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Ab.trad 

The design and construction of the prototype for the ZEUS forward calorimeter 

are described, along with the results of first tests carried out at CERN in November 

and Oecember of 1987. The choice of a sampling structure with depleted uranium 

as absorber and plastic scintillator as read-out has led to a hadron energy resolution 

of (1E/E = 37%/VË and an electromagnetic energy resolution of t7E/E = 20%/../Ë 

in the energy range 1 to 10 GeV. The electron to hadron signal ratio (e/h) has been 

found to be very close to the ideal of 1.0 with eth = 1.0024 at 10 GeV. 

Résumé 

La conception et construction du prototype pour le calorimètre avant du détecteur' 

ZEUS sont décrites, avec les résultats de premiers tests éfFectués au CERN en novem

bre et décembre, 1981. Le choix d'une structure d'échantillonnage fait d'uranium 

épuisé comme absorbeur et de scintillateur plastique comme matériel actif donne 

une résolution d'énergie hadronique de (7E/ E = 37%/v'E et une résolution d'énergie 

électromagnétique de (7E/E = 20%/VE pour des énergies entre 1 et 10 GeV. Le 

rapport de signal électronique à signal hadronique (e/h) a été trouvé très près de 

l'idéal de 1.0 avec eth = 1.0024 à 10 GeV. 
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Preface 

The design, construction and testing of this prototype calorimeter has been a 

collaborative effort of many institutions from many countries &round the world. My 

direct involvement began only in the construction at York University in August, 

September and October of 1987. The work there was carried out primarily by people 

from four canadian universities (York, Toronto, McGill and Manitoba), but also with 

help from Dutch and German members of the collaboration. The initial testing of 

the caIorimeter took place in November and December, 1987, at CERN, Geneva. 1 

assisted in that work throughout the month of November. The data analysis was 

done independcnt!v, using the basic software infrastructure available for the ZEUS 

experiment, with confirmation of my results coming from work done by other mem

bers of the collaboration. 1 have aIso done development work outside the scope of 

this thesis in the areas of calibration and of component testing. 

The entire process of prototype development has contributed to original knowl

edge through dealing with structural design problems, developing precision construc

tion techniques and, most importantly, providing a test of theoretical predictions for 

high-resolution hadron calorimetry. Although my thesis stops at this poir.t, the work 

of the ZEUS calorimeter development and construction continues, with its eventual 

culmination in the exciting physics to be seen at HERA. 

vi 
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Chapter 1 - Introduction 

1.1 The Experiment 

The Deutsches Elektronen-Synchrotrün (DESY) in Hamburg, Germany, is construct

ing an electron-proton collider called HERA to study the deep inelastic scattering 

of electrons off protons at energies much higher than can be aehieved by traditional, 

fixed-target accelerators. The 30 GeV electron - 81.0 GeV proton interactions will 

allow investigation of proton, electron and quark structure as weIl as of the proper

ties of electroweak currents and strong interactions. Additionally, they will provide 

a chance to search for new particles that might exist with masses in tbe energy range 

of the collider. 

The ZEUS detector will allow researchers to glimpse the outcorne of thcse inter

actions and infer a great deal about physics at this seale. The detector includes drift 

chambers for vertex and track detection, calorimeters for particle energy measure

ment, muon detectors plus a host of other devices for particle identifieetion and mea

surement. As we shall see, the charged and neutral eurrent electrowe~k interactions 

that will occur at HERA will require a high resolution hadron calorimeter whieh has 

only become possible in the past few years with depleted uranium(DU)/scintillator 

calorimeters. For sorne time now, the focus of the efforts of a large number of in

stitutions across the world has been the construction of su ch a deviee for the ZEUS 

detector. This thesis describes the culmination of those efforts in a final prototype 

for the ZEUS calorimeter. 
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1.2 Why ep PhysicI? 

1.2.1 Eledron-Proton ScaUering 

ln the late 1960's and early 1970's, electron-proton scattering (or, more generally, 

lepton-nucleon scat tering) confirmed the compositeness of hadrons - the so-called 

parton model of the proton. At high enough energies, measurements of cross-section 

were not consistent with scattering from a point-proton, but rather with a sea of 

constituent point-like particles, partons, that were eventually identified with Mur

ray Gell-Mann's "quarks", confirming thcir reality. Because these experiments used 

lepton beams incident on fixed nu cleon targets, the centre-of-mass energies never ex

ceeded about Js = 2.jEjJmp ~ 23 GeV, and the square of the rnomentum transferred 

between lepton and proton, Q2, ranged up to only (20 Gey)2. 

With its (10-30) CeY electrons colliding with (300-820) CeV protons, HERA 

will yield centre-of-mass energies in the range Vs = 2.jEeEp ~(110-314) GeV, and 

Q2 up to 105 CeV2. Deep inelastic scattering at such high Q2 will be essentially an 

electron-quark interaction. The lowest order diagrams for ep scattering are shown 

in figure 1.1. In general, one has the lepton and the quark jet emerging or opposite 

sides of the beam axis, with equal and opposite transverse momentum, and the 

proton jet continuing down the beam pipe. For the neutral current interaction (, or 

ZO exchange), the emerging lepton is an electron, however for the charged current 

interaction (lV± exchange), the ernerging lepton is an undetectable neutrino, making 

jet energy and direction measurerncnt very important. 

Before looking at scattering cross-sections, it is useful to introduce a number of 

variables that frequently crop up in the discussion of electron-proton scattering: 

Note: The materia.l for this section has been taken from references [1] - [8]. 

2 
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Figure 1.1 : Lowest order diagrams for (a) neutral current ep scattering, and (b) 
charged current ep scattering [7]. 

(Please note the following notation 

E = energy 

p = momentum 4-vector 

suhscript e = electron 

m = mass 

p = momel!tnm 3-vector 

subscript p = proton 

superscript prime = outgoing particle) 

Total centre-of-mass energy squared (neglecting electron and proton masses). 

s = (pp + pe)2 = E; + E; + 2E,Ee -lp,12 -IPeI2 + 21p,IIPei 

= m~ + m; + 2(EpE e + IPpllPel) 

~ 4EeEp 

Square of 4-momentum transfer 

Square of the total mass of the final hadronic system 

Energy transferred by the curl'ent in the proton rest system 

q'Pp v=--
ml' 
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( . h 2E.E, gl . ) 
Wlt IImu ~ ,ne ectlng m., ml' m, 

Bjorken scaliog variable (this is alao a measure of the fraction of the proton '8 m~ 

mentum carried by a quark) 

Q2 Q2 
z= =-

2(,· p,) 2m,1I 

and 

y= (9'P,) =~ 
(,. Pel IImu 

Note also that 

Experimentally, Q2, Z and y can be determioed either !rom eoergy and angle of 

the outgoing electron or trom the energy ~d angle ol the jet (necessary for charged 

current scattering). 

We can now stad looking at scattering cross-sections. To get an initial under

standing of the usefulness of extending ep scattering studies to the very high Q2 

range, it is helpful to compare rates for '1 exchange (electromagnetic) scattering and 

W ex change (weak) scattering. The cross-sections have apPt'oximately the following 

behaviour: 

tPt7( "Yp) 2 (1) 2 
dzdy "" ct S Q2 F(z, y) 

tPt7(Wp) 2 ( 1 )2 
dzdy "" ct S Q2 + Mlv F(z, y) 

where Mw = mass of the W particle = 82 GeV. For Q2 ~ 0, tbe rate for 'YP is 

roughly 108 times that of Wp, but for Q2 > 104 GeV2, the "YP and Wp rates are of 

the same order, allowing effective studies of electroweak processes. 

4 
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The dift'erential CI'OII-eectioDl can he written in terma of the quark di.tribution 

fonctions and a variety of conatants. For example, the neutral current CfOII-leCtion 
. 
IS 

FI and F2 are the so-c:alled structure functioDS and can he expressed in terme of the 

quark distribution func:tions, leading to 

where q( z) and q( z) are the quark and anti-quark distribution functioDs for dift'erent 

ftavours, and At and Bt are constants determined by quark and lepton charge, lepton 

weak isospin and the weak mixing angle, Bw. The final result takes into account the 

left or right-handedness of the electron in the scattering (800 reference [7]). 

For charged currents, the expression for the cross-section is simiJar, 

cPtT(e"Lp -+ vX) G}s 1 
dzdy =--;- (1 + Q2 / Ml.,)2 

[(1 - y)F2(Z, Q'l) + y2z F1(z, Q2) + (y _ y'l /2)zF3(Z, Q2)] 

with 

and 

F2 (z) = 2zF1(x) = X [q(x) + q(x)] 

zF3(x) = Z [q(x) - q(x)] 

q(x) = u(x) + cCx) + .. . 

q(x) = d(x) + s(x) + .. . 

Note that the cross-section for ei+p -+ v+X is zero since the neutrino isleft-handed 

(and similarly for et + p -+ ii + X, sinee the anti-neutrino is right-handed). 

5 
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1.2.2 Tlae 1rdere.tira9 PIa1l.ie. 

Precision measurements of the structure functions at high Q2 will provide astringent 

test ol both QCD (quantum chromodynamics) and electroweak theories, as well as 

allowing the probing ol quarks and electrons lor substructure down to a scale ol 

3 x 10-20 m. 

QCD predicts that the structure functions will falllogarithmically for increuing 

Q2 due to a sca1e breaking (an inherent energy scale in the lunction's behaviour) 

arising from gluon radiation by the scattered quark. That is 

F(z) 
F(z) -+ 1 +c1n(Q2/A~CD) 

where AQCD is the QCD scale parameter. Until now, structure function data has 

been in the range 0-300 GeV2• HERA will increase the upper limit to 40000 GeV2. 

An additional benefit is that mass corrections and higher twist contributions tbat 

provide the main uncertainty at low energies will disappear at the high Q2 of HERA. 

HERA will allow searches for new weak currents. We have seen that for the 

standard W (or Z) the amplitude goes as 1/(Q2 + Mlv). H there exist more massive 

W's or Z's, then a similar term will be added to the amplitude, with Mw replaced 

by the mass of the new particle. For roughly two years of data taking witb HERA, 

one should be able to see the eff'ects of such currents up to masses of ~ 800 Ge V. 

It has been noted that only left-handed neutrinos and the corresponding left

handed current have been observed - no right-handed neutrinos. It is speculated 

that a right-handed, massive neutrino exists (coupling to a right-handed W). HERA 

has the facility for polarizing the electron beam, permitting a search for such a 

right-handed neutrino, down to a right-handed to left-handed cross-section ratio of 

tTR/tTL ~ 0.03. 

6 
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If elec::trons and quarks are composites of even more elementary partiela, then 

it is quite possible that at HERA the residual interactions of these partic1es will 

eause the cross-sections to deviate at high Q2 from the standard model predictions. 

Asymmetries with respect to lelt and right-handedness allow one to use the polarized 

eleetron heam of HERA for an even greater sensitivity, up to an energy seale of 

A ~ 7 TeV (3 x 10-20 m). 

As weIl as the above-mentioned studies of QCD and electroweak theories HERA 

will provide the means for producing both known particles (for further ~tudies) and, 

if they exist, new particles. 

Within the realm of standard physics is the photoproduetion of heavy quarks 

(possibly even the top quark, if it is in the appropriate mass range). These events 

will be easily distinguished from others beeause the quarks will he emitted in the 

direction of the incoming proton and will deeay into many particles isotropically 

distributed in the plane perpendicular to the beams. 

Leptoquarks 8le particles that could mediate lepton-quark transitions and arise 

from superstring, grand-unified, technicolour and quark-lepton suhstructure theo

ries. Electron-proton machines are ideally suited for searching for such particles 

and according to theoretical predictions HERA should be able to produce significant 

numbers of these particles. 

Finally, HERA should be capable of producing new particles (or rather, sparticles) 

predicted by supersymmetrie theories - in particular, sleptons and squarks should 

be produced in deteetable numbers if mi + mi < 150 Ge V. 

Apart from these, other particles may be produced at HERA, though at a much 

lower rate, including vector bosons, Higgs particles and excited quarks and leptons. 

7 
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1.2.3 Ddector Requiremenu 

To be able to make the measurements described, on~ must have an adequate detector. 

The physics and topology of the interactions lead to fairly stringent requirements for 

the ZEUS detector. 

The imbalance in electron and proton energies leads to many of the outgoing 

particles having a large forward momentum, much like a fixed-target experiment, 

requiring very good forward detectors for high energy particles. At the same time, 

the detector must be hermetic (not allow particles to escape undetected through 

spaces) and completely surround the interaction - for example, an electron escaping 

from a neutral current interaction would lead to identifying the event as having an 

(undetectable) neutrino and hence being a charged current interaction. 

The detectors must provide good electron and hadron energy measurement, good 

angular resolution and good lepton identification. These requirements place an em

phasis on having good tracking detectors and especially good calorimeters over the 

full solid angle. 

As outlined in the ZEUS let ter of intent [8], the goals for the energy resolutions 

are defined by the current limits of technology. For the electromagnetic calorimeter 

a resolution of t7(E)/ E = O.15/VE (E in GeV) will satisfy the physics requirements. 

The resolution sought for the hadron calorimeter is a(E)/E = O.35/../Ë. Until 

recently, the best resolution for a hadron calorimeter has been O.6/.fE, but with the 

advent of depleted uranium/scintillator calorimeters, a resolution of O.35/,f'E has 

been achieved. A study of the dift'erence in quality of physics has demonstrated that 

a significant gain is made by having the better resolution. This, then, defines the 

principal goal of the prototype calorimeter work. 

8 



1.3 The ZEUS Detector 

Before embarking on a detailed description of the ZEUS calorimeter, it il helpful to 

have a brief overview of the entire detector to understand how the calorimeter fits 

into the larger scheme of things. (For a more complete description of the detector, 

see references [9] and [10]). 

The ZEUS detector is basically cylindrical in shape, with the layout as depicted 

in figures 1.2 and 1.3. Working from the electron-proton interaction point outwards, 

the essential components are the vertex detector (VXD), the central track detector 

(CTD), the transition radiation detector (TRD), the forward and rear track detectors 

(FTD, RTD), the electromagnetic and hadron calorimeters (EMe, HAC) (surround

ing the magnet coil), a backing calorimeter (BAC), barrel and rear muon detectors 

(MU), and a forward muon spectrometer (FMU). 

The central components (vertex and track detectors) are contained within a su

perconducting magnet that provides a magnetic field of 1.8 Tesla, allowing momentum 

measurement through the curvature of the tracks of charged particles. The central 

track detector is a drift chamber consisting of nine layers (called "super-layers") that 

each have eight sense wires. Four of those super-layers have so-called stereo wires: 

wires not quite parallel to the cylindrical axis of the detector, allowing position mea

surements in the axial direction that are of the same quality as measurements in the 

azimuthal direction (for wires parallel to the axis, the position component in this 

direction is usually found by comparing the charge collected at each end of the wire 

- this gives a much poorer measurement than in the azimuthal direction). The 

expected position resolution for this detedor is 100 #lm; the expected momentum 

resolution is q(p}/p = 0.002· pœ 0.003 (p in GeV Ic) where e means that the errors 

are added in quadrature. The forward and rear track detectors help in small-angle 

9 
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Figure 1.2 : Section of the ZEUS detector along the beam [10]. Electrons travel 
from left to right, and protons travel from right to left, so the forward calorimeter 
il to the left of the interaction point. 

Figure 1.3 : Section ot the ZEUS detec:tor perpendicular to the beam [101. 

