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Abstract 

.A readout system for the liquid argon calorimeter of the ATLAS detector was 

built and tested at CERN in 1996. This system contained an analog pipeline and 

was designed to operate in a dual gain mode as m-el1 as a single gain mode. Koise, 

linearity. dynamic range. and electron energy resolution of the system were rneasured. 

The total noise introduced by the electronics was found to be approsimately 100 MeI,' 

to 220 MeV per channel. The nonlinearity of the system was less than 0.3% over a 

dynamic range of 11.2 bits. The measured electroti energv resolution was less than 

1.9% for the 100 GeV, 150 GeV, and 200 GeV electrons. The effects of different 

operating parameters were studied. 
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CHAPTER 1 

Introd 

In June 1996 the University of Alberta tested an analog readout system for a 

liquid argon calorimeter a t  CERN, Geneva. The readout system was a prototype of 

that planned for use with the ATL-4s detector a t  the Large Hadron ColIider in the 

year 2005, and consisted of 5 readout boards containing analog pipeIine storage and 

an additional board which contained the control circuitry. 

The test consisted of two parts: a study of the operation of the electronics, 

and the rneasurement of the energy resolution for electrons of 200 GeV? 150 GelT, 

200 GeV, and 300 GeV energy. The study of the systein involved measuring the 

electroriic noise. bot h incoherent and coherent. The cross-talk across the systerri 

was also approxirnated. The study also involved measuring the linearity and gain 

of the system. The energy resolution for electrons was rneasured and three diflerent 

methods of estimating the electronics noise term of the energy resolution expansion 

are presented. 

This thesis gives the background to the ATLAS project and describes the 

prototype calorimeter. The electronics system is described in detail. The results of 

the test are presented and recomrnendations for improvements are given. 



1.1 Personai Contribution 

kIy persona1 contribution to the experiment can be categorized into three areas: 

vriting of data acquisition softm-are' supervision of data gathering, and analysis. 1 

wrote a significant portion of the data acquisition software at the University of Alberta 

prior to the test period, as well as: some during the test as required. 1 was present and 

involved for roughly 50% - 60% of the data gat hering. Finally. with the exception the 

histograrnming code and one fitting routine, al1 of the code was written by rnyselc. 

tSorne routines used in the analysis were based on the ideas of D M .  Gingrich. 
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CHAPTER 2 

Physics Motivation and Experiment Background 

2.1 P hysics Motivation 

Since the early foundations of science. and physics in particular. the matter that makes 

up the world in which we live has been one of the primary interests of scientists. 

Scientific thought on the topic of particle physics has come a long way from that 

of the ancient Greeks. The ancients realized that  matter was divisible down to an 

extremely small size. Tt wasn?t until this century that scientists began t o  understand 

the nature of ma.tter. At the beginning of this century theoretical physicists n-ere 

developing special relativity and quantum mechanics. The relationship between these 

trt-O theories as well as some surprising discoveries like the muon led to  a theoretical 

understanding of particle physics. With the development of particle theories has come 

a myriad of experirnents to test these theories. These experiments have either verified 

the theories or motivated alternative theories. In the year 2003 an accelerator. the 

Large Hadron Collider ( L X ) .  provide energies an order of magnitude higher 

than an-hing before it and should provide the opportunity to determine whether the 

cu ren t  particle t heories are accurate descriptions matter, or whet her alterations to 

the theories are required. 



2.1.1 The Standard Mode1 

Duriug the 1970's particle physicists began developing a t heoretical model, based on 

quantum fields and symmetries. which descn bed the interactions between the parti- 

cles R-hich make up our universe. This Standard Mode1 (SM) [l] describes matter in 

terms of three families of lepton-rieutrino pairs (the electron and electron neutrino, 

muon and muon neutrino: tau and tau neutrino) and similarly three families of quark 

pairs (up and don-n. chartn and strange. bottom and top). There are three colours 

of quarks. which combine in colourless groupings to form mesoiis and hadrons. Each 

type of Lepton. neutrino. and quark is referred to as a "flavour". Along n-ith these 

fundamentai particles exist three force fields and their correspondiiig mediating par- 

ticles. The electromagnetic force is an interaction between the charged particles. The 

electromagnetic interactions are rnediated by the photon. The interactions between 

quarks of different flaxours are tnediated by three veçtor (spin 1) bosons. the W* and 

ZO. These iiiteractioris are referred to as "weak" iiiteractioris. Ttie third of the force 

fields is the "strong" field. nhich mediates the interactions between different quark 

"colours". Different valence quarks, or quarks which are not quark-antiquark pairs, 

must coinbiric in such a way as to be colourless. -4 prototi: for esample, contains tn.0 

up quarks and a down quark. Mesons must be in combinations of twos such that an. 

coloured quark is balanced with an "anticolour" quark. The mediator of the strong 

force is a spin4 object called the gluon. There is a gluori for ea.ch colour combination. 

The Large Hadron Collider will provide enough energy to rneasure the param- 

eters of the SM such as the Higgs boson mass. The high luminosity ni11 provide the  

opportunity to measure parameters, such as the masses of the W* and Zo bosons. to 

greater a c c u r a .  In addition: the LHC will provide the opportunity to study top and 

bottom quark physics, search for super-symmetric particles. and search for possible 



substructure of quarks and leptons. Either evidence of supersymrnetry or substruc- 

ture of quarks and leptons could require modifications to our current understanding. 

2.1.2 Higgs Boson 

The standard mode1 gives a description of the interactions between matter: but i t  

gives no esplanation of the origin of the masses of the particles it describes. The 

Higgs boson was a theoretical addition to the SM which provides a mechanism to 

account for these masses. Since the SM provides no particular value for the Higgs 

m a s  it is important to have a detector which can identify the Higgs over a wide 

range of potential masses and decay channels. The Higgs mass range which will be 

searched is between 80 GeV. the current upper range of the Large Electron Positron 

Collider (LEP) [dl. and 1 TeV. The Following processes will be of interest, as they can 

be used to examine various Higgs mass sectors [.II: 

H + b6, mass range 80 < m~ < 100 GeV, 

H + m a s  range 90 < m~ < 150 GeV, 

0 H + ZZ* + dli. mass range 130 GeV < r n ~  < 2mZ. 

H + WW: ZZ -t @v 2 j or 2E* 2 j' mass range mz < r n ~  < 1 TeV. 

where & can be either e or p. j is a jet' mz is the mass of the Z boson (91.2 GeV). b 

is a bottorn quark, u is a neutrino, and m~ is the predicted mass of the Higgs. 



2.1.3 Top QuarkPhysics 

The observation of the top quark at both the CDF (Collider Detector at  Fermilab) 

and DO esperiments at Fermilab National Laboratol[5] have generated great interest 

in the ability of the LHC to act as a "top facto@'. The LHC d l  initially produce 

more than 6000 t t  pairs per day [4] (for ni, = 170 GeV): even a t  the luminosity* of 

103'2 cm-~s- l  . The primary top quark study at  the LHC will be the determination 

the top quark mass, m,. This n-il1 be done by esarnining wrious decap channels such 

as t -t jjb. The large production rate mil1 give approximately 100 decays of the forin. 

t i  -t (evb)(jjb)' per da? Searches For rare top quark decays d l  also be performed. 

2.1.4 B Physics 

The B physics studies d l  include a search for CP-violation through decays such as 

Bd + J/<:IiS aiid B: + p + p -  The esperimentally easiest B physics studies n-il1 be 

done nheii the LHC runs a t  its initial luminosity of 1 0 ~ ~  At this Iuminosity 

pile-up effects* vil1 be minimized and the vertex detectors close to the bearn-pipe are 

espected to survive in the intense ra.dioactive environment. 

4leasurement of B O F  tnisiiig: searches for rare B decays' and studies of rare B 

hadrons a-il1 a.1so be undertaken. Emphasis will be put on the precise measurement of 

CP-violation and the deter~niiiatioii of the angles in the Cabibbo-Ko bayashi-hiIa.skam-a 

unitarity triangle. 

'Luminosity is a rneasure of the number of particles passing a point per second. In a collider 
where there are N particles per bunch, the bunch interaction point has a cross-sectional area A, and 
f is the frequency of bunches passing the interaction point, the luminosity is given as L = IV2f/A 
and has the units of s-'cm-*. 

'Pile-up refers to signals left by secondas. processes during the time that rneasurernents of the 
prirnary event are being made. 



2.1.5 Beyond the Standard Model 

The esperirnental verification of SM predictions indicate that it is an accurate model 

at the energies esamined (the Tevatron at Ferrnilab collides protons and anti-protons 

wit h a centre-of-mass energy of 2 T'eV) - There are theoretical speculations however 

that the SM may be a lon- energy approximation to a more complete theory. One 

such theor-y is symmetry linking the half-integer spin matter fields ~ i t h  the integer 

spin boson gauge fields [2]. Proposed models fitting this description are the super- 

symrnetric extensions to the standard model 131. The energy of the Large Hadron 

Collider will provide the opportunity to look for "heavy" particles such as nen- massive 

bosons (Z' and W') which are not predicted by the standard model. Lleptoquarks, 

particles which mediate the transitions between leptons and quarks. could also be 

discovered, if their mass is within the kinematic limit of the Large Hadron Collider. 

The discoveries of such particles could confirm theories R-hich provide a tnore complete 

description of matter. 

Since the S M  describes quarks and leptons as point fundamental particles. aiiy 

non-point-like nature of either particle should rnanifest itself in terms of deviations 

from the parameters of the model. The Large Hadron Collider could well provide 

energies high enough to show these deviatioiis. 

2.2 Large Hadron Collider (LHC) 

In the year 2005 the LHC will go online producing high luminosity ( 1 0 ~ ~  cm%-' to 

10~%rn-~s-~)  proton on proton collisions with a centre of mass energy of 14 TeV. 

The collider will initially operate at  the lower luminosity providing an oppor- 

tunity to study cornples signatures such as tau-lepton interactions and heaky Bavour 



tags from secondary vertices. At the lower luminosity the pile-up noise a-il1 be min- 

imal and the vertex detectors close to the beam-pipe n-il1 function. The LHC miIl 

then be run at the higher luminosity to provide a greater number of signatures of 

interesting events using eiectron: muon' jet. missing transverse energv measurements 

and b- t aggi ng. 

The LHC will use the current LEP accelerator tunnel aiid will contai11 4 de- 

tectors (Figure 2.1). Two bea~ns of protons in side-by-side rings mil1 be accelerated 

to 7 Tel' in opposite directions and mil1 collide at  the four interaction points with a 

centre of mass energy of 14 TeV. To reach the maximum lurninosity of 10" 

each of the rings will be filled with 2835 "bunches", or groupings. of 10'' protons [6]. 

The injection systeni used for the LHC will be an upgraded version of the currently 

existing accelerator chairi. The chain will accelerate the protoiis to 1.4 GeV. for in- 

jection into the LHC [7]. The LHC circumference is 27 km, making it the largest 

hadron collider ever coristructed. 

The bunch crossing rate tt-il1 be one crossing e v e l  25 ris. or 40 MHz. givi~ig a 

bunch separation of 7.5 m: and a resulting beam current of 0.54 A. At the LHC it is 

expected that there will be a collision rate of 10-20 collisions per bunch crossing. 

A magnetic field of 8.36 T will be required to direct the 7 Telr proton beams 

around the ring. To achieve this high magnetic field super-conducting magnets will 

be used. 

2.3 A Toroidal LHC Apparatus (ATLAS) 

The ATLAS detector (Figure 2.2) is a multi-purpose detector design which will pro- 

vide data for good event reconstruction at high lurninosities. ATLAS will be required 



Figure 2.1: Layout of Large Hadron Collider and corresponding detectors. 



Figure 2.2: The 



to provide the following [dl: very good electromagnetic calorimetry! which will permit 

detection of photons and electrons; high rnultiplicity tracking, with good efficiency 

for lepton identification and tracking, as well as b-tagging: and heavy-flavour vertes 

reconstruction; and precise muon rnomentum measurements. While these require- 

ments are typical of general purpose detectors a t  collider facilities. ATLAS will have 

the additional problems associated with the high luminosity and high track multi- 

plicity characteristic of high energy hadron colliders. To achieve the measurement 

objectives described a b ~ v e ~  there ni11 be three subdetector systerns: an inner detec- 

tor containing a Transition Radiation Tracker (TRT) . and semiconductor detectors: 

a calorimeter system ma.de up of eiectromagnetic and hadronic components; and a 

muon spectrometer. 

2.3.1 Inner Detector 

The first portioti of the detector that particles n-il1 pass through is the iiirier detector. 

It is surrounded by a solenoid which provides a magnetic field of 2 T in a direction 

parallel to the beam pipe. giving ruriature in the r-9 plane* to charged particles. 

Because of the high luminosity, and thus high track multiplicity. the inner detector 

has to have high spatial resolutioii and survive For 10 years in the high radiation 

environment near the beam-pipe. The radiation of concern inc 1 udes neutrons. protons. 

anti-protons? as well as any long lived particles [8]. The iriner detector is comprised of 

three sub-detector systerns, pisel detectors, strip detectors, and the TRT. The pixel 

and strip detectors make up the precision tracking portion of the detector and extend 

from the beam pipe (r = 0.025 m) to a radius of 60 cm! while the TRT completes the 

'The coordinate system useci in describing the detector is a typical cylindrical system with the 
t-a-uis along the beam-pipe, r-axis pointing radially outward from the beam crossing point, and the Q 
dimension accounting for rotations about t h e  beam-pipe. When events are discussed, the coordinate 
systern which most naturally fits the event geometry is a spherical system in r ,  13, and q5. 



inner detector out to a radius of 80 cm. The coverage in the r - i )  plane is from 7) = O 

to i )  = 2.5t. This region of the inner detector is made up of concentric cylinders for 

radial measurements! and disks perpendicular to the beam pipe for measurements in 

the formard directions. The types of materials used for the precision tracking region 

are determined b -  cost effectiveness and radiation tolerance. The pixels and strips 

make up the Semi-Conductor Tracker (SCT), which is designed to resolve tracks at 

high luminosity and ~ i t h i n  jets. The TRT is the outermost part of the inner detector 

and rnakes many measurements of the track trajectory! and thus gives good track 

identification. The inner detector was also designed to keep the dead material (non- 

detecting matter mhich absorbs the energy of particles) in front of the calorimeter to 

a minimum. 

2.3.2 Calorimetry 

The calorimetry in  ATLAS (Figure 2.3) needs to survive in a.ii environment of high 

radiation, as described in the previous section, and be fast enough for first level trig- 

gering [il] (described in section 2.3.4). The innerrnost layer of the calorimeter (elec- 

tromagnetic barrel, electromagnetic and hadronic endcaps, and forward calorimeters 

illustrated in  Figure 2.3): which estends out to a radius of 2.2 m, will receive radiation 

in the following amounts: 0.5 kGy/yr (1 Gy = 100 Rad) and 1013 n cm-2 yr-l in the 

barrel and 20 kGy/yr and IOL4 neutrons yr-' in the endcaps [9]. In order to use 

calorimetry in this environment, this portion of the calorirneter will use liquid argon 

(LAr) as active material. The dose rate in the hadronie tile calorimeter is espected 

tPseudorapidity, 7, is given by the following expression: 

q = -in (tan (:)) , 

where 8 is the polar angle between the particle direction and the beam-pipe. 



ATLAS caiorimetry (Geant) 

Figure 2.3: ATLAS Calorimetry (taken from the .\TL-\S Liquid Argon Caiorirneter 
Technical Design Report! 1996). The parenthesized "Geant" refers to the package 
which rendered the detector. 



to be only a maximum of 38 Gy/yr and thus scintillating tiles with steel absorbers 

and optical fibre link readout mil1 be used. 

There will be the potential for pile-up noise due to the long drift time of the 

ioriization electrons in the LAr. The ionization current in LAr has a rise time of the 

order of 1 ns (as described in section 2.3.5). This rise time will be esploited to  counter 

the slow drift time of approximately 400 ns [IO]. 

The electromagnetic calorimeters %-il1 be built using an accordion geometr.  

as shon-n in Figure 2.5. The 'Raves7' of the accordion tri11 lie outn-ard from the 

interaction point along the paths of particles. This will allow towers to be naturally 

sumrned along longitudinal slices of the calorimeter, thus limiting the amount of 

trigger electronics used. 

