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Chapter 1

Introduction

1.1 General introduction
One of the modern scientific disciplines which contributes to the knowledge of
the constituents of the world as we know it and in which theory, experiment and
technology are in close relationship is elementary particle physics. This science
grew out of atomic physics which was founded more or less by J.J. Thomson
who discovered the electron in 1897 (a particle which even now seems to be really
fundamental and without internal structure). Some years later in 1911 Rutherford
demonstrated that atoms consist of a hard core, the nucleus, which is surrounded
by electrons. He also discovered that hydrogen had the lightest nucleus which he
called the proton. In 1914 Bohr proposed a model for hydrogen consisting of a
single electron circling the proton, the first primitive version of quantum theory
with which he could calculate the energy spectrum of the hydrogen levels. A new
question quickly arose: what made the other atoms more heavy than the proton
mass times the number of protons in their nucleus? This problem was resolved by
Chadwick when he discovered the neutron in 1932. At that moment the picture of
the world was relatively simple; the only constituents were electrons, protons and
neutrons.

In order to further investigate the characteristics of these particles and the
forces acting between them a large number of experiments was carried out, using
cosmic-rays and later on accelerators. This led in the years from 1930 to the sixties
to the discovery of many new particles such as the muon, the neutrino, several
mesons and baryons. Also anti-matter was discovered starting with the positron
in 1932. The large number of different hadrons (mesons and baryons) known
in the sixties gave the impression that there was a great variety of fundamental
particles. Gell-Mann found that the baryons and mesons could be arranged in
geometrical patterns as a function of their properties, isospin and hypercharge,
which led to the conjecture of SU(3) symmetry. In 1964 Gell-Mann and Zweig
independently proposed that all hadrons are composed of elementary constituents,
which Gell-Mann called 'quarks'. In 1968 an electron proton scattering experiment,
performed at the Stanford Linear Accelerator Centre (SLAC), gave evidence for



a composite structure of the proton. As a consequence new and more elementary
building blocks were introduced with the name 'partons'. Later these partons were
identified with the above mentioned 'quarks'.

Nowadays it is a common belief that all matter is built from six quarks, six
leptons and their anti-particles. Four fundamental forces (interactions) are dis-
tinguished, namely the strong-, weak-, electromagnetic- and gravitational force,
which act on these elementary particles through the exchange of associated gauge
bosons.

The whole known particle spectrum and three of the fundamental fore > (not
the gravitational force) are described by the 'standard model'. This model has
been very successful so far, especially in the weak and electromagnetic sector,
truly accurate tests of the description of the strong force are however presently
lacking. Despite the overall success of the model, the question of the dynamical
generation of mass has not yet been settled. Neither is it clear why there are
three families of quarks and leptons. It is possible that at high energies a higher
symmetry, for instance supersymmetry, will be revealed in which every fennion
has a supersymmetric boson as a partner and vice versa.

1.2 Introduction to this thesis

Over the last 25 years experiments have been performed colliding electrons, muons
and neutrinos (leptons) with nucleons. These experiments revealed the internal
structure of the proton and have played an important role in the understanding
of the strong interactions.

In the description of the strong interaction (QCD), hadrons are made of two
or three valence quarks and a sea of quarks and anti-quarks, bound by the strong
force mediated by the exchange of gluons of which the interactions become weaker
at short distance. The most common type of hadron is the proton, it is built of
three valence quarks, two 'up' and one 'down1 quark, its size is C?(10~13 cm), and
from deep inelastic scattering experiments it is deduced that about 50% of the mo-
mentum is carried by gluons. Leptons, which are pointlike (down to C?(10~16 cm)),
are not subject to the strong interaction, and thus provide a clean manner with
which to probe the structure of the proton. Another advantage of leptons is that
the momentum transfer Q to the hadronic system in lepton-hadron scattering, is
on average larger than in hadron-hadron collisions. The significance of a larger
momentum transfer is that, according to the uncertainty principle, the distance
probed is proportional to 1/Q.

In order to reach higher energies, smaller distance scales, and thus to be able
to look deeper into the proton and gain more knowledge of quarks, gluons and
electrons, it was decided to build the proton electron storage collider facility HERA
(Hadron Elektron Ring Anlage) at DESY in Hamburg.

HERA will collide protons and electrons with energies up to 820GeV and
30GeV respectively. Therefore it allows measurements at momentum transfers
(Q) which greatly surpass the investigations carried out so far. This extended
range in Q will allow investigation of the interactions between the quarks and
leptons at a distance scale of the order of 10~18 cm. The HERA machine is the



Figure 1.1: The HERA storage ring under its natural surrounding; the Volkspark
in Hamburg.

only one of its kind planned for the near future, and the first collisions are expected
mid 1991.

Two detectors are foreseen at HERA, HI and ZEUS, of which the latter will be
discussed here (see figure 1.2). The design of the ZEUS detector is optimized for
the study of neutral and charged current (NC and CC) interactions. The design
is, however, sufficiently universal to also allow the search for new phenomena.

Figure 1.3 shows the topology of deep inelastic scattering events. The final
state of NC and CC deep inelastic events consists of a lepton (electron or neutrino)
and jets which arc particle streams of high multiplicity and energy density. The
current jet and the proton remnant jet are typically well separated in space. The
kinematics of these reactions is described in terms of x and Q2, where x is the
fraction of the proton momentum which is carried by the struck quark and Q2is the
square of the four momentum transfer. The kinematic variables can be determined
by measuring the energy and the polar angle 0 of the scattered lepton and/or
current, jet (in the case of a CC event the lepton is a neutrino, which remains
unobserved, and therefore only the information carried by the jet can be used).
The essential detector component for accurate measurement of the variables in
the entire kinematic range is a hermetic electromagnetic and hadronic calorimeter
with optimal energy resolution for hadron jets, a good spatial resolution (cell size
< electron or hadron shower) and a longitudinal segmentation to allow separation
of electrons and hadrons.
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Figure 1.2: Isometric view of the ZEUS detector.
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Figure 1.3: Topology of deep inelastic electron proton scattering events.

A calorimeter is a detector which absorbs the total incident energy of a particle
while generating a signal proportional to this energy. The ZEUS calorimeter is
built of alternating layers of dense absorber plates (23SU) and active layers of scin-
tillator material (sampling calorimeter) with a fast readout system via wavelength
shifters, light guides and photomultipliers.

The main subject of this thesis will be the description of this calorimeter and
its performance. After a short introduction to HERA and the physics topics, the
importance of the quality of a calorimeter will be pointed out, and a brief overview
of the ZEUS detector will be given. In chapter 3 the principles of high resolution
hadron calorimetry and the studies which led to the design of the ZEUS-calorimeter
will be discussed. Chapter 4 describes the mechanical design of the ZEUS forward
calorimeter, the mechanical finite element calculations, and the production of the
calorimeter modules at NIKHEF. Finally chapter 6 and 5 show the rasults of beam
tests of the ZEUS forward calorimeter prototypes, and the final full size forward
calorimeter modules.



Chapter 2

The HERA collider and
ZEUS detector

2.1 HERA Collider Storage Ring

A plan of the HERA ring and the injection infra-structure at DESY, is shown in
figure 2.1; the most important parameters are listed in table 2.1.

KGeV
electrons

Figure 2.1: Schematic view of the HERA ring and the beam acceleration and
injection facilities at DESY.

The HERA collider has a circumference of ~ 6.3 Arm and uses two separate
magnet systems to store protons and electron;: (positrons) [1], The protons are



Table 2.1: Parameters of the

Parameter
Nominal beam energy
cm. energy
Qmax
Luminosity
Polarisation time
Longit. polarisation degree
Number of interaction points
Crossing angle
Free space for experiments
Circumference
Length of straight sections
Bending radius
Magnetic field
Energy range
Injection energy
Circulating currents
Total number of particles
Number of bunches
Number of buckets
Time between crossings
Beam size at crossing <rj
Beam size at crossing cr*
Beam size at crossing a*
Energy loss per turn
Max. circumf. voltage
Total RF power
RF frequency
Filling time

proton
ring
820

1

588
4.65

300-820
40
160

2.1 • 10 i 3

0.27
0.08
11

1.4-10-1°
0.2/2.4

1
52.033/208.13

20

HERA

314
98400
.5 • 103!

4
0

±5.5
6336
360

200
220
96

collider.
electron

ring
30

28
80

608
0.165
10-33

14
58

0.8 • 1013

0.26
0.07
0.8
127
260
13.2

499.667
15

units
GeV
GeV

(GeVjcf
cm~2s~*

min.
%

mrad
m
m
m
nt

T
GeV
GeV
in A

ns
mm
mm
cm

MeV
MV
MW
MHz

min.

accelerated to a nominal momentum of 820 GeV/c and the electrons to 30 GeV/c1,
this means that their centre of mass system (CMS) does not coincide with the
laboratory system. The proton momentum requires superconducting magnets to
guide them through the curved parts of the ring, whereas the electrons can be
controlled with conventional magnets. The two beams run in opposite directions
and cross at four interaction points (in the middle of the straight sections). Ex-
periments are foreseen at two interaction points; the HI experiment in the north
hall and the ZEUS experiment in the south hall. The electron and proton nominal
beam energies will provide collisions with a CM energy of ^/s = 314 GeV. Collision
remnants will on average carry more momentum in the forward direction (i.e. the
proton direction) than in the backward direction, due to the moving CMS. The
two HERA detectors are therefore forward backward asymmetric, which means
that more and larger detector components are needed in the forward direction.

An important feature of HERA, seen from the experimental point of view, is

1 The electrons cannot be accelerated to the same momentum as the protons due to their much
larger energy loss by synchrotron radiation. Since both storage rings have the same radius, the
ratio of their synchrotron radiation losses is (mp/TOe)* ~ 1013 for equal energy.



the fact that the beams are not continuous but the particles travel in bunches.
Every 96 ns the bunches cross at the interaction points. The high crossing rate is
necessary in order to reach an adequate luminosity (i.e. collision rate) to collect
interesting events. The 96 ns time interval is too short to digitize, process and store
all detector information for offline analysis. Therefore the detector information will
first have to be stored in analogue pipelines. In parallel a first level trigger makes
selections, on the basis of which only a limited number of events will be kept for
digitalization. Higher ievel trigger analysis will reduce the rate of accepted events
still further. The total bunch crossing rate is of the order of 10 MHz and the final
allowable rate for storage of events is a few Hz, which indicates the importance of
the trigger systems for the HERA detectors.

2.2 Kinematics of deep inelastic scattering
The large momentum transfers possible between electrons and protons (Q2 ~
105 GeV2) makes HERA an electron quark collider. The relevant Feynman di-
agram that describes deep inelastic e-p scattering in lowest order is shown in
figure 2.2.

e (/£) or V (/{?)

7, Z°, W ... (,*•)

P (pg) » / ^ ' »L— remnant jet

current jet (/»£,)

Figure 2.2: General lepion proton interaction diagram (mediators are 7 and Z°
for NC events, and W* /or CC events).

The final state partons and the remnants of the incident proton develop into
jets of hadrons. The final state lepton (an electron or neutrino) and the current
jet emerge en opposite sides of the beam axis balancing each other in transverse
momentum. The remainder of the proton (remnant jet) leaves the interaction
region in a narrow cone around the proton beam direction.

The four momentum vectors of the particles are k% for the incoming electron
of total energy Ee, p£ for the incoming proton of total energy Ep, /£„ for the
scattered lepton of total energy E'ev, r ^ and h^ for the remnant jet and current
jet and p% for the incoming parton.

The centre of mass energy of the HERA system with a 30 GeV electron and a
820 GeV proton is:



(2.1)

The square of the four momentum transfer of a reaction is defined as:

9
2 = (fc?-/^)2 (2.2)

The phenomenology of deep inelastic scattering processes can be described with
two of the following three variables:
The Lorentz scalar Q2, defined as:

Q2 = -q2 (2.3)

the Bjorken scaling variable a;, defined as:

and the fraction of energy transferred y, defined as:

PE_± ( 2 5 )
ppke

In the parton model of the proton, x can be interpreted as the momentum fraction
of the proton carried by the struck quark in a pure e-q interaction.

In the experiment the variables Q2, x and y, in the limit of small rest mass, can
be determined from the outgoing lepton energy E'e, and the lepton polar scattering
angels 0e (measured with respect to the proton beam):

^) (2.6)

x ~ JP / 1 is; • o / s . w

y = 1 - | W ( j) (2.8)

Or from the total current jet energy Ej, and jet polar angle 0j (measured with
respect to the proton beam):

, Efsin26j
Q2 = . L . '9i, (2-9)

Ejcos()
x = 3

 p
 K2'.— (2.10)

E { l ^ i ^ ) )

10



Note that these variables are independent of any proton or electron model assump-
tions. In the case of a charged current event the outgoing lepton is a neutrino which
means that Ev and $„ cannot be measured and therefore only the information from
the current jet can be used. A problem that arises is the possible loss of hadrons
(a part of the current jet) in the beam-pipe. This can be solved by using a method
introduced by Jacquet and Blondel [2]; from the measurement of the momenta of
all hadrons outside the beam-pipe Q2, x and y can be calculated with the formulae:

y=Ei(Eh
2'E~P*'i) (2-i2)

*)2
 ( 2 1 3 )

x = ^ 1 (2.14)
sy

where:

Pz,i = momentum component along the proton beam direction z
of the i-th final state hadron,

pr,i = momentum components perpendicular to z (transverse momentum),
Eh,i= energy of the i-th final hadron.

In equation 2.12 and 2.13, the sum is taken over all final state hadrons. As can be
seen from equation 2.12 hadrons traveling along the initial proton direction will
not contribute to this quantity because for small angles Eh a pz. The quantities
Q2 and x (equation 2.13 and 2.14) are not very sensitive to hadrons of high energy
and low pr traveling along the beam-pipe. If those hadrons are missed, then x
and Q2 will be only slightly underestimated except at Q2 < 1000 GeV2 [3].

2.3 Physics at HERA
Many reviews of the physics potential of HERA can be found in the literature
[2,4]. Here only a small selection will briefly be mentioned.

The main physics goal at HERA is the measurement of the structure functions
of the proton over a kinematic range as large as possible. The structure functions
which are related to the momentum distributions of quarks inside the proton are
predicted by QCD to slowly evolve as a function of Q2. The deviations from the
pure parton model where the structure functions are a function of x alone, are of
the order of ln(Q2). This slow evolution necessitates a large range in Q2 over which
accurate measurements of the deep inelastic cross sections are made. Figure 2.3
indicates the kinematic region that will be explored by HERA. The available range
in Q2 will for the first time allow a precise determination of the structure function
evolution.

11
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Figure 2.3: Structure function F2(x,Q2) measured by fixed target experiments.
The points that HERA will provide are roughly between y — 0.03 and y = 1 (the
points with s = 1.2 • 104GeV indicate HERA runs at lower beam energies).

Figure 2.4: Lowest order photon gluon fusion Feynman diagram.

Some other processes that can be studied at HERA are:

• Heavy flavour production through photon gluon fusion is indicated in fig-
ure 2.4.

Because of the large cross section this process is a prolific source of charm
and bottom production. This process will also allow a determination of the
structure function of the gluon.

12



Figure 2.5: General supersymmetry Feynman diagram.

• Production of supersymmetric particles as indicated in figure 2.5.

These events may be characterized by missing (transverse) energy due to
escaping photinos.

• Other exotic processes include production of leptoquarks, substructure of
quarks and/or leptons, and new gauge bosons.

2.4 Detector Requirements for ZEUS

2.4.1 General requirements

The general requirements of a multipurpose detector depend on the physics pro-
gram and on the resulting kinematics: the angles and momenta of the produced
particles. Figure 2.6 shows a polar plot of the kinematics of the final leptons and
hadron jets in HERA NC and CC events for the nominal HERA beam energies.
From this figure it is clear that the energies of the produced jets can become
very high (several hundreds of GeV). These jets will have many particles spread
over a relatively small angular range. This indicates that calorimetry will be an
important detection technique, because of its following features:

• the fractional energy resolution improves as \j\fE,

• the energy of groups of particles, including neutrals, can efficiently be mea-
sured.

The main goal for the ZEUS experiment is to do precise measurements of the
structure function dependence on x and Q2 in a large range of these variables
(x > 10~4,Q2 > 100). To do this, ZEUS requires electromagnetic and hadronic
calorimetry with sufficient energy and angular resolution and a large angular cov-
erage. For the identification of CC events and new physics (i.e. to detect missing
transverse energy) it is important that the detector be hermetic. For neutral

13



current events as well as heavy flavour production and for some exotics it is im-
portant to be able to recognize primary electrons (also isolated electrons in jets)
with a very high efficiency. Therefore the calorimeter has to be subdivided into
an electromagnetic and hadronic part and also additional electron pion separation
detectors have to be added.

FINAL LEPTON

6_ 5 4

Figure 2.6: Polar diagram of the longitudinal and transverse momentum (phase
space) for the final state lepton (upper) and scattered quark (lower), with iso-x
and iso-Q2 curves. Connecting the origin with a given point (x, Q2) gives the
momentum vector in the laboratory frame.

Track measurements are necessary to do lepton identification in order to detect
heavy quarks in yg and Wg fusion processes, to study the different topological
structures especially of exotic events, to measure momentum and charge in order
to reduce uncertainties in ET measurements due to n's, and to detect the sign
of charged particles which is often a crucial signature. In order to be able to
accurately measure momentum, charge and charge-sign with a wire chamber it
has to be placed inside a strong magnetic field. In some areas of the x,Q2 plane,
of NC and CC events, the accuracy of the measurements of x and Q2 can be
improved by using track measurements. For NC events at small values of x the
lines of constant r, in figure 2.6, are almost perpendicular to the momentum of
the electron (x resolution determined by the electron energy resolution c r the
calorimeter). At larger values of x this is no longer true, and additional precise
information is needed on the angle of the electron. At this point the superior
resolution of the tracking chamber can significantly improve the determination of x.
For CC events only the current jet can be measured, and according to figure 2.6 the
lines of constant Q2 are close together and run almost parallel with the horizontal
longitudinal momentum axis over a large part of the phase space. This indicates
that in order to determine x and Q2 with high accuracy it is important to also
measure jet angles.

Another important aspect is muon detection and momentum measurement.
Muons are produced in NC and CC events via n and K decay in hadron jets,
and promptly in heavy flavour and possibly also in exotic events. They can be
identified by their ability to penetrate the calorimeters and iron magnetic return

14



yoke. Measurement of the trajectory will make momentum determination possible.
The production of heavy flavours and exotic events can lead to many mesons,

baryons of long lifetimes (> 10~13s), and r particles. Secondary decays of new
particles that have lifetimes observable with a micro-vertex detector can give clean
information on new physics.

A summary of possible HERA physics topics, their typical signatures, the nec-
essary detection methods and equipment, and the ZEUS specifications of these
detectors are listed in table 2.2.

Table 2.2: Summary of possible HERA physics, detection methods, and ZEUS
detector specifications.

Production
process(es)
neutral current

charged current

supersymmetry

heavy flavour
exotics

photoproduction

bremsstrahlung
for luminosity
monitoring

typical signature

isolated electrons

hadron jets

missing PT

electrons in jets

isolated muons
and muons in jets

sign of charge

secondary vertices

electron detection
at small angles
photon detection
at small angles

detector

EM. calorimeter
central tracking

HAD. calorimeter

hermetic
calorimeter

central tracking

calorimeter

forward transition
radiation detector
muon chambers

magnetic field

vertex detector

small angle
electron tagger
small angle
photon tagger

ZEUS specifications

a(Ee)/Ee ~ 18%/v^Ee
<r(PT)/PT < 0.003-pr

cr{EhyEh~357(,/VEh

solid angle coverage:
forward: 99.8 %,
backward: 99.5 %
dE/dx for E < 6 - 10 GeV
two track resolution 2.5mm
longitudinal segmentation
andHES
e-h rejection better than 10~a

for 1 < Ee[GeV] < 30
forward:
"(p)/p = 23% at 100 GeV
barrel:
°(p)lp - 30% at 20GeV
1.8 T central tracking region
1.6 X iron yoke (ft chamber)
° spatial « 30 lim
Vtwotrack SS 0.5 mm
zero angle electron tagger
16 < Be [GeV] < 22
zero angle 7 tagger
8 < E^[GeV] < 14

2.4.2 Calorimeter performance requirements
The necessary performance of the calorimeter, for measuring x and Q2 in deep
inelastic processes, has been studied in order to determine design parameters;
the energy resolution for both electrons and hadrons (<r(E)/E) and the angular
resolution (<r(0)) [3,2,5].

The general aim in the measurement of structure functions is to cover the
largest possible range in the x, Q2 plane. Achieving this aim gives the ability to
determine the slope of structure functions versus Q2 with a large lever arm. In
addition constraints can be put on the shape of the structure functions by covering

15



the full x range at different Q2 values. Also the high Q2 values can be covered
provided x and Q2 are measured with high accuracy.

For defining the performance requirements of the calorimeter, a relatively sim-
ple starting point has been formulated: as good as possible. It was considered
realistic to aim for an electromagnetic calorimeter with an energy resolution of
<r(E)/E = 15%/y/E and a hadronic calorimeter with cr(E)/E = 35%/\/£. In
order to achieve this latter figure it was clear the calorimeter would have to be
'compensating', i.e. have equal response to equal energy electrons and hadrons
(e/h = 1).

Monte Carlo studies of deep inelastic scattering have been performed for two
different calorimeters [5]; one with <r{E)/E = 60%/y/E (hadronic) and e/h —
1.4, and the other with <r(E)/E = 35%/\fE (hadronic) and e/h = 1.0. Both
calorimeters had an electromagnetic energy resolution of <r(E)/E = 15%/VE.

On the basis of the Longo criteria [2] for event migration in the x, Q2 plane,
the following conclusions were reached. A much larger area in the x,Q2 plane can
be measured with the compensating calorimeter than with the noncompensating
one, as shown in figure 2.7 [5].

30 -

25 -

_ 20 -

2 15
K

10

5

0 0.2 0.4 0.6 0.8 1.0
X

Figure 2.7: Accessible regions in the x,Q2 plane for two calorimeter con-
figurations; dashed line: <r(Eh)/Eh = 0M/\/E, e/h = 1.0 ; full line:
<x{Eh)/Eh = 0.60/VE, e/h = 1.4 .

The compensating calorimeter increases the number of well measured CC events
by a factor of ~ 1.7, the measurable Q2 range by a factor ~ 1.5 and permits
access to the very low x region (x ~ 0.01) [6]. Based on these studies the ZEUS
collaboration concluded that the calorimeter should be compensating with the
emphasis put on hadron energy measurement, and therefore the calorimeter should
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also be homogeneous with the following properties [5]:

• hadronic energy resolution of cr(E)/E ~ 35%/\/E,

• electromagnetic energy resolution of a(E)/E ~ lb%/VE,

Furthermore the calorimeter should have a reasonable angular resolution, in par-
ticular in view of the jet measurement. In quantitative terms this led to:

• angular resolution for jets ~ 10 mrad in the forward direction or
transverse segmentation of < 5cm in the electromagnetic calorimeter
and < 20cm in the hadronic calorimeter,

2.5 The ZEUS detector

The layout of the ZEUS detector is shown in two schematic cross sectional views
in figure 2.8 and 2.9 (see also table 2.2).
The essential elements are (going outwards from the interaction point):

• The inner tracking systems:

1. The vertex detector (VXD), a multi-wire chamber with a resolution of
30/im. When the VXD is combined with the CTD it is possible to
determine the vertex position with an accuracy of 50/zm, which means
that life times as small as 10~13s can be measured (for particles with
E/M > 5).

2. The central tracking detector (CTD), a cylindrical wire chamber.
The CTD has nine planes of wires called super-layers, each with eight
planes of sense wires constructed in a cylindric shape. Five of the
super-layers have wires parallel to the beam axis, the other, alternating,
super-layers have stereo angles ±5° for inner stereo super-layers, or ±7°
for outer stereo super-layers (see figure 2.10).

3. The forward and backward tracking chambers (FTD, RTD) which mea-
sure tracks down to 0.085rad and (ir — 0.17)rad, and the transition ra-
diation detector (TRD), which is optimized for electron identification
in the momentum range 1 — SQGeV (see figure 2.11).

• The superconducting solenoid (thickness ~ lA'o ) which encloses all the
tracking chambers and which provides a magnetic field of 1.8T.

The momentum and angular resolution of the combined CTD - FTD system is
shown in figure 2.12.

• The high resolution calorimeter made of layers of depleted uranium and scin-
tillator, surrounding the solenoid coil over the full solid angle (0.05 < 6 <
ir - 0.07 rad) (FCAL, BCAL and RCAL). The total depth ranges from 7
nuclear interaction lengths (Xint) in the forward direction to 4Aint in the
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Figure 2.8: Cross section of the ZEUS detector along the beam.
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Figure 2.9: Cross section of the ZEUS detector perpendicular to the beam.

Figure 2.10: Wire layout of the Central Tracking Detector, shown over a 45°
sector at the end-plates. Sense wires are indicated by fat dots.
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Figure 2.11: Schematic view of one FTD chamber, consisting of three layers with
different wire orientations.
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Figure 2.12: Combined CTD and FTD momentum resolution (left), and angular
resolution (right); o~(9) and a(<j>), both as a function of the polar angle.

backward direction, and in this way accommodates the asymmetry in HERA
kinematics. The calorimeter is longitudinally divided in an electromagnetic
part (EMC) of 25 Xo = 1 Aint thickness and two hadronic parts in FCAL
and BCAL (HAC1, HAC2) and one hadronic part in RCAL. A precise de-
scription of the FCAL modules will be given in chapter 4.

Contained in the front end of the electromagnetic part of the calorimeter
at 3X0 , is the hadron electron separator (HES), a silicon detector layer. In
FCAL a second such plane is inserted at 6Xo- This system measures the
particle density at the maximum of the electromagnetic shower, to provide
an additional handle for electron identification.
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• The inner layer of the muon chambers (MUI), which also is used for track
measurements.
The barrel muon and rear muon detectors consist of two pairs of limited
streamer tube layers for the inner and outer detectors (inside and outside the
return yoke). The forward muon detectors consist of five planes of limited
streamer tubes (LT1 — LTb) and four planes of drift chambers (DCl —
DC4) and a time of flight counter (TOF), see figure 2.8. Since the iron
yoke is magnetized, the set of chambers provides a momentum resolution on
muon tracks of <r(p)/p = 23% at p = 100 GeV in the forward direction and
a(p)/p = 30% at p — 20 GeV in the barrel and rear region.

• The backing calorimeter (BAC) with limited streamer tube readout and iron
absorber plates, which also acts as iron muon filter and return yoke for the
magnetic flux.
The BAC detects possible leakage from the high resolution calorimeter with
an energy resolution for hadrons of <r(E)/E = 100%/'v~E

• The veto wall (VETO) used to veto and or absorb beam-gas events of the
proton beam.

Not shown in the figures are:

• The leading proton spectrometer (LPS), which has several elements between
40 and 90 m from the interaction point downstream in the proton direction
and is used to detect remnant jets and scattered protons.

• The zero angle electron and photon taggers (LUMI), which are placed 35m
downstream the electron direction (electron tagger) and at 105 m upstream
the proton direction (photon tagger), form a system for backward electron
and 7 detection. The coincidence of an electron and a photon with an energy
sum equal to the initial electron energy, flags a Bremsstrahlung event. These
events are abundant and are used to measure the luminosity. The detection
of an electron with less than the beam energy and no photon in coincidence,
flags the event as a low Q2 photoproduction event.

A full technical description of the detector is given in [7].
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Chapter 3

Calorimetry

3.1 Introduction

In the context of experimental high energy physics a calorimeter is a device which
measures the energy of subatomic particles. Conceptually a calorimeter is a block
of matter, which absorbs the particle and is of sufficient thickness to cause it to
deposit all its energy inside the detector volume in a subsequent cascade of pro-
gressively lower-energy particles, called a shower. Eventually most of the incident
energy is dissipated; a small fraction of the deposited energy is transformed into
a measurable signal (e.g. scintillation light, Cerenkov light, or ionization charge),
which is proportional to the initial energy.

Calorimeters have the following properties:

1. The signal is proportional to E, therefore the fractional energy resolution
A(E)/E improves with increasing energy.

2. They are sensitive to charged and neutral particles.

3. The length required to contain the energy of subatomic particles increases
logarithmically with the particle energy E.

4. Segmentation allows measurement of position and angle of the incident par-
ticle.

5. The differences in response (shower dimensions) to electrons, muons and
hadrons can be exploited for particle identification.

6. Calorimeters can be built to have fast response time (< 100 ns) and thus
allow operation at high particle rates, and the patterns of energy deposition
can be used in real time for event selection.

A calorimeter can either be made of a material that simultaneously absorbs
the particle and generates a detectable signal (homogeneous calorimeter), or of
alternating passive and active layers of different materials where the active layers
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produce the signal through ionization (sampling calorimeter). Sampling calorime-
ters are built with heavy (high Z) absorbers like iron, lead or uranium, and active
layers of plastic scintillator, drift- or streamer chambers or liquid argon. They
offer the possibility of longitudinal and transverse segmentation of the readout.

The development and size of a shower, and the precision of the energy mea-
surement, depend on the type of particle that was intercepted by the calorimeter.
Two types of showers can be distinguished, the electromagnetic and the hadronic.
Electromagnetic (EM) showers have only a few types of processes which contribute
to the energy deposition and signal production; the physics processes responsible
are well understood. Hadronic showers, on the other hand, have a wide variety of
possible interaction processes which worsens the energy resolution through fluc-
tuations of the relative abundance of these processes and varying response of the
calorimeter to the different processes. The theoretical understanding of shower
development was improved with the aid of simulation programs resulting in the
advice to use high Z absorbers (lead and uranium) and active material with a high
hydrogen content (e.g. organic scintillator), in order to achieve the best possible
energy resolution for hadrons in combination with a good EM energy resolution.

This chapter will discuss the systematics of sampling calorimetry, in particular
with scintillator as active material, and the results of a test program performed
for the optimization of the ZEUS calorimeter.

3.2 Sampling calorimetry

The physical properties of a sampling calorimeter (e.g. energy resolution) built
of a stack of alternating layers of passive absorber and active detector material,
are determined by the stack geometry and the physical properties of absorber and
active material.

The fluctuations in the measured signal which are specific for sampling calorime-
ters, are called 'sampling fluctuations' and are caused by the fact that the showers
are sampled at only a limited number of positions. There are three sources which
contribute to these fluctuations; the intrinsic sampling fluctuations, the Landau
fluctuations and the path-length fluctuations. The intrinsic fluctuations are due
to the fact that only a certain fraction of the charged shower particles really give
a contribution to the signal (fluctuations in the total number of particles in the
active layers). Landau fluctuations are due to the fact that secondary charged
shower particles can lose in a single collision an amount of energy which is large
compared to the mean energy loss in a single sampling. The path-length fluctu-
ations are due to the wide spread of angles, when the secondary charged shower
particles pass through the active layers.

