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F. Lefèvre, M. Le Guay, L. Luquin, L. Martin, G. Martinez, V. M´etivier, M.J. Mora, P. Pichot,
A. Rahmani, O. Ravel, T. Reposeur, F. Retiere, P. Rivoalan, C.S. Roy, D. Roy, Y. Schutz and
A. Tournaire.

NIKHEF, The Netherlands, National Institute for Nuclear and High Energy Physics:
M. Botje11), A. Buijs12), J.J.F. Buskop11), A.P. De Haas12), P.K.A. De Witt Huberts11,12),
R. Kamermans11,12), P.G. Kuijer11,12), G. Nooren11), C.J. Oskamp12), A. Van Den Brink12),
N. Van Eijndhoven12) and J. Visschers11).

Novosibirsk, Russia, Budker Institute for Nuclear Physics:
A.R. Frolov, I.N. Pestov and M.A. Tiounov.

Oak Ridge, U.S.A., Instrumentation and Controls Division, Oak Ridge National Laboratory:
C.L. Britton, W.L. Bryan, J.W. Walker and A.L. Wintenberg.

Orsay, France, Institut de Physique Nucl´eaire, Universit´e de Paris-Sud:
L. Bimbot, P.F. Courtat, R. Douet, B. Genolini, H. Harroch, D. Jouan, L. Kharmandarian, Y. Le Bornec,
M. Mac Cormick, J. Peyr´e, J. Pouthas, R. Sellem and N. Willis.

Oslo, Norway, Department of Physics, University of Oslo:
A.K. Holme, L.M. Ingebrigtsen, G. Løvhøiden, B. Skaali, T.S. Tveter and D. Wormald.

Padua, Italy, Dipartimento di Fisica dell’Universit`a and Sezione INFN:
F. Antinori, F. Brandolini, N. Carrer, M. Morando, A. Pepato, F. Scarlassara, G. Segato, F. Soramel and
E. Zanoni.

Prague, Czech Republic, Institute of Physics, Academy of Science:
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1 Introduction

1.1 The ALICE experiment

The ALICE collaboration has proposed to build a general-purpose detector, dedicated to the study of
heavy-ion collisions at the LHC [1]. The experiment will consist of:

• a central barrel, embedded in a large magnet, covering the pseudorapidity region−1 < η < 1,
mainly devoted to the study of hadronic signals and dielectrons;

• a forward detector, dedicated to the study of muon pair production in the interval 2.5< η < 4;

• other forward detectors (η > 4), namely a multiplicity counter array close to the interaction region,
and two sets of zero-degree calorimeters located far downstream in the machine tunnel, which will
provide fast information about the centrality of the collisions.

In heavy-ion interactions, the event-by-event determination of the collision’s centrality plays a basic
role; it is used at the trigger level to enhance the sample of central collisions and, more generally, to
estimate the energy density reached in the interaction. It is therefore important to have several detectors
which can provide a fast and reliable characterization of the event geometry.

The primary aim of the experiment is to establish and analyse the formation of a Quark–Gluon
Plasma (QGP) in ion–ion collisions. Many QGP signatures manifest themselves as a threshold behaviour
of certain observables (e.g. production of charmonia and bottomonia states, strangeness) as a function of
the energy density, estimated through the centrality of the collision; a good resolution on the centrality
measurement is therefore essential, in order to properly probe the existence of such a threshold, which
could otherwise be smeared out.

1.2 Measurement of the collision’s centrality

The energyES carried away by the non-interacting (spectator) nucleons is the measurable quantity most
directly related with the centrality of the collision. It allows a direct estimate of the number of interacting
(participant) nucleonsNp through the simple relation:

N p = A−ES/EA ,

whereA is the mass number of the ion andEA is the beam energy per nucleon. Simple considerations
link the average number of participant nucleons with the impact parameterb of the collision, in the case
of identical nuclei. A more detailed calculation in the framework of the Glauber theory [2] gives:

N p(
−→
b ) =

∫
d2s {AT A(−→s )[1− (1−σNT B(−→b −−→s ))B]+ BT B(−→b −−→s )[1− (1−σNT A(−→s ))A]}

whereA and B are the mass numbers of the colliding nuclei,TA,B =
∫

dz ρA,B(z,−→s ) are the nuclear
profile functions,σN is the nucleon–nucleon inelastic cross-section, and−→s is a two-dimensional vector
in the transverse plane of the collision. The result, showing the monotonic trend ofNp vs b, can be
seen in Fig. 1.1 (line). A similar calculation can be performed using a nucleus–nucleus event generator,
such as VENUS [3], which also allows the size of the intrinsic fluctuations on the number of participant
nucleons at fixed impact parameter (filled circles) to be investigated. The two calculations agree well,
showing that the determination of the centrality of a nucleus–nucleus collision through a measurement
of the number of spectator nucleons is conceptually possible and largely model-independent.
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Figure 1.1: The correlation between the impact parameterb and the number of participant nucleonsN p for Pb-Pb
collisions at LHC energies.

1.3 ZDCs: fixed-target experiments

At fixed-target experiments the spectator nucleons, which fly away in the forward direction, are usually
intercepted by means of zero degree calorimeters (ZDCs), placed on the beam axis, providing a mea-
surement ofES. This technique has been successfully adopted by several SPS heavy-ion experiments,
such as WA80, NA49, and NA50. It has been shown that the measurement of projectile spectators in a
ZDC is well correlated with other centrality estimators (transverse energy around midrapidity, charged
hadron multiplicity). The resolution on the impact parameter, of the order of∼ 10% over a large range
of centralities, has been found to be dominated by the intrinsic fluctuations on the number of spectator
nucleons.

The use of ZDCs in a fixed-target environment poses non-negligible technical problems from the
point of view of the detector’s design; in fact, such devices also intercept the outgoing ion beam and
must therefore be radiation hard and fast. These requirements were of course most compelling for high-
luminosity experiments (>107 incident ions/s), such as NA50, which had to use quartz fibre calorimetry
as the detection technique [4]. Other experiments, running at beam intensities around 106 ions/s success-
fully used more classical techniques such as Pb/Fe-scintillator (NA49) [5] or U-scintillator (WA80) [6]
devices.

1.4 ZDCs for ALICE

The design of devices for the detection of spectator nucleons for an ion collider experiment, like ALICE,
differs significantly with respect to a fixed-target environment. Typically the beams are deflected by
means of two separation dipoles at a certain distance from the interaction point (IP), of the order of 50 m
in the case of the ALICE IP, in order to reach the nominal distance (188 mm for the LHC) between
the beams. These magnets will also deflect the spectator protons, separating them from the spectator
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neutrons, which basically fly away at 0◦. It is therefore conceptually possible to place between the
separation dipoles, on the two sides of the IP, a set of two devices; one of them, positioned between the
two beams to intercept the spectator neutrons, and the other one, external to the outgoing beam, to collect
the spectator protons.

1.4.1 Detection technique: quartz fibre calorimetry

The design of ZDCs in the LHC environment has to satisfy various technical issues.
Firstly, the amount of space between the separating dipoles which can be allocated to ZDCs is quite

small; the transverse dimensions of the neutron device cannot in any case exceed the distance between
the two beam pipes in that region (∼ 88 mm), meaning that an extremely compact object is needed.
The same remark also applies to the proton device, as the spot of the spectator protons is found to be
separated from the outgoing beam by only a few cm. Secondly, the ZDCs, even if they do not intercept
the beams (as in fixed-target experiments), will operate at a high radiation level; the deposited dose in
the neutron calorimeter is estimated to be∼ 1 Mrad/day, at a luminosityL = 1027 cm−2 s−1.

Because of these constraints we have been obliged to choose as the detection technique for the ALICE
ZDCs quartz fibre calorimetry, which allows compact and radiation-hard devices to be built, meeting
the requests outlined previously. After an exploratory R&D phase, quartz fibre calorimetry has been
successfully used for the ZDC of the NA50 experiment, where a device made of quartz fibres embedded
in a tantalum matrix, of dimensions 5× 5 × 65 cm3, has worked in an environment 10 times harsher
than the ALICE one in terms of radiation levels. The measured energy resolution

σ(E)
E

=
3.39√

E(GeV)
+0.062 ,

extrapolated to LHC energies is already< 10% for a few incident nucleons, corresponding to very central
events. Such values are considerably smaller than the intrinsic fluctuations on the number of spectators
detected by a single device (expected to be of the order of 14% atb ∼ 4 fm). Therefore, quartz fibre
calorimeters are a reasonable choice also from the point of view of the energy resolution necessary for
measuring the spectator nucleons at ALICE.

The first part of Chapter 2 deals with a short introduction to quartz calorimetry. The basic compo-
nents of this technique (fibres, passive materials, light detectors) and some essential physics concepts
(Cherenkov effect in optical fibres) will be discussed.

After the submission of the ALICE technical proposal, we started an R&D programme especially
devoted to the optimization of the performance of quartz fibre calorimetry, taking into account the con-
straints of the ALICE environment. Various prototypes have already been tested in the CERN SPS test
beams; the results obtained so far will be discussed in detail in the second part of Chapter 2. The perfor-
mances of the NA50 ZDC will also be reviewed.

1.4.2 Detector design

The optics of the LHC beams in the insertion regions, where the ZDCs have to be placed, is rather
complicated; it includes, apart from the separation dipoles, other magnetic elements, mainly quadrupole
triplets, which can distort to a considerable extent the trajectories of charged particles, such as spectator
protons, as they have a different magnetic rigidity than that of the beam.

Furthermore, the geometry foreseen for the magnets and the beam pipes includes elements which
could generate a non-negligible background for spectator neutron detection.

Therefore, in order to finalize the study of the geometry of the detectors, a detailed simulation of
the ALICE insertion region must be performed. As the LHC optics, as well as the design of the various
elements connected with the vacuum systems (beam pipes, flanges) is still evolving at the time of drawing
up this TDR, the most up-to-date information (corresponding to version 6 of LHC optics) has been used
whenever possible.
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The simulation, which will be described in detail in the first part of Chapter 3, makes use of GEANT
3.21 [7] for the description of the geometry of the interaction region and of the ZDCs; the same package
has also been used as tracking engine. The dynamics of the collision has been simulated using both
VENUS 4.12 [3] and HIJING 1.35 [8] as event generators; physics aspects which are not included in the
generators but are relevant for the design of the detector (Fermi motion of spectator nucleons, incomplete
spectator fragmentation) have also been included.

As a result it has been possible to calculate, as a function of the distance from the IP, the transverse
size and position of the spectator neutrons and protons throughout the insertion region. This information
is essential in order to choose the best suited region to place the ZDCs as well as their dimensions.
Tracking the spectator nucleons in the zone from the IP to the ZDCs, it has been possible to look for
the regions where a loss of spectators can be expected, mainly because of interaction in the coils of the
magnets and/or the beam pipes. Whenever such losses are so severe that they significantly degrade the
performance of the detector, modifications in the layout of the insertion regions have been proposed.

The conceptual and technical design of the detectors, driven by the simulation and by the R&D
results will be discussed in detail in the second part of Chapter 3; hereafter we briefly summarize the
conclusions. Figure 1.i (in colour, see page 7) shows the layout of the insertion region with the proposed
geometry for the ZDCs.

1.4.3 The neutron ZDCs

The neutron ZDCs will be placed at a distancedZN = 116.13 m from the IP, with a displacement of about
1 cm off the horizontal plane of the machine, to account for the 100µrad/beam crossing angle of the
two beams at the IP. At this point the size of the spot of the spectator neutrons, at a 1σ level, is about
0.6×0.6 cm2. A device of dimensions 7×7×100 cm3, made of quartz fibres embedded in a tantalum
matrix, allows 80% of the shower generated by spectator neutrons to be contained. The fibres have a
core diameter of 365µm and are oriented at 0◦ with respect to the beam axis. The quartz to absorber
volume ratio foreseen is 1/22. The resolution for a 2.7 TeV neutron is 10.5%, according to simulation.
Two calorimeters will be used, one for each side of the IP.

1.4.4 The proton ZDCs

The proton ZDCs will be placed at a distancedZP = 115.63 m from the IP. At this point the size of the
spot of the spectator protons is no longer gaussian, mainly because of the influence of the inner triplet
of quadrupoles, which results in a de-focussing action in the horizontal plane; 90% of the protons are
contained in an area 12.6× 2.8 cm2, centered at 19 cm from the beam axis, on the outgoing beam side.
To obtain a shower containment and an energy resolution similar to that of the neutron ZDCs, we will
use two devices of 20.8× 12× 150 cm3, made of quartz fibres embedded in a brass matrix, centered at
19 cm from the beam axis. The fibres have a core diameter of 550µm and are oriented at 0◦ with respect
to the beam axis. The quartz to brass volume ratio foreseen is 1/65.

For both calorimeters the Cherenkov light produced in the quartz fibres will be driven by the fibres
themselves to PMTs with a borosilicate window. The expected photoelectron yield is about 300/TeV.

Finally, the calibration of the ZDCs and the monitoring of their response stability is essential in
order to safely control the energy response of the devices. An off-line calibration of the ZDCs, at the
highest available energies, is foreseen after the assembly phase. The availability of an ion beam, at the
SPS or RHIC at that time, would allow a detailed study of the linearity of the response as a function
of the number of incoming nucleons. During data-taking, a LED system will allow the time evolution
of the PMT gain as well as the radiation damage in the fibres to be monitored, as will be discussed in
Section 3.10 on page 64.
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1.5 The ZDCs in the ALICE trigger system

The ALICE trigger system is foreseen to work on three levels (L0, L1, L2). The signals from the ZDCs,
yielding information on the centrality of the event are used at the L1 level, together with the PMD signals
and with information from the dimuon arm. The L1 decision is taken after about 2.4µs; this delay is
mainly due to the time-of-flight and to the transmission of the signals along the cables. By selecting
appropriate thresholds on the analog sum of the amplified ZDCs signals, it is possible to select windows
in the impact parameterb of the collision. The resolution on the centrality, expected to be of the order
of 10% for all but the most central events, allows the use of at least four thresholds, resulting in five
centrality bins at the trigger level. Details of the trigger layout are given in Section 3.8 on page 59, whilst
the trigger efficiency is discussed in Section 4.7 on page 76.

1.5.1 The layout of the interaction regions: open problems

In order to reach the ZDCs the spectator neutrons and protons have to fly over more than 100 m, crossing
various elements of the LHC beam line. Sofar, the only critical region seems to be the one corresponding
to the separator dipole D1. The spectator protons entering this magnet will, because of their lower
magnetic rigidity, suffer a stronger deflection than the Pb ions. With the presently designed size of the
D1 aperture, dD1 = 7.3 cm, about 13% of the spectator protons will interact in the coil of D1, resulting
in a loss of performance for the proton ZDC. As this parameter (aperture of D1) appears to be critically
connected with the correct tracking of the spectator protons, a study of the performance of the detector
as a function of the D1 aperture has been carried out. Its results, discussed in Section 3.3.1 on page 42,
show that any further decrease in the opening of D1 will lead to a severe loss of spectator protons. The
implications in terms of performance of the detector are discussed in Section 4.5 on page 71.

1.6 Performance of the detector

The physics quantity measured in ZDCs is the number of spectator nucleons, which is closely correlated
to the geometry of the collision (i.e. to the impact parameterb). A good estimator of the performance of
the detector is therefore the resolution onb. The simulation described in Chapter 3 allows such a study
to be performed, i.e. to determineσb/b as a function of the centrality.

This quantity depends on the physics of the collision (through the fluctuations on the number of
spectators at a fixed centrality), on the finite resolution of the detectors, as well as on possible spectator
losses through the beam line. Using VENUS or HIJING to estimate the physics fluctuations, the GEANT
simulations of the detectors and the present set-up of the insertion region (version 6 of the LHC optics)
we reach the result shown in Fig. 1.2, i.e.σb/b ≤ 8% for b ≥ 4 fm. For very central events the intrinsic
fluctuations on the number of spectators tend to deteriorate the resolution.

A good resolution on the centrality is essential in order to detect QGP signatures which are expected
to be seen as a discontinuity in certain observables (e.g. charmonia or bottomonia cross-sections) at a
certain value ofb or of related quantities.

Typically, a step behaviour due to a phase transition, occurring at a certainb, will result in a drop with
a slope comparable withσb. The better the resolution onσb, the easier it will be to discriminate between
a step transition and hadronic mechanisms, which usually produce smooth variations, as a function of
the centrality, in the observable quantities.

