is situated a meter away.The front-end boards have to drive the analogue signals about 2m to the SVD 
ontroland repeater system (SVD-CORE) lo
ated behind the CDC end-
ap wall. The SVD-COREis 
onne
ted to the readout 
rates by 30m long 
ables.3.3.2 The Belle VA1 readout boardsThe VA1 
hip is a 128-
hannel VA-
hip, as opposed to the 64-
hannel VA-RICH. A fewimportant di�eren
es in parameters and layout are found. The VA1 is made for read-out oflarge Si-strip dete
tors, with 
apa
itive loads up to 100 pF. The design of the front-end istherefore 
on
entrated on redu
ing the noise slope, whi
h is 6:1 e�=pF, sa
ri�
ing a little inthe 
onstant term, whi
h is 165 e�. In the VA-RICH 
hip whi
h is optimized for a smaller
apa
itive load, the slope is higher, about 15 e�=pF, but the 
onstant term is only 100 e�,whi
h 
ould have been even lower without the spark prote
tion.The input 
hannels are organized in two rows on one side, to fa
ilitate dire
t bondingto a 50�m strip-dete
tor. In VA-RICH they are spread around the available spa
e, as togive the highest possible pit
h, sin
e wire-bonding towards a hybrid or PCB is needed,and typi
ally 200�m pit
h is the minimum available in hybrid/PCB te
hnology. Theparameters of the VA1 
hip was summarized in table 2.1 and its layout plot found in�gure 2.3 of 
hapter 2.The readout-boards, from now on 
alled hybrids, in
orporate �ve 128-
hannel VA1
hips on an area of approximately 43:0mm by 33:5mm. Two versions of these boards weremade. The �rst 
onsists of a two layered FR4 PCB glued on top of an AlN 
erami
 board,whi
h 
ontains only one ele
tri
al layer. It will later be referred to as the mixed hybrid.This is a very good stru
ture, at least in the prototyping phase sin
e it has a rather low



108 Readout ele
troni
s for B-physi
s experimentsturnaround time of a few weeks, and the NRE 
ost is typi
ally a fa
tor of �ve below that ofa thi
k �lm hybrid. The se
ond hybrid was a thi
k �lm hybrid made in the Kyo
era thi
k�lm pro
ess, later referred to as the pure hybrid. The te
hnology is based on wolfram
ondu
tors on thin AlN 
erami
 laminates. These laminates are fused together at hightemperature to give a multi layer hybrid. Ea
h te
hnology has di�erent advantages, andthis is re
e
ted in the di�eren
es in the a
tual layouts.The motivation for the more 
ostly Kyo
era solution was better thermal properties.Later simulations and measurements of the 
omposite hybrid have shown these worries tobe more or less unfounded. Referen
e [34℄ shows the results to be within a

eptable limitsfor the 
omposite hybrid.3.3.3 Board s
hemati
 and 
omponentsThe s
hemati
 of the hybrid is shown in �gure 3.13. It 
an be seen that the a
tive parts
onsist of 5 daisy-
hained VA1-
hips, to build a serially readout 
hain of 640 
hannels.Due to the limited spa
e available for ea
h ladder, no 
omponent is allowed to be tallerthan 1:2mm, greatly redu
ing possible 
onne
tion s
hemes in the ba
k end of the hybrid.Around 30 lines are required for all signals to the hybrid, and sin
e only 18mm width isavailable in the ba
k end, less than 0:7mm 
onne
tor pit
h is needed. The 
hosen 
onne
toris a 30-pin Omneti
s nano-strip 
onne
tor at 0:625mm pit
h.The in
oming 
onne
tor brings only �2V and ground for the supply. On the hybrid
lose to the 
onne
tor ea
h of them are split into two bran
hes. One bran
h is used tosupply the analog part of all 
hips, the other bran
h has a little series resistor and is usedto supply the digital part of the 
hips. Ea
h bran
h is de
oupled by an 1�F 
apa
itor (inthe digital 
ase, on the 
hip side of the series resistor). Filtering of the digital a
tivity andseparation towards the analogue part are obtained by the RC-
ombination.Due to the limited amount of pins, only the 
riti
al digital signals, for the sampling andthe readout 
lo
k are supplied di�erential. These are di�erentially terminated in 100
.One will run with redu
ed digital swings of �1V sin
e this is suÆ
ient for the 
hips, andit redu
es the power dissipated in the terminating resistors to one fourth.The two supplies are only given 1 pin ea
h and ground uses 2 pins. In a more 
on-servative design a 3-2-1 s
heme for GND-VSS-VDD would be better in order to minimizevoltage drops and total resistan
e in the supply leads.If hybrids would be �tted with VA1RH, the radiation hard version, whi
h has a mu
hhigher spread in parameters, separate shaper biasing would be ne
essary. At an early pointalso an additional seven-
hip hybrid was foreseen, whi
h required 7 lines allo
ated for theshaper biasing.The 
apa
itors for the test pulse are integrated in the PCB, by building a parallel plate
apa
itor by two squares �tted on top and bottom layers. These are in the 0:3 pF range,
al
ulated by a parallel plate approximation.Temperature monitoring is done by a single thermistor terminated to ground.The supply for the sili
on dete
tor will have to go via the hybrid. Three lines are neededfrom a 
oating supply. The referen
e is 
onne
ted to ground on the hybrid, the two other
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Conceptual Design ReportFigure 3.13: S
hemati
 of the VA1 Belle readout boards de�ned by the Belle 
ollaboration.bran
hes are de
oupled to the referen
e on the hybrid. The two supply lines are brought tothe front end of the hybrid, one on ea
h side of the 5 
hips, and are bonded to the supplyfor the p and n side of the DSSD. Three lines are needed be
ause one does not want toput the full dete
tor voltage of about 100V over the oxide in the 
oupling 
apa
itors onthe n-side of the dete
tor. Instead the p-side is biased at �20V and the n-side at +80V.The 
omponent list is shown in table 3.4, and a des
ription of the input 
onne
tor isfound in table 3.3.3.3.4 The 
omposite hybrid material and layout 
onsiderationsThe AlN 
erami
 is 43:0mm by 33:5mm with a thi
kness of 0:38mm. Typi
al 
uttingtoleran
e of the 
erami
 width and length is �0:075mm, whereas the a

ura
y of thethi
kness is �0:025mm. The pla
ement of slots and holes are to a �0:050mm pre
ision.The manufa
turer is Ameri
an Te
hni
al Cerami
s. The 
ondu
ting layer is a thin �lmlayer on top of the 
erami
. This layer is 
overed by an 1mil Dupont Pyralux PC, whi
his a polyimide insulating layer. The AlN material is 
hosen for several reasons; �rst itsme
hani
al stability being a part of the DSSD support and alignment, and se
ondly itsgood heat 
ondu
tion, whi
h is the reason that the VA1-
hips sit on the AlN and not onthe PCB part of the 
omposite hybrid.The PCB has a designed size of 36:8mm by 32:5mm and a nominal thi
kness of



110 Readout ele
troni
s for B-physi
s experimentsPin Signal Type Dire
tion1 hold�b di�. dig. In2 hold di�. dig. In3 shift�in�b digital In4 
lo
k di�. dig. In5 
lo
k�b di�. dig. In6 dreset digital In7 test�on digital In8 Therm analog Out9 GND power10 out�p di�. ana. 
urrent Out11 out�m di�. ana. 
urrent Out12 GND power13 VDD power14 VSS power15 CAL analog pulse In16 sha�bias analog bias In17 pre�bias analog bias In18 buf�bias analog bias In19 VFP analog bias In20 VFS1 analog bias In21 VFS2 analog bias In22 VFS3 analog bias In23 VFS4 analog bias In24 VFS5 analog bias In25 VFS6 analog bias In26 shift�out digital Out27 VFS7 analog bias In28 det�bias2 power29 det�bias1 power30 GNDref analog InTable 3.3: Pin number and name of the signals on the output 
onne
tor. Dire
tions INand OUT refer to the hybrid.300�m � 38�m. Typi
al 
utting toleran
es are �127�m. The manufa
turer is KAMCir
uits, England. The 
ondu
ting material is 35�m 
opper with a few mi
ron of ni
kelbefore the gold �nish, whi
h fa
ilitates bonding. The top layer is a 4mil tra
k and 4milspa
ing design, even though this is relaxed to 5mil bond pads and 3mil spa
ing to over-
ome bonding problems in 
ase of over-et
hing of the PCB. The vias are 0:25mm (10mil)and the inner walls should be at least 35�m metal. All areas ex
ept for bonding pads,
ooling area and solder pads, are 
overed by a solder stop layer on both the top and bottomside.Figure 3.14 shows the 
omponent pla
ement and me
hani
al dimensions of the hybrid,whereas �gure 3.15 shows the layout of all layers. The PCB 
overs most of the AlN ex
eptfor the area where the 
hips sit. Figure 3.16 shows a side view 
ut through the hybrid. Thepi
tures 3.17 and 3.18 shows the Kyo
era hybrid and a half ladder based on this hybrid.



3.3 The Belle SVD 111

Figure 3.14: Belle 
omposite (AlN/PCB) hybrid. Showing 
omponent pla
ement andme
hani
al dimensions.
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Figure 3.15: Belle 
omposite (AlN/PCB) hybrid. Showing 
ondu
ting and insulating lay-ers.



3.3 The Belle SVD 113Designation Value/Rating Size Fun
tionVA1-VA5 - - VA1 read-out 
hips.J1 Conne
tor - 25 mil nano-strip 30 pin.C1-C2 0.033�F 200V 1206 Dete
tor bias de
oupling.C3-C6 1 �F 0805 Power supply de
oupling.C7-C10 1 �F 0805 VA bias line de
oupling.C11-C15 0.5pF - Integrated 
alibration 
apa
itors.C16-C20 1 �F 0805 VFS de
oupling.R1-R2 100K
 0805 Dete
tor bias �lter.R3-R4 100
 0805 Series resistors digital supply.R5-R6 100
 1/4 W 1206 Clo
k and hold termination.R7 50
 0805 Calibration termination.R8-R12 needs test 0805 RH1 shaper bias mat
hing resistor.T1 10K
 0805 Thermistor for temperature meas.Table 3.4: Component list for the Belle read-out hybrids.
Double sided
Silicon Detector
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AlN substrate
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Insulation
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VA1

VA1
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so
ld
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 o

f 
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ec
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pi
nsSMD
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Length 43mm

Bare area for

cooling

10mm

635um pin pitch

Approx.

4mmFigure 3.16: Cut through one end of a Belle SVD ladder. The �gure shows the build upof the readout hybrids.The heat removal will unfortunately have to go through a 
ooling bar, whi
h has to siton the PCB in a 10mm wide area parallel to the 
hips. This area is the left 10mm of thePCB, as 
an be seen in the upper plot of �gure 3.14 and in �gure 3.16. This is the reasonwhy no 
omponents are found in this area, and that the solder stop layer for the PCB, oneof the plots of �gure 3.15, is withdrawn from the PCB in this area. The 
hip heat has thusto go through the AlN, and up through the insulator, the glue and the PCB, before it 
an
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Figure 3.17: Pi
ture of a Kyo
era hybrid for the Belle SVD. Pi
ture by Belle SVD group.be removed. Care has been taken to minimize thi
kness of the insulator (the Pyralux) andthe glue (provided as 25�mm sheets that 
an be 
ut to the desired shape), and to �ndversions of these with high thermal 
ondu
tion, su
h that the heat 
ondu
tion will be good.The by far thi
kest element to interrupt the 
ooling path between AlN and the 
ooling pipeis the 300�m PCB in FR4 (�ber-glass epoxy). It has a low thermal 
ondu
tivity of about0:35W=(m �K). This is substantially improved by introdu
ing a lot of plated through viasin the 10mm wide 
ooling area, whi
h easily double the thermal 
ondu
tivity [34℄.All high 
urrent paths exist on the PCB, the 
erami
 
ondu
ting layer only routes thedete
tor voltages, the VA ba
kplane voltage and a ground for shielding purpose. This isdue to the fa
t that the resistivity of the 35�m Cu-tra
es is very low.The few 
onne
tions between the AlN ele
tri
 layer and the PCB are through 2mmholes in the PCB. Four su
h holes exist, for the two dete
tor supplies, ground and theanalogue �2V for the 
hip ba
kplane. Around the hole in the top layer is a metallizedring with the ne
essary ele
tri
al signal. By using a blob of solder, 
ondu
ting glue or abond, a 
onne
tion is established from the top layer of the PCB down to the round goldpad on the AlN.3.4 Realization of ba
k-end readout in Cleo-III RICHand Belle SVDIn the B-physi
s experiments des
ribed, it is a 
ommon feature that the rate of interestingevents is only of the order of 1 � 5 kHz. This greatly simpli�es the read-out ele
troni
s,be
ause there is no need for front-end data bu�ering as in the 
ase of the LHC experiments.
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Figure 3.18: Pi
ture of a Belle half-ladder inside an xy laser-test fa
ility. Pi
ture by BelleSVD group.The a

eptan
e of new triggers 
an be inhibited during the readout phase, provided thereadout is fast.The typi
al trigger laten
y in an experiment today is around 2�s, whi
h means that itwill take this time to de
ide if the event is interesting or not. This de
ision is typi
ally basedon muon and 
alorimeter response, and is 
alled a level-1 trigger. Higher level triggers areused to redu
e the rate of events even more, but these o

ur at later stages. In additionis the typi
al hit rate for a 
hannel in the B-experiments so low that there is very little
han
e of several hits in a 
hannel within a 2�s time window. This allows us to use slowshaping ampli�ers, that will give the signal value (peak) of a 
hannel just at the time whenwe know if the event was interesting, and we 
an use the trigger to issue the sample/holdfor the front-end 
hips. It is in fa
t the slow shaping or rise time of the signal that is'bu�ering' the data until we know if it should be read out.



116 Readout ele
troni
s for B-physi
s experimentsThe trigger rate gives about 200 � 1000�s to read-out the front-end 
hannels serially,whi
h allows us to disable/inhibit the triggers arriving during the readout period withoutlosing too many events. With typi
al serial read-out rates around 5MHz it will take inthe order of 130�s to read-out a Belle hybrid. The longer the readout time is, at a givenaverage trigger rate, the more dead time there will be. In Belle there is a requirement thatno subsystems should inhibit the triggers for more than 200�s to keep the dead time at ana

eptable level, whi
h is 10%. The ba
k-end read-out systems are usually designed su
has to add no extra dead time.3.5 VA1 
hip statisti
sThe statisti
s from wafer and board testing of VA1 
hips for the Belle experiment is sum-marized here. Typi
al values for the most important 
hip parameters: pedestals, gains andnoise are presented. The 
on
lusion is that the result of the wafer testing 
an be trustedand furthermore that the noise 
hara
teristi
s of the 
hips when probed on a wafer are
omparable to the noise of �nished hybrids. It is found that the pedestal pattern of a
hip is as distin
t as a �nger print and 
an be used in the pro
ess of identifying the exa
t
hips from a wafer that are used for a hybrid. This is used as a test of the logisti
s andbook-keeping involved in the manual pro
ess of wafer testing and putting 
hips on spe
i�
boards.The basis for the analysis is 120 Belle Kyo
era hybrids, ea
h 
ontaining 5 VA1 
hips.All 
hips were taken from a total of 8 wafers. In the mounting of the boards, only 
hipswith all 128 
hannels fully fun
tional were used. In the wafer-testing a total of 821 
hipsare used. When 
omparing results between wafers and boards the material is 545 
hips on109 boards, mainly be
ause the remaining boards have one or more 
hips where there areproblems with the logisti
s su
h as missing data-sheets or similar.3.5.1 Wafer testing and yieldThe wafers are pre-tested at delivery from AMS and some 
hips are marked as bad. Theprobe testing only tests those 
hips that passed the pre-testing. For the 8 wafers used inthis analysis, the table below summaries the number of bad 
hannels. The most important
riteria are pedestals and gains. The gain for ea
h 
hannel should be inside a �30% rangearound the mean for a large set of 
hips, and the pedestal spread should be inside a �20%band of the total output range. The noise 
ut is set at 500 ele
trons. The fra
tion ofa

epted 
hips is around 84% after the probe testing. This means that mounting a 5 
hiphybrid without probe testing would give only 0:855 = 0:42, or in the order of 40%, workingboards without need for 
hip repla
ement. In the last bat
h of 80 Belle boards only twoboards needed rework due to 
hip problems. This is about 97 � 98% board yield afterprobe-testing. The most 
ommon rework problem en
ountered was due to 
hannels killedin the mounting by ESD, and 
an of 
ourse not be attributed to the 
uts set in the probetesting.



3.5 VA1 
hip statisti
s 117Wafer 0 bad 1 bad 2 bad More Total 0 bad
hannels 
hannel 
hannels than 2 
hips fra
tion (%)W18 94 1 0 25 120 78.3W22 70 5 2 20 97 72.2W28 65 5 1 6 77 84.4W30 104 3 0 2 109 95.4W31 86 7 2 8 103 83.5W32 88 2 1 6 97 90.7W33 98 5 3 4 110 89.1W34 83 12 0 13 108 76.9Total 688 40 9 84 821 83.8Table 3.5: VA1 wafer yield3.5.2 Pedestal statisti
sWhen looking at the pedestal spread the numbers should be normalized to a fra
tion of thefull 
hip output range. This is motivated by the fa
t that all 
hannels are to be sampledby the same ADC with a 
ertain input range. We do not want to lose resolution due tothe pedestal spread o

upying a large fra
tion of the ADC input range.The 
hip output is a di�erential 
urrent and the total swing is 10 times the ibuf-
urrent.For the sele
ted operating 
urrent of 200�A for Belle, (140�A nominal) the 
hip outputrange is 2mA. The test system will 
onvert this to a voltage using 3:3 k
 resistors, givinga range of �3300mV, whi
h is a normalized �50% range. A good 
hip should have aaverage pedestal 
lose to zero.The average pedestal of the 
hips (based on all 545 wafer tested 
hips) is -0.60%, shownin the upper plot of �gure 3.19.For the internal spread in the pedestals of a 
hip, the standard deviation, �, and range,R, are used to quantify the spread. R is the di�eren
e between the two 
hannels withmaximum and minimum pedestal value. It is found that the standard deviation of thepedestal values of a 
hip is 0.47%. The average range for all the tested 
hips is 2.37%.Figure 3.20 shows both � and R after normalizing to the per
entage values of the fullrange. Note that the distributions of these are not Gaussian, but if the natural logarithmsof � and R are plotted, they are more or less Gaussian.The exer
ise is repeated for all the 545 
hips after they are mounted giving similarresults. The raw average pedestal data from both wafer and board testing is found in thetwo lower plots of �gure 3.19 to illustrate the similarity between wafer and board testing.The � and R show similar good 
orrelation. An even better illustration is �gure 3.21showing the 
orrelation plot between the average pedestal value of a 
hip measured onwafer and then later on the board. A very good 
orrelation is found. The pedestal valuesof a 
hip are in fa
t so unique that they 
an be used as a �ngerprint in mapping whatspe
i�
 
hip from all of the tested wafers, was mounted at a spe
i�
 position on one of theboards.To mat
h 
hips from board and wafer testing a simple 
orrelation based on an inner
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Figure 3.19: Average pedestal value for 545 VA1-
hips. Measured both on wafer (mid plot,in mV) and on �nished boards (bottom plot, in mV). The upper plot shows the waferresult but normalized to full 
hip output range so that the full Y-axis span the possiblerange �50% to +50%.produ
t is used. The pedestal pattern (or a fra
tion of it 
ontaining N 
hannels) of a 
hipafter subtra
ting the DC-value (the mean of all pedestals) is regarded as a N-dimensionalve
tor (~P ). The ve
tor is normalized to a length of 1, ~p = ~P =j~P j, and the inner produ
ttaken as 
 = ~pw � ~pb, where the subs
ripts indi
ate the ve
tor for the wafer or boardmeasurement. The result is a number between -1 and 1, where 1 indi
ates a 
ompletemat
h of pedestals (ignoring DC shifts). Figure 3.22 shows as the upper plot the innerprodu
t between a 
hip on a spe
i�
 board towards all fully good 
hips on all wafers. Infa
t the robustness of the method is not easily seen by the upper plot, sin
e the 
hips with
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Figure 3.20: The standard deviation and range of pedestals (inside a 
hip) for all 545 
hips.Both the distribution and the distribution of the logarithm are shown for the standarddeviation and rangeinner produ
t of about 0.7 instead of very 
lose to 1 
ould be thought of as pretty goodmat
hes, whi
h they are not. The lower plot instead shows 1=(1�
), sin
e this gives a s
alethat favorises 
ross produ
ts 
lose to 1 with a distin
t peak, more re
e
ting the relative
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Figure 3.21: Average pedestal 
orrelation between 
hips on wafer and board.strengths of the possible mat
hes. This is done for visualization purpose only.Figure 3.23 shows the pedestal pattern of a spe
i�
 
