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Preface

This thesis summarizes my four years of doctoral studies in the field of
high energy heavy-ion physics. The content focuses on results obtained
from my work within the WA98 collaboration.

Chapter one gives some of the necessary background on the interests
in the field of high energy heavy-ion physics, the tools needed for the
study and some of the terminology for the physics description. The sec-
ond chapter introduces the experiment on which construction I spent
most of my time during the first two years. Chapter three describes
the basic steps in the analysis of the data, leading to extracted physical
variables. Chapter four turns to the main physics topic in this thesis.
My studies presented here, tries to find a reliable method to determine
the abundance of A*Y in high multiplicity data. It is shown in chapter
five, that the yield of A** can give important information on the tem-
perature of the system created in the collisions. The results from our
measurements as well as their implications are presented.
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Chapter 1

Introduction

Over the past few decades the interest in the field of high energy heavy-
ion collisions has been growing. The main reason for this is the possib'ﬂ-
ity of creating and studying nuclear matter under conditions of extreme
temperatures and densities. It was revealed in the 1960’s that the nucle-
ons have internal structures called quarksl. Quarks play 2 fundamental
role in heavy-ion interactions. In quantum chromodynamics, the theory
that describes strongly interacting matter in the standard model, the nu-
cleons are described as bound states of three valence quarks gurrounded
by virtual quarks and antiquarks (called seaquarks). The trapping of
the quarks inside the nucleon 1s referred to as confinement. The quarks
exchange gluons and are thus “glued together” in the form of hadrouns.

Quarks carry electric as well as color charge, whereas gluons only carry
color charge. There are three color charges, red, green and blue (and the
corresponding anti colors). No ssolated quarks have been found and will
never be found if our theoretical concepts are valid. The reason for this
is that the strong interaction requires that all observed states must have
zero net color charge. These states can be formed by 2 combination
of three quarks qq9 with different colors or three antiquarks 4qq with

T

1Murray Gell-Mann called these subunits guarks. He came across the word
» quark” in the phrase »Three quarks for Muster Mark® in James Joyce'’s book
Finnegan's Wake. In 1969 Gell-Mann was awarded the Nobel Prize in physics for
his work on the gheory of elementary particles.
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different anti colors (called baryon and antibaryon respectively) or from
a combination of a quark ¢ with color and an antiquark ¢ with anti color
of the same kind (called meson).

When colliding heavy nuclei head-on at relativistic energies, a large
amount of energy is deposited into a small volume during a short time-
interval. The obtained high energy density could lead to the formation
of a new form of matter in which the quarks and gluons are free to
move within a volume much larger than the extension of a single nu-
cleon. This is referred to as deconfinement and the new form of matter
is called Quark-Gluon Plasma, QGP. The detection and investigation of
the QGP is the ultimate goal of todays high energy heavy-ion research.

1.1 Quark-Gluon Plasma

An illustrative way of describing high energy nucleus-nucleus collisions is
the space-time scenario suggested by Bjorken[1], Fig. 1.1. In this picture,
the collision between the two nuclei takes place at (z,t) = (0,0) where
z 18 the longitudinal coordinate and ¢ the time coordinate. If the energy
density is sufficiently high, a quark-gluon plasma might be formed and
brought to local thermal equilibrium at a proper time 7 = 7y where T is
given by

T =Vt2 - 22 (1.1)

After reaching equilibrium the plasma will go through a hydrodynamical
phase where its temperature will drop and hadronization will appear at
a later proper time. Using this picture as a starting point, Bjorken
derived a very important relationship between the initial energy density
and the rapidity density, which can be measured. Bjorken estimated the
proper time 75 to be ~1 fm/c.

According to the Big Bang model, the matter of the Universe is believed
to have been in a very hot and dense state of quarks and gluons when
the age of the Universe was less than 10 s.[2] Thus the detection and
studying of the QGP could give us new knowledge about conditions
similar to those prevailing during the early evolution of the Universe.
- The method we employ today to study these extreme conditions is by
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colliding heavy ions at high energies. The higher the energy we use, the
further back in time we expect to be able to look.

t

T

freeze-out of hadrons

hadronization
hydrodynamics of
q%lxark— g}iuon plasma =
equilibration
S formation
Z
&
& %

Figure 1.1: Bjorken’s space-time picture of a high energy heavy-ion col-
lision.

1.2 Quark-Gluon Plasma Signals

Several characteristic QGP signals have been proposed to determine if
a plasma has been formed in a high energy heavy-ion collision. Some of
these signals have been observed but none of them are unambiguous since
they also can be obtained in hadronic scenarios under specific conditions.
The final evidence for the detection of the QGP may need several of
these signals to be observed in the same collision. Experiments with the
capability of observing several of these signals have been proposed and
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are under construction (e.g. the PHENIX experiment at the RHIC and
the ALICE experiment at the LHC). Below follows a short description
of some of the proposed QGP signals.

Strangeness enhancement: The strangeness content of a QGP in
thermal and chemical equilibrium differs from that of nuclear matter.[3]
The valence quarks of nuclear matter are up (u) and down (d) quarks,
but as soon as the excitation energy becomes high enough, other quark
flavors can be created. The third lightest quark after the u quark (cur-
rent mass ~ 5 MeV/c?) and the d quark (current mass ~ 10 MeV/c?)
is the strange? s quark (current mass ~ 200 MeV/c?). The presence
of strange quarks is expected to be enhanced since quarks are fermions
and the creation of u and d quarks are Pauli blocked due to their high
concentration and due to the high Fermi energy they would have to over-
come. The creation of s§ pairs might therefore be energetically favorable
over the creation of u# or dd pairs. Experiments both at the AGS? and
SPS* have observed strangeness enhancement.[4, 5]

J/¥ suppression: The J/¥ particle is a bound state of a pair of
charmed quarks, one quark c and one antiquark ¢. In a quark-gluon
plasma, the color charge of a quark is screened due to the presence of
quarks, antiquarks and gluons, analogous to the Debye screening of an
electrical charge. This screening would lead to a weaker interaction be-
tween the quarks. Also the high temperature in the plasma reduces the
string tension between the quarks. Therefore if a J/U particle is created
in a plasma the cC pair could be separated since the interaction between
them is screened. The charmed quarks might then rather combine with
u or d quarks forming D-mesons which would lead to a reduction in the
production rate for J/¥ particles in high energy heavy-ion collisions.
Recent results from experiments at SPS studying J/¥ production show
a strong suppression in Pb+PDb collisions which could be an indication
of deconfinement.[6]

They were given the name strange since they were created in strong interactions
but decayed by weak interactions.

3 Alternating Gradient Synchrotron at the Brookhaven National Laboratory (BNL)
New York.

“Super Proton Synchrotron at the Conseil Europeen pour la Recherche Nucleaire
(CERN) Geneva.
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Properties of light vector mesons: The masses, widths, branching
ratios and yields of light vector mesons (p,w, $) differs in hot, dense,
strongly interacting matter from that of normal nuclear matter. This
has been suggested by several authors.[7] Among these vector mesons,
the ¢-meson is of special interest. If the mass of the ¢-meson should
change, the branching ratio between the decay channels ¢ — ™ +¢€”
(0.0031% in normal matter) and ¢ - KT+ K~ (49.3% in normal mat-
ter) would change drastically. Since the mass of the ¢-meson (1019.5
MeV/c?) is just slightly above (32.16 MeV /c?) the mass of two kaons
(2-493.67=987.34 MeV/c?), the ratio should be very sensitive to mass
changes. An experiment measuring both these channels will be well
suited to look for this effect. Such experiments are under construction
(e.g. the PHENIX experiment). Since the ¢-meson only consists of
strange quarks (¢ = s3) its yield could also be a signal for the plasma.

Thermal photons: Photons are suggested to be an important signal
since they do not interact strongly with the plasma and thus can escape,
carrying information about the early evolution of the plasma. Photons
can be produced in several ways in the plasma: ¢ +g—++g (annihila-
tion process), g+g = v +4 and g+q =~ Y+4q (Compton processes). The
photons can give information about the thermodynamical state of the
environment in which they are produced, since their production rate and
momentum distribution are determined by the momentum distributions
of the quarks, antiquarks and gluons in the plasma. It is however a dif-
ficult task to distinguish between photons which come from the plasma
(called thermal photons) and photons from all other sources. Photons
can be emitted from the hadron gas (e.g gt 4+ =+ p°), parton
collisions (e.g. a quark of one mucleon interacts with an antiquark of
another nucleon and produces 2 photon and a gluon). The decay of
hadrons is also a copious source of photons. For example, many neutral
mesons are produced in the interactions which predominantly decay into
two photons: 70 — vy with a branching ratio of 08.8% and n — yy with
a branching ratio of 30.3%. Theoretical estimates of expected yield of
photons from the plasma have been made.[8] Experiments that have re-
ported on photon yields are the WAS80 and WA93 experiments(9, 10, 11]
(both predecessors of WA98) and the CERES experiment[12]. Several
uncertainties still have to be removed and further theoretical calculations
have to be made before any strong conclusions can be drawn.

e T T
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Charged hadrons: A thermodynamical model can be useful to de-
scribe high energy heavy-ion collisions.[1] In such a model, when two
nuclei collide, a hot and dense fireball of nuclear matter is produced.
As it expands, its temperature drops and hadronization of the plasma
occurs, producing the hadrons we detect in experiments. In this picture,
interesting global variables such as temperature and energy density can
be calculated from the hadronic spectra. Transverse momentum (pr)
spectra for produced particles can give an estimate of the temperature
of the plasma. <pr> versus the rapidity distribution (dN/dy) (two eas-
ily measurable quantities) could show a structure resulting from a phase
transition.[13]

1.3 Experimental Facilities

Cosmic rays were the only source of high energy particles until acceler-
ators became available. Many important discoveries have emerged from
the studies of cosmic rays, but the advantages of using accelerators are
of course numerous. Mono-energetic beams of one particle species with
very high intensity can be produced. But experiments using cosmic rays
are still interesting since particles with energies of more than 10!! GeV
have been observed[14], which is far greater than any accelerator can
produce today.

In Table 1.1 the most important accelerators, existing and future, for
high energy heavy-ion studies are listed. One distinguishes between
fized-target accelerators and colliders. High energy (Ejq > 10 A GeV)
heavy-ion experiments have been conducted at the fixed-target acceler-
ators AGS and SPS and the colliders RHIC and LHC will be utilized in
the near future.

1.4 Common Variables and Terminology

Below are some of the variables and terminology that is part of the
language of high energy heavy-ion collisions presented.
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Accelerator Beam NG Startup year
[A GeV]
AGS, BNL | 80, *®si 5.4 1986
197 Ay 4.4 1992
SPS, CERN | 160, %5 | 194 1986
208pp 17.4 1994
RHIC, BNL | %7Au 200 1999
LHC, CERN | 2%Pb 5500 2005

Table 1.1: Accelerators for current and future studies of high energy
heavy-ion collisions.