These topics will be investigated in Chapter 4.

1.6.1 The fragmentation of the spectator nucleons

The quality of a measurement of the centrality via the nucleon spectators can depend to a certain extent on
the fragmentation of the colliding nuclei. Clearly, if the fragmentation is complete, i.e. spectator neutrons
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Figure 1.2: Resolution on the impact parameter for the ALICE ZDCs.

and protons fly away as free particles, it is in principle possible to collect all of them in ZDCs. On the
other hand, if spectator nucleons are bound into fragments with a charge/mass ratio similar to the one
of the beam, they are transported together with the beam itself and cannot be measured. Unfortunately,
up to now the issue of spectator fragmentation has been investigated in detail only at rather small beam
energies (of the order of 1 GeV/nucleon) [9], while much less information exists for SPS energies [10].
In Section 4.6 on page 72 the existing information on this topic will be reviewed and the influence of
spectator fragmentation on a measurement at a collider experiment will be investigated and discussed.
As a result it will be shown that the energy measured by the ZDCs is monotonically correlated with
b only for b ≤ 11 fm. Beyond this value of the impact parameter the incomplete fragmentation of the
spectators results in a severe loss of performance of the detector. However, such peripheral collisions
should already be rejected by the L0 trigger.

1.6.2 The ZDCs as a luminosity monitor

Apart from their use in the determination of the centrality of the collision, ZDCs can monitor the LHC
luminosity. It is well known that the cross-section for electromagnetic dissociation of a Pb nucleus at
the LHC exceeds the hadronic cross-sections by more than one order of magnitude, and will be one of
the limiting factors for the beam lifetime. We plan to measure mutual Coulomb dissociation, which will
result in a coincidence of one neutron signal on the two ZDCs, as will be explained in Section 4.8 on
page 78. The cross-section for this process can be calculated using the Weizsacker–Williams formalism,
leading toσm

Pb = 0.53 b [11]. The incertitude on the determination ofσm
Pb, and consequently on the

luminosity, are of the order of a few per cent. The use of ZDCs in such a context is foreseen at RHIC [12].
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2 R&D, prototypes, test results

2.1 Introduction

The first ideas about a new type of calorimetry based on the detection of Cherenkov light generated in
quartz fibres were developed by P. Gorodetzky, with the intent of developing detectors working for heavy-
ion physics as Zero Degree Calorimeters or calorimeters to be used in very forward regions (η > 2.5)
for the LHC (pp) experiments. Much work on this subject was carried out within the CERN RD40
collaboration, formed to explore the capabilities of the optical fibre calorimetry technique [1–7]. The
basic principle of quartz fibre calorimetry is rather simple: the charged particles in a shower generated
in a dense absorber produce Cherenkov light in quartz fibres interspersed in the absorber. The light is
optically guided by the same fibres towards the photodetectors.

The basic motivations for the development of this new technique are the radiation resistance of quartz
and the intrinsic speed of the Cherenkov effect. The relatively small light yield, compared to scintillat-
ing fibres, results in a greater energy resolution stochastic term. However, this is not relevant as these
detectors are intended to work in a very high energy range.

2.2 Basic components

2.2.1 Fibres

Large diameter (> 100µm) step index silicon fibres come into three categories: sylastic, plastic cladding
(both are relatively cheap), and fluorine-doped silicon cladding (very expensive). All of them are used
primarily for military and medical purposes, and are usually operated in the visible to infrared wave-
lengths; as the fluorinated quartz fibres are normally used in the infrared region, they have a thick
cladding. Outside the cladding the fibres normally have a coating or buffer to protect the fibre itself
against cladding abrasion.

For calorimetry, it is better to use fibres with a thin buffer or even unbuffered (with thicker cladding).
The numerical aperture,

NA =
√

n2
core−n2

cladding,

is generally 0.22 for fluorine-doped silica cladding, 0.37 for plastic (fluorine-doped PMMA) cladding,
and 0.4 for fibres with sylastic cladding. The numerical aperture is equal to the sine of the nominal lim-
iting exit half-angle for meridional rays (i.e. those rays whose paths are lying in a plane which intersects
the fibre’s axis); for example, the exit angle corresponding to NA = 0.22 is 12.7◦.

The transmittance of the quartz in the visible region remains constant up to 20 Grads [8]. Mea-
surements performed using the 2 MeV electron beam of the Vivirad irradiation facility in Strasbourg
on different types of quartz fibres [7] have shown that ultra-pure quartz fibres with a fluorinated quartz
cladding show no loss after 2.5 Grad. This type of fibres, manufactured by Spectran, was used in the
NA50 ZDC calorimeter for more than three years and they still work satisfactorily, after an integrated
dose of∼ 10 Grad, as explained in Section 2.6.

2.2.2 Absorber

The passive material in a hadronic calorimeter should have a small interaction length; the most com-
monly used materials are copper (λi = 15 cm) or lead (λi = 17.1 cm). As the material must be cut into
sheets and grooved to host the fibres, it should be easily machinable. Very high density materials like
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tantalum, tungsten or tungsten alloys can be chosen when the hadronic shower needs to be contained in
a particularly limited space.

2.2.3 Light detectors

The dominant part of Cherenkov light is emitted in the UV domain; therefore, working with UV-sensitive
photon detectors will maximize photon statistics and reduce the stochastic term in the resolution. Nev-
ertheless, the light yield is normally high enough to compensate the loss caused by the use of standard
photocathodes because the energy of the particles hitting the ZDCs is very high. Comparing the simulated
response of these two photocathodes for a given calorimeter geometry and for a hadron of 2760 GeV,
we found 0.3 photoelectrons per GeV produced at the PMT with a borosilicate window, and 0.8 photo-
electrons per GeV when the quartz window is used. The resolution stays constant within the simulation
uncertainty.

2.3 The Cherenkov effect in optical fibres

2.3.1 Production and transmission of Cherenkov photons in fibres

The light yield of the Cherenkov effect is given by the formula:

d2Nph

dLdλ
= 2παz2 sin2 θc

λ2 ,

whereα is the fine structure constant,λ is the wavelength,L is the path of the particle with chargez
through the medium, andθc is the Cherenkov angle; the Cherenkov light is emitted along a cone with an
angular opening given by

cosθc =
1

nβ
,

whereβ = v/c, andn is the index of refraction of the medium.
The refraction index of the quartz as a function of the wavelength, in the interval between 180 and

600 nm, ranges from 1.56 down to 1.46; in this frequency region the opening of the Cherenkov cone for
β = 1 particles ranges from 46.7◦ to 50.1◦.

The fibre’s light output depends, for a fixed wavelength and a fixed particle velocity, on the direction
of the particle with respect to the fibre’s axis (because Cherenkov photons are emitted along the surface
of a cone), and on the distance of the closest approach between the particle’s trajectory and the fibre’s
axis (impact parameter). The distribution of photons, produced by aβ = 1 particle, trapped inside a fibre
and transmitted to one edge of the fibre is shown in Fig. 2.1, as a function of the impacting angleα
and impact parameterb. The fibre considered has a core diameter equal to 365µm and NA = 0.22; the
wavelength distribution of the photons produced is multiplied by the nominal quantum efficiency of a
Philips XP2020 photocathode. The maximum of the distribution occurs atα ∼ 40◦−50◦. At low particle
momentum, the decrease ofβ produces a decrease of the Cherenkov angle, and therefore the maximum
of the distribution shifts towards smaller angles. Forβ below 0.7, the photons are emitted almost along
the particle trajectory and only those particles which are nearly parallel to the fibres produce light that
reaches the end of the fibre.

In a calorimeter, all the values of the impact parameterb, have the same probability. The distribution
of the angles of the shower particles with respect to the fibre’s axis depends on the orientation of the
fibres. In Fig. 2.2 (top) we plot this distribution for fibres placed at 0◦ with respect to the initial particle
trajectory (2760 GeV proton). Folding this last distribution with those of Fig. 2.1 and integrating over
all the impact parameters, we obtain the spectrum of the number of photoelectrons produced at the
photocathode of the PMT considered. In Fig. 2.2 (bottom) we show the light output as a function of the
impacting angleα. It is clear that the particles must cross the fibres within a narrow angular window
around 45◦ in order to produce the maximum signal.
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Figure 2.1: Distribution of the number of photons that exit the fibre (ø = 0.365 mm, NA = 0.22) as a function of
the incident angleα and impact parameter b of a particle withβ = 1 crossing the fibre.

Figure 2.2: Top: distribution of the impacting anglesα of the shower particles, originated by a primary 2760 GeV
proton, producing Cherenkov light in a calorimeter with fibres at 0◦. Bottom: light production as a function ofα.
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2.3.2 Monte Carlo simulations

The description of the ZDC in the ALICE environment is implemented into the GALICE simulation
code [9], based on GEANT 3.21. The program can logically be divided into two parts.

The first part tracks the particles produced and the spectator nucleons through the beam elements up
to the calorimeters, and will be detailed in Section 3.3 on page 41.

The second part is the simulation of the shower inside the calorimeters. For the hadronic interactions,
we use the GHEISHA package [10].

Cherenkov light production in the fibres and the transport of light to the PMT is determined using
a separate program. This program produces the distributions of Cherenkov light yield in optical fibres
and creates sets of data tables. The program takes into account the numerical aperture of the fibre,
its attenuation length as a function of the wavelength of the light, and the quantum efficiency of the
photocathode of the PMT coupled to the fibres. The shower particles are tracked by GEANT in the
absorber until they traverse a fibre. The impacting angleα, the particle velocityβ, and the distance
from the fibre axisb are then used to obtain the photon yield directly from the tables, thus reducing the
required total CPU time. A random number with Poissonian distribution is used to determine the number
of photoelectrons produced at the photocathode of the PMT.

An important issue about the simulation programs is the choice of the threshold values used in the
GEANT package. As the light is due essentially to the electromagnetic part of the hadronic shower, the
resolution strongly depends on the value of the GEANT cuts on theγ ande± energies. Increasing the
value of the threshold for tracking the gammas and electrons saves a substantial amount of computing
time, but can give a wrong prediction of the experimental resolution. As an example, for a given geometry
the resolution for 2760 GeV protons varies from 7.6% for anEem

cut = 10 MeV, to 9.7% for anEem
cut = 1 MeV.

Therefore we chooseEem
cut = 1 MeV to ensure a proper treatment of the e.m. shower.

2.4 Speed of response and inherent rate capabilities

Cherenkov radiation, on which the sampling process is based, occurs in a much shorter time scale than the
propagation of a hadronic shower through a calorimeter. The limiting factor in speed and rate capabilities
of the quartz fibre calorimetry technique is the light detector read-out technology. The optical signal is
combined with the response shape of the light detector and with the cable band-pass.

Figure 2.3 shows a typical detector (NA50 ZDC) response to a single incident Pb ion of 158 A GeV/c
using a 6-stage Philips XP2242-B PMT, taken with a Tektronix TDS620 digital oscilloscope after a total
cable length of 200 m. The PMT signal was in fact amplified by a factor of 10 by means of a fast linear
amplifier (LeCroy 612A), after 43 m of C-50-11-1 coaxial cable, and then delayed by 157 m long coaxial
cables. The signal has a very short duration: the return to baseline is within 13 ns and the rise time is
3 ns.

The delayed or late hadronic energy deposition (proton recoils,γ-neutron capture,γ secondary fis-
sion) for dE/dx based calorimeters, as reported in Ref. [11], produces no signal in a quartz fibre calorime-
ter and therefore does not affect signal speed. For ALICE no signal processing will be necessary in order
to isolate signals from different bunch crossings, separated by 125 ns.

2.5 Proton calorimeter prototypes

Two prototypes of the proton calorimeter, named ZP2 and ZP7, have been constructed with different
geometrical and mechanical characteristics, which are summarized in Table 2.1. They are both equipped
with polymehtylmethacrylate (PMMA) fibres, equally spaced and parallel to the beam axis. The passive
matrix was made of copper for the ZP2 prototype, and brass for ZP7.

The ZP2 (ZP7) prototype was assembled by superimposing 40 (26) identical plates 4 mm (6 mm)
thick, grooved on the upper side, where the fibres are located. The plates are stacked to form a paral-
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Figure 2.3: Digital oscilloscope plot of the NA50 ZDC detector response to a 158 A GeV/c incident Pb ion, using
a Philips XP2242B PMT readout and after a total cable length of 200 m.

lelepiped having dimensions of 16×16×150 cm3. The fibre spacing has to be smaller than the radiation
length of the passive matrix, in order to avoid a loss of the shower electrons, which could be absorbed in
the passive material before giving a signal. The transverse dimensions are those foreseen in the TP.

The shower development in the two materials is similar (see Table 2.2). The parameters governing
the longitudinal and lateral shower dimensions are small enough to fulfil the requirements for the proton
calorimeter. We have chosen two different materials in order to test their mechanical properties. Both are
mechanically resistant, easily machinable, and relatively cheap. Another advantage is the low neutron
production probability, due to the low Z.

The length of each fibre is 250 cm: the first 150 cm, inside the absorber matrix, represent the active
part of the calorimeter, the following 100 cm, bent at 90◦ with respect to the beam axis, act as a light
guide. The Cherenkov light is produced in the fibres and transmitted by multiple reflection to the photo-
cathode of the photomultipliers, located about 1 m from the beam axis, to reduce background caused by

Table 2.1: Characteristics of the two calorimeter prototypes.

ZP2 ZP7
Dimensions 16×16×150 cm3 16×16×150 cm3

Filling ratio 1/80 1/85
Absorber copper brass
Number of plates 40 26
Plate thickness 4 mm 6 mm
fibre type PMMA PMMA
Diameter 500µm 750µm
Number of fibres 1600 676
fibre spacing 4 mm 6 mm
Number of PM 4 2
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Table 2.2: Characteristics of absorber materials.

ZP2 ZP7
Absorber Copper Brass

ρ 8.96 g/cm3 8.28 g/cm3

X0 1.43 cm 1.5 cm
λ int 15.06 cm 18.4 cm

Table 2.3: Filling ratios for different combinations of
the PM signals for the two prototypes.

Number of PMT ZP2 ZP7
1 1/325 1/170
2 1/162 1/85
3 1/108
4 1/80

the shower particles impinging on the PMT’s window. Figures 2.i and 2.ii (in colour, see page 37) show
the front face and the perspective views of the ZP2 prototype.

There are four photomultipliers for ZP2 and two for ZP7. The connection to the fibres is such that
each PMT collects the light from a subset of fibres uniformly distributed in the passive material (see
Fig. 2.4); in this way, considering one or more PMTs, we obtain different quartz/absorber filling ratios,
as reported in Table 2.3. For the purposes of this prototype test, the use of the (10 to 20 times) more
expensive quartz Cherenkov fibres is not necessary, as the radiation damage is negligible. In this context,
the main difference between the two types of fibres is the numerical aperture (NA), 0.50 for the PMMA
and 0.22 for the quartz. On the other hand, the quartz fibres have been extensively tested in the radiation-
rich environment of lead-ion beams.

PM3 PM4 PM3 PM4

PM1 PM2 PM1 PM2

PM3 PM4 PM3 PM4

PM1 PM2 PM1 PM2

ZP2

PM1 PM2 PM1

PM2 PM1 PM2

PM1 PM2 PM1

ZP7

Figure 2.4: Connection of the fibres to the photomultipliers for the ZP2 and ZP7 prototypes.

2.5.1 Off-beam tests and calibrations

Light attenuation in fibres

Light attenuation in fibres was measured at different wavelengths using a monochromator. Mea-
surements were made at CSELT (telecommunications research centre in Torino, Italy). A sample of the
plastic fibres used in the construction of the ZP2 prototype was analysed. The measurement was per-
formed with the cut-back technique. Light transmission was first measured for a fibre several metres
long, then the fibre was cut to a few metres length, and light transmission was measured again. In this
way it is possible to avoid spurious effects caused by the coupling of the fibre with the light source and
the spectral response of the photodetector. In Fig. 2.5 we plot the measured light attenuation as a function
of the wavelength.
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Figure 2.5: Light attenuation of a sample of fibres as a function of the wavelength.