hip before and after mounting ona board. The same 
hara
teristi
 pattern is found. The �gure also shows the di�eren
ebetween the two patterns, and this reveals a typi
al 
hara
teristi
. The di�eren
e is notzero but a linear fun
tion of the 
hannel number added to a small fra
tion of the pedestalpattern itself. The slope and inter
ept of this line are found more or less to be the samefor all 
hips. This e�e
t is understood. The 
hips have been tested with slightly di�erentVSS supply voltage. This gives a slightly di�erent gain in the two 
ases, explaining thesmall fra
tion of the pedestal pattern in the di�eren
e. The slope is due to the di�erent
urrent 
onsumption giving a slightly di�erent sagging in the internal VSS bus of the 
hip.3.5.3 Gain statisti
sThe gain of a 
hannel is measured as the �rst derivative of the signal pro�le at zero input
harge. For a 
harge sensitive ampli�er, like the VA 
hip, delivering a 
urrent output, theproper unit for the gain would be �A=fC. The VA-DAQ setup uses a step voltage to inje
t
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hing of a 
hip on a board to all wafer tested 
hips.the 
harge through a 
apa
itor, with the 
apa
itor not being known to good a

ura
y. Inaddition is the di�erential output 
urrent of the 
hip 
onverted to a single ended voltagewith a trans-impedan
e ampli�er, sin
e the ADC a

epts a single ended voltage. The gainis therefore more easily measured in mV/mV (no unit), with the nominator mV indi
atingthe ADC input voltage and the denominator mV indi
ating the size of the step voltageused to inje
t a 
harge.The relation between the 
hip di�erential 
urrent signal, Isig, and the voltage into theADC, VADC is given by VADC = RIsig, where R is the resistan
e in the trans-impedan
eampli�er. The VA-DAQ system uses R = 3:3 k
. The relation between the input 
harge tothe 
hip, Q, and the voltage step, Vstep, applied to the test 
apa
itor, C, is Q = CVstep. Thegain measured in mV/mV,GV = VADC=Vstep, is related to the a
tual 
hip gain G = Isig=Q(measured in �A=fC) by the relation G = GV =(RC).When 
hips are tested on a wafer the 
apa
itor is mounted on the probe 
ard and willbe the same for all the tested 
hips as long as the probe 
ard is not 
hanged. The typi
al
apa
itor used is 1:8 pF. If the same VA-DAQ is used for the wafer testing, also the R willbe the same, and the produ
t RC will be 
onstant for all the tested 
hips. GV is givento a better pre
ision than G, as long as the C is not a

urately known. Most often is thespread in gain as a fra
tion of an average gain the important parameter, and in this 
asewill of 
ourse a fra
tion between two GV numbers have the same pre
ision as the fra
tionbetween two G numbers.The average gain of the wafer tested 
hips both before and after mounting is given in�gure 3.24. On the wafer testing the average gain is 106:4 � 4:6, the standard deviationbeing 4:3% of the average. On the board testing the standard deviation 
ontributes 11:6%
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hip on wafer and after mounting on a board.(2:22=19:09). This is due to the fa
t that on the board testing a separate 
apa
itor isused to pulse ea
h 
hip, and that there is a 
ertain spread in the value of this 
apa
itor.If we assume the 
apa
itor on the probe testing to be 1:8 pF to a good pre
ision, theintegrated 
apa
itors used for ea
h 
hip on the Belle boards will have an average value of19:09106:38 � 1:8 pF = 0:32 pF, where the fra
tion is the average gain for the 
hip measured onthe board divided by the same measured on the wafer.In fa
t, we 
an estimate the spread in the integrated board 
apa
itors if we assumeits spread as well as the spread in the gain to be Gaussian. The spread in gain measuredon a board (11.6%) should in the Gaussian 
ase be a square sum of the spread as it wasmeasured on the wafer (4.3%) and the spread in the 
apa
itor value (unknown). The
al
ulation reveals the spread in the 
apa
itors to be 10:8%.It is possible to do better than this and for ea
h 
hip plot the a
tual fra
tion betweenaverage 
hip gain measured on wafer and on the board, as it is done in �gure 3.25. This�gure indi
ates the average fra
tion to be 5.64, 
ompared to the division of the totalaverages of all 
hips before and after mounting, whi
h is 106:38=19:09 = 5:57. The �gurealso shows the standard deviation to be 0:60, whi
h is 10:6%. The fa
t that the two
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Figure 3.24: Average gain value for 545 VA1-
hips. Measured both on wafer and on �nishedboards.
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Figure 3.25: Fra
tion between average 
hip gain on wafer and on board for 545 
hip. Canbe interpreted as the fra
tion between the �xed probe 
ard 
apa
itor and the separate
apa
itor for ea
h 
hip on a board.alternative 
al
ulations give the same result, a spread of about 11% in the 
apa
itor value,
on�rms the Gaussian assumption, as we already know by looking at the histograms in�gure 3.24 and �gure 3.25.So far we have only been looking at the average gain of 
hips, however it is also interest-ing to look at the spread within a 
hip. This is done in �gure 3.26. It shows the standard
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Figure 3.26: Standard deviation and range of gain for all 
hannels of a 
hip, measured asa per
entage of the average gain in the same 
hip.deviation and range of 
hannel gains in a 
hip, for all the 545 
hips. Both quantities aremeasured as a per
entage of the average gain of all 
hips. Both plots use 
hip data from theboard testing. Also the natural logarithm of the measured quantities are shown, indi
atingthat the distribution of the logarithm is the one 
losest to a Gaussian. The average � and
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s 125R for the gain are 1:2% and 5:4%.The motivation for using data based on board testing in the standard deviation andrange statisti
s is that the board testing is mu
h more a

urate than the wafer testing. Thegain measurement is done with the 
hip in test mode, making it mu
h more sus
eptibleto pi
k-up noise and generated feedba
k via the enabled 
alibration input. In the probesetup all tra
es are mu
h longer and the input (
alibration) is not very well shielded fromthe output. By using the Signal pro�le of VA-DAQ one 
an show the a

ura
y of thegain measurement of a 
hannel to be around 0:25% for board testing, and around 2:5%for the wafer testing. One 
ould think that the latter number swamps the average gainresults above, whi
h is not the 
ase, sin
e a 2:5% 
hannel gain measurement a

ura
y isredu
ed to a 2:5%=(128)1=2 � 0:2% a

ura
y in the average gain measurement value ofa 128 
hannel 
hip. This 0:2% e�e
t does not have any in
uen
e on the average gain
al
ulations where the spreads are in the 5% order or larger, at least not in a Gaussianworld where the ina

ura
ies add in quadrature. An 0:2% term added in quadrature to a5% term is essentially 5% (5:004%).3.5.4 Noise statisti
sThe average 
hip noise was measured both in the wafer testing and for ea
h 
hip on theboards. The results are given as an equivalent input 
harge (ENC) in ele
trons. Theraw noise measured is for ea
h 
hannel a noise voltage into the ADC. By dividing by the
hannel gain in mV/mV, the number 
an be thought of as an equivalent input step noisevoltage, to be pulsed on the step 
apa
itor. By using Q = CV , where Q is 
harge, C thetest 
apa
itor and V the step voltage, the equivalent noise 
harge Q is found in fC. Thisis easily 
onverted into a number of ele
trons, sin
e the elementary 
harge 
orresponds toabout 1:6 � 10�4 fC.For the wafer measurements the 
apa
itor is the same for all 
hips, and assumed tobe 1:8 pF. The board results are di�erent, sin
e the logged data all have assumed a valueof about 0:3 pF, and not the real value of the 
apa
itor. The noise results for the boardsshould for ea
h 
hip be s
aled by a fra
tion of the real 
apa
itor value over the assumed0:3 pF. The previous se
tion in fa
t used the gain measurements from wafer and boardsto �nd the fra
tion between the test board 
apa
itor and the board 
apa
itors. Sin
e weknow the test board 
apa
itor to be 
onstant and 1:8 pF, the board 
apa
itors are easily
al
ulated. Figure 3.27 shows two plots, both being 
orrelations between the average 
hipnoise based on wafer and board measurements. The �rst plot is before the 
orre
tion of theboard data by using the real 
apa
itor value, the se
ond plot shows the 
orrelation afterthis 
orre
tion. After the 
orre
tion the 
orrelation is improved, whi
h is also a supportfor the validity of the board 
apa
itor 
al
ulations in the gain statisti
s se
tion.Figure 3.28 shows the results of the noise measurements for wafer and board testing.The results are better on the wafer testing, around 195e� due to a better value of thevfp-voltage, whi
h lowers the noise. This is a feature of the VA-DAQ test system. In bothwafer and board testing it will for
e the same bias values (as given by a de�nition �le)onto the tested 
hips, but the monitoring of the a
tual voltages and 
urrents are done on
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0 . 74S l ope 6 5 . 4 1In te rcep tFigure 3.27: Correlation of average 
hip noise from wafer and board testing. First plotbefore 
apa
itor 
orre
tion, and se
ond plot after the 
orre
tion.the VA-DAQ system, and not on the unit under test. Due to voltage drops over 
ables,the e�e
tive bias voltages at the 
hip level 
an be slightly di�erent. In 
ase one wanted to
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hips. The result as anequivalent input 
harge in ele
trons.assure exa
t same testing 
onditions, one should adjust the biases until the values at the
hip are identi
al. This would give two di�erent sets (de�nition �les) of bias voltages toapply to VA-DAQ for wafer and board testing.In addition are bias settings optimized to stret
h the peaking time towards 2:5�s, andnot to minimize noise. The best obtainable results with VA1 is about 165e�.3.5.5 Con
lusion of VA1 statisti
sIn the pro
ess of making a board one 
ould argue that it is only the internal spread of a
hip that matters, sin
e one 
ould bin together 
hips with more or less the same averagegain. This will be suÆ
ient when the user is not very interested in the absolute value ofthe gain, but only the spread, whi
h is typi
ally the 
ase.To bin together 
hips that have approximately the same average pedestal and gain willof 
ourse in
rease the amount of logisti
s and handling during the sele
tion phase of 
hipsfor a board. If it turns out that the internal spread in gain and pedestals of a 
hip is mu
h
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troni
s for B-physi
s experimentslarger than the 
hip to 
hip spread, it would of 
ourse not pay o� to do this binning.The pedestal statisti
s is summarized in �gure 3.29. It 
ontains three plots. The �rstshows the spread in the average pedestal of all the 
hips as a fra
tion of the total outputrange. The distribution is more or less Gaussian, with � = 0:8%. The average DC value isslightly o�set from zero. This small o�set has in fa
t no meaning, sin
e the DC level 
anbe shifted to zero in the trans-impedan
e ampli�er. This is done in the se
ond plot of the�gure. The third plot shows the distribution of range in the 
hips, and the a

ompanyingtable shows the fra
tion of 
hips with the range below a 
ertain threshold. It is immediatelyobserved that for 99% of the 
hips the total range is 4% or below. This is 
omparable tothe spread in the average, where 99% of the 
hips are within �2% of the average. Theimpli
ation is that binning 
hips in groups after the average pedestal has a fun
tion, sin
eit will redu
e the spread on a mounted board by roughly p2.For the gain the summarizing �gure 3.30 shows as the �rst plot the average gain in a
hip, measured as mV/mV. Using the average value of 106:4mV=mV it is easily 
al
ulatedthat the average gain is 17:9�A=fC. The se
ond plot shows the same plot, but normalizedsu
h that the average for all 545 
hips is 100%. The distribution is Gaussian, with astandard deviation of 4:4%, and 96% of the 
hips within �10% of the average. The thirdplot shows the distribution of the range. For 98% of the 
hips are the gain range below10% of the 
hip average, indi
ating half the 
hip to 
hip spread. This is an even strongermotivation for binning 
hips.Figure 3.31 shows the average pedestal and gain over one wafer. White indi
ates thatno 
hip is in the spe
i�
 position on the wafer. It is seen that the VA1 
hips o

upy doublerows on the wafer, with single rows in between. These are multi-
hip wafers, with the singlerows interleaved being VA2 
hips. The maps show that the pedestal and gain usually varylittle for neighboring 
hips. This implies that if binning of 
hips is not found worthwhile,it will often help a lot on the spread of a �nished board, that the 
hips are sele
ted asneighbours on the wafer.Even with little e�ort in optimizing vfp for low noise, the 
on
lusion of the noisemeasurements is en
ouraging. Average noise values of 195e� on wafer testing with non-ideal biasing, for a VA 
hip with an estimated minimum of 165e�, are very good. Itindi
ates that there should be no problems in measuring valid noise data with the 
urrentprobe station setup. For 
hip testing in test mode, where feed-ba
k starts to be a problem,it is seen that mu
h more averaging is needed for the probe testing 
ompared to theboard testing, to get results of similar a

ura
y. By using better shielded probe 
ards andde
oupling 
loser to the probed 
hip, this 
an probably be improved.The book-keeping of whi
h 
hips from a wafer goes to a spe
i�
 pla
e on a board wasfound to 
ontain several errors. These were dete
ted by using the pedestal �ngerprint.On 118 boards 26 
lear map errors were found. About 20% of these are with data sheet�les, where the test person has either sele
ted a wrong board number or a wrong waferposition when writing the result of the test to �le. The rest of the errors are in pla
ing
hips from the wafer on the board. There are two su
h 
ommon errors. The position of
hips on the board are mirrored 
ompared to the map, 
ompatible by holding either theboard or the map upside down when writing down the position. The other error is one-o�
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The plo t s con ta in da ta fo r 107 ch ips on wafe r -30 ,  wi th 1 bad channe l or less .Figure 3.31: Spread in average gain and average pedestal throughout a wafer.3.6 VA-RICH 
hip statisti
sThe VA-RICH boards were tested with a simple test system, based on a general DAQ-system and a spe
ial made interfa
e 
ard. The DAQ has a few number of digital outputlines and 12 ADC's for sampling. The DAQ 
ontains a Motorola 56001 DSP, whi
h wasprogrammed with a set of fun
tions to be separately 
alled by the PC. The interfa
e 
ardin the PC is an ISA bus 
ard 
onne
ted to the DAQ by a 
at-
able. Even the supplies forthe DAQ are taken from the ISA-bus of the PC.Some problems were seen with this system. The 
urrent to voltage 
onverter on theinterfa
e 
ard was too noisy, whi
h required a lot of averaging in the testing. This I-to-V
onverter does not have a very low input impedan
e resulting in voltage swings on the VAreadout lines. Another problem is with the VA-RICH board itself. For the last board of a�ve 
hip readout 
hain, the VA-output lines are very 
lose to the 
alibration input. Thiswill give a positive feedba
k, whi
h systemati
ally in
reases the gain. The e�e
t is 
learestseen in the se
ond 
hip, sin
e the tra
es run alongside ea
h other for a longer distan
e.This e�e
t is an indu
tive e�e
t between the 
urrent in the VA-output and the 
alibrationline. There is also a 
apa
itive 
oupling between the voltage swing of the VA output andthe part of the 
alibration signal on the inside of the 
alibration 
apa
itor. Based on thestatisti
s from board types 1,2 and 3, whi
h are 
onsistent (same gain), it is possible toshow a systemati
 in
rease in gain of about 2:5% on board type 4 and 9% in 
hip 0 onboard 5 and 23% in 
hip 1 on board 5.A total of 1008 boards are in
luded in the statisti
s, giving a total of 2016 tested 64-
hannel VA-RICH 
hips. The 
hips were not wafer tested before assembly of the VA-RICH
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troni
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s experimentsboard. This was due to a good wafer yield for VA-RICH 
hips, and the relative easinessof 
hip removal on a VA-RICH board. On the VA-RICH board ea
h 
hip sits well apartfrom the other 
hip.3.6.1 Con
lusion of VA-RICH statisti
sAs in the 
ase for Belle, the pedestal data is normalized to show a fra
tion of the outputrange. The average ibuf value used for all boards was 134�A, 
orresponding to a totalrange of �2100mV. The data sheet unfortunately logged only the average pedestal andpedestal range on a board basis, whi
h is a 2 
hip unit. The interesting parameters forea
h 
hip are the average pedestal and range and their standard deviation.The distribution of the average pedestal is Gaussian, whi
h means that one and two-
hip units have the same average pedestal and the two-
hip unit will have a standarddeviation redu
ed by p2. An analysis using Belle wafer datasheets to build two-
hip unitsgave the same average pedestal for one and two-
hip units, whi
h is logi
al be
ause one
an show the two summations to be identi
al. The fa
tor p2 depends on the quality ofthe Gaussian distribution, and the simulated two-
hip building using Belle data gave theproportionality of the standard deviations for one and two-
hip units to be p2 to 99:5%a