Heavy-ion collisions are divided into different event classes depending
on the centrality of the collision. It can experimentally be determined
in different ways. The transverse energy Er, measured by a calorimeter
is one way of determining the centrality. Transverse energy measured
by a calorimeter is experimentally defined as

N
ET = ZE'L . sm(@) (1.2)

i=1

The index i runs over the number of calorimeter modules, and F; is the
energy measured by a module placed at an angle & relative to the beam
axis.

To be able to compare data from different centrality classes with mod-
els and other experiments, the transverse energy measurement must
be translated into some variable which means the same independent
of which model or experiment we wish to compare with. The quantity
used is the impact parameter b, which is the transverse distance between
the two centers of the colliding nuclei, as shown in Fig. 1.2. If we assume
that the target nuclei are uniformly distributed and that we have a thin
target so that the likelihood of one target nucleus shadowing another
is low, the number of target nuclei per unit area seen by the beam is
pn - d, where py is the number of target nuclei per unit volume and d
the target thickness. The probability of one beam particle interacting
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Projectile
—

Target

Figure 1.2: Schematic drawing of a collision between two nuclei in a
fized target experiment. The projectile is drawn pancake-like to indicate
the Lorentz contraction. The transverse distance between the two centers
is called the impact parameter b.

in the target P;,;, can then be written as
Pint = pn - 4+ Oim (1.3)

where 0;,; is the interaction cross section. Pj,; can also be expressed
in the quantities we measure in the experiment, the number of beam
interactions in the target, N;,: and the number of beam particles, Npeqm
as

Nint
Nbeam

Py = (14)

To calculate the minimum bias cross section o, Ny and Npegm iS
taken from the number of minimum bias triggers and the number of
beam triggers respectively, obtained from the trigger system (see Chap-
ter 2.2 for the WA98 trigger system). To obtain the total cross section
Otot, & Glauber model[15] calculation can be used. Assuming a mono-
tonic relationship between b and E7, we can transform our (do/dET)mp
spectrum and obtain the corresponding impact parameter b, for any
chosen percentage of ;.
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The longitudinal rapidity of a particle is a useful quantity given by

Y= lln1 + b
2 1- ﬁz
where f3, is the velocity of the particle along the beam axis. Rapidity can
thus be treated as a relativistic measure of the *velocity’ of the particle.
The mormal’ velocity is not a very good quantity since a large change
in energy and momentum of the particle results in a small change in
velocity. Rapidity can be either positive or negative. The rapidity of a
particle in one frame of reference is related to the rapidity in another
Lorentz frame of reference by an additive constant. The rapidity can
also be expressed in terms of the total energy F and the momentum of
the particle along the beam axis, p, as

(1.5)

(1.6)

The rapidity coincides with the pseudorapidity, given by Eq. 1.7, when
the momentum is large, || ~ E or when the mass of the particle is low
relative to its transverse momentum and can be ignored.

|p| +pz) )

1
o §ln( |B| — P2

The pseudorapidity can also be expressed in terms of the angle between
the particle momentum an the beam axis as

n= —ln[tan(g)] (1.8)

Another important quantity in this thesis is the invariant mass of a set
of N particles defined by

M, =E*—p° (L.9)
where
E=E +Ey+..+En, p=p+P2+..+DN (1.10)

It is called invariant since it can be shown that it has the same value in
any frame of reference.
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Chapter 2

The WA98 Experiment

The fixed target experiment WA98[16] at the CERN SPS was proposed
as a successor to the WA93 experiment. WAO8 was a large acceptance
spectrometer for high statistics measurements of hadrons and photons
in Pb+Pb collisions at 158 A GeV. The aim was to study highly ex-
cited and compressed nuclear matter and to look for a possible phase
transition to the Quark Gluon Plasma. Since WA98 measured both mul-
tiplicities of charged particles and photons, possible fluctuations in the
yield of charged particles or photons could be detected simultaneously.
Event-by-event, the N, /Neharge Tatio could be formed to look for events
with an excess of photons which couid signal a plasma formation or be
used as a trigger to look for other signatures in ET, pr etc. in very
special interactions. The 10 000 module lead glass calorimeter provided
high precision data on neutral pions and eta mesons at midrapidity and
determination of the thermal photon to peutral pion ratio. WA98 ended
its data taking in November 1996 but the analysis of data is still actively
going on.

11
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WAQ98 Experimental Setup highly segmented Lead-Glass Calorimeter
158 A GeV Pb+Pb Collisions (identification of photons, #? and 77 -mesons)
at the CERN SPS
(1996)
Forward-
Cailorimeter

Time of Flight (#2)
(PID of positive hadrons) Had.-Catorimeter

(transverse energy)

highly segmented Photon-

Streamer Tubes J_  Multiplicity-Detector

Pad Chambers

Goliath Magnet Charged Particle

Veto-Detector

Time of Flight (#1)

o
Target »® (PID of negative hadrons)

(inside Plastic-Ball)
Multistep Avalanche Chambers

with CCD-readout {tracking of
charged particles)

Plastic-Bail sii Pad and
@, p, .. Hein . Silicon-Pad an
. Silicon-Drift Detectors
target region)  “(pseudorapidity-dist, of
charged particles)

Figure 2.1: View of Ezperiment WAYS.

2.1 Overview of Detectors in WA98

Starting upstream where the beam enters the experiment area from the
left in Fig. 2.1 was the start-counter[17], located 3.5 m upstream of the
target. The start-counter was a Cherenkov detector with Nitrogen gas as
the radiator and Photo-Multiplier-Tube (PMT) readout. The intrinsic
time resolution was 30-40 ps and its purpose was to count the number of
beam particles traversing it and to provide a start signal for the Time-Of-
Flight (TOF) measurements. To reject any interactions upstream of the
start-counter and in the start-counter itself, a halo detector and veto-
counter (not shown in Fig. 2.1) were utilized in anti-coincidence with
the signal from the start-counter. They consisted of a set of scintillators
with a hole for the beam to pass through. The halo detector was located
at a distance of 5.7 m and the veto-counter 2.7 m upstream of the target.
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The target was located at the center of the Plastic Ball spectrometer(1 8].
The Plastic Ball consisted of 655 AE — E modules arranged in a sphere.
It detected and identified light charged particles and ions (,p,d,t,>He)
in the angular range 30° < 0 < 160° with full azimuthal coverage. The
corresponding coverage expressed in pseudorapidity was ~-1.7<n<13.
Plastic Ball has been used for reaction plane determination and to study
the directed flow of protons and 7t in 158 A GeV Pb-+Pb collisions.[19]
Before being a part of WA9S, this detector was used at the Bevalac in
the Plastic Ball experiment to study collective flow.[20]

The Silicon Pad Multiplicity Detector (SPMD) [21] located 32.8 cm down-
stream of the target, measured the multiplicity of charged particles in
the rapidity interval 2.35 <7 < 3.75 with full azimuthal coverage. This
interval overlapped with the interval covered by the photon multiplicity
detector to enable an event-by-event measurement of No/Ncharge- The
measured efficiency in test beam of detecting a charged particle was
better than 99%. Since only 0.2% of the photons were expected to in-
teract in the silicon, it was very transparent to photons coming from the
collision region.

Two Silicon-Drift Detectors, (SDDs) placed 8.0 and 35.7 cm down-
stream of the target respectively, measured the multiplicity and pseudo-
rapidity of charged particles. They covered the pseudorapidity interval
1.50 < 1 < 4.55 and overlapped with the interval covered by the photon
multiplicity detector.

The Goliath dipole magnet, was operated with a bending power ([ Bdl)
of 1.6 Tm, bending particle trajectories horizontally into the two track-
ing arms. The field was mainly set to bend positively charged particles
into the left tracking arm in Fig. 2.1, but a smaller amount of data was
also taken with reversed field and field off.

The first tracking arm consisted of six Multi-Step Avalanche Chambers
(MSACs)[22, 23, 24, 25] with CCD camera readout together with a TOF
wall. The first chamber was located 3.4 m from the center of the magnet,
and the last at 9.4 m. The momentum resolution Ap/p was, in per
cent, approximately given by 2.7p — 2.2. The TOF wall allowed particle
identification of 7, K,p with a time resolution of o ~ 120 ps.
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The second tracking arm was implemented late (fall 1996) in the experi-
ment. The motivation for the construction of a second tracking arm was
primarily to study the ¢-meson production through the decay channel
¢ — K+ K~ (one of the proposed signals of a plasma formation, see
Chapter 1.2). Fine granularity and good two track resolution chambers
in combination with a new TOF wall were constructed to deal with the
high particle density. The final configuration of the second arm con-
sisted of two MSACs with pad readout, two planes of streamer tube
detectors with pad readout and a TOF wall, o; ~ 90 ps. The TOF wall
was originally designed for the PHENIX experiment at the BNL and
its usage in WA98 was the first full scale operation. The momentum
resolution Ap/p was, in per cent, approximately given by 0.40p + 0.21.
The development and construction of, the second tracking arm, was the
main contribution from the Lund group to WA98. The development of
the new pad readout concept for the MSACs and the streamer tube de-
tectors is described in detail in paper I. The performance of the MSACs
equipped with this pad readout is described in detail in paper II and the
performance of the whole tracking arm is described in detail in paper
III. A signal studied with the second tracking arm is the A*T resonance
in the decay channel pr™, described in paper IV.

The Photon Multiplicity Detector (PMD)[26], located 21.5 m down-
stream of the target, measured the multiplicity of photons N,. It was
divided into four quadrants which were symmetrically placed around the
beam-pipe. Each quadrant consisted of a 17 mm thick lead converter
plate with plastic scintillator pads behind it detecting the shower elec-
trons. The light from the pads (a total of 41 800) were read out with the
technique of image intensified CCD cameras. The acceptance in pseu-
dorapidity was 2.8 < 5 < 4.4. As mentioned above, this is part of the
interval covered by the SDDs. The PMD has together with the informa-
tion from SPMD studied possible fluctuations in the N, /Nepqrge ratio, on
an event-by-event basis, to search for disoriented chiral condensates.[27]

One of the main components of the experiment was the Lead Glass
Calorimeter (LGC)[28]. This detector was designed to cover the pr
range from 0.7 to 4.5 GeV/c. This range in pr was chosen based on
calculations of the thermal photon production from a possible QGP
formation.[29] The detector consisted of 10 000 modules of lead-glass
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arranged in two halves, one above and one below the PMD. The coverage
in pseudorapidity was 2.28 <7 < 2.95 corresponding to an angular range
of 6° < 8 < 11.6°. The LGC has reported on neutral pion production
and has observed a saturation of the <pr> for large system size.[30]
The LGC will also (like the TOF wall in the second tracking arm) be
used in the PHENIX experiment at BNL.