Measurement of the PMT gain

To obtain the absolute light yield of our detector and make a comparison with Monte Carlo simula-
tions, we measured the gain of the Philips XP2020 photomultipliers that were used in the 1998 test. We
used an optical bench with a spark light source, whose intensity was very stable during the measurement
period. Light emitted was filtered and attenuated by a set of Wratten gelatin filters in order to reach the
single photoelectron response condition. The signal from the PMTs was amplified 10 times and then sent
to an ADC, with a maximum resolution of 0.25 pC/channel. The signal triggering the sparkle was used
to provide a gate for the ADC. In Fig. 2.6 we report a typical single photoelectron spectrum measured
with a voltage supply of 2200 V. The first peak on the left is caused by pedestal events, followed by the
single photoelectron peak, and a little bump caused by two photoelectrons.

We then raised light transmission by removing part of the filters, and measured the relative gain at
different values of voltage supply. In Fig. 2.7 the calibration curve of one of the four PMTs is reported.

2.5.2 Beam test

The performances of the two prototypes were studied by exposing them to the H6 beam line at the CERN
SPS. A first data-taking run was made in September 1997 with the ZP7 calorimeter, using a positron beam
of 50, 100, and 150 GeV/c, and a hadron beam of 50, 100, 150, and 180 GeV/c.

During May 1998 the ZP2 prototype was tested with 75, 100, and 120 GeV/c positrons, and 50, 100,
120, 150, and 180 GeV/c hadrons.

The experimental set-up is shown in Fig. 2.8. A plastic scintillator hodoscope made it possible to
select different triggers, accepting the beam particles inside a square of 1×1 cm2 (S3 ·S2 ·S5), 2×2 cm2

(S3 ·S1 ·S4), and 1×1 mm2 (S3 ·D1V ·D2H). The two small and movable scintillator-sticksD1V andD2H

were used to localize the beam position on the calorimeter surface with an accuracy of 1 mm2. The
calorimeter is placed on a movable platform together with a MWPC installed just in front of it. Two
plastic scintillation counters beyond an iron wall (MU1V andMU2H) detect muons.



16 2 R&D, prototypes, test results

Figure 2.6: Single photoelectron spectrum from an
XP2020 PMT at 2200 V.

Figure 2.7: Gain of an XP2020 PMT as a function of
voltage supply.

S� S�
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S� S�
D�V

D�H
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ZDC Iron wall

MU�v
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Not to scale

Figure 2.8: Schematic view of the experimental set-up used in the test. S1, S2, S3, S4, S5: trigger scintillators.
D1V , D2H : scintillator sticks. MU1v, MU2h: scintillators for muon detection.

The calorimeter signals were transported through C-50-11-1 coaxial cables to the counting room.
The signals were split using a linear fan-out; one of the two lines was sent to a LeCroy2249 ADC, whilst
the other was delayed out of the gate and then digitized. The use of the delayed channels is related to the
pedestal subtraction technique, as explained below.

The PMTs were calibrated by sending a 100 GeV hadron beam to the centre of the calorimeter’s
front face.

During two weeks of data-taking runs with the two prototypes, it was possible to measure:

• the linearity of the detector’s response as a function of the energy;

• the energy resolution for different fibre to absorber filling ratios and for different fibre spacings;

• the shower’s transverse size;

• the uniformity of the response as a function of the beam impact point on the front face of the
calorimeter.

These results were then compared with the predictions of Monte Carlo simulations.
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2.5.3 Data analysis

2.5.3.1 Off-line calibration of the ADC channels

Pedestal subtraction

Some special runs without beam were dedicated to the measurement of the ADC pedestals connected
to the ZDC PMTs. The method used for the pedestal subtraction makes use of the correlation between
the ADC coming from the delayed and the timed PMT signals, measured in the pedestal runs, and shown
in Fig. 2.9 for a typical run.
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Figure 2.9: Correlation between the timed and the
delayed signals and fit with a straight line for a PMT in
a pedestal run.
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Figure 2.10: Pedestal peak for a standard data-taking
run obtained with the correlation between the delayed
and the timed signals (solid line) and by subtracting the
mean value of the pedestal (dashed line).

In a standard data-taking run the pedestal in the timed ADC channel is calculated from the delayed
one and subtracted from the signal event by event. Using this method we obtain a narrower pedestal
peak with respect to the usual method based on the determination of the mean value of the peak (see
Fig. 2.10).

Several pedestal runs were performed during the test to check the stability of the correlation.

Equalization of the channels

The fibres connected to each PMT are uniformly distributed in the passive matrix, so that each chan-
nel must detect the same amount of energy. A first equalization of the PMT high voltages was carried
out at the beginning of the test, as described above. A fine tuning of the ADC signals for each channel
was made offline to compensate possible small differences.

We fitted the ADC distributions and determined the peak positions; then we calculated the ratio
between each peak value and the average, obtaining a correction factor for each channel. We extended
this procedure to all the hadron runs with different energies and trigger conditions. For all the runs the
beam spot was pointing to the centre of the calorimeter, to avoid edge effects. The choice of hadron runs
is justified by the fact that the transverse shower size, in this case, is bigger than the distance between the
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fibres, so that the response is independent of the beam coordinate (see Section 2.5.3.7). Then we adopted
for each PMT the average correction factor over all the considered runs.

The dispersion of the correction factor for a PMT around the average value is of the order of 2–3%.

Conversion factor between the ADC channel and photoelectrons

To determine the position of the ADC peak corresponding to a single photoelectron signal, we con-
sidered muon events. Indeed, the energy loss of muons is very small, so that only a few photoelectrons
are produced.
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Figure 2.11: ADC spectrum with muon selection for a ZP2 PMT. The single photoelectron peak is clearly
evident.

We selected the muons requiring a coincidence of the signals from the MU1V and MU2H scintillators.
In Fig. 2.11 the ADC spectrum obtained by cumulating the statistics of all standard runs is shown for a
PMT. We performed a fit to the ADC spectrum with the formula:

f (x) = P1e−
(x−µ)2

2σ2 + P2e
− (x−2µ)2

2(2σ2) . (2.1)

The dependence of the results on the fit range and initial parameters was carefully studied. The fit with
the lowestχ2 was taken as the result. The error is due to the uncertainty on the fit procedure. As an
example, we obtained a conversion factor for the ZP2 ADC1 of 7.4±0.5 channels per photoelectron, in
good agreement with the direct measurement mentioned above.

Using the linear correlation between the beam energy and ADC channels described below, we find a
value of 0.81 photoelectrons per GeV, averaged over the four PMTs of the ZP2 prototype.

The single photoelectron measurement for the ZP7 prototype was only determined for one PMT, as
for the other one the single photoelectron and pedestal peaks were not clearly resolved. The conversion
factor for ZP7 is 6.8±0.5 channels per photoelectron.
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2.5.3.2 Data selection

The whole analysis is based on the ADC spectra, pedestal subtracted and equalized. The muon events,
identified by means of the muon counters, were removed.
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Figure 2.12: ADC spectra for positrons at different energies for a filling ratio of∼1/80 (top) and∼1/160
(bottom).

The positron beams at high energies suffered a hadronic contamination. It was possible to resolve the
hadron and positron peaks only when the sum of all the PMT signals, corresponding to a filling ratio of
∼ 1/80, was considered (Fig. 2.12 top). For lower filling ratios the two peaks are not resolved (Fig. 2.12
bottom) and therefore, in this case, the measurement of the resolution at these energies is unsafe.

The hadron ADC spectra are not symmetric. To fit the spectra, we used the following function:

f (x) = Ae
−(x−µ)2

2σ(x)2 , (2.2)

with:

σ(x) = σ0 +σ1
x−µ

µ
. (2.3)

Such a function has the advantage of being simple and giving stable results (very weakly depending on
the initial parameters and the range of the fit), thus determining the peak valueµ and the local widthσ0 at
x = µ with uncertainties lower than 2%. The parameterσ1 is related to the asymmetry of the distribution,
and ranges from 30%σ0 to 50%σ0. All the ADC spectra are fitted with this function (or a combination
of two such functions, in case of contamination) and theµ andσ0 parameters are taken as the peak value
and the width. Figure 2.13 shows the typical ADC spectra for hadrons and positrons.

For the linearity and resolution studies, we selected a set of runs collected with a 2×2 cm2 trigger
to avoid effects caused by the distance between the fibres, with a beam spot centred on the front face of
the calorimeter.
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Figure 2.13: Fit to the ADC spectra for 100 GeV hadrons and 75 GeV positrons.
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Figure 2.14: Top: response as a function of the hadron beam energy, E, for the ZP2 (left) and ZP7 (right)
prototypes. Bottom: same for positron beams.
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2.5.3.3 Stability checks

Several runs at each energy were collected during the test to check the stability of the measurements. The
spread ofµ andσ for different runs at each energy is below 2% for both parameters, with the exception
of the 150 GeV runs, where the spread is around 5%.

We also checked the stability during every run. The effect caused by the variation of the response
inside a run is∼ 0.5%.

2.5.3.4 Linearity of the response with energy

We measured the response as a function of the energy for both prototypes with hadron and positron
beams. The results, expressed in photoelectrons, are plotted in Fig. 2.14. The numerical values are
reported in Tables 2.4 and 2.5.

Table 2.4: Resolution, peak value, and width as a function of the energy for the ZP2 calorimeter.

E (GeV) µ (phe) σ (phe) Resolution (%)
ZP2 Hadrons - Data

50 34.7± 0.2 11.1± 0.2 32.0± 0.7
100 80.7± 0.5 19.5± 0.4 24.2± 0.5
120 97.7± 1.4 22.2± 0.7 22.8± 0.8
150 124.4± 7.1 25.4± 2.0 20.4± 2.0
180 146.5± 0.9 27.6± 0.6 18.9± 0.4

ZP2 Positrons - Data
50 60.2± 0.4 10.6± 0.3 17.6± 0.5
75 91.5± 0.5 14.0± 0.3 15.3± 0.4

100 118.7± 0.7 15.3± 0.4 12.9± 0.4
120 141.7± 0.8 17.1± 0.4 12.0± 0.3

Table 2.5: Resolution, peak value, and width as a function of the energy for the ZP7 calorimeter.

E (GeV) µ (phe) σ (phe) Resolution (%)
ZP7 Hadrons - Data

50 38.0± 0.7 14.1± 0.6 37.2± 1.7
100 83.3± 6.6 20.3± 1.4 24.3± 2.5
150 130.3± 0.8 26.1± 0.6 20.0± 0.5
180 150.7± 0.9 27.6± 0.7 18.3± 0.5

ZP7 Positrons - Data
50 64.1± 0.5 12.0± 0.4 18.7± 0.6

100 129.5± 3.1 17.1± 0.6 13.2± 0.5
150 173.4± 6.1 18.1± 4.4 10.4± 2.6

The response as a function of the beam energy shows a good linearity. An energy threshold at a few
GeV can be noted in the hadron data. A similar behaviour is reproduced by the simulation. It should be
noted that the positron data suffer a strong hadron contamination at 150 GeV, causing a big uncertainty
in the measurement, and therefore only two energies are reliable in the ZP7 positron data.
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Figure 2.15: Resolution (σ(E)
E ) as a function of 1/

√
E for the ZP2 (copper) and ZP7 (brass) prototypes in hadrons

(left) and positrons (right).
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Figure 2.16: Top: resolution (σ(E)
E ) as a function of 1/

√
E for the ZP2 prototype in hadrons (left) and positrons

(right) considering different filling ratios. Bottom: same for ZP7.
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2.5.3.5 Resolution as a function of the energy

The energy resolution for the two prototypes (Fig. 2.15) is comparable, as they have similar filling ratios.
In Fig. 2.16 the resolution is plotted for different filling ratios, obtained selecting the signals from one,
two, or four PMTs in ZP2, and one or two PMTs in ZP7. The experimental points are fitted with the
function a/

√
E. The determination of a (small) constant term does not appear to be reliable at these

energies. We can exclude, with a confidence level of 99%, a value of the constant term greater than 10%.

The simulation for hadrons underestimates the experimental resolution by≈ 25%, as shown in
Fig. 2.17, together with the same comparison with a positron beam, which indicates a better agreement.
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Figure 2.17: Top: resolution (σ(E)
E ) for the ZP2 (left) and ZP7 (right) prototypes in hadrons compared with the

Monte Carlo simulation. Bottom: same for positrons.

In order to have an estimate of the resolution at LHC energies, the simulations were performed with
hadrons up to 2760 GeV, and the points were fitted with the functiona/

√
E + b (Fig. 2.18). The second

term in this function is no longer negligible at very high energies because the fluctuations in the lateral
energy loss are dominant with respect to the statistical fluctuations in the number of photoelectrons. The
value of the resolution estimated for ALICE is∼ 6%.

However, the use of plastic fibres is not possible at ALICE, where we are forced, because of the
high radiation level, to choose quartz fibres with a lower numerical aperture. The simulation of a proton
calorimeter with quartz fibres will be described in detail in Section 3.5 on page 53.
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Figure 2.18: Monte Carlo simulation of the resolution for hadrons at several energies.

2.5.3.6 Shower’s transverse size

In Fig. 2.19 we report the Monte Carlo simulation of the transverse size of the shower. In the abscissa
we plot the position, with respect to the beam impact point, of the shower particle giving a non-zero light
response; on the vertical axis the number of photoelectrons is reported.

The distributions are fitted with a superposition of two gaussians. The ratio between the parameters
of these two gaussians was then fixed to fit the real data, as explained below.

To evaluate the hadronic and electromagnetic shower’s transverse size from the data, we studied the
response of the calorimeter as a function of the horizontal beam’s impact coordinate. The information
about the beam’s position is given either by the MWPC or by the 1× 1 mm2 scintillators. As shown
in Fig. 2.20 (top), there is a good agreement between the data and the Monte Carlo simulation. In the
same figure (bottom) we show the derivative of the previous distributions from which one can estimate
the transverse size of the shower. A fit to the hadron data appears unsafe due to the low number of points
near the border. We thus fitted the derivative of the Monte Carlo distribution, obtaining a transverse size
of 2.2 cm (FWHM). Applying the same procedure to the positron beam sample, we were also able to
obtain a direct measurement from the data.

2.5.3.7 Uniformity of the response

It is important to verify whether the detector’s response for hadrons is sensitive to the beam impact point
with respect to the position of the fibres. We tested this feature on both prototypes, with a selection
of the impact point using the MWPC. The four plots in Fig. 2.iii (in colour, see page 38) report, as a
function of the beam impact point coordinates, the fraction of light (over the total signal) seen by two of
the four PMTs in ZP2 (left plots), and one of the two in ZP7 (right). In this way, the two filling ratios
considered (1/162 for ZP2 and 1/170 for ZP7) are comparable. The darker regions correspond to higher
light fractions, and the black areas are found at the position of the fibres considered. Whilst a structure is
clearly seen with the positron beam (down), it is less evident for hadrons in ZP7, and nearly disappears
in ZP2. This behaviour can be explained by the fact that the shower induced by positrons is narrower,
and that the fibre spacing in ZP7 (6 mm) is not small enough to provide a uniform response. The choice
of a 4 mmfibre spacing, as in ZP2, seems to give a good uniformity.
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Figure 2.19: Simulation of the shower’s transverse profile in hadrons (left) and positrons (right).
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Figure 2.21: Variation of the light response plotted against x for different filling ratios and beams (see text for
details).

Fixing a y coordinate corresponding to a fibre plane, in Fig. 2.21 we plotted the fraction of light seen
by one (top) or two (bottom) PMT’s over the total light collected by the four ZPZ PMTs, as a function
of x. On the left side the response for a 100 GeV hadron beam is plotted, whilst on the right the positron
results are shown. The response for hadrons with a filling ratio of 1/162 can already be considered
uniform.

2.6 The ZDC in the NA50 experiment

The ZDC now in use in the NA50 experiment can be considered equivalent to an ALICE neutron
calorimeter prototype. In fact, both detectors have to fulfil similar requirements, such as radiation hard-
ness and geometrical constraints. It should also be noted that the operational conditions in NA50 are
more severe than those that a ZDC will encounter in the ALICE experiment.

The NA50 ZDC operated successfully in the 1995, 1996, and 1998 data-taking periods. As it is well
known, theJ/Ψ measurement requires lead-ion beams of intensity greater than 107 lead ions per second.
Therefore, the NA50 ZDC must satisfy very strong requirements, summarized hereafter:

• high radiation hardness (in the Grad region)

• low sensitivity to nuclear activation

• short duration of the signal(≤ 10 ns)

• energy resolution of the order of a few per cent
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• spatial resolution of some hundredµm for lead ions

To satisfy all these requirements a quartz fibre spaghetti calorimeter with fibres parallel to the beam
axis, has been built and operated by the Torino University group [12].