ura
y. The analysis is more interesting for the 
hip range. Both the mean range andthe standard deviation of the mean range are in
reased by a fa
tor of p2, to within 2%,in building two-
hip units, and the distributions have the same shape.This result is used to s
ale the data, and is presented as 1-
hip parameters in �gure 3.32.The upper plot shows the pedestals moved to 
enter the distribution around 0, and these
ond plot shows the range.The gain statisti
s is based on the �rst 
hip on all boards of type 2, 3 and 4, on boardsprodu
ed after mid of 1997 and with all 64 
hannels working. The number of 
hips are527. The gain is measured as the 
urrent output (�A) divided by the input 
harge used,whi
h is about 5:6 fC. Here it is assumed that the 
apa
itor used to pulse ea
h 
hip is1:8 pF. Sin
e the 
apa
itors are not 
alibrated, the resulting spread found in the averagegain involves the spread in the 
apa
itors. The result is summarized in �gure 3.33. The�rst plot shows the gain in �A=fC, the se
ond shows the gain after it has been normalizedto 100% for the average. The third plot shows the gain range in per
ent. A 
hannel wasde�ned as bad if the gain was outside �12:5% of the 
hip average gain, whi
h means thatthese are not in
luded in the statisti
s. The average gain is 8:3�A=fC with a standarddeviation of 6:5%. The average gain range is 10%.To measure the noise 
hara
teristi
s of the VA-RICH boards 10 boards where testedwith the VA-DAQ system. The average noise value for the 20 
hips were 160 e�, at vfp of�500mV. In this 
al
ulation the three �rst 
hannels of the se
ond 
hip are not in
ludedin the noise measurements. The noise levels at the input of the ADC are in this 
asearound 0:75mV. The 14-bit VA-DAQ readout system has a noise roof given by the ADCquantization noise and the readout 
hain of about 0:18mV. The resulting measured noiseis the root mean square of these two, meaning that the real noise of the board is about155e� and the non-perfe
t readout system adding 5e�. The data from these 20 
hips also
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4 . 55M e a n 1 . 28D e v 9 . 04M a x 0 . 22M i nFigure 3.32: Cal
ulated VA-RICH average 
hip pedestal distribution. Normalized to aper
entage of the full range, and shifted so that mean is 
entered at 0. The lower plotshows the 
hip pedestal range. The values are based on x-axis res
aling of VA-RICH boarddata.
on�rms the values found for pedestals and gains and their spread and range, by havingall values within a �20% range of the values found in the more 
omprehensive analysisabove.The noise pro�le for a 
hip 
learly shows the e�e
t of the di�erent 
apa
itive load due todi�erent routing lengths from the 
hip to the 
onne
tor. The plot show spikes for typi
allyevery other 
hannel, re
e
ting that some 
hannels need a longer route to rea
h the outer
onne
tor row, as seen in the upper plot of �gure 3.10.Figure 3.34 shows the similarity of noise pro�les of two boards. Note that the se
ondplot in this �gure has two 
hannels with a very low noise value, indi
ating a bad bondingof these two 
hannels. The 
hannels have therefore a very low 
apa
itive load, and thenoise is more or less the 
hannel noise at zero 
apa
itive load. This implies that bad
hannel bondings are lo
ated by setting a lower 
ut on the 
hannel noise in an automati
test pro
edure. The advantage of this pro
edure is that bad 
hannel bondings are lo
atedwithout the need of pulsing the dete
tor inputs of the 
hip.
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hips. The plots show the gain in �A=fC andin a 100% s
ale, and the lower plot the range in per
ent.A lower envelope of the noise pro�le of the 
hannels of a 
hip more or less 
ontains all
hannels with the input tra
k routing 
ompletely in the top layer and with no vias. Theamplitude of this envelope is around 30e�, whi
h must re
e
t the tra
k length di�eren
eof these 
hannels. A 
al
ulation based on a strip-line gives around 0:5 pF=
m for these
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ut 
an be used tolo
ate bad 
hannel bonds.tra
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ating around 0:5 pF for the shorter input tra
ks and 1:5 pF for the longer,based on the measured tra
k lengths. This seems to indi
ate a slope of 30e�=pF. The real
apa
itan
e must be higher due to 
oupling between neighbouring lines, and the a
tualslope should be below 30e�=pF. With the lower 
hannels around 115e� (after subtra
tingsystem noise) a �rst approximation is, ENC = 100e� + 30(e�=pF) � Cin for the 
hip. Thisis a 
rude approximation in the 
ase the 
hip is bonded up to the VA-RICH board. It doesnot explain why the un-bonded 
hannels seems to indi
ate a 
onstant part of the ENC at80e�.3.7 SummaryFront-end readout boards have been produ
ed and extensively tested for both Cleo-IIIRICH and for Belle SVD. The boards are implemented using very di�erent te
hnologies,motivated by the di�erent needs of the two appli
ations.In the 
ase of the RICH readout board the 
hallenge is in the amount of routing neededon a small area, sin
e all 128 
hannel inputs must be routed from the 
onne
tors to the
hip. This fa
ilitates the need for a 4-layer board, and great 
are needs to be taken toshield the inputs from the digital a
tivity and to ensure a low stray 
apa
itan
e, both vitalin redu
ing the noise. The readout board will not have any fun
tion in the me
hani
alsupport. Cooling in addition to the radiation and 
onve
tion to the surrounding gas is notne
essary sin
e only around 150mW is dissipated in a rather large area. The solution istherefore to use a standard 
heap FR4 PCB material, whi
h is a material with rather poorme
hani
al and thermal properties.For the SVD readout boards other fa
tors are important. The boards will have toprovide the me
hani
al support of the DSSDs of the ladders, whi
h need to be aligned toa high pre
ision. In addition is removal of the heat of the front-end ne
essary sin
e 1:5Wis dissipated in a small area. The des
ribed prototype design use a 
erami
 substrate
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troni
s for B-physi
s experimentsof aluminum-nitride (AlN), with good me
hani
al and thermal properties. Only a singleele
tri
al layer in gold (Au) is printed on this substrate, not requiring any �ne pit
h lines.Laminated on top of the AlN-Au is a thin polyimide �lm, possible due to the thin �lmpro
ess. The PCB and the AlN-Au are glued together with a �lm adhesive sten
iled to the
orre
t shape. This ensures a thin glue layer. The �lm has good thermal properties andis suitable for joining materials of di�erent thermal expansion. The total hybrid ful�llsall requirements; good thermal and me
hani
al properties, a short produ
tion time of afew weeks, and low 
ost. This makes this innovative buildup a very good 
hoi
e for fastprototyping in small series. The Kyo
era version of the board used in the dete
tor has a
ost and a turnaround time at least a fa
tor of �ve higher.Measurements on large samples have been used to get good statisti
s on VA1 and VA-RICH 
hip parameters. These measurements have shown that the 
hip to 
hip spread of
hannel parameters are typi
ally in the range one to two times the internal 
hip spread.This suggests binning of 
hips if tight limits are imposed on multi-
hip boards.The statisti
s has also veri�ed the use of the VA-DAQ readout system. All parameters
an be measured to a high pre
ision, and espe
ially the noise 
an be measured down to whatis expe
ted for the 
hips from theoreti
al 
al
ulations. The latter point is very important,it shows that the VA-DAQ is well engineered so that no noise is indu
ed by the readoutsystem. The noise is at the theoreti
ally possible minimum, given by the parameters ofthe sensor (
apa
itive load) and the front-end 
hip (its input transistor).Probe testing of 
hips on wafers shows that all parameters 
an be measured to a highpre
ision, and that the same 
hip parameters are re-measured at the �nished boards.The noise measured by probe-needle 
ards with a probe-station shielded by an aluminum
age is similar to the measurements on the �nished boards. This proves that a goodtest environment for wafer testing of 
hips has been designed. Wafer measurements alsosuggest, as expe
ted, that neighbouring 
hips on the wafer have similar overall parameters.In an appli
ation where it is not found worthwhile to bin 
hips after average parameters,it will help on the total spread to use 
hips 
lose to ea
h other on the same wafer.The interesting use of the pedestal pattern as a �ngerprint for 
hips 
an be used to
he
k the logisti
s in the mounting pro
ess. In an appli
ation where the boards 
an beequipped by any 
hip that passed the wafer test, no logisti
 is needed. All 
hips markedas good 
an be used. An automati
 program 
an be used to lo
ate whi
h wafer and theposition on the wafer that a spe
i�
 
hip, on a board under test, originates. This saves alot of time on logisti
s in a manual mounting pro
ess.Of 
ourse the �nal test of the su

ess of the readout boards must 
ome from the resultsobtained with the full dete
tors:For Cleo-III RICH results have been presented at three major HEP 
onferen
es; the 29thInternational Conferen
e on HEP [31℄ in 1998 in Van
ouver, Canada, the IEEE Nu
learS
ien
e Symposium [35℄ in 1997 in Albuquerque, US, and the 7th Pisa meeting on Advan
edDete
tors [36℄ in 1997 in Elba, Italy. The 1998 paper 
on
ludes that ex
ellent results havebeen a
hieved with full RICH 
hambers, even under not optimal test beam 
onditions atFermilab. The ne
essary �-K separation needed to get three sigma 
on�den
e is 12:8mrad,and the paper quotes 13:5mrad and 11:8mrad for planar and sawtooth LiF radiators,
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Figure 3.35: Showing the vertex resolution (distan
e between Monte-Carlo generated po-sition and the re
onstru
ted position), �Z, in the lowest plot. �Z has a mean of 24�mand a width of � = 105�m.
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Figure 3.36: Pulse height distribution and pulse height 
orrelation for p and n sides of theBelle SVD by 
osmi
 rays.respe
tively. The noise in the readout boards (in
luding the Belle test readout system)have been measured to be ENC = 130e� + (9e�=pF) � Cin. The 
onstant part is slightlyabove theory and the values by VA-DAQ, while the slope is lower. The a
tual valuesa
hieved are around 200e�, indi
ating around 8 pF of total load. The Cleo-III will startdata taking around end of 1999.The Belle SVD has been fully assembled, using the hybrids based on the Kyo
era pro-
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ess. The operational SVD has already taken data based on 
osmi
 parti
les. Preliminaryresults were reported at the LCPAC99 [37℄ at KEK, Japan, in February 1999. It 
on
ludesthat the estimated vertex resolution meets the design goal of 95 � 100�m, as shown in�gure 3.35, where the lowest plot for �Z has a width of � = 105�m before mu
h opti-mization has been done. Analysis of 
osmi
 data is in progress, showing preliminary SVDhit eÆ
ien
ies above 94% using a CDC as a referen
e. Figure 3.36 shows pulse-height dis-tribution of 
osmi
 hits on p and n sides and asso
iated 
orrelation plots. The pulse heightdistributions indi
ate equal and 
lose to full 
harge 
olle
tion for both p- and n-sides.The use of VA ele
troni
s for these experiments have demonstarted the maturity of thiste
hnology. The 
hips are produ
ed at high yield and with noise 
hara
teristi
 limted bynoise theory of the sensor/front-end physi
s and not the design. The 
hips are however
onstrained by dead time and data 
olle
tion speed, and read-out must be interleaved.In addition are they in the radiation weak AMS pro
ess. This is a

eptable for relativelow rate and low radiation experiments like the B-physi
s experiments. The next 
hapter
on
erns the ATLAS dete
tor, whi
h requires new 
hips due to the extreme rate andradiation level. Here a lot of problems must be solved, 
on
erning pipelining and 
ontinuosreadout during data taking, and understanding of new radiation hard ASIC pro
esses.Many 
hild diseases su
h as front-end instability and low wafer yield have been seen. Therequirements for thermal and me
hani
al stability are even more diÆ
ult than for Belle,with a sili
on strip area of 
lose to 50 square meters 
ompared to less than 0.2 squaremeters.



Chapter 4Sili
on dete
tor-systems for theATLAS SCTMymain 
ontribution to the ATLAS Semi-Condu
tor-Tra
ker (SCT) has been in the designand produ
tion of hybrids for the barrel modules. This a
tivity has been pursued by theauthor with the great help of O. Dorholt as the expert on the CAD layout tool. The resultsin this 
hapter re
e
ts the status of the proje
t roughly at the beginning of 1999.The most important fun
tion of the hybrid is to provide the ele
tri
al means of readingout the front end 
hips. The hybrid is an integrated part of the module, however, andits me
hani
al, thermal and radiation length properties are very important in a
hieving asatisfa
tory working module. This is very 
riti
al in a dete
tor su
h as ATLAS where theread-out hybrids sit within the a
tive dete
tor volume.Several hybrids have been designed and produ
ed, based on di�erent te
hnologies, andthey are being summarized in table 4.1. All have been produ
ed at Gandis Workshopat CERN, ex
ept for the FElix32 design [7℄ that was produ
ed at AME in Horten, Nor-Chip Pro
ess Designed CommentFElix32+Mux AgPd/oxide/alumina 2/95 Analogue.FElix128+Mux Au/oxide/alumina 7/95 Analogue.FElix128 Au/oxide/alumina 5/96 Analogue. Not produ
ed.SCT128A Au/oxide/alumina 10/96 Analogue. Ele
tri
al testing.SCTA128HC Au/oxide/alumina 6/98 Realisti
 module.SCTA128HC Au/oxide/alumina 3/99 In produ
tion.SCT128B Au/oxide/alumina 3/97 For realisti
 module.SCT128B Au/oxide/beryllia 3/97 Single sided module built.ABCD Au/oxide/beryllia 12/97 Single sided module built.ABCD Al/poly/PG 12/97 Full module built.ABCD3 Al/poly/TPG 10/98 Module being built.ABCD3 Au/oxide/alumina 12/98 Hybrid with 
hips tested.ABC+CAFE Al/poly/TPG progress Awaiting 
hip 
ompletion.Table 4.1: Hybrids designed by the Oslo group for ATLAS SCT barrel module development.139
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on dete
tor-systems for the ATLAS SCTway. The AME design was a thi
k �lm pro
ess based on AgPd 
ondu
tors on an aluminasubstrate. All thi
k �lm hybrids produ
ed at CERN have been based on Au 
ondu
torson either alumina or beryllia substrates. The thin �lm hybrids have been produ
ed in
ooperation between Gandis Workshop and a Fren
h 
ompany and is based on Al as 
on-du
tors and polyimide as insulators. These are mounted either on a PG substrate, or forthe remaining hybrids on a TPG substrate.The earlier designs were aimed at an analogue readout s
heme, the two �rst onesfor the 
hips FElix32+Mux32 and FElix128+Mux128 [7℄. A third design based on thefull FElix128 (integrated output multiplexer) was never produ
ed due to the non-workingreadout part of this version of the FElix128 
hip. Later analogue designs were based onDMILL analogue 
hips being developed in parallel with the binary DMILL readout 
hipsSCT128B and ABCD. Two hybrids were produ
ed based on the SCT128A and on thelater revision SCTA128HC. Only the SCTA128HC is a realisti
 design for building a realanalogue module, similar to the binary modules presented in this 
hapter.The binary front-end is the baseline in the ATLAS SCT, and the rest of the des
ribedhybrids are made for binary front-end 
hips. The SCT128B and ABCD designs on BeOhave both been used in making working single sided modules, with results being presentedin [38℄ and [39℄.The ABCD design was modi�ed for the Al/polyimide pro
ess to make the �rst Al/polyimideon PG hybrid. This design has been assembled into a working double sided hybrid, in whi
hresults are to be published at a later stage.The ABCD 
hip has been revised, the newest version being 
alled ABCD3. An improvedpolyimide hybrid has been designed and produ
ed for being pla
ed on a TPG substrate.Here the te
hnology is based on 
on�ning the TPG in an epoxy frame and the hybridbeing inserted in one big kapton pie
e 
onstituting the 
abling in between. Conne
tionsbetween the kapton 
able and the hybrid are by bonding, but the solder footprint for theold 
ables have been kept on the hybrid allowing the TPG hybrids to be used in othermodule designs.Two new designs are being made. The �rst is a BeO design for the new ABCD3 
hip,to have a SCT baseline design based on the ABCD3 in addition to the ABC+CAFE designby other ATLAS groups. In this way baseline BeO designs exist for both 
ompeting 
hipsolutions; integrated and separated front-end and pipeline 
hips. The se
ond design is aTPG hybrid for the ABC+CAFE, su
h that a TPG/Al/polyimide design exists for both
ompeting 
hip sets. In this design, as opposed to the TPG/Al/polyimide for the ABCD3,the solder 
onne
tor option is removed and only the bond pads are left, whi
h allowsthe hybrid to shrink to a width of 22:55mm. The old size of 28mm was limited by the
onne
tor footprint de
ribed in the Inner Dete
tor TDR.Before des
ribing the details of the SCT barrel module involvement an overview of theLHC and the ATLAS experiment is given in the following se
tions.
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Figure 4.1: Intera
tion points at the Large Hadron Collider.4.1 The Large Hadron ColliderAt CERN, the next big leap in the energy frontier of parti
le physi
s will be taken by theLarge Hadron Collider, LHC. Designed to 
ollide protons at a 
enter of mass energy of14TeV, it will be the tool to sear
h for the origin of the spontaneous symmetry-breakingme
hanism in the ele
tro-weak se
tor of the Standard Model (SM), responsible for themasses of parti
les in the SM. The design goal of the 
ollider is to provide a luminosityof 1034 
m�2s�1, ne
essary sin
e the interesting pro
esses to study in the SM and in theMinimal Super-symmetri
 extension to the SM (MSSM), have very low 
ross-se
tions. Thisis a
hieved by having the 7TeV bun
hes separated by 25 ns, giving a 
ollision frequen
y of40MHz.The Collider will be installed in the old LEP-tunnel, with an approximate 
ir
umferen
eof 27 km, shown in �gure 4.1. The two high luminosity general purpose pp-experimentsATLAS and CMS will be lo
ated in the points 1 and 5, respe
tively. Two more experimentsare planned, ALICE, a heavy ion (Pb-Pb) experiment with a 
enter of mass energy of1150TeV for the investigation of quark-gluon plasma, and LHC-B for B-physi
s studies.To further reuse existing fa
ilities, the Lina
, Booster, PS and SPS will be used for parti
leinje
tion to the LHC [41℄.
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on dete
tor-systems for the ATLAS SCT4.2 Physi
s for the LHCThe designs of the general purpose dete
tors ATLAS and CMS are guided by three majorphysi
s questions [42℄:� What is the sour
e and me
hanism of ele
tro-weak symmetry breaking in the Stan-dard Model? This leads to the requirement of being sensitive to the full mass rangeof the Higgs boson, whi
h should have a mass in the range 80 � 1000GeV. In theminimal version of the SM only one Higgs parti
le will exist, and the sensitivity isrequired to study the de
ay of a Higgs parti
le to bb using b-tagging, to two gammas,and to four 
harged leptons via ZZ, just to mention a few. In the 
ase of MSSM, theHiggs se
tor will 
ontain 5 parti
les, requiring sensitivity to a range of other pro
essesas well.� Can we unify all for
es and �nd a 
onsistent theory of matter all the way to thePlan
k s
ale? This is a
hieved by super-symmetri
 theories sin
e they stabilize gauge
ouplings. Lo
ally super-symmetri
 theories in
lude gravity, and super-symmetryappears natural in String Theories.� Is it possible to explain the masses, 
ouplings, mixing angles and CP-violations in theSM? These questions are tested experimentally by very detailed measurements of theSM, sear
hes for extension of the SM, sear
hes for 
ompositeness and detailed studiesof b-quark systems. The B-physi
s is for instan
e strongly a�e
ting the inner dete
tordesign by requiring pre
ise determinations of primary and se
ondary vertexes.The most interesting pro
esses to study in order to answer these questions are addressedin the following sub-se
tions. In addition is it interesting to note that the sets of pro
essesfor whi
h sensitivity is required, 
an be given as a list of design 
onsiderations, or equallywell as a list of sub-dete
tors from outermost radius and in [43, 
hapter 1℄:� Stand-alone muon momentum measurements.� Hermeti
 jet and missing Et 
alorimetry.� Ele
tro-magneti
 
alorimetry with photon/ele
tron identi�
ation.� Tra
king for lepton momentum and for b-quark tagging at high luminosities. Inaddition � and heavy-quark vertexing and re
onstru
tion of sele
ted B-de
ay states,at lower luminosities.4.2.1 Ele
tro-weak symmetry breakingToday the theoreti
al knowledge leaves the ele
tro-weak se
tor largely un
onstrained, whi
hallows two 
lasses of theories; weak or strong 
oupling of the se
tor. If the se
tor is weakly
oupled one or more Higgs bosons will exist below one TeV, in the other 
ase mu
h more
omplex behavior is expe
ted.
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s for the LHC 143The sear
h for the Standard Model Higgs relies on its de
ay ZZ� ! 4`, over a massrange of 130 to 800GeV. Below 130GeV the Higgs de
ays dominantly to bb, problemati
to �nd due to massive bb ba
kground. Instead the most promising 
hannel in this energyregion is H! 2
.If the se
tor is more strongly intera
ting and the Higgs-mass around one TeV, the massspe
trum is very broad. It leads to strong s
attering of gauge boson pairs, eventuallyviolating unitarity for the s-wave s
attering amplitude, whi
h 
an 
an be manifested in�nal stage gauge boson pair 
hannels su
h as:� Modi�
ations of longitudinal 
omponents of the SM s
attering amplitudes of the W�and Z bosons at several TeV. Here a 
hara
teristi
 signature is produ
tion of W+W+and W�W� pairs, and the best pro
ess is pp!W+LW+L , whi
h is not su�ering fromgg or qq ba
kground.� The Higgs is repla
ed by te
hni
olor models with W�Z or Z
 resonan
es at a fewTeV.4.2.2 Beyond the Standard ModelSo far the SM is very su

esful in explaining intera
tions up to the highest a
hievableenergies of today. LHC will however provide pre
ision measurements on the SM and itsextensions:� Pre
ision measurements on the W and t masses that 
an 
onstrain new physi
s andthe 
onsisten
y of the SM.� Even at low luminosities will 50000 tt pairs be produ
ed per day, whi
h also allowsstudies of rare top-de
ays, another window to new physi
s.� Produ
tion of gauge-boson pairs as a test of three-ve
tor boson 
ouplings. This
oupling is a part of the SU(2) symmetryof the SM. It 
an however 
ontain underlyingnon-standard physi
s for WWZ- and WW
-verti
es in the SM Lagrangian. At LHCthese verti
es 
ontribute to gauge-boson pair produ
tion, W
, WZ and W+W�. Forexample the W
 produ
tion provides a signal in the dete
tor of a high pT lepton(that triggers the experiment) and a high pT ele
tro-magneti
 
luster, identi�ed as aphoton. The irredu
ible ba
kground is from events 
ontaining a real lepton and 
,su
h as pp! 
Z! 
``. Using the distribution of the transverse photon momentumit is possible to study an anomalous vertex 
oupling if it is there.� Sear
h for new gauge-bosons. The dete
tors are 
apable of identifying new gauge-bosons, W' and Z', de
aying leptoni
ally, up to a gauge-boson mass of about 6TeV,provided that the 
ross-se
tions and bran
hing ratios are not too small.� Sear
h for 
ompositeness. Deviations from the SM are expe
ted if the quarks orleptons 
ontain more fundamental 
onstituents. For quarks this would be seen as
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Figure 4.2: Proje
tion of B-event in the barrel se
tor of the Inner Dete
tor.deviations from the QCD expe
tations for jet produ
tion at high transverse momenta,where the valen
e quark s
attering dominates. It 
an be shown that the quality ofa 
ompositeness measurement strongly depends on the 
alorimeter energy linearityand its extrapolation to higher transverse momenta.4.2.3 B-physi
sThe LHC is also a B-fa
tory, produ
ing 5 � 1012 bb-pairs yearly. This allows pre
ision mea-surements, espe
ially in the sear
h for CP-violation in B-de
ays, whi
h was also des
ribedin 
hapter 3. In addition is the investigation of B0s-mixing, the sear
h for rare B-de
aysand B-hadron spe
tros
opy of spe
ial interest. Figure 4.2 shows a B-event in the barrelse
tor, de
aying to leptons and pions.4.2.4 Super-symmetryThe MSSM in
ludes the SM and adds super-symmetri
 partners to all parti
les. TheMSSM also 
ontains two Higgs doublets. The experimental sear
h for super-symmetryfollows two paths; the sear
h for Higgs parti
les in the MSSM and the dire
t sear
h ofsupersymmetri
 partners of the quarks, leptons and bosons (squarks, sleptons, 
harginosand neutralinos).The MSSM needs two Higgs doublets to generate mass for the up and down type ofquarks. This will give �ve physi
al states, or 5 Higgs parti
les, 
alled H+, H�, h, H andA. These are pursued experimentally through the 
hannels:� A;H! �� ,
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tor 145� h;H! 