The LAr calorirneter completely surrounds the inner detector and is divided 

into three main components: an electromagnetic caloritrieter (barrel aiid etidcap). a 

hadroiiiç eiidcap caloriiiieter. aiid a forn-ard calorimeter (Figure 2.3). The electroniag- 

netic calorimeter allows precise eriergy measurement of radially expatidirig showers in 

the barrel (Figure 2.6): and showers expa-nding in a forward direction in the  endcap 

(Figure 2.7). A presainpler is situated on the inside radius of the barrel a-nd in 

front of the endcap to correct for energy lost before t h e  calorirneter. The hadronir 

endcap (HEC) consists of two independent wheels (Figure 2.7) a t  each end of the 

detector. The first wheel is constructed of 23 mm copper absorbers while the second 

is made up of 50 mm absorbers. Electrodes in the HEC sit in 8.5 mm gaps betmeen 

the plates. Each wheel is divided into sections of n i32  ra,dians in azimuthal angle 4. 

Al1 caIorimeters reside in cryostats to maintain the desired opera.ting temperature of 

89.3 I< [9] for the liquid argon. 

The fonvard calorirneter (FCALl) is designed to  work in the high radiation 
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Figure 2.4: Trigger tower of the electromagnetic barre1 calorirneter (taken from the 
ATLAS Calorimeter Performance Technical Design Report' 1996). 



outer copper layer 
inner copper laÿer 

kapton 
outer copper layer 

stainless steel 
glue 
lead 

Figure 2 .Z: The accordion electrode structure (taken from the ASLAS Calorimeter 
Performance Technical Design Report, 1996). 



CRYOGt?;IC SERKCES 

ATLAS Ur E,M CALORIMETER 
( barre1 ) f FARADAY CAGE I 

SIGNAL CHANELS * 10" READOUT BOARD , 

I 
COLD - 7'0 - WAIUJ CABLE 

PATCH PANNEL 
A 
E SIGNAL CABLE 

MOTHER BOARD 
CALIBRATION 

PUESA.CIPLER 

- - - -_ .__  

\ \ 
\WARM VESSEL 

COLD VESSEL 

Figure 2.6: Electromagnetic barrel calorimeter (taken frorn the ATLAS Liquid Argon 
Calorimeter Technical Design Report, 1996). 



Figure 2.7: Endcap calorimeter (taken from the ATLAS Liquid Argon Calorimeter 
Techriical Design Report. 1996). 



region closest to the beam (Figure 2.7). Its front face lies about 4.7 m from the inter- 

action point [9]. The FCAL consists of three sections a t  each end of the detector, the 

first made of copper absorber with the remaining two made up of tungsten absorber. 

Unlike the accordion-shaped electrodes of the electromagnetic calorimeters or the 

electrodes between layers in the HEC, the FCAL uses rods surrounded by thin tubes 

placed in a matris parallel to  the beam pipe (Figure 2.8). This geometry prevents 

positive argon ions from building up in the gap and distorting the signals [dl. This 

matrix of electrode tubes has a gap size of 250 pm in the first section and 375 pm in 

the other two. 

Outside of the L 4 r  calorimeters (and cryostats) sit the hadronic tile calorime- 

ters (Figure 2.3). These caloriineters are situated such that  one hadronic tile barrel 

lies radially out from the electromagnetic barrel calorimeter and two more hadronic 

tile barrels (one at each end) lie outside of the endcap calorimeters. The tiIe calorime- 

ter extends iti radius from 2.28 m to 4.23 ni. The readout optical fibres run radially 

allosiiig light to be gathered frorn both open edges of the tiles [Il]. 

2.3.3 Muon Spectrometer 

One of the prirnary requirements of the ATLAS detector is high quality muon mo- 

mentum measurement [4]. This requirement is because many decay channels, such as 

Z' -+ ppo need to  be searched for above the espected large background. The muon 

spectrometer is made up of two basic regions! the barrel and the endcap. These sur- 

round three super-conducting air core-toroid rnagnets. one around the barrel and one 

in each endcap region. These magnets are designed to  give a field perpendicular to 

the r-4 plane to a l l o ~  for momentum measurement. 



Figure 2.8: FCAL electrode matrix. The circle labelled RAI indicates the Moliere 
radius for electromagnetic showers (taken from the ATLAS Liquid Argon Calorimeter 
Technical Design Report: 1996). 



The barrel consists of three layers (or stations) of Slonitored Drift Tube cham- 

bers (MDTs). These stations lie at radii of 4.5 m! 7 m' and 10 m. To ensure co~itinuity 

in tracking, there is a 200 mm overlap betm-eeri chambers. 

The rema.ining muon detectiori systeni consists of vertical chambers in the 

eridcap and at the transition points n-here the individual barrel charnbers end. Both 

type of chambers utilize the above mentioned monitored drift tube chambers as well 

as Cathode Strip Chambers. The combination of the barrel chambers and the vertical 

chanibers ensure precision tracking over the pseudorapidity range of Q < 3.0. 

An important eiement of the -4TL.4S detector is the trigger. -4 trigger is a device which 

uses a subset of the event information to determirie whether to use further resources 

for recording the event or reject the event. A trigger usually uses a small separate 

sub-detector or a portion of the total detector to inake this decision. This mini~nizes 

the resources required and keeps the trigger time to a minimum. An example of a 

trigger could be a pair of thin scintillating paddles situated in the beam Iine several 

metres in front of a fixed target experirnent. The trigger might consist of a coincidence 

between the tiles within a fixed tirne which R-ould then initiate readout by the detector. 

Typically the trigger can reduce the amount of information stored for off-line analysis. 

The trigger for ATL.4S will be a three level systein shown in Figure 2.9. The levei 

1 (LIVLJ) trigger acts on a subset of each detection systern: n-ith the exception of 

the inner detector (Le. calorimeter and muon detector)? where the hit multiplicity 

will be too high to provide useful information for the initial trigger decisions. The 

LVLl will be used to locate regions of the detector containing potentially interesting 

features. such as electromagnetic clusters with high transverse momentum [4]. It 
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will process data ahich comes from segments of the detector which are groupings of 

smaller segments (Le. coarse granularity). The LATLJ trigger will accept data at  the 

LHC bunch-crossing rate of 40 MHz! and have a trigger decision time of 2.5 p. This 

is the tinie taken to forni the decision using data. from the sub-detectors as well as 

signal tratismission time [IO]. The calorimeter data is helcl in analog memories during 

this period. The output of the LVLl trigger has a maximum mean rate of 75 kHz. 

The event acceptance rate of the LVL2 trigger is belmeen 0.1 kHz and 1 kHz with 

a variable latency of 1 ms to 10 ms. Al1 detector subsystems. including the inner 

detector. will be used in the LVL2 trigger decisions (using finer grariularity data). 

which is also made on tracking and pr measurements. Events selected by the LArL2 

trigger are sent through an event builder to a farm of processors. These processors 

make up the level three trigger (L&'L.3) which reconstructs events at a rate of 1 s to 

10 S. The LVL3 trigger will use more complicated reconstruction algorit hms. sirnilar 

to those used off-line. to ma.ke selection decisions. After events are selected by the 

LIT3 trigger. they will be recorded for further detailect ana.lysis. 

2.3.5 Liquid Argon Calorimeter Electronics 

The L.4r calorimeter of ATLAS requi res the careful time synchroniza-tion of appros- 

irnately 190'000 high speed readout channels of large dynamic range. There nill be 

110,208 channels for the electromagnetic barrel, 63,744 for the electroniagnetic end- 

cap, 4,416 for the hadronic endcap, and 11.288 for the forward calorimeter, for 189.656 

total read-out channels. The energy deposited i ~ i  a particular calorinieter ceIl can be 

as high as approximately 3 TeV [13]. At  lom- energy (just above pile-up and electronic 

noise - which is estimated to be 50 MeV). energy measurements need to be made. 

Since 3 TeV divided by 50 MeV is 60:000: a dynamic range of at least 16 bit (65,536) 



is required to cowr the range- The readout system will sample the analog signals a t  

the beam crossing rate of 40 %[Hz. 

The read-out eEectronics for the LAr calorimeters can be grouped into tn-O main 

categories. on-detector and OR-detector. rrhich can be seen in Figure 2.10. The off- 

detector calorimeter electronics consists of the trigger electronics as well as electronics 

for processing the data after it has been selected by the trigger and digitized. The of£'- 

detector electronics is not reIetant to these studies and will not be discussed further. 

The on-detector electronics consists of the calibration electronics. front-end boards. 

the tower builder (a circuit f& surnrning the data for a trigger torver). and the control 

hardware descri bed belon-. 

2.3.6 Calibration System 

To take full advaiitage of the stable and uniform ionization signai of ttic LAr [9]. the 

electroiiics chain must be precisely calibrated. The constant terrn i n  the eiiergy reso- 

lutioii expansion (described in section 5.1). is partly due to the non-ideal calibration 

of the electronics. such as the nonuniformity of the calibration pulse shape. and thus 

the calibration tnust be as precise as possible. The proposed ATLAS L*.Ar calorirneter 

systeni requires uniformity to 0.25% in a slice of I r 1  = 0.2 [Cl]. 

The calibration pulses. n-hich closely resemble the actual ioniratioii pulses, 

are driven ont0 the actual electrodes. through a current injection resistor't. As the 

impedance of the cables can cause non-uniform calibration pulses. the pulsers are 

located near to the cryostat feedthroughst. 
-- -- 

'The exception to  this is the FCAL where radiation levels are too high to permit the procedure. 
For the FCAL, the calibration pulses are injected just prior to the preamplifiers. 

t.4 current injector resistor is a resistor across ahich a potential is placed to induce a current in 
a circuit. 

tCryostat feedthroughs are places in the cryostat which allou- the passage of cables from 
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Figure 2.10: Block diagram of the rea.d-out electronics (taken from the ATLAS Liquid 
Argon Calorimeter Technical Design Report, 1996). 



There are four types of calibration procedures for the LAr calorimeter at A -  

LAS. The first is a pedestal stage? with no signal. allowing the noise to be estirnated- 

The second is a debugging stage for detecting non-responding cells using the pulser. 

Pulse shape calibration is the t hird procedure where the shape of the pulse is occa- 

sionally examined (this will likely be done prior to the running of the LHC). Finally 

is a standard calibration procedure where the gain and linearity of the electronics 

chain is monitored. The cali bration procedures will take approsimately one minute 

to complete and will be carried out a fen- times per day [9]. 

2.3.7 Front-End Electronics System 

The front-end electronics system will amplif- shape' store? and digitize the signais. 

This electronics chain is shonn in Figure 2.11 and explained belon-. 

Preamplifiers 

The first stage of the analog signal processing is the preampiification. There d l  

be two types of preamplifier technologies used in the LAr calorimeters. gallium ar- 

senide (GaAs FET - Field Effect Transistor) preamplifiers operating iii the cold and 

preamplifiers using bipolar transistors operating outside of the crostat .  The Ga-As 

preamplifiers ni11 be used for the hadronic endca.p. The silicon preamplifiers be 

located outside of the cryostat in the crate containing the front-end electronics, for 

the electromagnetic barrel. electromagnetic endcap, and fornard calorimeters. Since 

the cold preamplifiers will be located right a t  the electrodes. the signal will not be 

noticibly degraded prior to amplification. The warm preamplifiers located on the 

front-end boards will be connected to the calorimeter electronics by transmission 

warm to cold or cold to m-am. 



Figure 2.11: Depiction of 8 channels of the analog read-out chain (taken from the 
ATLAS Liquid Argon Calorirneter Technical Design Report. 1996). Note that  the 
devices immediately following the SCA chips are implied tri-state devices. 



lines that maintain signal in tegr i -  (shape) before the first stage of amplification [14]. 

The choice for warm preamplifiers located off of the detector was motivated by the 

fact that the space on the detector d l  be limited as weIl as limitations on the amount 

of heat which can be generated on the detector. For the hadronic endcap, where me- 

chanical structure forced the mounting of preamplifiers on the outer radial edge of 

the n-heel' the radiation levels d l  be manageable. Because the electronics n-il1 be 

Iocated in crates in the crack between the barre1 and endcap tile calorirneter. there 

wiil be minimal dead material introduced in front of the calorimeter. 

Shapers 

Once a signal is produced withiii the calorimeter it is favourable to reshape this 

signal into a form which is better to work with. The calorimeter of ATLAS will have 

ionization pulses' froni a particle traversiiig the active liquid argon materia.1. with a 

rise tirne of approsiiriately 1 ris. The pulse is a tria.iigk nhich decays linearly to zero 

(Figure 2.12). These "triarigle" pulses ni11 require shaping. 

The total measured noise of the system is the quadratic sum of the electronics 

noise and the pile-up noise. The furictioii of the shapiiig amplifiers is to reduce the 

pile-up contributioii to the noise. The electroriics noise decreases n-ith slower shapiiig 

tirne while the pile-up noise increases with slower shaping time [El as shown in Fig- 

ure 2.13 for the electromagnetic barrel and endcap calorirneters. The intersection of 

the electronics noise aiid pile-up noise curves gives the shaping time for the minimum 

of the total noise. The shaping time (shaper interna1 time constant T=RC of the 

shaping amplifier)! corresponding to this minimum is aroiind 15 ns for the electro- 

magnetic barrel. This corresponds to a peaking time of 30 ns to 45 ns depending 

on the calorimeter depth (91. The shaper uses a CR(RC)2 filter to shape the pulse. 
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Figure 2.12: The drift curreiit of the calorirneter (a) and the bi-polar shaper response 
(b) to this current. The dots represent beam crossings (taken from the ATLAS 
Technical Proposal' 199.1). 



Figure 2.13: The quadratic suni of eleetronics noise and pile-up noise for the electro- 
magnetic barre1 (7 = 0.1) and endcap (7 = 2.0) as a function of shaping time. The 
luminosity is given in brackets (taken from the ATLAS Liquid Argon Calor 
Technical Design Report, 19%). 

which is two stages of integration (RC) and one stage of differentiation (CR 

meter 

. The 

result of the shaping is shown in  Figure 2.12 along n-ith the triangle pulse of the LAr 

ioniza.tiorl. There will be roughly 20 beam crossi~igs in  the tinie it takes to shape the 

ionization pulse, whicti demonstrates the reasoii for an increase in pile-up noise with 

slotver shaping. 

The other function of the shaper amplifiers is to apply three gains to the signal 

prior to sending it to the analog pipeline. as illustrated in Figure 2.11. The reason for 

multiple gairis. is tha.t the entire 16-bit dynarnic range can be digitized using 12-bit 

ADCs. The amplificatioris will be 1: 10' and 100. where the gain selected will be 

determined after digitization. Each shaper chip will contain 4 shapers and process 

4 calorimeter channels. as will the preamplifiers. The analog mernories, will non- be 

descri bed. 



Figure 2.14: Schematic of one analog memory cell (taken from the ATLAS Liquid 
Argon Calorimeter Technical Design Report! 1996). 

Analog Pipeline Mernories 

The most interesting feature of the front-end readout electronics chain is the analog 

pipeline mernories based on a Switched Capacitor Array (SCA) design [12]. Each 

pipeline (one for every readout cha-nnel) niIl contain 1.14 cells R-here a ce11 is shon-11 

in Figure 2.14. Each ce11 consists of a 1 pF capacitor and two switches. The m i t e  

switches (WR-P.WR-N) connect the input signal across the capacitor during charging 

(writing) and the read switches (RD-P'RD-N) connect the capacitor across the oper- 

ational amplifier during dischargiiig (reading). The SC.4 is a randorn access memory 

since the read and m-rite busses are separate (a write is independerit of a read) and 

thus access time for any address" is equivalent. The read and write addresses will be 

generated by a separate SCA controller chip. This controller chip mil1 also interface 

'An address is any capacitor, with switches, in the analog pipeline, Le. there will be 144 addresses. 



with the LVLJ trigger. Once the data has been stored in the ana-log pipelines the 

capacitors containing the event wil! either be discharged and recharged with new data 

or read for digitization if the event is selected by the trigger. 

Analog to Digital Conversion and Gain Selection 

The gain selection will be made prior to digitization of al1 of the samples. thus reducing 

the amount of data to be digitized. The gain selection algorithm will work as follom-S. 

The peak voltage of the rniddle gain setting is digitized. -4 gain selection chip (as 

shown in Figure 2.11) then examines %bits of the ADC and determines the optimal 

gain selection for that channel. While this algorithm requires the digitization of the 

event as well as the original pulse maximum, it a.voids analog cornparators [9]. The 

ADCs will have a dynamic (voltage) range of at  least 12- bits and multiplexing will be 

used to reduce cost. The time required t o  read out an everit will be 9.45 p. giving a. 

maximum digitization rate of 105.8 kHz which is above the allon-a.ble L&:Ll average 

trigger rate of 73 kHz. Considering these rates and an analog pipeline buffer size of 

7 events, the dead-tirne will be approximately 0.5% [9]. The signals will be sent, via 

optical links, to the readout drivers (RODs), some distance anTay. 