10 



particle trackin" givin, a momentum reeolution of C7(p)/p = 0.01 . pat a forward 

angle of 140 mrad. 

The important process of electron identification can he achieved to a hi,h accu

racy using information from a variety of detectors. The principal data uaed il the 

dE / dz (energy loss per unit length) data from the tracking detecton and the data 

from the calorimeters (energy !rom electrons is deposited in a much Imaller depth 

of calorimeter than energy from hadrons). A &ilicon pad detedor will he inserted in 

the calorimeters at a few radiation lengths to measure shower size, giving an addi

tionallevel of electron-hadron separation. For particles in the forward direction, the 

transition radiation detedor allows an even better hadron rejection. 

The calorimeter (which will be described in much greater detail in chapter 2), is of 

the sampling variety, with a stack of alternating layers of depleted uranium and plastic 

scintillator causing incident parti des to produce showers of lower energy particles that 

emit light in the scintillator in amounts proportional to the energy of the original 

particle. This light is carried out of the stack by wavelength-shifter (WLS) bars and 

light-guides to be measured by photomultiplier tubes. The calorimeter is read out 

at three depths: the electromagnetic section (EMC) closest to the interaction region, 

and two hadronic sections (HAC1 and HAC2) behind the EMC. There are three parts 

to the calorimeter: the forward calorimeter (which is the deepest, at 7 absorption 

lengths), the barrel calorimeter (5 absorption lengths) and the rear calorimeter (4 

absorption lengths). These three parts cover 99.8% of the solid angle in the forward 

hemisphere NId 99.5% in the rear hemisphere, allowing very few particles to escape 

undetected (principally only those that travel down the beam pipe). To measure the 

energy of late showering particles there is a backing calorimeter, using the iron plates 

of the magnet yoke as absorber, and aluminum tubes operating in proportion al mode 

Il 
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as read-out. The expected resolution of thia calorimeter is II(E)1 E = 1.01 Vf..E) (E 

in GeV). 

Forward-going muons are detected in a spectrometer that uses drift-chambers, 

Iimited streamer tube chambers and 8cintillator counters. Over the rest of the solid 

angle, limited. streamer tube chambers are uaed. 

In the proton beam direction, a leading proton spectrometer uses high resalu

tion chambers near the beam to meuure the momentum of very forward-produced 

protons. 

In the electron beam direction, electron and photon detectors 30 to 100 m down

stream from the interaction measure the luminosity and detect small Q2 processes. 

The detector is built in a modular fuhion, with the structural components able to 

be retracted from the beam to allow easy ~cess to the individual modules, facilitating 

maintenance. 

1.4 The Current State of Calorimetry 

In high energy physics, a calorimeter measures a particle's energy by totally absorbing 

it. The calorimeter is just a large block of material that induces an incident particle to 

"shower", that is, produce particles of successively lower energies that are eventually 

stopped in the block. In this way, all of the energy of the original particle is deposited 

in the detector and, if we have a useful calorimeter, sorne fraction of that energy can 

be detected either in the form of light (Cerenkov or scintillation light) or of charge 

(from ionization). For the calorimeter to be truly useful, the amount of detected 

energy should be proportional to the energy of the incident particle. 

Calorimeters have ooly recently become an essential component of high energy 

experiments. Various forms of tracking detectors, including cloud chambers, bubble 

12 



chambers, time-projection chambers and drift chambm" have traditionall)' been UIed 

in conjunction with a large magnet to meuure particle moment a throulh the curva

ture of trajectories. However, there is a component of the relative error (tI,/p) in this 

measurement that increases linearl)' with momentum - at high energies, tbe error 

can become very large. The shower or "cascade" in a calorimeter involves statistical 

fluctuations of the number, N, of secondar)' particles produced. Since N is propor

tional to the energy, E, of the incident particle, the relative error foUows the U8Ual 

rule: tI / E oc: l/../N oc: E-l/2, 50 that energy measurement improves with increuing 

energy. 

There are a number of other advantages in the favour of calorimeters: Traclcing 

devices are, in general, onl)' sensitive to charged particlesj calorimeters can measure 

the energy of charged and neutral partic1es alike. This is becoming increasingl)' 

important as the properties of "jets" replace those of individual particles as the 

essential measurements. (A jet is a narrow cone of partic1es produced from a quark 

or gluon due to the confinement of these strongl)' interacting particles - hence a 

"quark jet" or a "gluon jet"). If one were to ignore the energies of all neutral particles 

in the jet, the total energy measurement could seriousl)' deviate from the true value. 

Because showers develop exponentially, their depth of penetration increases only 

logarithmically. This means that as we develop increasingly powerful accelerators to 

probe matter at smaller and smaller scales, we need not build increasingly massive 

c1ilorimeters to cope with the partic1e energies. To maintain a given momentum 

resolution, a magnetic spectrometer must scale as ,;p, all other things being equal. 

Calorimeters respond in different ways to electrons, muons and hadrons, allowing 

an important degree of particle identification. U ~iI1g a calorimeter with a magnetic 

spectrometer-type device, which gives partic1e charge, and with drift chambers or 

13 
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any other device that gives ionization 1088 per unit length, one cau achieve a very 

good ability to distinguish between particles. 

Finally, calorimeters respond, and recover, quickly, 80 that they can cope with 

very high particle rates. With higher energy colliders (particularly electron-proton 

and proton-proton) producing a very large fraction of uninteresting data, it is im

portant for devices to have short "dead times", and to provide quick information on 

the quality of each event, allowing on-line discrimination between interactions (com

puters can only handle a certain data rate, sa one saves only interesting events) -

calorimeters can provide this information. 

The showers produced by electrons and photons (electromagnetic showers) dift'er 

greatly from those produced by hadrons, both in physical interactions with the mate

riAl, and in their overall behaviour, 50 they will be described in separate subsections. 

The development of electromagnetic showers (described in the first subsection) has 

been weIl understood for a number of years, however, only recently has a reason

able picture of hadron showers and the processes involved (described in the second 

subsection) been developed. The material on electromagnetic calorimetry is based 

on references [5J and [llJ - [18J. The material on hadron calorimetry is taken from 

references [7J and [19J - [28J. 

1.4.1 Electromagnetic Calorimetry 

Figures 1.4 and 1.5 show the contributions to the energy losf of electrons/positrons 

(figure 1.4) and photons (figure 1.5) for dift'erent interactions with matter. For elec

trons, the high energy range is dominated by bremsstrahlung: radiation by the elec

tron of photons due to interactions with the nuclei in matter. At lower energies 

(less than """ 10 MeV for lead), collision-type processes dominate: M{lSller (electron

electron) scattering, Bhabha (electron-positron) scattering, ionization and positron 

14 
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Figure 1.4 : Fractional energy loss per radiation length (Ieft ordinate) and per 
g/cm2 (right ordinate) in lead as a function of electron or positron energy. (Review 
of Particle Properties, April 1982 edition). 
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Figure 1.5 : Photon cross-section in lead as a function of photon energy. (Review 
of Particle Properties, April 1980 edition). 
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annihilation. For photons, the total cross-section at high energy is dominated by pair 

creation: the creation of an electron-positron pair from the photon due to the pres

ence of a nucleus (this process has a diagram equivalent to that of bremsstrablung 

and hence the cross-sections are very similar). Again, at energies less than - 10 MeV 

in lead, the Compton eft'ect (ele~~ron-photon scattering) and, to a much lesser extent, 

the photo-electric eff'ect (ionization of an atom by absorption of a photon) dominate 

the cross-section. 

In the high-energy limit, the energy 10ss due to bremsstrablung is given by [13] 

dE6rem --+ [16 NZ2e2 (z2e2)\n (233M)] "'(Mc2 dx E-oo 3 1ic Mc2 Zl/3m 
where N is the number offixed charges Ze (atomic nuclei) per unit volume, ze is the 

charge of the incident particle of mass M and m is the mass of the electron. We can 

rewrite this as 

or 

E(x) = Eoe-z / xo 

where the radiation length 

XI) = [16 NZ2e2 (z2e2)\n (233M)]-1 
3 1ic Mc2 Zl/3m 

defines the unit of length, not only for the energy 10ss due to bremsstrahlung, but also 

for pair-production, and hence for the development of the electromagnetic shower. 

It is worth noting at this point that Xo goes as In(M)/M2 , which is essentially a 

M-2 dependence. This means that for muons, bremsstrahlung (and hence showering) 

does not occur in standard calorimeters - they would have to be (in the naïve 
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picture) (::)2 ~ (200)2 = 40000 timea as thick for one to Bee the same showering 

88 one sees for electrons (ignoring other processea sucb 88 ioruzation, which of course 

one cannot do in reality). 

In the description of energy 1088 from low-energy electrons/positrons (through 

collisions with the medium), the concept of a critical energy is important. This 

critical energy Ec is defined as the energy at which energy 1088 by radiation is equal 

to energy los8 by ionization [12], that is 

dE 1 dE 1 --d (Ec) = --d . (Ec) 
X rful X Ion 

Alternatively, the critical energy is defined as the energy at which cnergy loss per 

radiation length is equal to the energy [18], ie. 

dE( Ec -- Ec) =-
dx Xo 

Another process between electrons and matter that has not yet been mentioned 

is multiple coulomb scattering: the scattering of electrons from nuclei through simple 

coulomb fields. Coulomb 8cattering does not affect the energy 108s from electrons, but 

alters their direction, and so has an eft'ect on the transverse development of showers. 

But more of this later. 

We now turn our attention to the shower produced from the incident particle. 

As has already been mentioned, thl lhowering effect arises from the interaction of 

the incident (or primary) particle with the matter of the calorimeter, producing a 

number of secondary particles which also interact with the material to produce even 

more new particles. The process continues until the particles' energies are too low 

to produce more particles, and the shower stops. The total energy lost is the SUffi of 

the energies I08t by aU of the particles in the shower, so it becomes useful to think 

of a total track length: the sum of the distances travelled by all of the electrons and 
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poeitroDI. Il we ignore lower enerl)' eft'ectl, then the lignal from muons traverling 

the detector Ihould equal the lignal produced in an electron Ihower, provided the 

total track lengths are the lame. This aIlows one to use muons to calibrate and gain 

a better understanding of one's detector. 

A variety of models have been developed ta understand the behaviour of electro

magnetic showers. The simplest of these, though unrealistic, helps one ta grasp some 

basic ideas. In this model, one assumes that alter travelling one radiation length, 

an electron of energy Eo ramates a photon of energy Eo/2 and continues on itself 

with energy Eo/2. Similarly, a photon of energy Eo pair-produces an electron and 

a positron, each of energy Eo/2, after travelling a distance of one radiation length. 

Thus we cao ignore particle type distinctions and the probabilistic nature of the in

teractions. If we have an incident particle of energy Eo, then after one radiation 

length, we have two particles of energy Eo /2; after two radiation lengths, we have 

four particles of energy Eo/4, and so on. After t radiation lengths, there will be 

N = 2' particles, each with the same energy Eo/N. This process will stop when 

the particle energy reaches the critical energy Ec: and ionization loss dominates. The 

shower thus reaches a maximum at depth tmu and then stops, with the energy per 

particle at this point being 

sa that 

t - 1 (Eo) __ ln..:...{ E.....,:o /:...-E~c:) 
mGZ - og2 - -

Ec: 1n2 

The number of particles at this point is 
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with e1ectrons, positrooslDd photons in narly equal numbere. The total track lenph 

is approximate1y 

where "0 ie the path length of particles below the critical enerl)', and the factor of 

2/3 arises !rom not counting photons. 

This model does Dot give the correct longitudinal shape of shower t but it does 

give some important general features which inc1ude a maximum that increues lOla

rithmically with Eo, a number of shower partic1es at maximum that is proportional 

to Eo, and a total track length that is proportional to Eo. 

Rossi [18] has worked out analytic descriptions for shower development using two 

sets of approximations. "Approximat;on A... neglects collision processes and Comp

ton eft'ect and uses the asymptotic formulE to describe radiation processes and pair 

production". Approximation B is essentially the same as approximation A except 

that "collision loss is described as a constant energy dissipation". These approxima

tions yield results qualitatively similar to those already derived, but with corrections 

to the general behaviour. Note that both the mst model and Rossi's models describe 

longitudinal development of the shower, but say nothing about its transverse charae

teristics (transverse being the direction perpendicular to the direction of motion of 

the incident particle). 

The best models (but not always the most useful) for shower development come 

from Monte Carlo simulations: computer programs that attempt to accurately sim

ulate all of the important processes in a probabilistic way. Longo and Sestili [161 

simulated eledromagnetic showering from photons in lead glass and found a conve-
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Figure 1.6 : Longitudinal development of photon initiated .howen, with averace 
number of charged particles (above 0.5 MeV) plotted lB a function of depth t. Plot 
(a) is for incident energy 0.7 GeV, plot (b) for energy 5 GeV. (From Longo and 
Sestili [16]). 

nient analytic form: 

where t = z/Xo, z = depth in calorimeter, and ct and {J are parameters with typical 

values 

a = 1.2840 + O. 7136 ln E 

{J = 0.5607 + 0.0093 ln E 

(E measured in GeV). The shower maximum occurs at tmG% = al f3 and the centre of 

gravit y of the longitudinal distribution occurs at l(E) = (0 + 1)1 p. The longitudinal 

spread (the standard deviation) of the shower is given by T(E) = Ja + 1/{J. Figure 

1.6 illustrates the longitudinal showerdevelopment for two energies, with both Monte 

Carlo results and the fitted function displayed for comparison. 
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The transverse spreacl of the .hower arises primarily from the .. le of brem

IItrahlung emillion and from multiple coulomb scatteriq. At lower enerlÎes, the 

latter proceu dominates. The general rule used il that for total merl)' measurement, 

the shower is contained within a cylinder of radius 

where PM = Xo(21 MeV)/Ec. 

The resolution of electromagnetic calorimeters is limited by a number of factors. 

(Much of this also applies in general terms to hadron calorimeters). First of all, any 

practical device will only be sensitive ta particles above a cut-off energy '1, 80, in 

efFect, the visible track length is only a fraction of the total track length, changing 

our earlier formula to 

Eo S= F(z)Xo-
Ec 

where F(z) = eJ'(l + z ln(z/l.56)) and z = 4.58Z,,/(AEe) [14]. There is an intrÎnsic 

limitation ta resolution arising from shower fluctuations. The maximum number of 

track segments is Nmu = E/" (where E is DOW the energy of the incident particle) 

and ~(E)/E > tT(Nmu)/Nmu. 

Because one cannot build infinitely deep calorimeters, there is a finite probability 

that e. fraction of the energy will leak out the back (or sides) of the calorimeter. 

Fluctuations in shower development (particularly in the longitudinal direction) mean 

that this leakage can give a significant contribution to the energy resolution. 