,� H! ZZ! 4` and� t! bH+.The produ
tion and de
ay of sparti
les will result in various signals, a few are:� The lightest super-symmetri
 parti
le (LSP), whi
h is almost always neutral and agood 
old dark matter 
andidate, will leave the dete
tor and give a missing transversemomentum.� Several large pT -jets from 
as
ade de
ays.� Several leptons from de
ays of 
harginos and neutralinos.4.3 The ATLAS Dete
torOne of the large dete
tors to be built for LHC is A Toroidal LHC ApparatuS, or ATLAS,shown in �gure 4.3. This multi-purpose pp-dete
tor lends its name to the fa
t that theouter magnet system of ATLAS 
onsists of air-
ore toroids, to minimizemultiple s
attering.The outermost sub-dete
tor, the muon spe
trometer, de�nes the outer dimension of theATLAS dete
tor. The radius being about 11m and a length of about 26m, in addition isthe third layer of the forward muon 
hambers �xed to the 
avern walls approximately 42mapart. Not only are the dimensions enormous, so also the total weight of about 7000 tons.The 
alorimetry is Liquid Argon (LAr) based for the ele
tro-magneti
 
alorimeter andalso for the hadroni
 
alorimeter out to a radius of 2:2m. At larger radii is the hadroni

alorimeter based on a mu
h 
heaper iron-s
intillator design, 
alled the Tile 
alorimeter.The inner dete
tor is 
on�ned within a radius of 1:15m and with a length of 6:8m, ina 2T �eld set up by the solenoid inner magnet system. The Inner Dete
tor is responsiblefor vertexing, tra
king, momentummeasurement and enhan
ed ele
tron identi�
ation, andwill be des
ribed in more detail in the next se
tion.4.4 The ATLAS Inner dete
torThe main obje
tive of the inner dete
tor is to tra
k 
harged parti
les from the beam pipeand out to the ele
tro-magneti
 
alorimeter. A 
ross se
tion of one half of the inner dete
toris given in �gure 4.4. It shows the three important subsystems of the Inner Dete
tor [44℄:� The Pixel dete
tor. The dete
tor is based on high-granularity sili
on pixel dete
-tors to provide pre
ision position measurements as 
lose to the intera
tion point aspossible. The dete
tor 
overs the full a

eptan
e and with three points per parti
ledetermines the impa
t parameter and vertexing of short lived parti
les like b-quarksand taus. The number of ele
troni
 
hannels are about 140 millions.
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ATLAS

A Toroidal Lhc ApparatuS

S.C. Air Core
Toroids

S.C. Solenoid

Hadron
Calorimeters

Calorimeters
Forward

Muon
Detectors

EM Calorimeters

Inner
DetectorFigure 4.3: 3D layout of the ATLAS dete
tor.� The Semi
ondu
tor Tra
ker, SCT. The dete
tor will give four pre
ision measurementsper tra
k in the intermediate radius range, ne
essary in the momentum and impa
tparameter measurements. The granularity is high enough to ensure good patternre
ognition. The sele
ted dete
tors are sili
on strip sensors, with a
tive strip lengthsof 12:8 
m and a pit
h of 80�m. This is the sub-dete
tor 
onsidered in this thesisand will be further des
ribed in the next se
tions.� The Transition Radiation tra
ker is based on straw tubes, 4mm in diameter. Thestraw gas is Xenon, whi
h fa
ilitates ele
tron identi�
ation by using double thresholdreadouts. The transition radiation photons 
reated by the ele
trons are 
aused by a
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Figure 4.4: One half of the Inner Dete
tor.
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Tél:(41) 22 702 61 11 Fax:(41) 22 781 21 92Figure 4.5: One mounting option for modules onto the 
arbon-�ber 
ylinder.radiator in between the straws. The barrel se
tion 
ontains 50000 straws, divided intwo and read out at the ends. The end-
aps 
ontains 320000 radially oriented straws.The total number of points per parti
le is on the average 36.4.5 The Semi
ondu
tor Tra
kerThe Semi
ondu
tor Tra
ker, SCT, is organized as 4 
on
entri
 
ylinders in the barrel regionof about 30.0, 37.3, 44.7 and 52:0 
m radius. The dete
tor modules, approximately 6 
mwidth by 12 
m length, are mounted onto 
arbon-�bre 
ylinders. In ea
h forward dire
tionthe modules are mounted onto 9 wheels, ea
h wheel having up to three rings of dete
tormodules. The wheels are inter
onne
ted by a spa
e frame. The 
ooling system of the SCTis based on evaporative 
ooling by 
uor-
arbons (C4F10, C3F8 or CF3I) at a temperatureof about �15oC. Figure 4.5 shows one alternative of atta
hing modules onto the 
arbon�ber 
ylinder.The basi
 building blo
k is as mentioned before the module. In the barrel se
tion it
onsists of four single sided sili
on mi
ro-strip dete
tors. Ea
h dete
tor has a size of 6:36 
mby 6:4 
m with 768 readout strips with 80�m pit
h. Ea
h side of the module 
onsists oftwo dete
tors glued and wire bonded edge-to-edge to form an unit with 12:8 
m long strips.Two su
h units are glued ba
k to ba
k with a baseboard for heat transport in between, withthe strips at a 40mrad angle, whi
h is enough to ensure the desired z-resolution (alongbeam axis). The readout 
hips are mounted on a hybrid sitting as a bridge above thesensors, and bonded to the strips at the midpoint of the 12:8 
m long strips. A drawing of
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Figure 4.6: An ATLAS SCT sili
on strip module for the barrel part.Item Value Des
riptionSize 63.6 x 64.0 mm2 At 
utting s
ribe line.Thi
kness 285� 15�m Uniformity required to be �10�m.Implant strips 768 readout + 2 18�m wide and 62mm long.Implant type p-type > 1014=
m2 Implant depth 1� 1:5�mSubstrate type n/type 2� 8 k
=2 Upper limits on C and O 
on
entrations.Readout strips 1�m within implant Aluminum - AC 
oupled to implant.Readout resistan
e < 20
=
m Low strip resistan
e (series noise).Total 
ap load < 1:2 pF=
m Measured at depletion and at 1MHz.Readout 
apa
itan
e > 10 pF=
m Dominate inter-strip 
apa
itan
e.Strip 
apa
itor diele
tri
 si oxide + si nitride Redu
es pinholes.Biasing 1:5� 0:5M
 Poly-sili
on resistors.Leakage < 2�A/strip After irradiation (shot noise).Maximum voltage 350V After irradiation.Bond pads 200 x 56�m These are ordered in two rows.Bad strips max. 1% on average No devi
e with more than 2% bad strips.Table 4.2: Spe
i�
ations of the ATLAS SCT barrel p-in-n dete
tor [45℄.a module is shown in �gure 4.6 [44℄.The main design 
onsideration for the ATLAS SCT sili
on strip sensor is the radiationtoleran
e. Intensive studies have shown that p-in-n dete
tors 
an survive 10 years ofoperation without violating the maximum safe operating voltage of about 350V. Themain spe
i�
ations for the sili
on strip dete
tors are summarized in table 4.2, and a layoutdes
ription shown in �gure 4.7. Figure 4.8 shows the layout of one 
orner of a dete
tor.Sili
on mi
ro-strip dete
tors have been used for several years in many parti
le physi
sexperiments, the 
hallenge in the ATLAS SCT proje
t lies in the diÆ
ulties introdu
ed bys
aling this an order of magnitude in size, speed and radiation levels. The size in
rease
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ription of the ATLAS SCT barrel p-in-n strip sensors.
oupled with the position resolution puts very strong demands on the rigidity of the sup-port. Furthermore, the size requires one to put the ele
troni
s within the a
tive dete
torvolume, with the impli
ation this has on the radiation toleran
e of the read-out 
hips. Thequality of the tra
king is limited by the amount of material within the a
tive volume, andthis material must be minimized.
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Figure 4.8: A 
orner of an ATLAS SCT sili
on mi
rostrip dete
tor. Six rounded guardrings are seen towards the edge. The polysili
on resistor for ea
h strip is seen in bla
k atthe end of the strip. Ea
h metal strip has two bond pads for redundan
y.4.6 Readout 
on
epts and 
hipsThe 
ollision frequen
y of 40MHz makes is impossible to transfer data from the front-end
ir
uits in between 
ollisions at this speed. For the SCT with just above 5 million 
hannelsit would mean a data rate in ex
ess of 25Tbyte per se
ond. To avoid this rate the front-end
hips bu�er/pipeline the data from ea
h bun
h 
ross-over (BCO) for about 2:5�s. Triggerlogi
 will de
ide within this time span if the event was interesting or not, and if it wasfound interesting the data 
orresponding to the 
orre
t BCO will be retrieved from theend of the pipeline. Most of the data exiting the pipeline is not a

ompanied by a triggerand therefore regarded as ba
kground.The �rst level trigger has an average rate of maximum 100 kHz, e�e
tively redu
ing thedata rate by a fa
tor of 40. In ATLAS there will be three levels of triggers. The mentionedlevel 1 trigger will have a �xed delay of about 2:5�s and will be taken based on 
alorimeterand muon spe
trometer data only. The level 2 trigger also adds inner dete
tor data. Thebu�ering of level 2 is based on digital memories and has a laten
y of 1 to 10ms. The level3 trigger is based on a swit
hed pro
essor farm 
apable of building full event data, andwill be able to write 10 to 100Mbyte of data to disk per se
ond. The s
hemati
 overviewof the trigger de
ision logi
 is shown in �gure 4.9.In the early phase of the proje
t several readout 
on
epts where put forward, named
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hemati
 overview of three-level event trigger sele
tion in ATLAS.analogue, digital and binary. The �rst 
ase involves reading out sequentially an analoguevalue for the 
hannels of the hit 
hip. The digital 
ase requires an ADC in the front-end
hip su
h that the 
onverted digital value 
an be transferred over a faster digital link. Inthe end, the binary s
heme was 
hosen. For ea
h BCO the signal output of ea
h front-end
hannel is 
ompared to a �xed threshold. If the signal is above a set threshold a hit ismarked in the pipeline for the 
orresponding strip. The pipeline memory will bu�er thehit pattern until the level 1 trigger de
ision has been taken.Several 
hips have been 
onstru
ted for the binary read-out s
heme. These have mainlybeen based on two di�erent approa
hes, either front-end and pipeline in two separate 
hipsor in the same 
hip. The noise and power requirements at 20 ns shaping time for
es theneed for a bipolar front-end [46℄. The pipeline is however easily a

ommodated in mu
hsimpler and 
heaper CMOS te
hnology.The separate 
hips solution evolved through 
hips like LBIC and CDP to todays two-
hip solution; the CAFE in the CB2 pro
ess by MAXIM (for the front-end ampli�ers) andABC in the RICMOS-IV pro
ess by Honeywell (the pipeline).The se
ond approa
h is to use new te
hnology o�ered by rad-hard BiCMOS pro
esseslike DMILL (sili
on-on-insulator hardening) 0:8�m 
ommer
ially available by Temi
/MATRAMHS. The ABCD 
hip (several iterations) has emerged through designs 
alled SCT128Band SCT32B. To get a deeper understanding of the fun
tionality of the read out 
hips, theABCD 
hip is des
ribed in further detail in the next se
tion.
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hips 1534.6.1 The ABCD 
hip and the readout proto
olThe signal pro
essing 
hain of the 
hip is as follows [47℄:� Charge integration in 128 parallel front-end ampli�ers 
onne
ted to 128 sili
on stripsof a sensor, followed by a fast shaping. The gain should be 160mV=fC and thepeaking time 20 ns.� Threshold dis
rimination, provided by an internal DAC. In the ABCD3 there will bea separate threshold DAC for ea
h 
hannel to over
ome problems 
aused by pro
essvariations. The default threshold is 1 fC, 
lose to 30% of a MIP, and the DACresolution is 0:025 fC.� The outputs of the dis
riminators are lat
hed and sampled by the pipeline at thestart of a 
lo
k 
y
le.� When the 
hip re
eives a level 1 trigger it must 
opy the 
orresponding data setand its neighbours from the pipeline to the readout bu�ers, whi
h also serves as thede-randomizing bu�ers.� Data 
an be transferred out of the 
hip when the 
hip re
eives a token, as des
ribedby the ATLAS proto
ol.The main design goal is less than 1500 e� of noise after re
eiving the total anti
ipated10 year radiation dose. The ENC noise is here given with the dete
tor (12:8 
m) 
onne
ted.Two other important design goals for the front-end are time-walk and double-pulseresolution. The energy deposition is Landau-distributed and signals far above typi
al MIPsof 3:6 fC 
an be found, giving pulses with faster peaking than the nominal. A design goalis that this peaking time-walk is within 16 ns so that one is guaranteed that the parti
leis time stamped to the 
orre
t BCO (bun
h-
ross-over). The double pulse requirement is50 ns, meaning that parti
les with this time separation should give two distin
t pulses tothe dis
riminator.The physi
al size of the �rst ABCD 
hip was 6:35mm by 7:5mm, in
reasing to 6:5mmby 8:2mm in the ABCD3 soon to be produ
ed. The layout of the ABCD 
hip is shown in�gure 4.10, and table 4.3 explains the most important 
hip signals.The 
hip supplies have large or double pads at both 
hip sides to lower supply indu
-tan
e and to provide redundan
y.The 
lo
k and 
ommand signals for ea
h 
hip arrive from both the asso
iated opto-board and from the opto-board of the neighbouring module. The 
hips of the module 
ansele
t whi
h 
lo
k/
ommand to use, giving redundan
y in the 
ase of an opto-board failure.A module 
onsists of 12 ABCD 
hips, where the readout progresses by token passing,requiring some form of redundan
y in 
ase one of the 
hips should fail. Ea
h 
hip istherefore equipped with an extra set of token/data inputs/outputs, so that it 
an bebypassed in the 
ase of 
hip failure. Only one 
hip per hybrid is 
on�gured as a master,and will pass around the token to 
olle
t the data from the other 
hips, before sending out
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Figure 4.10: Layout of the ABCD 
hip.Signal Type Des
riptionVCC supply Analogue 
hip supply.AGND supply Analogue ground.ring-a s
reen Analogue s
reen 
onne
t to AGND.VDD supply Digital 
hip supply.DGND supply Digital ground.VTHx analogue in External provided threshold.
alx analogue in External provided test pulsing.tokeninx/tokenoutx digital in/out Token part of the data stream.datainx/dataoutx digital in/out Data part of the data stream.led/ledb digital out Data from the master 
hip to the opto board.
lkx digital in Clo
k for down-loading 
ommands to the 
hips.
omx digital in Data for the down-loaded 
ommands.master digital in De
ides if the 
hip is a master.id[x℄ digital in De
odes the 
hip position on the hybrid.sele
t digital in Sele
t whi
h 
lo
k/
ommand set to use.resetb digital in reset the 
hip.Table 4.3: The signal lines of the ABCD 
hip from the 
hip spe
i�
ation.the full data pa
kage to the opto-board, whi
h will send it on a opto-
able out of the innerdete
tor.There exists a possibility of providing the threshold and the test pulsing of the frontend externally, in 
ase the internal DACs for these purposes should not be working.
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hanges to the ABCD were made sin
e the dete
tor option was 
hanged fromn-in-n to p-in-n. It was also 
lear that results obtained by SCT128B, produ
ed by LETIbefore DMILL was 
ommer
ially available, 
ould not be fully used. With the SCT128Bthat used another substrate best results were obtained by letting the 
hip substrate 
oat.The ABCD2 gave in the beginning poor results, and it was not able to work with thehighest gain (design value of front-end 
urrent) without os
illating. This was attributedto an unwanted 
oupling between front-end and the digital ba
k-end. Better results wereobtained by metallizing the 
hip ba
kplane and 
onne
ting it to analogue ground. Evenbetter results were obtained by thinning the substrate before metallizing. In this wayit was possible to operate the 
hip at the highest gain without os
illation. Some otherresults were also not so en
ouraging. Pro
ess variations were rather large, and it wasde
ided that an a

eptable solution would require separate threshold DACs to 
ompensatefor 
hannel-to-
hannel variations. The ABCD3 
hip will in
orporate separate thresholdDACs. Simulations with the a
tual pro
ess parameters also indi
ate that the phase marginof the front-end is too small. This means that the front-end is 
lose to os
illation. Thephase margin will also be improved in the ABCD3. The size in
rease is mostly due tonew resistor te
hnology, the separate threshold DACs and an in
reased input pad pit
h of48�m.4.7 The ABCD hybrid s
hemati
The s
hemati
 for the ABCD hybrid is given in �gure 4.11. All 
onne
tions to the 
hipsymbols indi
ate a bond, ex
ept for themaster and id[x℄ 
onne
tions. The master bondshould only be made for the leftmost 
hip on the hybrid, the one 
ontrolling the a
tualreadout and delivering data pa
kets to the opto board. The id[x℄ de�nes the geographi
alpla
ement of the ABCD 
hip on a module. The id[0℄ is the least signi�
ant bit in a 4 bit
hip address. Ea
h of the 12 
hip has its own number, the 
hips on the top hybrid arenumbered 0 to 5 and on the bottom hybrid from 8 to 13. This strange numbering justensures that the three lower order bits are the same on the top side and bottom side hybridof a module. If a bond is made the id[x℄ line is tied to ground, and is hen
e logi
al low,if the bond is not made the internal pull-up resistor on the 
hip will hold it at logi
al 1.For instan
e will 
hip 5 have address=id[3℄id[2℄id[1℄id[0℄=0101, being the binary number5. The id[4℄ bit is spe
ial, being 0 on modules 
alled even and 1 on modules being odd.Every other module along the barrel axis is even and odd.Most of the lines on the hybrid involves the passing of the token and data between the
hips. These are di�erential low voltage swing (LVDS) signals. To a
hieve full redundan
yto a single 
hip failure, two groups of tokens/data (total of 8 lines) must pass betweenthe two hybrids. The addition of bond pads into these tra
ks are introdu
ed sin
e the topand bottom hybrid of a module are made identi
al. The top hybrid will have only the leftgroup of bond pads bonded, whereas the bottom hybrid will have the right group bonded.This ensures that the 
hips 
onne
ted to these lines will not have to drive unne
essarylong tra
ks (
apa
itan
es), and to redu
e noise. The redundan
y s
heme is indi
ated in
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Figure 4.11: S
hemati
 of the ABCD BeO hybrid.
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Figure 4.12: Redundan
y s
heme for 
hip data/tokens in the two hybrids of a module.�gure 4.12. The di�erential 
lo
k and 
ommand signals arrive from the opto-board andmust be terminated in 100
 resistors.The pig-tail 
onne
tion to the �rst hybrid will not 
ontain any of the data/token lines,but instead two groups of led/ledb lines. The master 
hip (�rst 
hip) on the top hybrid willtransfer data to the opto-board over the led/ledB 
onne
tion for all 6 
hips on the top side,whereas the ledx/ledbx will pass the same data from the bottom hybrid straight throughthe top hybrid. Also the led/ledb signals are of LVDS type. The 
onne
tion between thehybrids are through a short wrap-around kapton 
able.The ground for the analogue and digital part of the front-end arrives separately on the
able. The grounds 
an however be joined together by bondings at positions between the
hips. Results by both SCT128B and ABCD have all been best with the analogue anddigital ground 
onne
ted together at the hybrid.Biasing of the dete
tor is brought in on the upper end of the input 
onne
tor for thetop hybrid. It is well separated from other tra
ks on the kapton pig-tail to avoid highvoltage breakdown. The dete
tor bias is de
oupled with two resistors and one 
apa
itoron the upper left end of the hybrid. The full dete
tor de
oupling s
heme involves onemore 
apa
itor and two resistors, whi
h needs to be pla
ed on the pigtail 
able 
lose to thehybrid, for this parti
ular hybrid solution.The dete
tor de
oupling has been through heavy dis
ussions in the last few months.It was found more or less impossible to have the metallized ABCD2 
hips working in asingle sided module, when going from 6 
m to 12 
m long dete
tor strips. By introdu
ing
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kplane and its de
oupling resistor, better results wereobtained. My feeling is that this should not be taken very seriously before the resultswith the ABCD3 are available. This is probably an e�e
t of the small phase margin inthe ABCD2. The newest thi
k-�lm/
erami
 hybrid for the ABCD3 was made su
h asto optimize the ele
tri
al properties and not the material budget. Thi
ker ground/powerplanes were used and a single ground plane, based on earlier results. Results from theGeneva group [51℄ with the new hybrid and thinned metallized ABCD2 
hips reveal alittle improvement over the old ABCD hybrid. Again this is felt by the author to be moredependent on the quality of the ABCD2 and not on the a
tual redu
tion in impedan
e andresistan
e of the 
hip ground.4.8 Ele
tri
al and opti
al 
onne
tion strategyIn a large system like the SCT, one of the major problems is to minimize 
ommon modenoise, whi
h is potentially very dangerous for both front-end and high-integrity digital datatransmission. The 
ommon mode noise is typi
ally pi
k-up noise due to 
ross-talk betweennearby lines or other forms of unwanted signals 
oupling 
apa
itively or indu
tively toour system. The most important method to ensure good 
ommon mode reje
tion is to be
areful with supply and grounding strategies.In ATLAS one has 
hosen a more or less optimal solution to this problem. Ea
hmodule is supplied by 
oating power supplies over a separate 
able, grounded togetherand de
oupled in a star ground 
on�guration very 
lose to the front end 
hips. This isalso referred to as a 'groundless' system, be
ause there is no 
ommon ground for wholesub-dete
tors, only for individual modules.To prote
t the analogue front-end in this system is a rather 
on�ned problem, be
ausethe sensitive analogue 
ir
uitry does not extend further than to the dis
riminators of thefront end 
hip. This noise 
an 
ouple to the front end either via the dete
tor or from thedigital 
ir
uitry to whi
h the front-end is 
onne
ted. The last problem is taken 
are ofby the ASIC designers, by presenting a high impedan
e path to the front-end for signalsoriginating in the digital parts of the 
hip.External noise 
an 
ouple to the dete
tor either via the ba
kplane, or via the readoutstrip and to the input transistor. The ba
kplane is regarded as the most dangerous part,sin
e it involves a large area where all emitters of the sili
on strip diodes are 
onne
tedtogether ele
tri
ally. The ba
kplane should be well �ltered with respe
t to the referen
eground of the input transistors of the front end 
hips. In addition should the �ltering be as
lose as possible to the 
hips to avoid loops or long tra
ks to introdu
e unwanted indu
tiveand 
apa
itive 
ouplings.The whole SCT sub-dete
tor is surrounded by a Faraday shield to shield the SCT andTRT from ea
h other.
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hemati
 des
ription of the optoele
troni
 parts for reading out an SCTmodule.4.8.1 Optoele
troni
 