The energy of a primary particle intercepted by a sampling calorimeter is de-
posited in the absorber and active layers. Only the fraction of energy deposited in
the active layers is 'visible'. This is called the sampling fraction R, it depends not
only on the calorimeter dimensions and applied materials, but is also different for
every type of particle (shower component). The sampling fraction can be regarded
as the signal efficiency of the calorimeter; it is parameterized in the following way:
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with: i

Eaba,i
= I (3.1)

Vi»,i =

index of shower component (e.g. electrons, pions),
visible energy in active layer of shower component i,
invisible energy in passive layer of shower component i,
total deposited energy in calorimeter by shower component i,

0.1
10

Energy [MeV]

Figure 3.1: Stnvping power dE/dx as function of the energy for different particles
(note that the minimum of each curve has the same value).

Figure 3.1 shows the energy loss in gfcm? for different particles. In order to
be able to compare the different physical processes it is convenient to define a
hypothetical particle of which the energy loss in a material is energy independent
and equal to the minimum in each of the curves drawn in figure 3.1. This fictitious
particle is called a minimum ionizing particle or 'mip' for short, and its energy loss
is only material dependent. The relative sampling fraction is then defined as the
visible fraction of deposited energy of particle i normalized to the visible fraction
of energy deposited by a mip: i/mip.

3.3 High energy electromagnetic showers

When a primary electron, positron or photon enters a calorimeter it loses energy
via creation of secondary electrons, positrons and photons; these in turn create
particles with progressively lower energy. The processes that play the most impor-
tant role in the multiplication of the number of particles in the EM shower, and
in the way the shower particles finally lose all their energy are listed below:

• Bremsstrahlung:
The track of a high energy electron traveling through the EM field of a
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nucleus will be deflected and the electron will lose a part of its energy by
emitting photons with a steeply falling energy spectrum. The energy loss
per unit length is proportional to Z2.

• Ionization loss:
A charged particle traveling through matter will lose energy via ionization,
and produce secondary electrons, and it will also lose energy via excitation of
atomic electrons. The ionization energy loss per unit length is proportional
to Zlog(Z).

• Pair production:
Photons with an energy larger than twice the rest mass of the electron
(1.022 MeV) can create an electron-positron pair in the neighbourhood of a
nucleus. The pair production cross section is proportional to Z2.

• Compton scattering:
Photons traveling trough matter can lose a certain fraction of their energy by
inelastic scattering with atomic electrons. The cross section is proportional
to Z.

• Photoelectric effect:
In this process the atomic electron completely absorbs the energy of the
photon and the atom will be ionized. The cross section is proportional to
Z4-Z5.

The energy dependence of the interaction processes listed above are plotted in
figure 3.2a, b [8] for C, Fe and U.

These plots show that the EM shower development can roughly be divided
in a high and a low energy part. In the high energy part Bremsstrahlung and
pair production cause particle multiplication which continues until the particle
energy falls below a certain threshold value called the critical energy ec. Below
this energy the energy loss through ionization becomes dominant. This leads
to shower particles rapidly being absorbed before further multiplication can take
place. This then leads to a decrease in the number of shower particles. The low
energy part of the shower produces the measurable signal mainly via ionization
for the electrons (positrons) and via Compton and photoefFect for the photons.

Since particle multiplication takes place only in the high energy part of the
shower and since the processes in the low energy part of the shower are relatively
localized, it is possible to describe the shower development and dimensions in
terms of the radiation length (Xo) and the Moliere radius (RM). XO determines
the longitudinal development of a EM shower and is defined as the distance over
which the energy of a high energy electron (E > 100 MeV) on average drops with
a factor 1/e purely by Bremsstrahlung:

with: t = thickness of material [Xo]
E= energy of electron [MeV]
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Figure 3.2: (a) Fractional energy loss by radiation and ionization, as a function
of the electron energy, in carbon, iron and uranium, (b) The cross sections for
pair production, Compton scattering and photo-electric effect,as a function of the
photon energy, in carbon, iron and uranium.

Rossi [9] gives an accurate formula for the calculation of Xo in terms of A and Z,
but for fast calculations one can use the following approximation1 [10]:

Xo « 180A/Z2 \g/cm2] (3.3)

The Moliere radius is a measure for the radial development of an EM shower;
it also does not take in account the behaviour of low energy particles. For fast
calculations it can be approximated by2 [10]:

(3.4)

(3.5)

« 7A/Z\g/cm2}

The critical energy ec can be parameterized as follows3 [10]:

eef*55Q/Z[MeV]

A qualitative description of the EM shower development on the basis of a
simple model by [9], given in appendix A, shows two important shower properties;

1 AXo/Xo varies with ± 20 % for 13 < Z < 92.
2&RM/RM varies with ±10% for 13 < Z < 92.
3Aec/«c < ±10% for 13 < Z < 92.
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the total number of particles that contribute to the signal is proportional to the
incident energy E, and the longitudinal shower dimensions (imax) scale with ln{E).

The longitudinal energy deposition profile of an EM shower can be parameter-
ized in the following way [11]:

The parameters a and b are energy dependent and related to each other by tmax =
a/b (t in units of Xo)- The calorimeter length Lgg, the length needed to contain
98% of the incident energy, is approximately equal to 2tmed, where tmed is the
median depth of the shower in XQ units i.e. the depth at which half of the incident
energy is deposited [10].

L9S~3tmed = 3[ln(-) + a] [Xo] (3.7)

with: a = 0.4 for electrons and a = 1.2 for gamma's.
An example: a uranium scintillator calorimeter with an effective cc ~ 10.6 MeV

[7] has to be 25 Xo deep in order to contain 98% of the shower energy of a 30 Ge V
electron.

The transverse shower dimension is mainly determined by electrons that move
away from the shower axis through multiple scattering, and scales with RM-
Bremsstrahlung photons in the energy range (10 — 20 MeV in uranium) where
the total cross section is minimal, also contribute to the shower spread.

95% of the total energy of the shower is contained in a cylinder having a radius
of:

(3.8)

3.3.1 The energy resolution
So far the discussion has only been about the average behaviour of the electro-
magnetic shower. Quantitative investigations of the fluctuations within an elec-
tromagnetic shower (and of the resulting visible energy resolution) is only possible
by the use of Mont Carlo techniques (the EGS4 program [12] allows comparisons
of Monte Carlo simulations with experimental data at the percent level).

For a sampling calorimeter the energy resolution is dominated by the fluctua-
tions due to the sampling frequency of the shower. A qualitative treatment of the
sampling fluctuations on the basis of the simplified shower model of [9] is given in
appendix A, and yields the following result:

(<r(E)\ 1 / <c[MeV]d[X0]
V E JSAMP v/lOOO ]j F(z) < cosd > E[GeV] K " '

The average angle 9 is about equal to 2\/irec [10], and by using Ec = 0.7 MeV
[13], and cc = 10.6MeV) (values for the uranium scintillator calorimeter of the
previous example) the following contribution of the sampling fluctuations is found:
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Detailed EGS4 calculations obtained a contribution of ~ 16% for the sampling
fluctuations [14], which shows that the simple shower model, developed in [10], also
gives quite good quantitative results.

3.3.2 The e/mip ratio

The e/mip ratio is by definition the ratio of the sampling fractions of an electron
shower and a 'mip': e/mip. Both these sampling fractions, and their ratio, depend
not only on the materials used in a sampling calorimeter but also on its layer
thicknesses.

In the model used in appendix A it was assumed that the electron signal is
the result of the ionization in the active layers by all the electrons and positrons,
behaving as mip's. However, it turns out that this is not the case. Many experi-
mental results lead to the conclusion that for sampling calorimeters with high Z
absorbers and low Z active layers, the ratio e/mip is smaller than 1, and that
this ratio decreases with increasing ratio of Z absorber and Z active. The ratio
e/mip has been investigated with the Monte Carlo program EGS4, which offers
the possibility of getting detailed information about each process.

Figure 3.3 shows the (e/mip) ratio's as function of Z absorber for sampling
calorimeters using 2.5 mm plastic scintillator readout layers, and At, Fe,Sn, Pb or
U absorber layers of 1 XQ, obtained with EGS4 simulations of lOGeV electrons
[15]. The figure shows that e/mip decreases with Z absorber and is less than
1 for lead and uranium absorbers. The explanation of this effect is related to
the behaviour of the low energy photons (< 1 MeV) which carry away a large
fraction of the initial electron energy. Figure 3.4b shows a plot of the fractions of
energy deposited by electrons of 20, 4 and 1 MeV, obtained with the same EGS4
simulation of lOGeV electrons. For the uranium calorimeter this plot shows that
only 6% of the initial energy is deposited in the scintillator trough ionization by
electrons and positrons with an energy above 20 MeV. More than 60% of the
energy is deposited by particles that are softer than 4 MeV, where the electron
range is only 0.5 Xo (3.9 Xo for a 7). For these particles the calorimeter signal
will be determined by the photon cross sections, since the sampling of electrons
is becoming very incomplete. About 40% of the energy is deposited by particles
that are softer than 1 MeV. In this energy regime the dominant energy loss
mechanism for photons is the photoelectric effect. Because of the Z dependence
of this process (Z5 versus Z for ionization loss) the energy loss for these photons
will predominantly take place in the high Z absorber. This in turn causes the
visible energy of the electron shower to decrease and thus leads to an e/mip which
is smaller than one.

For a uranium scintillator calorimeter with an absorber thickness of 1 Xo and
an active layer_thickness of 2.5 mm the calculated relative sampling fraction for
electrons is e/mip = 0.62 [16].
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3.4 High energy hadron showers
3.4.1 General properties

Particle shower processes induced by the strongly interacting hadrons are consider-
ably more complex due to the wide variety of possible strong interaction processes.
The shower is created by successive inelastic hadronic interactions of secondary
particles with nuclei of the absorber material, resulting in the production of a wide
spectrum of pions and nucleons, of which the relative fractions depend weakly on
the incident energy.

The physical processes which contribute to the signed caused by a hadron
shower in a calorimeter can be summarized as follows:

1. The production of charged particles, like IT*, p, K±m, they lose their energy
mainly through ionization of the medium (see figure 3.1), until they undergo
another hadronic interaction.

2. The production of neutral particles which decay into gamma's, like 7r°'s
and 77's; they lose their energy purely electromagnetically via the processes
described in the previous section.

3. The production of neutral particles which interact strongly, like neutrons
and long lived neutral kaons; they only lose their energy through a hadronic
interaction; if this process does not occur, the particles and therefore also
their energy leaves the calorimeter undetected.

4. Neutrino's and low energy fragments, like a's, which remain undetected.

5. The production of excited nuclei; they lose their energy through decay and
de-excitation while releasing nucleons and low energy (~ 2MeV) gamma's.
The charged particles also lose their energy through ionization of the medium.

There are also processes due to which hadrons lose energy, but which do not leave
a visible signal in the calorimeter. The most important contributions are due to
neutron capture and nuclear breakup via a hadronic interaction.

In summary the dissipation of the energy by a hadron entering a calorimeter
can be subdivided as follows:

• an electromagnetic part, due to photons and electrons,

• a hadronic part, due to ionization by hadrons,

• a part which escapes detection.

The distribution of the energy over the three components fluctuates strongly from
event to event. As a consequence the characteristics of a hadron shower are quite
different as compared to an EM shower.
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3.4.2 Hadron shower dimensions
Since the hadron shower development is based on nuclear interactions its longitu-
dinal and transverse dimensions are governered by the nuclear interaction length
Xint- A good approximation of this quantity is the following [10]:

.1

Xint ~ 3 5 — [cm]
P

(3.11)

With p — specific density [g/cm3]

Table 3.1: Some values of X and XQ for different materials.
Material

Polystyrene
Al
Fe
Pb
U

Xint I T ^ I
82.0
106.4
131.9
194.0
199.0

*oldhrl
43.80
24.01
13.84
6.37
6.00

Xint[cm]
77.4
39.4
16.8
17.1
10.5

Xo[cm]
41.3
8.89
1.76
0.56
0.32

RM [cm]
14.7
5.38
1.91
1.56
0.96

Xint/Xo
1.87
4.43
9.53
30.45
33.17

Figure 3.5 shows an example of the measured integral energy deposition for hadron
showers of different energy in a uranium scintillator calorimeter [17],
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Figure 3.5: Integral energy deposition in a uranium scintillator calorimeter. The
fraction of energy deposited beyond a given calorimeter depth in units of Xint is
given.

The depth for 95% longitudinal containment of a hadronic shower is given
empirically by [20]:

= 2.5XintE
013 + 0.2ln(E) + 0.7£ with E[GeV] (3.12)

According to this parameterization the calorimeter should have a depth of 7.0 Xint

in order to contain a 275 GeV hadronic shower in 95% of the cases.
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The shower distribution in the transverse direction has a narrow core (0.1 —
0.5A,nt FWHM) that increases with the depth. The radius for 95% radial con-
tainment is given by [20]:

-Ro.95 = (3.13)

3.4.3 Hadron energy measurement

One of the parameters that determine the quality of the measurement of the energy
is the energy resolution of the calorimeter. Figure 3.6 gives a summary of the
results that were available in 1986, on the quality of sampling calorimeters with
plastic scintillator readout.
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Figure 3.6: Energy resolution for different scintillator calorimeters until 1986.

Until the result of the WA78 experiment became available it was believed that
a calorimeter built of uranium and scintillator would give the best possible energy
resolution with in particular (r(E)/y/E equal to a constant. The difference between
the calorimeters of WA78 [17] and Helios [21] is striking, the latter living up to
expectations while the former performed no better than calorimeters constructed
from iron. From this result it was clear that not only the materials but also the
details of the construction were important for obtaining optimal results.

The CDHS group showed a significant improvement of the energy resolution of
their iron scintillator calorimeter making use of the knowledge of which fraction
of the shower energy comes from an electromagnetic shower. The results obtained
from an offline analysis are also given in figure 3.6. From this it is clear that the
major part of the improvement in resolution is obtained by equalizing the response
of the calorimeter to hadronic and electromagnetic showers. It is however clear
that this is not the full story.
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To understand the differences in performance of the different calorimeters Brau
and Gabriel [23], Wigmans [15] and Briickmann et al. [22] performed detailed
Monte Carlo studies on hadronic shower production. As a result the understanding
of the different contributing processes was greatly enhanced. Thus making it
possible to predict the performance of hadron calorimeters.

In the following sections a short summary of the most important findings will
be given.

3.4.4 e/h ratio

Because of the effects mentioned in section 3.4.1 the average response to the EM
and the purely hadronic part of a hadron shower will in general be different; due
to the energy lost in the purely hadronic part, one expects: e/h > 1. The response
of a typical calorimeter to hadrons has a relatively broad distribution due to large
event to event fluctuations in:

• the sharing of energy between the EM part and the purely hadronic part,

• the purely hadronic part itself.

The fluctuations in the energy sharing betweer the EM part and the pure hadronic
part are dominated by the statistical nature of the first strong interaction in the
shower. If in this reaction an energetic ir° is created the EM fraction (/*<>) will
be large, in other cases it can be very small. As a consequence the resolution of
the calorimeter response does not scale as E~ a if e/h ^ 1, due to the well known
experimental fact [15] that the fluctuations in fro are not Gaussian in nature.
Even the mean value of the calorimeter signal for hadrons will not be proportional
to the energy if e/h ^ 1, since the average value of fxo grows logarithmically with
E (/To = 0.12ln(E[GeV]) [24]).

The energy resolution of a hadronic sampling calorimeter can be optimized by
tuning e/h to 1 so that the average response of the calorimeter to hadrons will be
independent of the fluctuations between the EM and hadronic component of the
hadron shower.

The e/h ratio is defined as follows:

e/h= : -r^ilU _
/„„-%• + (1 - /„„) (f{onW- + fn^r + fy-4r

mtp \ mip mip mip

With: /,•„„+/„ + A = l - / i

Where /,„„, /„ and / 7 are the average fractions of energy in the non-electromagnetic
shower part that are deposited in the form of ionizing hadrons (p, JT*), neutrons
and nuclear T'S respectively. The factor fa is the average fraction of purely
hadronic energy that is lost in nuclear binding energy, recoil energy of target
nuclei and neutrino's. The average fractions (with the exception of /To) are al-
most energy independent and are determined by the calorimeter materials (mainly
the absorber) and configuration, except for low energies (E < 2GeV) where the
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incident hadron does not always generate a hadronic shower (for instance at en-
ergies of about 600 MeV roughly one quarter of the showers induced by hadrons
are purely electromagnetic in nature [25]).

The average energy fractions / ,o n , /n and fy have been calculated with the
use of Monte Carlo simulation programs. The results of a HETC [26] simula-
tion of three realistic (238{/-, Pb- and Fe-scintillator) calorimeters are listed in
table 3.2 [27]. All calorimeter models had 3 mm plastic scintillator as active ma-
terial and the absorbers were: 6 mm iron plates for the iron calorimeter, for the
lead calorimeter 3.6 mm Pb plates embedded in 1.2 mm Al plates on each side,
and the 238U calorimeter consisted of two segments, one of 72 cells with 2 mm U
and one of 275 cells of 3 mm U.

Table 3.2: Energy available from a 5 GeV proton in a U-, Pb- and Fe-scintillator
calorimeter as calculated with HETC [21] (signal integration time was set to
50 ns); the numbers represent the average fractions of the purely hadronic energy
available from the different components of the hadron shower.

Absorber:
Energy in form of:

ionization
primary p

secondary p

neutrons
neutrons with En < 20 MeV

neutrons from fission induced by low
energy neutrons excluded

neutrons from fission induced by low
energy neutrons En < 20MeV

nuclear 7's
excitation 7's

high energy induced
fission 7's

neutron capture and
n-induced fission 7's

'lost'

V
[%)

41.8
4.9
29.4
7.4
0.1

19.5

14.7

4.8

21.6
2.0

2.7

16.9
17.1

1 fb
[%)

46.7
5.0
33.4
8.1
0.2

12.1

12.1

7.3
2.5

0.0

4.8
33.8

Fe

[%]
57.0
4.6
42.4
9.8
0.2
7.8

7.8

8.3
3.4

0.0

4.9
27.0

Showers induced by 5 GeV protons were simulated. The main difference be-
tween Pb or Fe and U is the neutron capture contribution to the nuclear 7's which
is due to the scintillator. The simulation also showed that of the incident energy
12.1% for U, 15.3% for Pb and 17.4% for the Fe stack, goes into the EM part of
the shower.
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The energy fractions listed in this table are related to the purely hadronic part
of the shower, and are briefly discussed.

• ionization energy:
For all three calorimeter configurations it is clear that the major contribution
to ionization is due to secondary protons, produced in spallation reactions
(~ 17% is due to pions in all three cases). The total ionization loss of the
primary proton is 190 MeV in the Fe-, 211 MeV in the Pb- and 216 MeV
in the [/-scintillator calorimeter.

• Energy carried by neutrons:
The fraction of energy going into slow neutrons produced in high energy
p, IT or n induced spallation reactions increases gradually with Z absorber.
In addition the U absorber has a neutron component from fission induced
by low energy neutrons, which amounts ~ 30% of the high energy induced
neutron component.

• Nuclear 7 energy:
Due to fission, in the uranium scintillator calorimeter, the total energy car-
ried by 7's is much larger compared to calorimeters with other absorber
materials, and the invisible part is smaller.

The contribution of these processes to the calorimeter response has been discussed
extensively in the literature [22,15]. From these discussions it is clear that neutrons
(from spallation and fission processes) play an important role. The flux of, and
the response of the active medium to these neutrons can be 'tuned' by varying
the composition and quantity of both passive and active media. Therefore it is
possible to optimize the response to hadrons and thus the e/h ratio. Moreover,
the neutron flux is correlated to the energy 'lost' to binding energy in nuclear
processes. Sensitivity of the readout medium to these neutrons therefore allows,
in principle, a suppression of the effect on the resolution due to the fluctuations
in the amount of 'lost' energy.

In plastic scintillator these neutrons transfer their energy to 'quasi free' protons
through elastic scattering. The resulting low energy protons (and also the protons
resulting from spallation) produce areas of dense ionization in the scintillator. The
signal saturates according to Birks's law:

1 ^ 1 ( 3 1 5 )

where L = specific light yield,
S = absolute signal efficiency cm/MeV,
kB = product of quenching parameter (k) and the

density of ionized track parameter (B).

The factor kB has a specific value for each type of active material; the kB
factor for SCSN-38 is 0.00835 g/MeVcm2.
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3.4.5 Compensation; e/h —> 1
The e/h ratio calculated with formula 3.14 will depend on a large number of
parameters. Some dependencies are summarized below (missing ratios remain
constant within certain limits):

• Z of passive medium (Z ]: -=%• J , / j , / n t , /y I,-4s" i)
mtp mip

• fissile passive medium (/„ f,/7 | )

• hydrogen content active medium (larger: -=•=>- T)
mip

• saturation properties active medium (kB [: -==>- f, -=£=- | )
mip mtp

• cross section for thermal neutron capture (bigger: / 7 | )

• signal integration time (t f: / 7 | )

• thickness of active layers (da [: -£*• T, -JL- | , •=%• t)
mip mip mip

• thickness of passive layers (dv T: -=£>- I, •»- I -A- T)
^ mip mtp mip

• sampling fraction (larger: -*=r- | )
mtp

In order to achieve e/h = 1, the loss of the fraction of the purely hadronic shower
energy has to be compensated, and in addition a reduction of the ratio e/mip will
also help. From the previous discussion, one concludes that high Z passive ab-
sorbers show a small reduction in the production of ionizing hadrons, and a large
yield in neutron production, especially when 238{J is used. The increased neu-
tron yield, which is correlated with the amount of invisible energy, can be used to
compensate the energy lost in purely hadronic showers, if an active material con-
tainingjiydrogen is used. Another advantage of high Z absorbers is the reduction
of e/mip.

Tuning the e/h ratio for a sampling calorimeter, with a fixed choice of mate-
rials is achieved by optimizing the thickness of the layers of absorber and active
material. Compensation turns out to be determined, in first approximation, by
the ratio iZ<j defined as: thickness of passive layer/thickness of active layer; it is in
first order inversely proportional to the sampling fraction.

The effects on e/h for different active and passive materials have been studied
with Monte Carlo techniques [15]. The results for 238fj and Pb, of e/h as a function
of Rd are plotted in figure 3.7a and b.
Figure 3.7a shows that compensation can be achieved for both absorber materials.
It is also clear that the curves in case of the Pb are shifted to higher Rd values
which is due to the lower neutron yield and the low cross section for neutron
capture (0.176 compared to 2.76 for 238U, mean free path of neutrons in Pb is
180 cm). Another important aspect, shown in figure 3.7b, is the effect of the total
signal integration time. This figure shows that the curves shift to lower Rd values
when a larger fraction of the delayed 7*s from neutron capture, is added to the
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Figure 3.7: ^ The signal ratios e/h for uranium and lead calorimeters employ-
ing scintillator readout, as function ofRj. (b) The signal ratio e/h for a uranium
calorimeter, assuming 0, 20% and 100% of the y's released in thermal neutron
capture contribute to the hadronic signal.

signal. From these results it can be concluded that compensation is achieved with
organic scintillator for uranium absorber with Rd « 1 and for Pb with Rd ss 4,
and in general the e/h ratio increases with decreasing Ra value. It is also clear
that the sampling fraction for a Pb calorimeter is roughly 0.4 times (according to
the mass ratio of absorbers) the sampling fraction of a U calorimeter when both
are compensating. This means that the contribution of sampling fluctuations to
the energy resolution is bigger for a Pb calorimeter which will have a considerable
effect on the electron energy resolution.

3.5 Hadronic energy resolution
Th* nadron energy resolution of a sampling calorimeter is determined by the fol-
lowing four factors:

• intrinsic energy resolution,

• sampling fluctuations,

• deviations from e/h = 1,

• detector imperfections.
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Intrinsic hadron energy resolution

In high Z absorbers a considerable fraction of the non-electromagnetic energy is
spent on nuclear binding energy loss (up to 30%, see table 3.2) which contributes
significantly to the total energy resolution. The total energy carried by neutrons
and 7's turns out to be correlated with the loss of binding energy [22,15], and
therefore efficient neutron detection will decrease this contribution (the calorimeter
detection efficiency for 7's is relatively low). These effects were studied with Monte
Carlo techniques by [15], and the results showed that the intrinsic hadron resolu-
tion of detectors with hydrogenous readout materials is of the order of 20%/vE
for compensating calorimeters (see figure 3.8 and note that the minima do not
coincide with e/h = 1).

Section 3.6 describes the results on intrinsic energy resolution, obtained with
two different prototype calorimeters.

Sampling fluctuations

The sampling fluctuations are determined by the amount of energy deposited in one
layer (AE), and are thus proportional to the layer thickness. Their contribution to
the energy resolution is <r,amp/E ~ 0.09\/AE[M eV]/ E[GeV], as has been derived
from measurements on different hadron calorimeters by [28].

Deviations from e/h — 1

When e/h ^ 1 the resolution will be influenced by fluctuations in the number of
7r°'s; this leads to a deterioration of the total hadronic energy resolution. Also the
signal response will not be linear due to the energy dependence of fKo as discussed
in section 3.4.1.

Detector imperfections

There is a large variety of detector imperfections which all affect the energy reso-
lution in one way or another. A few possibilities are:

• instability of readout components, such as photomultipliers,

• non-uniform signal readout of the active layers,

• thickness fluctuations of active and passive layers,

• (chemical) composition fluctuations of active and passive layers,

• incomplete longitudinal and transverse shower containment,

• front side leakage due to back scattered neutrons and secondaries.
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Total hadronic energy resolution

Simplified calculations have been performed by [15] in order to predict the energy
resolutions for different sampling calorimeters by selecting different materials for
active and passive layers and varying R4. Only the result with 238(J passive layers,
and plastic scintillator active layers, will be discussed here, and it is plotted in
figure 3.8.

1 4.

Oi

i r (b l

U/2 5mm PMMA
(nrrir.sif energy res
Energy dependent (erm U/Smm PMMA

20 30

Figure 3.8: The total energy resolution and the various contributing factors, for
detection of 10 and 100 GeV hadrons in U/scintillator calorimeters, as a function
of the uranium plate thickness. The numbers in brackets denote the energies at
which experimental results were reported.

This figure shows a/y/E for 10 and lOOGeV hadrons, and the various contribu-
tions, for calorimeters with a given thickness of the active layers as a function of the
thickness of the absorber layers. Both curves of the total energy resolution have
a common minimum at the point where e/h = \\ajE scales here as c/y/E with
c = 0.32 and 0.37 for 2.5 and 5.0 mm scintillator respectively. From this figure it
is also clear that the fluctuations in binding energy loss and sampling fluctuations
contribute roughly equally to the total energy resolution at the minimum of the
curves.
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3.6 Results of ZEUS pre-prototype calorimeter
studies

3.6.1 Introduction

As a preparation for the design of the ZEUS calorimeter, a systematic study of
hadronic sampling calorimeters was undertaken, using depleted uranium (238U
or DU) or lead as absorber, and plastic scintillator as readout material. These
studies were carried out in 1986 and 1987. The aim was to determine experimen-
tally the parameters which lead to equal response for hadrons and electrons and
the optimum hadronic energy resolution in combination with a good electromag-
netic energy resolution. Four different calorimeter configurations have been built,
two with lead absorbers (bmmPb + hmm scintillator, and 10mmPb + 2.5mm
scintillator) and two with DU absorber (3.2 mm 238f/ + 5 mm scintillator and
3.2 mm 23SU + 3 mm scintillator). Also the influence of 0.2 mm stainless steel
cladding between 23&U and scintillator was studied with the uranium calorimeter
configuration with 3 mm scintillator. All calorimeter configurations were exposed
to muons, electrons and hadrons at different energies in the CERN PS-T7 and
SPS-X5 test beams.

Only a short description of the calorimeters and the main results will be dis-
cussed here; more detailed information is given in [29,30,31].

3.6.2 Description of the calorimeter configurations

The calorimeter configurations with DU and the one with 5 mm lead absorber
(TEST60) are almost identical; they consist of 4 separate modules with a sensitive
surface of 60 x 60 cm2 and a depth of about one A,nt each. Figure 3.9a shows a
sketch of the TEST60 modules.

One module consists of 30 or 45 layers of absorber plus scintillator; one layer
of scintillator is composed of 12 strips with lateral dimensions of 5 x 60 cm2. The
light produced in the acintillator strip is collected by a wavelength shifter (WLS)
bar, at each end of the scintillator. Each WLS bar runs over the full depth of one
module on one side, and transports the scintillator signal to a photomultiplier.
The scintillator, for all modules, was made of SCSN-38 material, and the WLS was
made of 3 mm thick PMMA doped with K27 (120 mg/l) UV-absorber. Table 3.3
summarizes the properties of the TEST60 modules. For TEST60-B2 and B3 grey
graded filters were inserted between the WLS and the scintillator, in order to
obtain a uniform readout over the depth of the module. TEST60-B3 is identical
to B2 but in addition 0.2 mm stainless steel foil is inserted between the scintillator
layers and DU plates. The 10 mm lead - 2.5 mm scintillator calorimeter (TPb) was
built as a matrix of 9 towers (3 modules) each consisting of a stack of 81 layers with
a total depth of 109.35 cm and an sensitive surface of ~ 21.8 x 21.1 cm2 per tower,
see figure 3.9b. Each tower is read out on two sides with WLS and the readout
is longitudinally subdivided in an electromagnetic part of 16 layers (29Xo, 1 Xint)
and a hadronic part of 65 layers (4A int). The scintillator and wavelength shifter
are made of the same materials as used in TEST60.
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Figure 3.9: (a) Sketch of the layout of one test calorimeter module of TEST60.
The whole calorimeter consists of 4 or 5 of these modules, (b) Layout of the full
TPb lead calorimeter.

Table 3.3: Dimensions and specifications of the TEST60 calorimeter modules.
setup
# layers per module
thickness absorber
thickness st.-st. foil
thickness scintillator
thickness 1 module
thickness 1 module
energy range tested

TEST60-A1
30

SmmPb
-

5 mm
0.93 Xin,
21.9*o

3-8 .7SGeV

TEST60-A2
30

3.2 mm DU
-

5 mm
1.11 Xint

30.7 Xo
3-8.7SGeV

TEST60-B1.2
45

3.2 mm DU
.

3 mm
1.55 Ain,
45.8 Xo

10-100GeV

TEST60-B3
45

3.2 mm DU
2 X 0.2 mm

3mm
1.56 A jn«
46.8 Xo

10-100GeV
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3.6.3 Results

The mean values and resolutions for hadron and electron response, were deter-
mined by Gaussian fits to the data, over an interval of ±3 standard deviations
around the peak values. The mean value of the Gaussian is quoted as mean re-
sponse and the standard deviation is quoted as energy resolution. Events with
more than 2% longitudinal energy leakage were rejected.