Other contributions that depend on the instrumentation can arise. For example, 

in detectors (such as the ZEUS detector) that use photomultiplier tubes to detect 

scintillation or Cerenkov light, fluctuations in the number of photo-electrons emitted 

in the phototubes can be quite significant. 
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Finally, very import8llt contribution to resolution comes from IO-called "sampllng 

fluctuations". Originally, electromagnetic ca10rimeters were built from one type of 

material (homogeneous calorimeters), with the shower development and deteetion 

processes arising from the same material. Unfortunately, materials that are good 

for detecting energy dep08ition generally do not cause showers to develop quickly 

(of'ten because of' low density). The solution for this is to have alternating layers, one 

layer of' a detecting material (called an active layer), one layer of dense material to 

cause shower development (called a passive layer), repeated the whole depth of the 

calorimeter. This type of' calorimeter is said to be "sampling", sinee only a small 

frp..ction of' the total energy is actually detected. These calorimeters can be very 

compact because the passive layer cao be quite dense. As will be seen in the next 

subsection, hadron showers develop muro more slowly than electromagnetic showers, 

so the ZEUS calorimeter, to contain both types of' showers, needs to either be very 

big or make use of the compactness provided by DU (depleted uranium) as passive 

layer· (with density ~ 20 g/cm3 ). Unfortunately, there is a component of resolution 

associated with the sampling method, again arising from fluctuations. 

If t:1E is the energy lost in one sampling step (active plus passive layers), then 

the number of' energy depositions is N = E / t::.E. This number N is govemed by the 

usual (Poisson) error, sa that the contribution to energy resolution due to sampling 

fluctuations is 

• There are other advantages in using a DU Iscintillator sampling calorimeter for hadron 

calorimetry, but a discussion of this is deferred to the next subsection. 
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but -Iii = .jE 1 ~E, 10 we have 

tI(E)=J~~=J~ 
E ~E E E 

= 3 2M ~E(MeV) 
• 70 E(GeV) 

This, as are most simple calculations, is 80mewhat naïve and undereatimates the 

error. Additional contributions come from various sources: 

- tracks result from pair produced particles and so there are oo1y N 12 independent 

track crossings for totally correlated production (giving a multiplicative factor 

somewhere between 1 and V2, depending on the correlation of pair production) 

- multiple scattering increases the effective distance in the active plane by a factor 

- 11 COS(1rPM 1 Xo) 

- visible track length is reduced to F( z)5 for" :f: 0 

Thisgives 

[(1<:)] . = 3.2%{AE(MeV) / [F(Z) cos (1r;M) E(GeV)] }1/2. 
,amplln, 0 

On top of this, the energy deposition in the active layers ftuctuates according to the 

Landau distribution giving a further contribution. In a DU /scintillator calorimeter, 

the contribution of the sampling-type errors has been estimated at a best resolution 

of - 12%lvE(GeV) [11], which can be contrasted with a high quality homogeneous 

(NaI) calorimeter that gives a resolution of - 0.3%/ VE(GeV). 

1.4.2 Hadron Calorimetry 

As has already been mentioned, we have only recently begun to understand the 

processes involved in hadron calorimetry. Unlike electromagnetic calorimetry, which 

has only two components in its showers - photons and electrons - produced in a few, 

weil understood ways, hadron calorimetry involves many types of particles produced 
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by a wide range of proceuee and which live ri. to very difFerent respoD8el in the 

calorimeter. To understand the final.ignal meaaured by one'. eleetroDÏcs, there must 

be a good understanding of all processes and a clear idea of how each one contributes 

to the measured signal. There is still some disagreement on this final issue, but the 

understanding is good enough to allow the construction of high-resolution hadron 

calorimeters. 

A hadron shower follows very roughly the pattern of an electromagnetic shower: 

the hadron interacts with the nuclei in matter, producing more hadrons (and other 

particles) which in turn interact with other nudei. The mst step of the hadron

nucleus interaction is the so-called intranuclear cascade in which the hadron collides 

with a single nucleon in the nucleus, producing other hadrons (primarily protons, 

neutrons and pions) which usually escape the nucleus to interact with other nuclei, 

continuing the showering. The second step involves the de-excitation of the nucleus, 

in which it loses the energy gained trom the collision by "evaporating" off neutrons, 

protons, deuterons and alJ:ha particles (with the emission of photons) or by under

going a fission into two smaller nuclei with the release of neutrons and photons. The 

third step of the showering process is the decay of hadrons that produces muons (that 

will themselves decay), electrons , neutrinos and photons (as weil as more hadrons). 

A final element in the showering is the "delayed neutron-capture" process in which 

photons are produced as low-energy neutrons are captured by nuclei. As can be seen, 

a wide variety of very dift'erent particles are produced with a wide range of energies. 

It should be noted that, unlike electromagnetic showers in which ail of the energy 

is carried by detedable partides, much of the energy in a hadron shower is lost in 

overcoming the nuclear binding energy for the release of the outgoing hadrons, as 

weil as in the production of undetectable neutrinos. In addition to the complication 
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of loet energy, there il the problem that the fraction that il loet varia froID ahower 

ta shower. 

The detectable energy deposit comes from a number of dift'erent mechanilms : 

1) Iomzation loues by charged partieles such u muons, pione, protooa, etc. 2) Neutra! 

piona, which can he created nea&' the bepDDÏng of the .hower with a very larp fraction 

of the energy, decay to high-energy photons which shower electromagnetically. 3) De

excitation and fission of nuc1ei produce large numbers of low-energy photons which 

have an important contribution to the signal. 4) De-excitation and fission of nuclei 

also produce large numbers of low-energy neutrons which provide one of the principle 

mechanisms for tuning the signal, as we shall see. 

Before looking at the detector response to the MOUS particles, it is helpful 

to discuss briefly the usual reference partiele, the "minimum-ionizing partiele", or 

"mip" . Charged partieles traversing matter lose energy through ionization of the 

medium. The ionization energy loss per unit length is very high for low-energy 

particles, dropping to a minimum with increasing energy and then rising slightly as 

one gets to very high energy particles (see figure 1.7). The mip is a hypothetical 

particle that has an energy loss exactly equal to the minimum of the ionization los8 

curve. A muon or pion willlose energy in a way similar to a mip, however there 

are other processes that can occur and the muon (or pion) cannot remain at the 

correct energy for minimum 10ss (sinee it is constantly losing energy). As well, the 

adual energy loss is governed by statistical fluctuations and is not fixed as for the 

mip. However unrealistic, this ideal mip provides a useful reference for comparing 

the response to particles in the calorimeter. 

ln calorimetry, one frequently refers to, for example, the elmip ratio, meaning the 

ratio of electromagnetic response to mip response. For hadron calorimetry, the elh 
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Figure 1. 7 : Mean energy 1011 through ionization for muons, pionl and protons in 
lead (Review of Partic1e Properties). 

value ie critically important. This is the ratio of electromagnetic shower response to 

hadron shower response. Because of the decay of 'f°'S to photons a significant fraction 

of hadron shower energy can go into an electromagnetic shower. If the response 

to electromagnetic showers and hadron showers is not equal, then measurement of 

incident energy will vary with the fraction of energy in the electromagnetic shower. 

Thus one seeks e/h = 1. Typically, the response to hadrons is less than that to 

electromagnetic showers, so we speak of "compensation" - boosting the hadron 

signal to reduce e/h to one. Because of the many different particles involved in a 

hadron shower, and the very difFerent responses that they induce, the task of getting 

e/h = 1 and obtaining the best possible resolution is far from trivial. 

We begin by going back for a second look at electromagnetic showers. It has long 

been known experimentally that electromagnetic showers give a signal in sampling 

calorimeters less than that due to an equivalent track length of minimum-ionizing 
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partic1es, that is, tlmip < 1 (a typical "ue i. tlmip lItS 0.6). This hu traditiODaIly 

hem caIled the "traDIÎtion eft'eet", siDee it wu thoupt to arise from the boundary 

between layera of dift'erent Z (atomic Dumber). Brückman et al have proposed a 

new Dame - the "migration eft'ect of "Y-energy" - to more accurately repreaent the 

cause of this signal suppression. At the end of an electromagnetic shower, there is a 

very large number of low-energy photons - enough that their total enern i. quite 

signiftcant. The dominant process at these energies (E'Y < 1 MeV) i. the photo

electric efl'ect. The cross-section for this mechanism is proportion al to Za t whereas 

the cross-section for ionization is proportional to Z. Because of the large dift'erence in 

Z between active and passive layers, these photons will interact essentially ooly with 

the absorber atoms (passive layer). The photo-electron produced by the interaction 

can only travel of the order of tens or hundreds of microns (depending on it. energy), 

so for it to contribute at all to the signal, the interaction must occur close to the 

boundary between passive and active layers. The value of e/mip can be tuned to 

some degree by vuying the thickness of the passive layer, as weil as the thickness 

of the active layer. The e/mip value can be reduced (for very high-Z absorbers) by 

inserting a low-Z foil between passive and active layers. This foil prevents photo

electrons from travelling from the p8bsive layer (where they are produced) to the 

active layer (where they are detected). 

The third type of particle mentioned is the low-energy photon, generally pro

duced in nuclear de-excitation or fission. Although a significant fraction of the to

tal energy is carried by these particles, they suffer from the same suppression as 

low-energy photons from electromagnetic showers. Before any theoretical under

standing of hadron calorimetry came about, it was found experimentally that ura

nium/scintillator calorimeters gave the best resolution and came closest to achieving 

eth = 1. This wu thought to come from the addition of fission to the processes, 
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however Leroy et al [24] have found that the Dumber of fissions is leu tbao wu pre

viously usumed, and the signal from tbe Duclear 1'S is significantly reduced (with 

,/mip as 0.4). 

We now come to the crucial element of hadron show ers for calorimeter responae: 

the low-energy neutrons. These neutrons carry a very large fraction of the total 

energy, and yet are not directly detectable themselves (being neutral, they do not 

ionize the medium). The neutrons do interact with the nuclei, producing low-energy 

,'s, but these do not contribute very strongly to the signal, as we have seen. The 

saving factor is the use of hydrogen-containing material (such as plastic scintillator) 

in the active layers. When neutrons scat ter from m08t nuclei, they do not lose much 

energy because the recoil nuclei are 80 much more massive than the neutron. However, 

hydrogen nuclei are just protons - approximately the same mass as neut!ons. When 

neutrons scatter from protons, they lose much of their energy, and produce recoil 

protons that deposit almost all of their energy as ddectable signal (sinee these protons 

are in the active layer). The low-energy neutrons travel through the passive layers 

almost without energy loss, but lose a very large fraction in the active layers. There is, 

however, partial suppression of this efFect in scÎntillator because the ionization losses 

of the recoil protons are 80 high (see the low energy region of figure 1.7) that they 

saturate the scintillator according to Birk's law [7]. The end result, though, is that 

the eth value can be tuned by varying the relative active/passive layer thiclmesses. 

Increasing the thickness of the passive layer reduces e/mip sinee a smaller fraction 

of the energy is sampled, but leaves n/mip more or less unchanged sinee almost all 

of the reeoil energy deposition is in the active layer. 

There is an additional element of tuning that comes from the delayed neutron

capture. The low-energy photons emitted by this process appear over a long period, 
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&iviog the lipal a long tai!. By varyinl the sate width OYe!' which one meuures 

silllal, one can include more or leu of thi. signal, increasins or decreuiq n/mip, 

with its consequent eft'ect on elh. 

Wolf [7] illustrates the tUDÏng of el h through a nice, over-simplified calculation. 

The badron energy is distributed through four mechanisms: 1) ",0 decay (energy 

El yielding signal Ge(EI », 2) charged hadrons (energy E2 yielding signal G~(E2) 

through ioDÏzation losses), 3) luw-energy neutrons (energy E3 yielding signal Grec(Es) 

through recoil protons), and 4) invisible energy in tbe form of binding energy (energy 

E4 with no signal yield). The signal from nudear ")"s is neglected (and the energy 

included in E,,). 

We assume that the pulse height is proportional to E, that is Gi(E) = g.E 

(where i = e,z, rec), and that the energy of the neutrons is proportional to the 

binding energy losses, or E3 = aE". Finally, we assume that all of the energy goes 

into the four components : E = El + E2 + E3 + E". 

We then have 

h GIa(E) geEt + gzE2 + grecE3 - = - :..;;.....:.....--=.~~..=...;.~...;. 

e Ge(E) geE 

= E - E2 - (1 + !) E3 + gz E2 + grec E3 
E ge E ge E 

= 1- [1 - gz] E2 _ [(1 + !) _ grec] E3 
ge E a ge E 

We now make an only approximately true assumption : that pulse heights from 

electrons and from hadron ionization los ses are equal, so that gz = ge' This gives 

~ = 1 - [(1 + !) _ grec] E3 
e a ge E 

To get el h = 1, we need 
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1\miDI 01 grec/,. can he done by varying the ratio of widths of active and passive 

layera. 

The resolution of a DU /scintillator calorimeter with elh = 1 is given as the sum 

in quadrature of an intrinsic resolution and a sampling resolution : 

a(E) 22% 0.09v'~E(1 + lIN, • .} 
"E= .fEœ ~ 

where E is in GeV, AE (energy loss per layer) in MeV and N,. is the number of 

photo-electrons seen by the phototube (this term arises from statistical fluctuations 

in the light measurement of the phototubes). For a typical calorimeter this leads to 

a resolution of a(E)/ E = (33%-35%)/v'Ë. 

Traditional, non-compensating calorimeters achieve best resolutions of approxi

mately 60%/../Ë. As well, these calorimeters do not have resolutions that scale as 

JE - for high energies, the resolutions do not continue to improve. Furthermore, 

these calorimeters are not very linear as a function of energy - a rather important 

aspect of calorimetry. 

There have been attempts to improve the resolution of non-compensating calori

meters byestimating the fraction of energy deposited through ?r0 decay (the electro

magnetic fraction), and performing an ofF-line weighting. Despite the practical diffi

cult y of reading out separatelyevery layer of the calorimeter, the CDHS collaboration 

did this with sorne success (see figure 1.8), but their signal was still not linear with 

energy (see figure 1.9). The results from the HELIOS compensating DU Iscintillator 

calorimeter are much better (see the same two figures). The resolution continues to 

improve with energy, down to 2.8% at 200 GeV (at this point the contribution of 

noise in the electronics becomes significant), and the signal is linear with energy. 

The success of these ideas has been the construction of a eompensating !ead/ scint-

illator calorimeter by the ZEUS group (test 36 (10)) with eth = 1.05 ± 0.04 for 
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weighting procedure, and for the HELIOS DU jscintillator compensating calorimeter 
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1 3 .. -1 .. 1 Z • 1 ' 1 
> 
.! 1 0 , 
'li 

.t 0 9 

o • 

SIGNAL LtmARITY fOR Il" ·DUfCTIQN 
12 CDHS 1fi/IClfttlllilori 
• CDHS I.ftlr off-hnl .llghllngl 
• HELIOS (I·U/ICHlhllltorl 

10 so 100 
E. (CiIVI 

200 

Figure 1.9 : The signaljenergy ratio as a function of energy for the cnus (open 
circles and crosses) and HELIOS (closed cirdes) calorimeters [19]. 
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E > 10 GeV aud illE = (44.2 % 1.3)'KJI../Ë. Despite thi, .Ucœ8l, there ie still 

IODle contention that thi. picture is not entire1y correct. Some of the difIlculties 

arise from worimeten with liquid argon &1 detector that ahould not beneflt from 

compensation due to recoil protone. This in general has been the experience, but 

Fesef'eldt [22) indicates that a DU lliquid argon calorimeter bu been built that does 

have good resolution and eth ~ 1, and he attributes this to otber proeesses. Deapite 

any controversy that may exiat, there remaina the ali-important fact for our purpoees : 

it is possible to build high-resolutioD hadron calorimeters that meet tbe requirements 

for the ZEUS detector. 
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Chapter 2 - The Prototype Calorimeter 

2.1 Tbe Hiatory of ZEUS Prototype Calorimetera 

The design of the final ZEUS prototype calorimeter wu not reached before much 

development work had been done [1], [2]. Uranium/scintillator calorimeten have 

been developed by MOUS groups, including two CERN experiments: HELIOS and 

WA78. The first ZEUS test calorimeter was an extension of the WA78 work: test 

WA78/HERA [3]. This has been followed by three more ZEUS tests: test 35, 60 

(including three calorimeter set-ups - A, B and C) [4] and 36. These tests were 

concurrent with the development of hadron calorimetric theory, providing evidence 

to support (or refute) ideas, as well as being guided by the theory (principally tbe 

ideas of Wigmans [5] and Brückman et al [6]). The following sections outline the 

nature and results of the mst three ofthese tests. The last one (test 36) involved the 

construction of a compensating lead/scintillator calorimeter that achieved a hadron 

energy resolutionof {T1l/E,. = (44.2±1.3)%/v'E and an eth = 1.05±0.04 for E > 10 

GeV, providing confirmation of some predictions of the theory. 