2.3.8 Additional On-Detector Electronics 

The on-detector front-end crate n-il1 house: in addition to the front-end boards pre- 

viously described, the calibration boards, the tower builder boards, and the control 

hardware. The Front-end crate will act as a Faraday cageo to shield against elec- 

tromagnetic radiation and reduce coherent noise. These crates will be mounted on 

pedestals connected to the cryostat as shown in Figure 2.15. 
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Figure 2.15: Side view of an electronics crate mounted on the pedestal connecting 
the crate to the cryostat (taken from the ATLAS Liquid Argon Calorimeter Technical 
Design Report. 1996). 



CHAPTER 3 

Description of the 1996 Alberta Readout System 

3.1 Introduction 

In June of 1996. the University of Alberta tested a prototype readout system. The 

system consisted of front-end boards (FEBs) containing switched capacitor array 

(SC-4) chips developed at LBL [12]. The system &-as tested on a calorimeter in the 

H8 beam line of the CERX Super Proton Synchrotron. Five readout boards and 

one controller board* were tested. Each readout board contairied tn-O SC-, chips and 

analog to digital conversion circuit- The beam consisted of electrons with energies 

ranging from 100 to 300 GeV with runs takeii at 100. 150. 200. and 300 GeVt. The 

goals of the test were to measure the noise: dynamic range: linearity: and energy 

resolution of the  readout system. 

3.2 RD3 Calorimeter 

The RD3 calorimeter: a. prototype of the -ATL-4S electromagnetic barrel. was used 

for the test (Figure 3.1). It mTas a. IlAr sampling calorinieter utilizing an  "accordion" 

geornetry. The calorimeter consisted of 73 stacked accordion-shaped converter plates 

'For the ac tud ATLAS detector, the controller hardware wilI be on chips on the FEB. 
iOriginally, it was pIanned to take data at 50 GeV, but due to operational error the actual beam 

energy was not changed during periods where this data was taken. 100 GeV data was taken in place 
of the 50 GeV data. 



Figure 3.1: RD3 calorimeter set-up for the 1996 tests. 

3s 



interleaved with 72 readout electrodes of the same geometry [9]. The absorbers were 

1.8 mm thick lead plates for pseudo-rapidity less than 0.7 and 1.2 mm thick plates 

for pseudo-rapidity greater than 0.7. These were sandwiched between 0.2 mm thick 

sheets of stainless steel. The electrodes were made up of 0.3 mm multilayer copper- 

kapton boards: which were separated from the absorber plates by a 1.9 min liquid 

argon gap. The calorimeter mas a cylindrical sector nith an acceptance of roughly 

3% of the planned electromagnetic barrel calorimeter for the ATLAS detector [16]. 

The prototype calorimeter extended 2 m along the z asis: covering a pseudo-rapidity 

range from O to 1.08, and 27 degrees in #. 

The calorimeter was divided into three radial regions, front, middle, and back. 

which had thicknesses of 9. 9, and 7 radiation lengths* respectively The granularity 

of the front and middle regions were A$ x Ai) = 0.020 x 0.018 while the back region 

mas twice as coarse in q with 171 = 0.036. The entire calorimeter mas then immersed 

in a cryostat which was filled nith liquid argon arid had feedthroughs for the  sigiial 

wires. 

The calorimeter electrodes were operated at a high voltage of 2 kV which pro- 

duced an electric field of 10 kV/cm across the gap [9]. The electronics noise from inside 

the calorimeter (mainly from the prearnplifiers) was measured to be betn-een 40 MeV 

and 70 MeV per channel dependbig on the radial layer and pseudo-rapidity [lG]. 

The trigger used in the RD3 test consisted of scintillating paddles in the beam 

line in front of the calorimeter. A coincidence between these paddles wouId signify 

an event. 

'A radiation Iength is the mean distance over which a high-energy electron loses al1 but l /e  of 
its energy by brernsstrahlung. 



3.2.1 Cdorimeter Electronics 

The preamplifiers used on the calorimeter n-ere GaAs based FETs located on mother- 

boards attached to the cryostat electrodes. After passing through the preamplifiers. 

the sigrials n-ere sent t hrough bi-gain shaping amplifiers (CRRC2) which filtered t hem 

to obtain the desired bi-polar pulse [IG]. The peaking tirne (the time for the pulse 

to rise from 10% to 90%) of the shaping amplifier Kas approximately 35 ns for the 

triangle pulse coming from the calorimeter. The preamplifiers were connected to the 

shapers by a 50 R transmission line. A track and hold circuit followed the shapers 

and was used in conjunction with the trigger to ensure the signals were sampled as 

close to the peak as possible. 

There were tmo regions of the calorimeter used for the tests. Each region 

was equipped with different shaping amplifiers. Tn one region (bi-gain), used for the 

majority of the data taking. the signal was split in two and a gain of 10 applied to 

one of the branches. For t hc ot her regioii (moiio-gain) used during the test period no 

splitting of the sigtial or additional gain mas applied at  the shaping stage. For the 

bi-gain system 60 calorimeter cells were used, 24 in the front layer, 24 in the middle 

layer, and 12 in the back. Each calorimeter ce11 mas "mapped" to! or connected to, 

one of the tn-O electronics branches of different gain. For the mono-gain system. 120 

cells in a different regioii of the calorirneter ni th different prearnplifiers and shapers, 

were used. Each layer conta.ined twice as may cells relative to the bi-gain systern. For 

this system each calorimeter ce11 corresponded to a single electronics chanriel. 

A voltage driven calibration system mas used to simulate the detector signal. 

The pulses were then distributed ont0 the preamplifiers, through 2 kQ injection resis- 

tors, mhich resided on motherboards attached to the calorimeter [17]. With the fast 

shaping, and the fact that the detector capacitance was quite high (Cd z 400 pF): 
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Figure 3.2: Pulse sampling (taken every 25ns). 

the parallel noise from the cali bration sigiials passing t hrough the resistors orito the 

calorimeter nas less than 5% of the series noise froni the preairiplifiers [l8]. The pulse 

(up to 5 V) from the calibration pulsers was designed such that it could drive up to 

50 C! load with a rise time of less than 1 ns and an exponential decay of 400 ns? thus 

simulating the pulses corning from the calorimeter. 

3.3 Analog Pipeline Structure 

The decision was made to use an analog pipeline (refer to section 2.3.5) ? based on 

switched capacitor technology! to store the data awaiting a first level trigger decision. 

Alter the data was passed From the shaper amplifiers it was written to the SCAS. 

The data pulses were continuously time sarnpled and stored in the pipeline. Each 

pulse consisted of 8 tirne samples as illustrated in Figure 3.2. The determination of 
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Figure 3.3: Block diagram of an SCA pipeline segment. This diagram shows two cells 
of same type as in figure 2.14. 

the beginning of a pulse was made usirig a trigger in t h e  beam-line. The trigger is 

described in sectiori 3.4. 

An SCA pipeline. consisted of an array of 256 cells, each of which included a 

capacitor and a read and write switch (Figure 3.3). The pipeline could hold 32 events 

(Figure 3.4). Data was continuously written to the pipeline in a circular manner. 

i.e. after the last cell, the 256th. was charged up. t he  1st would be charged again. 

The exception to this Kas that  i f  an address mas in a s ta te  awaiting reading (after a 

trigger decision) it would be skipped over rather than overwritten. 

Each SCA chip contained 16 pipelines (channels)! where 12 were used for 

data and 4 were used for reference subtraction. A11 of the channels received data. 

simultaneously~ in the same address, or capacitor, in each channel. For example. 

an event written in capacitors 100 to 107 would be written in al1 sisty channels (12 



SCA Chip (1 of 5) 

16 Channels 
12 d a t a  and 
4 r e f e r e n c e  

I n d i v i d u a l  Channel  

C a p a c i t o r s  (cells) 8 pe r  e v e n t  

Figure 3.4: SCA chip and channel structure. 
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Figure 3.5: Block diagram of the data pipeline (75 kHz is the mean transfer rate). 

for each board). For future reference, the channels were labelled O through 59: the 

capacitors O through 235. the tirne samples O through 7' and the boards O through 

4. UThen an event was selected by the trigger it would be read out one sample a t  a 

time. nith each capacitor being reset (Le. shorted) as shon-n i n  Figure 3.3. During the 

readout of a capacitor, switch R2 was ciosed betweeii the capacitor and ail operatiorial 

amplifier allowilig the amplifier output to reach the voltage across the capacitor. After 

the readout time (2 ps or 4 ps) switch M l  was closed a.nd the signal n?as read out a t  

L t  

3.4 Front-end Board Description 

The purposes of the front-end board were to 'Lhold" the data in an analog pipeline to 

await a decision from the trigger and then to digitize the selected data for transfer to 

mass storage (shown in Figure 3.5). 

The readout electronics chain also contained the preamplifiers and shapers. 

although they were not located on the FEB. A block diagram showing the front-end 



eiectronics chain is shown in Figure 3.6. 

3.4.1 Pipeline Signal Preparation 

The SCA required input signals n i t h  polarity and range different from that of the 

shaper amplifier output. The circuitry which provided the appropriate treatrnent of 

the signals from the shapers is shown in Figure 3.7. The signals coming from the 

shaper were bipolar. but inverted. The output range of the shaper signals was -2.0 V 

to 0.2 V. The first stage of the circuit mas to invert the signals to the correct p o l a r i -  

and apply a gain of 1.25 to them. After this. the signals were shifted up by 1.25 1' 

for input into the SCA. PYo gain was applied during this stage. The reason for the 

shift was to allow the measurement of the undershoot, the portion of the pulse which 

dipped below the baseline (1.25 V in this case). 

3.4.2 Mult iplexing and Gain Switching 

Unlike the system described in section 2.3.5 a two gain system (rather than 3) nTas 

tested. This system used analog gain comparisons. With each trigger the samples 

were digitized and then multiplexed to minirnize the number of ADCs required. The 

correct gain had to be selected as n-ell. As shown in Figure 3.10. tmo channels coming 

from the output of the SCXs were multiplexed to a single input of a.n ADC. Figure 3.8 

shows the block diagram o l  the circuitry from the SCA to the ADC. .As the signals 

passed from the SCAs they were held in a sample and hold (S/H). A certain amount 

of tirne, referred to as the readout time, was allowed for the amplifier in the S/H 

to  reach the desired voltage (within 0.01% of the voltage across the capacitor being 

read). After the readout time had elapsed, the S/H held the signal and the switch a t  
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Figure 3.6: Block diagram of the front-end eIectronics chain. 
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Figure 3.7: Circuit- used to prepare the output signals from the shapers to the 
desired polarity and range of the SCAS. The maximum signal ranges are given beneath 
the circuit. 

A toggled to allou- the passage of the signal. While one S/H was holding the signal. 

the other was sampling. This procedure r a s  used as it took the same amount of time 

for the signal to pass through the circuitry to nest S/H as it did to charge up the 

amplifier in the first S/H. If the pair of S/Hs following the SCA were not used, the 

additional readout time would be introduced due to multiplexing. 

As both channels (3 and N+1 in Figure 3.8) were being passed to the same 

.4DC, the switch at B was used to alternate bet~veen the two channels. When the 

selected signal reached C in the diagram. a difference amplifier was used to subtract 

the reference voltage coming from the reference subt raction circuit (described in sec- 

tion 3.4.3). For the circuit corresponding to the high gain signa-1s the S/Hs followiiig 

this amplifier held the signals (one for each channel) while a cornparator compared 

the signals to a fixed voltage (4.0 V) for the purpose of gain selection. If the signal 

was belon- the preset threshold voltage, the high gain channel was selected. If this 



Figure 3.8: Schema.tic of the circuitry 
ADC. The schernatic sho~rs two high 

used to carry the data from the SC.4 to the 
gain channels (N and N+1). The low gain 

circuitry would not include the comparator. Full details are given in the text. 



threshold amplitude rças surpassed the lon- gain channel (Irom the other SCA) was 

selected. If the comparator produced a signal. due to the signal surpassing the 4.0 1: 

threshold? the latch at D would hold the cornparator output until the end of the 

event. If automatic gain switching was enabled. the gain snitching described was 

done. Either gain could also be forced. a t  E: for digitization. The Ion- gain circuit 

did not contain the gain cornparison as only one of the gains was required for the 

gain selection process for a two gairi system. The SR-itch at  E was used to select the 

appropriate gain from either SCA. corresponding either to the high gain or Ion. gain 

signals. 

3.4.3 Reference Subtraction Circuit 

The reference subtraction circuit was used to alion- noise subtraction. This was done 

so that the voltage level in the referetice chaniiel could "float" and thus any cross-talk 

froni close chalinels or calorinieter cells? or other systetriatic noise. ~ * o u l d  be subtracted 

off of the data pulse. The level of coherent noise across channels should be reduced. 

The reference subtraction circuit (Figure 3.9) used channels which were not used 

for data. but were still susceptible to systematir noise across the system (channels). 

These channels had differetit impedances than the data channels as they rrere not 

connected to the shapers. The subtractions came froni the 4 chaiitiels in each SC-\ 

chip (Figure 3.10). For channels O through 7. the even channels were subtracted n-ith 

channel 2 and the odd channels with chaiinel 3. For channels 8 through 15 the everi 

channels were subtracted with chanriel 10 n-hile the odd channels were subtracted 

with channel 11 (Figure 3.10). When the circuit was disabled, a fised voltage was 

used as the reference voltage. The numbering of channels used in this thesis was 

purely arbitrary and hence sequential for simplicity. T t  did not correspond to the 



Figure 3.9: Schematic of the reference-subtraction circuit. The 4/5 and 213 refer to 
two channels sharing the same line. The zero lines refer to ground for both the signal 
and reference channels. 
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Figure 3.10: Channel layout on SCA chip. 



Iayout in Figure 3.10. 

3.4.4 Event Building 

An event xhich was selected for storage consisted of more thari the ADC counts 

of each sarnple. Each event also contained extra event-related information, such as 

the gain selected. the event number' the readout time, etcetera. The event building 

procedure took place in digital circuit? betmeen the ADCs and the VME bus. The 

bus Kas used to t r a d e r  the data to a SUN SP-ARC workstation which was used for 

data acquisition (Figure 3.11). The circuit shows the signal lines from three ADCs 

corresponding to 8 SCA channels. Two of the SCA channels were used for reference 

subtraction and required no analog to digital conversion. The 14-bit ADC data mords 

were fed into a 16-bit latch where a gain bit. signifying which gain branch the signal 

originated from. &-as added to the data mord. The events were then built by packing 

additional digital informatioti, in  the form of colutn~i and header R-ords. iri front of the 

data words in a 16-bit (4096 deep) First In First Out (FIFO) memory. The columti 

and header words contained information such as the time of event: event number. 

capacitor address. readout time. as weil as other relevant information n-hich wotrld be 

used in the data analysis. The events were then passed to a Vh4E bus which carried 

them to a SUN Sparcstation for writing to tape. and on-line moiiitoriiig. 

3.5 Description of the Controller Board 

In order to keep the pipeline readout system frorn contributing dead-time, the system 

allowed simultaneous read and write operations as well as the ability to mi te  to 

non-sequential addresses in the SCA. If the data was stored sequentially, dead-time 
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Figure 3.11: Schematic of the event building circuitry for 8 -\DC channels. 
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gure 3.12: Photograph of a front-end board similar to  those used in the test. The 
wer, control, and signal input connectors are shon-n a.t the top. The 9U VME and 
,UX connectors are shown at the bottom. The two large chips on t h e  top third of 
3 board are the SCAS. 



would be introduced, as a function of the nurnber of storage celIs per channel and the 

time required to read out each sample [NI. A design was chosen such that the SC-! 

addresses could be kept track of and read and write operâtions could be done to non- 

sequential addresses. The derice that rnanaged the address storage was the Address 

List Processor (ALP) circuit. The the purpose of the pipeline controller board n-as 

to contain and service this circuitru, A simplified block diagram of the ALP circuit 

is shown in figure 3.13. 

The ALP circuit worked by digitally simulating the flon- of iriformation which 

occurred in the analog S C 4  pipeline. While in the SC& an address was in a particular 

"mode". The ALP would place that address into a FIFO correspondiiig to that mode. 