The response for both hadrons and electrons is linear within 1% over the energy
range tested, see table 3.4. The energy resolution for both types of particles was
fitted to the following function:

(3.16)

Where © indicates quadratic summation.

The values A and J3, for electrons and hadrons, are listed in table 3.4. The
values Ae and A^ are in fact the quadratic sum of the intrinsic resolution and the
contribution of the photostatistics which is also listed in table 3.4, and which is
determined from the width of the distribution of the difference of the signals on
each side of the module.

Table 3.4: Final results of the TEST60 and TPb program.
setup
(absorber)

TPb (Pb)
T60A1 (Pb)
T60A2 (U)
T60B1 (U)
T60B2 (U)
T60B3 (U)

energy
range
[GeV]
3 - 75

3 - 8.75
3 - 8.75
10 - 100
10- 100
10- 100

electrons

Ae
0.235
0.127
0.156
0.178
0.172
0.176

B e
0.012
0.012
0.010
0.007
0.008
0.004

hadrons

Ah
0.442
0.48
0.398
0.376
0.360
0.345

Bh
0.000
0.12

0.041
0.018
0.010
0.010

corr.
e/h

1.05
1.35
1.12
1.00
1.01
0.96

Rd

4.00
1.00
0.64
1.07
1.07

~ 1.08

photo
stat.

contrib.
~6.6%

-
~ 4 %
~ 7 %
~ 7 %
~ 7 %

The average e/h values quoted in table 3.4 are corrected for the non-uniform
response of the wavelength shifter bars (for T60A and T60B1), and the transverse
and longitudinal leakage of the hadron showers.

Discussion

The e/h ratio, as a function of Rd, is clearly different for Pb and U absorbers,
and since the active layers are made of the same material for all calorimeter con-
figurations, it is clear that the passive absorber material is one of the essential pa-
rameters that influences the e/h-iaiio. The predicted Rd values for compensating
calorimeter configurations are in accordance with the measured values {Rd ~ 1.0
for U-scintillator and Rd a 4.0 for Pb-scintillator), see section 3.4.5. Comparison
of the lead calorimeter with the uranium calorimeter at almost equal value of Rd
(T60A1 ; Rd = 1.00, T60B1 : Rd = 1.07) shows that the hadronic response has
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been amplified by exchanging lead for uranium plates. A similar amplification of
the hadron response was obtained with a lead scintillator calorimeters with Rj 4
times larger. These observations are in accordance with the model predictions.

The measured energy resolutions for hadrons show minimal values of Ah and
Bh when e/h is close to 1, as expected. Also the absolute values of Ah for Pb
and U absorber (~ 44% and ~ 34%) are close to the predicted values. The drop
of e/h from 1.01 to 0.96 after inserting the stainless steel (T60B3) is due to the
additional absorption of the photoelectrons produced in the DU, in the electron
showers. This is simulated with EGS4Jor a [/-scintillator calorimeter, and the
result is shown in figure 3.10 [8]. The e/mip ratio decreases ~ 8% when 0.5 mm Fe
foil is inserted.

i • • • ' i • • '

3 2 mm i M u / Z 6 mm polystyrene
u wrapped in Fe

1 2 - Response to 10 GeV IT1

15 20

Thickness Imm)

Figure 3.10: The effect of Fe foil wrapping of the absorber plates on the e/mip
value of a uranium-scintillator calorimeter.

The measured energy resolution for electrons is mainly determined by the con-
tribution from the sampling fluctuations, which is proportional to the thickness
of the sampling layer in units of A'o (10mm Pb = 1.78 Xo i id 3.2 mm U = 1 Xo).
According to the prediction, the electron energy resolution of TPb and T60B scale
with the square root of the layer thickness (23.5/17.5 = \/1.80). These results
also show that a compensating 23SU scintillator sampling calorimeter will always
have a better electron energy resolution than a compensating Pb scintillator plate
calorimeter, with a comparable light yield (the attenuation length is a function of
the scintillator thickness) simply because Rj = 4 for Pb and 1 for U.
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Conclusion

These tests have shown that the compensating properties strongly depend on the
layer structure and composition, and confirm the predictions of section 3.4.5. The
TPb test yielded the first experimental evidence that a lead-scintillator sampling
calorimeter can be made compensating.

3.6.4 Investigation of sampling fluctuations

The contribution of sampling fluctuations were investigated with the calorime-
ter configurations TPb and T60B3 [30]. The readout of both calorimeters was
modified for this investigation. On each side only every second scintillator layer
was read out. The even layers on one, and the odd layers on the other side, see
figure 3.11.

m

WLS to PM
left readout

._ D U - plate

Scintillator plate /
— Block Light / '

WLS to PM
right readout

Figure 3.11: Top view of the TEST60 calorimeter, showing the principle of the
'incomplete' readout.

Data was taken (with 'complete' and 'incomplete' readout) at beam energies be-
tween 10 and 50 Gel/ for hadrons, electrons and muons. The energy response of
left side (5/), right side (5 r), 5/ + Sr and 5j - Sr were fitted with Gaussian func-
tions (3<r fits). In order to determine the contribution of the sampling fluctuations,
the following model was assumed (<r = <r(E)/y/E, © denotes quadratic sum):

cr = (3.17)

Where 07 = contribution of intrinsic fluctuations4,
o~s = contribution of sampling fluctuations,
ffp = contribution of photoelectron statistics,
<TA = contribution due to the attenuation of light in the scintillator.

* This term includes the energy dependent term plotted in figure 3.8.
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The term o\ cancels for the sum of left and right channels and when the beam is
pointing exactly in the centre (and is narrow) it also cancels for the difference of
left and right channels. Also the terms 07 and as cancel if the difference of the left
and right channels is calculated, but 07 does not cancel for 'incomplete' readout.
This yields the following equations:

• for 'complete' readout

(3.18)

o-i-fl = <rp®<T\ (3.19)

07,,/J = <»7 © crs © \/2<TP © <r\ (3.20)

in the case of 'incomplete' readout

= 0"/ © as © <rp> (3.21)
<TL-R = <?s © op> © <r\> (3.22)

&L,R — 07 © v%0s © V2VP ' © 0\' (3.23)

Where ap> = y/2ap

The contribution from photostatistics, ap, is determined from showering electrons
that enter the calorimeter exactly in the centre. These showers have a very small
lateral spread; because the showers are in the centre of the calorimeter, the contri-
bution due to the attenuation length of the scintillator cancels if the difference in
signal between left and right hand side is measured. The width of this distribution
(difference left-right) gives a measure for the contribution due to photostatistics.

The term a\, representing the contribution due to the attenuation of the light
in the scintillator, is measured with the TEST60-B2 calorimeter configuration.
This calorimeter has a fine vertical segmentation which gives information on the
spatial shower distribution. Because the showers are cylindrically symmetric, the
energy response can be corrected for the attenuation in the scintillator. The at-
tenuation length of the scintillator depends on its geometry; for the TEST60-B2
calorimeter it is about 100 cm and for the TPb calorimeter about 60 cm. The
width of the distribution of the difference of left and right measured and corrected
energy response gives an indication for the term a\. It was found that <r\> ~ <r\.

After fitting the measurement results, and using the formulae given above, the
following results were obtained [30]:
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• for the DU (3.2 mm) - scintillator (3.0 mm) calorimeter:
<TP = (6 ± 1)% and <rA = (7 ± 1)%:
<rs =* (31 ± 1)%,
<TI si (19 ± 1)%;

• for the Pb (10 mm) - scintillator (2.5 mm) calorimeter:
<TP = (5 ± 1)% and <rx = (7 ± 1)%:
<TS si (42 ± 1)%,

(

The values of crP and (T\ indicate the instrumental contributions, which are about
equal for both calorimeter configurations. These results confirm that the hadron
energy resolution is dominated by sampling fluctuations, and they justify the fol-
lowing parameterization:

<raamp/E ~ 0A2y/AE[MeV]/E[GeV] (3.24)

This value is slightly higher than the value quoted in section 3.5 [28]. It turns
out that the sampling fluctuations for hadrons are about a factor two larger
than for electrons. The intrinsic fluctuations are found to be much smaller in
the lead calorimeter than in the uranium calorimeter. It is, however, not clear
how much this result depends on the sampling fraction which is quite different for
both calorimeters.
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Chapter 4

The ZEUS High Resolution
Calorimeter

4.1 Introduction

In order to optimally exploit the physics provided by the HERA collider, the
ZEUS collaboration proposed, in 1985, a multi-purpose detector in which hadron
calorimetry plays a central role. To achieve the physics goals (see chapter 2) the
calorimeter should have the following properties:

• hermeticity for energy measurement over the entire solid angle,

• the best achievable energy resolution for hadrons and hadron jets indepen-
dent of jet fragmentation,

• enerpy resolution for electrons of <r(E)/E ~ 15%/\/E[GeV],

• longitudinal segmentation for hadron-electron separation,

• transverse segmentation < 5 cm in the forward electromagnetic calorimeter
and < 20cm in the hadronic calorimeter, for good angular resolution and
good jet separation,

• absolute calibration as well as long term stability of the energy scale to better
than 2%,

• short signal processing time in order to deal with the HERA bunch crossing
period of 96 ns.

The technical solution chosen by the ZEUS collaboration was a sampling calorime-
ter using absorber plates of depleted uranium (DU1) and active plates of plastic
scintillator, read out via plastic wavelength shifter bars (WLS) in combination with

1 DU is an alloy which contains 98.4% of 2 3 8 l / , < 0.2% of 23iU and 1.4% of Nb (Nb makes
the alloy harder). Its specific density is ~ 18.5 g/cm3.
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lightguides and photomultipliers. This calorimeter type can achieve the best possi-
ble hadron energy resolution known to date of ~ 35%/y/E[GeV], and an electron
energy resolution of ~ 17.5%/\/E[GeV], by tuning the active and passive layer
thicknesses. The design and the sampling structure dimensions were guided by
results obtained in earlier experiments [24,32], and by detailed experimental tests
(see section 3.6) and model calculations (by Briickmann et al. [22] and Wigmans
[15]) of the response of calorimeters to hadrons, electrons and muons.

An additional advantage of the use of DU is its natural radio-activity which
offers the possibility of an absolute calibration and continuous monitoring of its
stability.

The choice of scintillator-WLS readout in combination with photomultipliers
assures fast signals with pulse rise times shorter than the HERA bunch crossing
time. The short pulses also offer the possibility to determine their timing at the
nano-second level, which provides useful information to distinguish real events
from background events. Furthermore the use of scintillator in combination with
WLS readout allows the possibility for modular construction.

A general description of the full calorimeter is given in section 4.2; a detailed
description of the FCAL and RCAL calorimeter is given in section 4.3. In the sec-
ond part of this chapter the finite element calculations on the mechanical stability
of the FCAL construction will be discussed. Finally the assembly of FCAL and
RCAL modules at NIKHEF will be described.

4.2 General calorimeter layout

The layout of the ZEUS detector and a front view of the FCAL-EMC cell structure
are shown in figure 4.1.
This figure shows that the high resolution calorimeter surrounds the solenoid and
tracking detectors almost hermetically, and that it accommodates the HERA kine-
matics asymmetry. The solid angle coverage is 99.8% in the forward hemisphere
and 99.5% in the backward hemisphere. The calorimeter is divided into three parts
(polar angles relative to the proton beam direction):

• the forward calorimeter (FCAL) covering polar angles from 9 = 2.2° to 39.9"

• the barrel calorimeter (BCAL) extending from 6 = 36.7° to 129.1"

• the rear calorimeter (RCAL) extending from 6 = 128.1° to 176.5°

The BCAL is a cylindrical structure around the beam axis, and consists of 32 iden-
tical segments (modules), see figure 2.9. FCAL and RCAL consist of rectangular
modules which build up two walls perpendicular to the beam pipe. These modules
are each ~ 20 cm wide and have a sensitive height varying from 2.2 to 4.6 m, to
match the cylindrical shape of BCAL, and approximate in this way a cylindrical
structure with a radius of 2.3 m. The total number of modules in FCAL and RCAL
is the same, 22 fullsize and two half modules, one above and one below the beam
pipe. The orientation of the sampling structure inside the calorimeters is such
that for BCAL the sampling layers run parallel with the beam, and for FCAL and
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Figure 4.1: (a) Schematic longitudinal cross section of the ZEUS central detectors
along the beam axis. The three components of the calorimeter (FCAL, BCAL,
RCAL) are shown. The lines indicate the segmentation of the readout, (b) Front
view of the FCAL-EMC readout structure.

RCAL these layers are perpendicular to the beam. The transverse segmentation of
the modules is achieved via optically decoupled scintillate* tiles with the required
transverse 'cell' dimensions, and the longitudinal segmentation by collecting the
scintillator light via wavelength shifter bars at several depths. The transverse
dimensions of the wavelength shifter bars match the scintillator dimensions, and
their length determines the longitudinal 'cell' dimensions. All scintillator tiles
are read out from two sides to achieve transverse uniformity; transverse position
information can be obtained via 'light-division'.



The structure of the three main calorimeter parts is similar. They are subdi-
vided longitudinally into two parts. The inner part constitutes the electromagnetic
calorimeter (EMC) with a sensitive depth of ~ 25_Yo(~ 1 \int), which is sufficient
to fully contain electromagnetic showers in the expected energy range. In addition
the EMC-sections contain a silicon detector layer at ~ 3 A'o depth, which provides
additional information for hadron electron separation. In FCAL an additional sili-
con layer is put at ~ 6 XQ. The outer part of the calorimeter is called the hadronic
calorimeter (HAC), and its depth varies from 6 \int in the forward region to about
3 Xint in the rear region. In both FCAL and BCAL the HAC is read out in two
sections (HAC1 and HAC2). The total depth in all parts of the calorimeter ensures
a containment of at least 95% for 90% of the hadron jets of maximum energy [7].

For FCAL the segmentation of the EMC section is 5 x 20 em2, and for RCAL
10 x 20 era2; they are called EMC towers (figure 4.1a shows that the edges of some
FCAI and RCAL modules are hidden behind BCAL; there the segmentation is
20 X 20 cm2. They are called HAC0 towers). In the BCAL, the electromagnetic
section is projective in the polar angle 9 and the azimuth tj>, therefore the transverse
dimensions of the scintillators increase with depth. The EMC sections for both
FCAL and RCAL are non-projective. The hadronic sections of FCAL and RCAL
have transverse dimensions of 20 x 20 cm2 and are called HAC towers. The HAC
sections of the BCAL are projective in <f> but non-projective in 6; the transverse
dimensions of the scintillator tiles are 20 x 20 cm2, when projected onto the front
face of the BCAL module.

The sampling structure in all sections and along the entire depth of the calorime-
ter is identical and chosen to be lXo, leading to DU-plates of 3.3 mm thickness.
The DU-plates are fully encapsulated by stainless steel foil of 0.2 mm thickness in
the EMC and 0.4 mm in the HAC section. The steel foil allows a safe handling
of the uranium plates during construction and will increase the lifetime of the
scintillator by reducing the amount of radiation. At the same time the steel foil
serves to adjust the signal from the DU natural radio-activity, such that it is low
enough to keep the photomultiplier background current small, yet high enough to
provide an accurate calibration. The selected scintillator is SCSN-38 throughout
the whole calorimeter. It is chosen because of its high light yield, low saturation
level, low light attenuation and its stability against aging and radiation [7]. The
thickness of the scintillator tiles is 2.6 mm. The composition and properties of the
sampling layers are summarized in table 4.1.

Besides the calibration with the natural radio-activity of uranium there are two
additional calibration systems present in the calorimeter, which make it possible
to check progressively less of the signal transport and converting system. The
signal of the main calibration source, uranium radio-activity, also called uranium-
noise (UNO), depends on the integrated response of a certain subset of scintillator
layers and a wavelength shifter bar, in combination with the quality of the light
guide and the photomultiplier (PM). The second calibration tool is a 60Co source
which can be moved along the wavelength shifters. The signal produced in the
scintillator and WLS gives information on individual scintillator tiles, and position
dependent information on the quality of the WLS. Finally there is a laser system
that injects light pulses into an optical fibre system which guides the light to each
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Table 4.1: Composition of one sampling layer in EMC and HAC.

material thickness
Imm]

thickness
[*o]

thickness
[Ajnt]

EMC
steel
DU
steel
paper
scintillator
paper
contingency
sum

0.2
3.3
0.2
0.2
2.6
0.2
0.9
7.6

effective Xo
effective \int
effective R\{
effective critical energy ec
effective average density p

0.011
1.000
0.011

0.006

1.028

0.0012
0.0305
0.0012

0.0033

0.0362
0.74 cm
21.0 cm
2.02 cm

10.6 MeV
8.7g/cm3

HAC
steel
DU
steel

i paper
scintillator
paper
contingency
sum

0.4
3.3
0.4
0.2
2.6
0.2
0.9
8.0

effective Xo
effective A,nt
effective fljvf
effective critical energy ec
effective average density p

0.023
1.000
0.023

0.006

1.052

0.0024
0.0305
0.0024

0.0033

0.0386
0.76 cm
20.7cm
2.00 cm

12.3 MeV
&.7g/cm3

individual PM. With this system it is possible to rapidly check the gain stability
of each PM, and also PM linearity tests can be performed.

Inside the calorimeter there is a certain amount of dead space2 which is oc-
cupied by construction material or WLS and light guides. In front of FCAL and
RCAL there is a 15 mm thick Al plate (0.17X0) called the front-plate. Also
BCAL has a Al front-plate which is 10 mm (0.11 Xo) thick, and in addition BCAL
has a steel plate between EMC and HAC and between the two HAC sections of
17 mm (0.97 AT0 = 0.102 Atn() thick. The dead space due to WLS and the tension
(stack compression) elements in between the modules amounts 5% in F,REMC
and F.RHACO, 7.5% in F.RHAC1 and 10% in FHAC2, in BCAL the values have
to be averaged over the stack depth and are 4.2% in BEMC, 6.0% in BHAC1 and
5% in BHAC2. Also the spacers, which are necessary to keep the absorber plates
at fixed distance, introduce dead space which is ~ 0.5% in FCAL and RCAL and
about 2% in BCAL. For FCAL the spacers will be discussed in the next section.

2 Although this is called dead space the material there can still contribute to the signal or
have effect on the signal production, but not in the desired way.
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The non-sensitive parts in the calorimeter are nowhere projective with respect
to the vertex.

Table 4.2 gives an inventory of the number of channels, towers, etc. of the
whole ZEUS calorimeter, and indicates the necessary logistics for the production.

Table 4.2: Composition of the different sections in FCAL, BCAL and RCAL .

total depth EMC or HACO [Xo]
total depth EMC or HACO [Xint]
total depth HAC1 [Xint]
total depth HAC2 [Xint]
total # sampling layers
sum of modules
sum of 20 X 20 towers
sum of 20 X 28 towers
sum of EMC sections
sum of HACO sections
sum of HACl sections
sum of HAC2 sections
total sum of channels
total DU weight [t]
total cladding steel weight [t]
total scintillator weight [t]
total weight [t]
total # EMC scintillator tiles
total # HAC scintillator tiles
total # DU-plates
total # HAC R580 PM-tubes
total # FEMC XP1911 PM-tubes

FCAL
25.9
0.96
3.09

3.09 - 2.32 - 1.54
185 - 165 - 145

22 + 2 x |
460

-
1056
196
460
460

4344
182.1
17.9
8.2

240.2
27456
75176
4200
2232
2112

BCAL
23.8
0.87
1.96
1.96
119
32
-

448
1696

-
448
448
5184
230
24

10.2
310

40704
43904
3808
5184

-

RCAL
25.9
0.95

3.09 - 2.32
-

105 - 85
22 + 2x§

452
-

511
190
452

-
2306
104.9
9.8
4.8

156.6
13286
40140
2440
2306

-

4.3 FCAL - RCAL Module construction

The forward and rear calorimeter modules follow the same construction principles,
they are all ~ 20 cm wide with sensitive heights varying between 2.2 and 4.6 m.
The sensitive height of the modules is a multiple of 20 cm, which is the height of
the basic readout tower structure. Also the sensitive depth of the modules varies
(see table 4.2); for FCAL the HAC2 sections vary such that the total module
depth is 7.1, 6.4 or 5.6Atnt, see figure 4.1b. For RCAL, where HAC2 is absent, the
HACl sections vary such that the total module depth is 4.0 or 3.3A,n<. Figure 4.2
shows an isometric view of the FCAL module with the largest height and depth
dimensions. This figure shows the module in the production position, but when it
is placed in the experiment it will be standing upright on the 'lower C-leg'. The
main components of the F-RCAL module are listed below:

• The stack of DU absorber plates and scintillator plates, which form the
sampling structure.
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Figure 4.2: Isometric view of a full size FCAL module.
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• The optical wavelength shifter readout system in combination with the pho-
tomultipliers plus photomultiplier housing and front-end electronics (the lat-
ter is not shown in the figure and will be discussed in the next chapter).

• The steel structure which serves as the mechanical foundation of the module.
Almost every component is connected to it, except the scintillator and WLS
cassette. This structure is composed of three parts: the upper and lower
C-leg and the end-beam; it is called the C-frame. Also the straps are an
important part of the main mechanics because they apply the compression
force on the DU-plate stack and connect it in this way mechanically to the
end-beam.

• The additional calibration tools consisting of two fibre trays containing the
optical fibres bundles, and the two bunches of source guiding tubes.

4.3.1 DU-scintillator stack

Figure 4.3a shows an isometric view of a few sampling layers of the DU-scintillator
stack. Each clad DU-plate has an identical end-piece on each end, which is used
to connect the plate, via a rigid clamp construction, to both C-legs. The DU-
plates run each as one piece from one C-leg to the other. The DU-plates are kept
at fixed distance by spacers, which are positioned every 20 cm along the plate,
2.5 mm from the edge. In this way no pressure is exerted on the scintillator tiles.
The scintillator tiles shown in figure 4.3a are of the HAC type, and have therefore
the HAC-tower dimensions of approximately 20 x 20 cm2. There are four small
size cut-outs at each corner of the HAC scintillator tiles to allow placement of the
spacers. The dimensions of the cut-outs have to be minimized in order to maintain
optimum uniformity and energy resolution. The top view of the EMC tower in the
FCAL, figure 4.3b, shows how the four EMC scintillator tiles are positioned, and
that only two of the four tiles have two spacer cut-outs each. All scintillator tiles
in every section are on each side 0.5 mm wider than the DU-plates. The whole
DU stack is compressed with a force of 15 - 20 kN on each spacer column in order
to make the whole sampling stack a ri^id mechanical structure. The pitch of one
sampling layer in the HAC section is 8 mm and in EMC/HAC0 section this is
7.6 mm.

The different parts of figure 4.3 will now be discussed in more detail.

DU-plates

The bare DU-plates are produced by Manufacturing Science Corporation (MSC) in
Oak Ridge, Tennessee, USA. There are three varieties of plates associated with the
EMC/HAC0, HAC1 and HAC2 sections of the calorimeter. They are characterized
by different widths, and tolerances on the bare DU-plate thickness, see table 4.3.
The different widths are necessary to accommodate for the WLS readout system
which will be explained later. The thickness quality of the delivered bare plates is
illustrated in figure 4.4, which indicates that ~ 99% of the plates were accepted.
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Figure 4.3: (a) Isometric view of a few sampling layers, showing the DU-plates
with end-pieces and the scintillators with spacer cut-outs and spacers, (b) Top
view on a scintillator layer in the EMC section showing also spacer cut-outs and
spacers.
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Table 4.3: Bare DU-plate sizes and tolerances.

width (mm)
thickness (mm)

EMC/HACO
188.8

3.3 ±0.15

HAC1
183.8

3.3 ±0.20

HAC2
178.8

3.3 ± 0.25

Figure 4.4: Spread in the bare DU-plate thickness, measured at MSC.

Since the bare DU-plates have a maximum length of ~ 3 TO they have to be
welded together in order to produce plates in one piece for modules with a sen-
sitive surface longer than 3 m. Chalk River Nuclear Laboratories (CRNL), Chalk
River, Ontario, Canada developed a method to electron beam weld the bare DU-
plates and keep them within tolerances. The plates are then completely encased in
0.2 mm stainless steel foil (cladding) which is, together with the end-pieces, laser
welded, such that the bare plate is completely sealed off. For the HAC plates an
additional foil of 0.2 mm on each side of the plate is placed inside the stainless
steel envelope in order to make the cladding 0.4 mm thick. In this way it is possi-
ble to insert magnetic foil, which is necessary in FHAC1 to balance the magnetic
forces on the superconducting coil of the ZEUS experiment. The end-pieces are



only connected to the 0.2 mm envelope around the DU-plate, and they are laser
cut afterwards in order to achieve the overall plate length tolerances. The clad
DU-plates are accepted if they fulfil the criteria listed in table 4.4:

Table 4.4: DU-plate acceptance criteria.

criterium
width (mm)
straightness
full length (mm)
total length (mm)

EMC/HACO
189.8 ± 0.15

0.3
0.2

HAC1
184.8 ± 0.20

0.3
0.2

HAC2
179.8 ±0.25

0.3
0.2

The weight of these plates is on average 12.6 kg per m which means for the
largest modules that a 4.6m plate is ~ 56kg.

Spacers

The spacers have to support the stack compression force, and guide shear forces
which occur due to differential deflections in the stack and at the mechanical
transitions to the C-frame, when manipulations with the module take place. In
addition the spacer dimensions had to be minimized such that the cut-outs in
the scinti'iator are as small as possible. In order to achieve this, the spacers are
made of very strong carbides which can resist surface tensions of ~ 2000 N/mm2.
Since many thousands of these precision spacers were needed they were made with
powder metallurgy technique. Compression tests with clad DU-plates showed that
no visible non elastic deformation occurred for tension forces below 800 N/mm2

[33]. With this knowledge and with the results of extensive finite element mechan-
ical calculations on the stack, which will be discussed later, it turned out that
spacer surfaces of 30 mm2 were sufficient. The spacer dimensions in EMC/HACO
were therefore chosen to be 5 x 6 mm?, which is relatively small compared to the
Moliere radius of 20 mm in the sampling stack. In the HAC sections3 the load on
the spacers during transport can be about 10 - 20% more, due to the weight of
the stack itself, the spacer dimensions are chosen to be 5 x 10 mm2. The HAC
spacers were made of tungsten carbide (Zw ~ 74),and the spacers in the EMC
section were made of titanium carbide (Zri = 22), in order to minimize the loss
of showering particles. The nominal thickness of all spacers is 3.9 mm. Since the
spacers are relatively small compared to the difference of the width of EMC-HACl
and HAC1-HAC2 plates, 5 layers with special transition spacers (2.5 mm longer)
were necessary to accommodate the transition.

Scintillator

The SCSN-384 aromatic scintillator material has a cross linked polystyrene base
(CPS) which is doped with two wavelength shifting dies, butyl-PBD (1%) and BDB

3 Here the relative loss on uniformity is leu.
* SCSN-38 a product of KYOWA-GAS Japan.
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(0.02%). The uncut scintillator plates were selected on thickness (2.6 ± 0.3 mm)
in order to give the best thickness uniformity for EMC/IIACO tiles, followed by
HAC1 and HAC2. Then they were selected according to chemical batch to make
sure that only scintillator tiles from one chemical batch ;vill be read out by a given
photomultiplier. Every scintillator tile therefore has a bar-code and this code is
stored in a data base. Each scintillator tile was saw cut, including the spacer
cut-out, polished on all four edges and wrapped in Tyvek paper of 0.18 ±0.01 mm
thick. In order to ensure good contact between scintillator and paper at the
readout edge a Tedlar sleeve was applied. The final scintillator tolerances are
±0.2 mm on all dimensions apart from the cut-out where it is ±0.3 mm. The
Tyvek wrapping paper 5 is formed by compressing spun polyethylene, and has
the same UV reflectivity as aluminium foil. A uniformity correction pattern was
printed on the side of the Tyvek paper which views the scintillator tiles. The
patterns were determined by irradiating scintillator tiles with a 106Ru source every
5 mm in two directions. These experiments resulted in a black line pattern which
improved the non uniformity from ±7% (no pattern) to ±2% in EMC and ±4% in
HAC. Figure 4.5 shows such a pattern used for the EMC scintillator tiles. These
tests also showed that the tile to tile variations were sufficiently small to allow a
single pattern to be used for each type of scintillator.

191mm

Figure 4.5: Black line uniformity correction pattern for EMC.

4.3.2 Optical readout system

The optical readout system can be divided in two parts: the WLS readout of the
scintillator tiles in the stack, and the photomultipiers with their housing. The
whole system for the single side readout of one 20 x 20 cm2 tower is mounted as
one unit during module assembly.

The material used for the WLS is 2 mm thick polymethyl methacrylate (PMMA),
doped with a fluorescent dye and UV absorbent up to 360 nm. The physical prin-
ciple of the WLS can be understood from figure 4.6. This figure shows the emission
spectrum of SCSN-38, the absorption and emission spectra of !V7'6 the wavelength
shifting agent, and the special sensitivity of a bi-alkaline photocathode. The Yl
is used in a concentration of 45 PPM (30 PPM) for EMC (HAC) sections [33].

sTyvek quality Q173D from Du-Pont is used.
°Y7 a product of KYOWA-GAS Japan.
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Figure 4.6: Emission spectrum of SCSN-38; Absorption and emission spectra of
V7 in PMMA, and the spectral sensitivity of a bi-alkaline photocathode.

A uniformity along the WLS within ±2% was achieved by applying an end-
reflector and a back-reflector with a correction pattern as shown in figure 4.7a and
b. Both reflectors are made of aluminium foil. Each wavelength shifter light guide
combination was measured end provided with its individual correction pattern.
The light emitted by the WLS is guided to the PM by an adiabatic light guide
which is made in one piece with the WLS in order to avoid glue joints. Figure 4.9
shows how the light guides are shaped via bent strips to match the rectangular
cross section of the WLS to the circular surface of the PM photocathode. The
WLS plates are mounted in a 0.2 mm thick stainless steel cassette which then
contains the readout for one side of a full tower (4 EMC and 2 HAC sections in
case of FCAL), see figure 4.7 c. Foam rubber presses the WLS plates against the
scintillator tiles, but direct contact is avoided by 0.4 mm thick nylon fishing lines.

The Hamamatsu R580 photomultipler was chosen for all channels except FEMC
where the Valvo XP1911 was used. The total number of R580 and XP1911 tubes
in the whole calorimeter is listed in table 4.2. For all tubes the high voltage will be
supplied by individual low power Cockcroft-Walton generators, in order to mini-
mize heat dissipation. The field of the ZEUS superconducting solenoid causes a
magnetic field in the PM regions. For the RCAL region the calculated values are
the largest and go up to 0.06 T. This field has to be shielded because proper func-
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Figure 4.7: (a) Schematic view of the WLS readout, (b) Uniformity of a HACl
WLS plate, before and after correction, (c) Assembly inside a cassette of the
different components of the optical readout.
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tioning of the PM's requires magnetic fields below 10~4 T. Extensive numerical
calculations and experimental tests showed that 4 mm thick iron tubes in FCAL
and 7.5 mm thick iron tubes in RCAL are sufficient when the PM tubes themselves
have an additional ^-metal shielding. The PM housing assembly units consist of
the iron PM tubes (6 for FEMC and 3 for FHACO towers) held together by two
aluminium plates which also hold the light guide clamps, see figure 4.9.