In front of the LGC halves, two planes of streamer tube detectors{31]
with pad readout were placed. They served as a charged particle veto
detector improving the reconstruction of photons in the LGC. The de-
sign and readout were the same as for the two planes of streamer tube
detectors used in the second tracking arm (except for the pad size and
tube length).

The Zero Degree Calorimeter (ZDC) measured the forward flux of energy
at angles less than 0.3 degrees relative to the beam. The ZDC consisted
of layers of lead sandwiched with plastic scintillators.

The Mid-Rapidity Calorimeter (MIRAC)[32], measured the transverse
energy flow. It consisted of 180 calorimeter modules, each module mea-
suring the energy of particles entering it. The modules were made of
layers of lead for the electromagnetic part and layers of iron for the
hadronic part, sandwiched between sheets of plastic scintillator. The
detector response was linear within 2% for incident electrons in the mo-
mentum range 10-50 GeV/c and linear within 4% for incident pions in
the momentumn range 4-50 GeV/c. The MIRAC proved to be an effective
trigger selector for central events.

2.2 'The WA98 Trigger System

To determine the degree of violence in the collisions a trigger system
in WA98 was utilized dividing the events into four centrality classes
called central, not-so-central, peripheral and minimum bias trigger.[33]
During the 1996 lead run the trigger was formed using the information
from the following detectors: The halo detector, the start-counter the
veto-counter and the MIRAC. A valid beam trigger was defined as
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halo - start - veto

This means that there should be a valid signal in the start-counter in
anti-coincidence with any signal from the halo detector and the veto-
counter ensuring that no interaction took place upstream of the start-
counter, or in the start-counter itself. Together with a valid beam trigger
the physics trigger is then formed by using the logic given in Table 2.1.
E7 is the online measurement of the transverse energy defined by Eq. 1.2.

Trigger Logic
central E%Zgh . E:irntermedz'ate . Eglrow

not-so-central | EN9" . Fintermediate . flow

pem'phe,ral nggh . E%ptermediate ) E{lrow

Table 2.1: The WAY8 trigger logic.

The data presented in this thesis is taken from the central trigger sample.
Figure 2.2 shows the raw Er distribution for this centrality class. The
Er distribution can offline be checked against the ZDC distribution for
consistency.

To calculate the minimum bias cross section, the method described in
Chapter 1.4 is used. However, the number of interactions must be cor-
rected for background contributions such as interactions in the target
frame, beam pipe etc. This is achieved by rescaling the number of in-
teractions obtained from a target out run with the same run conditions

and correcting the number of interactions as (using the notation from
Chapter 1.4)

Corrected _ AT, no target N, beam
Nz’nt = Nint — int ’ N target (21)
beam

For 208Ph+208Ph we obtain o, ~ 6451 mb for a typical run corrected
for target out and with the magnet turned on. A Glauber calculation
gives the total cross section, o, = 7360 mb for 208Pb-29%8Pb collision.[34]
In the WA98 experiment as in many other experiments, the 10% most
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central collisions (10% of o4,t) are said to belong to the central trigger.
This corresponds to an impact parameter of b = 0 — 5 fm, obtained
from the Glauber calculation. This range in b is used in the simulations
described in Chapter 4.3 to select central collisions. The corresponding
range in Er is Ep > 326 GeV. This Er criterion is used together with the
hardware trigger to differentiate between the central and not-so-central
events in the analysis.
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Figure 2.2: The transverse energy distribution measured by MIRAC for
the hardware centrality class central used during the lead-run 1996. The
collection of central events was favored by scale-down of the other cen-
trality classes during data taking.
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Chapter 3

Data Analysis

We will discuss the most important steps in the process of analyzing data
from the second tracking arm in the WA98 experiment. The reconstruc-
tion of hit positions in the tracking planes, the track and momentum
reconstruction. Particle identification and acceptance for the different
particle species will be described. The different aspects of the perfor-

.

mance of the system is described in detail in papers I, 1T and IIL

3.1 Hit Reconstruction

The first step in the analysis is to process the raw data from the four
tracking planes (two MSACs and two planes of streamer tube detectors)
and the TOF wall to obtain the position of hits. A hit is defined as
a collection of two or more fired adjacent pads (cluster) in the MSACs
and as one or more fired pad in the planes of streamer tube detectors.
A pad is defined as fired when its ADC-value is above the set threshold
value. The threshold value of each channel is determined online from the
pedestal distributions. The coordinates of the hit (z,y) in the MSACs
are then calculated as the weighted average OVer the N pads in the

19
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cluster with the pad positions (z;,y;) and ADC-values ADC; as

>, 3 - ADG; y = Y, yi - ADC;
SN ADC; >N ADC;

z = (3.1)

In the streamer tube detectors, the hit coordinate in z is given by the
wire position (see Fig. 3 in paper III) and in y by Eq. 3.1.

The TOF wall consisted of 480 vertical scintillator bars with PMT read-
out in each end, giving a total of 960 channels. The x-position of a hit
in the TOF wall is simply given by the bar position, and the y-position
relative the center of the bar is calculated from

v

y=3

(tup * Cup — Ldown * Cdown) (32)
where 1, and {45,y are the times measured by the upper and lower
PMTs of the bar (including the time-of-flight), v is the velocity of light
in the scintillator and cyp and cgeyn are the time calibration constants
for each PMT. After obtaining the hit coordinates for all four tracking
planes together with the xy-information from the TOF wall, tracks can
be reconstructed. Outside the magnetic field the particles are assumed
to travel in straight line trajectories. We require that a track has to
consist of hits in at least three of the four tracking planes. The xy-
information from the TOF wall is not used in the tracking algorithm
but included for particle identification.

3.2 Track and Momentum Reconstruction

The tracking algorithm connects the reconstructed hits from the four
tracking planes by means of straight line fits. Since the number of hits in
each tracking plane is of the order of 30 (see Fig. 3.2), fitting all possible
combinations of hits would give 30* least-square fits which would be
unacceptable in terms of computer time considering the amount of data
to be analyzed. Therefore, to reduce the number of trial fits, all hits
in plane ¢ (i=1,2) were combined with all hits in plane j such that
1+ 2 < j < 4 (which yields the combinations: 1-3, 1-4, 2-4). For each
combination, a search is performed in plane k such that i+1 < k <j—1
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for hits within seven times the typical plane resolution, from the line
combining i and j. When a hit is found, the combination of hits is kept
as a track candidate. The track candidates are then fitted to the hits by
minimizing the x2 function

X2 — Z (wi - 'lg(z))2 (33)

i I
where w; is the measured ; Or Y; and w(z) is #(z) = agz + bz OF y(z) =
ayz + by and o; is the standard deviation for each z or y.

Since the magnet mainly bends the particles in the zz-plane and real
tracks have to point to the target in the yz-plane, a cut in y at z =0
is made. Together with a cut in %2, this reduced the number of tracks
significantly, mainly due to tracks formed by false combinations of three
planes hits. The remaining tracks are then ordered after the number of
hits in the fit and the x2. Finally, tracks which share hits with a higher
order track are rejected.

This tracking method proved to be very successful in finding the real
tracks based on a full GEANTI35] simulation taking into account the
resolution and efficiency of each plane and the multiple scattering in the
air between the magnet and the tracking planes (see paper III). With
the knowledge of the trajectory of each particle and the magnetic field,
the momentum is determined by the Tchebycheff method described in
detail elsewhere.[36]

3.3 Cuts to Clean up Data

To reject double-beam particles (two Pb ions within the same time win-
dow of the start-counter) and particles with charge less than Pb, an
offline event-cut on the start-counter ADCs was applied. Figure 3.1
shows a scatter plot of the amount of light measured by the up and
down PMTs of the gas Cherenkov start-counter. The solid rectangle in
the figure indicates the applied cut. At the actual beam intensity of
3.10° ions/s, and a gate width of 100 ns, this cut rejected about 4%
of the events. A cut in the start-counter TDCs was also applied to re-

e e TR
.
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Figure 3.1: Scatter plot of the ADC values of the up and down start-
counter.

ject overflows and underflows (caused by problems with start and stop
signals), this cut rejected about 16% of the events.

Figure 3.2 shows the number of reconstructed hits in the second MSAC
versus the first MSAC for central trigger sampled over several runs.
There is a strong correlation between the two as expected, but there is
also a substantial amount of entries where only one of the chambers is
sensitive. This inefficiency is caused by the time it takes for a chamber to
restore its electric field for full efficiency after a spark. This is discussed
in more detail in paper II where also the number of found tracks as a
function of the time after a spark is shown (Fig. 6 in paper II). In this plot
it is evident that events collected during the first 500 ms after a spark,
should be removed from the analysis. By using the spark information
and online clock information written on the data tape, this can be done.
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Figure 3.2: Number of hits in chamber two versus number of hits in
chamber one for central collisions.

An alternative way of obtaining the rejection of events with only one
MSAC sensitive, is to make a cut directly in Fig. 3.2. This is indicated
by the two solid lines below which no events are accepted in the analysis.
This cut can only be done for central trigger.

3.4 Particle Identification

The last step in the basic analysis of data is to assign particle identity to
the reconstructed tracks. One way of doing this is to study the difference
between the measured time in the TOF wall and the expected time
assuming the mass of one of the possible particles. Starting with the
relativistic relationship

p = mofcy (3.4)
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Figure 3.3: The difference between the measured TOF and the expected
TOF assuming the mass of a) pion and b) proton.

which can be rewritten in terms of the expected flight time ¢.p, the
path length L and the momentum p as

tezp = 1+(—)? (3.5)

L
c
we can calculate Agor = 155 —tegp Where ¢4,5 is the measured flight time
of the particle and plot the momentum versus A;,; assuming the mass
of either a pion or a proton, see Fig. 3.3. In this plot it is straightforward
to assign a particle identity since the separation between the different
particle species, especially pions and protons, is good over a wide range
of momenta. The advantage of making the particle identification in this
plot and not in e.g. a momentum versus mass plot, is that Ay is
independent of the momentum, whereas the error in the mass resulting
from an error in the timing measurement is nonlinear and depends on
the momentum.




3.5. Acceptance 25

I0)
s sl N
3 15
2 |
5; il
g 1
05|
ok
L‘Illll o b e NI Y
05 1 15 2 25 3 35 4

Rapidity

Figure 3.4: The acceptance for protons and pions in terms of transverse
momentum and rapidity.