2.6.1 Description of the detector

The structure of the detector is shown in Fig. 2.22.

PHOTOMULTIPLIERS

OPTICAL FIBRES
as

LIGHT GUIDES

ZDC
(4 towers)

Figure 2.22: Mechanical structure of the ZDC.

It consists of 30 grooved tantalum slabs (each of them 1.5 mm thick), stacked to form a parallelepiped
of 5×5×65 cm3. The active part of the detector is made of 900 quartz fibres, uniformly distributed with
a pitch of 1.5 mm corresponding to a quartz to tantalum volume ratio of 1/17. The fibres are of HCG-
M-365-U type (manufactured by SpecTran Specialty Optics Company, USA) and have a pure silica
core, silica fluorinated cladding, and a hard polymer coat, with diameters of 365, 400, and 430µm,
respectively; the numerical aperture is 0.22. The total length of each fibre is 180 cm. The first 65 cm
embedded in tantalum represent the active part of the calorimeter. The rest (bent at 90◦ with respect
to the ZDC axis) act as a light guide towards the photomultipliers located about 1 m from the beam
axis to reduce background caused by shower particles impinging on the PMT window. To be position
sensitive the ZDC is divided into four towers grouping the fibres into four bundles of 225 fibres, each
bundle seen by one photomultiplier. Consequently the impact point of a lead ion is determined using
the centroid of the four signals. 60% of the hadronic shower generated by a proton of 158 GeV entering
the centre is contained in the detector. The resolution is dominated by the fluctuations in the part of
the hadronic shower contained in the detector. A light yield of about 0.5 photoelectrons per GeV is
observed for a PMT with a bialcaline photocathode and a borosilicate window, so that no problem comes
from statistical fluctuations on their number. The light yield together with the high intensity of the beam
impose the choice of PMTs with low gain (to avoid instabilities due to the increase of the average anode
current). For this reason, we used 6-stage Philips XP 2242-B photomultipliers operating at a gain of
about 5×103; with these conditions a mean current value of 30µA is obtained for 5×107 Pb per burst.
To achieve a stable behaviour, particular care has been taken in the design of the voltage divider, made
with transistors [13]. The signals were sent to the counting room through very long cables (about 200 m).
To preserve the excellent time quality of the Cherenkov signals, bridge-T filters were used before the last
stage of amplification. The signal width allows a gate of 12 ns to be used, necessary to cope with the
high-intensity beam required by the experiment.

In the NA50 experiment the ZDC detector was located after a 60 cm copper collimator and covered
the pseudorapidity regionη ≥ 6.3.
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2.6.2 Performance of the detector

The response of the detector to a Pb ion beam of 158 A GeV/c, at the beginning of the run, is presented
in Fig. 2.23.

Figure 2.23: Response of the ZDC with the beam hitting the centre of the front face.

The resolution obtained was 6%, with a gate width of 12 ns. During data-taking, the ZDC was
continuously monitored by checking the position of the ‘lead peak’. The stability of the response of
the photomultipliers was monitored by means of a laser diode pulse light optically connected to each
photomultiplier through a quartz fibre.

Tests with electron and proton beams, showed that the ZDC is not compensated giving an e/π ratio
of 2.4. This implies that the response of the ZDC to hadrons is not linear as a function of their energy.

However, this fact does not create any problems for using the detector in NA50, where the goal is to
measure the number of residual nucleons after the interaction of a Pb nucleus with the target nuclei. In
this case, spectator nucleons and nuclear fragments detected by the ZDC have the same fixed energy per
nucleon as the beam.

To obtain the spectator number it is important to check whether the response of the calorimeter is
linear as a function of the number of nucleons entering the detector. To prove this linearity secondary
beams of light nuclei (deuterons and alphas) were generated by fragmentation of the SPS Pb beam on a
4 mm lead target.

Unfortunately, with these techniques it is not possible to obtain intermediate mass nuclei. To over-
come this problem partially we used an Fe target and we determined the low-energy end point of the
ZDC spectrum, corresponding to the most central collisions.

In this case, for central collisions the number of projectile spectator nucleons is given by:

(NA)spec= 208×
((

208
A

) 2
3

−1

) 3
2

.
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In Fig. 2.24 the response of the ZDC to various nuclei is reported. The ratio ADC(A)/A, normalized
to the Pb point, is plotted versus A.

Figure 2.24: Response of the ZDC to nuclear beams of 158 A GeV/c. The filled symbols give the value of the
ADC channel corresponding to the peak observed for each projectile, divided by its mass number A. The open
symbol refers to the end point of the energy spectrum measured in Pb–Fe collisions.

It can be observed that over the range A = 2–208 these ratios remain constant, indicating a linear
behaviour of the detector.

Finally, the energy resolution for protons, deuterons, alphas and lead nuclei has been measured. The
data, plotted in Fig. 2.25, show a linear behaviour in theσ(E)/E versus 1/

√
A plot, fitted according to:

σ(E)
E

=
a1√

A
+ a2 ,

with a1 = 26.8% anda2 = 6.2%. In the same figure, we show the points obtained with lead and proton
beams using a gate width of 20 ns and a lower beam intensity (filled symbols), and data obtained with a
narrower gate (12 ns) with standard NA50 run conditions (open symbols).

2.6.3 Zero degree energy measurement

In Fig. 2.26(a) the ZDC energy spectrum obtained with a minimum bias trigger at a beam intensity of
107 Pb/s is shown. A peak corresponding to 33 TeV lead ions entering the ZDC without interacting in
the target is clearly seen in the figure. The events on the left of the Pb peak are caused by lead-ions inter-
acting in the target. To reject the non-interacting lead, the information from the NA50 electromagnetic
calorimeter can be used. The minimum bias differential cross-section distribution obtained requiring a
non-zero transverse energy in the electromagnetic calorimeter is shown in Fig. 2.26(b), together with the
VENUS predictions. The experimental and simulated distributions prove to be in good agreement.

In particular, the low-energy parts of the spectra are similar: both show a ‘knee’ atEZDC about 6 TeV
and a few events atEZDC smaller than 2–3 TeV. This means that even in the most central collisions a
residual energy of 2–3 TeV is emitted at 0◦.
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Figure 2.25: Energy resolutionσ(E)/E for 158 A GeV/c incident nuclei of different mass number A, plotted
versus 1/

√
A. Open and filled symbols refer to data obtained with gate widths of 12 and 20 ns, respectively.

Figure 2.26: (a) Zero-degree energy spectrum obtained with the unbiased trigger; (b) experimental and simulated
(hatched histogram) minimum bias differential cross-section.



2.7 Electromagnetic calorimeter prototype 31

A further confirmation of the reliability of the detector can be obtained by looking at the correlation
between the 0◦ energy and the neutral transverse energy, measured in the pseudorapdity range 1.1 <
η < 2.3 using an electromagnetic calorimeter. Both detectors measure a signal which is expected to be
strongly correlated with the centrality of the collision; this is indeed what we see in Fig. 2.27.

Figure 2.27: Zero-degree energy (EZDC) vs. transverse energy (ET ) measured by the electromagnetic calorimeter.

2.6.4 Radiation hardness

In Fig. 2.28 the position of the Pb peak is shown as a function of the doseDmax absorbed by the detector
throughout the NA50 1996 and 1998 data-taking periods; clearly the signals lower with the dose, but
they have been recovered increasing the gain of the PMTs.

The doseDmax has been evaluated by means of a Monte Carlo simulation based on the GEANT code.
It represents the dose deposited in the four fibres closest to the axis of the ZDC, at a depth corresponding
to the maximum development of the shower (i.e. between 1 and 2λi).

In Fig. 2.29 we can see how the resolution deteriorates as a function of the dose received during the
same data-taking period. After an initial worsening from 6% to 8%, the resolution stayed almost stable.

As a last consideration it should be noted that after the 1996 run the detector presented an activity (at
the contact) of 20 mSv/h that was reduced to 5 mSv/h before the beginning of the 1998 run. The high
activity excludes close contact and long manipulation of the detector. However, it has to be stressed that
there was no need of maintenance, except for the replacement of the PMTs after one year of operation.

On the contrary, the calorimeter is almost insensitive to induced radioactivation, due to the fact that
the activation products lie mainly below the Cherenkovβ threshold.

2.7 Electromagnetic calorimeter prototype

Systematic studies of electromagnetic calorimetry, which sample the Cherenkov radiation of shower
particles in optical fibres, were exploited within the RD40 collaboration. The results are resumed in
Refs. [7,14].
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Figure 2.28: Position of the lead peak in the ZDC spectrum as a function of the doseDmax absorbed by the
detector throughout the 1996 and 1998 NA50 data-taking periods.

Figure 2.29: Resolutionσ(E)/E on the ZDC peak measurement as a function of the dose absorbed by the
detector throughout the 1996 and 1998 NA50 data-taking periods.
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Figure 2.30: Schematic front (a) and side (b) views of the Proto-3 electromagnetic prototype.

Beam tests were performed using 5 to 100 GeV electrons at the CERN SPS. The performances of an
electromagnetic prototype, Proto–3, tested in 1993, are briefly summarized here. A schematic view of
the e.m. prototype is shown in Fig. 2.30; its outer dimensions were 5× 5 × 20 cm3. The prototype was
constructed with fibres arranged in ribbons and sandwiched between plates of absorber material, with no
transverse separation between fibres. The fibres were tilted at 45◦ with respect to the incident particle
direction, in order to maximize the detector response in terms of collected Cherenkov photons. The fibres
(produced by CeramOptec GmbH, Bonn, Germany) were 500µm in diameter, with a numerical aperture
NA = 0.37 and they consisted of a quartz core with PMMA cladding. The fibre planes were separated
by 3 mm flat lead absorber sheets which, after the 45◦ tilt, results in the incoming particles crossing
a longitudinal absorber thickness of 4.24 mm. This distance is shorter than 1 radiation length for lead
(5.6 mm) ensuring frequent longitudinal sampling of electromagnetic showers. The fibre-to-lead volume
ratio was about 1:8. The calorimeter was divided laterally into two independent readout channels. Each
tower fully contained the shower electrons impinging at its centre. Readout was carried out using Philips
XP2020/Q PMTs with an air core. Hexagonal light guides were used to homogenize the response of the
different parts of the photocathode to different fibres.

Figure 2.31 shows the linearity of the response of the detector to electrons with energy between 5
and 100 GeV. The resolution, measured using single channels, is shown in Fig. 2.32. A fit to the data
points gives:

σ
E

=
(35.8±1.8)%√

E
⊕ (0.40±0.80) ,%

for the right PMT and
σ
E

=
(37.9±2.1)%√

E
⊕ (0.01±0.90) ,%

for the left PMT.
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Figure 2.31: Response of the e.m. calorimeter prototype, Proto-3, to electrons of energy from 5 to 100 GeV.
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Figure 2.33: Edge scan (open circles and left vertical axis) of Proto-3, measured using a 8 GeV electron beam.
The edge position is at x = 2.2 mm. The solid line is an arctangent fit to the data. Also shown is the electromagnetic
lateral shower profile for Proto-3 (filled circles and right vertical axis). The solid line is the result of a fit to the
sum of two gaussians as described in the text.

A precise measurement of the Cherenkov electromagnetic shower size has also been carried out,
performing a scan between the right and left halves of the prototype. Figure 2.33 (open circles and left
axis) shows the results for a transverse scan of the prototype with 8 GeV electrons. The response of
one PMT is shown and the solid line is the result of a fit to the data with an arctangent function. The
same figure shows the electromagnetic lateral shower profile (filled circles and right vertical scale) as the
derivative of the data. The electromagnetic lateral shower profile can be fitted as a sum of two gaussian
functions, withσ = 0.86 mm and 3.4 mm, with the two contributions having approximately the same
integral. Both terms describe a visible shower size which is far below a Moli`ere radius (16 mm for lead).

Beam tests using electrons of energy from 5 to 100 GeV have also been performed on two other
similarly constructed prototypes, Proto-4 and Proto-R, in which different types of fibre were used, mainly
to measure the influence of the numerical aperture on the calorimeter response. The quartz fibres had
a hard polymer cladding (NA = 0.37) in Proto-3, a silicone cladding (NA = 0.40) in Proto-4, and a
fluorinated quartz cladding (NA = 0.22) in Proto-R. An e.m. energy resolution of

σ
E

=
(41.7±0.3)%√

E
⊕ (0.7±0.6) ,%

and
σ
E

=
(42.3±0.7)%√

E
⊕ (0.0±1.1) ,%

have been obtained using the sum of both readout channels for Proto-4 and Proto-R, respectively. These
results are to be compared with those obtained with Proto-3:

σ
E

=
(35.6±0.2)%√

E
⊕ (0.0±0.4)% .
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3 Description of the detector

3.1 Introduction

This Chapter consists of two parts. The first part concerns the tight link between the parameters of the
beam line and the acceptance of the ZDCs. The second part is dedicated to a detailed description of the
proposed calorimeters.

3.2 ZDC geometry

To detect the spectator neutrons the ZDCs should be located along the LHC beam axis at a point where
the distance between the beam pipes has its maximum value, i.e. before the separation magnet D2. The
beam elements and the detector geometry are sketched in Fig. 3.1.

Figure 3.1: Line sketch from IP2 to D2 magnet.

Starting from the intersection point (IP), the first magnetic element, on both sides of the IP, is a small
dipole (MCBWA) which compensates the field of the dipole of the ALICE muon arm. It is followed, at
23 m from the IP, by a low-β (or inner) quadrupole triplet. A 9.45 m long superconducting dipole (D1),
starting at 58.43 m, separates the two beams. The position and fields of the magnetic elements of the
beam line are listed in Table 3.1.

Table 3.1: Parameters of the beam line magnetic elements.
z position Magnetic Nominal

Element (m) length field (T)
(m) atx (m)

Muon dipole 7.5 4.3 0.75
Dipole corrector 19.2 1.9 −1.1716
First quadrupole 23.0 6.3 −200.34· x
Second quadrupole 31.8 5.5 200.34· x
Third quadrupole 38.3 5.5 200.34· x
Fourth quadrupole 47.3 6.3 −200.34· x
D1 58.4 9.45 3.529

Following D1, a beam pipe, made of conical and straight sections, will contain the beams as well as
the spectator nucleons. The diameter of this pipe starts at 7.3 cm and increases along its length to a final
diameter of 60 cm, as shown in Fig. 3.2. The beam envelopes shown in the figure take into account the
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Figure 3.2: Design of the conical pipe from D1 to D2. Longitudinal (top) and transversal (bottom) views.
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10 σ beam aperture required to avoid important beam losses (∼ 8.5 mm). Closed orbit errors and the
mechanical tolerances of 2 mm over the 40 m of the conical pipe are also taken into account.

We have, at the downstream end of the conical pipe, a distance of 154 mm between the two circulating
beams and outer diameters of 44 mm/74 mm for the outgoing/incoming beam pipes. The diameter of
the pipe corresponding to the incoming beam needs to be larger in order to accommodate mis-injected
bunches that will be dumped in the TDI absorber.

The available transverse space close to D2 is	 10 cm; between the end of the conical pipe and
the beginning of D2 a longitudinal space of about 2.5 m is left free for the insertion of the neutron
calorimeter. The proton calorimeter can be placed at the same distance from the IP, externally to the
outgoing beam pipe, as required by the magnetic rigidity which is smaller than the beam one. A third
calorimeter, for measuring the negative particles produced in a momentum range close to the one of the
spectator protons, was proposed in the TP and is still shown in the figure. However, its importance is still
being investigated, as will be explained in Section 3.3.

Figure 3.3: Cross-section of the beam line 115 m from the IP, with the possible location for the set of ZDCs.

The total distance from the intersection region to the front face of the neutron calorimeter is then
about 116 m, whilst that of the proton calorimeter is about 115.5 m. A cross-section of the beam line at
a distance of	 115 m from the intersection point can be seen in Fig. 3.3.

3.3 Simulation of the LHC line

The geometry of the insertion region and the ZDCs have been described by means of GEANT 3.21; the
same package has also been adopted to track the particles in the set-up.