omponentsThe module is not 
onne
ted dire
tly to the power tape low mass 
able, but to a 
opper-on-kapton pig-tail 
able from the top hybrid, by a soldered 
onne
tion. The pig-tail itself is�tted with a 
onne
tor for atta
hment to the low mass 
able. Also 
onne
ted to the pigtail
able is the small opto-hybrid, 
ontaining all opto-ele
troni
 
omponents for the module.The opto-hybrid with an approximate size of 10 by 10mm, 
ontains three important parts.The dominant part is a pa
kage 
ontaining two LEDs for transmitting the module dataout of the inner dete
tor over two opti
al �bers, and one PIN diode for re
eiving the 
lo
kand 
ommands for the module. To ensure long lifetime of the LEDS, the opto-hybrid willhave its own 
ooling 
onta
t. To further extend the lifetime a NRZ data transmissionproto
ol is used that minimizes high 
urrent-on times for the LEDs, sin
e LEDs only agewhen they are on.The se
ond opto-hybrid part is a dedi
ated LED Driver Chip, LDC, that a

epts thetwo module data streams at LVDS levels and drives the two LEDs.The third part is the DORIC3 
hip to demultiplex the data and 
ommands arrivingover the opto-
able. The PIN diode output is 
onverted to a voltage in a trans-impedan
eampli�er and then multiplied by an AC 
oupled di�erential gain stage. Logi
 levels areprodu
ed by a 
omparator, and the larger part of the 
hip extra
ts and syn
hronizes 
lo
kand 
ommands by use of a bi-phase mark de
oder. The output 
lo
k and 
ommand aredriven to the module as LVDS signals. A separate 
ontrol line will tell DORIC to alsooutput 
lo
k and 
ommand for a neighboring module, to whi
h it is 
onne
ted. This is apart of the redundan
y s
heme, sin
e we will not a

ept the loss of a full module if a PINdiode or a DORIC 
hip should break down.Figure 4.13 shows s
hemati
ally the opto-
omponents des
ribed. In addition it showsthat expensive radiation hard opto-
ables are only used within the dete
tor, whereas fromthe pat
h panels to the Read Out Drivers (RODs) in the ele
troni
s hut, mu
h 
heapernon-radiation hard 
ables are used.
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Figure 4.14: Low mass 
able for support of one SCT module.4.8.2 Low mass 
ables and pig-tailsThe 
ables used for powering the module and also providing some 
ontrol and monitoringare of aluminum on kapton. Figure 4.14 show an overview of an aluminum power tape
able. In the inner part of the dete
tor the aluminum is 50�m thi
k and ea
h of the threekapton layers are 25�m. Studies have veri�ed all properties of aluminum, kapton andepoxy glues to doses far above the expe
ted LHC dose.The supplies are analogue and digital low voltages supplies (3:5V and 4:0V) for thefront end 
hips. The digital supply is also used by the digital 
omponents, LDC andDORIC on the opto-hybrid. A high voltage supply for the sili
on dete
tors and a 10Vsupply for the PIN diodes are also present.For 
ontrol purposes there are lines both for analogue and digital parts. There are linesfor providing the threshold, a 
ontrol 
urrent and 
alibration pulses for the front-end 
hip.With a working ABCD 
hip, none of these analogue lines are required. There is also abiasing line for the 
urrent in the LEDs. The digital 
ontrol line is to allow the DORIC todrive 
lo
k/
ommands for the neighboring module.For monitoring purposes, spa
e for temperature and front-end supply sensing is allo-
ated. The sensing allows one to exa
tly set the wanted front end voltages sin
e the typi
alvoltage drops over the 
ables are easily above 0:5V.
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hnologiesThe read-out hybrid is an integrated part of the module, and the same overall goal exists.The material must be minimized su
h that tra
king is not ruined by multiple Coulombs
attering in the hybrid material. The material optimization is however 
onstrained bythe fa
t that the module should operate 
orre
tly. Sa
ri�zes 
an not be motivated if theyjeopardize the ele
tri
al, me
hani
al or thermal properties of the module.The main obje
tive of the hybrid is to fun
tion as the 
arrier for the front-end 
hips.The hybrid must be me
hani
ally stable to hold a �xed position with respe
t to the sensors,otherwise the bondings in between would snap. It also needs to be a good heat 
ondu
torto transport the 
hip heat to the 
ooling pipes. The ele
tri
al properties of the hybridsmust be ex
ellent to a
hieve high integrity signals from a system of mixed high speeddigital and low level analogue signals. The last point has re
eived a lot of attention for theABCD2.There are three main te
hnologies to 
hoose between for the ATLAS SCT hybrids [49℄:� Thi
k �lm on 
erami
 substrates.� Laminated 
opper-on-kapton hybrids on-top of beryllia/beryllium/TPG substrates.� Aluminum-on-polyimide(kapton) hybrids laminated onto PG/TPG.The �rst solution is the industry standard and it has been used in several physi
s ex-periments, like the sili
on dete
tors for LEP. It is highly reliable for long term operation,exampli�ed by known reliability of soldering and bonding. The 
ommunity has long expe-rien
e in assembly and use of su
h hybrids. The se
ond solution in
ludes two hybrids andthe 
ables in one kapton pie
e. This is highly interesting for the barrel se
tion, where thepig-tails and wrap-arounds feels very 
lumsy for the thi
k �lm solution. In the forwardmodules the possibility of having holes through the substrate make the thi
k-�lm solutionmore attra
tive. This is attributed to the fa
t that the modules are end-tapped and asingle substrate is the natural 
on�guration. The third solution is a new pro
ess underR&D by CERN and Fren
h industry. It has the best ele
tri
al and thermal properties, and
an o�er an integrated fan-in. However no experien
e with long term stability exist.My work has mainly been linked to the thi
k-�lm on beryllia solutions. The goal hasbeen to �nd thi
k �lm pro
esses and te
hniques that allow the produ
tion of a hybrid witha

eptable radiation thi
kness, sin
e this is the main design goal. Cal
ulations and mea-surements have been performed to 
he
k that this gives a

eptable ele
tri
al parameters.4.9.1 Passive hybrid 
omponentsAll hybrid solutions require in the order of 20 passive 
omponents to be mounted. For allof them it applies that they are sele
ted in the smallest series that 
an a

omodate therequired 
omponent value, to minimize hybrid size and material.Some resistors are needed for the purpose of line termination. LVDS signals are used for
lo
ks and 
ommands. These should be terminated di�erentially in 100
. Due to the very
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an be in very small series like 0402, minimizing material, sin
every little heat is dissipated. The only other resistors are series resistors for the dete
torbiasing. These resistors are in the order of 10 k
 and the dete
tor de
oupling 
apa
itorabout 10 nF=500V in 1206 series, giving the knee frequen
y of the low-pass �lter of a fewkHz. The series resistors will also redu
e the 
urrent 
ow in the dete
tor in 
ase of shortsor break-downs.Upon entering the hybrid the analog and digital supplies are de
oupled. The de
ouplings
heme would typi
ally be a SMD mounted tantal 
apa
itor. The tantal 
apa
itors arerather big and 
lumsy. In the series EIA3528 (3:5mm by 2:8mm by 1:9mm thi
k) KEMEThas 4:7�F at 10V. It is now possible to get 2:2�F X5R as a repla
ement for 4:7�F tantal.The size is 1206 or about 3:0mm by 1:5mm. The 
erami
 X5R 
apa
itors have fewerbreakdown modes, should be more radiation hard and there are no problems with voltagepolarities.The remaining 
apa
itors are for lo
al de
oupling of ea
h front-end 
hip. In the ABCDhybrid two X7R 100 nF SMD 
apa
itors in the series 0603 are �tted next to ea
h 
hip tode
ouple analogue and digital supplies. The material for the 
hip de
oupling 
apa
itorsshould be X7R. Another 
ommonly used type is Z5U, should not be used for appli
ationsbelow zero degree 
entigrade, whi
h is the 
ase in ATLAS. The main material is barium-strontium-titanate, BaxSr1�xTiO3, with x in the range 0.6 to 1.0. This is a 
erami
materialand should be highly radiation hard. The redu
tion in the nominal value of the 
apa
itorat �25oC is less than 10%, whi
h is uninteresting for de
oupling purposes. The mostimportant failure mode is 
ra
k formation. For uniform heating the 
apa
itor is better towithstand 
ompression than tension. A favourable property sin
e the thermal 
oeÆ
ient ofexpansion (TCE = 10ppm=K) is higher than that of a beryllia substrate and its aluminum-oxide layers (both TCE = 6ppm=K) [48℄.For the mounting, solder is preferred over 
ondu
ting glue. The 
hips and the fan-insare the only ex
eptions. The 
hips should be glued to its pad with a 
ondu
ting glue, forexample silver epoxy. The radiation hardness of epoxy glues have been veri�ed inside the
ommunity [44, 
hapter 11℄.In thi
k �lm pro
essing, resistors and 
apa
itors 
an be printed, using the same printingsteps as for 
ondu
tors and insulators, by using other printing pastes to a
hieve the wanted
ondu
tivity or diele
tri
 value. This is not found worthwhile due to the additional 
ostintrodu
ed. The material 
ontribution by surfa
e mounted 
omponents is not very large.The 
ontribution of about 30 de
oupling 
apa
itors to the radiation length, averaged overthe module area, is around 0.03%.4.10 An example thi
k �lm on 
erami
 hybridIn the 
enter-tapped bridge type module, the length of the hybrid will have to be at leastthe 63:6mm of the dete
tor, adding about 5mm in ea
h end for the 
onta
t to the supportstru
ture, whi
h provides the 
ooling and spa
e for the 
onne
tion of the pig-tail and wrap-around 
ables. The width of the hybrid is limited by the pla
e needed to route the internal
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e for the 
hips. In the Inner Dete
tor Te
hni
al DesignReport (TDR) [44℄ 28mm was spe
i�ed. This width was limited by the proposed footprintfor the pig-tail 
able. Copper-on-kapton hybrids whi
h in
orporate 
ables and hybrids intoone integrated pie
e, will however not need more than 22:5mm. The same applies for thealuminum-on-polyimide hybrids, where the 
onne
tions between 
ables and hybrids aremade by bondings. This width 
an not really be further redu
ed sin
e it is required tohave a good 
ooling 
onta
t.The starting thi
kness of the beryllia substrate is 890�m (35mil) before ma
hining.The pie
e is ma
hined su
h that it obtains a bridge shape. The thi
kness of the bridge is380�m (15mil). When the hybrid sits a
ross the dete
tor there will be a height di�eren
eof about 0:5mm, whi
h should give enough headroom for hybrid bending and room toavoid heat ex
hange by 
onve
tion. The substrates are guaranteed by the vendor to thespe
i�ed thi
kness �50�m.4.10.1 Hybrid materials and layoutThe 
hoi
e of 
erami
 is relatively simple. The two most used substrates are alumina andberyllia. Ex
ept from the 
ost, a beryllia substrate is mu
h better with respe
t to radi-ation length (about twi
e as good), thermal 
ondu
tivity (6 times as good) and thermalexpansion (
loser to sili
on than alumina). With alumina these �gures are so bad that aworking module with respe
t to a

eptable values of radiation length and thermal 
ondu
-tivity would not be possible. The higher pri
e of the beryllia is mostly 
onne
ted to thefa
t that its dust is poisonous.The 
ondu
ting elements used 
ommer
ially today are mainly silver-palladium (AgPd),silver (Ag), 
opper (Cu) and gold (Au). Copper oxidizes in air at high temperatures andthe printed layers need to be �red in a nitrogen atmosphere, whi
h in
rease the 
ost of thispro
ess.Silver-palladium has a very high sheet resistivity around 25m
=2 for a typi
al 
on-du
tor thi
kness of 15�m. This 
an give a 
onsiderable voltage drop on the supply line tothe 
urrent hungry front end ampli�ers. Typi
al sheet resistan
es for the other materialsare a fa
tor 10 lower for ordinary thi
knesses.Gold and silver are both good 
ondu
tors. Gold has been the traditionally favorable
hoi
e for at least three reasons:� It is 
heaper, be
ause the insulation printing requires three prints for silver and twofor gold. The thi
kness of ea
h print is usually around 15�m.� Even when silver is used, a mask with gold for the bonding padsis needed. This isnot easily done sin
e di�usion problems imply that the the gold and silver 
annotbe in dire
t 
onta
t, requiring a di�usion barrier. This barrier is typi
al AgPt. Tohave only a part of a layer in gold, and the rest of the layer in silver implies a printwith short stubs of tra
k of AgPt joining the silver and gold. If one full layer ofgold is printed it must be the top layer sin
e a silver layer above a gold layer 
an
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Figure 4.15: BeO hybrid for the ABCD 
hip. The �rst plot shows the solder pads with
omponent names, the next layer is the insulation between solder pad and top routing layerand the bottom plot is the top routing layer.
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Figure 4.16: BeO hybrid for the ABCD 
hip. Bottom three ele
tri
al layers. From top;bond layer, ground plane and power plane. The bottom shield, whi
h is a full plane, is notshown.



166 Sili
on dete
tor-systems for the ATLAS SCT
Figure 4.17: A single sided module based on a BeO hybrid for the ABCD 
hip. Pi
ture bythe Geneva SCT group.
ause problems. In this latter 
ase the di�usion barrier is made by printing the viasbetween the gold and silver layer in AgPt.� Gold 
an be printed down to thi
knesses of 1 to 3�m, whi
h is mu
h less thanthe typi
al 15�m of silver. Some vendors 
ould possibly print the silver down to athi
kness of 8�m. Even though the radiation thi
kness of gold is very bad, about2.5 times worse than silver, this is won ba
k by the fa
t that 8�m silver is about 2.5times as thi
k as 3�m of gold.ESL's gold paste ESL8837 
an typi
ally be printed to a thi
kness of 1:5�m. Two printsof this would give a typi
al thi
kness of 3�m. These are spe
i�
ations by Gandis workshopat CERN. In this 
ase no et
hing is done. ESL themselves typi
ally states this to be a 3�mthi
kness, when printed and et
hed in three rounds. A 
al
ulation based on the resistivityof pure gold gives about 8m
=2, while ESL list 25-35, 10-15 and 7-10m
=2 for 1,2 and3 prints of their paste, respe
tively. If this gold is only printed, and not et
hed, whi
hshould in
rease the amount of potential 
ommer
ial vendors, the design rules need to berelaxed. Typi
ally one would need at least 100�m tra
k width and 300�m pit
h. The goldis very pure and not spe
i�ed for Al-bonding. It implies that the layer with the bond padsmust be fully printed with another paste, otherwise a separate print of the bond pads in abondable gold is ne
essary.A good bondable gold is ESL8881b. It gives typi
ally 8�m thi
k 
ondu
tors. A goodproperty of this gold is that it 
an be printed at 100�m tra
k width and 200�m pit
h,whi
h is favorable sin
e the whole hybrid 
an be printed (no et
hing, whi
h in
reases the
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hip bonds easier, sin
e the bond pads aretightly laid out on the 
hips. Gandis workshop 
an even print this gold at 4�m thi
knessby thinning the paste. This is probably not a wise solution, sin
e most vendors probablywould not like to do this. The solder pads on top are made of AuPd, ESL5837 printed at18�m thi
kness.Based on all this information a favorable build up of the di�erent layers for the ABCDdesign is given in the following list (bottom to top), and the layout plots of some layersare presented in �gure 4.15 and �gure 4.16. Figure 4.17 shows a pi
ture of a single sidedmodule using an ABCD hybrid.� The bottom shield for stopping 
apa
itive 
oupling to the dete
tor 
an be imple-mented as one print of ESL8837. It must be 
overed by diele
tri
 before the nextele
tri
 layer. The shield should have a one-via 
onne
tion to the ground plane.� The bottom layer is the power plane split into areas for VCC and VDD. VDD is notusing as mu
h 
urrent and 
an be gridded. The plane do not need to 
over the wholehybrid. No �ne lines are required and the layer 
an be made using only printing.3�m ESL 8837 
ould be used.� The ground plane. It 
ould be a whole plane under the 
hips in the whole lengthof the hybrid and then gridded for the rest of the hybrid, or it 
ould be gridded allover. 3�m ESL 8837 
ould be used.� The bottom route, where the bonding goes. This is 8�m ESL8881b. Mostly stubrouting from buses to the 
hips, a very few analog lines from end to end. The
ondu
ting area is only a few per
ent (in order to defend the use of su
h a thi
kgold). Close to the 
hips as little as 100�m tra
k and spa
ing 
ould be used.� The top route. All the (long) digital bus lines are found here. In this way these arelifted high above the ground plane to redu
e the 
apa
itive 
oupling between groundand the fast digital signals. Here at least 100�m tra
k and 200�m spa
ing shouldbe used, in order to print this layer with 3um ESL8837.� Solder pads in 18�m AuPd (ESL5837).� For the diele
tri
 two prints of ESL4905CH 
ould be used, giving about 35�m thi
k-ness.The e�e
t of 
apa
itive 
oupling between the digital signal lines is redu
ed in one oftwo ways. The easiest one is to in
rease the distan
e between signal lines and the groundplane, the other one is to print the diele
tri
 using a paste with low permittivity. Pastewith permittivity of about 4 exist, 
ompared to 9-10 as typi
al values. This diele
tri
 ismore volatile, whi
h requires the vias between layers to be mu
h bigger. This is a potentialproblem around the 
hip bond pads, where very little spa
e is available. Typi
al ele
tri
alparameters 
an be estimated, if one assumes that the digital buses are mi
ro-strips, 150�m
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k, and that the relative permittivity is about9. The 
hara
teristi
 impedan
e will be about 35
, the 
apa
itan
e about 2 pF=
m andthe resistan
e about 50m
=
m.In an attempt to 
ut 
ost one 
ould go to an automated 3�m silver pro
ess for theprinting of all layers, ex
ept for the bonding layer whi
h must be in gold and put ontop. This gives a saving in both produ
tion and material sin
e silver paste 
ost typi
ally3CHF=gram, while gold 
ost 50CHF=gram. In this 
ase the design rules will be 300�mtra
k, spa
e and via sizes. In this pro
ess there are only 2 insulation prints between ea
h
ondu
ting layer, and the total thi
kness of an insulating layer in
reases to about 40�m,
ompared to 35�m for the gold pro
ess [50℄. There are also indi
ations from the vendorsthat some of the limitations in the standard silver pro
esses are relaxed [49℄, that 
ouldmake silver a more attra
tive solution.4.10.2 Radiation thi
kness of the beryllia hybridThe radiation thi
kness of the proposed hybrid is 
al
ulated in table 4.4. These numbersare averaged over an area of 63:6mm by 128mm or 81:4 
m2.Table 4.4 lists material 
ontributions for the hybrids and sensors averaging over 81:4 
m2e�e
tive module area, with a total of 1.38% of a radiation length. The 
ontribution fromea
h entry as a per
entage of a radiation length is given by%X0 = nlwtAX0 � 100%:A is the e�e
tive module area, whereas the rest of the quantities refer to the 
olumns oftable 4.4. The 
olumns t, w, l and n refer to thi
kness, width, length and multipli
ity ofthe item, respe
tively.The number 
olumn usually refers to the number of items of the given type however it
an also in
lude geometri
al fa
tors to 
ompensate that the item does not 
over the wholearea given by length and width.A