2.1.1 Te." WA78/HERA 

This calorimeter consisted of two parts: an electromagnetic section with 1.5 mm 

DU (depleted uranium) plates and 4 mm plastic scintillator plates, followed by, in 

the longitudinal direction (direction of showering), a hadronic section with 10 mm 

DU and 5 mm plastic scintillator plates. The hadronic section was read out at 0.45~ 

segments (~ = absorption length which describes the sbowering depth) - contrast 
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with the prototype whim is read out by 3l eep1ents - and the calorimeter had a 

total depth of 5.2l. An iron backinl calorimeter was used to detect leabp throu&h 

the DU/scintillator calorimeter. 

The calorimeter was tested with beama of electrons, hadrons and muons in the 

energy range 5 to to 210 GeV. The principal result was an elh ratio of 0.8, that is, 

over-compensation (arising from too much DU to scintillator). This helps demon

strate tUDÏng of elh by varying relative scÎntillator/DU thickness. As weU, the signal 

integration time was varied, with a corresponding change in el h arising from the slow 

neutron component in the showers. Finally, the fine, longitudinal segmentation of 

the calorimeter allowed measurements of the longitudinal energy deposition of hadron 

showers, which has been important in understanding leakage and in optimizing the 

depth of the final ealorimeter. 

2.1.2 Te.d 95 

This test reduced the amount of DU to bring el h closer to one. The DU thickness wu 

3 mm and the scintillator thickness was 2.5 mm. Three modules from HELIOS were 

re-stacked to have a tower configuration similar to that of the final ZEUS forward 

calorimeter. Towers were 20 cm x 20 cm in the transverse dimensions, read out by 

WLS (wavelength shifter) bars with no longitudinal segmentation over the 4.2.\ depth. 

To achieve a uniform readout along the calorimeter depth, the WLS was baeked by 

aluminum foil of Yarying reftectance (done by blackening the foil appropriately) to 

compensate for absorption of light in the WLS (that is, low reftectance near the 

readout end of the WLS, and high reflectance at the other end). This technique is 

DOW used for the prototype. 

Data for this set-up was taken at a lower energy range: 3 - 9 GeV. An el h ratio of 

1.08 was attained giving an energy resolution for hadrons of 33.7%1../Ë. Deviations 
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from Monte Carlo predictions were COD8iltent with enerl)' 1018 tbroup leabp ad 

with iDhomopaeitiea iD the reac:Iout. AI well, el" tWill wu apiD doue by YU')'ÏDI 

the signal intep'ation time. Finally, the apal reeolution wu found to ecale with 

1/../Ë, and the a1inearity iD mean pulse height wu lesl than 1.5% for hadrone. 

2.1.3 Te." 60 

This test consisted of three difl'erent set-ups, the tirst two (A and B) hein, ura

nium/scintillator calorimeters, and the third (test T60C), a lead/lcintillator calorime

ter. Each calorimeter consisted of a number of 60 cm );< 60 cm (transverse dimensions) 

modules, one behind the other, giving longitudinal segmentation. In one transverse 

dimension, the scintillator was divided into 5 cm strips so that some information on 

the transverse development of showers was available (allowing estimation of the side 

leakage). 

The modules for test T60A consisted of plates of 5 mm thick sclntillator and 3.2 

mm thick DU plates, giving a module depth of 1.1..\. Four of these modules were 

used with a total depth of 4.4..\. T60B modules were construded using the same DU 

plates as T60A, but with scintillator plates that were only 3mm thick. More layera 

were used in the T60B modules, with a module depth of 1.5..\. Again, four modules 

were u8€d, but with a total depth of 6.0.\, and one of the T60A modules was used as 

a backing calorimeter to measure longitudinalleakage. 

Test T60A wu done using electrons and hadrons in the energy range 3 - 8.75 

GeV, whereas test T60B was done with energies 10 - 100 GeV. Tnere were three 

stages to test T60B, t.he mst as already described, the second with a graded grey 

filter introduced between the scintillator and the WLS (the Ught was attenuated in 

the WLS, as mentioned for test 35, and this filter helped compensate for this fact), 

and the third part involved the wrapping of the DU plates with 0.2 mm stainless 
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Figure 2.1 : Resolutions (tTIVE) at NIO GeV for the various test calorimeters as a 
function of the ratio of DU to scintillator thickness. 

steel (this wrapping, or cladding, provides important structural advantages, improves 

saf'ety - an important consideration for the final calorimeter - and helps reduce 

the efFect of the natural uranium radioactivity). 

Test T60A had the worst resolution and el h ratio (the scintillator was too thick) , 

giving t7IE N 39%1..fE and elh l'V 1.07. The three T60B tests have their best results 

in the third part, with a resolution of 34.1 %1..fE œ 1.3% (œ means add in quadrature) 

and an elh N 1.02. 

The tests all give information on how one can tune elh and demonstrate that 

the desired resolution is attainable (see figure 2.1). They also provide important 

information on the influence of various parameters on performance, including leakage, 

readout inhomogeneities, signal integration time, stainless steel cladding of the DU 

plates, etc. This leads us to the final design for the calorimeter and the construction 

of a prototype. 
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2.2 Tbe MecbaDical neallD and St.cld. 

The forward calorimeter of the ZEUS detector is approximate1y circular iD the trans

verse dimensions (perpendiculw to the beam direction), with a radius of 230 cm. 

This shape is created from rectangular objecta by subdividiq the ca10rimeter ioto 

vertical strips, or "modules", 20 cm wide, witb heipta tbat VU')' !rom 480 cm at 

the middle to 230 cm at the outside (aee &pre 2.2). Thete modula are then di· 

vided into 20 cm x 20 cm towers, read out at three depths. In this longitudinal 

direction (the direction of incoming particlea), we bave fint the EMC (electromag

netie calorimeter) with four adjacent 5 cm x 20 cm towers, or "strips" fot GVery 

20 cm x 20 em tower to give a better position resolution (each with a depth of 25 

DU/scintillator layers = 0.960~ = 25.9Xo - every layer is approximately one radi

ation length thick). This is followed by two successive hadron calorimeter sections, 

HAC1 and HAC2 (each with 80 DU/scÎntillator layers = 3.09~). The total depth is 

185 DU/scintillator layers = 7.14~. The final segmentation as seen from the inter

action point is given in figure 2.3. A eut-away view of one module is shown in figure 

2.4. 

As a consequence of the tests and calculations done, a DU plate thickneas of 3.3 

mm with scintillator plates of 2.6 mm was chosen. The DU plates are clad with 0.2 

mm thick stainless steel (for EMC), or 0.4 mm thick stainless steel (for HAC towers). 

These plates are held apart by small tungsten carbide spacers, with size chosen to 

optimize the balance of meehanical support (ca11ing for large spacers) and physics 

requirements (calling for small spacers to minimize the dead space caused by their 

presence). These spacers are placed every 20 cm, at the separation between towers 

(see figure 2.5). The stack of DU Iscintillator is held to a supporting spine (which 

contains the phototubes and their shielding) by stainless steel straps tensioned over 
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Figure 2.2 : Front view of Corward calorimeter Ihowing module segmentation and 
contours oC constant depth in .\ [1]. 

Figure 2.3 : Front view of Corward calorimeter &1 seen Crom the interaction point 
Ihowing tower segmentation [1]. 
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Figure 2.5: Diagram of the positioning of EMC scintillator and of the tungsten 
carbide spacers in a layer. 

an aluminum front plate. The top and bot tom of each module is supported by a 

steel box beam, called a "C-arm" or "C-leg", fastened to the DU plates and to the 

backspine. This strap design was chosen over a tension rod design (with rods running 

through the plates holding the stack together) because the rods give more dead space 

than spacers, and they would require the drilling of holes in the uranium plates (this 

difficult and not entirely safe operation would also mean that the cladding would not 

constitute a hermetic seal, one of its most desird.ble features). 

The prototype calorimeter consists of four modules, each of which has only four 

towers, thus forming an 80 cm x 80 cm square. Apart from this, it has essentially 

the same design as the final calorimeter, and so assembly techniques can be tested in 

the prototype construction. The assembly is non-trivial since design tolerances are 

fairly tight, yet DU plate thickness varies significantly from plate to plate (plus or 

minus about 0.2 mm). This requires careful selection of plates, a precision stacking 
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machine witb the capabilityof meuuring Imall variations in stack hei,hl, and the 

ability to compensate for these variations by using spacera of dift'erent tbickneuea to 

prevent systematic errors from building u.,. 

The four prototype modules were stacked at York University in Toronto, Canada, 

in the fall of 1987. The stacking wu done so that horizontal DU /scintillator plates 

were placed one on top of the other - that is, tbe calorimeter wu upended, as 

though incident particles arrive from above. The backspine wu bolted to a "pallet" 

whicb moved up and down on four ball-screws and two Thompson bearings, white 

DU /scintillator plate assemblies (complete with spacers) were lowered onto it by 

means of a delivery mechanism guided by Thompson bearings. Digital encoders 

on each ball-screw gave precise position measurements for the stack, and combined 

with measurements !rom compressing hydraulic cylinders at the top of the stack, 

allowed accurate calculation of stack height at each spacer column, and thus enabled 

corrections through the appropriate choice of spacer thickness. A photograph of a 

nearly completed module is given in figure 2.6. 

Once the stacking was complete, the module was compressed while C-arms were 

attached, the optical system (WLS usemblies) was installed, and the straps were put 

in place, keeping everything firmly fixed to the backspine. This design allows a single 

strap to be removed for local repairs or adjustments to the module without the need 

for complex or heavy machinery. 

2.3 The Optical Readout 

We now tum to the problem of the optical readout system, and how the light created 

in the scintillator is carried out of the calorimeter stack to the photomultiplier tubes. 

The specifications of the detector demand very uniform light output and very little 

attenuation of the light, requiring a very high quality optical system. 
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Figure 2.6 : Photo of the stacking machine, &8sembling the first forward calorimeter 
prototype [1]. 

44 



............. 1 •• 

DU/Scint 
ItcIclc NCId 
outbyWLS 

Light guid .. 

Phototubt. 

• 

Figure 2.7 : An illustration of the optical readout system. The expanded view 
illustrates how sorne of the light created in the scintillator propagates by total 
internai reflection to the edge of the module where it excites the dye in the WLS. 
Sorne of this light is carried to the back of the calorimeter and is directed onto the 
face of a phototube by a light guide. 

The optical readout is illustrated in figure 2.7. The light from the scintillator 

plates is carried by total internai reflection to the two sides of the modules where it is 

absorbed in bars of WLS (wavelength shifter) that run the length of the calorimeter 

(in the direction of incoming particles). Light is re-ernitted at a longer wavelength 

(primarily green light), sorne of which is carried to the back of the calorirneter by 

total internaI reflection and directed onto the face of a phototube by a light-guide. 

Figure 2.8 gives the absorption and emission spectra for Y -7, the active dye in the 

WLS, along with the emission spectrum for the scintillator SCSN-38, and the spectral 

sensitivity of a tri-alkali phototube cathode. The use of the WLS bars means that 

the light is re-directed perpendicular to it'S original path without loss of space, but 

at the cost of sorne efficiency. 

Each HAC section or EMC strip is read out by two WLS bars, one on each si de 
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of the module. This &ives a total of twe1ve phototubes pel' tower (four EMC Itrip. 

and two BAC eectioDl). The EMC WLS ban are 5 cm wide, Uld the BAC WLS 

bars are 20 cm wide, each expoaed only to the Icintillator plates of its OWD aection. 

A problem of uniformity arises !rom the fact that both the scintillator and the 

WLS attenuate the light that passes through them (the mean attenuation length is 

of the order of 50 to 100 cm). This means that the respon8e to the same amount 

of light created at diff'erent positions will be dift'erent. For example, light created in 

the scintillator near the edge of the module will be less attenuated than light created 

farther from the edge. Likewise, light created near the back of the calorimeter will be 

less aUenuated in the WLS than light created at the front of the calorimeter (which 

must travel the whole length of the calorimeter). 

As has already been mentioned, it is possible to overcome this problem by the 

use of a reftector on the back of the WLS, and by an ultra-violet reflecting paper 

wrapped &round the scintillator plates. The refledance from this backing increases 

the total signal so one can make the response uniform by blacking out the reftector in 

those regions where the normal signal is high - the result should be that low signals 

are boosted by the reflector, but high signais are not boosted because the reflector 

has been blackened. An example of the reftector pattern is given in figure 2.9. The 

influence of this reflector pattern cao be tuned by varying the doping of the WLS. If 

there is higher doping, all of the light is absorbed on the first time through; if there 

is low doping, then a significant &nlount of light will pass through the WLS to be 

reftected. Additional compensation can be achieved in the WLS (which is read out 

at only one end) by adding a reftedor to the end away from the readout. 

One problem that has plagued devices that use plastic scintillator Cor detection 

is that the plastic tends to yellow with age, especia1ly when exposed to radiation. 
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Figure 2.9 : Correction pattern printed on scintillator wrapping to achieve unifor
mity. Note that the pattern is duplicated, above and below, giving the reftedor for 
both si des of the scintillator [1]. 

This is a concern for ZEUS sinee the deteetor i~ exposed to much radiation: the 

beam passes through the core of the calorimeter and can emit very large amounts of 

radiation, and the uranium within the calorimeter emits its own natural radiation. 

The problem of massive beam radiation has been partly avoided by building the 

calorimeter in two halves which ('an be retracted from the beam line while beam 

development or injection is taking place (it is during these times that most radiation 

damage is caused). Members of the ZEUS group have found no significant difFerence 

in aging between scintillator plates exposed and not exposed to DU radiation. 

The last stage of the optical readout is the photomultiplier tube. This consists 

of a photo-cathode that emits electrons (called "photo-electrons") when struck by 

photons, converting a light signal to an eleetric signal, then a series of dynodes of 

increasing voltage ending at an anode where an amplified signal is measured. At 

each stage, the electrons are accelerated by the electrie field until they strike the 
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dynode, releasing even more electl'Olll which are acce1erated in the nat Itap. The 

multiplicative eflect gives many more electrolll at the anode than oripnally left the 

photo-eathode. Although phototubea are very leDSitive to even an extreme1y minute 

amount of light, their output is &1so very sensitive to chanles in voltap, external 

electric or magnetic field, temperature and a number of other factors. 

A variety of dift'erent phototubes have beeD investigated, testing important prop

erties such as curreDt amplification (total gain over all of the stages) as a funetion of 

high voltage, dark current (current measured with no light input) at a given current 

amplification, linearity of response and dependence of gain on level of background 

light. Two types of Philips phototubes were selected for the prototype - the XP2081 

for the HAC towers, and the XP2972 for the EMC towers. Both types of phototube 

have circular photocathodes - the XP2081 with radius 32 mm, and the XP2972 with 

radius 23 mm. 