The spectator nucleons are generated at the IP taking into account beam parameters such as the
crossing angle and the intrinsic divergence. The average momentum corresponds to the nominal beam
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energy of 2.76 TeV and the spread due to the Fermi momentum, approximated with a two-gaussian
function [1], has been taken into account. The production of fragments, discussed in Section 4.3 on
page 69, has been simulated with a parametrization of the ALADIN results [2], and can be included in
the simulation. The large rapidity distribution of the secondary particles has been simulated using the
VENUS and HIJING event generators.

The set-up description includes the muon dipole, the dipole corrector magnet, the inner triplet, the
D1 separator magnet, and the beam pipes.

3.3.1 Tracking of spectator protons

Because of the separation magnet D1 the spectator protons will be separated from the spectator neutrons.
The spatial distribution of the spectator protons on a plane normal to the LHC beams axis located 115 m
away from the intersection point has been found to strongly depend on the Fermi momentum of the
nucleons and on the parameters of the LHC optics.

The longitudinal component of the Fermi momentum is particularly important, being boosted by the
Lorentz transformation. In Fig. 3.4 the distribution of the longitudinal component of the spectator proton
momentum is shown. The momentum spread, of the order of 400 GeV/c, results in a large horizontal
dispersion after the separator dipole D1.

Figure 3.4: Longitudinal component of the Fermi momentum in the lab frame.

The relevant parameters of the LHC optics for tracking the spectator protons are the sign of the field
of the insertion quadrupoles (inner triplet) and the crossing angle of the two beams at the IP.

The polarity of the insertion quadrupoles is imposed by the beam injection system. It corresponds
to the optimal protection of the experiment and of the machine elements in case of a mis-firing of the
injection kickers. A±100µrad beam crossing allows the beam-beam tune shift due to parasitic crossings
in the region common to the two rings to be limited. However, the azimuth of the plane containing the
crossing trajectories is still a free parameter: we studied the influence of this tilt of the crossing plane on
the size and position of the spectator spot at the ZDC location.
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Figure 3.5: Spectator proton’s spot on a plane normal to the LHC axis for a horizontal crossing angle.

Figure 3.6: Spectator proton’s spot on a plane normal to the LHC axis for a vertical crossing angle.

In Fig. 3.5 one can see the proton spot, together with a possible choice of the detector geometry, when
the crossing angle is in the horizontal plane, whilst in Fig. 3.6 the proton distribution is plotted when the
crossing angle lays in the vertical plane. It is clear that a vertical crossing plane is a considerably better
choice, leading to 95% detection efficiency for spectator protons. If the crossing plane is kept horizontal,
38% of the protons are lost inside the beam pipe.

All the previous calculations were performed using the LHC optics version 5. The requirement for a
vertical crossing plane has been accepted by the LHC parameter committee and it has been implemented
in the recent version 6.

Finally, the acceptance of the proton ZDC closely depends on the aperture of the separation magnet
D1. Figure 3.7 gives an idea of the trajectories of the spectator protons and clearly shows that the aperture
of D1 is the crucial point in the line. Assuming an inner diameter of 73 mm for the beam pipe inside
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Figure 3.7: GEANT display of a set of spectator proton tracks. Secondary particles are not considered.

the coils of D1, the simulation shows that 13% of the protons interact within the beam pipe at the exit
of D1 and miss the ZDCs. Clearly, any further decrease of the D1 aperture as well as variations of the
position of the closed beam orbit (expected to be of the order of 1 mm [3]) could result in a stronger
loss of the spectator protons. To further investigate this point, we studied the acceptance of the proton
beam calorimeter varying both the aperture of the∼ 1 m long pipe just beyond the D1 coils (i.e. inside
the cryogenic tank of the magnet) and the displacement of the closed orbit in the horizontal plane. The
results, shown in Fig. 3.8, indicate that the number of protons reaching the ZDC strongly decreases with
the aperture of the beam pipe. Furthermore, the dependence of the proton loss on the aperture becomes
much steeper as the orbit displacement increases. This shows that both the beam pipe aperture and the
position of the orbits have to be carefully controlled in this area.

3.3.2 Tracking of nuclear fragments

With the same simulation program we tracked fragments produced in the collision. Owing to their
magnetic rigidity, very close to the beam one, we find that at the ZDCs’ location all the fragments
are contained in the 44 mm beam pipe and cannot be detected. The fragmentation algorithm used in
the simulation and the consequences of the limited nuclear fragmentation on the performances of the
detector will be detailed in Section 4.6 on page 72.

3.3.3 Tracking of spectator neutrons

The spectator neutrons are emitted with the same momentum direction as the beam. The smearing due to
the Fermi momentum is taken into account as for the spectator protons; only the transverse component
of the Fermi momentum plays a role in determining the size of the spot at the ZDC location. Therefore,
the transverse spread on the front face of the neutron calorimeter, as can be seen in Fig. 3.9, is quite small
(0.6×0.6 cm2 at 1σ level) and we expect no losses of neutrons along the beam line.
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Figure 3.8: Fraction of spectator protons seen by the ZDC as a function of the aperture of the pipe beyond D1,
for different horizontal displacements of the closed beam orbit.

Figure 3.9: Spectator neutron’s spot on a plane normal to the LHC axis for a vertical crossing angle.
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3.3.4 Tracking of participants

In a ZDC, the energy carried by the secondaries generated in the collision, being correlated with the
impact parameter, represents a source of background for the spectator’s detection. To investigate this
topic a sample of 1500 minimum bias events has been generated using VENUS. The secondary particles
after the resonance decays have been tracked through the set-up. Firstly we calculated the number of
particles produced at the IP (participant protons and neutrons, charged pions, photons). As can be seen
in Fig. 3.10, the contamination is quite small (at most one participant neutron/min bias event). If the
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Figure 3.10: Spot of secondaries produced at the IP, tracked up to the front face of the ZDCs.

particles generated along the beam line through interactions with the magnets and/or the beam pipes are
taken into account, the only source of background which strongly increases is the one due to photons, as
can be seen in Fig. 3.11. However, most of these particles are quite soft, and do not significantly affect the
ZDC energy measurement. For the most central events, where the contamination is larger, the amount of
this background is of the order of 10% for the neutron ZDC. For the proton ZDC the participant induced
background is found to be negligible.
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Figure 3.11: Spot of secondaries produced at the IP and along the beam line, tracked up to the front face of the
ZDCs.

3.3.4.1 Detection of negative-charged particles in a ZDC

In the TP a third calorimeter (ZNP), placed symmetrically to the proton ZDC was proposed, to detect the
negatively-charged particles produced in the collision, mainly pions; the aim of this device was to help
subtract the background caused by the participants in the proton ZDC. However, as discussed above, the
background in the proton calorimeter, caused by the particles produced in the collision, turns out to be
negligible. This can be seen further in Fig. 3.12, where the energy caused by the participants and the
spectators is compared.

Therefore, at this stage of the project, it does not seem useful to build a calorimeter for negative
particles; nevertheless, we propose not to modify the conical pipe and to leave some free space for a
possible insertion of a dedicated detector at very high pseudorapidity, if the physics requires it.

3.4 The neutron calorimeter

The design of the neutron calorimeter is similar to that of the NA50 ZDC. It consists of heavy metal
absorber plates stacked to form a parallelepiped. The quartz fibres embedded in the absorber are placed
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Figure 3.12: Energy of spectator protons vs. the distance from the LHC beam axis, with the background caused
by participant particles (dashed histogram).

at 0◦ with respect to the LHC axis. The spectator neutrons, impinging on the front face of the detector,
produce showers in the absorber/quartz matrix and the charged particles above the Cherenkov threshold
produce photons that are transmitted through the quartz fibres up to the photodetectors.

3.4.1 Absorber

As we have seen in the previous section, the distance between the beam pipes in the horizontal plane
(7 cm) is the major geometrical constraint for the neutron calorimeter.

In order to have maximum shower containment we are forced to use a dense material with a small
value of the interaction length. We choose tantalum because it can be machined in our local mechanical
workshop and the price (about 1 kCHF per kg) is affordable. Denser materials which could be used are
either tungsten or tungsten alloys; however, the first cannot be grooved and the second is too expensive
(more than twice the price of tantalum). The density of tantalum is 16.65 g/cm3 and its interaction length
is 11.5 cm.

3.4.2 Fibres

The maximum light yield from the fibres is obtained with fibres placed at 45◦ with respect to the initial
particle direction. However, at the LHC energy, the number of photoelectrons produced in calorimeters
with fibres oriented at 0◦ is so large that its fluctuations are negligible and the resolution is dominated
by a constant term due to the loss of particles outside the calorimeter and to non-uniformities in the
calibration of the various towers. In fact, the simulation and the NA50 results tell us that 0.3 to 0.5
photoelectrons per GeV are produced in calorimeters with the fibres placed at	 0◦.

We plan to use the same type of fibres (HCG-M-365-U manufactured by SpecTran Specialty Optics
Company, USA) adopted for the NA50 ZDC; a raw estimate of the received dose in the ALICE experi-
ment (1 Mrad per day) allows us to establish that they should not be seriously damaged after ten years of
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LHC operation. The fibres have a pure silica core, silica fluorinated cladding, and a hard polymer coat
with a diameter of 365, 400, and 430µm, respectively. The numerical aperture is 0.22.

3.4.3 Dimensions and filling ratio

The choice of the the filling ratio, i.e. the ratio of active volume to the absorber volume, and the dimen-
sions of the detector have been finalized on the basis of a simulation of a calorimeter filled with quartz
fibres uniformely distributed in the absorber, with a fixed transversal size (7×7 cm2) imposed by the
available free space between the beam pipes.

Figure 3.13: Resolution of the neutron calorimeter as a function of the filling ratio.

The filling ratio has to be chosen to optimize the energy resolution. We have considered a calorimeter
made of tantalum and 365µm diameter fused silica fibres with a numerical aperture value of 0.22.
Neutrons with 2.7 TeV incident energy have been generated, with a gaussian spatial distribution (theσ
of the distribution was 0.6 cm, according to the results obtained in the previous section), and the hadronic
shower has been propagated in the detector. In Fig. 3.13 the resolution as a function of the filling ratio
is shown for a 1 mlong calorimeter. We decided to have a filling ratio equal to 1/22, which corresponds
to 1936 fibres. The distance between adjacent fibres is 1.6 mm, resulting in a transverse dimension of
7.04×7.04 cm2. The distance between the fibres is smaller thanX0/2 (XTa

0 = 0.4 cm), in order to have
a unifom response as a function of the particle impact point on the front face of the calorimeter, as we
have seen in the prototype tests.

The resolution and the response of the calorimeter have then been studied as a function of its length,
with the results shown in Fig. 3.14. The dashed area corresponds to the results for a calorimeter of infinite
length. A length of∼ 100 cm, corresponding to 8.5λi, has been chosen for the neutron ZDC. With such
a length the expected resolution is∼ 10%; additional material in the longitudinal coordinate does not
significantly improve the resolution of the device.
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Figure 3.14: Resolution (top) and mean number of photoelectrons (bottom) of the neutron ZDC as a function of
the calorimeter’s length.
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3.4.4 Mechanical structure

The calorimeter is made of 44 stacked tantalum plates mechanically independent. The plates are grooved
as shown in Fig. 3.15; in Table 3.2 the dimensions and tolerances of the grooves are listed.

Figure 3.15: Schematic layout of a neutron ZDC grooved plate.

Table 3.2: Dimensions of grooves in the neutron ZDC absorber plates.

Groove centre to centre (mm) 1.6±0.05
Groove depth (mm) 0.6±0.06
Groove width (mm) 0.6±0.05

The containing box is made of a bottom plate and two lateral walls. On the top, there are cross bars
with a 10 cm pitch; in each of these bars there are a couple of screws that vertically press the tantalum
plates by means of a stainless steel plate. The mechanical structure of the calorimeter box is shown in
Fig. 3.16.

3.4.5 Segmentation

A good spatial reconstruction of the impact point on the front face of the calorimeter is not essential for
the 0◦ energy measurements.

Nevertheless, it could be useful to divide the optical readout of the calorimeter into four independent
towers; in this way it is easy to see if the calorimeter is centred and to monitor the relative damage to the
different sections. On the other hand, in order to make the energy calibration easier, it could be helpful
to have the light from the whole calorimeter read by a single photodetector. The online calibration could
then be provided by the signal due to the electromagnetic dissociation of the colliding nuclei, as discussed
in Section 3.10.

To fulfil these two requirements and to allow for some redundancy, we plan to send one out of every
two fibres to a single photodetector (PMTc) and the remaining fibres to four different photodetectors
(PMT1 to PMT4) collecting the light from the four towers. The connections of the fibres to the different
photodetectors are shown schematically in Fig. 3.17.
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Figure 3.16: Layout of the box containing the neutron calorimeter.

Figure 3.17: Schematic connections of the fibres to the PMTs for the neutron calorimeter.

3.4.5.1 Compensation

The quartz fibre calorimeters are fully sensitive to electromagnetic showers but not to the low-energy
charged pions that represent a sizable fraction of the hadronic shower. Therefore, the response to elec-
trons and pions of the same energy is not equal; in particular the ratio e/π between the two responses
depends on the energy of the incoming particles. As an example, the ratio measured for the NA50 ZDC
was∼ 2.4. The non-compensation implies that the response of the ZDC to hadrons is not linear as a func-
tion of energy [4]. However, this non-linearity is not an issue for the ZDCs, as these calorimeters mostly
detect spectator nucleons, all of them with the same energy, apart from the Fermi momentum spread;
the contribution of non-spectator nucleons is negligible, being at most 10%, as seen in Section 3.3.4.
Therefore, we will not longitudinally segment the calorimeter into e.m. and hadronic sections.
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3.4.6 Photodetectors

The specifications for the PMTs are based on the experience gathered in the design of the NA50 ZDC
and on the R&D work on the prototypes. The basic phototube properties are determined by requirements
on:

• photocathode type and PMT window

• dynamic range

• average and peak anode currents

• gain

The photocathode is of the standard bialkali type, with a quantum efficiency around 25%. The use
of a standard borosilicate glass window gives a loss of UV light of about a factor of 3, but does not
significantly affect the energy resolution of the calorimeter.

The maximum dynamic range required for PMTc goes from 200 to 9× 104 photoelectrons, whilst
the dynamic range for the four PMTs connected to each tower goes from 10 to 2.2×104 photoelectrons.
The minimum number of photoelectrons corresponds to only one neutron coming out from the e.m.
dissociation, and the maximum number is reached in the very peripheral events when all the spectator
neutrons hit the front face of the calorimeter. Therefore, the linear dynamic range required for the tubes
is less than 3000, a value which presents no difficulty for standard PMTs.

The PMT gain has to be chosen to keep the average anode currentIa below the maximum acceptable
value (for example, about 100µA for an XP2242B tube [5]). In fact, whenIa approaches this value,
instabilities of the PMT response start to occur. The acceptable gain value should be around 105, taking
into account the expected luminosity and the cross-sections for the e.m. dissociation and the hadronic
interaction of the Pb nuclei.

Particular care is also taken in the design of the voltage divider, where transistors have to be used to
achieve a stable behaviour [6].

The final choice of the PMTs will be made at the time of ordering, depending on the models available
from the commercial manufacturers which satisfy the aforementioned requirements. The use of other
photosensors, such as HPDs, with a higher dynamical range but smaller gain, could also be envisaged as
a possible option.

3.5 Proton calorimeter

The design of the proton calorimeter is conceptually similar to that of the neutron one. The main con-
straint comes here from the need to optimize the detection of the spectator protons, which are spread
over the horizontal coordinate by the separator magnet D1, as seen in Fig. 3.7 on page 44.

3.5.1 Absorber

Even if a very high density material, like tantalum, is well suited as an absorber for the proton calorimeter
(ZP), the size of the spot of the spectator protons (90% of the protons lay in a 12.6× 2.8 cm2 large area)
leads us to the design of a rather large device, thus requiring the use of a less expensive absorber, such
as copper or brass. We prefer to use brass, as it can be easily machined; its density is 8.48 g/cm3, and its
interaction length is 18.4 cm.
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3.5.2 Fibres

Following the considerations outlined in Section 3.4.2, we will use quartz fibres, positioned at 0◦ with
respect to the LHC axis.