3.5 Acceptance

Figure 3.4 shows the acceptance in terms of rapidity and transverse mo-
mentum for the identified pions and protons. Note that p; is multiplied
with the sign of pz. In this way, the particles, with a low enough mo-
menta to bend over the beam line into the acceptance are clearly seen.
Also seen in Fig. 3.4 is the limited overlap in phase space between p
and 7+ which limits the study of ratios between the yield of different
particles. But the ratio between the yield of the same particles with
opposite charge is possible with the use of data with the magnetic field
reversed.
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Chapter 4

Studies on A(1232)
Production

A central problem in high energy heavy-ion experiments is to determine
the temperature of the system formed in the collisions. If the system
reaches thermal equilibrium and a thermodynamic model is applied,
the temperature can be deduced from the slopes of the transverse mo-
mentum spectra of different particle species. There are however several
complications in interpreting the results from these studies. If flow is
present, acceptable fits can be obtained for a range of temperatures and
flow velocities. Also, since the hot dense matter formed, expands and
cools before freeze-out when the particles leave the system and finally
are detected, we have to extrapolate back to the early collision phase.
There is a lot of work being done on this subject to try to understand
what the measurements really say about the temperature. The results
from these studies will not be discussed here. Instead we conclude that it
is of great interest to obtain an independent measurement of the temper-
ature at freeze-out, than what comes out from the slopes of the particle
spectra. If thermal equilibrium is assumed, it has been suggested that
from the ratio A(1232)/nucleons, the temperature of the system can be
determined.[37] It is therefore of great interest to determine the abun-
dance of A(1232).
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4.1 The A(1232) Resonance

The direct detection of the A(1232) resonance is impossible due to its
short lifetime (7 ~ 10722 5), instead we reconstruct the A(1232) by mea-
suring its decay products, N+x. The A(1232) has four isospin states,
AT, AT A% and A~. The fraction of A(1232) decaying into a nucleon
and a pion is > 99% and the different isospin states decay according to

Attt 5  i(p+rT)
At o 2(p+n%) + F(mt+nt)
A 5 2@t + Spt+n)
AT = 1(ndn7)

Using the tracking arms of WA98, the At and A° resonances are possi-
ble to reconstruct. Of these two, the most favorable to detect is the AT+
since > 99% decays into a prT-pair whereas the A® goes undetected in
two thirds of the cases. Higher lying resonances such as N(1440) and
N(1535) which can decay into a pm—-pair could also disturb the recon-
struction of A®. Worth mentioning is that the AT could possibly be
reconstructed in the pn® decay channel using the second tracking arm
together with neutral pions reconstructed by the lead glass calorime-
ter. But based on the arguments above, the production of AT* was
investigated using data from the second tracking arm (see Chapter 5).

The A1 resonance is very hard to reconstruct in heavy ion collisions
due to the high combinatorial background of uncorrelated pm-pairs and
the broad width of the ATT. Also, the peak value of the invariant mass
distribution for the combinatorial background (uncorrelated pm™-pairs)
is almost the same as for real AT+, To be able to extract the amount
of correlated prT-pairs (A**) we need to subtract the combinatorial
background from the invariant mass distribution. The combinatorial
background can not directly be determined from data and therefore the
technique of mixed events is used to describe the combinatorial back-
ground. This is schematically illustrated in Fig. 4.1, where the A*T
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resonance (given the abundance as expected from simulations) is in-
dicated as the grey area sitting on top of the spectrum of prT-pairs
produced in the same event, which we call Data. This spectrum can not
by the eye be distinguished from the spectrum of prt-pairs from the
mixed event sample, which we call Miz.

4.2 Reconstruction Methods

To find a method to reliable reconstruct the number of produced ATT,
high statistics samples of FRITIOF([38] events were generated, where
the number of ATT given by FRITIOF was compared with the number
obtained from different reconstruction methods.

Tail method: Here the two spectra Data and Miz are normalized in
the high mass tail region, i.e. above some invariant mass cut, Meut-
M, has to be chosen with caution. If it is chosen too low, the ATT
peak itself will influence the normalization, and if it is chosen too high,
the lack of statistics will produce a too large error on the reconstructed
number.

Rescale method: Here, the normalization is made over all masses.
When subtracting Date from Miz normalized to the same content, the
A+t peak is slightly positive above a negative background. The area of
the positive AT+ peak is calculated and subtracted from Dats before a
new normalization is performed. This procedure is repeated iteratively
until the reconstructed number has converged.

Fitting method: Here it is assumed that the Data distribution is com-
posed of a correlated part which should follow the shape of a modified
Breit-Wigner distribution and a non-correlated part which shape is given
by the Miz. The Data spectrum, F(Miyy) can then be written as

F(Mz'rw) = Ney * Npair(f . BW(MinvaMmr) + (1 - §)Q(va)) (4'1)

BW (M, Mo, T) is a modified Breit-Wigner function, corrected for our
geometrical acceptance, normalized to unity. Mo and T' are the peak
position and width respectively of the acceptance-corrected modified
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Figure 4.1: Schematic illustration of the similarity between the invariant
mass, Min,, of pnt-pairs within events (Data) and the M, of prt-
pairs in mized events (Miz). The A1t resonance is indicated as the
grey area sitting on top of the spectrum of pn™-pairs produced in the
same event, (Data).

Breit-Wigner function. N, is the number of events, g(M;py) is the unit
normalized mixed events spectrum and ¢ is the fraction of A™* among
the prt-pairs, Npgir. The (uncorrected) modified Breit-Wigner function

ig given hy
g’ 1
(q3 + “3) ((Mznv - M0)2 + (F/2)2)

BW (Miny, Mo, T') o (4.2)

where ¢ is the momentum of one of the decay products of the pair in the
pair rest-frame and p=180 MeV/c.[39] The best fit to the data points
(%;, ;) is then given by the parameter values My, I and ¢ which minimize

X2 = Z @%{y_ﬂ?’ (4.3)

where y; is the given yield for an invariant mass bin around z; and

0; = \/Yi-
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4.3 Simulations

In the first attempt of applying the reconstruction methods above on
simulated data, it was desirable to start with small system sizes (small
combinatorial background) and then move to larger system sizes (large
combinatorial background). Therefore, FRITIOF (version 7.02) events
were generated for p+p, ptPb, Si+Pb and Pb+Pb collisions, all with
a beam energy of 158 A GeV. With the generated p+p, p+Pb and
Si+Pb events, the AT were reconstructed in full phase space, and with
Pb+Pb, the events were filiered through the geometrical acceptance of
the second tracking arm. The impact parameter choice was b=0, for
p+p and p+Pb and b=0-5 fm for Si+Pb and Pb+Pb.

Figure 4.2 - 4.5 show the results for p+p, p+Pb, Si+Pb and Pb+Pb
respectively. The points reflect the resulting invariant mass spectrum
after background subtraction using the tail method described above.
The solid histogram is the mass spectrum of the FRITIOF generated
A++. Table 4.1 summarizes the investigation on FRITIOF events.

System | Events | Apfrrror AT ingMethod X’ AT gitMethod
ptp 10 000 1215 1399 + 100 | 1.3 838 + 108
p+Pb 10 000 3 818 4371 +£489 | 1.1 3093 + 377

Si+Pb 2 500 11 353 17197 + 2891 | 1.3 | 9290 + 2 819
Pb+Pb | 50 000 2117 2891 +1460 | 1.3 | 1753 £ 1754

Tuble 4.1: The table lists the reconstructed number of A+t using the
fitting method and tail method. These numbers agree reasonably well with
the known number in column three, given by FRI TIOF. For p+p, p+Pb
and Si+Pb the A+t were reconstructed in full phase space, whereas for
Pb+Pb, the events were filtered through the geometrical acceptance of
the second tracking arm before the reconstruction.

The extracted values in Table 4.1 using the tail method was obtained
with an M, at 1.37 GeV/ ¢2. The choice of this Mg, is based on the
knowledge of the mass My and width T of the ATt resonance, which
nominally are 1232 MeV/c? and 120 MeV Jc* respectively. Both the
fitting method and tail method reconstruct the number of produced
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A1 reasonably well. Although the tail method gives reasonable values
on the reconstructed numbers, it is very sensitive to the chosen Mcy;.
In the case of p+p, p+Pb and Si+Pb, going from M, =1.2 - 1.7, the
reconstructed number rises up to Mgy =~ 1.4 and then flattens out. In
the case of Pb+Pb however, the method becomes too unstable to be of
any use. This is also reflected in the large error obtained for Pb+Pb as
seen in Table 4.1 (as large as the signal). The rescale method, although
quite good in many cases, occasionally resulted in values with very large
errors, rendering the method without any practical use. Thus in our
continuing studies we concentrate on the fitting method. The estimation
of the errors in Table 4.1 will be discussed in Chapter 4.4 below.

Table 4.2 gives the calculated signal to background ratio, i.e. the number
of produced A+ given by FRITIOF divided by the number of prt-pairs
within events. The ratio decreases more than two orders of magnitude
in going from p+p to Pb+Pb which indicates the level of difficulty in
reconstructing the At in Pb+Pb collisions.

System | S/B [1074]
p+p 889
p+Pb 131
Si+Pb 11
Pb+Pb 3

Table 4.2: Signal to background ratio for the four different systems inves-
tigated in FRITIOF. The ratio is calculated as the number of produced
ATt given by FRITIOF divided by the number of pm™-pairs, within

events.
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Figure 4.2: The resulting invariant mass distribution of pnt -pairs after
background subtraction using the tail method (points) and the the mass
spectrum of the FRITIOF generated ATt (histogram).
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Figure 4.3: The resulting invariant mass distribution of prt-pairs after
background subtraction using the tail method (points) and the the mass
spectrum of the FRITIOF generated ATt (histogram,).
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Figure 4.4: The resulting invariant mass distribution of prt-pairs after
background subtraction using the tail method (points) and the the mass
spectrum of the FRITIOF generated AT+ (histogram,).

o~ 3

<

-

¥

] 158 A GeV Pb+Pb
£ 2f FRITIOF 7.02

112 14 16 18 2 33 24
M,,, (GeV/ch)

Figure 4.5: The resulting invariant mass distribution of pr-pairs after
background subtraction using the tail method (points) and the the mass
spectrum of the FRITIOF generated At (histogram).
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4.4 Error Estimation
In the fitting method, the error in the reconstructed number of AT,
SN*tT, is obtained from

SN*tT =8¢ Npair (4'4)

where 6¢ is the error in the {-parameter obtained from the best fit (see
Eq. 4.1).

In the tail, method the number of A+T, N*t+, is calculated from (see
Fig. 4.1)

Ny - M
NtF =Ny =AMy =Ny — =% (4.5)
M,
where the combinatorial background fraction, A is
Ny
== 4.6
e (4.6)

and Ny, No the number of pairs in Data before and after Myt respec-
tively, M1, M> the number of pairs in Miz before and after My respec-
tively. If we denote N+t with f(z1,Z2, T3, %4) Where (:1;1,:1;2,:1;3,x4) =
(N1, Ng, M1, Ms), the variance of f becomes

4
af of
) oz 47
o EE U Sy
where
1 N
@:N;mk (4.8)
=1
N is the total number of measurements, i.e. events and
1 N
N&

The errors on the reconstructed A+* calculated with Eq. 4.4 (for the
fitting method) and Eq. 4.7 (for the tail method) are listed in the fourth
and sixth column of Table 4.1 respectively. Both methods yield similar
€rTOors.
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Chapter 5

A+tt+ Production in Pb+Pb
Collisions at 158 A GeV

Using the second tracking arm of WA98, the production of AT* has
been studied in 158 A GeV 208p1, 1208} collisions at the CERN SPS.
The method employed was to construct the invariant mass spectrum of
all prT-pairs within events and subtracting a mixed events background
using the fitting method as described in Chapter 4.2. Our results in
comparison with a thermodynamic model as well as other experiments
at lower energies will be presented.