The sensitivity of phototubes to magnetic fields has led to one further design 

element. Because the calorimeter will be inside the ZEUS magnet, serious deteriora

tion of phototube response can occur. To protect against this, magnetic shielding for 

each phototube must be provided. Calculations and measurements of magnetic field, 

phototube sensitivity and shielding metals have been done, and the current design of 

the shielding has been incorporated into the prototype, even though it is not needed 

for the principal tests (these tests are not done in a magnetic field). 

2.4 Calibration Systems 

An essential component in the construction of high-resolution devices is good calibra

tion. Basically, calibration is determining how to relate the individual measurements 

from one's electronics to each other first of all, and secondly to some absolu te scale 

that has more general meaning. In the ZEUS calorimeter, these individual me&-
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.urements are charge meuurement. in an arbitrary .cale from aU of the phototubes. 

Depending on the voltages applied to the photomultiplier tubes, they will give dif

ferent output for the same amount of light, 10 one of the tub of calibration i. to 

equalize this output. This cao be done both at the hardware level, in the amount 

of charge emitted by the photomultiplier, to facilitate online use of data (either for 

triggers or for immediate results), and at the software level, in the numbers used 

for energy calculation. The second task is to relate the arbitrary scale used in the 

measurements to the energy of the incident particle (generally measured in Ge V). To 

take advantage of the 35%/...tE resolution of the ZEUS calorimeter (which becomes 

3.5% at 100 Ge V), the individual channels must be calibrated to better than 2%. 

Calibration is generally divided into two steps. The first step involves an immedi

ate calibration, allowing energy measurement to the required accuracy. This is often 

done with particle beams - seeing how the device responds to electrons, hadrons 

and muons of known energies and correcting the output to give these energies. The 

second step is a long-term one: monitoring the calorimeter response &fter or between 

visits to the beam and correcting for any changes. It is helpful if one can pinpoint the 

particular component of one's device that has changed, and this requires a number 

oC calibration systems that test different stages of the calorimeter. Because these 

systems have to be in place while the calorimeter is operating, they must be worked 

into the design, and so we discuss them here. Most work is ongoing and for purposes 

of calibration, the prototype calorimeter is not a true prototype, but rather a test 

bench. 

The natural radio-activity of the uranium gives a uniform irradiation of ail of the 

scÎntillator plates, leading to a continuous background "glow" from the calorimeter. 

If one integrates signal for long enough (for example, 10 J's, as compared to 100 ns for 
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normalsignals), one gets an average measurement for ail of the platee of the tower he

ing investigated. This provides a simple way to ca1ibrate the whole ea1orimeter, from 

scintillator to electroDÎcs without requiriq any .pecial modifleatiODI to the calorime

ter design. One special consideration is plate cladding: the thicker the .tlÜnlea steel 

dadding, the smaller the UNO signal (uranium noise, as tbis type of lignai i. called). 

For the EMC strips, with narrower and fewer scintiUator plates, this May he problem, 

reducing the UNO signal to a point where it ie 80 much smaller than normallignals 

80 as not to be useful. Other limitations to this calibration method, especially when 

used for equalizing channel outputs, include non-uniformities between towers. Vari

ations in optical readout from tower to tower, as weil as variations in scintillator and 

DU plate thickness can affect the relative response of the cnlorimeter to UNO and to 

partides. That is, calibrating with one May not give the same result as calibrating 

with the other. This requires that great care be taken in the construction of each 

module, with very small tolerances in the structure. 

The UNO measurements look at the average behaviour of the whole calorimeter 

system, from scintillator plates to optical readout to phototubes. If changes do occur, 

or there are non-uniformities in the system, then it is important to understand where 

and why they occur. To determine this, one needs other calibration systems, which 

also provide an important redundancy. One such system uses high-intensity, radio

active "Y-sources: cobalt-60 sources that emit photons of energies 1.1 MeV and 1.3 

MeV. A source of intensity '" 40 MBq will give a signal that is about double that 

due to UNO. These sources can be run the length of the calorimeter through tubes 

along the WLS bars and irradiate only a very small region at a time (the range is of 

the order of 1 cm from the source), and so can give an indication of the response of 

the calorimeter at different depths. This allows one to check for non-uniformities in 

the WLS readout and look for decreasing attenuation length as the WLS ages. One 
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Figure 2.10 : Diagram ilJustrating attenuation length measurement using a sOCo 
source. A radioactive particle from the source excites the scintillator, causing the 
emission of light. There are two paths for this light, one of which must go all the 
way through the scintillator. Note that this dilL!ram is not to scale: the scintillator 
plates are in reality 20 cm wide and only a few millimetres thick. 

can also look for changes in scintillator attenuation length (a concern due to the high 

radiation levels) plate hy plate by measuring the signal on the side of the module 

away from the source. The light must travel aIl the way through the scintillator 

plate to he measured on the other side, so a decreasing attenuation length will give 

a smaller signal (see figure 2.10). 

A variety of design problems arise from this system, dealing with source length 

and automation of the source delivery system. These have not been resolved for the 

prototype, and the source tubes extend straight out of the hack of the calorimeter, 

requiring manuaI manipulation of sources. Some source testing has been done, but 

those results are beyond the scope of this thesis. 

The final calibration system injects light pulses through the light-guides onto 
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Figure 2.11 : Schematic of a Iight flasher calibration system [1]. 

the phototubes, allowing separate calibration and monitoring of the light detection 

system. A schematic of one such system is given in figure 2.11. Ultraviolet light from 

a nitrogen laser is shifted to blue light, either through a block of scintillator or a dye 

laser. This light is carried to all of the calorimeter modules by optical fibres which 

illuminate a ftask of WLS followed by an optical diffuser that produces a diffused, 

green light of the same wavelength and time structure as that produced in the WLS 

bars by real showers. The green light is carried to each light-guide by more optical 

fibres. LED's (light-emitting diodes) on each module provide a second source of 

light. The light in the system is monitored, both at the first distribution stage by 

phototubes and photodiodes, and on each module (the second distribution stage) by 

photodiodes. 

This system is quite versatile and allows for a number of tests. First of all, it 

allows monitoring of the gain of each phototube, checking for drifts in voltage. It 

aIso allows testing of tube parameters, including the linearity of tube output over 
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the whole operatins ruse (the luer output cao be attenuated by neutral deosity 

filters), and the sain u a function of background illumination (a constant, or D.C., 

light level gives thi! background). 

For best performance, aU tubes should have approximately the same level of 

light. This puts stringent requirements on the optical system. At each distribution, 

the fibres should all receive a similar &!Dount of light, 80 careful light diffusion and 

fibre-face polishing is important. As well, bends in the fibres cause ligbt I08S - all 

the fibres must have the same length and the same bends, and must be fixed to keep 

the light 1088 constant. A further difticulty is instabilities in the light source output. 

Not only does the laser have 5% fluctuations from pulse to pulse, but it tends to 

drift with time. Careful monitoring by phototubes and photodiodes is essential. To 

provide a reference signal, an americium source embedded in scintillator is fuced to 

tbe face of one of the phototubes, giving a well understood ligbt output to whicb one 

can compare laser output. 

It is hoped that between these systems, the calorimeter response can be monitored 

sufliciently weil to maintain a calibration of bet ter than 2% over the years of operation 

of the ZEUS detedor, 80 that the expensive and time-consuming operation of re

calibrating modules in particle beams can be aveided as much as possible. 
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Chapter 3 - Bearn Tests 

3.1 General Set-up 

In November and Deeember of 1987, the first tests on the forward calorimeter pra

totype were done in the T7 particle beam at the CERN proton synchrotron (PS) in 

Geneva. The primary beam of 28 GeV jc protons collided with a target to provide a 

seeondary beam of negatively charged particles that eould be tuned to specifie ma

menta in the range 1 to 10 GeV jc. These particles included hadrons (mostly pions 

plus a few exotic particles sueh as kaons), electrons and muons. Because the PS beam 

supplies particles for a variety of purposes, our experimental area received particles 

for only one second out of every thirty. 

The prototype calorimeter was mounted on a solid metal framework, referred 

to as a "table", that allowed movement in the two transverse dimensions (vertical 

and horizontal). A precise electronic scale provided vertical position information 

and a rougher mechanical scale provided horizontal position (accurate to the nearest 

millimetre). Since the scale of the smallest features of the calorimeter are of the order 

of one centimetre, a millimetre accuracy is more than adequate. 

Because of a tight construction and testing schedule, not all of the prototype 

modules were immediately available for testing. The first tests (in November, 1987) 

were done with only one module, allowing the important task of getting all systems 

into working order, and giving preliminary results for electrons (electron showers are 

fully contained by one module). A few weeks later (early Deeember, 1987), module 
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two, and then module three, wu aclded ta the flrat IÏviDl a complete ca10rimeter 

able to cont&ÏD hadron showers u weil as electroD ahowen. The In&l module wu 

not ready for thoee tests, but hu IÎDee completed the quartet. The reeults siven 

iD chapter four come primarily &om the tests in early December, 1987, with two or 

three modules in the beam. 

The Iight-flasher calibration system was &110 partly inatalled, with a second-lem 

distribution box mounted on each module. This aIIowed tests with both the LED 

source (flashing or at a comtant Iight level) and the nitrogen luer. 

The particle beam could be controlled by chaging the currents in a number of 

bending magnets and the settings of a few collimation slits. This enabled one to select 

both particle momentum and beam size (as well as allowing special configurations to 

raise the relative &action of muons in the beam by blocking other particles). Particle 

passage was detected by a trigger made up of scintillation counters and Cerenkov 

counters in front of and behind the calorimeter. Tbis system is described in detail in 

the next section. 

The signais from the calorimeter channels were delayed by sending them through 

long cables. A VME-based computer read them out through ADC's (Analog-to

Digital Converters) in CAMAC crates. A full description of the readout and elec

tronies will come in section three of this chapter. 

3.2 Beam '!'rigger and Particle Identification 

A schematic diagram of the trigger counters is given in figure 3.1. The counters 

labelled "Bn" (where n is 80me digit) are scintillation counters: plates of plastic 

scintillator fixed to phototubes. These counters are used simply to mark the pusage 

of a partiele through the scintillator plate. Two of them placed in a line (for example, 

BI and B2) will give simultaneous signais when a beam partic1e passes through them. 
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Figure 3.1 : A schematic diagram of the trigger counters. Counters labelled "B" 
are scintillation countersj those labelled "C" are Cerenkov counters. Counter B3 is 
a finger counter and B4 is a halo counter. See text for more details. 

The counter B3 is a "finger counter": a very narrow counter (0.5 cm wide) that allows 

one to select only the particles at the centre of the beam, giving a better position 

resolution. eounter B4 is a "halo counter": a large plate with a hole in the middle. If 

there is a signal, then the particle has missed the hole or another particle accompanied 

the triggering particle. Used in conjunction with BI, B2 and B3, one looks for no 

signal in B4 to trigger a reading of the calorimeter output (that is, only when a 

single particle travelling in the correct direction, along a narrow path, enters the 

calorimeter ). 

The counter B5 allows identification of muons. Since it is behind the calorimeter, 

it will only fire (at the same time as BI and B2) if the particle travels right through 

the calorimeter. In general, the only detectable particle to do this is the muon. A 

further counter, B6, is placed alter a thick piece of iron, enabling one to look for 

muons above a certain energy (low energy muons would stop in the iron). This 
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counter wu DOt UIed iD the muon ruD8 taken on tape (au muODl were iDitiaUy 6 

GeV, 10 low '3Derg ODes were not a problem). 

The counters Cl and C2 &l'e Cerenkov counten. The speed of Iisht, tI, in matter 

is generaUy less than c. When a charged pariicle passee through that matter with 

a velocity geater than Il (but leu than c), a light wave il emitted, analolOuS to 

the bow wave of a boat passing through water or the shock wave of a luper80nic 

aireraft. This is called Cerenkov radiation. The angle, frequency and intensity of 

this radiation depend, for a given material, on the velocity of the particle (Bee, for 

example, Jackson [1], pp. 638-641). The Cerenkov caunters exploit this phenomenon 

to distinguish between particles of different masse The counters each consist of a long 

pressure tube filled with C02 gas and a phototube at the end. When a particle witb 

velocity above the speed of light in the gas passes through the counter, a signal is 

measured. Since all particles have the same momentum p, the lighter ones will bave 

a bigher velocity, Il = pelE = pl.Jr + m2c2. The pressure of the gas cu be varied 

to change the speed of light in the medium, allowing one to differentiate between, for 

example, Iight eledrons and much heavier pions at a given momentum. Additional 

information can he obtained from the pulse height, since this is a function of speed, 

and hence particle masse 

The trigger electronics is illustrated in a schematic diagram in figure 3.2. Signals 

!rom counters BI and B2 are logically ANDed to define a beam particle. Note that 

signal B2 is split 50 that its size can be measured by an AOC. A scalar (a device that 

counts signals) keeps track of the number of beam particles. B1·B2 is ANDed with 

B3 and B4 ( - means "NOT" - no signal in B4) to get only particles in a narrow 

path. The next levE:I of the trigger is for particle identification. Because hadrons 

provide the main constituent in the beam, the hadron trigger is just a beam particle. 
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Fisure 3.2 : Schematic diasram of the triger electronics. Note that counters 86 
and Cl are cabled up, but not used in the triMer. 

Muons are identified by a signal from counter B5 (behind the calorimeter). Note 

that because there are 80 few muons in the beam, the constr&Ïnt of counters B3 . B4 

is removed, allowing all beam muons to be measured. Electrons are identified at the 

trigger level by a signal from Cerenkov caunter C2. The signais from both Cl and 

C2 are measured by the ADC for later use in off-Une analysis where more refined 

electron sel~ction criteria may he employed. 

Enable signals from the computer allow software selection of the type of particle 

to be measured. Additional triggers for t.he calibration systems are provided. When 

the computer is busy, or a trigger signal has just come through, the trigger output is 

inhibited by the "fast veto" to avoid overloading the readout electronics. 

The output from the trigger is sent to the computer and to the readout electronics. 

This is the subject of the next section. 
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s.s Calorlmeter Readout •• d EledroDlca 

The calorimeter phototube hip-voltap wu .upplied iDctividuaUy for eac:h ehanDel 

by Lecroy HV 4032A power supplies. Althoush each power supply had thirty-two 

channels, only twenty-four were uaed iD each, requiriDI two power luppliee per pro

totype module. Theae power luppliea allowed remote lettin& of each volt .. (by 

computer in our eue) to the nearest volt with a chaDDel-to-channel accuracy of 

rouPly ±(O.1 % + 3 V), or ± 5 V for 2000 V l!ettiDI. The voltapa uaed for the 

XP2081 (HAC) phototubes raoged from -1150 V to -1350 V; the volt~ea for the 

XP2972 (EMC) phototubes raoged from -1600 V to -2050 V. 