If for example, an SCA a.ddress conta.ined data which mas awaiting a trigger decision, 

that address would sit in the READ-DELAY FTFO of the .4LeP. The WRITE FIFO 

contairied addresses which were available for writirig. As a mi te  was required, once 

per cycle. the riext address was rernoved from this FTFO and the corresporidiiig address 

n-ritteii to iri the SCA. The address xas theri placed iiito the READ-DELAY FIFO 

to await a trigger decision from the first Ievel trigger. If the address  as not selected 

for reading in the SC.=\, it was returried to the LITRITE FIFO. If the address was 

selected by the trigger it was moved into the READ FTFO until it had been read 

on the SCA. Once read out. the addresses R-ere pla.ced in  the READ-COMPLETE 

FTFO until they were paçsed back into the ITRTTE FTFO for future mites. The 

entire process was synchronized by the pipeline dock. As each FTFO &-as the sanie 

size as the SCA pipeline (256 addresses) there was no danger of overflon-. If the 

WRITE FIFO became full, indicating an error. a reset signal mas used to clear al1 of 

the FIFOs. -411 addresses were then loaded into the WRITE FIFO and the process 

resumed. 
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CHAPTER 4 

Readout System St udies 

4.1 Introduction 

The systematic studies of the front-end system were of two types: sta-tic noise studies. 

where the system was not driven by any type of pulses, and calibration studies. 

where the system was driven by well defiiied signals. The noise studies provided 

the opportunity to  measure the noise, both incoherent (random fluctuations) and 

coherent (systematic across channels). It w-as also possible to observe the effect of 

changirig certain ruri-tirne parameters, such as the amouiit of tirne taken to read out 

a capacitor froin the SCA. Calibration studies n-ere used to determiiie the dpairi ic 

range and linearity of the system, as well as? the automatic gain switch voltage. The 

calibration data was also used to measure the cross-talk between channels. 

-4 total of 28 noise runs* were taken. Each of these runs consisted of approxi- 

mately 30000 events. This number was chosen to ensure that sufficient statistics were 

achieved (Le. each capacitor was charged roughly 100 times (Figure 4.1)). There were 

24 calibratiori runs taken for the gain, linearity and cross-talk rneasurements. Tables 

containing information about the data can be found in Appendis -4. 

There was a system malfunction during one run where the reference subtrac- 

tion circuit was disabled and the Iow gain readout was forced (run 32880). In this run 

'A run was a fixed arnount of continuous data reading. 
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Figure 4.1: Distribution of tirnes each capacitor was charged for a run where high 
gain readout was forced (Run 32689). 



there were 402 events (from 18721 to  19123) rh i ch  were discarded due to an error in 

the da ta  formatt. The source of the error was not known but as it nas the only run 

with a unique operating condition, the ruri was used. 

4.2 Amplitude Measurements 

The data  consisted of amplitude d u e s .  measured in ADC counts*, mhich were a 

function of four variables: time (event number). channel, capacitor. and sample. 

While both event number and sample were measures of time, they were coiisiderably 

different independent variables. The event number was a measure of the tinie over 

the period of a run. while sample was a measure of the time evolution of a pulse. The 

channel and capacitor variables mere illustrated in Figure 3.4. Using the measured 

ADC counts it n-as possible to observe any strange behaviour in the system. such as 

"dead" channels. where no XDC counts were observed. Figure 1.2 shows that. for thc 

high gairit system. three cells (31: 73, and 178) behaved in aii anomalous rnaniier. For 

these cells an offset of the amplitude values waç observed. Upon closer examination 

it was determined that  the cells fluctuated for al1 60 channels, and over al1 similar 

runs. For the lom gain system. there was one ce11 which behaved in ail anonialous 

manner (ce11 8.1): again affecting al1 chanriels. When the r\DC counts R-ere plotted 

against the other variables (event number, channel. and sample) no anomalous data. 

was apparent. The reasons for the anomaly are discussed in section 4.7. 

Wheii the reference subtraction circuit (described in section 3.4.3) was dis- 

abled, two channels (34 and 33) registered no ADC counts for the high gain system 

t'The data  format refers to manner in which the additional event information (described in sec- 
tion 3.4.4). 

'An ADC count refers to  the least significant bit coming from the ADC. 
tThe use of the term gain is quite informal here. It refers to the corresponding electronics chain. 

The term will be used throughout the remainder of this thesis in the same manner. 
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Figure 4.2: Amplitude (in ADC counts) vs ce11 number. The data m-as taken from 
a run with forced high gain readout. Note that "Capacitor", piotted on the X-axis, 
refers to "Capacitor number" . 



in one run (32760). These channels corresponded to the last two channels on the 

first board, and the tn-O right bottom cells of the second layer of the calorimeter 

(Ap~endix C).  Two electron runs were taken immediately following the noise run 

and while the first of these exhibited the same dead channels. the second did not. 

-1s the dead channels were the last two or1 the board, hence chip. they would have 

been associated mith the same ADC. The signals from that particular ADC would 

have shared a line from the ADC to the V31E bus and any temporary problem with 

that line could have caused the effect. No similar problems were encountered with 

the remainder of the data. 

It was espected that there would be amplitude fiuctilations above the Root 

Mean Squared (RMS) noise. in the ineasured -4DC counts: from capacitor to capacitor 

and channel to channel. but it was not expected that there would be such fluctuations 

between time samples. Figure 4.3 shows that for four different channel and capacitor 

pairs there aas  no Auctua.tioii above the RMS. The top two plots ili Figure 4.3 (a. 

and b) illustrate the amplitudes for channels and capacitors ahich did not exhibit 

excessive noise. The capacitor in the bottom ieft plot was noisy as was the channel 

in the bottorn right plot. Each capacitor and ce11 pair appeared to have average 

amplitude values mhich oscillated slightly from sarnple to sample. As these oscillatioris 

were less than RklS no correction was made. 

The amplitude was averaged over tn-O of the three variables and examined as 

a function of the third. The average amplitude for a single variable i was given by: 

where Njtk is the number of terms in the sum. The results are plotted in Figure 4.4. 

In Figure 4.4 (a) it can be seen that there was up to 200 ADC counts of fluctua- 

tion between the channels across the system. The two points in the plot of average 
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Figure 4.3: Mean amplitude for four particular capacitors and channels plotted as 
a function of time sainpie. The a and b used data with non-noisy channels and 
capacitors while the capacitor in plot c was nois~r, as mas the channei in plot d. The 
data was taken from a run with forced high gain readout (Run 32689). 



amplitude as  a function of capacitor (Figure 4.4 (b)) which were signifiçantly higher 

than the rest corresponded to capacitors 31 and  73. which were found to give anoma- 

lous amplitude readings (illustrated in Figure 4.2). The trend of decreasing average 

amplitude as a function of capacitor number could be attributed to  bus capacitance 

rvhich is esplained further in section 4.7. The trend (a drop of approsimately 35 ADC 

counts) nas O bsenred for each channel. Figure 4.4 (c) illustrated tha t  the average am- 

plitudes oscillated from one sample to  the next. This oscillation was observed for the 

average tota! noise. A possible explanation for the behaviour is given in section 4.7. 

T t  was important to determine if there was a fluctuation in system performance 

over time. There n-ere two aspects of the performance. nhich may have fluctuated 

over time: the immediate performance over the duration of a run a.nd the performance 

over the duration of the test period (5:54PM June 16 1996 to 4 : S P M  June 20 1996). 

The latter was important as there were changes being niade to the run parameters 

and as r e l l  the calorimeter was physically moved for a short time to  allon the testing 

of the morio-gain shapers and theii returned to its original position. The amplitudes 

were compared for runs with the same operating parameters a t  the beginning and 

end of the test period. 370 fluctuations were apparent as can be seen in the data  

summary contained in Appendis B. Tn addition, there was no significant fluctuation 

in amplitude over the duration of a run. Thus the stability of the system was good. 

4.3 Incoherent Noise Measurements 

The noise. or measured amplitude fluctuations! of the system places a limit on the 

precision of the measurements which can be made. This reduces the effective dynamic 
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Figure 4.4: .iverage amplitude plotted agaiiist the three independeiit variables' chan- 
ne1 (a): capacitor (b)' and sample (c). The data was taken from a run with forced 
high gain readout (Run 32689). 



range of the system. The RkIS noise was measured using the expression: 

nhere iV n-as the number of amplitude measurements and .-IDCi,j,k r a s  an amplitude 

measurement for a particular channel (i)! address (j). and sample (k)' and ;LDCtjyk 

is the average amplitude measurement. 

-An equivalent measure of the incoherent (or random) noise of the system is 

the width of the ADC count distribution shomn in Figure 4.5. The dispersion. mhich 

was defined as 

di,j,k = ;lDCi,jtk - A DCijYk 

gave a measure of the random fluctuation of the amplitude measurements. The 

distribution had a Gaussian shape. The width of this distribution taken to be 

the incoherent noise of the system. 

The RNS noise* was esamined as a functiori of each of the three variables. 

This was done by first plotting a i , j , k  against each of the three variables (Figure 4.6). 

Tt can be seen that the last channels on each board contributed additional noise 

which ma.nifested itself as the tail in the noise distribution. There appeared to be 

no other variables which experienced such an effect. The same noise pattern was 

eshibited in the forced low gain readout data and persisted throughout the test period. 

Fortunately. the five channels corresponded to outer regions of the calorimeter. away 

from the beam impact point (Appendis C). 

The averaged noise, for channel. capacitor, and sample. of the system Ras 

examined as  a function of each of the three variables, as shown in Figure 4.7. The 

'Both the RMS fluctuations and incoherent noise refer to the random noise of the system and 
will be used interchangeably. 
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Figure 4.5: Dispersion in ADC counts for high gain run for each channel, capacitor, 
and sarnple. The  fit was Gaussian. 
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Figure 4.6: RMS noise (nith no averaging) plotted against the three independent 
variables, channel (b)' capacitor (c ) !  and sample (d). Plot (a) contains al1 RMS 
rneasurements to demonstrate the total noise distribution. The data mas taken frorn 
a run mith forced high gain readout (Run 32689). 



average noise for a single variable i was given by: 

where Njk is the number of terms in the sum. 

The average noise values for each sample (Figure 4.7 (c)) were consistent to 

within an ADC count. Simiiarl~., the noise as a function of channel and capacitor 

(Figures 4.7 (a) and (b)) were consistent to within 1 ADC count. The five points n-hich 

had higher RMS wlues than the rest on the RMS versus channel plot (Figure 4.7 (a)) 

corresponded to the last channel on each board. The RMS values in the noise versus 

capacitor plot (Figure 4.7 (c)) oscillated from capacitor to capacitor, although within 

the RMS deviation. i\ sumrnary of the noise estimateç (average RMS per run) can 

be found in Appendis B. 

4.4 Coherent Noise Estimate 

The total noise of the system is cornprised of two parts, coherent and incoherent 

(previously descri bed), and is described by the following expression: 

where acoh  is the average coherent* noise  contribution^ ainc0h is the average incohereiit 

noise contribution, and n is the nurnber of channels examined. The coherent noise 

can be estimated using the measured amplitudesf. The idea was that the amplitude 

dispersions in each channel should! on average, cancel out as they can ca.rry either 

sign (Figure 4.5). This fact can be exploited to estimate the systematic: or coherent 
- - - - 

Coherent noise used in this context means coherent over channels. The  coherent noise described 
in this thesis is a systematic eEect between channels. 

+The method used in this thesis was obtained frorn DM. Gingrich. 
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Figure 4.7: Average RTc,fS noise plotted against the three independent variables, chari- 
ne1 (a): capacitor (b), and sample (c). The data uTas taken from a run with forced 
high gain readout (Run 32689). 



noise. The cohereut noise estimate is outlined in the following derivation [20]. The 

quantities S ' ,  and SJ<, were defined as follon-s: 

where i corresponds to the channel: j the capacitor, k the sample, and n the ewnt 

number. The -4's are the amplitude dispersions, gven by: 

where X i j k n  are the amplitudes and /L i jk  are the average (over event) amplitudes. If 

oj: and 02 are defined as: 

the coherent noise across the systern (channels) is: 

-4 distribution of coherent noise for each capacitor and sample across the system is 

shown in Figure 4.8. The coherent noise esamined not only a-cross the systern 

but also for each board (Figure 4.9) (SC-As in mono-gain operation) as n-ell. Bu 

examining individual boards, i t  was t hought t hat any systematic noise introduced 

on a single board could be discovered. The fourth board exhibited more coherent 

noise* than the others which manifested itself in a secondary peak in 

'The term coherent noise refers to the corresponding mean of the relevant 
distribution. 

the coherent 

coherent noise 
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Figure 4.8: The coherent noise across channels for the entire system (al1 five boards). 
The data  was taken frorn a run with forced high gain readout. 
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Figure 4.9: Coherent noise (in ADC Counts) across channels for each of the five 
boards. The data was ta.ken from a run with forced high gain readout (Run 32689). 



noise distribution above the prima- peak. The peak remained for runs nhere low 

gain readout was forced. The coherent noise did not eshibit any capacitor or sample 

dependence (Figure 4.10). Removing the data for the noisier capacitors from the 

calculations, had no measurable effect on the coherent noise across the system or on 

indiridual boards. A summan; of the coherent noise for the baseline runs (rutis nith 

no changes made to the run parameters) can be found in Appendix B. 

4.5 Effect of Different Operating Conditions on 

Noise 

The system tests included a study of the effect of three operating settings which were 

varied between t h e  runs. The three parameters were the write clock, readout tirne. 

and the reference subtraçtion circuit. The n-rite clock nias used to allon- simultaneous 

reaci aiid n-rites to  the SC;\. If the clock was disabled there n-as rio nritirig duriiig 

the time it took to  read out the 8 samples of an event. The clock n-as disabled for 

baseline (original run parameters used) runs and during tests of other parameters. 

The readout tirne was reduced to 2 ps from 4 ps (the 4 ps n-as used for the rnajority 

of the runs - including al1 baseline runs) to observe the effect. The longer readout 

time was used for the rnajority of the test period. The reference subtractiori circuit 

described in section 3.4.3 was also disabled for test purposes. 

The trigger delay. or time betn-een a mrite to the SCA and a trigger. n-as also 

varied. This parameter should not affect the noise. The effect of the trigger delay is 

discussed in later sections. 
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Figure 4.10: The coherent noise as a function of capacitor (a.) and sample (b). The 
data was ta.ken from a run with forced high gain readout (Run 32689). 
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Figure 4.1 1 : RMS noise nitti mite clock eiiabled. Top: .\II data. coiitaiiied i n  calcula- 
tions. Bottorn: Data from first capacitor iri pipeline (for al1 charinels) removed froni 
calculations. The data mas taketi frorn a run with forced high gain readout. 

4.5.1 Write Clock 

The mite dock n-as enabled for two pedestal runst one with forced high gairi readout 

aiid one with forced lon- gain. There n-as no significant differerice in the amplitude 

rneasurernents with the data when the dock wa.s enabled or disabled. The noise, both 

RMS deviatioii and coherent, remaiiied consistent ~ i t h  the baseIine data as weIlt with 

the exception that there was a higher tail on the RkIS deviation distribution. One 

noticeable effect of the enabling of the mite clock mas that the first capacitor in 

the SC.4 pipeline became noisy (Figure 4.11). When the data lrom the capacitor 



was removed from the calculations. the small bump to the left of the RMS deviation 

peak vanished. The low gain run demonstrated the same behaviour. There mas 

no observable relationship between the RMS deviation for capacitor O and chanriel: 

sample, or event number. 

4.5.2 Readout Time 

The measurable effects of reducing the readout time was an increase in both coherent 

noise and RMS noise. The results are tabulated in Table 4.1. along mith baseline 

data to illustrate the comparison. 

Table 4.1: Summary of noise values for the two runs mith the short readout time 
(Runs 32697 and 32698). The data for the long readout time came from the baseline 
noise runs taken just prior to the short readout runs (Runs 32689 and 32690). 

I 

~ 

4.5.3 Reference Subtraction 

The most interesting parameter change was the reference subtraction circuit. For the 

high gain runs there were three cells (193, 223, and 238) with anomalous amplitude 

values in addition to the original three (31: 73, and 178 (refer to section 4.2)) for 

the data with the circuit enabled (Figure 4.12). For the low gain data, one cell, 136. 

behaved anomalous in addition to ce11 84 from the baseline data. The mean of the 

Mearz Coherent Noise (systern) 
(ADC counts) 

0.6 0.1 
0.G & 0.2 
0.7 3~ 0.2 
0.8 & 0.3 

Readout Time 
FL S 

4 
4 
2 
2 

Gain 

High 
Lom- 
High 
Law 

' Mean RMS 
(ADC counts) 

3.4 f 0.3 
2.9 i~ 0.3 
3.6 f 0.4 
3.6 + 0.9 



3500 

3250 

3000 
h cn 
Y 
G 

u2750 
O 
Ci 

22500 
.er 
3 
C, .- CL. 