5.1 Attt Acceptance

Figure 5.1 shows the geometrical acceptance of the second tracking arm
in terms of transverse momentum and rapidity for A1t obtained from
FRITIOF events filtered through the geometrical acceptance, ie. for
A++ where both decay particles fall inside the acceptance of the arm.
Note that the spectrum is unfolded in the same way as in the acceptance
plot for protons and pions, Fig. 3.4.
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Figure 5.1: The geometrical acceptance of the second tracking arm for
ATt i.e. when both decay products fall inside the acceptance of the
arm. The AT were generated with FRITIOF 7.02, 158 A GeV central
Pb+Pb collisions and used as input to GEANT.

5.2 Combinatorial Background

Figure 5.2 a) and b) show the invariant mass distribution of all pr*-pairs
within events and in mixed events respectively. To reduce the statistical
errors the mixed events spectrum contains about ten times the statistics
in that of the real spectrum. Figure 5.2 c) shows the correlation-signal,
i.e. the difference between the distribution in a) and b) normalized to the
same content. At the invariant mass where we would expect the A(1232)
resonance, a signal is clearly observed. It is now important to show that
our starting point is true, i.e. the background in data is the same as
in the mix, otherwise the correlation-signal will be distorted. This is
done in Fig. 5.3 in two ways. Figure 5.3 a) shows the invariant mass




5.2. Combinatorial Background 39

— a)

- pn*-pairs within events

Yield (x10%
T

10 [

PO PO WU B o= == b L
& £
s - b)
¥ 15 | - e
- o _ pn -pairs in mixed events
S o
5 owE —

5~ __

0:.J.|.|.|._.—T‘1——.—-1§—l PR N
@
o
=1 c)
£ 1000 - L
gé correlation signal
2 J[J[

’ _—j,h:} * JrH_-I—.i-‘|'—i—+I'+++++-"*++"‘*‘*‘ e
Lt L I‘l‘. TR TSI DUUN S S (N TR ST DA S E ST
1.2 14 1.6 1.8 2 22 24

-500

1

M,,, (GeV/c")

Figure 5.2: a) The invariant mass distribution of all pr™-pairs within
events and b) in mized events and c) the difference between the distri-
bution in a) and b) normalized to the same number of pairs.

distribution for Data divided by Miz normalized to the same content.
The ratio is one as expected and do not vary with the invariant mass,
except for a few bins in the high mass tail. Figure 5.3 b) shows Data
(solid histogram) and Miz (points) normalized to the same content. The
points fall on top of each other as expected and there are small deviations
only in the high mass tail.

By taking the difference between Data and Miz as in Fig. 5.2 c), we are
sensitive to small differences where we have a lot of pairs, ie. where
the A++ peak is located. But we are not very sensitive to differences
in the tail, where the number of pairs is small. By taking the ratio
between Date and Miz as in Fig. 5.3 a), we become sensitive to the
overall shape, especially in the tail region. In this representation the
tiny delta signal vanishes. The ratio being constant indicates that the
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Figure 5.3: Two ways of illustrating the quality of the mized events tech-
nique. a) The invariant mass distribution for Data divided by Miz, nor-
malized to the same content. b) Data (diamonds) and Miz (histogram),
normalized to the same content, plotted on top of each other.

assumption, that the combinatorial background can be described by the
mixed event technique, is reasonable.

The fitting method described in Chapter 4.2 applied on the data yields
246141105 AT using the full sample of 119 677 central events. Fig-
ure 5.4 shows the extracted signal with the best fit (x? = 1.2). With
the amount of statistics and the accuracy in the measurement, we are
not sensitive enough to quote the mass or width of the signal. As an
effect of the limited acceptance, the apparent width in the raw spectrum
is narrower than the natural width of the AT*. This is also observed
in the FRITIOF simulation with Pb+4Pb where the events were filtered
through our acceptance.




5.3. Corrections 41

1560

Yield

2461 + 1105 A™

1000
750

500

250

-250

1 12 14 1.6 18 2 22 24

M, (GeV/c))

Figure 5.4: The extracted ATT resonance obtained from the fitting
method. Also shown is the acceptance filtered modified Breit- Wigner
Junction obtained from the best fit.

5.3 Corrections

To be able to compare our result with models and other experiments it
is necessary to correct for acceptance and inefficiencies. In Table 5.1,
the tracking efficiency factor keff for AT is the probability for both
the pion and proton from the A+, entering the arm, t0 result in valid
tracks. kesy for A+t is obtained as the product of the efficiency factors
for protons and pions, which are the same. These factors essentially
include two effects. The first one takes into account the inefliciency
of the individual tracking planes and the second one the inefficiencies
introduced in the tracking reconstruction algorithm.

T
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119677 Central events Protons AT
Particles observed 120906 | 24611105
Particles/Event (uncorrected) | 1.01027 | 0.02056
Tracking efficiency, k;; 0.8777 0.7704
Identification efficiency, k4 0.6168 0.3804
Particles/Event (eff. corrected) | 1.8662 0.0702
Geometrical acceptance, ke, 0.1127 0.0163
Particles/Event (full ¢) 16.56 4.30

Table 5.1: Summary of the different correction factors and results.

The geometrical acceptance factor kgeo, corrects for the limited az-
imuthal coverage of the arm and is estimated by GEANT simulations.
The procedure for obtaining kg, is given below.

Step 1: A pyp, distribution taken from data for protons and pions re-
spectively given a random ¢-angle is used as input. Two histograms are
filled, generated particles (full ¢) and geometrically accepted particles
(particles traversing at least three tracking planes and the TOF wall).
By dividing these two spectra with each other a correction factor for
every p;p,-bin is obtained. The total correction factor kgeo, for protons
or pions is then obtained by summing over all bins as

o = Zw(pzapt) : kgeo(pz,pt)
geo —

— 13 \ (51)
) 2. W\Pz,DPt)

where the weight w(p,, p;) is given by the acceptance corrected spectrum.

Step 2: Whenever the invariant mass of a proton and a pion is within
three o from the A** mass (My ~ 1232 MeV/c?, o ~ 51 MeV/c?) the
pair is regarded as a ATt candidate. Those candidates are counted,
weighted with the correction factors obtained for protons and pions in
step 1.

Step 3: The A** candidates obtained in step 2 are read into GEANT
given a random ¢-angle and are sent to a decay routine. Here, the cases
where both the proton and pion are seen in at least three out of the
four tracking planes and the TOF wall are counted, again weighted with
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the correction factors obtained for protons and pions in step 1. The
geometrical acceptance for A*t given in Table 5.1 is obtained by the
ratio between the two numbers obtained in step 2 and step 3.

In this procedure it is implicitly assumed that the A1t candidates have
the same momentum distribution as real AT*. Alternatively a At mo-
mentum distribution from some model could have been used, but since
different models predict different momentum distributions it can not be
done in a model independent way. Since the momentum distribution of
A+ to a high extent reflects the momentum distribution of protons we
prefer to take this approach, i.e. that the false ATt candidates approx-
imately have the same distribution as the real ones.

Finally the identification efficiency kpid, is the probability that a particle,
registered as a valid track, has an association in the TOF wall which pro-
vides an unambiguous identification. This relatively small factor results
from a timing problem in the TOF wall, reducing the particle identi-
fication considerably. In every event, about 40% of the TOF modules
failed. The exact cause of this is not yet understood, but the effect has
been studied in detail and no correlation between module number and
particle type or location has been found. We thus have no indication
of that the identification efficiency for protons should differ from that
of pions. In Table 5.1, ky;q for the A1t is thus the square of kps for
protons and pions.

5.4 Interpretation of the Results

To interpret our result we can compare with a thermal model, where
the ratio of A(1232)/nucleons can be used to determine the freeze-out
temperature of the system. We must then assume chemical and thermal
equilibrium. A system is said to have reached chemical equilibrium when
the interactions of the constituents do not alter the densities of different
types of particles. Thermal equilibrium is reached when the momentum
distributions of the particles do not change, even though momentum
exchanges continue through the interaction between particles. If we
consider our system as a gas of hadrons at thermal and chemical equi-
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librium, the occupation probabilities of the hadrons are given by the
Fermi-Dirac distribution. To obtain the occupation probabilities of the
nucleon and all non-strange baryonic resonances as a function of the
temperature we thus have to calculate

o0 p2
p; X g / A (5.2)
0 ¢

RS

where ¢; = 1/p?> + m? is the total energy, g; = (2J + 1)(21 + 1) the
statistical weight, J the spin, I the isospin, T’ the temperature and p
the chemical potential.

Our calculation follows that of [37] but instead of using a fixed value on
the total density, the chemical potential y, is calculated from Eq. 5.2 for
every temperature using the p/p ratio found to be 0.01 in our data[40].

Table 5.2 gives the results of the calculation at T=150 MeV. The total
occupation probability p;, is the sum over the occupation probabilities
of all states listed. The error in our p/p measurement is large but p;/ps
turns out to be almost insensitive to the chemical potential u. In Fig. 5.5
the relative occupation probability of the A(1232) resonance, is plotted
as a function of the temperature. Now, to obtain the total number of
A(1232) resonances from data, i.e. AT, At A0 and A~, we multiply
the number of A** by an isospin factor 4. In the same way, the number
of nucleons, including those from resonance decays, can be estimated
by multiplying the measured number of protons with a factor two. The
A(1232) /nucleons ratio obtained from our analysis is 0.52+0.23, i.e. 52%
of the nucleons at central rapidities originate from a A(1232). As we
see from Fig. 5.5, a ratio of 0.52 is greater than the maximum given by
the model, which is 0.33 at T=150 MeV. This is what we would expect
since the model tells us how many A(1232) we have at freeze-out, but
what we measure in the experiment is also those A(1232) which decay
before freeze-out and where the decay products escape without further
interactions. Thus our high value is in no conflict with a thermal model.