As mentioned earlier, the signals from the phototubes were delaye<! by the Ule 

of long cables to allow the trigger electronics time to determine whether a reading 

should be taken. If the trigger decision wu "yea", then signais were sent both to 

the computer and to a Lecroy 2323A programmable gate generator that enabled the 

ADe's just as the delayed pulses arrived from the calorimeter. The integration time 

for this charge measurement wu determined by the gate generator, and could be 

programmed by the computer. The ADe's were of the Lecroy 2280 series, with four 

forty-eight-channel 22828 ADC'a reading out all of the calorimeter. The computer 

that did this reading, and storage on tape, as well as on-line histogramming, was a 

VMEbus-based system with a Motorola 68000 microprocessor. This type of system 

will eventually be used for th'! ZEUS data acquisition, 80 its use in these tests is 

partly developmental. 

The use of a programmable gate generator allowed the software to change the 

gate length (signal integration time) depending on the type of data it was taking, 

witbout requiring operator intervention. For example, UNO readings (with a 10l's 

gate) could he interspersed with particle readings (with a 100 ns gate), using time 
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to _ advantap ,inee partid. only arrived for one aecood out of evfII:J thirty. AI 

weB, an output resilter CODDected to the computer laYe control or the triger over to 

IOftware, with parlide type ael«tion done throu&h the computer CODIOle, eDIUI'ÏD& 

an accurate record of the type of meuurement heinl done, _d makiq the l)'ltem 

"user-friendly" and leu prone to erron cauaed by cable swapping or other hardware 

ch-lee. 

3.3.1 Grountl COfUitle,.,diofU 

One problem in the electronics discovered during the one-module test, and corrected 

(or the two- and three-module tests, was poor grounding. The signal cables were 

connected to the phototube bases through caps on the end or the calorimeter. The 

connectors were grounded to these caps and the caps were grounded to the module 

body by the clips holding them in place. The module was resting on the metal table 

that wu grounded to the electrical system through its electric motors. The signal 

cables, however, led to a second ground - that of the electronics. If a potential 

dift'erence between the two grounds arose, then a current would flow through the signal 

cables, changing ADC measurements. Because the relative level of the two grounds 

was unpredictable, the change in ADC measurements was as weil. To correct this, 

400 pm thick mylar sheets were inserted between modules and table, and subsequent 

modules had the connector grounds insulated from the module body. 

3.4 Channel Equalization 

As mentioned at the end of chapter two, a very useful, though not essential, aspect 

of calibration is the hardware equalization of channels. Having all channels giving 

the same output for the same input allows fast, on-line use of data without requiring 

any special software processing. 
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Figure 3.3 : Schematic diasram of a scintillt.tion counter, including an iIlu.tration 
of the electron cucade from dynode to dynode in a phototube (2]. 

Before looking at techniques used for this, it is helpful to have some understand

ing of how a photomultiplier tube behaves, since this component is the principal 

unknown in calibration. As previously described, a phototube has a light-sensitive 

cathode (photo-cathode) which emits so-called "photo-electrons" when struck by light 

(see figure 3.3). This is followed by a series (ten in our case) of small metal plates, 

"dynodes", at increasing voltages whir.h amplify the signal by accelerating the elec

trons of the previous stage, then emitting even more electrons when struck by the 

orîginals. At the end of the chain (the anode), an amplified, and measurable, signal 

is produced. (Note that in high-energy physics, the photo-cathode is usually held 

at a negative voltage and the anode is at ground voltage so that the anode can be 

directly coupled to the ADC. Use of an intermediate circuit - olten just a simple 

blocking capacitor - which complicates matters and invariably introduees noise into 

the system is thereby avoided.) 
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To m&ÏntaÎn the diferent voltapa MOIlI the d)'Dode lel'Ïa, a volt .. divider chain 

of reei.ton i. uaed, aB illuetrated iD &pre 3.4. Typically, the total reai.tuce of the 

chain il of the order of 1 MO, 10 the relÏlton siviDs the voltase drop VII ÎD the 

figure are about 100 kO each. If a current le il,emitted at the cathode, and if we 

usume that allitages give the ume amplification g, then the output eurrent will he 

IcgN +1, where N + 1 il the Dumber of dynodee plue the anode. In seneral, the gain 

at each Itage win he proportional to the volt8le acroas that stage raised to some 

power. This voltage is proportional to the total voltage V applied to the tube, so we 

can parameterise the total gain G as G = CI V Il. Figure 3.5 gives a plot of ln G &1 a 

lunction of ln V which is linear with .lope /J sÎDee ln G = ,8 ln V + InG. There is a 

çeat deal of variation in gaiD from tube to tube (not so much in the parameter ,8, 

but primarily in the parameter cr), however, given a single point ou the curve, one 

can calculate CI and easily estimate a voltage to give the desired gain. 

So we retum to the problem of channel equalization. In most calorimeters, this 

task requires some extemal souree of calibrated signal for each channel (calibrated 

meaning a known signal, at least relative to the other channels). 10 a uranium 

calorimeter, however, one has the background radiation giving a constant signal (the 

UNO signal). Furthermore, this signal win he essentiallyequal in all towers of the 

same design (that is, all EMC towers, and all HAC towers, but EMC and HAC signals 

will not be the same). 

It is possible to measure this signal using the computer, which will calculate a 

mean for each channel, allowing one to estimate a new voltage for each channel that 

would give identical gain (assuming that one has already done a voltage scan for one 

tube to estimate the parameter ,8). Subsequent iterations of this procedure (at the 

new voltages) would continue to improve the estimates and then allow one to monitor 
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Figure 3.4 : Circuit diasram (or a typical phototube bue volt ace di vider (in par
ticular, the XP2011, dOiely relatecl to the XP2081). The cathode i. denoted by ~ 
and the anode by ca; dl-dl0 are the dynodea. The anode il at ground volt. and 
the cathode i. at a nesative high voltace (between -1100 and -1<400 V) [3]. 
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Figure 3.5 : Plot o( typical phototube gain verlus voltage (done &1 a lOC-lOS plot). 
The standard gain parameterisation is G = Q V~. Note that the range o( voltas" 
used il -1300 V to -1900 V. 
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UDfortunately, thia method ÎI very tediOUI to do by band for a Jarp Dumber of 

chlUlDels. It can he dOIle automatieally by computer, but the eoftwue available at the 

test beam did not provide tms option. An equivalent method wu found that enabled 

one to integrate enough uranium noise to get an accurate meuurement of sain and 

that save an immediate relpoDle to voltace changes 80 that equalization could euily 

he done channel by channel. This method consisted simply of measuring the current 

80wing from the anode using a voltmeter rather than an ADC. The phototube base 

circuitry had a 10 ka resistor between the anode and ground (labelled RL in figure 

3.4). Meuuring the voltage in mVon the signal cable (across this resistor) gives 

the current through the resistor in l'A multiplied by ten. Currents of the order of 

micro-amps (depending on the desired gain) were used for the EMe's and of the 

order of tens of micro-amps for the HAC's. A factor of roughly five between EMC 

signal and HAC signal was estimated and later confirmed byexperimental results. 

Once all the tubes had their gains in the right region, it was a fairly simple matter 

to monitor the UNO signals with the computer system and malte adjustments where 

appropriate. 

3.5 '.rhe Testa 

The calorillleter wu subjected to a number of dift'erent tests including both tests 

of its performance (response to electrons and hadrons, resolution, etc.), and tests of 

different calibration systems (comparing muons, UNO, light-ftasher and radio-active 

sources). Most of the testing (except for the energy scan) was done with 5 GeV 

particles. 

The mst step involved determining (accurately - for software purposes later on) 

relative calibration of ail channels. This wu done using UNO ruDS, electrons in the 

66 



ceDtre of each EMC Itrip ad muooa. 

A nttery of detailed electron lCaDI foUowed, moviDS the ealodmeter by emall 

stepe (as small as 0.5 cm) throush the beam (ee1ectiq ODly electl'Olll U previoue1y 

deecribed). A parliculu- problem wu the chaop iD reepoue of the calorimeter .. 

one moved acrou the gap between modules. When an electron eDtered the WLS, 

it did DOt. &ive the same lipt as it would have Ihowering in the DU/ecintiUator. A 

further problem wu response to showera centred on spacer columns - much energy 

W&8 loet in the spacers with a corresponding redudion of light in the lcintiUator. 

As modules were added, additional calibration runl with UNO, el,,'Ctronl and 

muons were done. Hadron runa were al80 done at the centre of each tower, though 

proper results were not obtained until three modules were in the beam (only with 

three modules were hadron showers completely contained). When all three modules 

were in place, detailed scans with hadrons looked for variations in response across 

the calorimeter face. 

An energy scan with electrons, muons and hadrons wu done to give behaviour 

as a function of energy, particularly el h, fT 1 E and signal linearity. Because of the 

limitations of the beam, the highest particle momentum was 10 GeV ICi the rest of 

the scan induded momenta 7, 5, 3, 2 and 1 Ge VIc. 

Finally, the eft'ect of partides entering the calorimeter at an angle was investigated 

by rotating the modules by MOUS amounts. The eft'ect of this on non-uniformities 

in response wu of particular interest (both spacer columns and WLS gaps between 

modules). 

An on-going program of light-flasher testing was started, first using the LED's 

of the second distribution level as a source, and then using an externalluer lOurce. 

Work with the radio-active source calibration system wu also done, but results (rom 
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thele calibration te.U will DOt he dilCUlled hue. 
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Inc. (Englewood cmr., N.J.), 1974. 
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7ù6e.t, PlaOCOCu6el, Ch.Rnel Electron Multiplier., circa 1986. 
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Chapter 4 - Calorimeter Performance 

4.1 Calibration 

Belore we can look at the results from the test beam and see how well the prototype 

calorimeter performs, we must be able to calibrate - relate each channel so that all 

give the same result for a given energy. The test-beam data provide a number of 

sources of constant energy appropriate for signal equalization of all channels. The 

three principal ones are uranium noise (UNO), muons and eledrons incident in the 

centre of each EMC strip (other sources exist, such as constant energy hadrons, but 

the signal produced is too variable to provide a good calibration). Each has its 

advantages and disadvantages, and the idea is to combine them appropriately to get 

the best overall calibration possible. 

The basic approach used is the saine regardless of energy source, although there 

are significant dift'erences in practical detail. For the set of calorimeter channels 

that one wishes to calibrate, one makes use of a constant energy source applied in 

a consistent fashion to all channels and the output signal is measured repeatedly. 

The mean value of these measurements for a given channel (preferably obtained by 

fitting a curve to the histogram) is used to compute a calibration constant that, when 

multiplied by the mean, gives the same result regardless of channel. The measured 

energy for any event i is given by 

E, == L aj (PHi) - bj) 
J 

where bj is the pedestal for channel j and a) is the calibration constant. The main 
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difBculty in determining these calibration constants lies in fitting a curve to each 

hiltogam. 

4.1.1 Uranium Noue (UNO) 

Uranium noise comes from the decay of uranium Duclei which release particles and 

photons carrying a varying amount of energy. A certain number of these particles will 

penetrate through the stainless steel cladding that surrounds each plate and deposit 

their energy in the scintillator giving rise to light which is detected by the phototubes. 

The measured signal's magnitude will be the result of a number of random processes 

including the probability of a nucleus decaying, the amount of energy carried by a 

particle, the probability of penetration through the cladding, the amount of light 

created by the particle, the fraction oI light that reaches the phototubes, and the size 

of signal caused by the incident light. The fluctuations are dominated by the number 

of partides that get through the cladding in a 10 JJS period (the length of integration 

time used, limited by the electronics available). Because fluctuations generally go 

as l/Vii (where N is the number of particles), and N is small for our setup, this 

factor is the Most significant (especially in the EMC sections which are 1 the area 

of the HAC's and have only 25 layers, compared to 80 in the HAC's). The resulting 

distribution is a skewed Gaussian - rising sharply on one side and then dropping off 

slowlyon the other (see figure 4.1). 

Fitting such distributions can generally be done fairly readily, especially given 

the software available to assist in the task. (Doing a x2-minimization fit is the Most 

common approach). Unfortunately, such unusual distributions occasionally give rise 

to a failed fit, which can be irritating when applied to a large number of channels 

(each channel's fit must be inspected and re-worked ifit fails). Because there is ample 

data available, an alternative method can be used. 
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Figure 4.1 : Bistogram of raw signal from uranium noise in one EMC channel. A 
Gaussian fit is superimposed to ilIustrate the asymmetry of the distribution. 

Gaussian fitting routines (in particular, the subroutine HFITGA of the CERN 

HBOOK package) will fit any approximately Gaussian distribution qui te well and 

with little fuss, 50 it is desirable to have such distributions. If one surns (or averages) 

enough random values from the same distribution, then the sum (or average) becomes 

approximately Gaussian (the centrallimit theorem [1] states that in the limit as the 

number of values goes to infinity, the sum is exactly Gaussian). In foct, a frequently 

used Gaussian random number generator takes the sum of only twelve numbers from 

a uniform distribution. Because the UNO distributions are not far from Gaussians 

already, it takes only from 3 to 5 numbers to get a Gaussian-looking average and a 

good fit (see figure 4.2). 

It is important to be able to decide what a good fit is, and to determine that 

summing three or five numbers is sufficient. The quality of each fit is characterized by 

a X2 and a number of degrees offreedom (X2 = E ([(zi)i")' , where f(x l ) is the fitted 
1 ", 

11 



(~ 

( 

Figure 4.2 : Histogram of UNO signal in same EMC channel as figure 4.1, but 
averaging five events at a time. 

function, YI is the da.ta value at Xi and tri is the error on YI)' If the fit is good, then the 

X2 ,s resulting from a number of fits should be distributed according to a well-known 

X2 distribution. However it is difficult to tell by eye if the obtained distribution is 

reasonable or not. An excellent method for overcoming this is to determine for each 

X2 (and number of degrees of freedom) the fraction of the X2-distribution greater 

than the one obtained (a kind of probability) - this can be done using the CERN 

function PROB. For a good fit, the distribution should be uniform and so is easily 

verified by eye. This method is quite sensitive to poor fits, and so is a good test. 

To arrive at the number of measurements to sum, one merely starts at single 

events, then increases the number until the probability-of-X2 distribution is approx-

imately uniform (see figure 4.3). The final number of events summed was 5 events 

for the EMC channels and 3 events for the HAC channels. 

No matter how good the fitting, the quality of results is always limited by the 
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Figure 4.3 : Distribution of "X2 probability" (fraction of X2-distribution greater 
than given X') for a Gaussian fit to (a) ra.w UNO data in EMe's (see figure 4.1), 
and (b) averages of five events at a time (see figure 4.2). Notice that figure (a) 
cornes from large X' 's, but figure (b) cornes from good fi ts. 

original data. availa.ble. Although the HAC sections give a good UNO signal, the EMC 

sections have a signal sufficiently small that fluctuations in the electronics hardware 

become quite significant. The pedestal (electronics output with no input) is of the 

order of 1000 ADC counts for a 10 J"S integration time, whereas the UNO signal is 

only around 30 counts in the EMC sections (HAC's have a signal close to 200 counts). 

Even a small percent age variation in such a pedestal will strongly affect the EMC 

measurements (for example, a 0.2% variation in pedestal would give a 6% variation 

in the measurement). 

4.1.2 Muon~ 

We now look at the signal provided by 5 GeV beam muons traversing the calorimeter. 

These muons deposit a significant fraction of their energy in the calorimeter through 

ionization, but escape out the back with a few GeV of energy. Though we are 
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not dealing with perfectly minimum-ionizing particles, the ionization lOlses over the 

enerS)' range in question are still nearly constant (see figure 1.7 in chapter 1). This 

provides a very important means of relating the signaIs in the quite dift'erent EMC 

and HAC sections. The strength of signal depends oo1y on the thickness of scintillator 

traversed for a given section, 50 it becomes a simple matter to compare EMC signal 

(from 25 scintillator plates) and HAC signal (from 80 plates). 