E2250 
6 

2000 

1750 

1500 

Figure 4.12: Amplitude (in ADC counts) vs ce11 number. The data was taken from a 
run with forced high gain readout. 



average (over events) amplitude distribution was slightly lower. at (2390 f 50) ADC 

counts (Appeodk B), than the baseline runs a t  (2520 I 40) ADC counts. Figure 4.13 

illustrates the mean amplitudes plotted against each variable (channel (a)? capacitor 

(b). and sample (c)). The plot of average amplitude versus channel (Figure 4.13 (a)) 

shows that the average amplitude increased n-ith channel number. This behaviour 

was not observed for the data taken with the reference subtraction circuit enabled 

(Figure 4.4 (a)). The pattern of average amplitude decreasing with capacitor for data 

with the reference subtraction enabled (Figure 4.4 (b)) was not present for the data 

with the circuit enabled (Figure 4.13 (b)). -4 trend nhere the amplitude increased 

mit h capaci tor number was homever O bserved. The alternating average amplitudes 

for different samples (Figure 4.13 ( c ) )  varied by more than twice as much as the case 

with the reference subtraction circuit enabled. Section 4.7 contains a discussion of 

the effects of this parameter. 

Figures 4.14 and 4.15 shon that a significant amount of noise was measured 

xhen the reference subtractiori circuit was disabled. The additionai noise did not 

depend on capacitor or sample but a board dependence was observed. The five highest 

points in the average noise versus channel corresponded to the last charinel on each 

board. The trend of reduction in average noise as a functiori of capacitor number. 

which Kas observed for the data. taken with the reference subtractio~i circuit enabled, 

(Figure 4.7 (b)) was not present in the data taken with the reference subtraction 

circuit disabled. The coherent noise across channels dernonstrated no dependence 

on capacitor or sample and exhibited a si~nilar secondary peak as waç observed in 

the total noise distribution (Figures 4.16 and 4.17). When the dispersioii* was 

summed for each event' it was evident (Figure 4.18) that approximately 3% of the 

events accumulated ADC counts which formed a distribution about 4500 -4DC counts 

'While dispersion is defined as the square of the difference between a measurement in a distribu- 
tion and the mean value of the distribution, it refers to simply the difference here. 
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Figure 4.13: Average RkIS noise plotted against the t hree independent variables! 
channe1 (a)? capacitor (b): and sample ( c ) .  The data was taken from a run with 
forced high gain readout and reference subtraction circuit disabled (Run 32883). 
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Figure 4.14: RMS noise plotted against channel (b): capacitor (c) and  sample (d) for 
da t a  with the reference subtraction circuit disabled. The data was taken from a run 
with forced high gain readout (Run 32883). 
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Figure 4.15: ..\verage RMS noise plotted against the three independent variables. 
channel (a): capacitor (b): and sample (c). The data was taken from a run with 
forced high gain readout and the reference subtraction circuit disabled (Run 32883). 
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Figure 4.16: The coherent noise across channels for the entire systern (a11 five boards) 
mith the reference subtraction circuit disabled. The data was taken from a run with 
forced high gain readout (Run 32883). 
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Figure 4.17: The coherent noise as a. function of capacitor and sample with the 
reference subtraction circuit removed. The data was taken from a run with forced 
high gain readout (Run 32883). 



I I I 1  I l l  

Dispersion (ADC Counts) 

Figure 4.18: Total dispersion summed for each event n-ith the reference subtraction 
circuit disabled. The data was taken from a run with forced high gain readout (Run 
32883). 



higher than the distribution centered near zero. The widths of the two peaks were 

similar (164.2 ADC counts for the left peak and 217.2 ADC counts for the right). 

When the 3% of the events which caused the second peak in Figure 4.18 were not 

used in noise calculations the second peak vanished in both the RhfS and coherent 

noise plots. as shown in Figure 4.19. The anitlysis üf itie data takeri with the forced 

low gain readout produced similar results. Al1 of the noise values for the data taken 

with the reference subtraction circuit disabled can be found in Xppendis B. 

4.6 Data Taken at a Single Gain Scale 

The analysis for the mono-gain data was performed in preciselp the same manner 

as that of the bi-gain data. There were four rnonegain noise runs taken. For each 

run the opera-ting conditions were set as follows: readout time of 4 p. refereiice 

subtraction enabled. and mi te  clock off. -411 data nTas read out after a 575 11s trigger 

delay. 

The ADC counts were examined and the distribution had a rnean of (2560 f 40) 

counts. The noise was slightly higher than either the high or low gain runs at 

(4.0 f 0.4) ADC counts compared to (3.4 f 0.3) ADC counts for the high gain 

data and (3.0 & 0.3) ADC counts for the lon- gain data.. The coherent noise also 

increased to (0.8 f 0.1) ADC couiits. The monwgaiti ruils are suminarized in A p  

pendix B. -4s there mas additional multiplexing used to read out both the high and 

low gain channels at  the same time, additional noise could have been added. There 

could have been noise associated with the different preamplifiers and shapers used in 

that portion of the calorimeter as well. 

For the mono-gain data the same capacitors and channels were considered 
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Figure 4.19: Noise for no data where the reference subtraction circuit was disabled. 
Top: RMS before and after removing events. Bottom: Coherent noise before and 
after removing events (Run 32883). 



noisy as for each of the high and low gain runs. There was little variation in either 

amplitude or noise measurements between the four runs. 

4.7 Discussion of System Noise Studies 

4.7.1 Basic System Operation 

There were no permanent system malfunctions to prevent a complete analysis of the 

data. The fen- capacitors which gave measured amplitudes that differed significantly 

from the others did so in each channel. These capacitors did not exhibit higher 

RMS or coherent noise than the other capacitors. If the amplitude mea.surements 

from the capacitors was lower than expected, it can be imagined that they weren't 

completely discharged during readout. The additional ADC counts measured on 

the fen; anornalous capacitors could not be esplained. The last channel on ea.ch 

board m-as characteristically "noisier" thati the others (Figure 4.7). These chaniiels 

were located on the edge of the ADC chip nearest to the addressing lines where 

digital addressing noise could have been introduced. The data corresponding to the 

noisy capacitors and channels were removed from the calculations and produced no 

measurable improvemeiit on the average noise values. Al1 results presented in this 

thesis contain al1 data unless explicitly stated otherss-ise. 

While there were fluctuations in both amplitude and noise values between dif- 

Ferent capacitors and channels: there mas no significant variation in either amplitude 

or noise with time sample. The trend of average amplitude and average total noise 

oscillation with time sample was observed for al1 data. One plausible explanation 

was that the oscillations were caused by the two sample and hold circuits illustrated 

in Figure 3.8. Each channel shared a pair of the sample and hold circuits and any 



variation between the two circuits could have caused the observed difference. 

Since the average amplitudes did not fluctuate beyond an r\DC count for 

different samples. the pedestal files, or files containing mean amplitude values for 

each chanilel. cell. and sample. (described in the nest section). could be reduced in 

size by the nuniber of samples by averaging over the sample. While it r a s  not an issue 

in the analysis performed for this thesis, and in fact 60 x 256 x 8 = 122880 pedestals 

were made for each pedestal file. it could make a difference a t  ATLAS where the 

number of channels miil be great and file size may become a factor- For esample. the 

electrornagnetic barre1 calorimeter will consist of 110208 channels and thus a pedestal 

calibration file for 5 samples (assumitig 14 bits per pedestal) would be approximately 

20 megabytes in size. If there was no pedestal fluctuation between samples, this file 

size could be reduced to 4 megabytes. 

The study of coherent noise across boards (Figure 4.9) showed that significant 

tails iri the coherent noise distributions occurred for boards 1 and 3. The R3fS noise 

across boards showed no similar behaviour. An additionai peak in coherent noise can 

be seen for board 3. The data from the low gain readout contained the same features 

for the two boards. As the different gain readout channels did not share SC-\ chips 

(section 3.4): the coherent noise could not have been introduced in the SCA chips. 

4.7.2 Variation in Operating Conditions 

Disabling the reference subtraction circuit ha.d the greatest effect of the three operat- 

ing conditions mhich were varied, although there were smaller effects frorn the other 

two operating conditions. Enabling the write clock introduced a tail on the high side 

of the RMS distribution and caused the first capacitor in each pipeline to becorne 

noisy. -4s the capacitor mas noisy for al1 channels on both the high and lom- gain 



electronics chains. the problem could have been with the addressing circuitry which 

was shared between chips. It was also possible that the additional dock could have 

illurninated a problern cornmon to the SC-\ chips. 

The additional noise introduced with the reduced readout time could be es- 

plained as follows. Reading out a capacitor involwd charging an operational amplifier 

up to the voltage across the capacitor. The response of an operationai amplifier is 

such that following the rise of input voltage there is an overshoot followed by damped 

ringing [21][23]. The reduced readout tirne of 2 p s  could conceivabl?; have caused 

the readout to occur at  the point where there was ringing? causing an increase in 

measured noise. 

The data taken with the reference subtraction circuit disabled contained a 

number of events (approximately 3%) which on average had total noise values more 

than tn-ice those of the other 97% of the ewnts. The coherent noise values for these 

events was an order of magnitude higher. As thesc eveiits were scattered through- 

out the data in no particular pattern, no conclusions about their existence could be 

drawn. When the events were removed the mean amplitudes and RMS values were 

reduced (Appendix B) while the coherent noise was slight ly increased. The increase 

in coherent noise was to be expected as m-ithout subtraction of the reference channels 

there would be coupling between channek. The reduction in mean amplitude was 

likely due to the changing of the refereiice voltage from that in the reference chan- 

nels to voltage provided directly a t  the subtraction part of the circuit as described 

in section 3.4.3. The lower values of RMS noise seem to indica.te that the reference 

subtraction circuit itself introduced noise into the system. 



4.7.3 Mono-gain System 

The data takeii with a single gain scale had mean amplitude values xhich differed 

from the bi-gain system. The gain applied to the signals prior to the FEB were not 

precisely the same for the two systems. The RMS and total noise increased which 

coulcl be attributed to either the multiplexing of the data into the ADCs or the 

mono-gain prearn pli fiers and s hapers. 

4.8 Studies Using Calibration Data 

The noise studies thus far have involved the system operating n i th  no input sigrials. 

It was also beneficial to study the systern as i t  was pulsed with well defined signals, 

in both time and amplitude. This procedure allowed an examination of the respoiise 

of the front-end electronics to  voltage signals as well as a cross-talk study* . 

el. capaci t 

4.8.1 Determination of Pedestals 

Pedestals (average ADC counts with no input signal) for each chann or. and 

sample and for each set of operating conditions mere required for the anatysis of cali- 

bration and electroii data. The pedestals would be subtracted off of the ADC values? 

leaving only the signals. When the pedestals were calculated, the main concern was 

to have a suitable mean for ea.ch channel. capacitor and sample which was not skewed 

by out-lierst. To achieve this: any tails on the individual ADC count distributions 

were truncated. Each of the 6 0 x 2 5 6 ~ 8  distributions had a different mean and the 

'Cross-talk is the noise caused in one channel due to the signai in another channel in close 
proximity to the first. 

+An out-lier is a measured value which lies several standard deviations from the  mean value and 
is clearly not part of the distribution. 



dispersion was used to  truncate al1 rnean amplitude distributions sirnultaneously. Es- 

amining the dispersion distribution, centred on zero, provided a guide for cutting the 

tails. Once a cut nTas imposed. events contributing to the distribution out of the cut 

range were discarded. The cut mas adjusted utitil roughly 3% (or 1000) of the events 

were discarded. The importance of this value nas  that it maintained good statistics 

for the pedestals. -4 typical reduction in the mean of hits per capacitor (refer to  

Figure 4.1) r a s  from 120 to  110 hits (or 8%). 

4.8.2 Method of Calibrating the System 

For calibration. pulses with well defined shape were injected into the calorimeter ont0 

the electrodes as described in section 2.3.6. As outlined in Appendix C. channels 

were pulsed in 12 specific groupings. or patterns. of channels (4 groups for the mono- 

gain data). This nTas to allow an analysis of the cross-talk. The runs used in the 

calibration studies. aiid the settiiigs for each. are iricluded in Appeiidis A. 

The procedure for analyzing the pulser data follows in the next section. The 

calibration pulses were generated by a &bit digital to analog (DAC) pulse generator. 

or pulser. The error in a particular pulser output settiiig nTas then taken to be 2-l6 

DAC units (or essentially negligible). Gain selection in the calibration runs included. 

along mith forced high gain and forced low gain. and automatic gain selection (as 

described in section 3.4). 

In order to measure the voltage of each pulse. a parabolic fit mas made to 

the ADC count versus sample data. This parabola mas a good approximation to the 

pulse a.nd the maximum of this fit w-as then taken to be the voltage of the puise. A 

full expianation and description can be found in section 5.2.1. 



4.8.3 Description of Calibration Data 

The calibration data was ditlded into 20 discrete pulser voltage settings. Within eacti 

of the 20 settings. each of the channel patterns was pulsed for 50 events. As each 

calibration run contained 12000 everits. the pulser voltage changed every 12000/20. or 

600 events. One event inirnediately preceding and immediately folloaing each voltage 

change was discarded as there appeared to be noise associated nith the pulser at  

these points. 

The pulsing of the mono-gain shapers used only 4 patterns (Appendis C) as 

opposed to the 12 for bi-gain shapers. There mere still 20 DAC settings and 50 events 

per pattern. however! only one third of the events contained pulses. 

The data taken a t  the beginning of the running period was not used as the 

calibration pulser was improperly set. No data was therefore analyzed with the 2 11s 

readout time. The puiser n-as incorrectly set for the Ion- gain data for a. longer period 

and as the probleni was not disco~ered until alter the test period. no lem- gain data 

was a.nalyzed with the mi te  dock enabled. 

4.9 Linearity and Dynamic Range of the System 

As the physics at the Te\? energy scale gives a wide range of energies and the s-sterri 

described in ttiis thesis was based ou the ATLAS readout system. it nTas important 

to mesure the dynamic range of the systern. The dynamic range described here 

refers to bit resolution. This is slightly different than the range of energy measured 

(which is described in the following chapter). Dynamic range in bits gives a measure 

of the range and resolution of the system. This value can then be compared with the 

maximum size in bits of the ADCk used. The linearity of the system was equally 



important and also determined. -4s can be seen by Figure 4-20' the linearity and 

dynamic range were not independent of each other. There m-as a tradeoff betweeu 

dynamic range and linearity. The rnajority of the channels did not show nonlinear be- 

haviour beyond 0.3%. There were 8 channels however! (37 - 43) nhich moere non-linear 

in the lon- gain chain and 3 (16, 18. and 19) in the high gain chain. Gain sn-itchirig 

(described in section 3-42)  occurred before the full dynamic range could be covered 

and the non-linear regions of the high gain system were never used in either the mea- 

surement of electron energy (the 300 GeV electrons utilized only approximately 50% 

of the dyiiamic range of the high gain system prior to  switching gain) or puiser data 

in automatic gain switching mode. 

The linearity of a channel was determined by examining residuals (deviations 

of the data points froni a linear fit to the data) of the output versus input of the 

system. The non-linearity which was defined as 

where AV was the maximum residual for a particular channel, and VhIAS was the 

maximum range of the output signal (9.17 V). There w s  a linearity measurement 

for each channel, but the average value of al1 channels was used here to  describe the 

entire system. 

4.9.1 Gain Switching 

To determine the dynamic range of the system' the amplitude where the gain switched 

was determined. At the amplitude where the gain changed, the output dropped and 

'Because the plots used in this section refer to amplitudes of the signds prior to digitization, they 
are entirely positive. The actuai signal range going into the andog to digital converters was -4.36 V 
to 4.81 V as shown in Figure 3.9. Tt should also be noted that the pedestals have been subtracted 
from the data. 



Figure 4.20: System response to calibration signals (for charinel 39). Non-linear 
behaviour appears for last few settings. Data taken r i t h  forced low gain readout 
(Run 32869). 



the slope of the plot changed as shown in Figure 4.21. 

Ideally. the gain switch would haw occurred in a single discrete jump at the 

voltage threshold. As can be seen by Figure 4.21. the switching process n-as not a 

single jurnp. The large error bar on the fourth setting n-as due to a combination 

of high and Ion- gain data beiiig selected throughout the DAC setting (Figure 4.22). 

The top plot in Figure 4.22 shows the output signal for the setting follotring the gain 

srritch while the bottom plot shows the output for the DAC setting where the gain 

switched. Figure 4.23 demonstrates that there was no single point during the DAC 

setting where the gain srrit& occurred. -4 possible cause of the problematic gain 

smitching m-as a time jitter in the pulses from the calibration pulser, as illustrated 

in Figure 4.24. The time jitter could have caused the pulses to "slide" backward 

and forward in tirne. This would cause the maximum amplitude measured at the 

fixed sample point to increase or decrease depending on the direction of the tinie 

jitter. If the original amplitude (prior to jitter) was close to the threshold voltage. it 

n-ould have moved abow or belon. the threshold causiiig the observeci gain switching. 