4.4 The mechanical construction

The overall mechanical structure is provided by a C-shaped frame called the C-
frame, which is shown in figure 4.8. Since the total weight of the largest FCAL
modules is about 12.4 ton it is clear that this frame has to be a heavy and rigid
structure. The C-frame consists of three parts: the upper C-leg, the lower C-leg,
and the end-beam.

LOWER
/C-LEG

BULKHEAD

END BEAM

Figure 4.8: Isometric view of the C-frame.

End-beam and straps

The end-beam is a completely bolted structure consisting of a fr nt-plate, a web
plate, two end-plates for C-leg connection and the lower plate (the front-plate of
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the end-beam should not be confused with the 15 mm Al front-plate on top of
the sampling stack). The lower plate is only present during the assembly and
the transport of the module. It will be removed after the module is installed in
the experiment. The end-beam was constructed to exacting tolerances on width
(0.1mm) and straightness (0.5mm). The front-plate of the end-beam connects
the DU-scintillator stack to the end-beam via the compressing force exerted on
the stack by the straps. This means that this connection to the end-beam is only
maintained by the friction between the stack, spacers and the front-plate.

The functioning of the straps will be explained on the basis of figure 4.2 and
figure 4.9.

The straps, made of cold rolled stainless steel, have a cross section of 196 x
0.25 mm2, and can easily be operated at a stress of l5G0N/mm2 (~ 73500 N
strap force) which is a factor of four above the required value. They run from the
end-beam front-plate on one side of the module over the aluminium front-plate
on top of the stack to the end-beam front-plate on the other side of the module.
The aluminium front-plate on top of the stack distributes the strap forces to the
spacer columns. At each end of the strap a so called spreader bar is mounted
which spreads the tension force equally over the strap and also serves as a part
of the tensioning mechanism. This spreader bar is supported on two points, and
each point rests on a tower bulkhead. The bulkheads are mounted every 20cm on
each side of the end-beam. Each tower bulkhead supports a side of two spreader
bars. The support of the spreader bar on the tower bulkhead is rotatable such
that it is possible to tension the strap by rotating the spreader bar, which will
finally be clamped by a hold down strip. Once it is in full contact with the PM
base plate, the strap is at maximum tension. The tower bulkheads guide the strap
force to the front-plate of the end-beam which is then in equilibrium since on the
other side of the plate the first spacer of the stack exerts the same force but in the
opposite direction. The tower bulkheads are bolted to the web plate in order to
guide the weight of the stack to the web plate during transport.

C-legs

The C-legs, shown in figure 4.8, were produced by welding plates of appropriate
thicknesses, after which they were milled to their final dimensions. The lower
C-leg is made of 25 mm thick plates since it has to support the whole module in
the experiment; the outer dimensions ?re 180 X 197mm2. The upper C-leg has
outer dimensions of 350 x 197 mm2; the high side walls are 10 mm thick, the lid
is 8 mm thick, and its lower wall which connects it to the stack is 25 mm thick.
Bulkheads are welded inside the box of the upper C-leg for reinforcement. The
DU stack is connected to the C-frame via clamps which connect the end-pieces of
all DU-plates to the C-legs. The C-legs are therefore also used to attach 'pick-up
points' which are used to hold the module during manipulations. The upper C-leg
allows housing of the electronics of the HES, together with equipment required for
the source and laser calibration.
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Figure 4.9: A close view on the end-beam.

4.5 Additional calibration tools

4.5.1 7 source

As mentioned earlier a 1.6mCi 60Ci j source of 1.1mm diameter fixed at the
end of a steel wire, can be moved inside brass tubes in or at the side of the WLS
cassettes of every module. Figure 4.7 and 4.9 show how these tubes are positioned
in a FEMC-WLS cassette. For FHACO and RHACO towers these tubes run along
the spacer column, and for REMC they run in between the 10cm wide EMC-WLS
strips.
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The source tubes run along the web plate towards the upper C-leg, where all
tubes are grouped together. In the upper C-Ieg a computer controlled system is
installed which is able to select a specific source tube and can bring the source
down the tube with a position accuracy of 0.5 mm. As an example, figure 4.10
shows the result of a source scan along a HAC1 tower.

, t , , i , . , , i • , , , i , , , . i i , , . i , , , . i . , i i
BOO 900 1000 1100 1Z00 1300 1400 1500

module NL2 run 118 cobalt in Tower 17 EMC1/EMC2L PM- HACZL

Figure 4.10: Source scan signal as function of the source position along a HAC2
tower.

Each peak represents a scintillator tile, and the average response level gives an
indication of the WLS response uniformity.

4.5.2 Optical flasher system
The pulsed light calibration system injects light pulses onto the cathodes of the
photomultipliers via the light guides. The main elements of the system are:

• a iVVlaser as single light source for the whole calorimeter,

• a UV to blue light converter positioned in the main distribution box,

• a blue to green light converter in each distribution box on the separate
modules.



The JV2-laser light is fed to the main distribution box where the UV light is con-
verted to blue light via a SCSN-38 scintillator. The blue light is then fed into
about 100 quartz fibres (which have a low attenuation for UV light), which run to
the individual distribution boxes7 of each module. Here the blue light is converted
to green via WLS material (Y7 doped). This light is then distributed via PMMA
fibres of equal length to each individual photomultiplier. The fibres are connected
to the light guides via obliquely sliced PMMA rods with a screw connection, called
'pigtail', glued onto the light guide close to the photomultiplier cathode (see fig-
ure 4.9). The fibre bundle is mounted inside an aluminium box (outer dimensions:
30 x 60 mm2) fixed to the web plate of the end-beam.

4.6 Finite element calculations for FCAL and
RCAL

4.6.1 Introduction

The mechanical stiffness of the DU stack is determined by its dimensions, which
were fixed by the physics requirements, and also the position of the spacers, which
should have minimal transverse dimensions, was fixed by the 20 X 20 cm2 tower
dimensions. With this knowledge as input, in addition to the external support
conditions, the mechanical structure of the C-frame was designed around the DU
stack. The calculation of the stiffness of the DU stack in combination with the
necessary stiffness of the C-frame, was relatively simple and did not require com-
plex computer modeling. This is, however, quite different for the determination of
the minimal required compression force on the spacers and plates. The stack of
DU-plates with the spacers in between should act as a single mechanical structure
inside the module (no relative movement of the plates) in order to achieve the
required stiffness. Since friction between spacers and plates is the only mechanism
to avoid slippage of the spacers, the whole stack should be compressed. The cal-
culation of the friction forces between plates and spacers for such a complicated
structure with so many plates and spacers can only be done with finite element
computer techniques.

The most important studies for this purpose were the influences of dynamical
loads, because frequent slippage of spacers will destroy the plates ar.d/or spac-
ers. These loads occur during transport, manipulations and in the experimental
situations with varying magnetic loads.

This section will describe some basic principles of the finite element (FE) tech-
niques, the design of a computer model and the most important results of the
calculations.

4.6.2 Principles of finite element technique

The description of the behaviour of a complex system or set of systems with
the finite element method, is in general a process of subdividing all systems into

7These boxes are mounted inside the upper C-leg for FCAL and RCAL.
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their individual components or 'elements', whose behaviour is understood. The
original system is then 'built' from such components to study its behaviour. In
many situations an adequate model of the system is obtained using only a finite
number of well defined components (discretization of a continuous problem). This
implies that this methodology involves approximations which have to be carefully
considered.

The general technique in mechanical finite element analysis is to rebuild the
mechanical system with elements of which the force-displacement relationship is
known; subsequently the mathematical equations, resulting from demanding local
equilibrium at each connection point (node) of the structure, are determined.
From this set of independent equations the solution of the displacements can be
obtained, from which also the internal element stresses can be derived. The basic
mathematics of this technique is described in appendix B.

The modeling of FCAL and RCAL modules was done with the use of only
two types of basic mechanical elements, the beam element and the thin shell
element. Special boundary conditions other than support points and degrees of
freedom in the element connection (at nodes), which can be switched on and off
(see appendix B), were not used.

The following material properties have to be defined for each element of the
computer model: modulus of elasticity (£"), Poisson ratio (i/) and specific density

Beam element

n2 y

Figure 4.11: Physical beam element (left), model beam element (middle), and
local coordinate system.

A beam element is a connection between two nodes with the physical properties
or mechanical behaviour described by the equations of beams, which give exact
solutions. The physical properties of beam elements depend only on the cross
section perpendicular to the element x-axis, and are listed8 below:

Iyy = moment of inertia for bending around the y-axis,
Izz = moment of inertia for bending around the z-axis,
IP = polar moment of inertia for torsion around the element x-axis,

8 The computer model beam elements offer the possibility to determine more non standard
properties like for instance a shift of the neutral axis of bending.



A — the area of the cross section of the beam element,
Sy = the shear area ratio between the geometrical area and

the shear area for shear in the y-direction,
S2 = the shear area ratio for the z-direction.

The length of a beam element is only determined by the position of the two
nodes in the model, which are connected by the beam element. Since the beam
element has its own local coordinate system, also the orientation of this local
system relative to the global coordinate system of the whole model has to be
defined. Determination of the material stress inside the beam elements requires
three additional parameters: Cy, Cz and ry. Cy and Cz are the effective distances
from centroid to the edge of the beam perpendicular to y and z-axis, and r? is
the effective radius for torsion. The parameters Cy,Cz and ry have no effect on
the solution of a loaded structure, they are only used afterwards to determine the
stresses which are a result of the forces and moments acting on the nodes. The
stresses are calculated in the following way:

<rx = Fx/A
Cy = MyCz/Iyy
<TZ

 = "**zCy/Izz

TX = MxrT/Ip

TV = FySy/A
TZ = FZSZ/A

Thin sheU or plate element

A thin shell element is defined by the nodes at the corners which form a polygon.
In the models discussed here only polygons with three or four nodes were used. The
equations for thin shell polygon elements usually do not give exact solutions; most
software packages use simplified linear approximations which reduce computing
time.

Figure 4.12: Thin shell or plate element of which the dimensions are determined
by the position of the nodes.

The physical properties that have to be defined for thin shell elements do not
depend on any coordinate system, only the plate thickness t has to be denned.
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The internal stresses due to forces in the shell elements can usually be deter-
mined at the surface (top and bottom) and in the middle of the elements. The
stresses for a shell element with its surface in the global x-y plane are defined as
follows:

ax = d?Tx/dydz
<ry = d2Ty/dzdx

axy - d2Ty/dydz = d2Tx/dzdx

Where Tx and Ty are the x and y component of the internal forces in the elements.
Another important feature of the finite element technique is the possibility to

give elements physical and/or material properties which are unrealistic in the real
world, or can never exist in a certain combination (e.g. element with zero specific
density).

4.6.3 FCAL-FE models and calculations
The finite element models discussed in this work were all made with the SDRC-
SUPERTAB (3.8a) program module and the calculations were performed with the
SDRC-MODELSOLUTION (3.8a) module9; both were executed on a APPOLO-
DN580T. The creation of a model with the SUPERTAB module10 requires (in
principle) four steps:

1. a model is made with points, lines and surfaces in space,

2. nodes are placed in the model,

3. elements are placed on or in the matrix of nodes in order to connect them,

4. tables containing physical and material properties are filled.

The first step is not always necessary; it is also possible to create nodes and ele-
ments simultaneously and/or automatically by 'multiplying' the model or making
mirror images etc. Also the loads can be determined with SUPERTAB, and it of-
fers possibilities to check the validity of the model. Post processing of a calculated
load case is also done with the SUPERTAB module, which offers various possibil-
ities of displaying deformed geometries, stresses and forces in coloured plots, like
equi-stress lines, histograms or just listings of subsets of the element stresses and
node displacements.

The result of the FE calculations on the FCAL model are the model-spacer
stresses. These are converted to the compression and shear forces which would
act on the real spacer in the real situation. The way these forces are calculated
depends on the FE model element dimensions and properties and is explained in
appendix C. Once the compression forces (Fz) and shear forces (Fx and Fy) are

9 Both modules are part of a large software package which includes also 2D and 3D drawing
and solid modeling.

10 SUPERTAB can also create model input files for other calculations with programs like NAS-
TRAN or PATRAN.
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known it, is possible to calculate the minimal strap force (Ft) necessary to avoid
spacer slippage:

JFJ+F]
Ft = *• - Fz (4.1)

where fi is the friction coefficient between spacer and DU-plate.

The value of fx is measured to be ~ 0.15 [33], but in order to remain conservative
fi = 0.10 was used in all calculations. For each load case the maximum of Ft

was determined, which does not have to coincide with the maximum value of Fz.
Once the value of Ft is determined, including a safety factor, the minimal required
spacer surface can be determined taking also Fz into account.

Model 1

The finite element calculations were started with a model which described the
largest FCAL module according to the state of the design in April 1987. The
largest FCAL dimensions were used because it is reasonable to expect the biggest
problems for these structures. The first computer model is shown in figure 4.14.
The choice of elements used in this model, to describe the different parts of the
module, is summarized below:

• Each individual DU-plate (185 in total) and Al front-plate were thin shell
elements.

• End-pieces of the DU-plates were beam elements.

• The individual spacers were beam elements (dimensions: 5 x 15 mm2 in
HAC2, 5 x 10 mm2 in HAC1 and 5 x 6 mm2 in EMC).

• The end-beam was modeled using thin shell elements; dimensions are shown
in figure 4.13.

• Both C-legs (box beam 180 x 180 mm2 t = 20 mm) including the connections
to the end-beam were beam elements.

A feature of the model is the symmetry about the midplane at half height of the
module giving a reduction of the number of nodes and elements. This reduction
was necessary due to the limited availability of disk-space and computing time
(each load case required ~ 100 Mbyte during the calculations and took ~ 12
hours computing time). The DU-plates in the model are separated and mutually
connected by the model spacers located every 20 cm. The silicon gaps (HES) were
not modeled and also the tension elements were not in the model because they do
not contribute to the stiffness of the structure (compression force can be applied
in the form of a load if required). Due to the model symmetry both C-legs are
identical. Standard values for the material properties of steel, aluminium and
scintillator were used. For the DU-plates the modulus of elasticity was taken to be
1.69-105 N/mm2 and the Poisson ratio 0.29; for the spacers the properties of steel
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Figure 4.13: Cross sections of the modeled end-beams. The bottom flange of
model 2 was geometrically scaled in width to take into account holes necessary to
remove the PM's according to the design at that moment.

were taken. The DU-plates of EMC, HAC1 and HAC2 each have a different width
but in the model the width of all plates was taken to be the average width and
therefore the physical properties of the plates per section were scaled according
to the theory of beams. The physical properties of the model spacers were scaled
because the model DU-plates are infinitesimally thin which makes the spacers not
3.9 but 8.0 or 7.6 mm long. The end-pieces and the connection between C-legs
and end-beam were also scaled. Scaling is treated in detail in appendix C which
describes the second FE model.

Calculations with model 1

Model 1 was modified several times on the basis of intermediate results.
The first two calculations simulated transport situations with a 1 g gravitational

acceleration load in the vertical direction with the module standing on the end-
beam (this is in fact 1 g extra load) and a l j transverse acceleration load with the
module supported on both C-legs. The first case immediately revealed that the
front-plate (t — 20 mm) of the end-beam was too weak to carry the load of the DU
stack. The spacer shear stresses in this case required a local compression force of
~ 5100 A" (F3hear = 510 N) to prevent slippage, and since accelerations up to 4 g
can be expected, this problem had to be solved by connecting the tower bulkheads
to the web of the end-beam (tower bulkheads were already present in the design
as part of the strap tensioning mechanism). The second case showed maximum
spacer shear stresses in the spacer column nearest to the C-Ieg and required strap
forces up to 2866 N (F,hear = 245 N).
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Figure 4.14: Half model with support points indicated A to E. Support points A
and B are used for transverse loads and points C, D and E are used for acceleration
loads in the z direction.

The smallest mechanically stable spacers have cube like dimensions, which
would give a spacer surface of about 25 mm2, yielding a reasonable maximum
value for Ft of 20 kN. This shows that the results for Ft obtained so far are quite
low.

The following series of calculations, in which the model was subject to changes,
was performed with 1 g transverse acceleration loads because this type of loads will
occur during transport, manipulations and beam tests. At first an additional C-leg
was modeled on each side of the module for both C-legs (this is called triple C-leg)
which reduced the Ft value to 9767V (Fg/,earmax = 95 N), a very low value.

Then step by step the end-beam was changed by removing the second flange
(necessary for mounting PM housing), making the web thinner (t — 20 - • t —
12 mm), adding the tower bulkheads (t = 5 mm) and removing the third flange
(for all these calculations the C-legs were single beams again and the mass of the
magnetic PM shielding was added to the web of the end-beam). This resulted
in the conclusions that a thin web and the presence of a third flange will each
reduce F,hear by 10-20%, and that the bulkheads increase F,hear locally by about
5%. The value of F, was 4218 AT (Fthear = 381 N) for the model with third flange
and bulkheads. With this model a calculation with a vertical gravity load was
performed which showed that the spacer shear forces were reduced by a factor 2.4
to 210 TV due to the presence of the tower bulkheads.

The position of support points 'A' and 'B' (see figure 4.14) was also investigated
for transverse gravity loads. This showed that keeping the points at the same
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distance and moving them towards the end-beam would reduce Ft by about 10%
but would reduce the stability of the module relative to the support points.

The maximum deflections were relatively small and varied from 2.3 to 3.2 mm
for transverse acceleration, and were 0.17 mm for vertical federation due to stack
compression.

Finally a situation of the module hanging in a crane was simulated by us-
ing only support points 'A' and applying a 1 g gravitational load in the vertical
direction. The result showed very high spacer shear forces up to 2184 TV at the end-
beam which required Ft = 26190 N, a value which was not acceptable (maximum
deflection was 0.8 mm).

Model 2

Computer model 1 has its limitations because it models only half an FCAL mod-
ule. Therefore this model can only predict spacer shear and compression forces
for transverse and vertical acceleration loads. In order to be able to calculate all
necessary load cases a new model was constructed, which describes the complete
module, but it therefore has to use an alternative method for describing the DU-
plates and spacers, due to computing limitations. In this new model two spacer
columns are represented by one beam element column, and at different locations,
depending on the expected stress concentrations, one or five DU-plates are repre-
sented by one beam element.

The C-legs and the connections of the C-legs to the end-beam are again mod-
eled with beam elements, while plate elements are used for the end-beam. The
end-beam has tower bulkheads and two flanges, and its dimensions are shown in
figure 1.13. The web thickness is set to 20 mm because results of magnetic flux
calculations indicated that this thickness was necessary in order to keep the field in
the PM tubes acceptable. The C-leg dimensions are: 180 x 180 mm2, t = 20 mm
for the lower C-Ieg and 310 x 200 mm2, t = 10 mm for the upper (except the
flange facing the stack t = 25 mm). The end-beam was modeled with plate ele-
ments because local deflections in this beam have a great influence on the spacer
shear stresses. DU-plate and spacer dimensions were identical to those in the first
model. Figure 4.15 shows the second finite element computer model.

The end-beam can clearly be distinguished in this figure, and the C-legs are the
top and bottom horizontal row of beam elements. All the other horizontal rows
of beam elements represent the spacers, and the vertical rows represent the DU-
plates and end-pieces. Figure 4.15 shows sections of high and low concentrations
of the vertical beam elements which represent the DU-plates. In the sections with
a high concentration, every DU-plate and end-piece is modeled in one column of
beam elements, while in the other sections the properties of five DU-plates and
end-pieces are put in one column of beam elements. The reason for not modeling
every DU-plate in some sections is to save computing time, and it is only done at
places where no large stress variations are expected. The aluminium front-plate is
modeled in the same way as a DU-plate; the HES silicon gaps and the tensioning
elements are again not modeled.

The technique of modeling and scaling and the calculation of Fx, Fy and Fz is
explained in detail in appendix C. A disadvantage of this model is the fact that
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Figure 4.15: Full FE model with support points indicated A to D. Support points
A and B are used for transverse loads and points C and D are used for acceleration
loads in the z direction.

shear forces due to forces between the spacer columns on each side of the module
at the same global z-position cannot be determined, and therefore shear forces in
the global x direction will only occur for transverse loads.

Calculations with model 2

The following series of calculations served to study the behaviour of the module in
the experiment under the influence of the magnetic field forces, and to investigate
what extra support structure was necessary for manipulations and transport. The
dimensions and physical properties of the modeled FCAL module were not changed
for the series of calculations described here.

The main purpose of the first calculation with this model was to compare it with
the previous model under almost identical conditions (first model twei = 12 mm,
second model tweb = 20 mm) for a lg transverse load. Figures 4.16a and b show
the deformed geometries of both models, under the 1 g transverse load.

The maximum deflections occur for both cases along the symmetry plane in
the middle of the module. For the first model the maximum deflection is 2.90 mm
and for the second 3.72 mm, both occur at the front plate of the end-beam. The
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Figure 4.16: Deformed geometries of (a) mode! 1 and (b) model 2, due to a 1 g
transverse acceleration load.

difference in these values is due to the relatively larger stiffness11 of the plate ele-
ments for transverse bending. The profiles of the spacer stresses were very similar
and the maximum shear stresses occurred again in the spacer column nearest to
the C-legs. The shear stresses in the second model are about 20% lower in both
directions, again due to the too large stiffness of the thin shell elements in model 1.

11 The simplified equations which describe thin shell elements yield too small deflections, except
for torsion. The equations for beam elements are exact.
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The difference in the result of Ft is only 2% (4218 AT for model 1 and 4123 AT for
model 2) due to the different contributions of the compression force.

The next series of calculations simulated a module resting on the lower C-leg
in the experiment under a l j vertical load. Different support conditions were
considered with and without the magnetic field. The magnetic force was modeled
by forces attached to, and equally spread over, the central DU-plate of HAC1 and
had a total magnitude of ~ 30 ArAT [36]. When the magnetic force is not switched
on, the maximum shear forces are about 375 N for two point support (points 'A'
and 'B') and 73 N for support over the whole length, leading to values for Ft of
~ 4200 AT and 710 AT respectively. Both maximum stress concentrations occur in
the spacer columns nearest to the lower C-leg at the front-plate of the end-beam.
Switching on the magnetic field changes the situation drastically. The deflection
increases from several tenth of a mm to around 3 - 4 mm forward bending of
the module. The spacer shear forces also increased dramatically; depending on
the support conditions they range form 770 to 1400 N and therefore the values
of F( range between 7360 to 13360 N of which the latter is not acceptable. The
best solution is a completely supported module attached to the external support
structure at the position of support point 'B' resulting in F,/,ear = 773 and Ft =
8830 N (attaching the end-beam to the support gives a bad result: F,hear = 1005
and Ft = 10850 N and this is even worse if it is only connected at the front-plate
of the end-beam Ft = 13356 AT).

The following load cases describe the craning of a module into the experimental
position (without the additional support structure, but with a IPE300 beam for
cable connection), and the moment of touching the floor at the corner of the end-
beam with a reaction force of 20 kN. The first case is very similar to a module
resting on 2 points, the maximum shear force is 350 N and Ft = 3346 AT. Putting
the module down in the way described, results in shear forces up to 740 N resulting
in Ft = 7170 AT.

Finally transport situations and intermediate rotation positions were studied.
For this series of calculations the model was slightly changed by adding an internal
transport frame which turned out to be necessary according to the results of a
craning simulation with model 1 (end-beam towards the floor). The modifications
concern the so called triple C-leg and a 20cm high T-beam (flange thickness of
20 mm) mounted underneath the end-beam over the whole length, plus two beams
on each side of the module which connect the middle of the T-beam to the C-legs
at about 1 m from the front-plate of the end-beam (these beam dimensions are:
180 x 180mm2, 10mm thick).

The first calculation with this model simulated the craning of a module with
the end-beam towards the floor using only support points 'A', and can therefore
be compared with the last case treated for model 1. The maximum shear forces
are concentrated at the end-beam and the highest values are found at the spacer
column second closest to the C-legs and amount to 486 AT which is low compared to
the 2184 AT found for the case without the internal structure. The minimal required
strap force Ft is 2812 A', and the deflection in the middle of the module at the
end-beam is about 0.2 mm. This means that this transport structure reduces the
maximum shear forces by a factor of about 4 to 5, and Ft by a factor of about 10.
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The following two calculations with this model concern the transport situation;
the module resting on the end-beam supported on points ' C or 'D'. The maximum
shear forces are again concentrated at the end-beam (not near the C-legs) and have
an equal magnitude of 442 AT. The deflections of the module are slightly less when
it is supported at position 'D' which is therefore preferable. The required value of
Ft is 2120 N at 1 g load and under a maximum load of Ag it amounts to 10028 N
taking into account the decrease of the strap tension v,/ about 500 N per g extra
load due to stack compression.

Figure 4.17: Four intermediate positions for the module during rotation, for two
different rotation schemes.

The last series of calculations concern the module in four different rotated
positions. In order to get the module from the transport position into the position
in the experiment it will first be layed flat on a support frame (which is also the
position in the test beam); then it will be lifted at one C-leg by crane and put in
the upright position, resting on the lower C-leg. Three situations were simulated
for this procedure (indicated in the same order in figure 4.17): module under 45°
with end-beam on the floor, module laying flat and module under 45° resting with
the lower C-leg on the floor. The maximum shear forces are 389 N and occur in
the latter situation which results in a maximum value for Ft of 3952 N. The fourth
calculation was a simulation of a module resting on the corner of the lower C-leg
and the end-beam leaning 45° backwards, which is an intermediate position for a
one move manipulation in order to get the module upright. This method requires
complicate rotation devices and also gives the highest value for Ft of 8907//, a
factor of two higher than for the other method.
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Spacer surface and strap tension

The maximum spacer shear forces occur during transport under 4 g load where they
go up to ~ 1750 N and in the situation in the experiment with the magnetic field
switched on where they reach ~ 1000 N, for the recommended support conditions.
In both cases the internal stack compression due to the load, reduces the minimum
required strap tension to about 8800 N for the latter case and to 10,000 JV for the
4 g transport case. The required strap tension is therefore at least 15 kN, in order
to have a safety factor of ~ 2 (keep in mind that the friction coefficient was
set to 0.1 while in reality it is 0.15). Assuming 20 kN as maximum strap force
and adding the maximum value of internal stack compression, which amounts to
~ 4300 N for the magnetic field case and ~ 9200 N for the 4 g transport case,
the maximum compression forces are about 24.5 kN close to the EMC section and
about 30 kN in the HAC2 section at the end-beam. The compression forces in
combination with the allowable 800 N/mm2 compression stress of the DU-plates
result in spacer surfaces of at least 30 mm2 in the EMC and 37.5 mm2 close to
the end-beam. Since the relative energy loss of the shower due to spacers in the
hadronic sections is small the spacer dimension there is set to 10 x 5 mm2. In the
EMC the size is kept at 6 x 5 mm2.

A full description of the models and results are given in [34,35]. For ease of
survey the finite element calculations are summarized in table 4.5.

Final remarks on FCAL simulations

The vast majority of spacers does not experience the critical shear forces and
therefore the structural integrity of the whole DU stack is much greater than it
appeared in the foregoing analysis. It was already mentioned that the real spacers
are made of very hard and stiff carbides, while in both computer models the spacer
elements had the properties of steel. But they were also modeled too stiff since no
deflection in the DU-plates was assumed for the physical properties of the beam
elements, see appendix C. It is not easy to guess in how far these points made the
models come closer to reality but the results will certainly not underestimate the
problems.

RCAL simulation

Since the RCAL modules do not have the HAC2 section, the steel end-beams
of the RCAL modules will be 64 cm closer to the ZEUS coil and therefore they
experience a larger magnetic force than FCAL. Due to this and due to the smaller
stack dimensions which can have negative effects on the stresses in the stack, also
some FE calculations for RCAL were done. At that time the design of FCAL
and RCAL was ready and therefore a model could be made which represented the
final situation in detail; the modeling of the stack was very similar to model 2 of
FCAL. The different load cases, simulating transport and experimental situations
with magnetic field, gave very similar results concerning deflection and stresses.
The maximum value of the minimal required strap force occurs in the experimental
situation with magnetic field, and amounts 6800 N [37]. This value is lower than
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Table 4.5: Summary of the finite element calculations on FCAL. The support
point positions are relative to the front-plate of the end-beam; the length unit is
mm.

Case
ID

model, case description end-beam
cross sect.

accel.
far]

Fshear
[N]

Ft
[N]

model 1
A
B
C
D
E
F
G
H
I
J
K

original model 1 supp. points C,D and E
mod. A supp. points z(A,B)=1072, 272
mod. A with triple C-leg
mod. A end-beam modified twet, = 20 mm
mod. A end-beam modified twe(, = 12 mm
mod. E with bulkhead t = 5 mm
mod. F
mod. F supp. points z(A,B)=1072, 0
mod. F supp. points z(A,B)=904, 0
mod. F supp. points z(A,B)=800, 0
mod. F hanging in a cran? z(A)=704

1—1—
— 1 —

-lz
-lx
-lx
-lx
-lx
-lx
-lz
-lx
-lx
-lx
-lx

510
245
95
420
357
381
208
395
345
335
2184

5100
2866
976
4638
3990
4218

4489
3926
3887
26190

model 2
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

Q
R

original model 2 supp. points z(A,B)=1072, 272
mod. A standing on one C-Ieg at points A and B
mod. B extended supp. (50 mm wide) at A and B
mod. B supp. over the whole length of the C-leg
mod. B magnetic field on
mod. C magnetic field on
mod. D magnetic field on
mod. D magnetic field on, supp. over z=272 to 1500
mod. D magnetic field on, supp. over z=900 to 1500
mod. B hanging in a crane
mod. J hanging plus 20 kN touch down reaction force
mod. B + internal supp. hanging in crane z(A)=1072
mod. L hanging in crane supp. at y(D)= i 1700
mod. L hanging in crane supp. at y(E)= ± 2300
mod. L tilted 45° y(D)= ± 1700, z(A)=1072
mod. L supp. points z(A,B)=1072, 272
mod. L tilted 45° supp. points z(A,B)=1072, 272
mod. L tilted 45° backwards y(D)= ± 1700

-lx
-ly
- l y
- l y
- l y
- l y
-ly
-ly
- l y
- l y
- l y
-lz
-lz
-lz

—lz,x
-lx

-lx,y
—lz,x

314
353
375
73
817
1391
1005
1060
773
353
738
486
442
442
327
275
389
1060

4123
4115
4226
712
8709
13356
10850
8830
7356
3346
7167
2812
2120
2120
1746
3275
3952
8907

expected, but when these calculations were started there was also more detailed
information available on the magnetic forces. It turned out that the total magnetic
force on RCAL amounts 22 kN, a value which is even lower than assumed for
FCAL. This also means that the FCAL results are on the safe side.