There is an added level of complexity that comes from wanting a simple fit to these 

distributions. The ionization energy deposited fluctuates according to the Landau 

distribution (Sef' histogram of the raw data in figure 4.4), however there is a long, 

high-energy tail that arises principally from bremsstrahlung [2] (giving a photon that 

showers electromagnetically). We can perform our trick of summing signals to achieve 

an approximately Gaussian shape, but these few, high-energy events tend to give a 

skewed shape even when ten events are used (see figure 4.5). A simple way &round 

this is to throw out, for every set of ten events, the highest energy ones, giving a 

better Gaussian shape (see figure 4.6). 

We can estimate the number of events that should be thrown out t,o eliminatc 

bremsstrahlung-type signals. The ionization energy 10ss of a muon is given by [3] 

where NA - Avogadro's number, 

Z - atomic number of the medium, 

A - atomic weight, 

re - classical electron radius, 

me - electron mass, 
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Figure 4.4 : Histogram of ra.w muon events for one BAC channel. 

mp - muon mass, 

(3 - velo city of muon, 

p - momentum of muon, 

1 - parameter characterizing binding of electrons. 

Other parameters give corrections that we will ignore. 

The energy loss due to bremsstrahlung is given by [4] 

where R is the nuclear radius. 

If we assume that both ionization and bremsstrahlung energy losses are constant 

(since the muon energy does not change too dramatically through the calorimeter), 

then the energy loss from each through a length L of calorimeter is (dE / dx ),on Land 

(dE/dx)6rem L. However, bremsstrahlung occurs in only a small number of events, 

so (dE/dxhrem Lis approximately equal to the probability of it occurring times the 
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Figure 4.5 : Histogram of averages of ten muon events at a time for the same BAC 
channel as in figure 4.4. 
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Figure 4.6 : Histogram of averages of lowest eight muon events from samples of 
ten for the same HAC channel as in figure 4.4. Throwing away the highest energy 
events eliminates events with bremsstrahlung contributions. 
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adual enerl)' 1088 when it happena (usuminS a fixed ellerl)' 1(18). We are only 

interested in energy loues that are of the order of the ioruzation 1011, 10 we ean 

approximate the probability P of sueh a hremsstrahlung-type event oeeurrins as 

p = (dE/dz)trem L = (dE/dz)trcm 
(dE/dz),on L (dEjdz)ion 

_ 92_1_ (0.511 MeV)2 5000 MeV [In (2·::~~~Vv lL:7tl!'v~ê'fàJ -il 
- 1r 137 106 MeV 0.511 MeV [In (a.511)(I\a ev) _ 12 + 21n (5000 MeV c)] 

16(92) eV 108 e c 

= 0.01079 

(assuming the medium to he pure uranium-238). 

If we repeat this Bernoulli process - one that has only two possible outcomes - n 

times (that is, we take n events that either have or do not have bremsstrahlung), then 

the prohabilityof r events with bremsstrahlung is given by the binomial distribution 

, 
n. pr(1 _ p)n-r 

rI {n - r)l 

(where P is the probability of bremsstrahlung for one event). If we have n = 10, then 

the probabilityof zero bremsstrahlung events is 0.8972, the probability of one s11ch 

event is 0.0979, the probability of two is 0.0048, and the probability of three is 0.0001 

(the probabili~.1 of more becomes negligihle). Thus we see that throwing away the 

two highest energy events of every ten will essentially eliminate the contribution from 

bremsstrahlung and give a good Gaussian fit (which is how figure 4.6 was ohtained). 

4.1.3 Electron& 

An ideal type of calibration is with the particles for which the calibration is to he 

used. If we in je ct an unchanging beam of electrons intCl the centre of each EM C 
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Figure 4.7 : Histogram and fit of a 5 GeV electron signal from an EMC channel. 

strip, then our calibration should be perfectiy suited to electrons at 5 GeV and, if 

we assume a well-built calorimeter, at all energies. Furthermore, the distribution 

of signals coming from one channel is weIl fit by a Gaussian curve, so we need not 

process the data any further (see figure 4.7). 

Unfortunately a 5 GeV electron shower does not penetrate into the HAC sections 

and so is no help in calibrating these channels. One could use a hadron shower, 

but these are mucli larger than electron showers and the energy is spread over many 

channels giving fairly small signal in any one channel. Moreover, hadron showers 

involve very significant fluctuations so the distributions are more complicated than 

those for electron showers. 

There are sorne drawbacks to the use of an electron beam. We want a constant 

source of energy, identical for all channels calibrated - if there is a significant length 

of time between the calibration runs for different channels (in our case, modules 

were installed and calibrated one at a time, over a period of days), then the beam 
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hu to he carefully set to give the same energy of electron. This .hould he weB 

controUed by the heam-line magnets. As well, th ... heam positioninlshould he fairly 

well reproduced, sinee some of the shower can leak out of the strip in question and 

pve a slightly varying result depending on tbe fraction of leabge. The Molière radius 

RM for uranium is 1.02 cm [5), and a cylinder of radius 2RM ~ 2 cm will contain an 

electromagnetic shower (6), so the 5 cm wide EMC strips will contain easentially all 

energy, and small variations in positioning should matter little. 

4.1.4 Putting Them AlI Together 

We now have three ways of obtaining calibration constants, and we must combine 

them in sorne way to obtain a final st>t of constants {or all chn.nnels. 

As has already been mentioned, the UNO signal for the EMC channels is quite 

small and varies significantly when compared to the electron signal (- 4%). The UNO 

signal from HAC's is much better and so can be used for calibration. Thus, using 

electron runs for EMC's and UNO {or HAC's we can calibrate these two different 

types of sections separately. To relate EMC signals to HAC signals, we still have 

the muon data. Although this data may fluctuate on a channel-by-channel basis, it 

should give good results when averaged over all EMC channels and over all HAC 

channels, allowing us to find a constant relating the two types of sections. 

4.2 Event Analysis 

Equipped with a set of calibration constants, it would seern that event analysis would 

be very simple: add up the calibrated signal in all channels to get the total energy for 

an event (a single particle). This is somewhat naïve however and ignores a number 

of important things. First of all, the light created in the scÎntillator is "seen" by 

two phototubes - one on either side of the tower. The original energy is not the 
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sum of the two signala, but is IOme more complicated combinat ion of the two that 

must account for the attenuation in the optics. In addition, the fact that the signal 

is measured on both sides of the tower alter attenuation allows us to estimate the 

position of the original energy deposit by comparing the relative magnitudes of the 

two signals. As well as obtaining a horizontal position measurement, we can WIO 

obtain a vertical position measurement by exploiting the 5-cm segmentation of the 

EMC sections. 

A final consideration when dealing with the analysis of each event is the noise 

contributed to the signal by both the uranium noise and the electronics. If we simply 

add up the signal in all channels, we add in a significant fluctuation arising mostly 

from the uranium noise - the error on each channel is relatively small, but when 

all channels are added together it becomes non-negligible. To avoid this, we consider 

only those channels that have a signal above the usual noise level. HOl'."ever, if this 

threshold is chosen to be too high, we ignore some of the real energy signal. 

4.2.1 Electron Analy.,i., 

To get the proper signal for an electron shower, we must try to compensate for the 

at tenuation of light in the optics (since this will depend in some way on the location 

of the shower). An approximation that works weIl is to assume that the shower is 

localized at one point, and we are directly reading out the signal on either side of 

the scintillator. The light reaching the edge of the scintillator will have magnitude 

PRoe-dlLo where PHo is the original signal (or pulse height) before attenuation, d 

is the distance travelled by the light and Lo is the attenuation length. If we take 2L 

to be the length of the scintillator and x to be the position of light creation measured 

from the c~ntre of the scintillator, then the pulse height measured on each side of the 
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scintillator (where z is positive OD side 2) islÏven by 

PHI = PHoe-(L+,)/Lo 

PH2 = PHoe-(L-,)/Lo 

If we take the square fOOt of the product of the signal on each side, we let 

";PH1 • PH'l = JpHI . e-(L+z+L-r:)/Lo 

= PHoe-L / Lo 

~ PHo = ";PH1 • PH2 eL/Lo 

which gives the original pulse independently of the position z. Furthermore, we can 

get z by taking the natural logarithm of the ratio of the two signals 

ln (PHI) = -2x 
PH2 Lo 

-Lo (PHI) => x = -2- ln PH'l 

Both of these require a knowledge of the attenuation length of the scintillator. 

This can be calculated in a fairly straightforward way by using the previous formula. 

The test-beam data includes horizontal electron scans across the face of the calorime-

ter, so we cao get a plot of In(PHtI PH'l) versus z. Figure 4.8 gives such a plot, and 

we see that the first five points, over a range of 7 cm (from the centre towards the 

edge of the module), are linear with position. Making this type of fit to a number of 

horizontal scans leads to an average attenuation length of (53.4 ± 1.0) cm. Further 

fits suggest that this linear fit is good out to 7.6 cm from the centre of each module. 

Recall that the scÏntillator tiles extend out to '" 10 cm from the centre and so in this 

region within 3 Molière radii of the edge things start to break down. 

The ratio of signais towards the edge of the module is increased by a jump in 

signal on one side. When an electromagnetic shower is close to the WLS, it deposits 

an exaggerated amount of energy in the WLS, giving an excessively large signal in 
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Figure 4.8 : A straight line fit to the first live points of a In( P Hl / P H2) versus z 
plot, where PHI and P H2 are the pulse heights on either side of an EMC strip 
and z is the horizontal position of the beam (zero is chosen to be the centre of the 
strip ). 

the channel on that side of the module. We can correct for this added signal when 

determining position through the use of a quadratic correction added to the linear 

fit beyond 7.6 cm (with constraints requiring continuity in both the function and its 

first derivative) as illustrated in figure 4.9. 

When calculating signal, however, we must rememher that the signal on one side 

of the calorimeter is boosted. So we get the original pulse height by ignoring that 

side and using only the other signal with an explicit correction for attenuation (given 

the horizontal position of the shower). This method gives a good estimate of the 

shower in the scintillator but that is only part of the incident particle's energy: the 

rest goes down the crack. This 10ss can he calihrated out in the mean but leads to 

large fluctuations. 

Often the signal from a shower will be split between two or more EMC strips 
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Figure 4.9: Fit of Itraight line plus correction to lame plot as in figure 4.8, but 
including the points beyond 7.6 cm. 

(and possibly sorne HAC sections). To get the total energy, we simply add up aIl 

contributions. To get the position, we cau take a weighted mean of the results from 

all sections, using the signal in a section as the weight. This can be done in both 

horizontal and vertical dimensions, althougb with the vertical dimension the position 

for a particular section cannot be estimated and so is taken to be the posi tion of the 

centre. 

The final aspect of eledron event analysis is the choice of thresholds to eliminate 

unnecessary noise contributions. With a 100 ns gate, the noise in the EMC strips 

has an overall mean of 0.11 ADC counts and an overall standard deviation of 1.13 

counts. In the HAC sections, it has a mean of 0.16 counts 8Jld a standard deviation 

of 1.75 counts. For electron showers, cuts of 5 counts (for EMC's) and 10 counts (for 

HAC's) were chosen. These correspond to energies of 35 MeV and 70 MeV. 
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4.2.2 H.dron An.I"iI 

The analysis of hadron events is quite similar to that of electron events, but with 

a few simplifications. These simplifications arise from the fact that hadron showers 

develop mucb more slowly (that is, the energy deposit is spread over a greater depth of 

calorimeter) and are much wider in the transverse dimensions than electron showers. 

This means that the problem at WLS gaps between modules essentially disappears, 

since one no longer has mos.t of the shower energy in the region of the WLS. Thus 

the energy calculation for a tower sim ply makes use of the square root of the product 

of the signals from the two sides. The horizontal position comes from the logarithm 

of the ratio of signals as before, assuming a strictly linear behaviour with position 

(no correction for the edges of the module). The vertical position measurement is 

exactly the same as before, with all sections contributing according to their signal. 

The spreading out of the energy distribution means that we must be somewhat 

more careful about the choice of noise thresholds, since choosing high levels could 

cause us to ignore significant fractions of the energy. Given the noise levels in the 

dift'erent types of sections, thresholds of 3 ADC counts (for EMC's) and 5 ADC counts 

(for HAC's) were chosen (these correspond to 21 MeV and 35 MeV respectively). The 

fraction of noise events greater than threshold is 3.0% for EMC's and 2.1 % for HAC's. 

The selection criteria for a section include a requirement that both sides of the section 

have signal greater than threshold. This means that if the two signais are completely 

uncorrelated, then the actual acceptance of noise events would be 0.090% for EMe's 

and 0.044% for HAC's. The real situation will have the two signals partly ccrrelated, 

particularly so since the light cornes from the same energy deposit in the scÎntillator, 

so we will get somewhere between 0.04% and 3.0% acceptance of noise events. These 

are smaIl enough that noise will not contribute significantly to the signai. 
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4.3 Performance as a Fonction of EnerBY 

It is now that we turn to the interesting results that &Dswer that ail-important ques

tion: "How well does the calorimeter measure energy?". Figure 4.10 shows histograms 

of the signal lor six diff'erent energies between 1 and 10 GeV. Tables 4.1 and 4.2 give 

(t7 E / E) . .../Ë for the six energies and the corresponding plots are found in figure 

4.11. Straight lines are fit to these plots at (t7E/E)· v'Ë = 20.2% for electrons and 

(t7EjE) • .../Ë = 37.4% for hadrons. The linearity of the signal in shown in figures 

4.12 and 4.13. 

Energy «(TElE)· ~ 
1.0 GeV 20.31% 
2.0 GeV 19.39% 
3.0 GeV 20.05% 
5.0 GeV 20.26% 
7.0 GeV 21.14% 

10.0 GeV 20.64% 

Table 4.1 : Table of energy resolutions (((fE/E) . .fË) for electrons at six energies 
between 1 and 10 GeV. 

Energy «(TElE)· ~ 
1.0 GeV 34.21% 
2.0 GeV 37.05% 
3.0 GeV 37.59% 
5.0 GeV 38.79% 
7.0 GeV 37.35% 

10,0 GeV 36.79% 

Table 4.2 : Ta.ble of energy resolutions «UE/ E) . .[E) for hadrons at six energies 
between 1 and 10 GeV. 

It is worth noting that the hadron data includes a significant fraction of electrons, 

and the electron data contains hadron events (particularly at 7 and 10 GeV). The 

electrons in the hadron data tend to improve the apparent resolution, while the 
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Figure 4.10 : Histograms of the signal for six energies of electrons (top) a.nd hadrons 
(bottom). The ha.dron signal is not corrected for shower leaka.ge. 
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Figure 4.11 : Plot of (CT E / E) . ..JE as a function of energy, for electrons (around 0.2) 
a.nd ha.drons (around 0.37). 
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Figure 4.12 : Plot of signal/energy as a function of energy for electrons. 
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Figure 4.13 : Plot of signal/energy as a function of energy for hadrons. 
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hadrons in electron data wonen the result, so it il important to he able to remove 

IUch impwities!rom tbe sampie. Fismes 4.14 and 4.15 sive hiatogaml of the aisnal 

from the second Cerenkov counter which was not used in the trigger (aee the trigger 

circuit diagram in figure 3.2). The first histogram shows a sharp peak at the low 

end (the hadrons), but also a long taU at the high end - electron events. The 

second histogram contains mostly electrons (the high-signal events), but &1so a large 

number of hadrons (the peak lot the low end of the histogram). The contamination 

of the hadron beam comes from not using the Cerenkov counters in the trigger. 