Unfortunately it was not possible to work back to determine the amount of time jitter 

which existed, as there was insufficient information. The data taken with a 373 ns 

trigger delay had more than one DAC setting switching due to the 23 ns shift of the 

pulse. 

The dynamic range of the bi-gain system m-as taken to be that of the Ion* gain 

system with the understanding tha.t prior to the gain switch the resolution would be 

slightly worse. The dynamic range for a chanilel, RChan: was defined as: 

mhere ijUIS was the measured RMS noise (in volts) of the system. Any amplitude 

rneasurement nvas only accurate to within the RMS of the measurement and thus the 



Figure 4.21: Response plot for automatic gain switching data run (32909 - Channel 
5 ) .  The large error bar on the fourth data point was due to gain switching at the 
fourth D.4C setting. 



Output Signal (V) 

Figure 4.22: Output signals for the fifth (top) and fourth (bottom) DAC settings. 
Gain switching occurred during the fourth setting. The data was taken from run 
32909 and channel 5. 



Event 

Figure 4.23: Output signaIs for each event in the fourth D,4C setting. The data uTas 
taken from run 32909 and channel 5. 



dynamic range aas reduced by a factor of &. -411 references to the system dynarnic 

range in this thesis are made to the channel with the srnaltest dynamic range. The 

channel with the srnallest dynamic range was 1% to 2% lower than the mean dynamic 

range of al1 channels. 

Tables 4 2  and 4.3 contain the linearity and dynamic range measurernents for 

the high and low gain pulser data respectively. Three dynamic ranges R-ere tabulated 

for the high gain data. the full range. the range ending just above the maximum energ. 

(12 DAC settirigs), and the range ending where the gain switched (3 DAC settings). 

The data takeri with the refererice subtractiori circuit disabled mas as liriear as the 

other data, but the dyiamic range n-as noticeably Iess. This waas due to (as described 

in section 45.3)  the high RMS noise of this data (2.8 mV as opposed to 2.0 mV for 

data with the circuit enabled). 

The low gain data was examined over the entire dynarnic range and the output 

versus signal curye truncated to allon- measureirrerlt of li tieari ty \vit h reductions iii 

dynamic range (Figure 4.25). 

The dynamic range was less for the low gain channels but the resolution was 

better as it was defined by 

where ADCn.1.4s Kas the maximum -4DC value of the system, AADCRnrs was the RMS, 

ancl g was the relative gairi*. This demonstrated the trade-off between obtaining a. 

wide range of measurement and losing resolution in the process. 
- -  --- 

'The low gain system had a unit gain while the high gain systern had a gain greater than one. 
This is the convention tha t  is used in the  discussion of quaritities involving g. 
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8.40 31 0.09 
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10.94 & 0.08 
8.40 & 0.09 
11 -70 & 0.06 
10.94 iz 0.08 
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11.71 * 0.06 
10.94 & 0.08 
8.41 & 0.09 
11-59 k 0.09 
10.9 + 0.1 
8.3 I 0.1 

11-60 3~ 0.09 
10.8 I 0.1 
8.3 & 0.1 

11.19 & 0.07 
10.44 & 0.08 

7.8 + 0.1 
11.08 & 0.09 
10.3 * 0.1 
1.7 I 0.1 

(% Full Range) 

Table 4.2: Surnmary of dynamic range and linearity for data taken with forced high 
gain readout (Run 32912). Settings cut refers to the number of voltage settings 
truncated off of the upper end of the range. 



~ejerence  
Subtruction 

Yes  

Yes 

Yes 

Yes 

No 

Set t ings 
Cut (Bits) 

Range 
(% FUIL Range) 

1.1 zt 0.9 
0.7 & 0.7 
0.4 & 0.4 
0.2 & 0.3 
0.1 * 0.1 
l*l 

0.8 & 0.8 
0.4 z t  0.5 
0.2 & 0.2 

0.11 zt 0.08 
0.9 & 0.5 
0.8 & 0.4 
0.6 & 0.3 
0.4 & 0.2 
0.3 & 0.2 
0.9 & 0.5 
0.6 & 0.4 
0.5 3z 0.3 
0.3 & 0.2 
0.3 & 0.2 
0.9 I 0.6 
0.8 & 0.4 
0.6 + 0.3 
0.4 j, 0.2 
0.3 It 0.2 

Table 4.3: Sumrnary of dynamic range and linearity for d a t a  taken with the forced 
10%- gain readout (Run 32911). 



4.9.2 Data Taken at a Single Gain Scale 

The four mono-gain data files were analyzed for linearity and dynamic range in the 

same mariner. The linearity is shon-n in Figure 4.27. 

The non-linear behaviour ocrurred for al1 channels. as opposed to  the fen for 

the bi-gain data. When the four highest D,4C settings were removed, the majority of 

the channels Kere linear to better than 0.3%. Eleven channels (80. 82, 83: 88. 89. 90. 

91. 92, 93, 94. and 95). still exhibited non-linear behaviour after these truncations. 

Only after truncating 5 more DAC settings (9 total) did the system as a whole 

achieve the linearity comparable to the bi-gain system. For the last few DAC settings. 

from the 13th onaard. the rneasured output signal distributions began to fragment 

(Figure 4-27). There n-as no pattern. in tirne! to  the deviating values causing the 

wider distributions. .411 four of the mono-gain calibration files exhibited the same 

behaviour. n-hich ruled out the possibility of an ariornalous run. 

4.10 Estimation of Cross-talk 

Cross-talk can occur in circuits which use high density printed circuit boards nheii, 

signals in one trace produce smaller signals in nearby traces. A signal in one trace on 

a circuit board can cause smaller. yet significant? signals in a neighbouring tra-ce. On 

the front-end board a signal in one channel could cause the channels in close proximity 

to carry a cross-talk signal due to the mutual inductance and capa.citance. The same 

is true for adjacent cells in the calorimeter. Driving electrodes in the calorimeter with 

well defined signal pulses allows the rneasurement of cross-talk. 



The cross-talk was measured by looking a t  the neighbouring channels* dur- 

ing the events nhere a particutar group of channels was continuously pulsed (Ap- 

pendis C). The cross-talk betn-een channels caused a pulse to  appear as pulses in the 

other channels. The puises did not homever have the same shape as those generated 

by the pulser. As can be seen in Figure 4-29: the majority of pulses, due to cross-talk. 

had their maximum amplitudes in the second time sample, which was the same sam- 

ple which contained the original pulse maximum. The rnajority of the pulses x i th  

maxima in sample two also had negative amplitudes (compared with the positive 

amplitude of the pulser signals) ahile those n-ith a maximum in other samples had. 

for the most part. positive amplitudes. The cross-talk values used in this thesis were 

the maximum amplitudes of the cross-talk pulses regardless of the particular sample 

the maximum tiras in. 

Three different patterns were examiiied for a high gain baseline run and the 

results tabulated. Table 4.4 contains the cross-talk amplitudes for the channel pattern 

n-here 2 cells in the back layer of the calorinieter were pulsed. Appeiidix D, contairis 

the maximum cross-talk amplitudes of the three channel patterns discussed in this 

thesis. No channel patterns were pulsed in either the front or middle layers separatelu. 

When the back layer of the calorimeter was pulsed, a. cross-talk amplitude 

above RMS (Table 4.5) was found for a channel. 11. in the front layer (and on a 

different board) for input signals a b o ~ e  5 1'. -4 similar result wa.s observed for other 

channeIs as well as  the low gain data. For al1 of the data with the reference subtraction 

circuit enabled? the neighbouring cell(s) in the Iayer behind or in front of the pulsed 

ce11 had a positive amplitude while cells neighbouring in the same layer could have 

cross-talk with positive or negative amplitudes. There seemed to be no cross-taIk 

'Neighbouring channeIs could refer to  neighbouring electronics channels on the front-end board, 
or neighbouring calorimeter cells. The calorimeter celis were mapped to electronics channeis such 
that neighbouring calorimeter cells were also neighbouring electronics channeis. 



Sample of Maximum 

Figure 4.24: The time jitter from the calibratiori pulser caused erratic gain switchirig 
when a maximum lay close to the switching threshold. 

2 3 4 5 6 
-0.0189 -0.0128 -0.0275 -0.0154 -0.0107 
-0.0209 -0.0126 -0.0341 0.0167 -0.0198 
-0.0078 -0.0081 -0.0098 -0.0074 -0.0077 
-0.0077 -0.0086 -0.0081 -0.0072 -0.0057 

Front Layer 

?vl iddle Layer 
14 -0.11 19 6.9631 -0.1767 
13 -0.1482 7.1014 -0.1477 
12 -0.0144 -0.0303 -0.0192 
11 -0.0134 -0.0297 -0.0171 

L I 

Back Laver 

Table 4.4: Cross-talk (volts) in q and q5 for the bi-gain shapers. Channels 53 
(T) = 2 4  = 14) and 57 (2,13) in the back were pulsed (pattern O). 
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Figure 4.25: The lineariw of the system as a function of dynamic range, which was 
being truncated from the upper range. 



Figure 4.26: T h e  response of the mono-gain system (channel 94) demonstrating the 
severe non-linearity exhibited by 11 channels (Run 32809). 



Maximum Output Signal (Volts) 

Figure 4.27: The distribution of maximum output signals For the first badly non-linear 
D.4C setting (13th) of channel 94 (Run 32809). 



Dynamic Range (Bits) 

Figure 4.28: The linearity of the system as a function of dynarnic range. which r a s  
being truncated from the  upper range. The da ta  was taken n-ith the  rnormgain 
shapers (Run 32809). 



Maximum Sample Maximum Sample 

O 1 2 3 4 5 6 7 8 
Maximum Sample 

Figure 4.29: Sarnple dependence or1 cross-talk signal maxima. Plot (a) illustrates the 
sample containing the maximum cross-talk amplitude for negative amplitudes; plot 
(b) illustrates the same for positive amplitudes. The maximum signals (cross-talk) 
are plotted against the sample they occur in (c) (Run 32687). 
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Table 4.5: Average RMS noise (volts) in 17 and q5 for the bi-gain shapers. 

between a pulsed ce11 and the ce11 n-hich n-as situated abow or belon- it iri the sanie 

layer. 

Middle Laver 

0.002 
0.002 

The cross- ta1 k amplitudes increased (=i t h positive or negative polari ty) lin- 

early (Figure 4.30) with input pulse amplitude after the first fen settings. Channel 

36 in  Figure 4.30 increased a t  a rate of -66 mV/DAC unit nhile channel 45 increased 

at 59 mV/D-\C unit. Calorimeter cells mhich Kere not situated nest to pulsed cells 

also ha.d amplitudes which increased linearly. 

Varying the operating parameters: with the esception of the disabling of the 

reference subtraction circuit' caused no significant difference in the cross-ta1 k. Wheii 

the reference subtraction circuit was disabled (refer to Appendix D): the most no- 

ticeable effect m s  that the amplitude polarity on the nearest cells flipped. The 

amplitudes of the cross-talk signals were greater than the corresponding RMS values 
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0.002 
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0.002 
0.002 

0.002 
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DAC Setting (CeII behind pulsed cell) 

O 2 4 6 8 10 12 14 16 18 
DAC Setting (Cell to left of pulsed cell) 

Figure 4.30: Cross-talk amplitudes for the ce11 immediately behind (channel 43) a 
pulsed ce11 and for a ce11 to the left (channel 36) of another pulsed cell. 



mithin the first few settings (greater than 40 mV)! as opposed to greater then 5 V 

for the data ~ h e r e  the reference subtraction circuit was enabled. This result demon- 

strated that the refereiice subtraction circuit reduced cross-talk by about a factor of 

100. 

4.11 Summary of Calibration Studies 

The bi-gain system was linear (no deviations from the output wrsus input curve 

greater than 0.3% of full range) over a voltage range of 0.0 V to 4.5 VI or a dynamic 

range of 11.2 bits. The bi-gain data, taken with the reference subtraction circuit 

disabled (Figure 4.25). was linear over a dynamic range of about 10.4 bits. The 

reason for the lower dynamic range was that the RMS for this data was significantly 

higher than with the baseline data. The mono-gain system performed Iinearly (0.8% 

of full range) in the region of 0.0 V to 4.8 V which correspondeci to a dyiiainic bit 

range of 11.4 bits. 

The problems encountered with the gain switching could have been caused by 

a time jitter in the calibration pulser and not with the readout board. The time jitter 

caused a strong dependence on the trigger delay as the shifting of the pulse by 25 11s 

caused gain switching to occur over more than a single DAC settiiig. 

The largest cross-talk was measured in the channels corresponding to caloriine- 

ter cells adjacent in i) as well as the layer in front or behind the cell. No significant 

cross-talk was measured in the cells neighbouring in q5 in  the same layer. The cross- 

talk signals had distorted shapes compared to the calibration pulses. They were often 

inverted. When the back layer was pulsed there appeared cross-talk with amplitudes 

10 times larger than RMS. This was not expected and could not be explained. When 



the reference subtraction circuit mas disabled t h e  main effect on the cross-talk sigoals 

was a polarity change. 



CHAPTER 5 

Electron Energy Resolution 

5.1 Introduction and Description 

A reconstruction of the electroti beam energy was performed to determine the perfor- 

mance of the calorimeter and readout systein. There were four energies of electrons 

used during the study: 100, 150, 200 and 300 GeV. As in the noise and calibration 

studies, the data was taken mith different conditions to observe the effect on the 

results. Mono-gain data. mas also recorded. The bi-gain runs were taken with Ion- 

gain forced and i 11 automatic gain switching mode. The automatic gain switching 

runs were actually high gain runs as the energ?; required to sn-itch the gai11 was never 

achieved. Al1 of the data used, bi-gain and mono-gain? is surnmarized in appendix A. 

The measured energi in an electromagnetic calorimeter mil1 fluctuate due to 

several factors [22]. These factors include fluctuations i n  the energy sarnpling*. leakage 

out of the calorimeter boundaries, pile-up, electronic noise? etcetera. If the calorimeter 

is detecting a beam of electrons of energ-y E. the variance of the distribution of 

detected electron energy can be expanded in a power series of the forrn: 

-- - - - - 

'The calorimeter descnbed in this thesis is a sarnpIing calorimeter meaning that  active (measur- 
ingj Iayers of the calorimeter a r e  pIaced between layers of inactive materid, copper for example, and  
thus the  energy measured is a "sarnpling" of the shower as it traverses the  detector 



which can be re-written. after dividing through by E' and dropping the argument of 

O' as: 

We are oniy concerned with the three leading terms, as higher pomers of 1/E become 

negligible, so after dropping the higher order terms. equation 5.2 can be n-ritten in 

the following simplified form: 

where a, bl and c are consta-nts and the terms are added in quadrature*. The constant 

term, c. dominates a t  high energies. This term is due to the calibration. mechani- 

cal assembly. and detection medium (101 [22]. The -& term describes any Poisson 

fluctuations such as sarripling fluctuatiorzs. or i n  the case of a tile calorimeter. the fluc- 

tuations in the number of photoelectrons liberated at the surface of a photo-multiplier 

tube. This term is dominant over the majority of energies measured. The last term, 

$ is referred to as the noise term. The noise term is dominant a t  low energies (10's 

of MeV). 

The electromagnetic calorimeter is required to  make lepton energy measure- 

ments in the energy range 10-100 GeV for the rare decays H + and H + ZZ + .le. 

Al1 three of the terms described above ~ ~ o u l d  thus contribute to the energ-- resolution. 

For these decays it has been determined [4] that a sampiing term of less than 3 and 

a constant term of less than 1% would suffice. The constant term. although dominant 

a t  high energies (T'eV range). does significantly contribute to the  energy resolution 

'The @ symbol refers to the square root of the sum of squares, or quadrature addition. 



domn to an energy of around 40 GeV. A goal for this term has thus been set a t  0.7% 

(over a nonet tower illustrated in Figure 5.1). 

5.2 Electron Energy Reconstruction 

The electron eriergl- reconstruction involved applying calibration corrections (calibra- 

tion constants) to the raw data in order to minimize the value of o ( E ) / E .  There 

mere three basic types of calibratioii constants applied, gain. timing correctioiis. and 

pedestals. The gains were applied to account for inherent gain differences between 

channel. The tirniiig constants were applied to account for the approxirnate pulse 

shape used in the analysis, and the timing differences between layers of the calorime- 

ter. The pedestaIs were subtracted from the -4DC count distributions. 