4.7 FCAL and RCAL assembly at NIKHEF
4.7.1 Introduction
NIKHEF assembled half of the modules of FCAL and RCAL; the other half,
including the special modules which are placed above and below the beam pipe,
were assembled at the Markham site of York University in Canada.

The largests FCAL modules contain 185 DU-plates, 5980 scintillator tiles, 9024
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spacers and 46 wavelength shifter cassettes. A great effort was made to produce
all the parts within strict tolerances for dimensions and optical properties. Con-
sequently high demands were placed on the positioning of all the parts during
assembly, not only within one module but also from module to module, in order
to obtain performance identical at the percent level for all modules.

This is one of the main reasons for using a computer controlled robot for the
assembly. Another important reason is radiation safety for the people who do the
actual stacking of the DU scintillator stack. The weakly radioactive wrapped DU-
plates have a surface activity of ~ SOfiSv/h and by handling them at distances
greater than \m this level drops below — bftSv/h (natural radioactivity level is
2500 fiSv/year).

4.7.2 The stacking robot

The stacking robot is a computer controlled device, which can pick up a uranium
plate or a complete layer of scintillator plates and spacers via vacuum suction, and
move it independently in three directions.

The mechanics is built of 6 identical special aluminium box beams (TOLLO
SYSTEM), two for each direction of movement. Inside each beam there is a nut
which is guided by slide bearings and driven by a threaded spindle, so that it can
move in the direction along the beam (spindle and nut are of the recirculating ball
type). The whole mechanical construction is explained on the basis of figure 4.18.

The vacuum pick up device for DU-plates and scintillators is mounted on the
'z-direction' of the robot and the nut of each z beam is connected to two nuts of
the y beams via two special frames. This whole construction is carried by the two
nuts of the x beams, such that it is possible to move the pick up device in three
directions. The two spindles of each pair of beams are mechanically connected
via gear boxes and a shaft with one DC motor. The robot x, y and z positions
are measured with a rotation angle encoder on each motor shaft. The maximum
distance over which the pick up device of the robot can be moved in the x, y
and z direction are 2.5, 0.5 and 2.0 m respectively. The speed can be varied from
0 to 1.5m/minute for all directions, and the position accuracy is 0.1mm. The
maximum weight that can be lifted and moved is ISO kg.

The position of the robot is controlled via a feed-back system. This system
compares the momentary position of the robot with the position calculated by
the robot controller computer. The difference in these positions is input for the
controller computer, which calculates the new controller action and this is the
input for the DC motor amplifier. In this way it is easy to change the control
characteristics because the whole control is done with software.

The robot controller computer also processes the 'motion program' which de-
scribes what action the robot has to take and which path it has to follow through
space.

Since the program language only offers a limited number of control flow possibil-
ities and since the control computer has a very small program memory (6A kbyte),
a PC is connected to the control computer. The PC executes a program which
makes it possible to perform any necessary action with the robot via a menu and
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Figure 4.18: Schematic view of the stacking robot.

question and answer structure. When a menu choice is made, the necessary soft-
ware is downloaded to the controller computer. During the execution of the motion
program the PC is waiting for messages from the control computer and commands
from the keyboard. The motion programs are usually of the endless loop type and
have to be stopped by a command from the keyboard of the PC.

4.7.3 The assembly procedure
The assembly starts with the positioning of a complete C-frame, supported by
two so called 'A frames', under the stacking robot. At this stage, the bulkheads,
fibre bundles and source tubes are mounted on the web plate of the end-beam.
The frame is rolled under the stacking robot, supported on four rollers. It is then
aligned with the robot to ~ 0.1 mm, leveled, and attached to the floor. In addition
three extra supports are placed under the end-beam at equal distances.

At one side of the C-frame the scintillator table stands in a fixed position with
respect to the robot, see figure 4.19. This table has a template fixed to it for
positioning of the scintillator tiles and spacers. On the other side of the C-frame a
table, carrying the DU-plate box with the positioning template, has to be aligned
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Figure 4.19: Schematic view of the stacking robot and positioning tables for the
scintillator tiles and DU-plates, and the empty C-frame.

with respect to the robot.
When everything is aligned, the exact positions of module, DU-box and DU-

template are still unknown to the stacking program. These positions are measured
with the PC in combination with the robot which has to be accurately positioned
to the specified positions. At each position the sensors are read by the PC, and
when all positions are known it updates the stacking program.

At this point automatic stacking can start. For safety reasons the picking up
and releasing of DU-plates and scintillator layers was done with human interfer-
ence, via limited joystick control.

An important parameter to check during stacking is the height of the modules.
After each section (HAC2, HAC1 and EMC) is finished the stack height should be
within less than 1 mm of the nominal value. The variation in height of the stack is
caused by the thickness tolerances of the depleted uranium plates. After every 25
layers the thickness of the stack is measured with the PC using an option of the
stacking program. Before doing this the stack has to be compressed, to minimize
effects of the coining of the cladding, with a force comparable to the final stack
compression force. The compression mechanism consists of a ladder on top of the
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stack which guides the compression forces applied by hydraulic cylinders connected
to it with chains and cables. The height is measured with a beam which holds
Mitutoyo digital linear displacement sensors, which are read by the PC via a special
interface. The measured height deviations at every spacer column are added to
the total thickness deviation of the following 25 plates which are to be stacked
(measured at MSC, the DU-plate rolling factory); this yields the total amount of
correction per spacer column in order to maintain the nominal height. The height
corrections are applied with spacers which are available in three thicknesses 3.8,
3.9 (nominal) and 4.0 mm. Figure 4.20 shows a typical example of the measured
height deviations, with respect to the nominal height, for a completely stacked
module.

10 15 20 25
LEFT SIDE

35 40 45
SPACER COLUMN NUMBER

10 20 25

RIGHT SIDE

30 35 40 45

SPACER COLUMN NUMBER

Figure 4.20: Final height deviations from the nominal value of a FCAL module.

When all plates are stacked including the front-plate about 50% of the straps
are mounted in order to partly compress the stack and thus give it some rigidity.
Then all straps are mounted and tensioned to the proper value between 15 and
20 kN, after which the plates are connected to the C-legs via clamps.

Finally the WLS readout and the PM housing, which form a single unit, are
mounted. For this purpose the straps have to be removed in pairs. The WLS
cassettes are fixed to the stack by means of small clamps (attached to the spacer
column) which are bent around the edge of the cassettes, located at the transitions
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of HAC2-HAC1 and HAC1-EMC. Once a cassette in combination with the PM
housing is fixed, the light fibres are connected to the light guides and source tubes
to the tubes mounted in the cassettes. When this is finished the strap is replaced
and tensioned.

Before the module can be removed from the stacking position, the additional
internal transport structure is mounted which prevents the module from sagging
too much when the three support points below the end-beam are removed.

The transport by road to DESY and/or CERN required a special transport
frame which had to be sufficiently stiff in order to prevent module torsion. The
design of this frame was done in combination with FE analysis for different load
cases. In order to prevent transmission of torsion of the truck to the frame it has
a 3 point support on the truck, and it supports the module on the support points
used in the FE analysis (at end-beam and C-legs). The module was attached to
the transport frame by adjustable rubber pads.



Chapter 5

Test of the ZEUS forward
calorimeter prototype
This chapter is a reprint of the results published in 'Nuclear Instruments and
Methods in Physics Research' A289(1990)l15-138. The first four sections of this
article are not printed here, because they describe the mechanical construction of
the FCAL which has been treated in the previous chapter.

TEST OF THE ZEUS FORWARD CALORIMETER PROTOTYPE
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Abs t r ac t

Four prototype modules following the same design as the ZEUS forward calorimeter
(FCAL) modules1 were constructed and tested with electrons, hadrons and muons in
the momentum range of I to 100GeV/c. The main topics under investigation were:
calibration, uniformity of response, noise, light yield, energy resolution and the electron
to hadron response {e/h ratio). The results of the measurements are presented and the
expected performance of the FCAL is discussed in light of these results.

'The prototype FCAL modules had only four towers instead of 23, as for the largest FCAL
modules shown in the isometric view of figure 4.2.
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5. Experimental setup

The 4 prototype modules were assembled at York
University (Canada) and tested in the T7 beam of the
CERN-PS with particles in the momentum range of 1 to
10 GeV/c. and in the X5 beam of the CERN-SPS with
particles in the momentum range of 10 to 100 GeV/r.
These 4 modules form a 7X deep and 80 x 80 err
cross-section calorimeter, as shown in fig. 6a. The main
parameters of this calorimeter are summarized in table
1. The tower and EMC section numbering is also indi-
cated in fig. 6a.

The experimental setup in the beamline is shown in
fig. 6b. It consists of 5 scintillation counters (Bl to B5)
used to define the beam, and two CherenJcov counters
(Cl and C2) used for particle identification. The dimen-
sions of the Bl and B2 counters were 10 X 10 cm2, B3
was a S mm wide counter used whenever a narrow and
well-localized beam was needed, finally B4 was a 20 X 20
cm2 veto counter, with a 1 cm diameter hole in the
middle, used to reject beam halo particles. The B5

Table 1
Main parameters of the prototype calorimeter

counter located behind the calorimeter was used to
trigger on muons. Both Cherenkov counters were filled
with CO2 at the PS beam and with helium and nitrogen
respectively at the SPS beam. In all cases the pressure
was set below the pion threshold for clectron-hadron
discrimination *. Typical trigger conditions are also in-
dicated in fig. 6b. The narrow counter B3 was taken out
of the trigger whenever high rales were required, namely
for calibration, energy scan and muon runs. This coun-
ter was mainly used for uniformity scans of the calorim-
eter.

The calorimeter was installed on a movable stand
allowing both horizontal and vertical translations. The

In the high-energy X5 beam, a clean hadron beam was
obtained by putting a 1A"O convener at the position of the
intermediate focus. A clean electron beam w u obtained by
sweeping charged particles with a magnet and converting the
resulting neutral b u m in a lead foil a few metera down-
stream of the target.

Absorber material
Absorber cladding
Readout material

DU thickness
Cladding thickness
SCI thickness

Effective Xo

Effective \
Effective fiM

Effective density

Transverse segmentation

Longitudinal segmentation

Total length
Total crosvsccUon

Optical readout

WLS material

Pnotamutuplien

Readout channels

EMC

depleted uranium (DU)
stainless steel

SCSN-38 scinuUator (SCI)

3.3 mm
0.2 mm
2.6 mm

7.4 mm
210 mm
20.2 mm
S.Tt/ca?

5 x 20 cm'

25.9*0 (0.96A)

24.1 cm
80x80 car1

2 mm thick WLS plates + bghl

PMMA+Y7<45ppm)

XfW2(Vaivo>

121

HAC

3.3 mm
0.4 mm
2.6 mm

7.6 mm
207 mm
20.0 nun
8.7 g/cm5

20x20 cm'

HAC1 (3.09A)
HAC2(3.09A)

128.0 cm
80x80 cm1

guides

PMMA + Y7 (30 ppm)

XROtl (Valvo)

64

in; dent position of the beam on the calorimeter could
be located with a precision of about 2 mm in the
horizontal direction and 1 ram in the vertical one. The
stand could also be routed in order to vary the angle of
beam incidence.

The calorimeter was read out by a total of 192 PMs.
The PM signals were digitized by charge integrating
ADCj (2282B from LeCroy) and read out by a
Motoro1a-68K/VME based computer at the PS and by
a PDP-11 computer at the SPS. The integration gate for
normal events was 100 m. We note that the electronics
used in this test differs considerably from the final

electron rs which shapes the PM pulses and then sam-
ples them every 96 as |9). This final electronics alio
provides a timing of the pulses with an accuracy better
than 1 ns. This timing feature was not available for the
measurements reported here.

6.1. Calibration with uranium radioactivity

An important advantage of uranium calorimeters is
the possibility to use the uranium natural radioactivity
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Fig. 6. (a) View of ibe prototype calorimeter modules showing
module, lower and section numbering, (b) Experimental setup

in the beamline.

for calibration purposes (2]. The quality of this calibra-
tions has been extensively investigated with the proto-
type modules.

The PM current induced by the uranium radioactiv-
ity was measured with integrators as indicated in fig. 7a.
The time constant of integration was set at about 1 s.
The signal was then digitized by the ADC with an
iniegration gate which could be increased to 10000 ns
and which was used to tune the final value of the signal
(UNO signal) in ADC channeb. The integrator part of
the circuit could be disabled for normal events by
computer control.

At the PS the HV of the PMs was tuned in such a
way that the signal from 5 GeV/c electrons corre-
sponded to 125 pC (500 ADC channels). The current
induced by the uranium radioactivity was then 0.6 |iA
for EMC tube*. At die SPS the 30 CeV/c electron
signal corresponded to 1000 ADC channels and Ibe
induced currents were consequently reduced by • factor
3. The HV of the HAC lubes was set to have a current
from the uranium radioactivity of 3.0 uA, giving ap-
proximately the same charge per deposited energy for
EMC and HAC sections (see section 6.3). By tuning the
ADC integration gate, the final UNO signals were kept
al constant values of about 300 and 1500 ADC channels
for EMC and HAC tubes respectively. Figs. 7b and 7c
display typical UNO diminutions. The width of these

distributions is about I AOC channel, corresponding lo
0.7 nA for the SPS adjustment of EMC tubes.

The UNO signal was used to study and correct the
PM gain variations as a function of time. We defined
the following two quantities (see fig. 8a):
- 8 = UNO variation between 2 consecutive runs for a

given PM,
- A = maximum UNO variation during 'he period of

measurements for a given PM.
Fig. 8b displays the UNO signal for a well-behaved
tube as a function of time. The UNO measurements
were performed every 2 hours during a period of ap-
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Fig. 7. (i) Electronic circuit ued in the teat The inlcgnton
are wed to meuure the current induced by ibe uranium
radioactivity (UNO signal), (b) UNO signal measured in a
typical EMC channel, (c) UNO rignal meuured in a typical

HAC channel.
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Fig. 8. (a) Definition of shon (4) and long (d ) term variations
of the UNO signal, (b) UNO signal variations for a wcll-bc-
haved channel. The measurements were performed every 2

hours during a period of 30 days.

Table 2
Short (<5» and long ( d ) term variations of the UNO signal.
The values are averages over all EMC and HAC tubes. The
frequency of the measurements is indicated for tbe short term

variations

EMC
HAC

<«>!*]
2 hours

0.5
0.1

<«> 1*1
8 hours

0.7
0.2

24 hours

1.0
0.3

30 days

9.5
3.7

proximalcly 30 days. On tbe average, the short term
variations for the tube of the figure are (6 ) »> 0.2% and
the long term variations A - 3%. These variations differ
considerably from channel to channel. The quantities
<£) (for measurements performed every 2 hours) and A
(after 30 days of running) are plotted for all calorimeter
tubes in fig. 9a to 9d. Short term variations are typically
below 1% whereas long term variations are typically
10%. The short term variations depend on the frequency
of the measurements. In table 2 we report the average
values for measurements performed every 2, 8 and 24
hours. We conclude that measurements every 8 bouts
are sufficient to monitor the UNO signal with 1%
accuracy.
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Fig. 9. Stability of the UNO signal. Shown are the short and long term variations for all EMC (a and c) and all HAC (b and d)
channels. The shon term variation! were obuined for measurements performed every 2 hours. The long term variations correspond

to 30 days of running.
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6.2. Uranium radioactivity versus beam calibration

The variations observed in the UNO signal are of
course caused by the PM gain variations but might also
be caused by changes in the PM dark current. In order
to study the ability of the UNO signal to detect real
gain variations we have traced them also with muons
and electrons and we have compared the variations in
the average electron and muon response (e and u) to
the UNO variations. For this purpose the whole
calorimeter was scanned S times with a S GeV/c elec-
tron beam incident at the centre of each EMC section
and with a S GeV/c muon beam incident at the centre
of each HAC section. The spread of the 5 e / U N O or
u /UNO ratios for a given EMC or HAC tube, respec-
tively, gives the quality of the UNO calibration. These
spreads are plotted for all channels in fig. IOa to 10c.
The average spread of e / U N O ratios for EMC tubes is
1.1% and the average spread of u /UNO ratios for HAC
tubes is about 0.5%. These values include a variety of

tubes

1 %

«) EMC lubes
average: 1 1 %

spread of t/UNO ratios <%l

b) HAC) tubes
average; 0.6%

k i I »
spread of U/UNO ratios l%t

lubes

spread of u/UNO ratios[%l

Fit 10' Capability of the UNO signal to dettct PM gain
variations. Shown are the spread of a) e /UNO ratio*, for EMC
lubes, b) n /UNO ratio* foe HACl tube*, c) n / U N O ratiot
for HAC2 tube*. Thcte spreads were obtained after 5 calibra-
tion cycle* of all calorimeter tactiou with $ CeV/c electron!

ormuou.

e/UNO

tubes b) HAC1 tubes
rms: 1.2%

m u/UNO

c) HAC 2 tubes
rms= 1,5%

" "I" •« u/UNO •'
Fig. 11. Ratio of UNO and beam calibration constants for all
calorimeter channels; a) e /UNO rauos for EMC tubes, b)
l i /UNO ratios for HACl lubes, c) u /UNO ratios for HAC2
tubes. These ratios have been corrected by imposing the same

average value for all modules and for right and left tubes.

small effects like statistical errors, shifts due (o the
calorimeter positioning, etc., but allow us to conclude
that the UNO signal is able to trace PM gain variations
within 1% accuracy.

The UNO signal can be used not only to trace PM
gain variations, but also to intercalibrate the gain of the
PMs by balancing the values for lubes in the same
calorimeter sections (EMC, HACl or HAC2). The qual-
ity of this calibration can be checked by comparing e
and u to UNO values for different lubes. The e / U N O
ratios * for EMC tubes are plotted in fig. l l a . The
u / U N O ratios for HACl and HAC2 tubes are plotted
respeciively in fig. l i b and He. The widths of these
distributions are summarized in table 3. There are two

' Four EMC tuba showing abnormally low e/UNO ratiot
have been excluded. These tubes had a significant dark
current, which is very sensitive to temperature changes.
Replacing the passive base* by Cockcrofl-Walton base* will
reduce the PM temperature by about 1$*C, thus removing
this effect.
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Table 3
Difference between the UNO and the beam imercalibration of
the calorimeter channels. In the second row the average ratios
per module have been balanced and the average R and L ratios
as well. In the third row only sums of right and left tubes have
been considered

EMC
e/UNO|%]

HAC1 HAC2

No corrections 4.3
With corrections 3.5
R + L 2.4

2.3
1.2
1.1

4.1
1.5
1.2

possible causes for the discrepancy between the beam
and the UNO calibration:
- mechanical effects which can affect the UNO signal

(like thickness tolerances) or the beam signals (small
translations or rotations of the modules),

- dark current effects which affect exclusively the UNO
signal.

The effects of the first kind are almost completely
removed by imposing module by module the same
average ratios and also that the PMs of the left side
deliver on the average the same ratios as the PMs of the
right side. As shown in table 3 this correction removes
part of the discrepancy but still this discrepancy is
larger than 1%, even if the sums of right and left PMs
are performed for each section.

We conclude that the UNO signal provides a val-
uable intercalibration of the PM gains at the 2 to 3%
level of accuracy, but a calibration to within 1% has
only been achieved up to now with beam particles.

6.3. EMC-HAC intercalibration

The UNO signal can be used to intercalibrate geo-
metrically identical sections but it is more difficult to
use for intercalibration between EMC and HAC sec-
tions. A tough estimation which takes into account the
size and number of scintillator layers and the UNO
signal reduction due to the difference in cladding, pre-
dicted a ratio of about 5 between the UNO signal in the
HAC and in the EMC sections. This ratio was used for
a first PM gain tuning but other methods had to be
derived for a more precise calibration.

We defined the intercalibration parameter a in the
following way: E = Emc + <*£HAO w n e r e £ EMC and

£ H A C are the energy deposited in the EMC and HAC
sections, respectively. Various (arbitrary) prescriptions
can be used to determine a:
- optimal hadron energy resolution,
- equal response for electrons and hadrons,
- muon response proportional to the number of SCI

layers, etc.
For a compensating calorimeter these methods are ex-
pected to be equivalent. We selected the first prescrip-

tion and a was determined by requiring the fractional
energy resolution for hadrons, % / £ . to be minimal.
Fig. 12a displays oE/E for badrons of 10 and 100
GeV/c momenta. The following observations can be
made:
- the minimum of oe/E is more pronounced for higher

momenta and therefore the sensitivity of the method
is also increased,

- the minimum of aE/E depends slightly on the
momentum of the incident hadron and therefore the
value of a as well.
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Fig. 12. (a) Fractional energy resolution for 10 and 100 GeV/e
hadrons as a function of the intercalation parameter a. The
energy resolutions are normalized to the value obtained for
a-I. (b) Intercalibration parameter a obtained by minimiza-
tion of the hadronic energy resolution as a function of the
beam momentum; a is normalized to the value obtained for
E - 30 GeV/r. (c) e/h as a function of the intercalibration

parameter a for 10 and 100 GtV/c particles.
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Fig. 12b displays the value of a which minimizes the
hadron energy resolution as a function of the beam
momentum. No increase is observed above 30 GeV/c.
The value of a at 30 GeV/c was then used for the final
calorimeter calibration. As discussed in section 9, this
value of a meets also the important requirement of
providing a ratio e /h of 1 (see also fig. 12c). The final
UNO ratio between HAC and EMC sections obtained
in this way was 5.40.

We note finally that the ratio between the average 5
GeV/c muon signals in the EMC and HAC sections
was measured to be 3.14, compatible with the ratio of
scinlillator layers, 80/26 = 3.08. However second order
corrections are also needed here to obtain a more pre-
cise value. These corrections should account for the
multiple scattering of muons and the difference in clad-
ding between EMC and HAC sections.

7. Uniformity

The calorimeter uniformity has been extensively
studied with electrons and hadrons both at the PS and
SPS beams. Three regions of nonuniformilies have been
identified:
- the boundary between modules *,
- the location of the spacers,
- the boutidary between EMC sections.
The first class of nonuniformities is by far the most
important one and has been carefully investigated. The
result of various scans between the centres of modules 2
and 3, with a 5 GeV/c electron beam incident under
angles of 0 = 0, 40 and 80 mrad, is presented in fig. 13a
to 13c. We observe a big enhancement in the calorime-
ter response just between the two modules **. This
enhancement is reduced as the modules are rotated.
Experimental studies (e.g. by blocking the light transfer
between the scintillator and the WLS) have shown that
it is mainly due to Cherenkov light produced by shower
particles travelling through the WLS. It can be repro-
duced by Monte Carlo calculations using the EGS4
shower generator [10] assuming an efficiency of detec-
tion for the energy deposited in the WLS relative to the
energy deposited i j the scintillator of about 30*. It is
interesting to note that such an effect is not present for
hadroruc showers as demonstrated by fig. 14a to 14c +.
Therefore hadronic showers are much less sensitive to

* In the ZEUS FCAL the module boundaries are at angles in
the horizontal plane or » - 4 0 + (n -1)80 mrad, n being
the 'crack number'.

• • The crack for 0 — 0 mrad corresponds in the figure to a
horizontal position of x — 57.5 cm. This position changes
when ihe modules an routed.

* The small dip observed under normal incidence is due lo
back leakage.

Elitrons (

2000

<Ee>

60 65 70 75 80
X(cm)

Fig. 13. Calorimeter response lo 5 GeV/c electrons as a
function of the beam impact position on Ihe calorimeter. The
scans were performed between the centres of modules 2 and 3
under angles of incidence of (a) 0 mrad. (b) 40 mrad, (c) 80

mrad.

mechanical details inside the calorimeter than electro-
magnetic showers and do not cause a significant uni-
formity problem.

Several solutions have been tried to solve the uni-
formity problem for electromagnetic showers. The most
successful one has been a lead foil introduced between
the modules as sketched in fig. IS. The thickness of the
lead foil has to be optimized lo absorb the right amount
of energy in order to compensate for the additional
signal detected in the WLS. It has lo run along the
whole calorimeter depth, since some light is observed by
the HAC sections for electrons incident under very
small angles. Scans with no lead, 2 and 3 mm thick lead
foils were performed with 5 and 30 GeV/c electron
beams incident under angles of 0, 40 and 80 mrad
Similar results were obtained for both energies, thus
indicating that the nonuniformities are essentially en-
ergy independent. The result for the 30 GeV/r scans is
presented in fig. 16. We observe that, with a 2 nun thick
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angles of incidence of (a) 0 mrad. (b) 40 mrad, (c) 80 mrad.

lead foil, a good uniformity is achieved for 0 > 80 mrad
and that a dip in the response can be obtained by
further increasing the thickness of the lead foil. Again,
the lead has little impact in the hadron response as seen
in fig. 17. It is interesting to note that the lead foil acts
mainly by reducing the response of the HAC sections
(see fig. 18). We observe finally that the electron energy
resolution is only slightly degraded at the location of
the lead for angles of incidence of 80 mrad or larger (see
fig. 19).

The average shift in the electron response and its
spread over the entire calorimeter have been calculated
by extrapolation of the measurements presented in fig.
16. They are displayed as a function of the •)•:.!> of
incidence in figs. 20a and 20b. We conclude from these
results that both the average shift and the rms of the
electron response distribution can be kept below 1%
except for the calorimeter boundary at the smallest
angle of incidence (40 mrad).

Deam

Lead foil

Fig. 15. Schematic drawing showing the location of the lead
foil between modules 2 and 3.

As mentioned in section 3, spacers are located at the
comer of each 20 x 20 mm2 tower. At the location of a
spacer the electron response is reduced by about 20%
(see fig. 21). Although the problem was not studied in
full detail, a solution consists of reducing the lead
thickness close to the spacers and using lower Z materi-
als in their composition.

Finally nonuniformities of about 5% have been ob-
served at the boundaries between the EMC sections of
the prototype modules (see fig. 22). They could be
explained by a gap of about 1 mm between these
sections. In the final modules this gap is reduced to 0.6
mm. Monte Carlo ralculalions have shown that the
effect should then be reduced to 3%, with additional
smearing as the angle of incidence increases.

8. Noise and light yield

The calorimeter noise has been determined by sum-
ming all channels for random trigger events. A typical
distribution obtained in this way is displayed in fig. 23.
There are two different contributions to the noise: the
uranium noise and the electronic noise. This second
component can be isolated by reducing the HV to 400
V *. The distribution obtained in this way is also dis-
played in fig. 23. All sources of coherent noise like
pickup and the 50 Hz baseline ripple have been
eliminated so that the total electronic noise is propor-
tional to the square root of the number of channels. The
relative importance of both components depends of
course on the PM gain. The rms noise levels obtained
during the PS and SPS measurements are reported in
table 4. We observe that at the PS the uranium noise
dominates whereas at the SPS, after reducing the PM
gain by a factor 3, the electronic noise dominates. " •
uranium noise amounts to 100 MeV if all channels in
the 4 modules are summed up and to 25 MeV for a
20 x 20 cm2 tower. The implications of these noise

* Tnc gain of" tfie PM is negligible For this voltage. The HV is
not reduced to 0 in order to minimize the gain changes once
it is set back to the nominal value.
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Fig. 16. Calorimeter response to 30 GeV/r electrons as a function of calorimeter position for various angles of beam incidence and
thicknesses ol the lead foil between modules 2 and 3.

values for the energy resolution will be discussed in
section 11

Each module was equipped with a LED system
allowing light injection via an optical fibre close to the
photocalhode of each PM. The LED output signals
were integrated with a 1 (is gate for pulsed LEDs and
with a 10 us gate for LEDs run in the DC mode. Fig. 24
displays two typical LED-DC mode distributions for
EMC and HAC lubes. The number of pholoelectrons
(p.e.) for 1 GeV/c electron equivalent signal (Eo) can
be obtained according to the formula

Jo.

where EM and o led are the average response and the
corresponding rms fluctuation for a given PM. On the

average N = 41.3 p.e./GeV for EMC tubes and N - 101
p.e./GeV for HAC tubes (see table S). Therefore HAC
tubes yield 2.4 times more photoelectrons than EMC
tubes. Other methods used to determine the number of
photoelectrons (electrons, muons, etc.) gave similar re-
sults. The differences in light yield between EMC and
HAC sections were investigated and it was found that
the light yield depends strongly on the quality of the
machining of the WLS pieces *. We note finally that
the pbotoelectron fluctuations of the EMC sections
produce a nonnegligible contribution to the total energy

The light yield of the EMC sections has been increased for
the final modules by a factor 2 by improving the polishing
of the WLS edges and a tight quality control
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Fig. 17. Calorimeter response to 30 GeV/c hadrons as a
function of calorimeter position for a 40 mrad beam incidence
and the following setups: (a) no lead between modules 2 and 3,

(b) a 2 mm thick lead foil between modules 2 and 3.
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Fig. 18. Contribution of the different calorimeter sections lo
the 30 GeV/c electrons signal for a 40 mrad beam incidence
and the following setups: (a) no lead between modules 2 and 3,

(b) a 2 mm thick lead foil between modules 2 and 3.

resolution for electrons (\0%/\[E compared to a total
value of 18%/JE, see next section).

9. Energy resolution and e / b

The calorimeter was exposed to electrons and
hadrons in the momentum range of 1 to 10 GeV/r at
the PS and 10 lo 100 GeV/c at the SPS. Al the PS the
beam was incident at the centre of EMC section 7 in
module 2 (see fig. 6a) and only modules 1. 2 and 3 were
read out. At the SPS the beam was incident at the
centre of EMC section 7 in module 3 and all 4 modules

Table 4
Total calorimeter noise at the PS (PM high gain) and SPS (PM
low gain). All data have been scaled lo 4 modules (16 towers)

Noise PS (high gain)
IMeV]

SPS (low gain)
[MeV]

Total
Electronic
Uranium

104
48
92

213
188
100

were read out. Al lower energies (PS), the negative
polarity of the beam was selected. The beam was there-
fore composed almost exclusively of electrons and pions.
At higher energies (SPS) the positive polarity of the
beam was selected in order to increase the particle rates.

o. '<?.>

1.5 •

1 -

QS

Electrons

E=30Gev/c
6 * 80 mrad
2mm Pb

15 20 25 30
X ( c m )

35

Fig. 19. Energy resolution for 30 GeV/r electrons as a func-
tion of the calorimeter position for a 80 mrad beam incidence
and with a 2 mm thick lead foil between modules 2 and 3. The
fractional resolution is normalized to the value at the centre of

the modules.