The core, the cladding, and the polymer coat diameters are 550, 600, and 630µm, respectively, larger
than the ones used for the neutron ZDC, in order to reduce the number of fibres at a constant filling ratio,
and consequently the complexity of the absorber machining. The type of the fibres is HCG-M-550-U,
manufactured by SpecTran Specialty Optics Company, USA. The numerical aperture of the fibres is 0.22.

3.5.3 Dimensions and filling ratio

We simulated a calorimeter made of brass and 550µm diameter quartz fibres. Protons with 2760 GeV
incident energy were tracked through the beam line from the IP to the ZDC location. We chose 20.8×
12 cm2 as the transverse dimension for ZP. This choice ensures that 99% of the protons which have not
been lost along the magnetic line are collected. The hadronic shower was then followed in the detector
and the energy resolution as a function of the filling ratio calculated. The results are shown in Fig. 3.18.
We chose a filling ratio equal to 1/65, which corresponds to 1560 fibres. The distance between the fibres
is 4 mm; such a spacing of the fibres ensures a good uniformity of the response as a function of the
impact point, as seen for the ZP2 prototype (Fig. 2.iii, in colour, on page 38) which has an identical fibre
pitch.

We have chosen for ZP the same length, expressed inλi, as that of the neutron calorimeter. This
leads to a 150 cm long calorimeter.

Figure 3.18: Resolution of the proton calorimeter as a function of the filling ratio.

3.5.4 Mechanical structure

The calorimeter is made by stacking 52 brass grooved plates. Fig. 3.19 shows one grooved plate and in
Table 3.3 the dimensions and tolerances of ZP grooves are listed. The containing box is conceptually
similar to the neutron calorimeter one, except for the larger dimensions.
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Figure 3.19: Schematic layout of a grooved plate of the proton ZDC.

Table 3.3: Dimensions of grooves in the proton ZDC absorber plates.

Groove centre to centre (mm) 4.0±0.05
Groove depth (mm) 0.8±0.06
Groove width (mm) 0.8±0.05

3.5.5 Segmentation

As with the neutron calorimeter, we plan to divide the optical readout into five PMTs. One of the PMTs
collects the light of half of the fibres uniformely distributed inside the calorimeter. This allows an easy
on-line check of the stability of the response of the calorimeter, through the e.m. dissociation, as already
discussed in Section 3.4.5. With the remaining fibres we define four towers of 5.2× 12 cm2, read out by
four PMTs. The schematic arrangement of the fibres is shown in Fig. 3.20.

3.5.6 Photodetectors

As the signal from the PMTs of the proton calorimeter are of the same order of magnitude as those from
the neutron one, we plan to use the same type of photodetector.

3.6 Electromagnetic calorimeter

Further information on the centrality of the collision can be provided by an electromagnetic calorimeter
(ZEM), which detects, event-by-event, the energy carried by photons in the forward direction.

The original idea in the TP was to place a small e.m. calorimeter just in front of the neutron one. The
simulations have shown that the energy carried byγs, mostly originated byπ0 decays, in the pseudora-
pidity interval covered by the neutron calorimeter, is less than 10% of the energy carried by the neutrons
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Figure 3.20: Schematic connections of the fibres to the PMTs for the proton calorimeter.
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Figure 3.21: Schematic front (a) and side (b) views of the e.m. calorimeter.
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(both spectator and participant neutrons). This means that the fluctuations on the energy released by the
neutrons in the e.m. calorimeter are so big that they can spoil the measurement of the e.m. energy. In
particular, if the energy carried byγs is less than 20%, the calculations have shown that there is no chance
of distinguishing the two contributions event-by-event.

Nevertheless, the measurement of theγ forward energy can still be carried out, by placing the e.m.
calorimeter outside the acceptance of the neutron ZDC. Assuming an aperture of the separator magnet
D1 of 73 mm, there is still an opening of a few centimetres on the top of the neutron calorimeter, where
theγs produced at the IP can travel without encountering any obstacles. As a calorimeter placed just on
top of the ZN is outside the acceptance of the spectator neutrons, it only measures the energy carried by
participants and secondary particles. Therefore, this energy is anti-correlated with the impact parameter
of the collision and it could be used to make the centrality trigger more selective and less sensitive to
possible effects related to the fragmentation of the nuclei (see Section 4.6 on page 72).

We plan to add an e.m. calorimeter on each side of the IP; its dimensions will be 7× 7 × 21.7 cm3

and it will be placed 115.2 m from the IP, 30 cm before and 7 cm above the neutron calorimeter.
The R&D tests performed during recent years and discussed in Chapter 2 suggest the use of lead

as the absorber material and the use of quartz fibres tilted at 45◦ with respect to the LHC axis. The
total absorber length corresponds to 30 X0. The fibres have a pure silica core of 550µm diameter with
fluorinated cladding and a numerical aperture of 0.22; we will use exactly the same fibres as for the proton
calorimeter. The fibres are arranged in ribbons, sandwiched between the absorber layers, consisting of
flat lead plates. A schematical view of the e.m. calorimeter is shown in Fig. 3.21.

Figure 3.22: Energy resolution of the e.m. calorimeter as a function of the quartz-to-lead ratio for 270 GeVγs.

The simulation of the e.m. calorimeter has been performed using the GEANT code. The thickness
of the lead plates has been varied from 2 to 5 mm, in order to study the resolution as a function of the
quartz-to-lead volume ratio. Figure 3.22 shows the calorimeter energy resolution as a function of the
volume ratio for 270 GeV incident photons; this energy value falls within the expected range predicted
by HIJING at very forward rapidities. A packing fraction of 1/11.7 has been chosen; therefore the fibre
planes will be separated by 3 mm lead absorber sheets (40 in total). The lead plates, after the 45◦ tilt,
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Figure 3.23: Response of the e.m. calorimeter toγs of energy from 100 to 600 GeV. The line represents a linear
fit to the data.

will present to incoming particles a longitudinal absorber thickness of 4.24 mm, shorter than 1 X0 for
lead (5.6 mm) ensuring frequent longitudinal sampling of electromagnetic showers.

The linearity of the calorimeter response has been verified for simulatedγ energies of 100, 200, 270,
400, and 600 GeV (see Fig. 3.23). A linear fit gives six photoelectrons per GeV.

Figure 3.24: Energy resolution of the e.m. calorimeter as a function of theγ’s energy.

The electromagnetic energy resolution as a function of theγ energy is shown in Fig. 3.24; a fit to the
simulated points gives

σ
E

=
(39.8±0.6)%√

E
⊕ (0.0±0.4) % .

The previous results were obtained forγ’s entering the centre of the calorimeter with a uniform spatial
distribution 0.5 cm wide. The uniformity of the response as a function of the impact point on the front
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Figure 3.25: Calorimeter’s response versus the horizontal coordinate of the impact point on the front face.

face of the calorimeter can be seen in Fig. 3.25.
The fibres will be extended out of the top of the absorber material to a Philips XP2020 PMT, after an

air core, hexagonal light guide, used to homogenize the response of the different parts of the photocathode
to different fibres.

3.7 Signal readout and transmission

The quartz fibres emerging from the back of the calorimeters are gathered together in bundles, which are
turned and routed towards the photomultipliers which are located approximately 50 cm far from the end
of the calorimeter in rows outside the beam horizontal plane. The fibre bundles terminate in a hexagonal
aircore light guide. The light guide is needed to mix the light coming from the fibres. The signal of each
PMT is transmitted through a long C-50-11-1 coaxial cable (211 m for the right set of ZDCs and 311 m
for the left one) to the counting room, where the trigger logic is built.

3.8 Trigger layout and electronics

The ZDC electronic circuit is shown in Fig. 3.26. The signals from the PMTs are amplified by a factor of
10 by means of a linear amplifier (LeCroy 612A). The analog sum of the amplified signals related to each
detector is performed with linear fan-in/fan-out modules (LeCroy 428F), to obtain a signal proportional
to the total energy measured in each detector. These signals are indicated in the figure as ‘ZNRlow-
gain’, ‘ZPR low-gain’, ‘ZNL low-gain’ and ‘ZPL low-gain’ for the neutron and proton calorimeters on
the right and left side of the IP, respectively. The sum of these four signals, proportional to the total
number of spectators coming out from the interaction, will be sent to several inputs of a discriminator
(CAEN V258B) and then to a programmable logic unit PLU1 (CAEN V495) to provide the Level 1
trigger for several centrality intervals.

The mutual electromagnetic dissociation (see Section 4.8.2 on page 79), usually gives a signal equiv-
alent to one nucleon. We will therefore use a second amplifier stage to have such signals in the middle
of the ADC range. We will fix, for each detector, a threshold window between the noise (Dlt) and the
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Figure 3.26: Schematic diagram of the ZDC trigger.
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physical minimum bias signal (Dht), expected to be equivalent to a few nucleons at least. The coinci-
dence of two such signals for the two sides of the IP, implemented in a programmable logic unit (PLU2),
can be considered as the trigger for the mutual e.m. dissociation events. The fourfold coincidence of
high threshold signals in PLU2 corresponds to a Pb-Pb hadronic interaction and will be used to strobe
the PLU1.

To recover the signal widening, caused by the total cable length of more than 200 m, the analog
signals are filtered in a bridge-T filter before amplification. One output signal from each amplifier will
be opportunely delayed and sent to the ADC modules after being strobed by the trigger signal in linear
gate modules [7], allowing the use of a gate width narrower than in a normal commercial ADC.

At the entrance of the linear gate preceding the ADC, the duration of the analog signal is expected
to be about 15 ns and the gate could be 20 ns wide. All the electronics will be placed in the lowest
level counting room: the amplifiers and fan-in/fan-out do not require special control during the routine
data-taking whereas the discriminators will have programmable thresholds.

3.9 Trigger logic and data acquisition

3.9.1 Introduction

The ALICE trigger system is subdivided into three levels: level 0, level 1, and level 2. The ZDC detector
provides information on the centrality of the collision and is used for trigger level 1.

Different types of trigger are handled by the ZDC:

• physics trigger: central interactions, dimuon triggers and electromagnetic dissociations;

• ZDC test trigger: triggered by a laser flash.

For the physics triggers, the ZDC data will be read out together with other trigger information. These
data will then be assembled as a subevent and sent to the data acquisition system (DAQ) to be included
in the complete event. The ZDC data will be transfered from the experimental area to the counting room
by means of the ALICE Detector Data Link (DDL).

For the test triggers, the ZDC data will be read out and sent to the DAQ in a similar way. In addition,
these data will be monitored to check the quality of the ZDC detector data.

The overall architecture of the ZDC readout and data acquisition system is shown in Fig. 3.27.

3.9.2 The data transfer system

The ZDC electronics of trigger level 0 and 1 will be located in the experimental area, near the ALICE
detector. The readout electronics of the ZDC work permanently and provide the centrality information to
the trigger logic for level 1. These electronics are located on the ZDC readout cards in the trigger system
crate.

When a trigger level 1 is issued, the ZDC electronics will convert the signals and make them available
for the DAQ on the ZDC readout cards. When a positive trigger level 2 is issued, the DAQ will transfer
the data from the trigger system crate to the Front-End Digital Crate (FEDC). This data transfer uses the
DDL in the mode to transfer data from one crate to another (see Fig. 3.28).

The physics data transferred by the DDL are buffered in the ALICE Read-Out Receiver Card (RORC)
[8]. The RORC has several functions:

• be the mother card for the DDL Destination Interface Units (DIU)

• act as the receiving memory for the physics data transferred by the DDL to the DAQ;

• detect the end of the data blocks and manage the data blocks received through the DDL.
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Figure 3.28: Trigger and ZDC data transfer over the DDL.

Once the data have been transferred to the RORCs, they are under the control of the DAQ system. The
RORC includes enough buffering to store several tens of events from the trigger and the ZDC.

A prototype of the DDL DIU and of the RORC have been developed and are working properly. Their
main characteristics correspond to the needs of the ZDC.

The data transfer system of the trigger will consist of a single Front-End Digital Crate (FEDC) in-
cluding 4 RORCs and one Local Data Concentrator (LDC). A standard computer (workstation or PC)
is also included in the system. It allows the trigger sub-system to work independently during the inte-
gration and installation phases and to run interactive programs to perform local tests or debugging after
installation.

The current prototypes of the data transfer system use VME crates and the LDC is implemented as
a single board computer running the UNIX operating system. The implementation will most probably
follow the technology evolution but the main functionalities will remain.

3.9.3 The data acquisition system

The main functions of the data acquisition system when it takes part in a global run with the other ALICE
detectors are [9]:

• to read out the data fragments from several RORCs and assemble them into one sub-event;

• to send the sub-event to the computer designated as the event-builder by the event building and
distribution system, to build the complete ALICE event.

The data acquisition system allows data to be taken in stand-alone mode as well. In this case, the
LDC records the data locally instead of sending them to the event-builder computer. This facility can be
used for tests during the preparation and installation phases of the experiment.

The ZDC monitoring program will be executed by one of the DAQ computers: for example by the
LDC of the FEDC trigger.
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3.10 Energy calibration and stability monitoring

The calorimeter calibration and monitoring system is designed to determine the absolute energy scale and
monitor the responses of the individual photodetectors for changes during the lifetime of the experiment.
Three different complementary systems are envisaged for these purposes:

• test beam calibration

• light injection with a blue LED

• physics events.

The performances of each proton, neutron and e.m. calorimeter after assembly will be measured on a
test beam; these runs will serve to check the response to electrons and hadrons of the highest available
energies in order to intercalibrate the individual PMTs, to verify the uniformity of the responses as a
function of the impact point of the particles on the front face of the calorimeter, and to measure the light
yield per GeV. The availability of an ion beam at that time would be interesting to check the linearity of
the response as a function of the number of incoming nucleons.

To accurately monitor the radiation damage of the fibres and the PMT gain stability, we plan to use
a LED system. The whole system is sketched in Fig. 3.29. A few fibres in each calorimeter (ZF in the
figure) will be longer than the normal ones and will exit from the front face of the calorimeter towards
the light source. A second set of fibres (RF) will go from the source up to the front face and will be
curved back to an additional PMT to monitor the radiation damage of the part of the fibre outside the
calorimeter. A short fibre (SF) carries the LED light to one PMT that monitors the stability of the light
source. As a light source we plan to use a fast and bright blue LED (λ 	 470 nm), driven by a LED driver
module (e.g. CAEN C 529). A software command will pulse the LED driver and a special trigger will
be used to record the monitoring events. The LED can fire during the regular data-taking, monitoring
response variations with an accuracy at the level of 2 %. Two of these systems are needed to monitor the
two set of ZDCs, left and right of the IP.

PMT

ZDCZDCN

PMT

ZDC

quartz fibres

ZDCP

Figure 3.29: Schematic layout of the LED monitoring.
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An adequate number of spare fibres will be installed to avoid problems caused by the fragility of the
fibres themselves.

The mutual e.m. dissociation of the colliding nuclei results in the emission of a few neutrons, as
will be explained in Section 4.8.2 on page 79. Thein situ physical calibration will be carried out by
monitoring the single neutron spectrum, obtained by the coincidence signal of one neutron on both sides
of the IP.

3.11 Slow control and services

The high-voltage supply will be delivered to the PMT using some commercial units located in a rack far
from the detector. The setting of the HV and the monitoring of the voltage and of the current will be
performed remotely by means of a Field Bus standard (i.e. CAN), which will hopefully be adopted by
the whole ALICE experiment. The number of channels to be monitored will be no more than 50 (25 for
each side of the intersection point).
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4 Performance of the detector

4.1 Introduction

In the previous chapters the feasibility of a set of zero degree quartz fibre calorimeters for the ALICE
experiment has been demonstrated and the details of their technical design have been discussed.

In this chapter it will be shown that such detectors can provide a determination of the centrality of
the nucleus–nucleus interaction, through the estimation of the impact parameter of the collision with an
accuracy better than 10% over a large range of centralities. The consequences in terms of the capability
of the detection of a threshold effect as a function of the centrality, as foreseen for a phase transition, will
be shown.

The possible effect of a limited fragmentation of the colliding nuclei on the performance of the
detector will also be investigated.

An evaluation of the efficiency of a centrality trigger based on the ZDCs, which is strictly correlated
with the previous topics, will then be discussed.

Finally, the possible use of the ZDCs as a luminosity monitor will be presented.