5.2.1 Reconstruction Procedure 

The reconstruction of the energy took two distinct steps: not including the application 

of the corrections mentioned above. The first step was to scan the cells to find the 

ce11 containing the maximum energ'.. This cell was then determined to be the "seed" 

ce11 of the electrornagnetic shoaer. The front layer of the ralorirneter contained the 

seed ce11 for approximately 72% of the seed cells, while the iniddle arid back layers 

contained 18% and 10% of the seed cells respectively. Once this nras accomplished. a 

"tower" was built which would contain the deposited energy of the electron beam. 



5.2.2 b e r -  building Methods 

The key to  the most accurate energy measurement mas the size of the tower. If it mas 

too small it  would not contain a.11 of the deposited electron energy: while if it mas too 

large. the additional noise would affect the measurement. As the (bi-gain) calorimeter 

was 4 x 6  = 24 cells in the first two layers and  12 in the back, three differeiit ton-er 

sizes ~t-ere investigated. The first of these %-as a tower containing three cells, one from 

each layer (in line with the impact cell). The second was the entire calorimeter. al1 

24+24+12=60 cells. The last tower was built by surnming 24 cells surrounding the 

seed cell (nonet tomer)! 9 iri the front layer. 9 in the middle layer. and 6 in the back 

layer (Figure 5.1). 

Tt was found (for 200 GeV electrons using the high gain systern) that the 

best resolution came from the nonet tower as illustrated in Figure 5.2. Tt has been 

determiiied that this tower (for the prototype calorimeter used in this experiment) 

coiitaiiis approxiiriately 94% of the electron encrgy [17]. The same group fouiid that  

increasing the cluster size to a 5 x 5 tower in the first two layers had the disadvantage 

of contributing 40% more electronics noise! which would be critical at low energies. 

The energy for the tower for the maximum sample, the sarnple before the masirnum. 

and the sarnple follon~iiig the rnasirnuni were theri fitted to a parabotan. Froni the 

parabolic fit! the actual maxitnutn energ-y of the pulse. as =el1 as the tirne R-hich this 

masimum occurred, could be calculated. 
- 

* A  paraboIic fit was found to work best for the pulses. A correction was made to the data to  
account for the shape diFerence between the parabolic fit and the actual more complex pulse shape. 
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Figure 5.1: Construction of energy tower shoming the impact ce11 and summed cells 
in al1 three layers. 
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Figure 5.2: Resolution (o/E) for 3 calorimeter cells in line (depth) with the impact 
ce11 (a): the sum of al1 calorimeter cells (b): and the nonet tower ( c ) .  The resolutions 
were 3.363%: 1.602%: and 1.461% respectively. The data was 200 GeV electrons taken 
with the baseline high gain system (Run 32685). 



5.3 Corrections to Measured Energy Resolution 

The energy resolution was measured after the pedestal subtraction and then again 

after the application of additioiial calibration constants. 

5.3.1 Application of Calibration Constants 

Each channel had a gain which differed from the others as pictured in Figure 5.3. 

-1 determination of hon- best to apply a correction to account for gain differences 

involved fitting the output signal versus input signal pulser data for each chaiinel and 

then using the parameters from the fit for the correction. A linear fit! mith non-fixed 

intercept. would have implied a perfectly linear system and the first derivative would 

correspond to the gain used for the correction. A quadratic fit was also tried where the 

coefficient of the quaciratic term correspo~ided to the non-liiiearity of the system and 

the coefficient of the liriear terrri n-as the gairi. thus givitig two paranieters to apply 

to the data. To determine which fit was best, the "goodriess of fit" n-as compared 

between the two. The reduced x', variance squared over the number of degrees of 

freedom, was used for this purpose. The percent improvement, in terms of the x2, for 

the quadratic fit over the linear fit was (50 f IO) Sc, and thus the quadratic fit was 

used in the gain corrections. The correction for each channel nas  

where Ec,, was the actual energy in a cell, E was the rneasured energy in a cell, A 

was the gain, and B was the non-linearity. The gains were calculated using the data 

in the region where the output versus input signal curve was linear, Le. the last 8 

points were removed from the analysis. 



Figure 5.3: Gains (slope of input signal versus output signal plots) averaged over al1 
20 settings for each channel, for the high gain baseline data (Run 32687). 



For the purpose of describing the procedure for determining and applying 

the corrections*, a bi-gain data run at  200 GeV was used (Run 32685). With no 

corrections. except pedestal subtraction, the rneasured energy resolution (9) was 

(6.69 & 0.08)%. Application of the gain corrections improved the e n e r p  resolution 

to (2.16 f 0.01)%. 

5.3.2 Tirne of Pulse Maximum Correction 

The pulse shape was approximated by fitting a parabola. to the three samples with 

the highest ADC values. -4s described in section 5.2.1, there n7as a slight dependence 

between the time where the actual maximum of the pulse occurred and where the 

maximum of the parabolic fit occurred. The energy ivas plotted against the relative 

time of maximum, or the difference between the maximum sample and the time where 

the pulse maximum n-as estimated to be located (Figure 5.4 (a)). -4 polyiiornial was 

fit through the data. The polynoinial n-as used to obtairi the follon-ing correction 

where E nTas the energy before the correction and Pn(tmu) n-as a polynomial, in 

t,,,, of degree n. The degree of polynomial which provided the best result, in terms 

of reducing the energv resolution, n-as a 6th order polynomial. The result of the 

correction using this function is shown in Figure 5.4 (b). The correction irnproved 

the resoiution from 2.46% to 1.46%. 

*Prier to any reconstruction studies, pedestals were subtracted from each ADC value. 



Figure 5.4: Relative time of masimum of signal pulse maximum, mith respect to the 
maximum sample plotted against total summed energy with no correction (a)' and 
with 6th order polynomial correction (b). The data m-as 200 GeV electrons taken 
with the baseline high gain system (Run 32685). 
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5.3.3 Angular Dependence on Energy Resolut ion 

Other variables which may have had an effect on the energy resolution were q and @. 

The energy weighted ce11 positions were plotted (Figure 5 .5 )  in the q-q5 plane. Within 

the beani region (boxed region in Figure 5.5) there was negligible variation iii energy- 

Outside of the beam region the approximate mean energy (for 200 Gel7 electrons) 

was 50 GeV. Only the data inside of the bearn region was used in determining the 

resolution. The data outside of the box in Figure 5.5 accounted for approximately 

30% of the total data. The omission of this data caused the energy resolution to 

improve to 1.43% from 1.46%. 

5.3.4 Correction for Cross-talk 

Without pulsing each ce11 individually it was not possible to apply a set of correctioris 

for the cross-talk betWeeri channels. An a-pprosiniate correction was made usiiig the 

cross-talk data describect in sectioii 4.10. The correction &-as made to a single ce11 

(the impact ce11 corresponding to cha.nne1 5).  The cross-talk from the row (in the r)  

direction) containing the ceil was subtracted off of the channel. The data came from 

the pattern in which channel 5 was pulsed. This approximate correction provided a 

slight irnprovement (less thati one tenth of a percent) to the energy resolution. 

5.4 Energy Resolut ion 

The corrections were t hen applied to each set of data. The energy resolution for each 

data sample m-as then tabulated in Table 5.1- For the high gain system, the energy 

resolution improved with energy mith the exception of the 300 GeV data. The three 
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Figure 5.5: Electron impact cells iii the The 7-4 plane. The box denotes the regioti 
where the data used for calculations mas taken. The data was 200 GeV electrons 
taken with the baseline high gain system (Run 32683). 



Run 

32685 
32703 
32734 
32906 
32686 
32704 
32/35 
32907 
32693 
32761 

1 Gain / Tfigger Delay 1 Opemting 

High 
High 
High 
High 
Lon- 
Leon- 
LOT 
Lon- 
High 
High 

Conditions 
Baseline 
Baseline 
Baseline 
Baseline 
Baseline 
Baseline 
Baseline 
Baseline 

Clock On 
50 Ref-Sub 

Ene rg.y 
Ge V 
200 
100 
150 
300 
200 
100 
150 
300 
200 
200 

Resolution 
% 

1.43 dz 0.02 
1.90 iz 0.03 

Table 5.1: Summary of energy resolution values for bi-gain data. 

data points from the high gain data taken mith the 575 ns trigger delay are shon-n iri 

Figure 5.6. The 300 GeV data was taken with the 600 ns trigger delay rather than the 

375 ns trigger delay and the "time of maxirnum parameteriza.tionV did not iniprow 

the eiierg-y resolution. The lon- gain systerii gave a worse erierg-y resolutiori thari the 

high gain systern (Figure 5.7). 

The resolution rneasured for the data (200 GeV electrons) with the reference 

subtraction circuit disabled was approxirnately twice as large as that for the baseline 

data. This mas likely due to the surnming of additional noise in the iionet. The data 

taken (200 GeV electrons) with the mi te  dock enabled had an energy resolution 

slightly higher than the baselirie data, most probably for the same reason 
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Figure 5.6: Energy resolution versus beam energy for the baseline (high gain) data. 
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Figure 5.7: The energy resolution distributions for 200 GeV electrons. Plot (a) shows 
the resolution for the data taken with the hi& gain system mhile plot (b) shows the 
resolution for data taken with lon gain system. 



Ope rat ing 
Conditions 
Baseline 

Clock On 
2 p  Readout Tirne 

KO Reference Subtraction 
Baseline 

Run 

32689 
32697 
32661 
32883 
32690 

Noise Tern 
Me V 

Table 5.2: Total noise sumrned through a nonet energy ton-er. 

Gain 

High 
High 
High 
High 
LOW 

5.5 Determination of Noise Term in the Energy 

Trigger Delay 
ns 

575 
575 
600 
575 
a75 

Resolut ion 

The noise term in the energy resolution expansion (equatioii 5.3) was estirnated 

using three methods: a sum of the noise in  an energy tower. reconstructing signals of 

zero amplitude (noise data). and by using the resolutioii trieasured in the section 5.4 

atong with u priori krion-ledge of the sarripliiig terni and constant terrti of the resolutioti 

expansion. The first method used was to surn the total noise (incoherent and coherent 

described in equation 4.5) in a nonet or energy tower; in the sarne manner as  described 

preriously. The axerage energ-y over capacitor and time sample for each channel riras 

used in  the suin. This surn represented the best achie~able value for the energv 

resolution due to the liniit itriposed by the electronics noise in  the systeni. For the 

baseline high gain systetn the total noise was found to be (550 f 80) MeV. Results 

with different run parameters is compiled in Table 5.2. 

The second rnethod used for estimating the noise term in the energy resolution 

expansion was to use the reconstruction algorithm for the electrons on the noise data 

where no pulses were present. The width of this distribution represented the best 

resolution which could be achieved with the system. It would represent the Ion; 



21.1s Readout Time 
Xo Reference Subtraction 

Baseline 
i 

Table 5.3: Reconstruction of noise data using the same algorithm used for electron 
energy reconstruction (note that for the data taken mith the short readout time no 
gain corrections were used) . 

Noise Term 
Me V 

580 k 30 
600 & 40 
830 & 80 
490 & 30 
510 & 30 

F 

32667 
32883 
32690 

energy liinit of the resolutiori expansion. For the high gain baseline data. the noise 

term estimate was (580 f 30) MeV! which was consistent with the total noise summed 

in the tower. Table 5.3 contains the resolution values for the remaining data. There 

was good agreement between the two rnethods. The one exception being the data 

takeii with the 2 ps readout time. For this data, a gain correction was not possible 

as no usa-ble calibration data was available for this ruii conditio~i. It %-as fouiict, by 

exaniiiiing the baseline data with and without gain corrections, that approxiinately 

a 13% improvement could be obtained. This would put the two values for the 2 ps 

readout time in agreement. 

High 
High 
LOI- 

The last met hod for approximating the energy resolution t a s  to use the energy 

resolutioiis measured in section 5.4 to estimate the electronics noise terni. Ideally a 

fit would have been made to the energy resolution versus energy data to fiiid the 

parameters. As no 50 GeV data was taken and data with the same run coiiditions 

was only taken for 3 energies, the values of the sarnpling term and coiistant term 

were fixed using values obtained by Auge et al [24]. Using these fixed values, an 

approximate fit could be made. The values used were 110.03s30)" for the sarnpling 

term and (0.00 i 0.11) % for the constant term. Using these values, a fit to the data. 

Run 

32689 
32697 

- 

Gain 

High 
High 

Trigger Delay 
71s 

575 
575 

Operating 
Conditions 
Baseline 

Clock On 



gave noise terms of (1.6 f 0.1) GeV/E and (5.4 2 0.1) GeV/E were for the high and 

low gain data respectively 

5.5.1 Electron Data Taken with Mono-gain Shapers 

Only 200 GelT data was successfully taken mith the mono-gain shapers. The resolution 

for the energy distribution was (2.32 k 0.03)s. This was roughly twice that of the 

high gain 200 GeV data taken with the bi-gain shapers. The total energy sum made 

over the energ'- tower n-as used as an approximation of the noise term as  was the 

reconstruction of the noise data. The va-lues for these were (750 f 80) MeV and 

(1400 i 100) MeV respectively. -4s can be seen in Appendix C the back layer of the 

calorimeter used for the mono-gain shapers was not projectively in line with the other 

two layers and hence was not used in the estimations of the noise term. 

5.6 Discussion 

An estimate of (1 10 f 20) MeV/channel was made for the noise term of the high gain 

systern using a sum of the total noise per channel within the nonet tower. -4 second 

estimate of (118 f 6) MeV/channel rtas made for the same system by applying the 

energ. reconstruction algorithm to the noise data. For the ion- gain system, values of 

(100 f 20) MeV/channel and (104 f 6) kIeV/channel were obtained using the same 

procedures. The noise introduced per channel by the calorimeter and shapen n*as 

between 40 bfeV and 70 MeV, depending on the region of the calorimeter [lû]. For 

the case mhere the only 40 MeV/channel of noise was introduced before the readout 

system, the readout noise was between two and three tirnes higher. 

The value for the noise term determined by an approximate fit of the resolution 



versus energy data gave a significantly higher value of (330 f. 20) kIeV/channel for 

the noise of high gain electronics. This value could be due to the approximate fit of 

the three data points. The lon- gain noise term? using the same method, gave a much 

higher value of the resolution of (1.10 f 0.02) GeV/channel. The distribution had 

an RhIS width approximately 5 times higher than that  for the high gain nidth. -4s 

the previous rnethods used in this thesis gave approximations to the noise term for 

high and 10%- gain electronics? which were consistent mith each other, the discrepancp 

between the noise term for electronics chains in the fit method couId not be explained. 

The operating condition which caused the largest increase in the noise term 

(other than the Lon- gain for the fit method) was the reductioii in the readout tirne 

(roughly 15% for the summed tower noise estimate). As was explained in section 4.7 

the shorter readout time could have caused the reading of the readout amplifier to  

be premat'ure! causing fluctuations in measured voltages. The remainirig ruri time 

condition changes were consistent n-ith the baseline values. 

The mono-gain systeni had values of (180 I 20) bIeV/charinel and (330 f 

30) MeV/channel for the tower noise sum and reconstruction of noise respectively. 

The width of the 200 GeV electron energy distribution was approximately twice that  

of the sarne distribution for the high ga.in width. As data  was o d y  taken for a 200 GeV 

run, corn parisons between different data  were not possible. 



CHAPTER 6 

Summary and Recommendations 

6.1 Summary of Results 

The readout boards developed at the University of Alberta were studied in terms of 

noise, linearity. alid energy resolution performance. The baseline higli and low gain 

systerns had noise values of (3.1 i~ 0.3) mV/capacitor and (2.7 & 0.3) mV/capacitor 

respectively. The coherent noise: across channels. was (0.55 f 0.01) mV/capacitor 

and (0.53 it 0.02) rnV/capacitor for the high and low gain systerns respectively. 

When the writc dock was mabled. the noise distribution developed a signifi- 

cant tail and the first capacitor became noisier. When the tirne for readitig out data 

from the pipeline was reduced to 2 ps the noise increased for both the high and lom 

gain systerns. The increase i t i  noise was about 6% for the high gain electronics chai11 

and 23% for the low gain. The reference subtraction reduced the cross-talk but caused 

additional incoherent and coherent noise. 

.-\ 1.1% increase in noise, over the high gain systern, mas rneasured for the moiio- 

gain system. An 33% increase in coherent noise across channels was also measured. 

The additional noise could have corne from additional multiplexing circuit- but as 

different shapers and prearnpiifiers were used in a different region of the calorimeter. 

no definitive conclusions could be drawn. 

The dynamic range of the bi-gain system was determined to be 11.3 bits. The 



system was linear from O V to 4.5 V. For the mono-gain system a dynamic range of 

11.6 bits =-as achievable. but the system becarne noticeably non-linear after 11.4 bits. 