96



130

5

a
Firsf

K crack

•

~~—•

i i

Electrons
E = 30 Q«V/c

Second
crack

I
\

• • • — no Pb

- • - 2mmPb

»— 3mm Pb

U. Behrens el at. / ZEUS forward calorimeter prototype

20 -

t
2
o

120 80

6(mrad)9 (mrad)
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Fig. 21. Calorimeter response to 5 GeV/c electrons as a
function of calorimeter position under normal incidence. The
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Fig. 22. Calorimeter response to S GeV/c electrons u a
function of calorimeter position under normal incidence. The
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Fig. 23. Sum of all calorimeter channels in modules 1 and 2 for
random trigger events (only calorimeter noise) for the two
following cases: HV at nominal value (showing electronic and
uranium noise) and reduced to 400 V (showing only electronic
noise). In both cases the pedestals are subtracted. These mea-

surements were performed at the PS with high PM gains.

Table 5
Average number of p.e. for 1 GeV equivalent electron signal
and tube. The average values and spreads are given for the
individual modules

Light

yield

M o i l
Mod. 2
Mod. 3
Mod. 4

Avenge

EMC tubes

Mean

39.5
33.0
43.0
49.8

41.3

Spread {%]

33
43
46
21

HAC tubes

Mean

91.2
92J

109.J
110.9

101.0

Spread [%)

15
30
39
27
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Fig. 24. LED pulse height distributions obtained for an EMC
tube (a) and a HAC tube (b). The LEDs were run in the DC
mode and the integration time was 10000 ns. There is a small
contribution of the uranium noise to the width, which has been

subtracted to calculate the light yield.

The hadron content of this beam is dominated by pions
around 10 GeV/c and by protons around 100 GeV/c.
No separation between protons and pions was at-
tempted.

The events were selected by means of the Cherenkov
counters and the signals in the calorimeter itself. The
refractive index of the gas in the Cherenkov counters
was optimized to have an efficient electron-hadron
rejection at the lowest momenta of both beams. At the
highest momenta the shower topologies in the calorime-
ter itself provide a clear enough separation. In this way,
samples of electrons and hadrons with contaminations
smaller than 1 % could be isolated for all beam momenta.
For beam momenta above 10 GeV/c we demanded that
the energy deposited in the HAC2 sections of the
calorimeter did not exceed 10% of the average energy
deposited in the whole calorimeter. Otherwise the
hadron distributions develop large tails due to leakage
at the back of the calorimeter *. This cut suppresses 5%
of ths events at 10 GeV/c, increasing to 50% at 100
GeV/c.

The resulting electron and hadron distributions For
all beam momenta are displayed in figs. 25 and 26 for
PS and SPS beams respectively (note the different scales

* The ZEUS DU calorimeter is surrounded by a backing
calorimeter consisting of 75 mm iron slabs sandwiching
proportional tubes, to be used as tail-catcher. Experimental
tests with a prototype have shown that by adding the energy
leaking into the backing calorimeter, no significant degrada-
tion in the energy resolution of the uranium calorimeter for
hadrons is observed.

due to the different PM gains). Fig. 27 displays in
logarithmic scale the electron and hadron distributions
at 30 GeV/r. We observe that they are well described
by Gaussian distributions, as expected for a compensat-
ing calorimeter. The tail towards low values observed in
the hadron distribution is due to leakage at the back of
the calorimeter. The results obtained after fitting Gaus-
sian functions to these distributions are reported in
tables 6 and 7. These tables contain measured and
corrected values for the energy resolution. The corrected
values have been obtained by:

- summing only the energy contained in the 3 EMC
sections around the beam impact position, in the case
of electrons,

- subtracting the noise contribution (90 MeV at the PS
and 213 MeV at the SPS) in the case of hadrons,

- subtracting for E > 10 GeV/c the momentum spread
of the beam which was determined to be about 1%
for the collimator settings used during the measure-
ments.

1 GeV/c

•

I
2GeV/c

3Gev/c
i n
I / H SGeV/c

ft
it

7GeV/c

V

HADRONS

lOGeV/c

V
1000 3000

Total signall AOCcromels)
3000

16eV/c

W ELECTRONS

lOGeV/c

1000 2000 3000
Total signal (A0C channels)

Fig. 25. Pulse height distributions for (a) hadrons and (b)
electrons obtained at the PS by summing all calorimeter chan-
nels. The distributions are normalized to the same number of

events.
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Fig. 26. Pulse height distributions for (a) hadrons and (b)
electrons obtained at the SPS by summing all calorimeter
channels. The distributions are normalized to the maximum

number of events.

The average electron response is reported in table 6
and plotted in fig. 28a. The deviations from linearity are
found to be small, a( the 1% level. The e /b ratio is

'reported in table 7 and plotted against beam momen-
tum in fig. 28b. The measured value is rather constant
and very close to 1, especially for £ > 10 GeV/c. For
E < 10 GeV/c we have to take into account that only 3
modules were read out and we estimate the reduction in
hadronic energy to be about 1%. A significant decrease
in e /h is observed for a beam momentum of 1 GeV/c.
This decrease is expected since e /h should approach the
e/mip value of about 0.6 for very low panicle momenta.
The corrected energy resolution for electrons and
hadrons is plotted against beam momentum in fig. 28c.
For £ > 2 GeV/c, the energy resolution for hadrons is
on the average 15%/jE, in agreement with previous
test measurements |2|. The energy resolution for elec-
trons is on the average 18%/ 'JE. As discussed before
(he photostatislics contribution to this value is 10%/</E,
sampling fluctuations alone being \5%/\/E in agree-
ment with Monte C rlo calculations [10].

10. Shower containment and e / h

Electromagnetic showers are fully contained in the
four EMC sections of one tower (20 x 20 cm2 in cross-
section), provided that the beam is incident at the
centre of the tower, h'or hadronic showers, on the
contrary, the energy is spread over all calorimeter sec-
tions of several towers. The fraction of energy deposited
on each calorimeter section (EMC, HAC1 and HAC2)
is reported in table 8 and plotted in fig. 29a as a
function of the beam momentum. We observe a loga-
rithmic rise with the beam momentum of the energy
deposited in the HAC sections. Around E = 3 GeV/c,
the energy is equally distributed between EMC and
HAC sections, whereas for £ = 100 GeV/c the EMC
sections contain only about 20% of the total energy. Al
the highest beam momentum of 100 GeV/c. the HAC2
sections contain 17* of the total energy. This energy,
however, fluctuates considerably from shower to shower.

100.0
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5.0

1 0

0.5 • I I 1
!iA

a •

• 30 & . < < c

ISOO.O ? 0 0 0 . 0 ?SO0.O

C o l o ' ' * • ! • ' a - g i o t 'ROC i

Fig. 27. Pulse height distributions Tor (a) hadrons and (b) electrons at 30 GcV/c. The number of events is in logarithmic scale and the
Gaussian fits are shown.
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Table 6
Linearity and energy resolution for electrons. At 100 GeV/c the signal was in saiuration. The corrected energy resolution has been
obtained by summing up only 3 EMC sections and subiracting 1% beam momentum spread

£
[GeV/c]

1
2
3
5
7

10

10
20
30
50
75

100

[ADC ch./OeV]

210.4 ±0.8
210.5 ±0.5
209.6 ±0.3
205.5 ±0.3
204.3 ±0.3
205.9 ±0.2

64.9 ±0.1
65.0 ±0.1
65.6 ±0.1
66.0 ±0.1
66.4 ±0.1
-

S
Linearity

1.011 ±0.004
1.013 ±0.003
1.009±0.002
0.989 ±0.002
0.984 ±0.001
0.991 ±0.001

0.989 ±0.001
0.991 ±0.C01
1.000±0.001
1.006 ±0.001
1.012 ±0.001
-

Uncorrected

21.7 ±0.3
19.8 ±0.3
19.5±0.3
19.3±0.3
19.3±0.3
18.7 ±0.3

20.9 ±0.3
19.4±0.3
19.1 ±0.3
20.0 ±0.3
19.8±0.3
-

o</(Ec)-jE\%\
Corrected

18.5 ±0.3
18.1 ±0.3
18.9 ±0.3
18.6 ±0.3
19.2±0.3
18.7±0.3

18.7±0.3
17.8 ±0.3
17.5±0.3
18.3±0.3
17.6±0.3
-

As explained in the previous section, only showers with
less than 10% of the energy in the HAC2 were selected
for the e/h measurement.

Hadronic showers are also spread over many
calorimeter lowers as shown in fig. 29b. This figure was
obtained from a scan with the 30 GeV/c hadron beam
incident at Ihe centre of each calorimeter tower. It is
possible to obtain in this way the average energy de-
posited on each tower of a 7 x 7 towers calorimeter
(140 x 140 cm2 in cross-section) from (he information
collected by the 4 x 4 towers calorimeter. A similar

Table 7
e/h ratio and energy resolution for hadrons. The corrected
resolution has been obtained by subtracting the noise (90 MeV
for £ <10 GeV/c. 213 MeV for £ > 10 GeV/c) and 1% beam
momentum spread. The data for £ < 1 0 OeV/r have been
obtained with only 3 modules.

£

(GeV/f]

1
2
3
5
7

10

10
20
30
50
75

100

e/h

0.92 ±0.01
1.03±0.01
1.03 ±0.01
1.03 ±0.01
1.02±0.01
1.01 ±0.01

1.01 ±0.01
1.00 ±0.01
1.00 ±0.01
1.00 ±0.01
1.00 ±0.01
1.00 ±0.01

«„/<£„)•,/£
[%!
Uncorrected

28.9 ±0.5
34.0 ±0.4
34.2 ±0.3
35.5 ±0.3
35.7 ±0.3
35.2 ±0.3

36.4 ±0.3
36.2 ±0.3
35.8 ±0.3
35.5 ±0.3
35.6±0.3
36.7 ±0.3

<,„/<£„>-,/£
[*1
Corrected

27.5 ±0.5
33.4 ±0.4
33.8 ±0.3
35.3 ±0.3
35.5 ±0.3
35.1 ±0.3

35.1 ±0.3
35.4 ±0.3
35.0±0.3
34.6 ±0.3
34.6 ±0.3
35.0 ±0.3

result was obtained for 5 GeV/c hadron showers, thus
indicating that the lateral spread is rather energy inde-
pendent. We observe that the central tower, where the
beam is incident, contains 75.5% of the total energy,
and the 4 x 4 towers calorimeter used in the test, 97.2%.
The e /h ratio ranges from 1.02 for the 3 x 3 calorimeter
to 0.97 for the 7 X 7 calorimeter (see table 9).

As a conclusion, the e /h ratio is slightly dependent
on the total number of towers summed up to get the
total energy. We note, however, that it is always possi-
ble to retune e /h by changing the intercalibration
parameter a (see section 6.3). Other parameters which
might have some influence on e/h are:
- Ihe dead material in front of the calorimeter,
- the angle of incidence of panicles entering the

calorimeter.

Table 8
Fraction of energy deposited by hadron showers in the differ-
ent calorimeter sections as a function of the beam momentum

£ [GeV/cl

1
2
3
5
7

10
20
30
50
75

100

CEMC l*J

56.0
50.4
46.5
41.5
37.9
32.0
27.8
25.8
23.8
21.5
21.1

EHACI (*

43.2
46.4
50.1
53.9
56.4
61.0
61.8
61.2
61.7
62.1
62.0

) £HAC2 [*]

0.9
3.2
3.4
4.6
5.7
7.0

10.3
13.0
14.5
16.5
16.9

100
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Fig. 28. (a) Electron linearity. The parameter £ - <fc>/£ban.
normalized to its average value is plotted versus beam
momentum. The normalizations for PS and SPS data are
independent, (b) e/h ratio versus beam momentum. The data
below 10 GeV/c were obtained with only 3 modules. All
calorimeter channels have been added to obtain both e and h.
(c) Energy resolution versus beam momentum for electrons
(only 3 EMC sections summed up) and hadrons (all channels

summed up).

- the effective gate used lo integrate the PM pulses.
A discussion of the influence of all these effects on e/h
is beyond the scope of this article.

11. Overall energy resolution of the FCAL

Taking into account the results on calibration, uni-
formity and noise reported in the previous sections, the
expected energy resolution of the FCAL is of the form:

- ^ 9 b (EinGeV),

Energy
trsthora
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a
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Fig. 29. (a) Fraction of energy deposited by hadron showers in
the different calorimeter sections as a function of the beam
momentum, (b) Lateral spread of 30 GeV/c hadron showers.
Each cell represents a 20 X 20 cm1 calorimeter tower. The beam
is incident in the middle of the central tower and the sum of all

cells is normalized to 100.

where the first term is the noise contribution, the sec-
ond term the contribution of intrinsic, sampling and
photoelectron fluctuations, and the third term the con-
tribution of calibration errors and nonuniformities. The
magnitude of these 3 terms is discussed below.

According to the results of section 9, the value of a
should be 18% for electrons and 35% for hadrons. A

Table 9
Hadron shower containment and e/h as * function of the
calorimeter transverse size for 30 GeV/c particles. Each tower
is 20X20 cm2 in cross-section

Transverse size
(lowers)

I x l
3x3
4 x 4
5x5
7x7

Shower
Containment

75.5*
95.5*
97.2*
99.1*

100.0*

e/h

1.29
1.02
1.00
0.98
0.97
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small increase in a can be expected in the case of
election? entering the caloiimetei al large angles ol
incidence.

In the final electronics it is foreseen to read out
every PM by a high and a low gain channel. Therefore
the reduction in PM gain necessary to take data at high
momenta during the test will be avoided. If it is possible
to reduce the coherent noise between individual chan-
nels to a negligible level as for the prototype test, we
can assume a uranium dominated noise of 25 MeV per
tower. ID this case onolse = 2.5% x fa where N, is the
number of towers summed up to get the total signal.
Typically N, - 1 for isolated electrons * and /V, - 16
for isolated hadrons. The maximum value of onoisc is 0.5
GeV, when all 460 towers of the FCAL are summed up.
This value is still small compared to typical total en-
ergies deposited in the FCAL. We should point out
again that the final electronics is significantly different
from the one used during the test and some of the
results presented here, in particular the noise value,
depend of course on it.

The parameter b is due to calibration errors and
nonuniformities. We can assume the following contribu-
tions:
- accuracy of the UNO signal to detect PM gain varia-

tions: 1%,
- stability of the UNO signal, for measurements per-

formed, for example, every 8 hours: 1%,
- average nonuniformity contributions from particles

hitting the calorimeter at the boundaries between
modules: 1%,

- residual nonunformities from particles hitting at the
boundaries between EMC sections or close to a
spacer: \%.

Adding all those effects we obtain a value for b of
about 2%. We note that the most important contribu-
tions to b come from the EMC sections. The expected
value of 6 for hadron showers is therefore possibly
smaller.

All these results on energy resolution assume no
dead material in front of the calorimeter. According to
the design of the ZEUS detector [1], the dead material
traversed by particles entering the calorimeter is typi-
cally XX0 and some degradation of the energy resolu-
tion is therefore expected, especially at low energies. A
study of this effect will not be included here.

12. Position resolution

The position resolution of the calorimeter has been
investigated for isolated electrons and hadrons, under
normal incidence.

* The noise of the EMC sections is only 15 MeV p«r tower.
However the energy of an isolated electron might be spread
over several EMC towers.

Fig. 30. Coordinate system used to reconstruct the centre of
gravity of the deposited energy in one calorimeter section.

The coordinate system used for position reconstruc-
tion is shown in fig. 30. Assuming an exponential light
attenuation along the scintillator in the x direction, the
distance from the centre of gravity of the deposited
energy to the middle of a section can be calculated
according to

where £ B and £ L are the right and left energy deposi-
tions and A the scintillator attenuation length. Fig. 31
shows 8.x as a function of £ R / £ L for 5 GeV/c elec-
trons incident along the x axis at the middle of the
strip. We observe that SJC is a logarithmic function of
EfJEL with \ = 54 cm except close to the section
boundary due to the WLS effect studied in section 7
(the data presented here were taken with no lead foil
between the modules and an ad hoc correction has been
introduced in this region).

We have used the following algorithms to recon-
struct the position of incident particles:

x=^iwlx, and y = £>",>>,,

with x, - (x 0 ) , + ox,, >•, = (.Vo), and w, = £ , / £ . The
quantities (x 0 ) , , (y0), and E, are tne central coordi-
nates and the energy deposited in each calorimeter
section; £ is the total calorimeter energy and 8x, the
position correction mentioned previously. The sums run
over all calorimeter sections.

Jj(cm)

Fig. 31. Distance 6x between the centre ol gravity of the
deposited energy and the middle of an EMC secuon, as a
function of the ratio ER/EL of right and left readout energies.
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Fig. 32. Horizontal position reconstruction for 5 GeV/c electrons under normal incidence showing (a) the shift in the average

reconstructed position and (b) the position resolution.
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Fig. 33. Horizontal position reconstruction for 5 GeV/c hadrons under normal incidence showing (a) the shift in the average
reconstructed position and (b) the position resolution.
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In addition to the position resolutions ax and ay, we
have to consider the shifts &x and A y in the average
positions, introduced by the reconstruction algorithm.
Fig. 32a and 32b display A* and o, for a 5 GeV/c
electron horizontal scan between modules in 1 and 2.
The result of a similar scan with S GeV/c hadrons
covering a larger region in x is displayed in figs. 33a
and 33b. We observe some shifts in the electron posi-
tion reconstruction close to the module boundaries. In
the hadron case the shift can be explained entirely by
the energy leakage to the sides. The expected position
resolution at the center of a section is

"* = ACT,, with od =

For electrons od is simply the photostatistics, 10%/ /£ ,
and for hadrons a6 = 12%/ <[E, therefore we expect

5-4
q, = -j= cm (electrons)

and

o, = -j= cm (hadrons).
</E

These values are in agreement with the measured values
for E - 5 GeV/c particles. The calorimeter response to
electrons is very sensitive to the impact position close to
module boundaries, therefore the position resolution is
also improved in this region (see fig. 32b). This effect is
however smeared as the angle of incidence increases.
These results are not affected by the horizontal beam
width of ox(b) = 0.2 cm.

The shifts by in the vertical position reconstruction
are more important, since, all the energy deposited in a
section is assigned to the center of the section. Figs. 34
and 35 display the results obtained for 5 GeV/c elec-
trons and hadrons, respectively. The shift by is an
oscillation of 1 cm amplitude for both electrons and
hadrons (in the hadron case there is an additional shift
due to leakage). The shift by vanishes at the center and
boundaries of EMC or HAC sections for electrons or
hadrons, respectively. The position resolutions are oy -
0.6 cm (electrons) and 3.0 cm (hadrons). The beam
width in the vertical direction, oy(b) = 1 cm has in this
case a non-negligible influence on the result close to
section boundaries. Assuming a scaling of oy with JE,
we find

1 4
-==• cm (electrons)
/£

and

o = - j= cm (hadrons).
vE

If the impact position of the particle is random, the

Table 10
Horizontal and vertical position resolutions for isolated elec-
trons and hadrons under normal incidence; £ is the shower
energy in GeV

o, [cm] oy [cml

Elections
Hadrons

SA/JE
6.5//E

1.4//E ®0.7
6.7/i/£"®0.7

shift by introduces a constant term in the vertical
position resolution:

=0.7 cm

both for electrons and hadrons, ly being the vertical
length of one calorimeter section. The position resolu-
tions under normal incidence are summarized in table
10. The vertical position resolution can be improved by
using more sophisticated algorithms (see for example
[11])-

13. Summary

Four prototype uranium-scintillator sandwich calo-
rimeter modules following the design of the final ZEUS
FCAL modules have been constructed and tested with
electrons, hadrons and muons in the momentum range
of 1 to 100 GeV/c. The main results of the test are:

(1) The uranium radioactivity signal (UNO signal)
can be used to detect PM gain variations with an
accuracy of i. l%- Typical PM gain variations measured
with the prototype modules were 1% after 8 hours of
running. By balancing the UNO signal in sections which
are geometrically identical, an intercalibration of the
PM gains can be obtained. This intercalibration agrees
within 2 to 3% with an intercalibration obtained with
beam particles.

(2) An important source of nonunifonnities in the
electron response has been localized at the boundaries
between adjacent modules. These nonuniformities,
which can be as big as 60% for normal beam incidence,
are suppressed by inserting a 2 mm thick lead foil
between the modules. Taking into account that particles
hit the FCAL module boundaries under a minimum
angle of 40 mrad, the expected overall effect of residual
nonunifonnities in the electron response and resolution
are below 1%. No significant nonuniformities have been
observed for hadron showers.

(3) An electron linearity within ±1% and a ratio
e /h close to 1 have been measured over the whole
momentum range except for the lowest momenta (below
2 GeV/c) where some increase in the hadron response
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has been observed. The expected energy resolution for
the FCAL is

E E " , / £ " *•

where «„,,,„ = 25 MeV/tower assuming a total noise
dominated by the uranium noise, a is equal to 18% for
electrons and 35% for hadrons, and b-2% taking into
account calibration errors and nonuniformities.

(4) The position resolution obtained with the help of
simple algorithms for isolated particles under normal
incidence is:
- for electrons, or, = (6.4/1/£) cm and ay = (lA/^E ffi

0.7) cm,
- for hadrons, or, «= (6.5/v/£) cm and ay = (6.7/ i/E ©

0.7) cm,
x and y being the horizontal and vertical directions
respectively.
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Chapter 6

Calibration of full size
FCAL modules

6.1 Introduction
Before a calorimeter can be used in an experiment, the absolute energy scale has
to be known for each individual cell. This is achieved by measuring the response
of each cell to electrons, hadrons and muons of known energy.

Six FCAL modules and four RCAL modules were calibrated, between August
1989 and July 1990, with beam particles at CERN. The modules were all of the
longest type, with 23 towers.

This chapter will first describe the beam setup and the front-end electronics,
including the PM pulse shaping, sampling and charge reconstruction. Then the
FCAL beam calibration results will be discussed, and finally a brief description
will be given of the procedure, for checkout of a module before installation in the
ZEUS experiment.

6.2 Experimental calibration setup
Beam

The calibration measurements were carried out at the CERN SPS in the X5-beam
with particles in the momentum range of 10 to 110 GeV/c.

The X5 beam is a tertiary beam produced from a secondary target hit by the
H3 beam. The SPS cycle has a duration of 14.4 s with a flat top of ~ 2.8 s at
AhOGeV/c. The electron, hadron and muon content of the beam is determined
by the choice of target and absorbers. A beam containing mainly hadrons can
be selected by the use of a beryllium or copper target followed by a 5 mm thick
lead plate to degrade electrons; a beam of mainly electrons is obtained by using a
lead target. The muons in the beam originate from the decay of kaons and pions
produced in front of the secondary target. The electron content of the 'electron'
beam varied from ~ 100% at lOGeV to ~ 40% at 100 GeV; the hadron content
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is a few % at lOGeV and ~ 20% at 100GeV. The particle rates varied from
(9(10) to C(103) per SPS cycle. All numbers depend on particle type, energy and
collimator settings.

Two Cerenkov counters in the beam line allowed particle identification for
momenta below 30GeV, and were used in combination with the beam trigger.
Figure 6.1 shows a schematic plot of the X5 beam optics.

Pb-absorber COLUMATOR 1
(hor i zonta l )

CERENKOV
COUNTERS

100 150
me t e r s

Figure 6.1: Beam optics of the CERN SPS X5-beam.

The momentum spread of the beam is determined by the width of a horizontal
collimator situated at a focus of the beam optics. For a collimator width W below
50 mm the beam spread is given by c(P)/P ~ (W/5) x l/>/l2[%]. The intensity
of the beam depends on the settings of both horizontal and vertical collimators.
A spectrometer consisting of two multi-wire proportional chambers at each end of
bending magnet B2 permitted the measurement of the momentum of each particle
to an accuracy of 0.3%. Figure 6.2 shows a schematic layout of the spectrometer
and explains how the momentum can be obtained.

The signals of the Cerenkov counters and the four spectrometer MWPC's are
digitized and written to tape for offline analysis.

Beam trigger

The trigger setup is shown in figure 6.3 and consists of 5 scintillation counters (51
... 55), used to define the beam, and two Cerenkov counters (Cl and C2). The
dimensions of both 51 and 52 counters were 10 x 10cm2; 5 3 was 6mm wide.
54, a large veto counter with a 30 mm diameter hole, was used to reject halo
particles. The 5 5 counter, located behind the calorimeter, was used to trigger on
muons and had a surface of 15 x 15 cm2. The Cerenkov counters, one filled with
helium and the other with nitrogen were set below the pion threshold to provide
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Figure 6.2: Schematic of the X5 beam spectrometer.
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B\ B2
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F/RCAL

B5

Beam = Bl • B2 • B3 • B4
e trigger = Beam C1
h trigger = Beam -C2
H trigger = Beam -B5

Figure 6.3: Schematic overview of the trigger setup and some trigger conditions.

electron-hadron separation. Typical trigger conditions are indicated in figure 6.3.
The BS counter was taken out of the 'beam' definition when rates were very low.

Movable beam stand

Since the height above the floor level of the X5 beam is 3.64 m, it is not possible
to scan a module in the upright position, because the highest sensitive parts of
the module would then be ~ 4.80 m above the floor level and could thus not be
calibrated. Therefore the modules were layed flat on a movable beam stand as
shown in figure 6.4.

This device carried the module on four threaded spindles which made it possible
to move the module vertically; the whole device itself was mounted on rails in order
to be able to move horizontally (perpendicular to the beam). In this way it was
possible to position every part of the sensitive surface of the module in the beam
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Figure 6.4: Calibration beam stand with FCAL module in position.

with an accuracy of about 1 mm. The movement of the beam stand was controlled
via a local computer system which was connected to the main computer for the
data acquisition.

6.2.1 Calorimeter front end electronics and data acquisi-
tion

Figure 6.5 shows a schematic diagram of the signal readout path. The light from
the WLS was converted by photomultiplier tubes to electronic pulses. These sig-
nals were transported via 2 m coax-cables to the front-end (FE) card, situated on
the module. Each FE-card was connected to twelve PM's, which means that it
processed the data of one tower in FCAL (or two in RCAL). The analogue signals
of 6 PM's were multiplexed on the FE-card and transported via ~ 40 m twisted
pair flat cable to a 12 bit 1 fxs ADC on a VME module in the control room. The
VME-ADC cards each contained two ADC's. The digital data was buffered on the
ADC-card and read by the //-VAX computer via the 2TP-module1.

Since the information of interest is only produced in the tower at which the
beam is incident and its two neighbouring towers, only three towers were read by
the VME-ADC cards. This was achieved via a special software controlled switch
box in front of the VME-ADC cards which connected only the three towers of
interest to the ADC's. In this way only 3 VME-ADC cards were required and the
amount of data was reduced by a factor 23/3.

JTwo transputer VME controller (with 2 Mbyte buffer memory) designed at NIKHEF.
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Figure 6.5: Front-end electronics and data acquisition system.

6.2.2 Front end card

The PM pulse charge measurement of the ZEUS calorimeter must fulfil the fol-
lowing requirements:

• cover an energy range up to ~ 400 GeV for FEMC,

• provide a precise measurement of a relativistic muon (equivalent to ~ 300 MeV
incident electron energy in EMC),

• provide timing information to a few ns for trigger purposes,

• cope with HERA bunch crossing time of 96 ns.

The calorimeter front end electronics is therefore based on an analogue integrating
shaping system, of which the output is sampled continuously with HERA machine
frequency (every 96 ns). This system has a fast restoration of the base line after
charge integration, and offers the possibility to measure the time of pulse arrival.
Charge and time information will be recovered from the samples.

In the final experimental situation the first level trigger decision is available
after 5 /is, therefore the samples are stored for that period of time in a 58 cell
analogue pipeline. In order to provide an adequate dynamic range with low noise
levels, the whole shaper-sampler pipeline system is duplicated, such that via pre-
cision resistor current division of the input signal a high and low gain split is
obtained.

The uranium noise (UNO) signal would be equivalent to ~ 5 MeV if measured
with the sampling system, which is too small compared to the electronic noise.
Therefore the FE-cards are equipped with a DC UNO integration system for each
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PM, which allows the UNO level to be measured with the required accuracy of
better than 1%. In addition the FE-card also provides information for the first
level trigger, in the form of analogue sums of the deposited charge in the EMC
and HAC tower.

1 f l I
n i*< 'y, „ Q Q|j-

Figure 6.6: FE-card layout.

CABLE
DRIVERS

OUTPUTS

Figure 6.6 depicts the schematic layout of the FE-card. The card houses 12
hybrid circuits each with a high and low gain shaper, 12 DC UNO integrators,
six pipeline chips with four pipe-lines each, two multiplexer buffer chips, output
cable drivers and the necessary calibration electronics. The figure shows how a
photomultiplier signal is split and guided via DC coupling to the UNO integrator,
via AC coupling and RH or RL, to the high and low gain shapers (indicated
with 'S'), and also via AC coupling to the trigger sum output. The integration
time constant of the DC UNO integrator is 20 ms, and the signal ratio of high to
low gain is 22.22. The analogue 58 cell CMOS delay pipelines are of the switch
capacitor (SCD) type [38]. A pedestal and a gain have to be measured for each
individual cell in the SCD pipeline.

When a trigger occurs the pipeline clock is stopped so that the samples, cor-
responding to the event, can be transferred to the analogue buffer in the buffer-
multiplexer chip. This chip finally multiplexes the samples of 6 PM's (12 pipelines)
and sends them via line drivers to the VME-ADC cards (also the DC UNO signal
goes via the multiplexer chip). The analogue buffers in this chip are of the SCD
type and each buffer is eight samples deep. At least three samples are needed to
reconstruct charge, and additional samples before and after the main samplings of
the shaped pulse can be used to detect any pile-up effect.
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Calibration

Shaper and integrator are manufactured with 1% precision components, and spe-
cial care is taken to minimize the differences of the cell to cell characteristics of the
pipeline chips. However, calibration of the electronics remains necessary, except
for the DC UNO integrators which make use of 0.1% resistors over which the volt-
age is measured. The FE-card is equipped with precisely adjustable DC voltages
which can be fed to the input of the pipelines and a charge injection system is
connected to the inputs of the shapers (the latter is visible in figure 6.6).

The ADC conversion factors and pedestals are measured using a fixed precision
voltage (2 V) generated on the FE-cards. This yields 2 constants per 6 PM's. The
gains and pedestals of the pipeline and buffers are measured2, by applying Vjn to
the pipeline inputs. This yields the following output signal:

Vout ij = Vin C\C) + VfC] + V? (6.1)

Where Cf is the gain of pipeline cell i, C* the gain of buffer cell j and Vf, V* are
the pedestals of pipeline cell i and buffer cell j respectively. Under the assumption
that the pedestals are just the sum of the V? + V* {Cj = 1 only for pedestal)
it is possible, by relating them to a specific pipeline cell and buffer cell (i.e. i—\
and j=\), to reduce the number of gain and pedestal constants from 58 x 8 to
58 + 8 [39]. This yields in total 2 x (58 + 8) = 132 gains and 132 pedestals per
PM. Finally the gain of the shapers is measured with the charge injection system
which yields 2 constants per PM. For the calibration tests all constants are used
during offline analysis which means that also charge reconstruction is done offline.
In the ZEUS experiment these calculations will be done online by digital signal
processors (DSP's) on the ADC cards in the VME crates.