The contamination of the electron beam at high energies probably arises from Dot 

adjusting the Cerenkov counter pressure to compensate fer higher velocity hadrons. 

Fortunately, the unused counter did allow for off-Hne differentiation of events in this 

analysis, giving more accurate results. 

4.3.1 e/h. Ratio 

As wu discussed in chapter 1, we want to have the ratio of eiedron signal to hadron 

signal (e/h) as close to one as possible to achieve the best hadron energy resolu

tion. Unfortunately there are a few complications involved in comparing electron 

and hadron signal which arise from the difFerence in shower shape and size. 

The principal problem comes from the fact that sorne appreciable fraction of 

hadron energy will leak out the sides of the prototype calorimeter cven when the 

hadron beam is at the middle. In our case, the beam entered the calorimeter in the 

centre of the second tower of the second module - that is, 30 cm from three si des 

of the calorimeter, and 50 cm from the fourth side. This leads to an energy Ieakage 

of the order of 5% (ignoring leakage out the back of the calorimeter). 

To get a good estimate, we can make use of a transverse energy parameterisation 
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Figure 4.14 : Histogram of +he 1 GeV hadron signal from the Cerenkov counter 
not used in the trigger. Note the long, high·signal tai! indicating the presence of 
electrons. 
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Figure 4.15 : Histogram of the 10 GeV electron signal from the Cerenkov counter 
Dot used in the trigger. Note the low-signal peak indic;i,ting the presence of hadrons. 
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given in (7) 

dE = 41e-I'"'t + ~2~-1.1/" 
dy 

For a 30 GeV antiproton in the iron/scintillator calorimeter of the IHEP-IISN-LAPP 

group, these pare.meters have values 41/ 42 ~ 2, hl ~ 2.2 cm and ~ ~ 7 cm. Dy 

looking at the signal in each tower of the calorimeter, we can get some transverse 

energy dep08ition information to which we can make a fit. Unfortunately, we do not 

have the segmentation required to see the negative exponential of mean length 2.2 

cm, so we must fix this parameter and 41/a2. However, this portion is essentially 

contained in one tower (furthermore, variations in these parameters do not give large 

changes in the final result). When doing a fit, it is important to remember two things. 

The mst is the fact that the signal from each tower is an integration of the dE/ dr 

curve over some region. The second is that noise contributions are not negligible 

when we remove our threshold cuts. An estimation of the noise in each tower can be 

obtained from muon runs by looking in an unafFected region of the calorimeter . 

Table 4.3 and figure 4.16 give the estimates of leakage out of the calorimeter, 

which vary from about 2% at 1 Ge V to 6% at 5 Ge V and greater. 

Energy Leakage 

1.0 GeV (2.05 ± 0.31)% 
2.0 GeV (4.47 ± 0 22)% 
3.0 GeV (5.50 ± 0.15)% 
5.0 GeV (5.94 ± 0.12)% 
1.0 GeV (5.91 ± 0.11)% 

10.0 GeV (5.10 ± 0.09)% 

Table 4.3: Percentage leakage out of calorimeter for hadron showers at six energies 
between 1 and 10 GeV. 

A further problem in comparing electron and hadron signals involves the use 

of thresholds. These cuts can remove sorne significant signal (along with the noise 
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Figure 4.16: Plot of mean leakage out of calorimeter for hadron showers as a. 
function of energy. 

that they are meant to remove). This is mueh more signifieant for hadrons than for 

electrons sinee energy is spread out to many more sections. A Monte Carlo simulation 

that uses a fixed transverse energy distribution and a variable longitudinal one (taking 

in to account fluctuations from shower to shower) suggests that the effect of these 

cuts may be signifieant, but the results are not reliable enough to provide appropriate 

numbers. To avoid sueh energy losses in the real data, cuts were removed for both 

electron and hadron measurements. This means that noise is added in, but is a 

constant sinee all towers will contribute in both cases. It turns out that the change 

in el h is only slight. 

The final results for eth are given in table 4.4 and figure 4.17. The eurve in 

the figure is a simple parameterisation al ln( E / a2) + a3 (where al, a2 and a3 are 

parameters) intended cnly to guide the eye. This eurve is quite similar in shape to 

one given in referenee [6] that shows how eth drops rapidly below 2 GeV (see figure 
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Energy e/h 
1.0 GeV 1.013 ± 0.006 
2.0 GeV 1.038 ± 0.004 
3.0 GeV 1.032 ± 0.003 
5.0 GeV 1.018 ± 0.002 
7.0 GeV 1.007 ± 0.002 

10.0 GeV 1.002 ± 0.002 

Table 4.4 : Electron to hadron signal ratios at six energies between 1 and 10 GeV. 
The lea.ka.ge of ha.dron showers out of the calorimeter is accounted for. 

4.18). It seems that the high-energy approach to the ideal value of one is very good. 

4.3.2 Po&ition Re&olution 

For the moment we look only at the statistical errors in position meesurements -

we defer to the next section a glimpse of ~he systematic errors for 5 Ge V particles. 

Figures 4.19 and 4.20 give the resolution in the horizontal dimension as a function of 

energy for electrons and for hadrons. For both we see an improvement with increasing 

energy and at 10 GeV the error is down to '" 2 cm (with hadrons giving only a slightly 

worse resolution than electrons). 

Figures 4.21 and 4.22 give the statisticaI errors in vertical position measurement 

(which cornes simply from a weighted mean of the positions of tower centreR). For 

electrons this resolution is '" 1 cm, whereas for hadrons it is nearer 2 or 3 cm. Both 

cases show only a graduaI improvement with energy. 

4.4 Looking for Imperfections - Scans Across Towers 

4.4.1 The Gap Problem and the Spacer Problem 

As mentioned earlier, particles that enter into the WLS in the gap between modules 

cause an exaggerated signal in the phototube on one side of the tower. To eliminate 

this, our analysis looks only at the other phototube (making a correction for light 
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Figure 4.17 : Plot of e / h (corrected for hadron shower leakage) as a function of 
energy. The curve is a al In( E / a2) + a3 parameterisation, intended only to guide 
the eye. 
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Figure 4.18 : The eth ratio as a function of energy for various calorimeter contigu
rations [6]. 
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Figure 4.19: Horizontal position resolution as a function of energy for electrons. 
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Figure 4.20: Horizontal position resolution as a function of energy for hadrons. 
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Figure 4.21 : Vertical position resolution as a function of energy for electrons. 
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Figure 4.22 : Vertical position resolution as a function of energy for hadrons. 
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attenuation). Unfortunately, we do not see some of the energy - that which i.101t 

in the WLS - so we still get some change in signal (though less than without special 

treatment ). 

Figures 4.23 and 4.24 illustrate t,bis problem. The first gives the total signal 

measured as a function of position of the 5 GeV electron beam, the second gives the 

width of the signal distribution, again as a function of horizontal position. In both 

plots we see a sudden change in the region of x = 33.6 cm, the location of the WLS 

(between modules). The signal drops by - 17% (compared with an increase of 53% 

when all tubes are included), and the resolution goes from approximately 8.6% to 

23.5%. 

With 5 GeV hadrons, this problem is not as marked. We see this in figures 4.25 

and 4.26, where no obvious change in total signal is apparent at x = 33.6 cm or 

x = 53.6 cm. However, the width of the signal distribution jumps from '" 16% to 

-25%. 

There is another non-uniformity in the calorimeter, and that is the presence of 

5 mm x 6 mm tungsten-carbide spacers that keep the DU plates carefully separated 

and prevent them from crushing the scintillator. These hard and very dense objects 

have an effect on electromagnetic showering particularly, as we can see in figures 4.27 

and 4.28. The loss of signal due to WLS is added to the loss {rom spacers and we 

get a total drop of IV 30%. And again, the signal resolution goes to over 20%. This 

effect is noticeable over a region of about 4 cm, and since spacers occur once every 

20 cm, they affect about 4% of the total area of the calorimeter. 

4.4.2 Sy&tematic and Stati&tical Error& in PO.5ition Mea.5u.rement at 5 Ge V 

In the previous section, we looked at t,he statistical errors in position measurements 

as a function of energy. However, the non-uniformities in the calorimeter lead to 
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Figure 4.23 : Signal in the calorimeter as a function of the horizontal position of a 
5 GeV electron beam. The sketch at the si de shows the location of the scan on the 
face of the prototype. Note the drop in signal at x = 33.6 cm - the location of the 
WLS gap bet wef'n modules. 
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Figure 4.24 : Standard deviation of the signal distribution as a function of the 
horizontal position of a 5 GeV electron beam. Note the large increase at x = 33.6 
cm (the gap between modules). 
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Figure 4.25 : Signal in the calorimeter as a function of the horizontal position of a 
5 GeV hadron beam. The sketch at the side shows the location of the scan on th~ 
face of the prototype. 
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Figure 4.26 : Standard deviation of the signal distribution as a function of the 
horizontal position of a 5 GeV hadron beam. Note the increases at :t = 33.6 cm 
and x = 53.6 cm (gaps between modules). 
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Figure 4.27: Signal in the calorimeter as a function of the horizontal position of 
a 5 GeV electron beam scanning over a spacer. The sketch at the side shows the 
location of the scan on the face of the prototype. Note the 10ss of sigr.al in the 
region of x = 33.6 cm - the location of the spacer (and of the WLS gap between 
modules). 
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Figure 4.28: Standard deviation of the signal distribution as a function of the 
horizontal position of a 5 GeV electron beam. Note the increase in the region of 
x = 33.6 cm (the location of a spacer and of the gap between modules). 
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variations in these errors for different points on the calorimeter, as weIl as systematic 

errors for the approach used here (it should be noted that these "systematic" errors 

could be eliminated by a more sophisticated aualysis). To understand these errors, 

we look at the position measurements resulting from scans across the face of the 

calorimete:." with data taken at known positions (the srune data-sets as used ill the 

last subsection). 

Figures 4.29 and 4.30 illustrate the quality of horizontal t'osition measUrt.'ments 

as one sc ans over two modules with an electron beam We see from the first plot 

an essentially linear measurement, with the largest systematic error occurring near 

the WLS gap, of a magnitude of about 1 cm. Note that the statistical error given 

in the second plot decreases to about 1 cm (from just over 2 cm) at this srune point 

because one gets position information from the signal distribution (it is generally 

spread over two or more sections) as well as from light attenuation in the scintillat.or. 

Peculiar things happen in the region of a spacer: in figures 4.31 and 4.32 wc sec large 

systematic errors (at most about 5 cm) out to about 4 cm from the WLS gap, as well 

as strangely behaved statistical errors. 

The vertical coordinate measurement is not 50 linear (see figures 4.33 and 4.34), 

with systematic errors of or der 1 cm occurring as we move from one EMC strip to 

the next. The resolution also jumps from '" 0.35 cm to ,...., 1.25 cm. 

When hadrons are used, the horizontal ult8SUrement is quite linear, with small 

jumps ln the resolution as one crosses the WLS gaps (see figures 4.35 and 4.36). 

Results for the vertical coordinate are given ir figures 4.37 and 4.38, and are a180 

quite good. This is because hadron showers are mu ch larger than electron showers 

and give much more position information through transverse signal distribution. The 

problem at WLS gaps is reduced becau~e less energy is deposited in the WLS. 
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Figure 4.29 : Horizontal position measurement (bottom) and difference from nomi
nal (top) as a function ofthe adual beam position (for 5 GeVelectrons). Note the 
deviations from linearity near the WLS gap. 
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Figure 4.30 : Statistical error in horizontal position meuurement as a function of 
the adual beam position (for 5 GeVelectrons). Note the drop neal the WLS gap. 
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Figure 4.31 : Horizontal position measurement (bottom) and dift'erence from nomi
nal (top) as a function of the actual beam position (for 5 GeVelectrons). Note the 
peculiar behaviour arising from the presence of a spacer. 
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Figure 4.32 : Statistical error in horizontal position measurement &8 a function of 
the a.ctual beam position (for 5 GeV electrons). Note the behaviour in the region 
of the spac:er. 
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Figure 4.33 : Vertical position meuurement (bottom) and difference from nominal 
(top) as a fun ct ion of the actual beam position (for 5 GeV electrons). 
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Figure 4.34 : Statistical error in vertical position measurement as a function of the 
actual beam position (for 5 GeVelectrons). 
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Figure 4.36 : Statistical error in horizontal position measUl'ement as & function of 
the adual beam position (for 5 GeV hadrons). 
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Figure 4.37 : Vertical position measurement (bottom) and difl'erence from nominal 
(top) &1 a function of the adual beam position (for 5 GeV hadrons). 
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Figure 4.38 : Statistical error in vertical position meuurement as a function of the 
actual beam position (for 5 GeV hadrons). 
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4.5 Conclusion 

We have seen that the principal calorimeter requirements of an electromagnetic en

ergy resolution equal to 15%/VË and a hadron energy resolution equal to 35%/v'E 

have nearly heen achieved in the prototype calorimeter through an e!ectromagnetic 

resolution of 20%/vE and a hadron resolution of 37%/../Ë. It is unlikely that these 

deviations from the original requirements will have a significant eft'ect on the quality 

of physics done. 

The electron to hadron signal ratio (e/h) has been successfully tuned to he very 

close to the ideal of 1.0 (1.0024 at 10 GeV) through the appropriate choice of sein

tillator, DU and stainless steel cladding thicknesses. Of course the real test for both 

energy resolution and eth cornes in the high-energy tests with particles of energies 

ranging up to 100 GeV. 

Position resolutions of 2 cm and less for single particles have been achieved -

this will &id in the combining of calorimeter information with tracking detector 

information. 

The real problems uncovered by these tests are the presence of spacers and the 

effect of showering in the wavelength-shifter (WLS). The use of tungsten-carbide 

spacers which have a high atomic number (compare Z for tungsten = 74 with Z for 

iron = 26) gives a large reduction in electromagnetic signal and a big increase in error 

over '" 4% of the calorimeter. The WLS, on the other hand, gives an increased signal 

coming from Cerenkov light. To eliminate this, various solutions, including the use 

of wavelength selective optical filters to absorb the ultra-violet Cerenkov light and 

placing lead between modules, are being tested. Slight modifications in design may 

arise from these problems, but in general the success of the prototype confirms the 

design for the final calorimeter. 
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Afterword 

Although the results of tbese tests are good, they are not entirely convincing, 

sinee the energy range is very limited. Further tests have been c&n'ied out at the 

CERN SPS X5 beam using electrons with energies in the range 10 to 75 GeV and 

hadrons with energies in the range 10 to 100 Ge V. The analysis of this data hu been 

done by Eduardo Ros, confirming the results presented in this thesis. The resolution 

for both hadrons and electrons goes as lIVE, and the e/h ratio goes asymptotically 

to 1.00 with increasing energy. 

A hadron resolution of (7/ E = 35%/ v'Ë has been achieved by removing events 

that have excessive energy in HAC2 (those that probably leak out the back of the 

calorimeter). In the final detedor, there will he a backing calorimeter to improve 

the measurement for such events, so their exclusion from the data is reasonable. An 

electron resolution of t7IE = 18%/VE was found. Furthermore, prohlems at the 

WLS gap were greatly reduced by the use of 2 mm of lead between modules and 

green light-guides (filtering out the ultra-violet Cerenkov light). 
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