4.2 Zero-degree energy and collision centrality

As already discussed in Chapter 1 the number of spectator nucleonsNS, which is the measurable quantity
in a ZDC, is strongly correlated with the impact parameterb of the collision. By means of an analytical
calculation, in the framework of the Glauber theory, or using an event generator such as VENUS or
HIJING, this correlation has been evaluated and found to be largely model-independent (see Fig. 1.1 on
page 2). Of course, the fluctuations in the number of spectator nucleons at fixed impact parameter limit
the resolution that can be achieved through a measurement ofNS. This can be seen in Fig. 4.1 where
we plot, for Pb-Pb collisions at the LHC energy, theb vs NSp andb vs NSn correlations obtained with

Figure 4.1: Correlation, from VENUS, between the impact parameterb and the number of spectator protons (left)
and neutrons (right).
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VENUS, whereNSp andNSn are the number of spectator protons and neutrons, the two quantities we
separately measure with the ALICE ZDCs.

To further quantify the resolution on the centrality which can be achieved through a measurement
of the spectators one can easily calculate from these correlations the relation betweenb andσb/b. The
result, presented in Fig. 4.2, shows that forb > 5 fm the resolution on the impact parameter, caused
by the fluctuations of the spectators’ signal, is< 10%. For very central events the resolution is slightly
worse, but is anyway≤ 1 fm down tob ≈ 2 fm.

Figure 4.2: Resolution on the impact parameter from the measurement of spectator protons (left) or neutrons
(right).

Figure 4.3: Resolution on the impact parameter by measuring spectator protonsand neutrons for both colliding
nuclei.

The fluctuations in the number of spectators can be reduced by measuring, as will be done in ALICE,
the number of spectator protons and neutrons forboth colliding nuclei, by means of the two sets of
two ZDCs. This is shown in Fig. 4.3 where the resolution on the impact parameter for a simultaneous
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measurement of spectator protonsand neutrons for the two colliding nuclei is presented. Even for very
central events (b ∼ 2 fm) the resolution is excellent (about 0.4 fm).

4.3 Energy resolution of the detectors

The resolution on the measurement of the centrality depends not only on the fluctuations in the number
of spectators (intrinsic resolution) but also on the precision we can achieve on their energy measurement.
The resolution on the energy measurement of the spectators in the ZDCs at a certain centrality must be
at most of the same order of magnitude as the intrinsic resolution we have at that centrality.

Figure 4.4: Resolution of the neutron calorimeter
summing the response of all the PMTs.

Figure 4.5: Resolution of the proton calorimeter sum-
ming the response of all the PMTs.

From the simulation of the ALICE ZDCs, described in Chapter 3, one obtains, for a single 2.7 TeV
incident neutron on the neutron detector, the response shown in Fig. 4.4. The response of the proton
calorimeter, for a 2.7 TeV incident proton, can be seen in Fig. 4.5. In the plots the photoelectron yield
has been calculated as the sum of the responses of the five photomultipliers; the resolution of the neutron
calorimeter turns out to be 10.5%, whilst for the proton calorimeter we obtain 10.3%.

The contribution from participant nucleons and secondary particles has been shown to be negligible
(see Section 3.3.4 on page 46). Therefore the expected energy spread forN spectator nucleons, having
the same incident energy (apart from the smearing caused by Fermi motion), can be approximated as

σ(E)N =
√

Σiσ(E)2
i =

√
Nσ(E)i .

Even for very central events the number of spectator nucleons is not negligible, leading to a quick de-
crease ofσ(E)/E. For example, atb = 2 fm, where the total expected spectator yield for the two colliding
nuclei is∼ 30, we obtainσE/E = 1.8%.

4.3.1 Loss of spectator nucleons

The conclusions stated above are valid only if one assumes thatall the spectator neutrons and protons
produced at the IP are effectively seen by the ZDCs. Clearly, any loss of particles along the beam line
will decrease the total energy incident on the calorimeters and therefore limit the achievable resolution.
In Section 3.3.3 on page 44 we have seen that there is basically no loss of neutrons, as their emission cone
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is quite narrow (of the order of 50µrad at 1σ level). On the contrary, it has been shown in Section 3.3.1
on page 42 (see Fig. 3.8 on page 45) that the optics of the beam line distorts the emission cone of the
protons and that in the region around D1 a loss of protons can be expected, depending on the aperture
of the beam pipe. This effect must be properly taken into account in the calculation of the detector’s
response as a function of the centrality, as will be shown in the next section.

4.4 Centrality resolution

Knowing the relationship betweenb and the number of spectators (from VENUS), the response of the
ZDCs with their resolution (from a GEANT simulation of the detectors), the loss of signal along the
beam line (from a GEANT simulation of the insertion region), and taking into account the emission
angle (100µrad/beam) and the angular spread due to the beam divergency and to the Fermi motion of
the nucleons, we have calculated the expected correlation between the energy measured by the ZDCs
and the impact parameter. The results are shown in Fig. 4.6, separately for the proton calorimeter (a),
the neutron calorimeter (b), the sum of the response of the two calorimeters (c), and for the whole set of
ZDCs (i.e. on the two sides of the IP) (d).

Figure 4.6: Correlation between the energy measured by the ZDCs and the impact parameter.E p1, Ep2 are the
energies in each of the two proton ZDCs,En1, En2 are the energies in each of the two neutron ZDCs.
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Clearly, the correlation is narrower when we sum the signals over the whole set of ZDCs. This can be
seen further in Fig. 4.7, which shows the resolution on the impact parameter for the four cases presented
in Fig. 4.6.

Figure 4.7: Resolution on the impact parameter for a measurement of spectator protons (a), neutrons (b), protons
and neutrons (c), and protons and neutrons for the two colliding nuclei (d).

We conclude that the use of two sets of two ZDCs helps to reduce the fluctuations on the measure-
ment of the centrality. It can also be noticed that the resolution on the impact parameter when all the
experimental effects are taken into account (energy resolution, loss of spectators, etc.) does not differ
significantly from the intrinsic resolution due to the fluctuations on the number of spectators at fixed im-
pact parameter (compare Fig. 4.7(d) with Fig. 4.3). This means that the proposed design for the ALICE
ZDCs ensures a precise and unbiased estimation of the centrality of the collision.

4.5 Identification of QGP signatures

Typically, in heavy-ion physics, an effect on some observables (such as strangeness enhancement or
charmonia suppression), occurring in a certain centrality region, can be either explained as due to a phase
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transition to a QGP or in the framework of a classical hadronic scenario. A phase transition is expected
to lead to a threshold effect, i.e. to a sudden step in the observable as a function of the centrality; on the
contrary a classical hadronic mechanism (reinteraction of secondaries, nuclear absorption, etc.) leads to
an effect which is smeared over a certain centrality range. It is therefore quite important to achieve a
good resolution on the centrality measurement in order to distinguish between the two scenarios.

As we have seen in the previous sections, the centrality resolution which can be obtained with ZDCs
is well below 1 fm down to very central events (we haveσb ∼ 0.4 fm at b = 2 fm). We can hope
to distinguish, at a certain value ofb, the threshold-like signal caused by a phase transition from any
smooth variation of a certain signature, provided that such variations occur over ab-interval larger than
σb.

As an example we can suppose that forb = 5 fm we have a 50% drop of a certain quantityα (such
as J/ψ cross-section), because of the onset of a phase transition. Taking into account the resolution on
the impact parameterb obtainable with the ZDCs (see Fig. 4.7), we can calculate the evolution of the
quantityα as a function of themeasured value of the impact parameterbmeas. On the other hand, we may
suppose that a hadronic mechanism leads to the same decrease inα, but over a certainb range, of the
order of 2 fm (i.e. larger thanσb at b = 5 fm). Also, for this case, we calculateα as a function ofbmeas.

In Fig. 4.8(a) we show the two simulated behaviours as a function ofb, whilst in Fig. 4.8(b) the ex-
pected smearing on the impact parameter determination has been introduced, assuming that the centrality
is calculated by means of the complete set of four ZDCs. Even if the finite resolution onb introduces
some smearing of the QGP-induced drop (solid line), we can still distinguish between the two scenarios.

Clearly, if for any reason the resolution onb becomes worse, the smearing ofbmeas reduces the
capability of distinguishing between the two situations. As an example, in Fig. 4.8(c) and Fig. 4.8(d)
we plotα as a function ofbmeas, for the two scenarios, when we measure the centrality through the two
neutron ZDCs (c) or only one of the proton ZDCs (d). Because of the larger smearing induced by the loss
of resolution onb, it becomes increasingly difficult to distinguish between a sharp drop and a smooth
decrease of the quantityα. Such a worsening of the impact parameter resolution could be induced, for
example, by a severe loss of spectators in the elements of the beam line. It is therefore necessary to keep
such effects under control as much as possible. They are caused, for example, by the collimators being
too narrow along the beam line or by instabilities in the beam orbit, as pointed out in Section 3.3.1 on
page 42.

4.6 Fragmentation

4.6.1 Physics remarks

As the energy carried by the fragments produced in the collision will not be detected by the ZDCs (see
Section 3.3.2 on page 44), it is important to know how the fragment production depends on the impact
parameter at LHC energies.

The problem of the production of fragments in nucleus–nucleus collisions has been studied by var-
ious experiments at different energies: at the Bevalac (about 1 A GeV) [1, 2], at SIS (between 0.1 and
1 A GeV) [3,4], at AGS (about 10 A GeV) [5], at SPS (160 to 200 A GeV) [6–8].

Comparing the results of these experiments one finds that the cross-section for fragment production
has a weak beam energy dependence and is strongly correlated with the geometry of the collision.

The dominant feature of the systematic study performed at SIS with the Aladin spectrometer [4] is
theZbounduniversality that is obeyed by the fragment multiplicities and correlations, whereZbound is the
sum of the atomic numberZi of all projectile fragments withZi ≥ 2. In particular, the experiments at SIS
have found that the number of intermediate mass fragments (with 3≤ A ≤ 30), the charge distribution of
the produced fragments, and the greatest charge of the fragments, do not depend either on the projectile
energy or on the particular colliding system, when all the previous quantities are plotted against the
variableZbound.
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Figure 4.8: The effect of the finite resolution on the impact parameterb for a drop in a quantityα caused by
a phase transition (solid line) or a hadronic mechanism (dashed line). In a)α is shown as a function of the true
centrality, whilst in b), c) and d) the resolution on the impact parameter has been introduced. In (b) the centrality
is measured using the whole set of calorimeters, in (c) only the signal from the two neutron ZDCs is considered,
whilst in (d) only one of the proton ZDCs is supposed to be active.
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As an example, Fig. 4.9 shows the mean multiplicity of intermediate mass fragments as a function
of Zbound for Au-Au collisions at various projectile energies. The fragment production turns out to be
independent of the projectile energy within the experimental accuracy. The charge distribution of the
produced fragments is found to follow a power lawdN/dZ = kZ−τ; the exponentτ also depends on the
variableZbound.

Figure 4.9: Mean number of intermediate mass fragment as a function ofZ bound.

Similar dependences of the mean multiplicities onZboundhave been found in experiments with emul-
sion targets, both at AGS and at CERN energies (up to 160 GeV per nucleon). Therefore one can assume
that the spectator formation and decay exhibit the same invariant features, even at the highest LHC bom-
barding energies.

4.6.2 Simulation

As the usual event generators do not consider fragment production, we have built a simple model to
describe the nuclear fragmentation at LHC energies. The starting point is the evaluation ofZbound from
the impact parameter of the collision. Assuming thatZbound is a monotonic function of the impact pa-
rameter [9], we can write: ∫ Zbound

0

dσ
dZ

′
bound

dZ
′
bound=

∫ b

0

dσ
db′ db

′
,

whereb is the impact parameter, and the two integrals give the total nucleus–nucleus hadronic cross-
section. As the differential cross-sectiondσ/dZbound is roughly constant [4], we can easily calculate
Zbound for a given value of the impact parameter. In Fig. 4.10 the quantityZbound, calculated in the
framework of this simple model, is plotted as a function of the impact parameter.

The number of fragments, and their charge distribution as a function ofZbound, have been obtained
through a fit to the results of the Aladin experiment; the width of the distributions have also been taken
into account. As an example, in Fig. 4.11 the mean number of fragments (left) and the greatest charge of
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Figure 4.10: Zboundas a function of the impact parameter.

Figure 4.11: Mean number of fragments (left) and the greatest charge of the produced fragments (right) as a
function ofZbound.

the produced fragments (right) are shown as a function ofZbound. As Zbounddepends quadratically on the
impact parameter, the number of produced fragments is very small for central events; it increases up to a
maximum for intermediate values ofb and then decreases for peripheral events, where only one or two
fragments are produced, with an atomic numberZ close to that of the projectile.

Having fixed the number of fragments and their charge, a suitable number of neutrons is added to
the chosen number of protons to form fragments, according to the GEANT list of stable nuclei. The
momentum of the produced fragments and of the remaining free spectator nucleons (if any) is the beam
momentum, smeared by the Fermi distribution. The spectator fragments and free nucleons are then
tracked in the usual way through the LHC beam line up to the location of the ZDCs.
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4.6.3 Results

When the fragmentation is considered, the monotonic correlation between the impact parameter and the
sum of the energies detected by the four ZDCs is still visible up tob ∼ 11 fm, whilst for very peripheral
events it is partially destroyed, because of the large fragment yield (see Fig. 4.12). This fact could lead
to a wrong assignment of the centrality of the collision for such events. The consequences in terms of
trigger efficiency will be discussed in the next section.

Figure 4.12: The total energy measured by the ZDCs as a function of the impact parameter.

Anyway, the most peripheral events are expected to be easily identified already by the level 0 trigger,
which requires some minimum multiplicity in the Forward Multiplicity Detector (FMD). Another way
to roughly identify very peripheral collisions is to use the e.m. calorimeters described in Section 3.6 on
page 55. As these detectors are placed outside the emission cone of the spectators, the energy detected in
such calorimeters, mainly due to participants emitted at large rapidity, is anti-correlated with the impact
parameter, as can be seen in Fig. 4.13.

4.7 Trigger efficiency

In the logic of the level 1 trigger it will be possible to have several centrality intervals, selecting different
ZDC energy thresholds. The effect of a cut on the total ZDC energy in terms of the impact parameter
is shown in Fig. 4.14, where four different thresholds have been implemented. Figure 4.15 shows the
efficiency of the centrality trigger for the selected energy thresholds. The centrality intervals appear to
be defined within∆b ∼1 fm.

With an energy cut around 300 TeV, it is possible to select about 10% of the minimum bias Pb-Pb
cross-section. When fragment production is taken into account, as described in the previous section, with
the same energy cut we also accept some very peripheral events, as can be seen in Fig. 4.16.

The resulting bias introduced in the trigger can be substantially removed, identifying the central
events by an appropriate threshold on the total energy detected by the two e.m. calorimeters. By requiring
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Figure 4.13: Total energy detected by the two e.m.
calorimeters, one on each side of the IP, as a function
of the impact parameter.

Figure 4.14: Impact parameter distribution for events
satisfying different zero degree energy cuts.

Figure 4.15: Efficiency of the centrality trigger for
four different ZDC energy thresholds.

Figure 4.16: Events selected by a 300 TeV energy cut
on the ZDCs, when the fragmentation model of Sec-
tion 4.6 is considered.
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Figure 4.17: Events selected by a 300 TeV energy cut on the ZDCs, after applying a 0.5 TeV energy cut on the
e.m. calorimeters.

an e.m. total energyEZEM ≥ 0.5 TeV, the contamination due to peripheral events drops by a factor of
∼20, with a loss of efficiency for central events of only∼ 2% (see Fig. 4.17).

Anyway, it must be stressed that the level 0 trigger should already remove the most peripheral events,
thereby cleaning the event sample given to level 1.

4.8 The ZDC as a luminosity monitor

4.8.1 Introduction

During operation with heavy-ion beams, the LHC luminosity can be measured and monitored by means
of the ZDCs. The basic idea is to measure the rate of mutual electromagnetic dissociation in the neutron
channel. In this process, the Giant Dipole Resonance (GDR) is excited for both of the colliding nuclei by
a virtual photon radiated by the partner nucleus. Since the GDR decays mainly by emitting one neutron,
the process can be identified by detecting simultaneously one neutron in each of the neutron calorimeters
placed on both sides of the interaction point. The measured ratedNm/dt of mutual e.m. dissociations in
the neutron channel is proportional to the luminosityL:

dNm/dt = L ·σm . (4.1)

Therefore, the luminosity can be immediately deduced if we know the cross-section for mutual e.m.
dissociation in the neutron channel,σm.