6.2.3 Pulse shaping, sampling and charge reconstruction

One way of obtaining the PM charge for a given beam crossing is to integrate be-
tween adjacent 96 ns buckets and transfer the charge to the pipeline. Direct charge
measurement with the delay line capacitors would require very large on-chip capac-
itors and direct voltage measurement would have problems with thermal resistor
noise; both methods also have a slow restoring of the base line. By sampling the
PM pulse, the base line can be quickly restored and the integrated output signal
needs only a voltage measurement by the pipeline chip; in addition the samples
of the shaped signal carry the timing information. The electronics network which
accomplishes this and which is used for the entire ZEUS calorimeter, is shown in
figure 6.7.

In this circuit the PM pulse is subjected to: an integration followed by a differ-
entiation and by three fed back (or RC) integrations. The differentiation (via the
serial coupled 100 fi resistor and diode) restores the base line, and the three fed
back integrators are in fact first order systems which stretch the output pulse to
the appropriate length. The shaper circuit as a whole behaves as four serially

2 There is no calibration voltage source Conner fed to the multiplexer buffer input.
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Figure 6.7: The shaper circuit with AC coupled PM charge integrator.

coupled first order systems, with each a 33 ns pole, and therefore has the following
impulse response:

(6.2)

with: r = RC time constant of the first order system (33 ns)
A = magnitude of input pulse (e.g. integrated charge) times

overall amplification
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Figure 6.8: The photomultiplier signal before (a) and after (b) shaping. The
samples that are used for the reconstruction of energy and time are indicated on
the shaped signal.

This output pulse has rise and fall times longer than the time between successive
samples (96 ns) and therefore the samples are taken at the rising and the falling

114



edge as shown in figure 6.8. The components that determine r are 1% capacitors
and 0.5% trimmed thick film resistors.

6.2.4 Charge and time reconstruction techniques

Two different methods of reconstructing charge and time will be discussed here.
Both methods require only three shaper pulse samples as input. These samples
are named, ho, hi and hi and represent a sample on the base line, a sample on the
rising edge, and a sample on the falling edge of the shaped pulse (see figure 6.8).
The samples h\ and hi are separated by 96 ns.

Method 1

The first method is based on the approximation that the shaper pulse has a tri-
angular shape in a restricted time range. This method was developed for use in
the final experimental situation where the events will arrive at a fixed moment in
time. The pulse height, which is proportional to the PM pulse charge Q, is to first
order derived by adding the base line corrected sample height before and after the
peak, weighted by the slopes to remove time jitter dependence:

Q = {h1- h0) + CR(h2 - h0) = Ht + CRH2 (6.3)

if CR is defined as:

ttrr- (6-4)
Where tn is time of measurement of sample hn. The base line sample height ho
is subtracted from hi and A2 in order to remove low frequency noise. According
to the approximation the derivatives scale linearly with the height of the triangle,
and their ratio CR is therefore a constant. The reconstructed time of the pulse
arrival (tree) is to first order derived via the difference of the two samples on the
shaper pulse:

•3t\t=n ~ St\t=u w> Q

With Co a constant defined as:

CD = ffi|t=tl " ̂ |t=ta (C.6)

Both calculations of tree and Q are only exact for a certain moment of pulse arrival
(when hi — h?) but have to be corrected with a non linear function when this is not
the case. These functions can be derived from formula 6.2 and are approximated
by the following Taylor expansions:

Qcorr = f (6.7)
1 + L **
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and

Tarr. = ] [ > 4 c (6-8)
i = l

Where tm is the measured event arrival time, which was random for the calibration
beam tests3 and Tarr represents the event arrival time. The constants CR, CD,
a, and /?,• are determined via injection of charges with different magnitude at a
fixed moment in time (t — 0 relative to the sampling clock), and at known random
times.

Experience showed that the delay of the sampling time for each pipeline was
quite different due to differences between the pipeline chips and different PM
transfer times. These delays varied approximately between +15 to — 15 ns. This
means that a time offset per pipeline is necessary in order to be able to correct
the reconstructed charge and time (this additional time offset has to be added to
tm and Tarr)- The constants CR, CD, oci and /?,-, which depend only on the shaper
properties, have channel to channel variations below the 1% level. In the offline
analysis single values were used for these constants for all channels, high and low
gain.

Method 2

The second method of charge reconstruction is based on the assumption that the
shaper output pulse has the same parameterisation as the impulse response of the
shaper (formula 6.2). This method is developed in order to avoid the channel
to channel time offsets in the charge reconstruction; it increases the time slot of
Tarr in which events are accepted, which is especially advantageous for randomly
arriving events.

In reality the output pulse is a convolution of the PM pulse and the shaper
impulse response, but a study [40] of the shape of shaper-pulses of normal events
and laser events showed that they follow the parameterisation very closely.

For method 2 first the pulse arrival time of a sample on the shaper pulse has
to be reconstructed:

h = J~-T (6.9)

when x is defined as:

where t\ = time of sampling of hi,
T = time interval between two successive samplings (T = 96 ns),
T = shaper time constant.

3 Under the experimental circumstances at HERA this time is fixed.
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Then the charge is defined as:

(6.11)

Cm2 is a scaling constant which can be obtained from CR.

Only one shaper dependent parameter (r) is required for this method and no
additional corrections are necessary. The channel to channel time offsets still
are required to determine the real particle arrival time Tarr. Another important
difference is the shift of the time axis. For this method t = 0 when the shaper
response starts (see figure 6.8), while for method 1 t = 0 when hi = h^.

The apparent instability of the calculation of the intermediate result x, will
only appear for a certain fraction of 'empty' channels and can in practice easily
be solved (see next section).

Tests on charge reconstruction method 2

The channel to channel variations of r were investigated with electron events taken
during FCAL calibration runs. The offline calculation of r requires a third sample
/13 on the shaped pulse, according to the result, deduced from formula 6.2:

r = — 3 ln{p)

when /? is denned as:

I
5

(6.12)

(6.13)

35.2

Figure 6.9: Histogram ofr values for all high gain channels.

Figure 6.9 shows a histogram of reconstructed r values of the high gain channel,
measured with l5GeV electrons. The channel to channel spread on r found in
this way is «- 0.3% and the average value of r, for high and low gain, is 36.2 and
36.7 ns respectively.
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To avoid large non-linearities the events which arrived outside a certain time
interval, around the moment for which hi = /12, were rejected. The effects of
the size of this time-slot on the resolution of the reconstructed energy and time,
was investigated with electron data taktn at beam energies of 15 and ZOGeV,
where both high and low gain have to be used. The results for energy and time
resolution are plotted in figure 6.10. These plots show that the time resolution
worsens only very little when the time-slot is increased, but this widening has no
influence on the energy resolution. Fo: offline analysis a time slot of 80 ns was
used to obtain maximum statistics for the energy resolution measurements. For
comparison: method 1 allows a time window of only 20 ns.
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Figure 6.10: (a) Energy and (b) time resolution as function of the time-slot. The
time-slots are chosen such that they He symmetrically around t — 0 (at hi = hi).
Different resolutions for high and lovj gain can be seen.

- 1 . 7 5

t> 1.5

1.25
1.

0.75

0.5

0.25

0.

—

-o

1
20

0

0

1
40

o c
o o o

1
60

BEAM

0 O O O O
o a a

1 1
80 100

ENERGY [Gevl

37.

36.8 -

36.6

36.4 -

36.2 -

36.

-

o
-o

1

b

o °
a

1

mean

RMS

o ° ° o D

= 36.60

= 0.15S

' 0 0 0 0 0
o

1

20 40 60 80 100
BEAM ENERGY IGeVJ

Figure 6.11: (a) Spread in the difference between the reconstructed time and
the time measured with a TDC, as function of the incident energy, (b) Measured
values of T of a single low gain channel as function of the incident beam energy.

The dependence of the time constant r and the spread in the reconstructed
time on the PM-pulse charge were investigated with the data of the electron energy
scan of the module FNL1. The time of arrival of the events relative to the phase
o'. the 96 ns sampling clock was also determined from the beam counters using
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a TDC. The standard deviation of the difference between the reconstructed and
measured time is plotted in figure 6.11a. In this figure the point at ibGeV is
reconstructed from high gain samples and the other points from low gain. The
plot shows that the spread in the reconstructed time decreases from ~ 1.5 ns at
the low edge of the shaper dynamic range to ~ 0.7 ns at ~ 25% of the dynamic
range, and the point at 15 GeV, which is ~ 75% of the high gain dynamic range,
indicates that it does not improve anymore. Figure 6.11b shows that the measured
values of r are independent of the pulse height, and the spread has a RMS of only
0.1%.

Contribution of noise to energy and time resolution

The contribution of electronic noise to the energy and time resolution was inves-
tigated with a Monte Carlo technique for both reconstruction algorithms. The
samples ho,hi and h? were generated according to the shaper pulse function of
formula 6.2. The height of this pulse was scaled to the high gain ADC values
and randomized with a Gaussian distribution of which the width scaled as the
calorimeter energy resolution. The arrival time of the pulse was generated as a
flat distribution in order to simulate the experimental situation in the test beam.
In addition the three samples were randomized with a Gaussian distribution to
simulate the electronic noise, for which the spread of the base line samples was
used (<r ~ 7 ADC counts).

For events reconstructed with method 1 a time slot for event selection of ±10 ns
was used, because experience with this method showed that non linear effects and
channel to channel variations are minimized with this choice [41]. The events
reconstructed with method 2 were all used since they were generated on the basis
of formula 6.2. The results of this Monte Carlo test, using 104 accepted events per
selected energy, are listed in table 6.1.

The results show that for both methods the contributions to a{E) and <r(t)
are almost equal, and negligible for energies abovr ~ I GeV (~ 20 GeV for the
low gain) since the energy resolution for electrons is about 18%/vE. The last col-
umn in this table lists the fraction of reconstructed events for the second method,
and shows that the apparent instability of formula 6.10 is of practically no impor-
tance for energies above 1 GeV. Under experimental conditions the reconstructed
fraction was 100% by using the time information of a not 'empty' channel to recon-
struct the charge of the channels which could not be reconstructed. The channel
dependent time offset will introduce an error in this case which will not be very
large, because the charge deposition in this channel is already very low.

Investigation of reconstructed pedestal

Although the base line sample ho is subtracted the average reconstructed pedestal
values can still be non zero, in the individual PM channels, with both reconstruc-
tion algorithms. For a large number of PM's the average pedestal is about zero,
with a spread ~ 0.02pC (~ 2.5 MeV) for the high gain and ~ 0.05pC (~ 6 MeV)
for the low gain [42]. The effects of the residual pedestals are also investigated
with the Monte Carlo program using the same cuts and events arriving at random
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Table 6.1: Noise contribution to o~(E) and cr(t) for both reconstruction methods.
PM pulse
charge per

channel
\pC\

0
1
2
3
4
5

10
20
30
40
50
60
70
80
90
100

Equivalent
particle
energy
[GeV]

0
0.25
0.50
0.75

1
1.25
2.5
5

7.5
10

12.5
15

l~.j

20
22.5
25.0

method 1
contribution to
<r{E)/E

[%]
.

21.5
12.0
7.6
5.8
4.6
2.2
1.0
1.0
0.5
0.5
0.5
0.4
0.3
0.3
0.3

M
28.1
13.0
5.9
3.7
2.7
2.1
1.1
0.6
0.5
0.4
0.4
0.4
0.4
0.4
0.4
0.4

method 2
contribution to
a(E)/E

1%)
.

21.8
11.3
7.6
5.6
4.9
2.3
1.1
0.9
0.6
0.4
0.3
0.3
0.3
0.2
0.2

M
25.1
12.3
6.6
4.8
3.7
2.8
1.5
0.7
0.5
0.4
0.3
0.2
0.2
0.2
0.2
0.2

reconstructed
events

[%]
96.4
98.7
99.4
99.6
99.8
99.9
100
100
100
J00
100
100
100
100
100
100

time. Pedestals arise from non zero average values of one or more of the samplings
(which can e.g. be due to high frequency interference). The results of this test are
listed in table 6.2 where the average effects of a fixed offset of+10 ADC counts (a
relatively high value) on only one of the samples is investigated. The values are
averaged over 104 accepted events.

The results show for both methods a strong non linear behaviour at low charges
(< lpC); at PM charges above ~ 5pC the effects stabilize but do not represent
the pedestal found at zero input charge.

Conclusions

The results can be summarized in the following conclusions:

• The contribution to the energy and the time resolution is for both methods
almost equal.

• Subtraction of reconstructed pedestals gives non linear results with large
errors in the low charge region, for both methods.

• Method 2 allows a larger time slot for event acceptance.

• A measured time and channel to channel time offsets are not required for
charge reconstruction with method 2.

On the basis of the last two conclusions method 2 has been chosen for the
analysis presented in the following sections. The reconstructed pedestals were not
used because of the second conclusion.
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TaHe 6.2:
tween input

Effects of sample offsets,
and reconstructed charge.

The listed numbers are the differences be-

Q input
be]

0
0.5
1

l .S
2
3
4
5

10
20
30
40
50

ho
Method 1

- 0.377
- 0.164
- 0.202
- 0.231
- 0.244
- 0.253
- 0.260
- 0.267
- 0.267
- 0.262
- 0.266
- 0.266
- 0.266

= 10
Method 2

- 0.375
- 0.237
- 0.218
- 0.235
- 0.250
- 0.262
- 0.265
- 0.272
- 0.276
- 0.279
- 0.282
- 0.283
- 0.280

hi-
Method 1

- 0.002
0.137
0.109
0.106
0.100
0.094
0.086
0.087
0.075
0.078
0.081
0.083
0.087

f 10
Method 2

0.238
0.207
0.156
0.134
0.124
0.121
0.112
0.111
0.105
0.101
0.102
0.102
0.104

h2 + 10
Method 1

0.372
0.266
0.247
0.230
0.232
0.223
0.221
0.216
0.210
0.215
0.211
0.213
0.213

Method 2
0.161
0.226
0.202
0.199
0.199
0.196
0.190
0.189
0.187
0.185
0.180
0.182
0.184

An additional advantage of the second reconstruction method is the possibility
to reconstruct events which have ADC overflow for one sample, by using a third
sample on the pulse. This is only of limited use since the shapers show saturation
effects at signal levels of ~ 120% of the ADC overflow level. A disadvantage of
the second method is the necessity to calculate a cube root which is difficult to
implement on low level computers such as the DSP's which will be used by ZEUS.

6.3 FCAL calibration
6.3.1 Calibration of the electronics and HV setting

The beam calibration runs for each module started with a calibration of the elec-
tronics for all readout components after a warm up period of several hours. The
calibration concerned the determination of all pipeline and buffer cell pedestals
and gains, the ADC channel to voltage conversion factor, and the pileup effects in
the 40 m twisted pair flat cable. This was done only once per module since these
parameters vary less than 1% over a period of one week [43].

Another major component of the front end electronics are the shapers, which
are also calibrated once per run with the data of asynchronous charge injection
runs4. The shaper gain was determined offline because the value obtained depends
on the reconstruction method.

When the calibration of the electronics is established the UNO pedestals are
measured with all PM's set at 400 V (once per module). Then the PM-HV setting
is adjusted to the proper working point by setting the UNO signal levels at fixed
values to within 1% for each tube:

4 A run contains 1000 events of a high (~ 80 pC) and low (~ 10 pC) charge injection in all
channels.
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• 100 ADC counts for FEMC

• 400 ADC counts for HACO

• 500 ADC counts for HAC1 and HAC2

The UNO current was measured every 8 hours and also before and after each beam
calibration scan.

6.3.2 Particle identification with the calorimeter

The trigger setup, described in section 6.2, can provide an almost clean electron,
hadron or muon sample. Inefficiencies of the Cerenkov counters make it necessary
to do additional offline particle identification. The offline identification was done
purely on the basis of the shower topology and total energy deposition information,
supplied by the calorimeter module itself.

Electron identification

Electrons are separated from hadrons and muons by their different longitudinal
and transverse shower profiles. Longitudinally 98% of a 30GeV electromagnetic
shower is contained within 25 X$, and for a hadron shower of the same energy
this is 5.3Ajn« (cs; 130Xo). In the transverse direction a cylinder with radius
2 RM (— 4 cm) contains 95% of the total electromagnetic energy, while for a hadron
shower this is a cylinder with radius lA,n t(~ 20 cm). Muons behave very much
like mips, and deposit a small but constant amount of energy per unit length
in a narrow track over the full depth. According to these topological differences
and in combination with the geometrical dimensions of EMC and HAC sections
(5x20 and 20x20 cm2 respectively), the following two (almost energy independent)
quantities have been defined:

FLAT ~ QEMC<Hl "*" QEMC,H2 (&\A\
QEMC.T

FLONG =
QT

With: QEMC,HI — signal produced by the EMC strip containing
the heighest energy deposition,

QEMC,H2 = signal produced by the EMC strip containing
the second heighest energy deposition,

QBMC,T = signal produced by all EMC strips
(12 strips in three towers),

QT = signal produced in all readout channels of
HAC + EMC (12 strips + 3 HAC1 + 3 HAC2 towers)

Figure 6.12 shows a scatter plot of these two quantities from a run containing all
three types of particles. For electrons both quantities are close to one, and from
the plot it is clear that it is easy to make a clean electron cut.
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Figure 6.12: Plots of the quantities FLAT vs. FLONG for electrons (left) and a
mixture of hadrons, electrons and muons (right).

Hadron and muon selection

Once the electrons are removed from the sample it is easy to select the hadrons on
the total energy deposited. The high energy muons will deposit on average only
~ 1.7 GeV (~ 35pC) while the beam energies used for the calibration runs are
> 10 GeV. A particle is defined as a hadron if the total deposited energy exceeds
0.6 x Ebeam- Muons were selected with a fixed cut on the upper limit of the total
deposited energy.

6.3.3 Electron calibration

The main purpose of the electron calibration is to determine the relation between
the UNO signal and the response of the individual EMC channels to electrons of
a certain energy. This response was measured for three different energies: 15, 75
and 100GeV, thus allowing a calibration of both high and low gain channels of
the front end electronics (high gain channels saturate at ~ 20 GeV of deposited
energy). The results presented here were corrected offline using the information
supplied by the beam spectrometer. The energy leakage to the HAC1 section
was not taken into account, since it is about 0.2% at 15 GeV and about 0.4% at
100 GeV. The number of events in a typical run that passed the different selection
criteria was ~ 1500 at 15 GeV and ~ 1000 at 100 GeV.

The 15 GeV electron scan allows a direct comparison between the reconstructed
charge per PM of the high and low gain channels. This revealed deviations with a
RMS of ~ 1%, and a small number of channels with a gain difference of several %,
see figure 6.13. The average high/low gain amplification ratios per module deviate
less than 0.5% from the expected value. The gain ratio deviations are due to
the limited range of the charge injectors (~ 100 pC) which do not allow a precise
measurement of the gain of the low gain shaper. Therefore all results which use
the low gain information were corrected for this using the information obtained
by the 15 GeV electrons scans.

Since the electron showers are not contained within one EMC strip, the signal
of the neighbouring strips has to be added to obtain the total calorimeter response.
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Figure 6.13: Histogram of the ratio high gain over low gain signal, measured with
15 GeV electrons.

This means that for beam energies above 15 GeV the signal of the central EMC
strip is obtained from the low gain channel while for the neighbouring EMC strips,
which contain ~ 10% of the shower energy, the high gain channel information was
used. The choice for high or low gain is determined by the reconstructed charge in
the low gain channel, if this is less than 80pC the high gain channel was selected.

Average response

To obtain the ratio of the UNO response to the response of a PM to a certain energy
deposition, it is necessary to know how much energy is deposited in each EMC
strip. Due to unknown leakage to neighbouring strips and unknown PM gains, the
total amount of deposited energy has to be compared with a weighted sum of the
signals produced by the strips with contain the whole electron shower. The weight
factors (calibration constants) can be determined, using all uncorrelated runs of
one scan, by minimizing the function F:

N. JV.

« = 1 n = l

i+2

- E (6.16)

oneside

with: N,
Ne

EB

= total number of strips,
= total number of events per strip,
= beam energy,
= reconstructed charge of event n in strip j ,
= calibration constant strip j on one side of the module.

The calibration constants of both PM's, reading one strip, are uncorrelated.
With EB = C XQ, the ratio of PM response to UNO can be written as:

REU =
EB (6-17)

UNOi Ct • UNOi
A plot of REU* as a function of the EMC strip, obtained with 15 GeV electrons,

is shown in figure 6.14.
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Figure 6.14: Plot of REU values, normalized to the average, as a function of the
EMC strip number, measured with 15 GeV electrons in FNL2.

module

FNLl

FNL2

FNL3

FNL4

FCD1

FCD2

average

sidel
side2
side 1+2
sidel
side2
side 1+2
sidel
side2
side 1+2
sidel
side2
side 1+2
sidel
side2
side 1+2
sidel
side2
side 1+2
side 1+2

Table 6.3: REU.

15 GeV
<REU>

0.71615
0.71693
1.4337

0.71324
0.71618
1.4294

0.70786
0.71396
1.4218

0.71160
0.71460
1.4279

0.71345
0.72436
1.4377

0.70930
0.71204
1.4213
1.4286

RMS
1%)

1.1
1.3
1.0
0.9
1.1
0.9
1.0
1.0
0.9
1.1
0.9
1.0
1.3
1.3
1.1
1.0
1.2
0.9

A
[%]

0.4

0.1

-0.5

0.0

0.6

-0.5

100 GeV
<REU >

normalized
to 15 GeV

0.72375
0.70611
1.4299

0.71354
0.71228
1.4258

0.71113
0.70782
1.4190

0.71664
0.71672
1.4353

0.70954
0.71485
1.4244

0.71063
0.71345
1.4241
1.4264

RMS
[%]

1.5
1.1
1.1
1.3
1.6
1.0
1.1
1.4
1.2
1.8
1.6
1.2
1.7
1.7
1.4
1.6
1.5
1.2

A
[%]

0.2

0.0

-0.5

0.6

-0.1

-0.2

Table 6.3 summarizes the results of REU for six modules. The spread in the
summed signals (side 1+2) within a module is ~ 1% at XbGeV and a little higher
at 100GeV. The module to module spread in the summed signals, indicated as
A, is about 0.5%. The statistical errors in the determination of the average are
estimated to 0.1% or less at both energies.
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Figure 6.15: Calorimeter response to 15, 75 and 100 GeV electrons, fitted Gaus-
sian curves.

The energy deposition per event is calculated as the sum of the signals in five
strips, weighted by their individual calibration constants. The energy resolution
for electrons is then obtained by a Gaussian fit to the distribution in reconstructed
energy. The calorimeter response to 15, 75 en 100GeV electrons is shown in
figure 6.15. Figure 6.16 shows the results of the electron energy resolution as a
function of the EMC central strip number. The strip to strip spread in the energy
resolution is ~ 0.5%. Table 6.4 gives a list of the results for six FCAL modules.
The numbers in this table are in good agreement with the prototype data. The
average value of <r(E)/y/E is 17.5% at 15 GeV and 18.3% at 100 GeV, the channel
to channel spread is about 0.6%, and the variation from module to module is
within 1.1% and 2.2% respectively. The statistical errors in the determination of
the resolution are estimated to be 0.3% at 15 GeV and 0.4% at 100 GeV.

60
STR'P NUMBER

Figure 6.16: Calorimeter energy resolution for 15 GeV electrons as function of
the central strip number of module FCD1.
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Table 6.4: Electron energy resolution for six FCAL modules.

module

FNL1
FNL2
FNL3
FNL4
FCD1
FCD2

15GeV
average

<r(E)/y/E
17.4
17.3
17.7
18.1
17.6
17.3

RMS
[%]
0.5
0.5
0.5
0.6
0.5
0.5

100 GeV
average

cr(E)/VE
18.7
18.4
18.2
18.2
17.9
18.5

RMS
[%}
0.9
0.6
0.7
0.7
0.7
0.6

Light yield

Fluctuations of the number of photoelectrons produced in a PM give rise to a
contribution to the energy resolution of the calorimeter. Since the EM-sections
have long light guides with a relatively small cross section, the loss of light and
thus the contribution to the resolution is largest here.

The fractional width of the fluctuations in the number of photoelectrons is
given by:

1

< Npe >
(6.18)

The average number of photoelectrons is proportional to the energy of the absorbed
particle.

Since the calorimeter modules are read out on two sides it is possible to deter-
mine the light yield in the following way:

I
<NDe >

(6.19)
pe

where <T(L-R) is the width of the distribution of the difference of the measured
signal on both sides of the module, <r& is the contribution of the beam size and Npe

is the total number of photoelectrons produced in both PM's. The contribution
<Tb is due to the width of the beam, denned by hole counter B4; a\, can, for small
d/X, be estimated in the following way:

Ob = "4= ' r (6.20)

Where d = 3 cm and A ~ 68.5 cm, the attenuation length of the scintillator,
therefore <rt is ~ 1.25%. The measured fractional width 0(L-R)/{< SL + SR >) is
about 2%, which indicates that the correction due to the beam dimensions is large,
and gives rise to a large systematic error (10% to 20%). Figure 6.17 shows the
distributions of left minus right and left plus right signal, measured with 15 GeV
electrons.

Table 6.5 lists the average photoelectron yield per GeV per PM for the EMC
sections of each tested FCAL module, and the contribution to the energy resolution
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Figure 6.17: Distribution of left minus right (a) and left plus right (b) signal
measured with 15 GeV electrons in a strip of module FCD1.

Table 6.5: Average number of photoelectrons per GeV per PM for six FCAL
modules and the contribution to the energy resolution of electrons at 15 GeV.

module
FNL1
FNL2
FNL3
FNL4
FCD1
FCD2

< Npe > /GeV
76
123
74
146
132
141

[%}
2.1
1.7
2.1
1.5
1.6
1.5

for 15 GeV electrons. The contribution to the total energy resolution is therefore
approximately <r(E)/E - 8%/y/E.

6.3.4 Energy linearity of FEMC

The energy linearity scan for FCAL is performed for a particular strip in module
FNL1. The response of the calorimeter is again obtained by using the low gain
shaper corrections measured with the 15 GeV scan, and the UNO corrected abso-
lute calibration constants, also from the 15 GeV scan. The signals of five strips on
both sides were summed and corrected to the nominal beam energy using the beam
spectrometer information. The deviation from linearity is plotted in figure 6.18a.

The deviations from linearity were obtained with a linear fit of the average
calorimeter response as function of the incident momentum. The fit resulted in
an intercept at 0.15 GeV, and the deviations from linearity are within 0.5%. The
energy scan was also used to determine the energy resolution as a function of the
energy, see figure 6.18b. The energy resolution is parameterized by:

17.7%
y/E

© 0.35% (6.21)
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Figure 6.18: (a) Deviation, from a linear fit, of the average calorimeter response
as function of the corrected incident energy, (b) Calorimeter energy resolution as
function of the incident energy.

6.3.5 HAC - EMC intercalibration

The calibration with UNO is based on a fixed ratio between the signal produced
by UNO current and the signal produced by a certain amount of deposited energy
in a certain calorimeter section. The intercalibration between calorimeter sections
with the same geometry is therefore very simple, but between HAC and EMC it
is more complicated.

The ratio between the UNO signal of EMC, HAC1 and HAC2, assuming a
fixed ratio between the signal production and energy deposition everywhere in the
sampling stack, can be estimated in the following way: the UNO energy deposition
per unit surface by a clad DU plate, as used in the ZEUS calorimeter, is a function
of the steel cladding thickness tf[mm] and is proportional to [44]:

-*/6 7 (6.22)

This yields a ratio between the UNO signal in EMC and HAC of R(0.2)/R(0A) =
2.68. Taking into account the different surfaces of EMC, HAC1 and HAC2 sections,
the number of scintillators, and the area of the WLS; the ratio's are:

R(EMC)
and

RJHAC2)
R{HAC\)

= 0.97 (6.23)

The factor 5.00 found in this way was used for the tuning of the PM-gains, and
measurements of this number with the FCAL prototype modules gave a value of
5.40 using hadron energies above 30GeV [6]. The ratio between HAC1 and HAC2
was measured with muons and confirmed the value found above.

The intercalibration factor a between EMC and HAC is defined as the multi-
plication factor for the signal produced in the HAC section, necessary to obtain an
equal signal at equal energy deposition in HAC and EMC (when the UNO ratio
of HAC/EMC is set to 5.00). When using only UNO calibration the total signal
of the calorimeter is obtained in the following way:
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fr[ UNOEMCJ 7? UNOHACJ
0 .97^ :

EjJAC2,k

7j UNOHAC2,k
(6.24)

The principle of the method to determine a is to find the value for which the
calorimeter response to electrons and hadrons is equal. Since only one module
at a time can be positioned in the calibration stand, it is not possible to deploy
this method because it would require large corrections for hadron shower side
leakage. Also muons cannot be used because of their low energy deposition in
EMC, which leads to large errors. The only method left is to find the minimum
energy resolution for hadrons as a function of a.

4.8 5.6

Figure 6.19: (a) Hadron energy resolution of the single full size FNLl module as
a function of the intercalibraiion factor a. (b) Total signal as function of a. The
beam was centered at tower 10.

The hadron energy selected for this analysis is 100GeV because a is energy
dependent below 30 GeV, and the minimum in the resolution as a function of a
is more pronounced at high energies [6]. Figure 6.19 shows a plot of the hadron
energy resolution for tower 12 of module FNLl as a function of a (note the energy
resolution of about 60%/y/E which is so large due to side leakage). The values
for a are listed in table 6.6. The number of events used for the analysis is more
than 1000 for FNL3 and more than 2000 for the other modules, which results
in statistical errors of less than 0.1% for the average response and ~ 1% for the
resolution.

The average value of a found in this way is closer to the expected value of
5.00 than the value determined with the prototype. The value of a is particularly
sensitive to the thickness of the cladding in the EMC section and to a lesser
extent to the tolerances on the scintillator size and WLS positioning. For the final
modules great care was taken during construction to minimize these effects, which
has led to a value of a closer to the expected value.

Table 6.6 also lists the average hadron response summed over three towers,
which shows that the deviations A from the overall average response are within
1.3%. These deviations are sensitive to a and to a smaller extent to the transverse
impact position of the beam on the module.
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Table 6.6: Intercalibration factors a and the hadron response in pC, averaged
over all measured towers for FCAL modules.

module
FNL1
FNL2
FNL3
FNL4
FCD1
FCD2
average

# towers
measured

14
12
16
11
14
13
80

a
average

5.15
5.14
5.06
5.11
5.21
5.15
5.15

RMS [%]
1.3
1.1
1.8
1.1
0.9
1.2
1.6

hadron response
average
839.4
819.2
830.5
819.8
834.0
836.2
829.9

RMS [%]
1.4
1.5
2.3
1.2
1.2
1.6
1.5

(E)
A[%]

1.1
-1.3
0.0
-1.2
0.5
0.8

6.3.6 Muon calibration

Muons behave as minimum ionizing particles and deposit only a small amount
of energy per sampling layer. In order to check the calorimeter response and
stability at low signal levels relative to UNO, and to obtain information on the
intercalibration between the HAC1 and HAC2 sections the modules were also
scanned with a 100GeV muon beam.