Regarding the statistical error of the found ratio it is to the first order
given by the statistical fluctuations in the number of combinatorial pairs
under the resonance peak. In our case this error coincides with the
error obtained from the fitting method. It is thus impossible to obtain
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State J I gi | pi/pt
p 1/2 [ 1/2 2 1 0.204
n 1/2 | 1/2 | 2| 0.202
N(1440) | 1/2 | 1/2 | 4] 0.025
N(1520) | 3/2 | 1/2 | 8| 0.032
N(1535) | 1/2 | 1/2 | 4| 0.014
N(1650) | 1/2 | 1/2 | 4| 0.074
N(1675) | 5/2 | 1/2 | 12 | 0.019
N(1680) | 5/2 | 1/2 | 12 | 0.019
N(1700) | 3/2 | 1/2 | 8| 0.011
N(1710) | 1/2 | 1/2 | 4| 0.005
N(1720) | 3/2 | 1/2 | 8| 0.001

N(2190) | 7/2 | 1/2 | 16 | 0.001
N(2220) | 9/2 | 1/2 | 20 | 0.001
N(2250) | 972 | 1/2 | 20 | 0.001
N(2600) | 11/2 | 1/2 | 24 | 0.000
A(1232) | 3/2 | 3/2 | 16 | 0.327
A(1600) | 3/2 | 3/2 | 16 | 0.040
A(1620) | 1/2 | 3/2 | 8| 0018
A(1700) | 3/2 | 3/2 | 16 | 0.022
A(1900) | 1/2 | 3/2 | 8| 0.003
A(1905) | 5/2 | 3/2 | 24 | 0.010
A(1910) | 1/2 | 3/2 | 8| 0.003
A(1920) | 3/2 | 3/2 | 16 | 0.006
A(1930) | 5/2 | 3/2 | 24 | 0.009
A(1950) | 7/2 | 3/2 | 32 | 0.010
A(2420) | 11/2 | 3/2 | 48 | 0.000

Table 5.2: Given is the spin J, isospin I, statistical weight g; and relative
occupation probability p;/p: for the nucleon ground state (p,n) and all
non-strange baryonic resonances.

the ratio with higher accuracy with the given statistics, independent of
the extraction method used. From our studies with event generators,
extraction methods and variation of cuts implied on the data, we find
that the systematic errors are considerably smaller than the obtained
statistical errors. The systematic errors are thus neglected in the results.

The presented data are the first measurement of the ATt abundance at
these energies. Comparison of the results can therefore only be made
with other experiments at lower energies. This has been done in paper

Iv.
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Chapter 6

Summary

The experiences from the construction of a large-acceptance tracking
arm in the WA98 experiment have been presented. The newly developed
readout system for multi-step avalanche chambers, based on a specially
designed readout chip, was exhibited. The performance of the readout
system confirm the design goals of high uniformity, reliability and sensi-
tivity. The 70 000 channel readout system was installed and run in the
experiment in the fall 1996. The results show that straight-line tracking
using only four space points along the track, is possible at the encoun-
tered particle density. The momentum resolution was in the range 1-3%
and /K separation was achieved up t0 4 GeV/c and p/x separation up

to 8 GeV/c.

A reliable method on the extraction of A1+ resonance from high mul-
tiplicity data was demonstrated using high statistics FRITIOF events.
Using the high resolution spectrometer, the production of A1t has been
studied in 158 A GeV Pb+Pb collisions. The presented data are the first
measurement of the AT abundance at these energies. The results are in
general agreement with a thermal model and measurements performed
at lower energies by other experiments.

The analysis of data from the tracking arm shows that high quality spec-
tra of m,K,p can be produced and that a study of ¢-meson production
is possible.

47
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The analysis of data from the other detectors in the experiment is in
an advanced stage on topics such as directed and elliptic flow, thermal
photon production and search for disoriented chiral condensates.




Chapter 7

The Papers

Paper I: Fabrication and test of a 70 000 channels pad readout
system for multi-step avalanche chambers

Nucl. Instr. and Methods A 413 (1998) 92.

This paper describes a new electronic readout concept which was de-
veloped and built for the second tracking arm of experiment WA9S at
the CERN SPS. The readout concept is based on the use of Multi-Step
Avalanche Chambers equipped with a very large number of readout
channels (58 000/m?). Due to the large number of readout channels, it
was necessary to mount the electronics directly onto the backplane of
the detector. The technique of Chip-On-Board (COB) mounting using
thin printed circuit boards, was used to minimize secondary interactions
in the backplane material. This was the first time the COB technique
was applied to a large scale fabrication of electronics used in high energy
physics. The experiences of mounting and testing a large readout sys-
tem based on a custom-design readout chip containing both amplifier
and analog-to-digital conversion in the same chip are presented. The
electronic performance of the system as well as the complete readout
concept is discussed.

49




50 Chapter 7. The Papers

Paper II: Performance of multi-step avalanche chambers equipped
with two-dimensional electronic readout

Nucl. Instr. and Methods A 412 (1998) 361.

This paper presents results from studies of Multi-Step Avalanche Cham-
bers equipped with an electronic readout system designed for the WA98
experiment. A detailed description of different aspects of the chambers
such as gas and high-voltage features as well as the influence of the
chambers on the readout electronics are given. Results from the system
in lead-beam reveal a reconstruction efficiency of the chambers in the
range 91-96%, depending on the density of charged particles. The po-
sition resolution was found to be 0.5 mm and 1.7 mm in the horizontal
and vertical directions, respectively.

Paper III: A large-acceptance spectrometer for tracking in a
high multiplicity environment, based on space point measure-
ments and high resolution time-of-flight

Submitted to Nucl. Instr. and Methods A.

A large acceptance tracking system for tracking at very high particle
densities in the WA98 experiment at the CERN SPS is described. The
system is based upon Multi-Step Avalanche Chambers (MSACs) in com-
bination with streamer tube detectors all equipped with a new electronic
pad readout system with a large number of channels. The MSACs, with
higher position resolution and the streamer tube detectors with coarse
position resolution, yet enough for safe track recognition, together with
a high resolution time of flight detector make up the full tracking sys-
tem. Particle identification up to 8 GeV/c for pions and protons and
pion/kaon separation up to 4 GeV/c was achieved. Important results
such as efficiency, momentum resolution and two-track resolution are
presented.
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Paper IV: ATT Abundance in 158 A GeV 208phH4-208Ph inter-
actions at the CERN, SPS

To be submitted.

Tt has been suggested that if the abundance of A(1232) at freeze-out can
be determined, then from the ratio A(1232)/nucleons, the temperature
of the system can be determined. This would give an independent mea-
surement of the temperature than what comes out from the slopes of the
particle spectra. We present measurements on the production of ATt
by means of invariant mass analysis of prt-pairs in 158 A GeV central
208 P}, 298P collisions at the CERN SPS. The measurement utilizes the
new high resolution tracking arm of WA98. Being the first measurement
of the At+ abundance at these energies, comparison of the results are
made with other experiments at lower energies and with a thermal model
calculation assuming thermal and chemical equilibrium.
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Abstract

A new readout concept based on a custom-design chip containing both analog and digital functions as well as
ultra-thin mounting with the chip-on-board technique is presented. The full readout system as well as fabrication and
testing is described. A 70000 channels system based on ihis concept was installed in the WA98 experiment at the CERN
SPS. The performance of the readout electronics is presented. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 29.40.CS; 29.40.GX; 07.50.QX

Keywords: Pad readout; Electronic; VLSI; ASIC; Chip-on-board

1. Introduction charged particle density in the tracking chambers
of the WA98 experiment is for the most central

The very large multiplicities of charged particles collisions about 30 particles/mz. This is comparable
produced in ultra-relativistic heavy-ion collision to the expected densities in the tracking detectorsin
experiments presently under study at the CERN the heavy-ion experiments at the colliders RHIC
SPS provide new experimental challenges. The and LHC. These large multiplicities require track-

ing detectors with high granularity to achieve the

- necessary two-track resolution and to be able to
*Corresponding author. Tel: + 46 462224767; fax: + 46 extract accurate position information for each i.ndi-
46222 4015; e-mail: karim@kosufy.lu.se. vidual track. A tracking system based on Multistep
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Avalanche Chambers (MSACs) [1-4] equipped
with an electronic readout system can fulfill these
requirements.

This new readout concept is based on the use of
MSAC s, equipped with a very large number of
readout channels (58000/m?). This requires the
electronics to be mounted directly onto the de-
tector backplane and the data reduction processors
to be close to the detector. It is necessary to use thin
printed circuit boards for mounting of the elec-
tronics to minimize the secondary interactions in
the backplane material. This can be achieved by
using the Chip-On-Board (COB) mounting tech-
nique, which is often used in commercial home
electronics. Here, for the first time, this technique
has been applied to large-scale fabrication of elec-
tronics in high-energy physics experiments. This
paper presents the experiences of mounting and
testing a large readout system based on a custom-
design readout chip containing both amplifier and
analog-to-digital (AD) conversion in the same chip.
The electronic performance of the total system as
well as the complete readout concept is discussed.

2. System description

The main components of the readout concept are
shown in Fig. 1. It consists of the readout chips
mounted on the backplane of the chamber, the
gateboards on top of the chamber and the data
reduction and readout system with DSP-boards
based on Digital Signal Processors (DSP) at the
bottom of the chamber. The compressed data are
transferred to the VME-based data‘acquisition sys-
tem at a 10m distance from the detector.

The MSAC detector is a parallel-plate avalanche
chamber with two amplification stages [5,6] oper-
ated at an amplification of about 10°, The liberated
electrons are collected on the pads which are con-
nected to the readout chips. The charge cloud,
when reaching the padplane, has a typical exten-
sion of 5 mm, covering several pads.

The readout chip [7] is a specially designed Ap-
plication Specific Integrated Circuit (ASIC) for
readout of MSACs. It consists of 16 paraliel charge
integrating amplifiers, an analog multiplexer, a six
bit nonlinear flash ADC and a2 memory. The chipis
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Fig. 1. Schematic drawing of the readout concept.
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supplied with analog and digital voltages and gate
signals from the gate boards. The DSP boards (see
Section 4) supply two reference voltages, one clock
and one reset signal to each column of chips. The
two reference voltages set the lower and upper
limits of the flash ADC, thus determining the sensi-
tivity of the ADC scale. The basic functions of the
chip are schematically shown in Fig. 2. The first
level data processing is performed by signal proces-
sors placed on the DSP boards on the chamber.

3. Backplane assembly
3.1. Printed circuit boards

The chips were mounted on 48 x 206 mm?,
220um thick FR4, printed circuit boards (called
chipboards). One side of the board contained the
pad structure shown in Fig. 3b. The size of the pads
was | mm in the horizontal and 17 mm in the verti-

L. Carlén et al.|Nucl. Instr. and Meth. in Phys. Res. A 413 (1998) 92--104

cal direction. The pads were staggered with a 3
overlap in the vertical direction. The chosen pad
structure was based on simulations [5] to have the
optimum position resolution in the horizontal di-
rection which is the bending plane of the dipole
magnet in the WA98 tracking system. The vertical
resolution needs only to be sufficiently good to
ensure unambiguous tracking.

The electron cloud was, due to the staggering, in
most cases sensed on several pads in both direc-
tions. This allows the center of gravity of the elec-
tron cloud to be determined accurately in both
directions.