The mono-gain system was linear from O V to 4.8 V. In the bi-gain system gain 

switching occurred between an input signal of 5 V to 7 V. This mas explained in 

terms of a timing jitter on the input pulses. 

The cross-talk n7as large and extended beyond nearest neighbours. No conclu- 

sions could be drawn as the calonmeter --as pulsed such that it was not possible to 

accurately measure the cross-talk caused by the pulsing of a single channel. It was 

possible to determine that the largest cross-talk occurred between cells which were 

in the same q-4 coordinate in the nest layer and in cells a-hich resided side-by-side 

in 4. Wheii corrections were made to the electron data using the estimated values of 

cross-talk the results were inconclusive. 

The noise term in the expansion of the energy resolution was estimated three 

different ways; the first tn-O using the noise data and the third usiiig the electron data. 

The first two estimates gave values for the noise of (110 i 20) MeV/channel and (118 

31 6 )  MeV/channel for the high gain electronics and (100 I 20) MeV/channel and 

(104 I 6) kIeV/channel for the 10%- gain electroiiics. The only run time parameter 

which caused a significant increase in the value of the noise term mas the reduction i n  

readout time. Reducing the readout time from 4 ps to 2 ps caused an increase in  the 

noise term of 15%. The third method used to estimate the noise term gave a value of 

(330 I 20) MeV/channel for the high gain system and (1.10 f 0.02) GeV/channel for 

the low gain system. The low gain electronics had an energy distribution roughly 5 

times wider than the high gain electronics. No explanation was found. For the mono- 

gain system values were estimated for the noise term of (180 It 20) MeV/channel 

and (330 f 30) MeVlchannel for the  tower noise sum and reconstruction-of-noise 

methods. Only the 200 GeV electron data was successfully recorded with this systern 



and thus an estimate of the noise term using the energy resolution versus energy data 

was not possible. 

6.2 Recommendat ions 

-1 few modifiratioris in the experimental procedure could have led to a better un- 

derstanding of the systern. Had time been alrailable' bench testing before and after 

the CERX test n-ould have provided a means to determirie which effects were due 

to the board and which were due to the calorimeter, and corresponding electronics. 

-4 deeper understanding of the non-linearity at a high input voltage may have been 

achievable. linother experimental detail which could have been improved upon %-as 

the calibration pulsing method. If every ce11 had been pu1sed individuall_v, it would 

have been possible to carefully rneasure the cross-talk as welI as develop cross-talk 

corrections to use with the electro~i reconstruction analysis. 

In terms of design improvetnents to the readout system, there were two a.reas 

where improvements could have been made; first in gain switching, and second in 

the noise introduced by the connection between the pipeline and the first sample and 

hold. The sn-itching problem could possibly be avoided in the future by using a digital 

cornparison ra-ther than the analog method. 

The connection between the SCA pipelines aiid the first sample and hold was 

high impedance making it susceptible to a.ny local noise lrom other components. This 

connection increased the noise and limited the measured energy resolution as well as 

the dynamic range. If the sample and hold was included in the pipeline chip. the 

noise may have been reduced. 
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Appendix A 

Description of Data Recorded 

The follorring tables describe the da ta  (including run-time parameters) used 

in the  analysis contained in t his t hesis. 



Gain 

High 
High 
High 
Law 
Low 
Lonr 
High 
High 
Lon- 
High 
High 
High 
High 
High 
Low 
Lon- 
Lon- 
Lon- 
High 
Laow 
High 
High 
Law 

Clocks 

off 
Off 
Off 
Off 
Off 
Off 
off 
Off 
Off 
off 
off 
Off 
Off 
Off 
Off 
off 
Off 
off 
O r i  

On 
off 
off 
Off 

Subtraction 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
f i s  
lés 
Eés 
No 
No 
No 

-r 

- 

Table -4.1: Summary of conditions for noise data taken with bi-gain shapers. 

-- - 

Table A.2: Summary of conditions for noise data taken with mono-gain shapers. 

136 

1 Run 

32787 
32810 
32826 
32845 

Readout Time 

- - 
Trigger Dela y 

Clocks 

Off 
Off 
Off 
Off 

Reference 

Readout Téme 
0 4  

8 
8 
8 
8 

Trigger Delay 

b) 
5 75 
575 
575 
575 

ReJerence 
Subtraction 

Yes 
Yes 
Yes 
Yes 

- -. 



High 
High 
Auto 
Lon- 
High 
High 
L m -  
Auto  
High 
Auto 
Auto 
Low 
High 
High 
Lon: 
Auto  
Auto  
Law 
High 
Auto 

OR 
On 
Off 
Off 
Off 
off 
off 
off 
off 
Off 
Off 
Off 
Off 
Off 
Off 
Off 
off 
OR 
Off 
off 

Subtraction 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
\es 
No 
No 
Yes 
Yes 
Yes 
No 
No 
x o  
Yes 
Yes 
Yes 
Yes 

Run 

- - 

Li 

(1  000 DAC Unitsj 

Table -4.3: Summary of conditions for calibration data taken with bi-gain shapers. 

Gain 

- - 

& 

- -  - - - - 

Table A.4: Summary of conditions for calibration data taken mith mono-gain shapers. 

Clocks 1 Trégger Delay Reference 1 Maximum Setting 

- 

- 

Trigger Delay 
(4 
575 
575 
575 
573 , 

Reference 
Subtraction 

Ses 
Yes 
Yes 
Yes , 

Maximum Setting 
(1000 DAC Units) 

32 
32 
32 
32 ,, 

Clocks 

Off 
Off 
Off 
Off , 

Run 

32785 
32809 
32816 
32836 , 

Readout T h t e  
( P j  

8 
8 
8 
8 



High 
Auto 
high 
Lon- 
Auto 
High 
Lom 
,h.lto 
Auto 
h t o  

Auto 
Lom 
Auto 
-4 ut0 
Lon- 
h t o  
Low 
Low 
-4uto 
Auto 
Auto 
-4 ut0 
*A ut0 
Auto 
L.ow 
Lpow 
Auto 

Cloclcs 

Off 
Off 
off 
Off 
On 
On 
On 
Off 
Off 
Off 
Off 
Off 
Off 
Off 
Off 
Off 
off 
Off 
Off 
Off 
off 
Off 
Off 
off 
Off 
off 
Off 
Off 

Readout Time 
(PS) 

2 

Trégger Delay 

(4 
600 
a 75 
a 75 
575 
575 
575 
575 
575 
5 75 
5 75 
5 75 
5 73 
5 75 
5 75 
575 
a 75 
5 75 
575 
5 75 
575 
5 75 
5 75 
5 75 
600 
600 
600 
600 
600 

Re ference 
Subtraction 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
\'es 
Yes 
Yes 
Yes 
Yes 
lés  
les 
kés 
Yes 
Yes 
Yes 
x o  
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Table -4.5: Surnmary of conditions for electron data taken with bi-gain shapers. 



Table -4.6: Sumiriary of conditions for electro~i  d a t a  taken n i t h  mono-ga.in shapers. 

1 Run 

32782 
32829 Off 8 575 Yes 

Clocks 

Off 

Readout Time 
(d 

8 

Trigger Deluy 
(n s i  
575 

Reference 
Subtraction 

Yes 

Energv 
(GeV) 

200 



Appendix B 

Amplitude and RMS Values 

Table B.1 contains the mean amplitudes (averaged over events), RMS noise' 

and coherent noise for both high and lorr gain systems. The corresponding data vrith 

the reference subtraction circuit disabled is contained in Table B .2. The mono-gain 

data can be found in Table B.3. 



fADC counts) fADC counts) 
High 
Hig h 
High 
High 
High 
Hig h 
High 
Hig h 
Low 
Lon- 
Lom- 
Low 
Low 
L.on7 
Leon- 

Table B.1: Suminary of results froin baseline runs (cohereiit noise is over systeni). 

Table B.2: Summary of results from runs with the relerence subtraction circuit dis- 
abled (after bad events cut). 

Run 

32760 
32883 
32880 

Gain 

High 
High 
Lon- 

Mean Pedestal 
(ADC C O U T ~ ~ S ~  

2390 f 50 
2390 k 50 
2390 -t 40 

M e m  RMS 
(A  DC cou&) 

2.9 & 0.3 
2.9 z t  0.3 
2.4 & 0.3 

Mean Coherenl Noise (systetn) 
(ADC counts) 

0.6 f 0.2 
0.6 & 0.2 
0.8 & 0.2 



Table B.3: Summary of resuIts from ruiis without reference subtraction circuit (after 
bad events cut). 

fin Mean Coherent Noise 
(ADC counts) 

Mean Pedestal 
(ADC counts) 

Mean RMS 
(ADC counts) 



Appendix C 

Pulser Pattern Description 

There were tioo different calorimeter cell-techanne1 mappings used. one for 

the bi-gain shapers and another for the monegain shapers (Figures C.1 and C.2). 

The patterns for these mappings were also different and described belon.. 

For the bi-gain shapers, the calorimeter ceIls were pulsed such that two neigh- 

boring cells (in $1 were pulsed sirnultaneousl- as shown in Figure C.3. The pulsiiig 

was also performed such that  some cells in the first and second layer: occupying the 

same 77-4 c~ord ina t e s~  n-ere pulsed simultaneously. This allowed a comparison to be 

made between the layers for a cross-talk study. There n-as rio expected crosstalk be- 

tween the second and third Iayers and so no special pattern %-as designed for similar 

studies. There were 12 pulse patterns where betm-een 2 and 8 cells were pulsed. 

The pulsing for the mono-gain mapped region of the calorimeter was done in 

a much less complica.ted manner (Figure (2.4). There were only four patterns used. 

Columns in 17 were pulsed simultaneously. For the first two layers (front and middle) 

every other column on the left side was pulsed while the right side uTas not pulsed a t  

all. The right side was then pulsed in the same fashion. The exact sa.me pattern was 

pulsed simultaneously in the middle Iayer. For the back layer? every other column 

was pulsed per pattern. 



Front 

Middle 

Back 

Figure C.1: Channel-to-calorimeter ce11 mapping for bi-gain s h a p e ~ .  The number a t  
each 71-1 location is the channe1 number. The and 4 are in arbitrary integer units. 



Front 

Middle 

Back 

Figure C.2: Channel-to-calorimeter ce11 rnapping for monegain shapers. 



Front 

Middle 

Back 

Figure C.3: Calibration pulsing pattern used for bi-ga.in shapers. The iiumber at each 
q-phi location is the time ordered channel pattern which was pulsed. For example' 
the first pattern (O) pulsed the cells located at q = O and q5 = 13 and # = 14. 



Front 

Middle 

Back 

Figure C A :  Calibration pulsing pattern for mono-gain shapers. 



Appendix D 

Relative Crosstalk Amplitudes 

Tables D.1: D.2: and D.3 contairi the cross-talk amphtudes for three calibration 

pulse patterns (O1 5' and 10). The pulsed cells have amplitudes of greater than 6 V. 

Tables D.4: D.5. D.6, and D.7 contain the corresponding amplitudes for the data 

when the reference subtractiori circuit was disabled. 



Front Layer 

14 -0.0054 -0.0000 0.0479 0.0482 -0.0254 -0.01 25 
13 -0.0069 -0.0082 0.0463 0.0507 -0.0159 -0.01 73 
IL! -0.0028 -0.0033 -0.0007 -0.0010 -0.0005 -0.0027 
11 -0.0012 -0.0035 -0.0027 -0.0017 0.0010 -0.000S 

Middle Laver 

I n I I 

Back Layer 

Tablc D.1: Cross-talk (volts) in 7 ancl # for the bi-gain shapers. Clia~iiiels 55 
(7 = 2'4 = 14) and 57 (2J3) in the back were pulsed (pattern O). 



12 -0.0150 -0.0207 -0.0296 -0.0367 -0.0129 -0.0180 
11 -0.0198 -0.0192 -0.0260 -0.0331 -0.0141 -0.0175 

Front Laver 

Xliddlc 

14 0.01 G9 0.068-1 0.0132 
13 -0.0204 0.071 1 -0.0263 
12 -0.0258 -0.0274 -0.0305 
11 0.0071 0.0015 0.0042 

Back Layer 

Table D.2: Cross-talk (\volts) in rl a-nd 4 for the bi-ga-iti shapers. Channels 13 (2!14). 
l a  (2'13): 21 (6J4): 23 (6,13) in the front' and 40 (3:l-l)' and 42(3,13) in  the middlc 
were pulsed (pattern 5). 



13 -0.0302 -0.0223 -0.0406 -0.0282 -0.0347 -0.0267 
12 -0.1667 7.7594 -0.1765 -0.2429 -0.1 703 7.7927 
1 -0.1899 7.2417 -0.1684 -0.2370 -0.2368 7.40'77 

Front Layer 
14 -0.0254 -0.0205 -0.0121 -0.0079 -0.0264 -0.0266 
13 -0.0259 -0.0199 -0.0091 -0.0079 -0.0268 -0.0198 
12 -0.1155 7.4710 0.0954 -0.1749 -0.1375 7.1774 
I l  -0.1233 7.3996 0.0855 -0.1849 -0.1479 7.5428 

Middle L.aver 

1 I 1 

Back Laver 

Table D.3: Cross-talk (volts) i i i  I )  and @ for the bi-gain shapers. Channels 1 (2,12), 
3 ( 2 )  9 ( 2 )  1 (6:ll) in the front: and 25 (2.12): 27 ( 2 3 ) :  33 (6J2). and 35 
(6 , l l )  were pulsed (pattern 10). 



Front Layer 
14 0.003 0.003 0.003 0.003 0.003 0.003 
13 0.003 0.003 0.003 0.003 0.003 0.004 
12 0.003 0.003 0.003 0.002 0.003 0.003 
11 0.002 0.002 0.003 0.003 0.003 0.004 

II 3/IicidIe Laver 

II Back Llay.er 

Table D.4: Average RhIS noise (volts) in q and 4 for the bi-gain shapers and reference 
subtraction circuit disabled. 



Front Layer 
14 -0.0130 -0.0120 0.0589 0.0399 -0.0309 -0.0132 
13 -0.0102 -0.0114 0.0611 0.0690 -0.0044 0.0004 
Il' -0-0020 -0.0022 -0.001 8 -0.0071 -0.0049 -0.0063 
1 1 -0.0048 -0.0040 -0.0047 -0.0107 0.0083 -0.0038 

34iddle Laver 

II Ba.ck Laver 

Table D.5: Cross-talk (volts) in q and d for the bi-gain shapers and reference s u b  
traction circuit disabled. Channels 55 ( q  = 2'4 = 14) and 57 (2'13) in the ba.ck were 
pulsed (pattern O). 



13 
12 
11 

1 1 1 

Back Laver 

14 
13 
12 
11 

Table D.6: Cross-talk (volts) in 7 and 4 for the bi-gain sha-pers and reference sub- 
traction circuit disabled. Channels 13 (2.14). 15 (2.13). 21 (6.14). 23 (6.13) in the 
front, and 40 (3,14), and 42(3,13) iii the tniddle mere pulsed (pattern 5). 

Front Laver 

0.1258 
-0.0221 
-0.0189 

6.8422 
-0.0227 
-0.0184 

0.0426 
0.0971 
-0.0139 
-0.0139 

Middle Layer 

-0.0790 
-0.1105 
-0.0121 
-0.0165 

14 
13 
12 
I l  

0.0972 
-0.0245 
-0.021G 

0.0353 
0.1143 
-0.0153 
-0.0127 

6.7674 
5.9144 
-0.0194 
-0.0169 

-0.0201 
0.0007 
-0.0498 
-0.0412 

0.0672 
-0.0298 
-0.0270 

0.1397 
0.0996 
-0.0264 
-0.024G 

-0.0878 
-0.0599 
-0.0001 
-0.0060 

0.0566 
0.0686 
-0.0319 
-0.0261 

0.1418 
-0.0166 
-0.0139 

-0.0100 
-0.0194 
-0.0527 
-0 .O493 

6.9015 
-0.0238 
-0-0167 



I 1 1 

Back Laver 1 

2 
-0.0160 

1 -0.0170 
7.1838 
6.3363 

Table D.7: Cross-talk (volts) in and q5 for the bi-gain shapers and the reference 
subtraction circuit disabled. Channels 1 (2,12), 3 (2'11): 9 (G,12). 11 (6.11) in the 

Front Layer 

Middlc Layer 

3 
-0.0256 
-0.0305 
0.1233 
0.1078 

front! and 25 (2.12). 27 (2'11): 33 (6.12). and 35 (6.11) mere pulsed (pattern 10). 

4 
-0.0145 
-0.0237 
-0.1583 
-0.1662 

5 
-0.0195 
-0.0283 
0.1269 
0.1729 

6 
-0.0149 
-0.0235 
7.2905 
6.2813 