Figure 6.20 shows two muon spectra from a high statistics run measured in the
EMC and HAC1 section of FNL1.

Table 6.7: The values for R^u, the strip to strip spread and the deviations A of
the module averages of R listed for six FCAL modules.

module

FNLl
FNL2
FNL3
FNL4
FCDl
FCD2

EMC
RMu

0.0448
0.0455
0.0440
0.0455
0.0461
0.0455

RMS

2.3
2.0
1.8
2.4
2.0
2.7

A

-0.9
0.7
-2.7
0.7
2.0
0.7

HAC1
R»V

0.1540
0.1531
0.1547
0.1533
0.1548
0.1546

RMS

1.0
0.8
0.9
1.0
0.9
0.9

A

-0.1
-0.7
0.4
-0.5
0.5
0.3

HAC2
R»v

0.1572
0.1543
0.1564
0.1552
0.1544
0.1536

RMS

1.1
0.9
1.5
1.2
1.0
1.0

A

1.3
-0.6
0.8
0.0
-0.5
-1.0

HAC2
HAC1

1.021
1.008
1.011
1.012
0.997
0.994

Table 6.7 lists the average R^u values for EMC and HAC sections. The num-
bers in this table are adapted from [47]. The results show that the channel to
channel spread in EMC is relatively large compared to the spread in the HAC
sections and compared to the electron calibration results of table 6.3. The channel
to channel spread for the HAC sections is at the one percent level. The ratios of
the muon signal in HAC1 and HAC2 are also listed in table 6.7. The average value
is ^(HAC2)//u(HACl) = 1.01 ±0.01 which is smaller than the expected value of
1.03 (see formula 6.23).
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Figure 6.20: 100 GtV high statistics f~ 105 events) muon spectra measured in
EMC and HAC1 section of FNL1 and fitted with Landau curves.

6.4 Cosmic ray Calibration

The results of the beam calibration described in previous sections have shown that
the UNO signal provides an excellent calibration. The response to electrons, muons
a^d hadrons shows only very small fluctuations from channel to channel when it is
normalized to the UNO signal. Keeping in mind that the modules are assembled
at two different locations and transported over large distances, one has to conclude
that these excellent results must be due to the very stringent tolerances on the
quality of the components and to the accuracy reached in the assembly procedure.

The six FCAL modules calibrated with beam particles represent about 30%
of all FCAL channels. The ZEUS collaboration has decided that the calibration
of the remaining modules will be based on the UNO signal. Before installation
in the ZEUS experiment, however, a thorough check takes place. This check
consists of a scan of all towers with a radioactive source in order to check the
WLS and scintillators, laser/LED runs to measure the individual PM responses,
and a calibration with cosmic muons in order to check the whole signal path from
production to digitalization and the uniformity of the modules. The source and
laser/LED measurements are briefly described in chapter 4; this section will discuss
the cosmic ray calibration setup and some preliminary results.
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6.4.1 Cosmic ray setup

S C i N r LLATQR-COUNTEP 10« -

D R . - ' - C H A M B E R 2

03 rT-CMAWBER i

SCINTILLATOR-COUNTER 8x

Figure 6.21: Cosmic ray calibration stand.

Figure 6.21 shows a sketch of the cosmic ray test setup with a full size FCAL
module. The setup consists of two parts; a set of three drift chambers on top and
one chamber below the calorimeter module, and three layers of trigger counters,
one above and two below the module. The three chambers on top are used for
particle track reconstruction and the one underneath can be used to investigate
muon track deflection inside the module. The chambers were designed for the
DELPHI muon end cap detector [45] and have a sensitive surface of 430 x 19 cm2

which comes very close to the dimensions of the largest calorimeter modules. Their
measurement accuracy is ~ 1.9 mm in the direction along the chamber and ~
1.1 mm in the transverse direction. The chambers are operated with a 50% / 50%
Ar,CC>2 gas mixture which yields a ~ 85% efficiency per chamber. The chambers
and the necessary trigger setup are described in [46]. Between the fourth drift
chamber and the third trigger counter layer a layer of 20 cm iron is placed in order
to harden the energy spectrum of the particles exiting the calorimeter.

6.4.2 First spectra

Measurements with the setup have started in September '90 and showed that
it takes ~ 4 days to obtain sufficient statistics (2000 events per tower). Figure 6.22
shows the first cosmic muon spectra for a EMC, HACl and HAC2 tower in module
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Figure 6.22: First muon spectra measured with the cosmic ray test setup.

Table 6.8: The values for R^u, the strip to strip spread and the deviations A of
the module averages of R listed for six FCAL modules and measured with cosmic
muons.

module

FNL2
FNL3
FNL4
FNL5
FCD1
FCD5

# triggers
(-=•103)

467
156
149
223
110
200

Ku
0.1327
0.1333
0.1327
0.1325
0.1327
0.1317

HAC1
RMS

0.7
1.0
0.8
0.6
0.9
0.6

A

0.1
0.5
0.1
-0.1
0.1
-0.7

Kv
0.1336
0.1347
0.1342
0.1350
0.1328
0.1355

HAC2
RMS

0.8
0.7
1.0
0.7
1.0
0.9

A

-0.5
0.3
-0.1
0.5
-1.1
0.9

HAC2
HACl

1.007
1.011
1.011
1.019
1.001
1.029

FNL2. These plots show that the total average response to these muons is 29.7pC
while the 100GeV beam data (averaged over 6 modules) showed a total average
response of 35.5pC. The difference is due to the difference in energy of the beam
and cosmic muons: 100GeV and ~ 2GeV respectively. The high energy muons
deposit additional energy due to Bremsstrahlung and pair creation.
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6.5 Conclusions

Charge reconstruction based on the shaper impulse response parameterization
(method 2) allows a large time slot of 80 out of 96 ns for accepting events; this is an
advantage for events that arrive at random times. This method is also insensitive
to channel to channel variations in the signal delay due to pipeline chip differences
and PM-HV settings and finally it requires only one constant (r) for high and one
for the low gain of all channels.

The electron calibration showed that the channel to channel FEMC average
response variations are about 1% and the module to module variations in* the
average response are close to 0.5%. The average value for the ratio of the elect ̂ n
response to UNO signal is 1.4286 at 15GeV; this corresponds to 9.52 pC/GeV
(when UNO-EMC is set to 100). An electron energy scan between 15 and HOGeV
showed that the FEMC has a response linear to 0.5% in this range.

The FEMC electron energy resolution is on average 17.5%/\/E at \bGeV and
18.3%/\/i? at IQQGeV for the modules which were tested with beam particles.
The energy scan with FNL1 showed that the energy dependence of the energy
resolution can be parameterized as follows: <r{E)/E = 17.7%/>/E'© 0.35%.

An overall average of the FEMC light yield is ~ 115 photoelectrons per GeV
per PM

The intercalibration constant a averaged over 80 towers is 5.15 with an RMS
of 1.6%.

Cosmic ray muons provide a convenient method for checking the performance
of a module before installation.



Appendix A

A qualitative EM shower
model

The simple shower model of [9] assumes that each electron penetrates the calorime-
ter material with an energy well above the critical energy ec. After traveling a dis-
tance of one XQ it emits a photon of half the electron energy. This photon converts
into an e+e~ pair after a distance of one Xo, and the primary electron again radi-
ates a photon, after one XQ, which again carries 50% of the electron energy. The
photon energy in the conversion process is assumed to be equally shared between
e+ and e~. Continuing in this way the number of particles will double and their
energy will be divided by two after each distance of one Xo; the numbers of e~, e+

and photons are about equal (which also means that such a shower can be started
by a photon). Compton scattering and ionisation loss for particle energies above
ec are neglected, and those particles with an energy less than ee, which do not
contribute any more to the particle multiplication, are assumed to deposit their
energy within one XQ. The number of particles at depth t[Xo] in the calorimeter
is:

tf.,7(0*2* (A.I)

The energy of each particle at depth t[Xo] of a shower with the initial energy E is
equal to: e = E/N(t) = E • 2~(. The depth at which the particle energy has fallen
to e is defined as r(e)[XQ]. Substituting c = E • 2~TW gives:

The number of particles with energy E > e is given by:

^ F
2' = 2 r ( 0 + 1 - 1 * 2 - 2T<<> = 2 • - (A.3)

t=o e

This shows that the number of shower particles with E > e is inversely proportional
tOf.
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Particle multiplication continues until e = ec, which means that the maximum
number of particles is reached at a shower depth tmax — r(ec). According to the
model the shower has its maximum energy deposition where the shower has it
maximum number of particles too, and beyond this depth the remaining energy is
deposited instantly via collision loss. The total number of charged particles that
contribute to the signal is equal to (1/3 of all particles are photons):

Ne.tot = \ ~ (A.4)

Two important results have been obtained now with this simple model, namely:
the total number of particles that contribute to the signal is proportional to the
incident energy E, and the shower dimensions (tmax) scale with ln(E).

A.I Intrinsic sampling fluctuations
The average total track length, < T > [XQ], of charged particles is proportional
to the average number of charged particles < Ne>tot > (in the simple model they
traveled only XQ before the next reaction). Monte Carlo simulations showed that
the average total track length is reduced by a factor F(z) [10] which accounts for
the shortening of the effective detectable track length due to the cutoff energy Ec

(Ec is the minimum kinetic energy of an electron or positron that can be detected
in the calorimeter; for uranium 0.7MeV [20]). The total average track length can
be written as:

< T > [ X 0 ] ~ F ( z ) - (A.5)

F(z) is parameterized in the following way [10]:

[ ^ ) ] (A.6)

with: z = 4.58f f6

The average detectable track length of an electromagnetic shower in a sampling
calorimeter is composed of the track lengths of charged particles that cross the
individual active layers of the calorimeter. With d[Xo] the thickness of one ab-
sorber plus active layer of the sampling calorimeter, the average number of charged
particle crossings or samplings N, can be written as:

. . < T > EF{z)
a €ed[X0\

Under the assumption that the number of tracks in the individual crossings is
independent (which means that d should not be too small) and that ,/V, is normally
distributed, the relative distribution of the measured energy is equal to:
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SAMP

1 _1

'Tooo
€c[MeV]d[X0]

F{z) < cos(6) > E[GeV]
(A.8)

The factor 5gw represents the effective thickness of a layer and thus takes
account of the transverse shower behaviour.

Again an important result has been obtained: the sampling fluctuations are
proportional to \JdjE.



Appendix B

Assembly and analysis of a
mechanical structure

Consider the hypothetical structure of figure B.I.

M.

Y

X
Figure B.I: A typical structure built from interconnected elements.

This figure represents a structure assembled from individual components which are
interconnected at the nodes. In this figure the nodes are numbered 1, 2, 3, ..., 6
and the elements {1}, {2}, {3} and {4}. The distributed loads (p) on the elements
and the nodal forces and moments (Fx, Fy, Mz) deform the structure which gives
rise to nodal displacements.

Any system of nodal displacements a listed for the whole structure in which
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all elements participate can be written as:

a = < (B.I)

where

a; = <

dx

dy
dz

Rx
(B.2)

With dXiS>z = displacement in a;, y, z direction
Rxy z= rotation around x, y, z axis.

To obtain a complete solution the condition of equilibrium has to be satisfied. The
resulting equations will contain displacements as unknowns, and once these have
been solved the structural problem is determined. The internal forces in elements
or the stresses, can easily be found by using the characteristics established a priori
for each element:

(T — 3 a *+• (TD •+" (T f {D.o}

With <re = stress matrix of element e
Se = element stress matrix a priori determined by

the element properties
ae = node displacement vector for nodes of element e
<T* = matrix of internal element stress due to external

loads on the element
<rf = matrix of internal element stress due to
'to

e.g. temperature stress etc.

Consider the structure to be loaded by external forces r applied at the nodes in
addition to the distributed loads applied to the individual elements.

r = < (B.4)

Again any one of the forces r, must have the same number of components as the
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elements reaction forces (and of course displacements):

FXi

r, = <

With

0
0
0

M2,

external force in x, y, z direction on node i
external moment around x, y, z axis on node i.

(B.5)

If now the equilibrium conditions of a typical node, i, are to be established, each
component of r,- has, in turn, to be equated to the sum of the component forces
contributed by the elements meeting at the node. Thus,

(B.6)
e= l

in which q} is the force contributed to node i by element 1, q? by element 2, etc.
Clearly, only the elements which include point i will contribute non-zero forces
but for consistency all the elements are included in the summation.

Assuming linear elastic behaviour of the elements, the characteristic relation-
ship, between nodal displacements and element forces, will always be of the form:

qe = Keae + fp
e + fe

e
o (B.7)

in which Ke represents the element stiffness matrix, fp the nodal forces required
to balance any distributed loads acting on element e, and fe

e
0 nodal forces required

to balance any initial strains suchs as may be caused by temperature change if the
nodes are not subject to any displacement.

Substituting equation B.7 in equation B.6 the forces contributed to node i are,
noting that nodal variables a, are common and thus omitting the superscript e:

r, = (>JKfx)a! + (VK?2)a2 + ... -I- f? (B.8)
e=l

where
f = fpe + f,e0 (B.9)

The summation again only concerns the elements which contribute to node i. If
all such equations are assembled the result is then simply:

Ka = r - f

in which the submatrices are

(B.10)

(B.ll)
e= l
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(B.12)
e = l

with summations including all elements. This simple rule for assembly is very
convenient because, as soon as a coefficient for a particular element is found it can
be put immediately into the appropriate location in the matrix K.

B.I Boundary conditions
The system of equations resulting from equation B.10 can be solved once the pre-
scribed support displacements have been substituted. In the example of figure B.I
where for instance all six components of node 1 and 6 are zero, this will mean the
substitution of:

= a6 =

0
0
0
0
0
0

(B.13)

which is equivalent to reducing the number of equilibrium equations.
Clearly, without substitution of a minimum number of prescribed displacements

to prevent rigid body movements of the structure, it is impossible to solve this
system, because the displacements cannot be uniquely determined by the forces in
such a situation. This physically obvious fact, will mathematically be interpreted
in the matrix K being singular. The prescription of appropriate displacements
after the assembly stage will permit a unique solution to be obtained by deleting
appropriate rows and columns of the various matrices.

If all equations of a system are assembled, their form is:

K n a i + Ki2a2 + ... = ri - fi
K22a2 + ... = r2 - f2

etc.

(B.14)
(B.15)

and it will be noted that if any displacement, such as ai, is prescribed then the
external 'force' ri cannot be prescribed and remains unknown. The first equation
could then be deleted and substitution of known values of ai made in the remaining
equations. When all boundary conditions are inserted the equations of the system
can be solved for the unknown displacements and stresses, and internal forces in
each element.

A complete treatment of the finite element metho ' is given in [48].
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Appendix C

FE modeling and scaling for
FCAL

C.I Modeling of the DU-plates

The stiffness properties of the beam elements which model the DU-plates are
calculated according to the theory ot beams. The general formulae for 'n' plates
are used since some beam elements model five DU-plates and others model only
one. Figure C.I shows the cross section of five plates and the global coordinate
system.

t f

Figure C.I: Cross section of five (DU) plates.

here z< = distance of plate to the neutral plane
t = plate thickness
h = plate width
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The following formulae are then obtained:

hi3 J^
lm = » ^ + « X > a (CD

U = n ^ (C.2)

IP = n!j- (C.3)

A = nht (C.4)

with IXiZ = moment of inertia for bending around x and z axis
Jp = polar moment of inertia
A = surface of cross section

The contribution of the steel cladding to the plate stiffness properties is negligible.
The density used in the model for the beam elements, takes into account the

contribution of scintillator (set) and cladding (clad):

pM = (C.5)
tDU

with t = thickness
PM = model mass density

The computer model also needs the input of the shear area ratio '5 ' , which depends
on the geometrical shape of the cross section of the construction piece and also on
the modulus of elasticity and the Poisson ratio (v).
The quantity S is defined as follows:

5 = A/A.h (C.6)

with A,h = surface used for calculation of
deflection due to shear

A = geometrical surface

The calculation of 5 by hand is quite cumbersome and is therefore performed with
a special feature of the FE program, for which the cross section of the plate(s)
has to be modeled. Material properties, such as the modulus of elasticity and the
Poisson ratio, are not scaled.

C.2 Modeling of the end-pieces

The physical properties for the beam elements which model the end-pieces are
derived in a similar manner to those of the DU-plates. The difference is that
in the model these beam elements are a factor 6 longer than in reality. In the
model they run from the outer spacer column to the infinitely thin C-leg, 120 mm,
whereas in reality there is only a distance of 25 mm between the outer spacer
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column and the attachment point of the end-piece on the C-leg. Bending of a
beam scales as the cube of the length, so in order to not affect the deflections, the
moments of inertia given to the model must be scaled by the cube of the ratio of
the length in the model to the length in reality. For torsion and compression the
deflections are linear in length, leading to modifications of the polar momentum of
inertia and the cross sectional area. Finally the mass of the element must remain
the same as in reality and so the specific gravity must be modified. In summary
then:

j & - = j & - (C.7)

lN ~ tM (C.8)

1»- = !»L (C9)
AN AM

— PM^MAM (CIO)

with I = length

Here and throughout this appendix the subscript W stands for nominal values
and 'M' stands for model values. There is no influence on the values of '£" because
this depends only on the geometry of the cross section, on E and on v. This yields
the following general formulae for the properties of the model end-pieces:

<c i 3»

PM = PN{j£) (C 1 5)

C.3 Modeling of the spacers
The stiffness properties of the beam elements which model the spacer columns are
also calculated with use of the beam theory. The most important feature of this
model is that two spacer columns are modeled with one column of beam elements,
which reduces the number of nodes significantly. This means that properties for
bending, shear, torsion, compression and specific gravity of two spacer columns
have to be calculated. Another difference between the model and reality, is the
fact that the elements which model the DU-pIates are infinitesimally thin and
therefore the beam elements which model the spacers have the length of the pitch
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of the DU plates, which is 8 mm in HAC and 7.6 mm in EMC. The real spacers
have only a nominal length of 3.9 mm (t3p) everywhere, see figure C.2.

j tpitch j

tpitch

Figure C.2: Real (left) and model (right) situation of the DU plate-spacer con-
nection (the fat dots in the model situation are model nodes).

Compression:

The change of length due to compression, for one spacer and one DU plate -f
cladding is:

A/ tpitch tDU . Itclad . t
F A E EA EA

with E = modulus of elasticity
A = surface of spacer
F = force

This yields for AM •

AM = 2AN-

with EM = E,p = Ectad

E,PAN

tpitch

(C.16)

(C.17)

Shear:

The shear in the DU plate is assumed to be negligible. Therefore the displacement
'w' of two spacer columns, due to pure shear is:

— tp'tch — tpu
(C.18)
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with G = shear modulus.
This yields for

with GN =

Bending:

tpitch —

tpitch
(C.19)

Figure C.3: Two spacers on a DU plate (front view).

Again no deformation in the DU-plates is assumed. With this assumption the
deflection iw' due to bending around x and y axis is:

_ (hitch -
F \2EMIM 12ENIN

With EM = EN, this results in:

3

Ifd = IN I : e — ; — )

\tpitch —IDUj

Applying the beam theory to a set of two spacers yields:

Ix ~ 2 1 2

with Zsp = distance of spacer to neutral axis
for bending around y-axis

h = height of spacer cross section
6 = width of spacer cross section

(C.20)

(C.21)

(C.22)

(C.23)
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combining this with the scaling formula finally gives:

\tpitch — tDU J0

= 1Z%AN{ ipiteh Y
v \tpitch-tDUj

(C.24)

(C.25)

Polar moment of inertia:

Again it is assumed that the deformation due to shear and bending in the DU-
plates is negligible.

- » • — • - *

'J*P

•V-
v ! y
"1 \

Figure C.4: Two spacers on a DU plate (top view).

The forces F ia figure C.4 result in a moment M which is equal to:

M = 2FZSB (C.26)

The polar deflection angle <p in figure C.4 is determined by the total deflection
(bending and shear) of a spacer, due to force, F and can be calculated in the
following way:

__w__Ji(
Z,p Z,p I GMIP

The relation G = 2(^.v)
 an(^ &N — &M yields:

Ip,M = 2 , tpitch — toy

(C.27)

(C.28)

With SN the nominal value for the shear area ratio in the y direction.
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Correction for the specific gravity:

The mass of a spacer is equal to:

m3p = 2pjv(tpitch - tDv)AN — PMtpitchAM (C.29)

this yields:

PM = PN 7$ — (C.3
lpitch

AH the preceding results of the properties for the beam elements which model
the spacers, are independent of the number of modeled DU-plates per DU plate
modeling beam element. Note that also for the spacer, the modulus of elasticity
and the Poisson ratio are not scaled.

C.4 Obtaining spacer and strap forces

As a result of the FE calculations values for the compression stresses (<rz) and
shear stresses (rx and ry) are obtained. Since two spacer columns are modeled by
one beam element column, also the moments in these beam elements around the y
and the z axis (My, Mz) contribute (with opposite sign for both spacer columns)
in the determination of the 'real' shear and compression forces. The moments My
and Mz are obtained from the program in the form of the <rxz and ayz stresses
respectively. The compression force (Fz) and shear forces (Fx,Fy) in each spacer
are calculated with the following formulae:

F. = *$*• (C.31)

FM = ZIJK±(ZIILLM^/2Z (C.33)

with (TyzIpiM/rT = Mz

CZ,TT = effective distance or radius from centre
AM = model spacer surface
5 = model spacer shear area ratio
Z — lateral distance between the two spacer columns (= 2Zsp)

The values for Cz and r? are set to 1 in the computer model because they have
no influence on the results, and it reduces the chance for mistakes. The minimal
necessary prestressing or tension force F% per strap or spacer column is given by:

Ft = -* Fz (C.34)
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with Ft = tension force
H = friction coefficient between spacer and plate
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Summary

The Hadron Elektron Ring Anlage (HERA) at DESY in Hamburg is an electron
proton collider facility presently under construction. HERA will collide 30GeV
electrons and 820 CeV protons with a time interval between bunch crossings of
96 ns. The final state of the deep inelastic electron proton collisions normally
consists of a lepton and of hadron jets. Jets are particle streams of high mul-
tiplicity and energy density. The reconstruction of the kinematics of these high
energy events requires a calorimeter with high energy resolution and good angular
resolution. ZEUS, which is one of the two detectc.s for HERA, is equipped with
a high resolution uranium scintillator sampling calorimeter which can completely
absorb the hadron jets and cope with the event rate. Chapter 2 briefly describes
the HERA machine, the physics and the ZEUS detector.

The electromagnetic energy resolution of a sampling calorimeter is determined
by the fluctuations in the fraction of the shower energy that produces the measur-
able signal. For hadrons a certain energy dependent fraction of the shower, in the
calorimeter, will be purely electromagnetic and a fraction of the purely hadronic
part will not produce a signal. The hadron energy resolution is determined by
strong fluctuations in the fraction of the non detectable energy. The energy res-
olution of a hadron calorimeter can be optimized by reducing the fraction of non
detectable energy, such that the average response to electromagnetic and hadronic
showers of the same energy becomes equal (compensation, e/h = 1). If this is
achieved the energy dependence of the size of the electromagnetic fraction will no
longer have an effect on the average response, which means that the calorimeter
has a linear energy response. Compensation can be achieved by using high Z
absorber, which will reduce the fraction of invisible hadronic energy by producing
more neutrons, and active layers of scintillator in which the high hydrogen content
increases the detection efficiency of these neutrons. These effects are explained
in more detail in chapter 3 which also contains a section about the experimen-
tal calorimeter studies for the ZEUS detector, which determined the calorimeter
sampling structure and readout configuration.

The ZEUS calorimeter surrounds the interaction point hermetically and con-
sists of: a forward, a barrel and a rear calorimeter (FCAL, BCAL, RCAIA The
mechanical stability of the FCAL and RCAL modules has been checked with, and
improved on the basis of, mechanical finite elements (FE) analysis. Chapter 4
describes the ZEUS calorimeter configuration and the mechanics, and presents the
main result of the finite element analysis. Also the production procedure of FCAL

157



and RCAL is briefly discussed.
In order to test the FCAL and RCAL module design, four mechanically iden-

tical prototype modules of 80 cm high were built. These modules were tested at
CERN with different beam particles in the energy range from ~ 0.5 to ~ 100 GeV.
The results of these tests are discussed in chapter 5 which is partially reprinted
from NIM A289(1990)115.

Also a subset of the full size FCAL and RCAL modules was calibrated at
CERN using different beam particles in the energy range from ~ 10 to ~ 100 GeV.
During this calibration the final PM-pulse shaping and sampling electronics was
used. A method of reconstructing the PM-pulse charge from the samples was
developed and tested. An accurate calibration of the EMC sections was obtained
with electrons, and of the whole module with muons. When using the uranium
radioactivity as a calibration the electron response showed that the channel to
channel variations have a spread of ~ 1% and the module to module spread in the
average signal is 0.5%. The measured electron energy resolution has an average of
about l7.h%/y/E with a constant term of 0.35%, and the linearity in the response
at the 0.5% level. All HAC towers of each module were scanned with hadrons in
order to measure the intercalibration between the EMC and HAC section. This
resulted in a intercalibration factor of 315 ± 0.02. The intercalibration between
two HAC sections was measured with muons and resulted in constant of 1.01 ± 1%
on average and the tower to tower spread of the HAC section is at the 1% level.

Before installation all FCAL and RCAL modules will be checked and calibrated
with cosmic rays. A description of the calibration results and of the cosmic-ray
check is given in the last chapter.
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Samenvatting

De Hadron Elektron Ring Anlage (HERA) bij DESY in Hamburg is een in aanbouw
zijnde electron proton botser faciliteit. HERA zal SOGeV electronen op 820 GeV
protonen laten botsen met een tijdsinterval tussen de 'bunch crossings' van 96 ns.
De eindtoestand van diep inelastische electron proton botsingen bestaat normaal
gesproken uit een lepton en hadron 'jets'. 'Jets' zijn stromen van deeltjes met een
hoge multipliciteit en energiedichtheid. De reconstructie van de kinematica van
deze hoog energetische botsingen vereist een calorimeter met een hoge energieres-
olutie en een goede hoekresolutie. ZEUS, een van de twee detectoren voor HERA,
is uitgerust met een hoge resolutie uranium scintillator 'sampling' calorimeter die
een 'hadronjet' geheel kan absorberen en geen moeite heeft met het botsingstempo.
Hoofdstuk 2 geeft een korte beschijving van de HERA machine, de fysica en de
ZEUS detector.

De electromagnetische energieresolutie van een 'sampling' calorimeter wordt
bepaald door de fluctuaties in de fractie van de 'shower' energie welke het meet-
bare signaal produceert. Voor hadronen zal een bepaalde energieafhankelijke frac-
tie van de 'shower', in de calorimeter, puur electromagnetisch zijn en een fractie
van het puur hadronische gedeelte zal geen signaal produceren. De hadron en-
ergieresolutie wordt bepaald door de sterke fluctuaties in de fractie niet detecteer-
bare energie. De energie resolutie van een hadroncalorimeter kan geoptimaliseerd
worden door de fractie niet detecteerbare energie te reduceren, op een zodanige
manier dat de gemiddelde respons op electromagnetische en hadronische 'show-
ers' van dezelfde energie gelijk is (compensatie e/h — 1). Als dit bereikt is zal
de energieafhankelijke grootte van de electromagnetische fractie geen effect meer
hebben op de gemiddelde respons, hetgeen betekent dat de calorimeter een lineare
energierespons heeft. Compensatie kan bereikt worden door het toepassen van een
'absorber' met hoge Z, die de onzichtbare fractie hadronischj energie reduceert
door een hogere neutronproductie, en actieve lagen van scintillator met een hoog
waterstofgehalte hetgeen de detectieefficiëntie voor neutronen verhoogt. Deze ef-
fecten worden in meer detail uitgelegd in hoodstuk 3 waarin ook een paragraaf
is opgenomen over de experimentele calorimeter studies voor de ZEUS detector,
welke de calorimeter 'sampling' en uitleesstructuur hebben bepaald.

De ZEUS detector omsluit het interactiepunt hermetisch en bestaat uit: een
voorwaartse, een cylindrische en een achterwaartse calorimeter (FCAL, BCAL,
RCAL). De mechanische stabiliteit van de FCAL en RCAL modules is gecon-
troleerd en verbeterd op basis van mechanische eindige elementen (FE) analyse.
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Hoofdstuk 4 beschrijft de ZEUS calorimeter configuratie en mechanica, en pre-
senteert de belangrijkste resultaten van de eindige elementen analyse. Ook de
productie van de FCAL en RCAL modules wordt kort beschreven.

Er zijn vier mechanisch identieke prototype calorimetermodules van 80 cm hoog
gebouwd, om het ontwerp van FCAL en RCAL te testen. Deze modules werden
op CERN getest met verschillende bundeldeeltjes in het energiegebied van ~ 0.5
tot ~ 100 GeV. De resultaten van deze tests zijn beschreven in hoofdstuk 5, een
gedeeltelijke herdruk van NIM A289(1990)115.

Ook de ZEUS calorimetermodules zelf zijn gecalibreeid op CERN met verschil-
lende bundeldeeltjes in het energiegebied van ~ 10 tot ~ 100GeV. Tijdens deze
calibratie werd de uiteindelijke PM-puls 'shaping' en 'sampling' electronica ge-
bruikt. Een metode voor het reconstrueren van de PM-puls lading uit de 'samples'
werd ontwikkeld en getest. Een nauwkeurige calibrate van de EMC secties werd
verkregen met electronen, en van de gehele calorimeter met muonen. Wanneer de
uranium radioactiviteit wordt gebruikt als calibratie dan is de kanaal tot kanaal
spreiding in de electronrespons ~ 1% en de spreiding van module tot module in de
gemiddelde respons ~ 0.5%. De gemeten electronenergieresolutie heeft een gemid-
delde waarde van ongeveer 17.5%/V/£' met een constante term van 0.35%, en de
lineariteit van de respons is op het 0.5% niveau. Alle HAC torens van elk module
zijn gescand met hadronen om de intercalibratie tussen EMC en HAC te meten.
Dit resulteerde in een intercalibratie factor van 5.15 ± 0.02. De intercalibratie
tussen de HAC secties onderling werd gemeten met muonen en resulteerde in een
gemiddelde constante factor van 1.01 ± 1% en een toren tot toren spreiding op het
1% niveau. Voordat de FCAL en RCAL modules worden geïnstalleerd worden ze
getest met kosmische stralen om zodoende zowel de modules als de electronica te
controleren. Een beschrijving van de calibratieresultaten en van de controle met
kosmische stralen wordt gegeven in het laatste hoofdstuk.
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