The other side of the board housed three col-
umns of 12 chips each, making a total of 36 chips on
a board. The connections between the pads and the
chip were done through plated-through holes. In
addition, all communication lines were placed on
the chip side of the board. These lines are divided
into three identical groups, each supporting one of
the three chip columns. The circuit layout is shown
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Fig. 2. Schematic block scheme of the readout chip.
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Fig. 3. Printed circuit board for mounting of the readout chips. (a) Chip side of the board showing the communication lines and chip
positions and (b) Magnified part of pad side (padsize 1 x 17mm?) and (c) Magnified view of the area around one chip.

in Fig. 3a. Fig. 3c is a magnified view of the trace
layout around one chip. Each column has traces for
digital and analog supply voltages, two ground
lines, two reference voltages for the chips, seven
data output lines, clock and reset signals. All chips
in a column share these lines.

The TTL gate signals to the preamplifiers of the
chips start the integration of the charge collected
on the pads. The edges of the gate signals may
induce charge on the pads and add to the collected
charge, thus affecting the sensitivity of the system.
To minimize the influence of the gate signals on the
pads, two precautions were taken. One was to dis-
tribute the gate signals from separate printed

circuit boards, one for each chip column. These
gateboards, made from FR4 with dimensions
5x206mm? and a thickness of 110 um, feed the
gate lines and were glued on top of the chipboard.
The gate lines were shielded from the chipboard by
an extra ground plane. The second precaution was
to distribute two signals identical in shape but with
opposite polarity on the gate board, thus essentially
canceling the effect of the two pulse edges.

3.2. Chip-on-board mounting and testing procedure

Each chip was delivered wafer tested and cut out
from the wafer. The wafer testing rejected about
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15% of the chips on a wafer, predominantly located
near the wafer edge. The chips were mounted with
the COB technique which means that the naked
chips were glued onto a grounded pad (diepad) on
the board and the electrical connections were made
by ultrasonic wirebonding. The COB assembly was
done in automatic bonding machines by a commer-
cial company [8], which also had developed tech-
niques for replacing bad chips. Fig. 4 shows a
naked chip mounted on the board. Each chip has
40 bondwire connections. Bypass capacitors were
mounted at several places on DC lines on the
boards. Due to the thickness constraint, a multi-
layer circuit board was prohibited. Since the pads
take up one surface of the board, only one side is
available for circuit traces and chips. The COB
assembly allows very flexible circuit solutions since
the bondwires from the chip can jump over many
traces. In this design we have also made use of
bondwires making jumps between two locations on
the board. There was no need for a groundplane to
shield the digital lines (except for the gate signals as
mentioned in Section 3.1) since the charge inputs
are gated off when the digital operation starts.

Fig. 4. Naked chip mounted with the COB technique. The chip
size is 3.7x 4.2mm>. The bondwires and some of the plated-
through holes to the pad side are seen.

A fraction of the chips accepted by the wafer test
may still have errors. For testing purposes the
boards were delivered with the chips uncovered.
Uncovered chips could be replaced while sealed
(globbed) chips could not be removed and ex-
changed. One board containing 36 chips was tested
at a time. The tests were done in a semi-automatic
way using a PC and Labwindows software [9] for
control and readout.

The testing procedure included a check of:

e supply currents,

o digital control and readout of the three chip
columns,

o the AD conversion by analyzing DC levels,

e proper functioning of all 16 channels.

The full testing procedure was applied to 5760
chips mounted on 160 boards. The serial architec-
ture of the chip control and readout complicated
the testing procedure. An error in one chip in-
fluenced and sometimes prevented the test of the
chips placed behind it in the readout chain. This
could result in several iterations before such
a board passed the test. About 40 boards (25% of
the total number of boards) passed the test proced-
ure without errors. Approximately, 60 boards
(38%) passed the tests after one iteration with re-
placement of 1 or 2 chips or repair of 1 or 2 bad
wirebondings. Two iterations with a replacement of
several chips or the repair of several had bondings
were required for about 40 boards (25%). The last
20 boards (12%) required three or more iterations.
The serial architecture is the main reason for many
iterations.

The total number of rejected chips that failed the
acceptance tests was about 300 corresponding to
about 5% of the total number of tested chips. This
together with the 15% rejected chips from the wafer
tests resulted in a total yield of the chip production
of about 80%. This yield is fairly satisfying for
a chip of the present size. About 180 chips had some
kind of bonding error which corresponds to about
3% of the total number of tested chips. These
bonding problems were almost always related to
two particular bond connections. One was the con-
nection from the separate gate board to the chip
and the other was one extremely long bondwire
connection on the board.

y
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The boards that passed the acceptance test were
sent for sealing of the naked chips. This was done
by a globtop which is a layer of epoxy protecting
the chips and bondwires from dust and mechanical
damage. One full board mounted with 36 chips is
shown in Fig. 5. The total thickness of the board
averaged over the full area corresponds to about
0.3% of a radiation length in accordance with the
design specifications. The time to assemble and test
160 boards was about six weeks, corresponding to
about 1h of testing per board on the average. The
chips, once tested and sealed, have not shown any
significant failure rate during 2 months of continu-
ous operation.

3.3. Assembly and mounting in the chamber

Three chipboards and two endcards were con-
nected together composing a chipmodule. The con-
nection between the boards and the endcards was
achieved by jointcards soldered to the boards and
endcards. These connections were checked from the
electrical point of view before installation. A mod-
ule contains three readout chains each having 36
chips. One of the endcards was connected to the
motherboard through a 17 pin connector [10] car-
rying the digital and analog supply voltages, the
ground and two gate signals to each readout chain.
This end of the chipmodule was called the gate end.
The other endcard was connected to the mother-
board through two 24 pin connectors [11] carrying
two reference voltage lines, one ground line, 7 data
output lines, one clock and one reset line for each
chip column. A complete readout module is shown
in Fig. 6. The black spots are the chips covered
with globtop.

The modules were mounted vertically inside
the gas volume of the chambers between two
meshes protecting the readout electronics from
sparks and external pickup in the chamber. The
upper (gate) end of the module was fixed by a screw
and the flatness of the module was maintained by
a spring-loaded fixation at the lower end of the
module.

The motherboards on each side were glued into
the chamber frame and carried all connections to
the outside of the chamber. The part of the mother-
board on the gate end, outside the gas volume of

Fig. 5. Fully assembled board containing 36 naked chips.

the chamber, was holding the gate and supply volt-
age distribution cards (gateboards). The gate sig-
nals to the chips were standard TTL signals and
the digital and analog supply voltages were each




98

L. Carlén et al.|Nucl. Instr. and Meth. in Phys. Res. A 413 (1998) 92-104

Fig. 6. A complete readout module.

+5V. The voltage drops over the 600mm long
lines on a board were about 200mV and the cur-
rents drawn were about 4 and 1 mA per chip on the
analog and digital lines, respectively. This resulted
in a power dissipation of about 54 W/chamber giv-
ing rise to an increased temperature in the flowing
gas of about 2°C. The motherboard on the DSP
side housed the electronics for distributing the ref-
erence voltages, clock, reset and signal processors
which will be described in detail in the next para-
graph.

4. The DSP system
4.1. Requirements

The design of the chip readout system was based
on the requirements imposed by the multistep-ava-
lanche pad chamber and the WA98 data acquisi-
tion system. In order not to contribute significantly
to the overall event readout time, the event builder
should, not later than a few milliseconds after an
event trigger, have access to the data.

This amount of time had to include the reduction
of the data volume. Event simulation codes showed
that in the most central Pb + Pb reactions at 158 A
GeV only 4% of the pads would deliver signals
above their pedestal levels. During normal data
taking, only such zero-suppressed data, together
with the associated pad identity numbers are de-
livered to the event builder. Since the pedestal
values differed between the pads, and also showed
a slow change with the overall conditions of the
chamber, individual values should be determined
by measurements. Thus, different modes of readout
should be possible. It was also required that the
readout system should have a simple data and
control interface, well suited not only for connect-
ing to VME but also to microprocessors and gen-
eral digital I/O PC boards during development and
test.

4.2. Layout of the system
Parallel processing of primary data is exploited

to the limit: each of the three vertical columns of
chips on a module is handled by a separate DSP.In
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order to maintain the correspondence with the
three readout chains per module, three DSPs are
mounted on a detector DSP board. Each detector
DSP board is coupled to the motherboard at the
bottom end of the readout chain in the pad cham-
ber by a 96 pin EUR connector. Along the bottom
runs a 64 line flat cable differential bus for
data/command transmission and a 6 line daisy
chain cable for signals between neighboring de-
tector DSP boards. The arrangement is schemati-
cally shown in Fig. 7.

Each DSP controls the chips of its chain, reads
out the data for each pad, compares with indi-
vidual threshold values and finally, if above the
threshold, delivers a six bit non-zero ADC value
together with a 18 bit wide individual pad ident-
ity number. A 2k deep, 24 bit wide, fast FIFO
for each DSP is the local destination for the data.
The output sides of the FIFOs are connected via

differential drivers to the bus cable which ends
in a global 8k deep FIFO located on a master
DSP board, located up to 10m from the chamber,
close to the data destination. Separate clocks on
each detector DSP board are used to transmit the
data sequentially from the FIFO buffers of the
individual slave DSPs with a clock speed of
10 MHz.

4.3. Detector DSP board

The board layout contains three identical seg-
ments, one for each of the three readout chains.
One such segment is schematically shown in Fig. 8.
The DSP board is realized in a four-layer design
with conventional hole mounted assembly. The two
outer layers carry connections between the compo-
nents, the two inner layers serve as ground and the
voltage plane.

Fig. 7. The layout of the
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Fig. 8. The electronics block scheme for one of the three DSPs on the detector DSP board.

The main component in each segment is the
ADSP2101 digital signal processor from Analog
Devices. This DSP has a 16 bit data bus and a 24
bit program bus. After a power-up reset, the DSP
loads its program from an EPROM. To prevent
a possible deadlock situation a so-called watch dog
is built in which resets the DSP if the program runs
out of normal flow. After a readout signai is e
ceived from the master trigger electronics, each
detector DSP sends 16 clock pulses, one for each
pad, to control the analog multiplexer, the flash
ADC and shift register, parallel to all chipsin a chip
chain. The clock pulse frequency is chosen between
50 and 500kHz for optimum resolution. Sub-
sequently, the digitized pad signals are stored in the
16 channels deep seven bit wide chip FIFO buffers.
During the readout process the 7 bit data from the
chip FIFQs are read by the DSP and the threshold
value for the current pad is fetched from a static
RAM. Depending on the readout mode a 24 bit
data word with/without threshold subtracted or
with/without parity check included will be stored in
the 2k deep and 24 bit wide DSP FIFO.

Three DACs with 12 bit resolution and 5V range
are used to supply the trigger level voltage to the
chips and ADC high/low reference voltages which

are common for a chain of chips. The level accuracy
of 2.5mV is well below the ADC resolution of
about 26mV. The DACs are controlled on each
detector board by one of the DSPs via the serial
communication port.