ording to the 070-series of drawings by the SCT 
ommunity, the baseboard of themodule will be made of TPG and the additional fa
ing strips in beryllia. These items arein
luded in the 
al
ulations. An exploded view of the module in shown in �gure 4.18, thebaseboard in �gure 4.19 and the beryllia fa
ings in �gure 4.20.A more realisti
 hybrid with respe
t to material, that still should behave equally goodele
tri
ally, would integrate the power as tra
ks in the bottom route. This is possible sin
ethe gold in this layer is mu
h thi
ker, so that tra
ks that are not so wide 
an be used forthe supply. In addition have the 
al
ulations of the resistan
e in the power rails on thehybrid indi
ated that the total amount of gold used in supply and ground 
an be halved.The removal of the supply plane also means that one less insulation layer is required perhybrid. In addition 
an the shield be printed on the bottom side, with a via 
onne
tionthrough the substrate. On the uppermost insulation layer one 
an remove material wherethere are no solder 
omponents to be pla
ed, e�e
tively redu
ing the insulation to 75%.With these 
hanges the hybrid printing is down to 0.18% and the module is 1.26%.
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Figure 4.18: Exploded view of an ATLAS SCT sili
on strip barrel module.
Figure 4.19: TPG baseboard design for the ATLAS SCT barrel module.A more bold proposal is to produ
e di�erent hybrids for top and bottom side of themodule. This allows the use of 8 fewer signals on the 
onne
tors and the width 
an shrinkfrom 28mm to 24mm. This should be a suÆ
iently wide 
ooling 
onta
t. The saving fromthe substrate, insulation printing and metal printing is around 0.044%, and the module isdown to 1.22%, whi
h is very 
lose to the design goal of 1.2%.
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Figure 4.20: Beryllia fa
ings for the ATLAS SCT barrel module.It is seen from the optimized module that the sensors 
ontribute about 50% of themodule. For a hybrid, the substrate, the insulation printing, the 
ondu
ting printingand the 
omponents 
ontribute about the same amount. If diele
tri
 paste with mu
hless barium oxides and zin
 oxides and more boron oxides and aluminum oxides 
ould befound, this would help a little. Su
h a paste would probably just have higher aluminumoxide fra
tion and the result 
ould not improve mu
h more than from 60mm to aluminumoxides 70mm, a mere 20% redu
tion in the insulation and an 1% redu
tion in the totalsensor and hybrid material.Table 4.5 and table 4.6 [7℄ show 
al
ulations of radiation lengths for typi
al 
ondu
torsand insulators used in the hybrid printing. The weight per
entage before �ring is less than100, sin
e there are organi
 solvents whi
h gives the paste its vis
osity needed for printing.The solvents evaporate during �ring. The formulas used are given in se
tion 1.2.2.4.11 Thi
k-�lm, thin-�lm 
omparisonIn des
ribing the aluminum/polyimide hybrid it is suÆ
ient to des
ribe more or lessthe di�eren
e between this te
hnology and the gold/oxide te
hnology. The �nished alu-minum/polyimide hybrid is thin and 
exible, and 
an be laminated onto various substrates.In our 
ase where the heat removal is important the proposed substrate is TPG, eventhough the �rst demonstration module used a PG substrate.The pro
ess is based on photo-lithography like the thi
k �lm solution, but the similari-ties end here. The di�eren
e lies in the produ
tion. In a thi
k �lm pro
ess the photo-mask
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omparison 171Part Material X0 t w l n % X0MECH./THERMALbaseboard+fa
ings BeO/TPG 0.166SENSORSthe 4 sensors Si 93.6 0.285 63.6 64.0 4 0.6090HYBRIDSSubstratehybrid substrates BeO 144.0 0.381 28.0 74.6 2 0.1358bridge ends BeO 144.0 0.495 28.0 4.0 4 0.0189Substrate total 0.1547Printinginsulation layers diele
 60.0 0.035 28.0 74.6 10 0.1497bottom shield Au 3.5 0.0015 27.8 74.6 2 0.0218ground plane Au 3.5 0.003 27.8 74.4 2 0.0436power plane Au 3.5 0.003 27.8 74.4 2 0.0436top layer route Au 3.5 0.003 0.15 1200 2 0.0038bottom layer route Au 3.5 0.008 0.1 1000 2 0.0056pads for 
hips Au 3.5 0.003 6.35 7.5 12 0.0060pads for 
able AuPd 3.5 0.018 1.52 0.76 60 0.0105pads for 0603 SMD AuPd 3.5 0.018 1.0 0.60 104 0.0061Printing total 0.291ComponentsABCD 
hips Si 93.6 0.35 6.35 7.5 12 0.02630603 
erami
 
aps X7R 20.0 0.8 0.8 1.6 24 0.01510603 resistors Al2O3 35.0 0.5 0.8 1.6 14 0.00311206 
erami
 
aps X7R 20.0 1.5 1.6 3.2 2 0.00941206 main de
oupl. X5R 20.0 1.5 1.6 3.2 4 0.0189fan-in glass 123.0 0.381 3.3 61.8 2 0.0155wraparound 
able kapton 287.0 0.025 24.0 11.0 1 0.0003pigtail 
able kapton 287.0 0.025 24.0 20.0 1 0.0005wraparound 
able Cu 14.3 0.005 24.0 11.0 1.6 0.0018pigtail 
able Cu 14.3 0.005 24.0 20.0 1.6 0.0033bond wires Al 89.0 0.025 0.025 3.0 5000 0.0013
ondu
ting epoxy Ag 8.54 0.025 6.35 7.5 12 0.0206
able solder pads solder 9.12 0.2 1.0 1.0 108 0.0291equiv. 0603 pads solder 9.12 0.1 0.8 0.8 108 0.0093Components total 0.1545MODULE 1.375Table 4.4: A 
al
ulation of the radiation length of an unoptimized ABCD module. Theresult is averaged over a module area of 81:4 
m2.is used to produ
e a very �ne steel mesh, through whi
h a vis
ous paste, either for aninsulating or 
ondu
ting layer, 
an be pressed/printed. The paste 
ontaining organi
 sol-vents for vis
osity, binders and the a
tive material, oxides for insulators and gold/metalsfor 
ondu
tors. After the printing the hybrid is �red at high temperatures, around 900o C,
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tor-systems for the ATLAS SCTWeight % Weight % Density % Rad.length Rad.lengthComponent in paste after �ring (g/
m3) (g/
m2) (
m)Au 80-90 �98 19.3 6.43 0.33CdO (binder) 2 �2 �7.5 10.1 �1.35Average 18.7 �6.48 �0.35Table 4.5: Composition of a paste for 
ondu
tors. These are typi
al values for gold paste.Weight % Weight % Density Rad.length Rad.lengthComponent in paste after �ring (g/
m3) (g/
m2) (
m)Al2O3 30-40 �47 4.0 28 7.0BaO;BaO2 10-20 �20 �5.3 9.6 �1.8B2O3 (glass) 5-15 �13 1.8 39 21SiO2 5-15 �13 2.2 27 12ZnO 5 �7 5.6 15 2.6Average �3.3 19.8 �6.0Table 4.6: Composition of paste for insulation. The 
al
ulations are based on ABLESTIKpaste no. C8301.whi
h frees the solvents and melts the rest to a �xed hard glass for the insulators or as ametal tra
es or planes for the 
ondu
tors. The resulting tra
ks are not very well de�ned.This is shown by �gure 4.21. The general dimensions given for the pro
ess are veri�ed bythese pi
tures. Figure 4.22 shows a 
ut through a SMD pad with a very huge via 
onne
-tion down to the ground plane. The lowest plane is the power plane sitting dire
tly on thealumina substrate sin
e this hybrid is printed without a bottom shield. The huge amountof gold in these vias indi
ates that 
onne
tions from solder pads to a lower layer shouldnot be done this way sin
e it in
reases material. A better way will be to route a tra
k fromthe pad in the pad layer to a small standard via going down to the sele
ted layer. Thethi
kness of the AuPd pads is veri�ed to be 18�m by this pi
ture. These are all pi
turestaken by a mi
ros
ope of a 
ut SCT128B hybrid, having the same buildup as des
ribed forthe prototype ABCD hybrid.The aluminum/polyimide pro
ess is instead based on et
hing. The photo-mask is thebasis for where to et
h away the aluminum. This makes it a mu
h �ner pro
ess sin
e theet
hing is very a

urate. A printed thi
k �lm hybrid 
an be et
hed later to improve thequality of the lines, this will however in
rease the 
ost and the des
ribed thi
k �lm hybridsare designed su
h that only printing is required. In the aluminum/polyimide design it ispossible to go down to 50�m tra
ks and spa
ing, but this is only used in the pit
h adapter.Using smaller line widths and spa
ings will de
rease the yield, and is therefore not usedunless ne
essary.An overview of items where the aluminum/polyimide on TPG hybrid is potentiallybetter than the BeO hybrid are:� The smaller line widths allows the pit
h adapter to be integrated into the hybrid.
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Figure 4.21: Two 
uts through the layers of a thi
k �lm hybrid. In the upper plot a100�m wide line in 8�m gold is shown and in the lower plot 150�m wide line in 3�m goldis shown. The other white layers are power and ground planes in 3�m gold. Insulationlayers are 35�m.� Ele
tri
al properties su
h as resistivity of 
ondu
tors and permittivity of insulatorsare better.



174 Sili
on dete
tor-systems for the ATLAS SCT
Figure 4.22: A 
ut through a SMD pad with a very huge via 
onne
tion down to the groundplane. The lowest plane is the power plane sitting dire
tly on the alumina substrate sin
ethis hybrid is printed without a bottom shield.� The thermal 
ondu
tivity of TPG is superior to BeO.� The TPG substrate is 
ondu
ting and 
an be the ele
tri
 shield between the 
hipsand the dete
tor.� The amount of material is mu
h smaller in the TPG hybrid.Ex
ept for the pit
h adapter the design rules used are 100�m tra
k and spa
ing, thesame as the minimum usable for a thi
k �lm layer in a routing layer (8�m). In the thingold layers of a BeO hybrid the minimum tra
k and spa
ing are 150�m. The via hole inthe Al/polyimide pro
ess 
an be 70 � 75�m, with the annular 
ondu
ting ring around of40�m, making the whole via stru
ture 150�m wide. In the thi
k �lm pro
ess the viasare printed as separate via-�lls to �ll the opened holes in an insulation layer. The size ofthe hole and the printed �ll are both 200�m in diameter. The thi
kness used is typi
ally5�m for the Al and 15 � 20�m for the polyimide, 
ompared to 1:5� 8�m Au and 35�mglass/oxide.Some additional design rules also apply, not used for the BeO hybrid. The solid metalplanes must be hat
hed. This to ensure adhesion of polyimide not only to the metal butalso to the underlying polyimide layer. This prevents de-lamination. In addition 
an avia not extend through several layers, but it will have to be staggered, meaning that a viaonly goes through one polyimide layer before it must be routed by a short tra
k to a newvia bringing the signal through another polyimide layer. The polyimide is in addition notallowed to have big openings, whi
h means that all bond pads and solder pads must beput on the top layer. At least two ways exist to make bonding feasible onto the aluminum.
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omparison 175One is to use 0:2�m Ti, followed by a mi
ron of Ni before a �nish with 0:2�m Au. Theother solution is to use a mi
ron of Ag as the bondable material.The ele
tri
al properties of the Al/polyimide hybrid should be better than those of theAu/glass hybrid. The resistivity of Al is 5:3m
=2 
al
ulated for a 5�m thi
k 
ondu
tor.Measurements based on 15 SCT128B and 8 ABCD hybrids show resistivities of 15 and14m
=2, respe
tively, with typi
ally less than 10% spread between hybrids. These mea-surements were done for the 3�m thi
k power and ground planes, where it is important tohave low resistivity. The low resistivity is needed to present the front-end ampli�ers witha 'single point' ground and to assure identi
al supply voltages for all 
hips on the module.A 
al
ulation based on pure gold gives that only 1:6�m Au thi
kness should 
orrespondto the measured 15m
=2. The mi
ros
ope pi
tures, however veri�es the gold thi
knessof 3�m. This 
on�rms that the gold more or less is lo
ked in a matrix with the binder ina granulary way su
h that not all the gold 
ontributes to the ele
tri
al 
ondu
tion. It isimportant to note that the resistivity of Al is almost three times below that of gold, butwith the gold more than a fa
tor 10 thi
ker in radiation length, even though it is thinner.The supply sagging over the module de
ides the lower limit on the amount of materialthat is ne
essary in the power/ground planes. A 
al
ulation based on the ABCD design,with the analogue and digital grounds 
onne
ted together throughout the hybrid, revealsa drop of very 
lose to 100mV for both supplies of the last 
hip on the bottom hybrid as
ompared to the �rst on the top hybrid. This is divided into 120mV on the analogue and90mV on the digital if the supplies are not grounded together. This was the motivation forproposing a redu
ed mass BeO hybrid with the power redu
ed to half the material, sin
ethis will give a 200mV power di�eren
e on the two extreme 
hips of a hybrid. This is ana

eptable drop as long as the �rst 
hip is powered 100mV above nominal so that the last
hip is 100mV below.The distribution of power to the bottom hybrid through the top hybrid is not a desir-able 
hoi
e. It is maybe the easiest or only solution me
hani
ally, but far from optimalele
tri
ally. The best solution would have been to stret
h the pigtail over the �rst hybridso that the inter
onne
t is between the two hybrids. The supply sagging would be redu
edto one fourth. The wrap-around 
able is an additional worry. A proposal of repla
ing thewrap-around with bondings from the hybrids to the baseboard and ele
tri
al feed-throughsin the baseboard has been put forward.The insulation layers of polyimide is thinner than for the glass. The permittivity of thepolyimide is however only 2.8 
ompared to 9 � 9:5 for the glass/oxides, giving e�e
tivelysmaller 
apa
itive 
ouplings sin
e the insulation thi
knesses are about 15 � 20�m and35�m for the polyimide and glass, respe
tively.The TPG substrate is inserted into a frame of epoxy to prevent de-lamination. Thisframe is about 1mm thi
k and the width of the frame is 1mm. The thi
kness of the frameand the TPG is about 0:5mm. When inserted into the frame, both sides are 
overed withabout 3� 4�m of epoxy, so that the TPG is fully en
losed. The �rst polyimide layer sitsdire
tly onto this thin epoxy with a very good heat 
onta
t. Sin
e the thermal 
ondu
tionof the TPG is around 1700W=(m �K) 
ompared to 280W=(m �K) of BeO, the TPG hybridwill be better thermally, giving lower temperatures and gradients along the front-end 
hips.
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ondu
ting and 
an be used as the shield towards the dete
tor, as opposed tothe BeO hybrid where this shield must be printed as a separate layer in the pro
ess. Thissaves one layer of aluminum and one layer of polyimide in the produ
tion of the thin �lmhybrid.The two TPG hybrids of a module will sit in a sheet of kapton, fun
tioning both asthe wraparound 
able and the pigtail 
able. The proposed 
onne
tion between the kapton
able and the hybrids is through bondings, 
ompared to the soldered kapton 
ables for theBeO hybrids.Only the layout of the TPG ABCD3 hybrid is presented in �gure 4.23. The TPG hybriddoes not show the fan-in that a
tually is in
luded in the layout of the two uppermost layers.Some features of the design are:� Provision for drilling a hole through the Al/polyimide layers su
h that a drop of
ondu
ting glue 
an 
onne
t the TPG to the analogue ground as a shield betweenhybrid and dete
tor.� Metallized area under the 
hips in the se
ond layer, 
onne
ted to the 
hip pads withvias. This improves heat 
ondu
tion down to the TPG.� Addition of bond pads on the hybrid edges to fa
ilitate the building of the kapton/epoxy-frame/TPG/Al/polyimide module.� Removal of ground and power planes under the fan-in to redu
e 
apa
itive loadingof the 
hip inputs.� The thermistor is 
onne
ted between the two TEMP lines on the hybrid. Earlierversions would 
onne
t the top hybrid thermistor between TEMP1 and ground andthe bottom side thermistor between TEMP2 and ground. The new s
heme providesan average temperature between the two hybrids measured fully di�erential, su
hthat 
hanges are easy to monitor. In addition is the thermistor moved towards thefourth 
hip where the anti
ipated highest temperature is found.4.11.1 Radiation thi
kness of the TPG hybridThe radiation length of the TPG based module will only di�er in the value for the hy-brid, sin
e the additional 
omponents and thermal/me
hani
al parts are the same. The
ondu
ting material is aluminum and the insulation is polyimide resulting in a substantialde
rease in the radiation length. The numbers are given in table 4.7. The total 
ontribu-tion of the hybrid is about 0.15%, whi
h redu
es the module total to around 1.1%. Theredu
tion here is very important, and 
omes only from the printing itself, sin
e the TPGsubstrate is more or less equal to the beryllia substrate.The 
ondu
ting/insulating layers are only 
ontributing an amount of material a magni-tude below that of the substrate, whi
h means that no ele
tri
al sa
ri�
es are ne
essary inthe design. This allows the use of full planes for power and ground. The required adhesionbetween layers limits 'full' planes to planes hat
hed at about 92% 
overage.
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Figure 4.23: The ABCD3 design for the Al/polyimide thin �lm pro
ess. Pro
essed onto anepoxy 
overed TPG substrate. From top: bond/solder layer, bottom route, ground planeand power plane.
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tor-systems for the ATLAS SCTPart Material X0 t w l n % X0TPG+epoxy 
over TPG 190.0 0.5 28.0 74.6 2 0.1350Substrate total 0.1350Printinginsulation layers poly 287.0 0.015 27.64 74.24 8 0.01054top layer route Al 88.9 0.005 0.1 1630.0 2 0.00023bond pads Al 88.9 0.005 0.152 0.457 600 0.00003
onne
tor pads Al 88.9 0.005 0.762 1.524 138 0.000110603 pads Al 88.9 0.005 0.610 1.118 92 0.000041206 pads Al 88.9 0.005 1.067 1.676 12 0.00001
hip pads A1 88.9 0.005 6.35 8.51 12 0.00045bottom layer route Al 88.9 0.005 0.1 1225.0 2 0.00017bottom 
ooling pads Al 88.9 0.005 0.965 0.965 224 0.00014digital power plane Al 88.9 0.005 9.0 73.7 1.84 0.00084digital gnd plane Al 88.9 0.005 15.5 73.6 1.84 0.00145analog power plane Al 88.9 0.005 8.04 73.7 1.84 0.00075analog gnd plane Al 88.9 0.005 8.22 73.6 1.84 0.00077Printing total 0.0155HYBRIDs total 0.151Table 4.7: A 
al
ulation of the radiation length of an aluminum/polyimide hybrid on aTPG substrate. The result is averaged over a module area of 81:4 
m2.4.12 SummaryReadout hybrids based on thi
k and thin �lm pro
essing have been made for the AT-LAS SCT sili
on barrel modules. For the baseline option of gold 
ondu
tors on berylliasubstrate a working single sided module based on the SCT128B 
hip has been made. A
-
eptable performan
e of this module was reported [38℄ at the 1997 IEEE Nu
lear S
ien
eSymposium, Albuquerque, New Mexi
o.Hybrids have also been designed for several versions of the ABCD readout 
hip. Someresults are presented in [39℄. Not all results have been en
ouraging, but this 
an be at-tributed to 
hip problems su
h as low phase margins 
aused by pro
ess parameters di�erentfrom what were expe
ted during the design phase. These problems will hopefull disappearin the latest version of the ABCD soon to be produ
ed. The radiation length of the hybridsprodu
ed so far is however not a

eptable for the �nal module. A stripped down module(by minimizing the hybrid material) is therefore des
ribed, with a radiation thi
kness of1.22%, 
ompared to the design spe
i�
ation of 1.2%.Due to an interest in �nding a module with the best possible heat 
ondu
tion and thelowest possible radiation thi
kness, also a hybrid based on a thin �lm pro
ess using TPGas a substrate and aluminum/polyimide was produ
ed. Results with a module based onthis hybrid will eventually be published.Let me draw some personal 
on
lusions at the end. I believe the thi
k �lm hybrid willbe the best solution for the ATLAS SCT based on the following fa
ts:



4.12 Summary 179� It is the industry standard and has been for many years. It has a veri�ed high longterm stability, important in this appli
ation where 10 years of operation is required.In addition are there a lot of experien
e with these solutions in the 
ommunity.� The spe
i�
ation with respe
t to the radiation length 
an more or less be met.� It is the only natural 
hoi
e in the forward se
tion where double sided hybrids ona single substrate are needed. It is an advantage to use the same te
hnology inthe forward and barrel se
tion, even though in the barrel se
tion the 
opper/kaptonsolution does not need extra soldered kapton 
ables, sin
e they are an integrated partof the design.� Results with the SCT128B indi
ates that the ele
tri
al properties of a BeO hybridare good enough. The problems found with the ABCD today I believe will vanishwhen the phase margin of the ABCD is improved and the hybrid further optimized.The TPG solution is an interesting te
hnology for the future. I feel however that itwill be risky to use this solution, sin
e there is little time to verify its long term stability.Most of these risks I feel to be related to its me
hani
al qualities, espe
ially de-laminationproblems of the epoxy/TPG substrate and also of its adhesion to the aluminum/polyimidehybrid.
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Chapter 5Con
lusion and remarksFront-end read-out hybrids based on the VA 
hips by IDE AS in Norway have been su
ess-fully designed and used in two major B-physi
s experiments. One for the RICH at theCleo-III dete
tor at Cornell, US. The other for the SVD at the Belle experiment at KEK,Japan. These are vastly di�erent sub-dete
tors, whi
h is re
e
ted in the di�erent te
h-nologies used for the read-out boards and also in the spe
i�
 
hips used. The su

esfullimplementation has been reported for the Cleo-III RICH at three major HEP 
onferen
es;the 29 th International Conferen
e on HEP [31℄ in 1998 in Van
ouver, Canada, the IEEENu
lear S
ien
e Symposium [35℄ in 1997 in Albuquerque, US, and the 7 th Pisa meetingon Advan
ed Dete
tors [36℄ (NIM) in 1997 in Elba, Italy. The 1998 paper 
on
ludes thatex
ellent results have been a
hieved with full RICH 
hambers. The operational Belle SVDhas already taken data based on 
osmi
 parti
les. Preliminary results were reported at theLCPAC99 [37℄ at KEK, Japan, in February 1999. It 
on
ludes that the estimated vertexresolution meets the design goal.A low 
ost PC-based test and read-out system was designed for the VA/TA 
hip sets.This has been used to obtain statisti
s on VA 
hip parameters and read-out board param-eters for the two experiments mentioned above. Verifying the read-out boards and givinginsight to typi
al spread in parameters for the VA type of 
hips. The read-out system hasshown the ability to measure 
hip parameters to a high a

ura
y and noise �gures downto the lowest possible values given by noise theory on the input transistors of the 
hips. Inaddition has the VA-DAQ read-out system been sold in more than 20 
opies worldwide touniversities, resear
h institutes and major 
ompanies for test and veri�
ation of new solidstate sensors in sili
on, CdTe and CdZnTe, making it a su

essful produ
t for IDE AS.These developments show how advan
ed ASICs 
ontaining low noise ampli�ers over aperiod of less than 15 years have developed from the R&D level to almost a 
ommer
ial o�the shelf produ
t. The ampli�ers 
an be quite easily adapted to a variety of appli
ationsin experimental physi
s, medi
ine and industry.Readout hybrids based on thi
k and thin �lm pro
essing have been made for the ATLASSCT sili
on barrel modules. The baseline thi
k �lm hybrid design was used to build aworking single sided module based on the SCT128B 
hip and tested at the H8 test-beamat CERN. A

eptable performan
e of this module were reported [38℄ (
ontributions to181
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lusion and remarksthis paper by the author) at the 1997 IEEE Nu
lear S
ien
e Symposium in Albuquerquein New Mexi
o. Several hybrid iterations have followed for the ABCD 
hip versions. Astripped down module for the ABCD 
hip is proposed, with a radiation thi
kness of 1.22%,
ompared to the design spe
i�
ation of 1.2%. A hybrid based on a thin �lm pro
ess usingTPG as a substrate and aluminum/polyimide has been produ
ed, promising lower radiationthi
kness and better thermal performan
e. Results with a module based on this hybridwill eventually be published.These implementations de�ne today the most 
hallenging requirements for 
ombinedanalogue/digital high speed 
ir
uits in a radiation hard environment. Again one wouldexpe
t these 
ir
uits and integration methods to be available on a more 
ommer
ial basisin a time span of 5-10 years.In the future we will see even more miniaturization and the need for extreme pa
kagingte
hnology. This is already seen in the pixel dete
tors at LHC where even higher 
hannel
ounts and power dissipations for
e the need of unpa
kaged 
ip-
hip assemblies over largerareas [52℄.ASIC/hybrid systems are today a natural part of high energy parti
le physi
s, espe
iallytogether with solid state dete
tors. The solutions found, driven by the extreme demandsof parti
le physi
s when it 
omes to radiation hardness, me
hani
al stability, materialminimization and thermal management, are often state-of-the-art and 
an be used outsidehigh energy physi
s.The most interesting use of the te
hnology outside the HEP 
ommunity is in nu
learmedi
ine and industrial inspe
tion. The experien
e of solid-state tra
king dete
tors in bar-rel shapes 
an easily be transferred to medi
al appli
ations. Resear
h is put into repla
ingthe SPECT and PET 
ameras of today with better and more 
ompa
t designs o�ered bythe te
hnolygy progress in the HEP 
ommunity. The major improvement is usually due toimproved dete
tion eÆ
ien
y o�ered in designs like the Compton 
amera, where the lead
ollimator 
an be removed. The eÆ
ien
y in
rease is a very important design goal sin
e itimplies a redu
tion in the radioa
tive dose inje
ted in the patient. Furthermore one wouldexpe
t the spatial resolution to improve.



Appendix AVA-DAQ 1.20 detailsThis appendix will explain some parts of the VA-DAQ 1.20 system in greater detail. The�rst se
tion will explain the fun
tion of ea
h bit in the write register of the VA-DAQ IO-spa
e. The following se
tion will des
ribe the 
onne
tors and jumper settings possible, andthe last se
tion will des
ribe the low and mid level software routines.A.1 Detailed read and write register des
riptionWRITE REGISTER 0: Controls the readout sequen
e timing.� Bit 0 - RESBCALRESBCAL is 
onne
ted to the 
ounter that holds the 8 bit value for the 
alibrationDAC. It is an asyn
hronous reset that will set the register value to 0 when theRESBCAL=0. This means that in normal operation this bit should be 1.� Bit 1 - CKCALBy 
lo
king CKCAL (�rst set it to 1 and then to 0) the value of the 
alibrationDAC register will be in
reased by 1. If the previous value of the register was 255,a 
lo
king will wrap it around to 0. In normal operation this bit should be 0. Theregister in
reases its value on the positive edge of CKCAL.� Bit 2 - INCDELClo
king INCDEL will in
rease or de
rease, depending on the value of the UDDELbit, the value of the digital pot that 
ontrols the 
oarse hold delay. The internal valueof the pot 
an be 
lo
ked to 99 in one end and 0 in the other end. Additional 
lo
kpulses after the pot has rea
hed one of the ends have no e�e
t. When the UDDEL bitis high a 
lo
king will in
rease the internal 
ounter in the pot, and UDDEL low hasthe opposite e�e
t. The physi
al hold delay in
reases when the pot 
ounter de
reases,and de
reases when the pot 
ounter in
reases.� Bit 3 - INCDEL2Has the same e�e
t as INCDEL, but 
ontrols the �ne delay. The �ne delay has steps183



184 VA-DAQ 1.20 detailsin the order of 25ns, whereas the 
oarse delay have time steps of 10 times as mu
h.The same UDDEL bit 
ontrols the 
ounter a
tion of this pot, as for the 
oarse holddelay pot.� Bit 4 - UDDELControls the dire
tion of the hold delay when INCDEL or INCDEL2 are 
lo
ked. Seethe des
ription for INCDEL and INCDEL2.� Bit 5 - ZEROHLDAn external or internal trigger will set the hold signal after the programmed delay. Toset hold ina
tive (low) one needs to set ZEROHLD low. The signal is an asyn
hronousa
tive low reset signal for the 
hip hold signal. This means ZEROHLD is usually 1and is given a short 0 pulse to 
lear the VA-
hip hold.� Bit 6 - COMPLThis bit set means that the value of the external 
alibration register is inverted (1's
omplement) by the DAC. If the 
alibration DAC is for
ed to end lat
hing whileCOMPL is high, it will load the inverted value of what is found in the externalregister. The external register is 
ontrolled by RESBCAL and CKCAL, but also byRegister 4. Sin
e 'negative' hold delays are allowed for internal triggers, there areonly one way to end the 
ontinuous lat
hing of the DAC. The DAC will lat
h on thefalling edge of ZEROHLD. To 
lear an internal trigger 
an be done as follows, tomake sure that TA-triggering works properly. ZEROHLD and CAL is brought low,followed by setting ZEROHLD high again. An a

epted TA trigger should always bea

ompanied by setting CAL. In this way no external triggers 
an be a

epted whileINHIBIT is a
tive. If one wants the DAC to lat
h the inverted value of what is in theexternal 
alibration register, COMPL 
an be asserted before CAL and ZEROHLDgo low, and de-asserted at the same time as ZEROHLD goes high. When the nextinternal trigger starts with CAL going high the DAC will give a 
alibration pulse that
orresponds to a jump from the inverted 
alibration register value to the 
alibrationregister value. If for instan
e the 
alibration register is loaded with 14, the DAC willgive a 
alibration signal from DAC-value 241 (255-14) to DAC-value 14, whi
h is alarge negative going 
alibration step-pulse.� Bit 7 - CALOn a positive edge of CAL an internal trigger is initiated. To enable external triggersCAL needs to be kept high permanently. See also the dis
ussion on COMPL. Shouldalso be brought high when an external trigger is a

epted.WRITE REGISTER 1: Controls signal sele
tion and power supplies� Bit 0-3 - SADR0, SADR1, SADR2 and SADR3This is the ADC input AMUX address. Bit 3 is the most signi�
ant bit in the fourbit address, that gives the signal sour
e for the VA-DAQ ADC. Depending on thisaddress the ADC 
an sample the signals listed in table 2.4.



A.1 Detailed read and write register des
ription 185� Bit 4 - POWENThis bit 
ontrols the +2V and -2V supplies for the VA-
hips with a relay. With thebit set these two supplies are disabled. When disabled, all digital VA-
hip signals aredisabled, and for default system set up, all VA bias voltages and 
urrents.� Bit 5 - LOADBThis bit 
ontrols the loading of a byte to the 
alibration DAC. This bit should behigh in normal operation. If a spe
i�
 value needs to be set in the 
alibration DAC,the following sgould be done: Set LOADB low, write the wanted data byte to register4. Finish o� with setting LOADB high again. The two other 
ontrol signals for the
alibration DAC, CKCAL and RESBCAL must be ina
tive during this sequen
e.� Bit 6 - CALGENSetting this bit high will trigger the 
alibration DAC. It is the logi
al or of CAL andCALGEN that is the real trigger for the 
alibration DAC. If the 
alibration DACpulses or not depends on how it is setup. It must have been setup with di�erent valuesin its external and internal register. It takes a negative going pulse on ZEROHLD
ombined with setting both CAL and CALGEN low to enable the 
alibration DACfor a new pulse.� Bit 7 - LATCHSetting this bit to 0 will enable external TA triggers, 1 will disable them. Take 
arenot to enable triggers ex
ept for the time where they are wanted. Default value is 1.WRITE REGISTER 2: Controls VA logi
 signals� Bit 0 - CONVERTThere are three ways to for
e the ADC to do a 
onversion. An internal/externaltrigger will after a delay assert the hold, whi
h again starts a 
onversion. As longas hold is asserted new 
onversions are easily started by using the automati
 readin the driver. This is a routine whi
h reads the ADC and starts the new 
onversionusing the 
lo
k pulse for the VA. Both methods involves asserting VA signals (holdor 
k). The third method uses the CONVERT bit. This bit is usually low. Settingit high (hold must be ina
tive, whi
h means external or internal triggers must havebeen 
leared) will for
e the ADC to 
onvert. After the data is ready and read out,CONVERT must be set low again.� Bit 1 - VADIG1, CKThe VA 
lo
k signal (
k/
kb). The full VA 
lo
k signal is a logi
 OR of this bitand a 
lo
k pulse generated when the ADC is read out in an automati
 mode. Thefollowing 6 signals are general purpose. They are driven as di�erential signals atVA logi
 levels and 
an easily drive a 100 ohm terminator between the two phases.A default use for them has been de�ned, this is the use they have with standardADAPTER boards.



186 VA-DAQ 1.20 details� Bit 2 - VADIG2, DRESETDefault setting is to put DRESET on bit 2.� Bit 3 - VADIG3, SHIFTINThe VA shift in signal. This is the read-out bit of the 
hip. A 
lo
king of the 
hipwhen this bit is a
tive, will insert a read-out bit into the 
hip. Conse
utive 
lo
kswill enable a new 
hannel for outputting its value on the VA 
hip output. One needsto ensure that shift in is a
tive for both edges of the 
lo
k pulse in order to have a
orre
t loading of the VA 
hip shift register.� Bit 4 - VADIG4, TESTONThe VA test on signal. When test on is a
tive, the 
hip 
an be tested by using the
alibration input.� Bit 5 - VADIG5, CLKINDefault used for the TA CLKIN, whi
h will 
lo
k in the disable 
hannel mask andthe polarity bit.� Bit 6 - VADIG6, REGINDefault used for the TA REGIN, the shift register data to be 
lo
ked in by CLKIN.� Bit 7 - VADIG7A general purpose digital signal at VA logi
 levels.WRITE REGISTER 3: Controls bias generation and monitoring� Bit 0-3 - MADR0, MADR1, MADR2 and MADR3 Address for the monitoringAMUXes. Bit 3 is the most signi�
ant bit in a 4-bit number. The number setsthe 
hannel sele
ted from the two monitoring AMUXes. If the ADC input AMUXsele
ts either Monitor A or B it 
an read the signals listed in table 2.5.� Bit 4 - DACCSB (for bias generation DACs)Start loading of a bias to the bias DACs by pulling this signal low. Pull it high againat the end of the down-loading sequen
e.� Bit 5 - Bit3.5Not used. Reserved for future extensions. Should be kept high as default.� Bit 6 - DACDAT (for bias generation DACs)This is the data for the serial down-loading of the DACs.� Bit 7 - DACCLK (for bias generation DACs)This is the serial 
lo
k for the DAC down-loading.REGISTER 4: Calibration DAC value



A.2 VA-DAQ jumpers and 
onne
tors (
ont'd) 187� Bit 0-7 - DAC-valueWriting to this register sets the value of the external 
alibration DAC register. Ma-nipulations with CKCAL and RESBCAL 
an 
hange the 
ontent of this register. Bit7 is the most signi�
ant bit. The value written to this register is only a

epted if theLOADB bit is low.REGISTER 5: Reserved for future extensions of VA-DAQ� Bit 0-7 - Not usedNo physi
al register is 
onne
ted to the write register 5 strobe on the VA-DAQ 1.20
ard.REGISTER 6 and 7: Available for user made plug-in extensions to CON-DOn CON-D the 8-bit data bus and write strobes for these two registers are brought out,in addition to 4 read strobes, +5V digital and digital ground. The use of CON-D is foundunder the 
onne
tor spe
i�
ation se
tions.READ REGISTER 0 and 1: Least and most signi�
ant ADC bytesThe ADC value is a 14 bit number in two's 
omplement. To make it a signed 16 bitnumber, just 
opy the uppermost bit (the fourteenth) to the last two upper bits.REGISTER 2: Readable TTL-byte newline A byte at TTL-levels 
an be read from
onne
tor CON-AREGISTER 3: Reserved for future extension to VA-DAQNo hardware is 
onne
ted to the read strobe asso
iated with this register. Reading thisregister should give a value of 255 sin
e the data bus has a weak pull up to +5V digital.REGISTER 4-7: Available for user made plug-in extensions to CON-DSee the dis
ussion in the 
onne
tor CON-D spe
i�
ation.A.2 VA-DAQ jumpers and 
onne
tors (
ont'd)This se
tion des
ribes jumpers and 
onne
tors of the VA-DAQ system to a detail not foundpossible to in
lude in 
hapter 2.A.2.1 VA-DAQ 
onne
tors 
ontinuedIn addition to the three IDC 
onne
tors CON-A, B and C, there are also three LEMO
onne
tors on the front edge of the VA-DAQ system. From the upper left (looking fromabove and the front edge upwards) these three 
onne
tors are named CN1, CN11 andCN42.CN1: NIM-triggerThis LEMO terminates the in
oming signal in 50
. The pot meter P1 right below shouldbe adjusted to a voltage level in between the two logi
 levels arriving on the LEMO. Apositive edge is a

epted as a trigger, as long as the NIM-trigger is the sele
ted trigger.This is des
ribed in 
loser detail under the jumper settings. Note that this LEMO is pla
ed