The choice of this reaction for the luminosity measurement is driven by two considerations [10]. On
the one hand the cross-sectionσm can be computed with reasonable accuracy, as will be discussed in the
next section. On the other hand, this reaction is relatively background free and can be detected with full
acceptance, implying a rather precise measurement of the reaction rate. These experimental aspects will
be discussed in Section 4.8.3.
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4.8.2 Mutual dissociation cross-section

When two nucleiA and B collide at impact parameterb larger than the sum of the nuclear radii, the
interaction is purely electromagnetic. At ultrarelativistic energies, each nucleus experiences the strongly
Lorentz-contracted Coulomb field of the other nucleus. According to the Weizsacker–Williams (WW)
method, this can be expressed in terms of the equivalent photon spectrumnB(ω,b), whereω is the energy
of the virtual photon. The interaction with nucleusA of a virtual photon (radiated by nucleusB) may
lead to its dissociation in the single neutron channel and, at first order, the cross-section for this process
is given by

σ1n
A =

∫
b≥bmin

2πbdb
∫

nB(ω,b)σγ,1n
A (ω)dω , (4.2)

whereσγ,1n
A is the cross-section for single-neutron production in theγ−A interaction. The expression of

nB(ω,b) can be derived in the framework of classic electromagnetism [11]. It can be shown [12] that for
a given impact parameterb the virtual photon spectrum scales as 1/ω for ω� ωcut(b) and then quickly
vanishes forω� ωcut(b), whereωcut(b) = γ/b andγ is the Lorentz factor in the rest frame of nucleusA.
The cutoff energyωcut(b) increases whenb decreases and for impact parameters close to the sum of the
nuclear radii turns out to beωcut(b) ∼ 105 GeV at LHC energies [12]. The electromagnetic dissociation
in the neutron channel (the reaction we are interested in) is induced by low-energy photons. In fact, as
previously stated, this process occurs via the excitation and subsequent decay of the GDR which, for Pb,
lies in the energy range 6≤ ω≤ 30 MeV.

Indeed, Eq. (4.2) represents the lowest-order approximation of the cross-section, and at extremely
high colliding energies, higher orders have to be taken into account. The details of these calculations can
be found in Ref. [10]; the main points are outlined here. For this purpose, it is worth rewriting Eq. (4.2)
as

σ1n
A =

∫
b≥bmin

2πbdb n̄1n
A (b) , (4.3)

where

n̄1n
A (b) =

∫
nB(ω,b)σγ,1n

A (ω)dω (4.4)

represents the mean number of e.m. dissociations in the one neutron channel for a given impact parameter
b. As we are interested in those events where one and only one neutron is emitted, we have to evaluate
the probabilityP1n

A for such a process. Using a Poisson distribution with mean value ¯n1n
A (b), this is given

by:

P1n
A (b) = n̄1n

A (b) ·exp[−n̄1n
A (b)] . (4.5)

Equation (4.5) is still an approximate expression. In fact, there are two effects that have to be taken
into account in computingP1n

A . The first is that, as previously mentioned, a large number of virtual
photons of energy higher than the value needed to excite the GDR is radiated. As the interaction of these
photons with nucleusA leads to higher excitation energies, the emission of one and only one neutron
occurs if no energetic photon interacts with the nucleus in addition to the low-energy one. The second
point concerns the effect of nuclear interactions. Because of the tails of the nuclear density distribution,
nuclear interactions have a non-vanishing probability to occur even for impact parameters larger than the
sum of the mean nuclear radii (we note that this introduces some incertitude on the value ofbmin to be
used as input of Eq. (4.2) and Eq. (4.3)). However, as for high-energy photons, in nuclear interactions a
high excitation energy is transferred to nucleusA, which has a small probability to decay by emitting a
single neutron with momentum close to the beam momentum. Therefore, the process we are interested
in only takes place if the colliding nuclei do not undergo nuclear interactions.
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With these two additional requirements, the probability for the emission of one and only one neutron
becomes:

P1n
A (b) = n̄1n

A (b) ·exp[−n̄C
A(b)− n̄N

A (b)] , (4.6)

wheren̄C
A(b) and n̄N

A (b) are, respectively, the mean number of Coulomb and nuclear dissociations for a
given impact parameterb. The former can be computed by replacing in Eq. (4.4) the photo-neutron cross-
sectionσγ,1n

A with the total photoabsorption cross-sectionσγ
A for nucleusA; the latter can be evaluated in

the framework of the Glauber model.
The cross-section for e.m. dissociation of nucleusA in the single-neutron channel can be obtained

by replacing in Eq. (4.3) ¯n1n
A (b) the probabilityP1n

A (b) given by Eq. (4.6). It should be noted that the
exponential factor exp[−n̄C

A(b)− n̄N
A (b)] provides a natural impact parameter cutoff, since both ¯nCA(b) and

n̄N
A (b) become large whenb approaches the sum of the mean nuclear radii. Therefore, the single-neutron

cross-sectionσ1n
A given by Eq. (4.3) is not sensitive to the incertitude on the value ofbmin needed to carry

out the integration. The calculation of the single-neutron Coulomb dissociation for Pb-Pb collisions at
the LHC energy givesσ1n

Pb = 105.9 b. This value turns out to be independent from the choice of the
nuclear density distribution parameters, within a few per mil.

For symmetric colliding systems (A = B), the probability for mutual Coulomb dissociation in the
single-neutron channel for a givenb is given by the square ofP1n

A (b):

Pm
A (b) = (n̄1n

A (b) ·exp[−n̄C
A(b)− n̄N

A (b)])2 . (4.7)

The cross-section for mutual dissociation in the single-neutron channel can be evaluated by entering
Pm

A (b) in Eq. (4.4). For Pb-Pb interactions at the LHC, the cross-section for mutual Coulomb dissociation
in the one neutron channel turns out to beσm

Pb = 0.535 b. Again, the dependence of this value on the
parameters of the nuclear density distribution is weak, less than 1%.

4.8.3 Experimental considerations

From the experimental point of view, the first relevant feature of the process that we propose to study for
measuring the luminosity is that all the emitted neutrons fall in the acceptance covered by the neutron
ZDC. This implies that no correction of the measured rates is needed to account for the experimental
acceptance. In fact, simple kinematic considerations show that the transverse momentum of the neutrons
produced in the decay of the GDR is below 250 MeV/c. This means that all these neutrons are emitted
at angles smaller than 0.1 mrad in the laboratory system, corresponding to a∼ 1 cm radius spot on the
front face of the neutron calorimeters.

A simple simulation shows that the energy of the single-neutrons from GDR decay ranges from 2.1
to 3.4 TeV, in the laboratory system, the most probable value corresponding to the energy per nucleon
of the beam. In reality, the shape of the energy distribution (but not the extreme values) depends on
the neutron angular distribution in the frame where the excited nucleus is at rest. In our calculations an
isotropic angular distribution was assumed. The width of the single-neutron energy distribution is small
enough to allow a clear separation between the events in which one neutron is emitted (the ones we are
interested in) and those where two or more neutrons are emitted in the GDR decay. This can be seen in
Fig. 4.18, where the expected ZDC energy distribution is shown. Note that the ZDC energy resolution is
included in the calculation and the ratios between the numbers of one, two and three neutron events are
taken from Ref. [13].

The two aspects discussed in this section hold for both single and mutual dissociation in the one-
neutron channel. For luminosity measurements, the second reaction presents the additional advantage
of having a smaller background. In fact, the coincidence measurement avoids the contamination caused
by single-neutron emission from beam–gas interactions. It should be noted, however, that even for the
single dissociation process such a background is not expected to be large, for two reasons. The first
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Figure 4.18: Expected energy distribution of neutrons from e.m. excitation of the giant dipole resonance. The
ZDC energy resolution is included in the calculation.

is that the residual gas in the beam pipes is mainly made of light elements, and the cross-sections for
Coulomb dissociation scales asZ2 [10, 12]. The second is that for beam–gas interactions the Lorentz
γ factor is much smaller than for beam–beam interactions, leading to a softer photon spectrum and a
smaller Coulomb cross-section.
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5 Installation and organization

5.1 Installation and experimental environment for the ZDC detector

The LHC layout includes a 50 m long section between the dipole magnets D1 and D2, where the common
beam channel in the experimental insertion and low-beta section is separated into two beam channels
before entering the D2 magnet. At Point 2 this section starts at 68 m distance from the intersection point.
When LHC is operating with heavy ions, the D1 magnet will deflect all lighter ions produced in the
interaction region, and separate them from the ion beam. Neutral particles will follow the bisector of the
two ion beams. The best position of the ZDC detector modules are therefore as close as possible to the
entrance of the D2 magnet, where the neutral detector module can be installed in between the two beam
channels, and the positive (and negative) detector modules can be installed close to the outside of the
beam channels.

In order to achieve this and to minimize the material in front of the ZDC detector modules, the two
beam channels are combined into a common vacuum chamber and separated into two vacuum cham-
bers only just before the entrance to the D2 magnet, leaving sufficient space for the ZDC modules (see
Fig. 5.1).

Because of possible beam losses during LHC injection operations, retractable collimators (TDI) must
be placed at about 5 m distance from D1. This installation is only necessary on the injection left side of
Intersection Point 2. If the collimator blocks were made to retract by 135 mm, they would not obscure
the aperture for the ZDC detector (as indicated in Chapter 3). A first feasibility study [1] shows that
this is possible. The ZDC modules are placed on a table, which can be lowered during injection (see
Fig. 5.2). The modules will be at a distance of about 5 mm from the vacuum chamber, and interlocks
will be installed in order to avoid any collision with the beam elements during the movements of the
scissors table. The table and detector do not protrude into the tunnel and the physical extension of the
complete detector is contained within the diameter of the D2 magnet.

The integration of the ZDC in the LHC tunnel has been discussed [2] and a principal agreement of
the proposed layout has been reached.

The vacuum chamber is made of cylindrical sections, joined by conical sections. A number of pumps
will be placed outside the detection aperture of the ZDC detector. The vacuum chamber is terminated
by a thin window having a thickness of about 2 mm of stainless steel. The RF losses for this vacuum
chamber have been estimated and are not a course for concern1.

The maintenance access to the detector will be limited to the frequency of access given to this part
of the Point 2 straight section. This is not considered as a serious limitation. Similar detectors have
operated in the NA50 environment during long no-access periods (∼ 3 years with one month/year high
intensity lead runs).

5.2 Safety aspects

The installation of the ZDC detector must be regarded as trivial and the small size, weight, and total
absence of gases or liquids provide for an intrisincally safe installation. All insulation materials will

1The integration of the ZDC detector into the LHC lattice has been presented and discussed with the LHC management
and only a preliminary agreement has been reached concerning the layout and interference with the machine, as described in
this report. It is clear that the final integration of the ZDC detector will depend on the evolution of the LHC lattice and more
detailed studies of the beam line between the D1 and D2 magnets.



84 5 Installation and organization

Figure 5.1: General layout of the LHC beam line at the position of the ZDC detector at Point 2.
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Figure 5.2: The ZDC detector supported by a movable table inside the LHC tunnel.
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conform with the CERN Safety Instruction TIS IS41 (The use of plastic and other non-metallic materials
at CERN with respect to fire safety and radiation resistance).

5.3 Services

The detector will require about 50 cables to be installed along the LHC tunnel all the way to the Alice
counting room placed in the PX 24 access shaft at Point 2. The total length of these cables is 211 m on
one side of the IP and 311 m on the other side. The detector will not require any special cooling.

5.4 Slow control

The Alice detector control system is specified in Ref. [3]. The signals to be measured for the ZDC
detector are listed in Table 5.1.

Table 5.1: Main parameters of the detector control system for the ZDC detector.
System Location Controlled parameter Number Type Parameters Control

HV PX24 PMT voltage 50 Analog Voltage ReadWrite
PX24 PMT current 50 Analog Current Read
PX24 PMT current limits 50 Analog Threshold ReadWrite
PX24 PMT ramp up/down 50 Analog Voltage ReadWrite

5.5 Milestones and construction programme

An overall time schedule for the ZDC construction programme is shown in Fig. 5.3.
During 1999 we expect to finalize the calorimeter design, following the results of the prototype beam

tests and the inquiry about the availability of the high-density absorber. Concerning the quartz fibres two
possible scenarios are being considered, depending on the INFN budget allocations:

• a unique tender for all fibres in the year 2000 (this will save on the total cost),

• a first order for the fibres of the ZN calorimeters in the year 2000 and a second one in the year
2001 for the fibres of the ZP and e.m. calorimeters.

In any case, the construction of the first ZN calorimeter is not foreseen to start before the end of the
year 2000. The years 2001–2003 will be devoted to construction and tests.

The estimated time for the construction and assembly is five months for each of the hadronic calorime-
ters and two months for each e.m. calorimeter. This activity is foreseen to be performed by engineers and
technicians of Cagliari and Torino Laboratories. For the ZN, the machining of the passive material sheets
could be done by the company selected to provide the material; an additional period of four months for
each ZN should be accounted for this job.

Figure 5.3 is based on the following milestones:

• 1999:
continuing beam tests on prototypes and offline tests on photodetectors

• 2000:
order of quartz fibres for the two ZNs
order of passive material for the two ZNs
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Figure 5.3: General schedule for production, testing and installation of the ZDC detectors.
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order of passive material for the ZP and e.m. calorimeters
start construction of the first ZN

• end 2001:
end of construction and test of one ZN
beginning of construction of the second ZN
order of quartz fibres for the ZP and e.m. calorimeters
(there is the possibility of ordering all the quartz fibres together in the year 2000, in which case the
schedule becomes more flexible)

• middle 2002:
end of construction and test of the second ZN
beginning of construction of the two ZP and of the e.m. calorimeters

• end 2003:
all detectors ready for installation

The final installation of the ZDC modules in the LHC tunnel will depend on the LHC installation
schedule.

5.6 Organization

The following institutes will share the fabrication and commissioning of the ZDCs:

• Università del Piemonte Orientale ‘A. Avogadro’, Alessandria, and INFN Torino, Italy.

• INFN, Sez. Cagliari and Dipartimento di Fisica, University of Cagliari, Cagliari, Italy.

• INFN, Sez. Torino and Dipartimento di Fisica, University of Torino, Torino, Italy.

In the design, construction and testing, the following ALICE members have participated:

• Università del Piemonte Orientale ‘A. Avogadro’, Alessandria, and INFN Torino, Italy.
G. Dellacasa, E. Scalas.

• INFN, Sez. Cagliari and Dipartimento di Fisica, University of Cagliari, Cagliari, Italy.
C. Cicalo, A. De Falco, M. Macciotta-Serpi, A. Masoni, G. Puddu, S. Serci, E. Siddi and G. Usai.

• INFN, Sez. Torino and Dipartimento di Fisica, University of Torino, Torino, Italy.
R. Arnaldi, E. Chiavassa, P. Cortese, N. De Marco, M. Gallio, P. Mereu, A. Musso, A. Piccotti,
E. Scomparin and E. Vercellin.

In addition, the following people have provided considerable help in specific sections of this Techni-
cal Design Report: F. Carminati, L. Leistam, C. Lourenc¸o, A. Morsch, P. Vande Vyvre.

5.7 Responsibilities

The proposed sharing of responsibilities in the construction and operation of the ZDCs is presented in
Table 5.2.

The institutes will jointly participate in the testing activities and related data analysis.

5.8 Cost estimate and resources

Table 5.3 reports the cost evaluation for the two sets of ZDCs. The manpower from participating institutes
is estimated to∼35 man years.
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Table 5.2: Sharing of responsibilities.

Institution Responsibilities
INFN Torino and On-line software and off-line analysis (part)
Univ. Torino and Readout electronics and auxiliary equipment (part)
Univ. Alessandria Mechanical work

Calorimeter modules (part)
INFN Cagliari and On-line software and off-line analysis (part)
Univ. Cagliari Readout electronics and auxiliary equipment (part)

Calorimeter modules (part)

Table 5.3: Cost evaluation.

Items Cost
[kCHF]

Absorbers 252
Fibres 340
Readout and electronics 216
Monitoring 82
Cables 68
Calibration 50
Mechanics 40
Total 1048
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