188 VA-DAQ 1.20 detailson the VA- DAQ board and not on the ADAPTER board. Another LEMO needs to bepla
ed in the front panel to have a

ess to this signal, or a LEMO 
able 
an be insertedthrough a hole in the front panel. The same apply to the two other LEMO plugs, CN11and CN42 mentioned below.CN11: INHIBITThis LEMO-output at TTL-levels is at logi
 high level from the time where a trigger isa

epted until the system is �nished pro
essing the data from this trigger. Can be usedas an inhibit signal for other ele
troni
s involved in the read out. The yellow LED is onwhile INHIBIT is a
tive.CN42: CALThis is the 
alibration step pulse used to indu
e an input 
harge in a VA 
hip, when the
hip is run in test mode. This signal is also available on CON-C. The signal should end in50 ohms, and the signal applied to a typi
ally 
apa
itor of 1:8 pF 
onne
ted to the CALpad of a VA 
hip. On the lower edge of the 
ard three 
onne
tors are found. CN64 is forthe parallel port 
able 
onne
tion, CON-D is for digital extension 
ards and CN77 is forthe VA-DAQ supplies.A.2.2 VA-DAQ jumper settingsIn the system several 2-pin and 3-pin jumper settings exist. On a 2-pin jumper a jumperdoes not need to be present, whereas on a 3-pin jumper there needs to be a jumper in oneof the two positions. Ex
ept for the attenuation of 
alibration pulse, whi
h is available inthe ba
kplate of the VA-DAQ system, no other jumpers are available for the 
ommon user.Jumpers for attenuation of the 
alibration outputThere are �ve two pin jumpers for attenuation of the 
alibration step in the right side ofthe VA-DAQ ba
k plate. These are sta
ked next to ea
h other. A jumper should be puton one of these �ve jumpers. The leftmost position gives no attenuation, and ea
h step tothe right gives 6 dB attenuation. In the rightmost position the attenuation will be 24 dB.To the right of these jumpers, two 3-pin jumper settings are found. Ea
h 
ontrol a20 dB attenuation. With the jumper in the left position there is no attenuation and in theright position there is 20 dB attenuation.Jumper for additional attenuation of the 
alibration outputThe jumper, CN43, is lo
ated in the upper right 
orner, 
lose to the LEMO for the CALsignal, CN42. This will terminate the CAL signal in 51 ohms before it leaves the VA-DAQ
ard. Can be used with VA-hybrids without 50 ohms termination mounted, and will thenensure 
orre
t operation of the -20dB attenuator. This jumper is not mounted as defaultin a VA-DAQ system.
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onne
tors (
ont'd) 189Jumpers for external trigger sele
tionThere are four 2-pin jumpers 
lose to ea
h other on the left edge. A jumper needs to beput on one and only one of these four jumpers. Depending on the position of the jumper,a spe
i�
 external trigger is 
hosen:� Jumper on CN44: Sele
ts the NIM-trigger on LEMO CN1.� Jumper on CN45: Sele
ts the single-ended TTL-trigger on CON-A.� Jumper on CN46: Sele
ts the di�. TTL-trigger (or RS422 trigger) on CON-A.� Jumper on CN47: Sele
ts the TA-trigger on CON-A. This is the default setting.Jumpers for setting polarity and levels of bias signalsThe 3-pin header CN58 sele
ts the maximumvoltage levels for positive bias voltages (aboveground). If the jumper is in the leftmost position the VA +2V is sele
ted, in the rightmostposition the +2:5V referen
e is sele
ted. Similar for CN59 but for the�2V and the�2:5V.The default is to sele
t the �2V supplies as maximum voltage levels.The 3-pin headers CN56, CN60, CN57 and CN61 are used to sele
t polarity of thebiases BIAS0-1, BIAS2-3, BIAS4-5 and BIAS6-7. With the jumper in the leftmost position,positive voltage is sele
ted. As default, the jumper sele
tions are left, right, right and rightfor CN56, CN60, CN57 and CN61.Jumpers for 
ontrolling the �2V suppliesThe 3-pin headers CN54 and CN55 
ontrols the +2V and �2V supplies, respe
tively. Ifthe jumper on CN54 is in its leftmost position, the value of the +2V supply is 
ontrolledby the pot-meter just below the header. The same apply to CN55, but for the �2V supply.If the jumpers are in the rightmost position, the +2V supply is 
ontrolled by BIAS8 andthe �2V supply by BIAS10.Two and three-pin headers whi
h are not intended for jumpersUnder the ADC, CN49 is pla
ed, on pin1 analogue ground is found and the digital groundon pin2. From the bottom side of the 
ard a wire should be soldered in to 
onne
t analogueand digital supplies. With default supplies, where both analogue +5V, analogue �5V anddigital +5V supplies are 
oating with respe
t to ea
h other, the VA-DAQ needs the twoground planes to be 
onne
ted in one point only. Somewhere between the ADCs analogueand digital ground pins is the optimal pla
e for this 
onne
tion. In a system with all threesupplies grounded together at the supply-unit, this 
onne
tion should not be shorted. Su
ha solution is not 
onsidered optimal.The CN12 footprint on the upper edge, between the LEMO CN11 and CON-B, 
an be
onne
ted to a yellow LED. The left leg is the 
athode. This LED will be on when the
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tive. The best is to drag a twisted pair to a LED housed in a so
ketin the front plate. The CN23 and CN24 footprints between CON-B and CON-C 
an beused for two green LEDS. For CN23 the 
athode is the left leg and for CN24 the 
athode isthe right leg. The CN23 LED will be on when the �2V supply is enabled, and the CN24LED when the +2V supply is enabled. The LEDS 
ould be �tted in the front plate.A.3 Low and mid-level software des
riptionThe low- and mid-level software of the VA-DAQ system is listed in the following sub-se
tions. The mid-level and the helping routines in the Cal
ulat.llb (
al
ulational help)and Glob
onv (Global variables and 
onversion VI's) is the starting point for developingown VI's for measuring other interesting parameters besides those already existing amongthe menu items.A.3.1 Low level library; Lowlevel.llbAll low level VI's, de�ned to be VI's that use the hardware driver, is 
olle
ted in theLabView library Lowlevel.llb. The hardware driver itself is also found in the library. Thelow level VI's are grouped into fun
tional units. In addition a few global variables for VI'sin the Lowlevel.llb is found in Lowglobs.VI.VI's for analogue signal sele
tionSetmux - Sele
ts the signal to read from the 46 analogue 
hannels.VI's for setting the hold delayChgdel - Sets/in
rements 
oarse/�ne delay.VI's for setting the 
alibration signal sizeChg
al - Sets/In
rements the value of the external 
alibration DAC. Will not a�e
t thevalue of the internal DAC unless it is transparent at the moment.Chgpulse - Sets/In
reases 
alibration register value, and makes ready for a 
al pulse withSettrg. A quiet mode exist where external/internal value is the same.VI's for 
ontrolling VA logi
 signalsClo
k - Gives a single 
lo
k pulse to the VA 
hip.Reset - Resets the digital part of the VA 
hip.Shiftin - Resets and 
lo
ks a read-out bit into the VA read-out register.Goto
han - Shifts in a read-out bit and 
lo
ks it to the wanted 
hannel.
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ription 191Settest - Puts the VA 
hip in or out of test mode.VI's for setting the biasing DACsSetbias - Sets a value of 0-255 in one/all of the twelve biasing DACs.VI's for trigger 
onditioningSettrg - Generates an internal trigger. Also needed to 
on�rm external triggers.Clrtrg - Clears an external/internal trigger. Can also prepare 
alibration DAC for newpulse if wanted.Pulse - Will pulse the 
alibration DAC. Will not have any e�e
t on the hold or the ADCsampling as Settrg will. Enexttrg - Will eanble/disable the possibility of an external TAtrigger to VA-DAQVI for initializing, 
leanup and bus 
he
k of the VA-DAQ systemInitdaq - Will put the VA-DAQ system in a well de�ned startup state.Clearold - Will reset any set trigger and dump any rubbish ADC data.Chkbus2 - Will 
he
k that all possible bytes 
an be writtm and re-read from the bus.VI's for read-out of all 
hannels (pedestal read-out)Pedinit - Initializes for read-out of all 
hannels.Ped
orex - Reads a number of 
hannels from a VA-
hip. Returns pedestal values in mV.The Ped
orex is implemented by 
alling other low level VI's. A mid level routine forreading pedestals exist, where all software is inside the driver, making it faster.VI for enabling/disabling the VA 
hip supplies, digital signals and biasesSetpow - Turn on or o� the +2V/-2V supplies.VI for down-loading and read ba
k of shift register (TA mask)Setmask - Downloads and 
he
ks a TA mask, using CLKIN, REGIN and REGOUT.VI's for sampling of the VA output waveformWaveinit - Initializes for grabbing points on waveforms.Nwawipul - Reads a point on the waveform at 
urrent hold delay and 
al-size. Willaverage over N samples, and also end with the possibility of in
reasing the 
al-DAC value.



192 VA-DAQ 1.20 detailsNwaitext - Mu
h like Nwavipul. But will issue a 
alibrate pulse and let a potentialexternal TA response trigger the ADC readout. Will return how many out of the N runsthat gave an external trigger.Mwaitexi - As Nwaitext but the 
ode inside the driver.VI's for time delaysWait1ms - Wait some ms, by performing dummy status reads from VA-DAQ.Time
ore - Is used to �nd wait time from Settrg to data ready.VI's for reading analogue valuesNmon - Returns average of several samples with the ADC.A.3.2 VI's for 
al
ulational purpose; Cal
ulat.llbThis is a 
olle
tion of routines performing various 
al
ulations.VI's for statisti
s and other 
al
ulationsThese routines perform various general algorithms.Addeadar - Merges a list of integer values.Andarray - Ands together all elements of a boolean array.Avgstd - Cal
ulates average and standard deviation of an array.Convjump - Performs Outarray(i)=Inarray(N-i)-Inarray(i).Interp - Fits a polynomial to a data set and lo
ates the peak.Mean - Cal
ulates the mean of a data set.Nantmean - Returns the mean of a data set if some tests are a

epted.O10in255 - Returns a value 10 o� the input, but in the range 0-255.O�range - Returns the indi
es of the input elements that didn't pass a 
ut.Okarray - Returns an array of elements that do not have the indi
es mentioned.Sqsum - Cal
ulates a square sum. Redu
es it by square root of the samples.Trun
255 - Trun
ates the input to an integer value in 0-255.Trun
99 - Trun
ates the input to an integer value in 0-99.Wide
m - Expands an array into a bigger one, with multiple similar elements.Cal
ulations needed for delays and bias adjustmentsThe VI's below are not general in the sense that they use global variables spe
i�
 to VA-DAQ.Cal
del - Cal
ulates the hardware settings for the wanted hold delay in �s.



A.3 Low and mid-level software des
ription 193Coarseadj - Coarse bias DAC setting to get wanted voltage.Fineadj - Fine adjust of bias DAC to get wanted voltage.Trun
bia - Trun
ates a wanted bias voltage into the possible range.A.3.3 VI's for measuring and setting real values; Midlevel.llbThe VI's in Midlevel.llb rely heavily upon global variables, whi
h values have been 
ali-brated on
e an for all or at every start up of VA-DAQ. The global variables themselvesand the VI's to 
alibrate them are found in the Glob
onv.llbVI's in Midlevel.llbCalib22 - Measures the two biggest 
alibration steps after the attenuation.Calib
l2 - Measures all 256 
alibration steps before the attenuation.Curslope - Measures the 
urrent-slope (mV=�A) of a bias.Getgain2 - Measures the gain of all 
hannels.Getpeaks - Measures the signal values at two de�ned peak 
alibration steps.Getped2 - Measures the pedestal values of all 
hannels.Getsout - Che
ks if the shift out 
ir
uitry of the VA 
hip is working.Measbias - Measures the voltage and 
urrent in the biases.Measpow - Measures the voltage and 
urrent in the �2V supplies.Nped
s - The 
ore in the pedestal 
al
ulations, like in Getped2.Readbiv - Returns the voltage and 
urrent for one of the biases.Readmon - Reads the value of the 6 general monitoring 
hannels.Seta8biv - Sets the 8 �rst biases as 
lose as possible to the wanted voltages.Setbapv - Tries to set biases and supply to the wanted voltage/
urrent.Setbiv - Sets a bias voltage as 
lose as possible to the wanted voltage.Setdel - Sets the hold delay as 
lose as possible to the wanted value.Thr
ore - Measures the threshold input 
harge for the TA.A.3.4 VI's for global variables, 
alibration and 
onversion; Glob-
onv.llbThe VI's in this library are grouped into three di�erent 
ategories. One 
ategory is theglobal variables, the next 
ontains the routines for 
alibrating the VA-DAQ system, whereasthe last 
ategory 
ontains the VI's for 
onverting measured quantities like ADC 
ounts intoreal quantities like mV or uA.
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ontaining global variablesGlobad
 - Global variables for the ADC.Globbia - Global variables for biasing.Glob
al - Global variables for the 
alibration step.Glob�x - Global variables measured on
e for the entire system.Globsof - Global variables for software, 
ontains �le paths.Globaut - Global variables 
ommon to automati
 testing.Globautb - Global variables for biasing part of automati
 testing.Globautg - Global variables for the general part of data sheet for automati
 testing.Globautm - Global variables for the mis
. part of the automati
 testing.Globautn - Global variables for the noise part of the automati
 testing.Globautp - Global variables for the pedestal part of the automati
 teting.Globauts - Global variables for the gain part of the automati
 testing.Globautt - Global variables for the peak/range part of the automati
 testing.VI's for 
alibrationClbad
 - Calibrates the ADC.Clbbias2 - Calibrates the bias voltages.Clb
al2 - Calibrates the step pulse (the 
alibration step).Clbpow - Calibrates the supply voltages.Clbtim - Calibrates the hold timing.Bias
tr2 - VI used by Clbbias2.Pow
trl - VI used by Clbbias2.Tunetim2 - Calibrates the Wait1ms VI.VI's for 
onversion between di�erent unitsAd
mv - Converts ADC 
ounts to mV.Dad
mv - Converts an ADC 
ount di�eren
e to mV.Mad
mv - Converts an array of ADC 
ounts to mV.Dmad
mv - Converts an array of ADC 
ount di�eren
es to mV.Mvib - Converts a sensed mV di�eren
e into 
urrent in uA.Mmvib - Converts an array of mV di�eren
es into 
urrent in �A.Mvis - Converts a sensed mV di�eren
e into a supply 
urrent in mA.
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 testing 195A.4 Automati
 testingVI's for de�ning setups and laun
hing automati
 tests are found in the two libraries;AdeÆle.llb and Automeas.llb. The AdeÆle.llb 
ontains everything ne
essary to read andwrite de�nition �les for setup of VA- DAQ for a 
ertain 
hip/board. Automeas.llb 
ontainsall VI's for setting up the automati
 testing and other parameters, the VI's that areperforming the a
tual measurements and the VI's for writing the result to �le.A.4.1 VI's in Automeas.llbThe main VI for setting up a system de�nition and automati
 data sheet generation is theAutomeas.vi.Setup of parametersThe setup of parameters, both setting up VA-DAQ, de�ning tests and 
uts and how towrite result to �les are done by the following VI's. Ea
h item will pop up its own frontpanel to set up the parameters.Geneinfo - De�ne the general parameters for the tested board.Biasinfo - Set up the biasing part of the de�nition.Pedinfo - Set up the pedestal part.Noiinfo - Set up the noise part.Gaininfo - Set up the gain part.Peakinfo - Set up the signal peak part.Mis
info - Set up general tests on 
hip basis. (Like fun
tionality of shiftout).Biasipar - Helping routine for Biasinfo.Gainipar - Helping routine for Gaininfo.Peakipar - Helping routine for Peakinfo.Doing the automati
 testMost measurements 
alled have their VI's in Midlevel.llb. The measurements are storedin global variables, one global VI for ea
h of the -info (like Biasinfo) VI's in the previousse
tion.Doauto - The VI laun
hing the wanted measurements. Front panel to show progress.Biastest - Che
ks if biasing/supply within spe
i�
ations. Will return an error string.Bias
hk - The 
ore of the bias/supply 
he
king.
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 testing to �leWrtauto - The main VI, a front panel will show the test result.Genewrt - Will write the general part of the data sheet.Biaswrt - Will write the biasing part.Pedwrt - Will write the pedestal part.Pedwrtfe - Helping routine for pedwrt. (For ea
h 
hip).Pedwrt
o - Helping routine for pedwrt. (Common for all 
hips)Noiwrt - Will write the noise part.Noiwrtfe - Helping routine for noiwrt. (For ea
h 
hip)Noiwrt
o - Helping routine for the noiwrt. (Common for all 
hips)Gainwrt - Will write the gain part.Gaiwrtfe - Helping routine for gainwrt. (For ea
h 
hip)Gaiwrt
o - Helping routine for gainwrt. (Common for all 
hips)Gaiwrthe - Helping routine for gainwrt. (Header part)Gaindev - Helping routine for gainwrt. (Gain deviation).Sigdev - Helping routine for gainwrt. (Signal deviation).Peakwrt - Will write the signal peak part.Peawrt
o - Helping routine for peakwrt. (Common for all 
hips).Mis
wrt - Will write the mis
ellaneous tests part.Wrtdead - Helping routine 
ommon for these routines.Wrtallp - Helping routine 
ommon to these routines.A.4.2 VI's in AdeÆle.llbThe VI's for writing the de�nition �leAutw�le - Main VI for writing the de�nition �le, 
alls the ones below.Autwhead - Writes the header of the de�nition �le.Autwgene - Write the general info for data-sheet generation.Autwbias - Write the biasing part of the data-sheet generation.Autwped - Write the pedestal part of the data-sheet generation.Autwnoi - Write the noise part of the data-sheet generation.Autwgain - Write the gain part of the data-sheet generation.Autwpeak - Write the peak part of the data-sheet generation.Autwmis
 - Write the mis
ellaneous part of the data-sheet generation.The VI's for reading the de�nition �leAutr�le - Main VI for reading the de�nition �le, 
alls the ones below.Autrhead - Reads the header of the de�nition �le.Autrgene - Read the general info for data-sheet generation.



A.4 Automati
 testing 197Autrbias - Read the biasing part of the data-sheet generation.Autrped - Read the pedestal part of the data-sheet generation.Autrnoi - Read the noise part of the data-sheet generation.Autrgain - Read the gain part of the data-sheet generation.Autrpeak - Read the peak part of the data-sheet generation.Autrmis
 - Read the mis
ellaneous part of the data-sheet generation.
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Appendix BNoise 
al
ulations for a readoutsystemNoise in read-out front-end ele
troni
s 
an be 
hara
terized in terms of 
ommon-mode noiseand 
hannel noise. For the 
hannel noise one often use the two terms 
hannel noise beforeand after 
ommon mode subtra
tion. The following 
al
ulation will show the relationshipbetween these quantities.B.1 De�nitionsEa
h physi
al event, 
alled e, of a total of Ne events, is 
hara
terized by Ni numbers, whi
hare the Ni data samples for the event. The samples for the event are read-out in parallel orserial, but usually 
on�ned to a 'small' amount of time. The i'th sample in the e'th eventis denoted dei .The 
ommon mode for an event is de�ned as:de = 1Ni NiXi=1 dei (B.1)The variation in 
ommon mode is usually indu
ed on the system by external fa
torssu
h as 
apa
itive or indu
tive 
ouplings to other ele
troni
s, and are not a part of theinherit noise 
ontributions, whi
h are unavoidable, in the readout system.The average of 
ommon mode for all events is given by:d = 1Ne NeXe=1 de = 1NeNi NeXe=1 NiXi=1 dei (B.2)The average of the i'th 
hannel over all events ( or possibly de�ned only for the eventsin this 
hannel not 
ontaining a hit) is 
alled the 
hannels pedestal value, and is given by:di = 1Ne NeXe=1 dei (B.3)199



200 Noise 
al
ulations for a readout systemThe average of pedestals for all 
hannels is also given by d, seen by noting that theexpression yields the same double sum as in B.2.The 
ommon mode noise is de�ned as the standard deviation of de over all the events.This is given by �2(d) = 1Ne NeXe=1(de � d)2 (B.4)The 
hannel noise for 
hannel i (
al
ulated on raw data) is given as the standarddeviation of the i'th 
hannel over all the events.�2(di) = 1Ne NeXe=1(dei � di)2 (B.5)Common mode subtra
ted data di�ers from raw data in the sense that all raw data for thisspe
i�
 event has the 
ommon mode for this event subtra
ted. If primes denotes 
ommonmode subtra
ted data one then has: d0ei = dei � de (B.6)The 
hannel noise for 
ommon mode subtra
ted data is of 
ourse the same as in B.5but with primed quantities repla
ing the unprimed�2(d0i) = 1Ne NeXe=1(d0ei � d0i)2 (B.7)B.2 Relationship between noise 
ontributionsIn expression B.7 the right hand side 
an be expressed in terms of unprimed quantities byusing B.6 and the fa
t that the average of a 
ommon mode subtra
ted 
hannel is given by:d0i = 1Ne NeXe=1 d0ei = 1Ne NeXe=1(dei � de) = di � d (B.8)Writing B.7 using this yields�2(d0i) = 1Ne NeXe=1((dei � di)� (de � d))2 (B.9)Performing the squaring yields then�2(d0i) = 1Ne (NeXe=1(dei � di)2 � 2 NeXe=1(dei � di)(de � d) + NeXe=1(de � d)2) (B.10)Here the �rst and third term is easily re
ognized as �2(di) and �2(d), respe
tively. Thetotal relationship on a 
hannel basis is then.�2(d0i) = �2(di) + �2(d) � 2Ne NeXe=1(dei � di)(de � d) (B.11)



B.2 Relationship between noise 
ontributions 201This equation is neither interesting nor helpful before it is summed over all i 
hannels.NiXi=1 �2(d0i) = NiXi=1 �2(di) +Ni�2(d) � 2Ne NeXe=1( NiXi=1(dei � di))(de � d) (B.12)Here the inner sum in i in the last line is re
ognized as Ne(de � d), whi
h results in thefa
t that this term ends up being �2Ni�2(d), whi
h yield the resultNiXi=1 �2(d0i) = NiXi=1 �2(di)�Ni�2(d) (B.13)If now a quantity 
alled the average of the square of the noise over all 
hannels are intro-du
ed as being �2(di) = 1Ni NiXi=1 �2(di) (B.14)one �nally obtains the 
ompa
t result�2(di) = �2(d0i) + �2(d): (B.15)This states that the average of the square of the 
hannel noise for raw data over all 
hannelsis equal to the same expression over 
ommon mode subtra
ted data plus the square of the
ommon mode noise.
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