4.4. Master DSP board

The master DSP board, shown in Fig. 9, serves as
a communication junction for data and control
communication. It carries one DSP, differential re-
ceivers and an 8k deep 24 bit wide “master FIFO
buffer”. All communication to or from the readout
system is maintained via 16 bit data and 20 com-
mand and status lines in parallel. The pad data
stream is totally controlled by status signals without
any action by the DSP. The master DSP decodes
commands for threshold and DAC settings, readout
mode and conversion time of the chip ADCs and
then distributes the information to and from the 75
detector DSPs via serial transmit and receive lines.

4.5. Performance

The readout time is estimated for the worst-case
event with about 32 ADC values per DSP above
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Fig. 9. The layout of the DSP/VME interface board.

threshold, which corresponds to 200 charged par-
ticles detected in the whole pad chamber. The time
needed to read out a full chain of chips connected
to one DSP and to process the data is about 180 s,
based on three clock cycles of 80ns per word.
Adding 16 x 2pus conversion time and some in-
itializing commands, the minimum time needed to
store all data in the DSP FIFOs is approximately
220ps. Thirty-two ADC values per DSP above
threshold and 25 DSP boards each having three
DSPs give 2400 data words to be transferred from
the DSP buffer to the master buffer which takes
another 240 ps at the readout speed of 10 MHz. The
readout time thus amounts to roughly 460 ps. A test
measurement on the DSP ready signal on the de-
tector board for events with 32 ADC values per
DSP above the threshold confirmed the expected
transfer time of about 300 us to the DSP FIFOs.
Transfer of all pad values is sometimes required,
e.g. for the measurement of the ADC pedestals in
the “pedestal mode”. Then the transfer of data runs
in full speed until the master buffer is full. After that
the transfer is controlled by the master “FIFO full”
flag depending on the VME readout speed.

4.6. CPV version

Besides the pad chamber, the DSP readout sys-
tem was applied to the about 10m? large streamer

tube wall [12] which served as charged particle
veto detector for the photon calorimeter in WAD9S,
This system used a version of the frontend chip,
which had a modified analog part but identical
digital part [7]. The detector wall was covered by
about 50000 pads. A varying number of 60-70
chips were connected via readout chains of up to
8 m length to one of the three DSPs on each of
the 17 detector boards. As compared to the 1m
long readout chains required for the avalanche
pad chamber, the larger padsize and thus less
dense package of chips required much longer
signal lines. The major problem appeared to be
the attenuation of the clocksignal over the length
of the readout chain. Fast signal repeaters were
implemented accordingly. In addition, the termina-
tion of the transmission lines was much more criti-
cal than required for the short distances of 4cm
between neighboring detector boards on the pad
chamber.

5. The VME system
5.1. General
The data acquisition system (DAQ) [13] of the

WA98 experiment exploited the possibility of dis-
tributed computer power, parallel processing and
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modularity offered by VME. Seen from the data
acquisition system, the readout of the two MSACs
behaved as one remote slave process which for each
event was given the address and width of a buffer.
The number of data words is transferred to the
main DAQ by the slave process upon the end of its
task. The slave process then waited for the next
external trigger by polling.

At the recognition of a trigger, a veto level
was set to inhibit pile-up and control start signals
were sent to the FIFO chain. As soon as the mas-
ter FIFO was not empty, the transfer of 24 bit
data to the current event buffer could run at full
CPU speed until the FIFO empty flag raised. Be-
sides the event data stream, individual thres-
holds for each pad channel, trigger levels and
reference voltages were communicated by the slave
process.

chamber 1
35000 ch

chamber 2
35000 ch

5.2. The hardware

The slave process was executed in a Motorola
MVME162 CPU board with a 25 MHz 68 040 pro-
cessor. This board can host two 32 data bit wide
“Industry Pack (IP) modules” [14], ie. printed cir-
cuit boards, about the double size of a credit card,
with standardized mechanical, electrical and logical
interface towards the host and 50-pin flat cable
connectors for external use. The complete MSAC
VME data handling system is shown in Fig. 10.

The detector readout system assumed one chain
for each MSAC. A 32 bit IP module with bus
transceiver and latch circuits controlled by an
AMD MACH 21010ns PAL was designed. As
described above, the 24 bit data output from the
master FIFO was separated into two 16 bit trans-
fers by the control logic on the master DSP board.

TAXI
LINK

optical
bre

Fig. 10. The complete MSAC VME data handling system.
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In order to reduce CPU clock cycles, the full-width
was reconstructed within one normal IP clock cycle
of 125 ns and sent to the event buffer as 32 bit data.

6. Electronic performance tests

The performance of the Multistep Avalanche
Chambers equipped with this readout system will
be described in a forthcoming paper. Here we con-
centrate on the electronic noise performance. The
test results presented here were taken in a bench
test with one complete readout module containing
1728 readout channels. The digitalization of the
data is done in a six bit nonlinear flash ADC [7].
The first 16 steps of the ADC have a linear response
while the remaining 48 steps have a quadratic re-
sponse. The choice of the linear response at the low
end of the scale is to have the same sensitivity
regardless of the value of the pedestal. The reference
voltages were thus chosen such that the pedestals of
all channels were in the linear region of the ADC
scale. During the tests this corresponded to values
of the reference voltages of 1.7 and 3.2 V, respective-
ly. These settings of the reference voltages corres-
pond to a sensitivity of the ADC of about 3 fC/step
on the linear part of the scale.

The system was operated with a random trigger
to record the pedestal values and widths due to the

naica of the full alactronic cvetam. The uniformity
NCISe O 1€ Iun €:8CironiC sysiem. 1 nd unnormis Y

within one chip is satisfactory except for three
channels located underneath the gate lines on the
gate board. The TTL gate signal induces charge on
the pads even though a signal of opposite polarity
was run parallel to the gate signal to minimize the
effect. The induced charge causes a slight broaden-
ing of the pedestal peaks for these three specific
channels. Evidently, the screening effect of the
groundplane is not enough to prevent influence
from the gatepulses.

The mean value and width of each pedestal dis-
tribution, as shown in Fig. 11, were determined
from Gaussian fits. Fig. 11a shows the distribution
of the mean values of the pedestal peaks for all
channels on a module.- The used settings of the
reference voltages resulted in a distribution of the
mean values peaked around channel 11 with
a width of about three channels. This number is
a measure of the channel-to-channel variation of
the system. Fig. 11a clearly demonstrates the good
uniformity of the pedestal values over the full
board. Fig. 11b shows the distribution of the
widths of the pedestal peaks for all channels on
a module. The main peak corresponds to the pads
not affected by the induced charge from the gate
signal. The mean value of this peak as well as the
width, determined from a Gaussian fit to the distri-
bution, are 1 and 0.3 channels, respectively. The
second peak in Fig. 11b corresponds to the pads

underneath the gate lines. This peak shows a larger
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Fig. 11. Distributions of the mean values (a) and the widths (b) of the pedestal peaks for all chips on a board.
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mean value (three channels) and a larger width (0.5
channels) as compared to the main peak. A differ-
ent routing of the gate signal would most probably
solve the problem of the induced charge on the
pads thus resulting in a single-peak located at the
position of the main peak of Fig. 11b.

The threshold value of each channel is deter-
mined online from the pedestal distributions. The
numerical procedure was to sum the content of
each pedestal distribution, starting at channel zero,
until 90% of the integral was accumulated. The
upper end of this channel was chosen as the thre-
shold of that specific channel. This procedure re-
sulted in a threshold setting equal to the mean
value of the pedestal distribution plus 1.5 channels
on the average. With the actual reference voltage
settings it corresponds to a sensitivity of about
4.5fC. This results in a few percent fired pads, due
to noise. Choosing the threshold at the mean value
plus 0.5 channels would increase the sensitivity to
about 1.5fC but at the expense of about 30% fired
pads which was unacceptable due to the heavy load
on the DAQ.

Two MSAC detectors, equipped with complete
readout systems, were installed and operated in the
WAO8 tracking system at the CERN SPS. One
chamber contained 36288 readout channels (21
chipboards) and the other 34 560 readout channels
(20 chipboards). The performance of the elec-
tronics, mounted inside the gas volume, was consls-
tent with the test results obtained in the bench tests.

7. Summary

A 70000 channels pad readout system for multi-
step avalanche chambers, based on a specially de-
signed readout chip, was installed and operated in
the WA98 experiment at the CERN SPS. The re-
quirement of minimal thickness was achieved by
the use of the COB mounting technique. This is the
first time this technique is used for large-scale fabri-
cation of electronics in a high-energy physics ex-
periment. Experiences from design, construction
and mounting and results from testing procedures

have been discussed. The performance tests of the
full system confirm the design goals of high uni-
formity, reliability and sensitivity. The achieved
numbers were a few fC for the channel to channel
variation and about 4.5fC as a lower detection
limit of the collected charge. No chips have failed
during several weeks of running under experi-
mental conditions. The design of the DSP readout
system was based on the requirement of about 4%
occupancy. This amount of data should be avail-
able by the VME system no later than after a few
ms after the event trigger. This goal was achieved
with a powerful zero-suppression already at the
detector. The zero-suppressed data was transferred
to the VME-based WA98 data acquisition system
via 32 bit custom designed IP modules.
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Abstract

We have developed large area multi-step avalanche chambers with electronic readout for tracking in a very high
multiplicity environment in the WA98 experiment at the CERN SPS. The operational characteristics of the detection
system is reported. The reconstruction efficiency of the chambers varies with the density of charged particles in the range
of 91-96%. The position resolution has been found to be 0.5 and 1.7mm in the horizontal and vertical directions,
respectively. @ 1998 Elsevier Science B.V. All rights reserved.

PACS: 29.40.CS; 29.40.GX; 07.50.QX

Keywords: Multi-step avalanche chamber; MSAC; Pad readout; Electronic; Tracking; Position resolution; Efficiency

1. Introduction

The main goal of the WA98 experiment [1] is to
investigate highly excited nuclear matter by
measuring photons and hadrons in Pb + Pb colli-

*Corresponding  author.  Tel:  46462224767; fax:
4646 2224015; e-mail: karim@kosufy.lu.se.

sions at 158 A GeV. Two spectrometer arms (Fig. 1)
placed after a large 2 Tm dipole magnet, measure
hadrons around midrapidity. The right arm con-
sists of six Multi-Step Avalanche Chambers
(MSACs) [2-6] with optical readout and a Time-
Of-Flight (TOF) wall, while the left arm contains
two MSACs and two planes of streamer tube de-
tectors all with electronic pad readout [7,8] and
a TOF wall. This paper describes the MSACs
equipped with a novel electronic pad-readout

0168-9002/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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Fig. 1. View of experiment WASS.

system and their performance under experimental
conditions. These chambers will be referred to as
the pad chambers.

For many of the nroposed hadron ohservables
(for example particle interferometry, transverse mo-
mentum spectra, mass-shift of the ¢-meson, etc.) it
is crucial to be able to perform reliable tracking in
a high particle density environment. Combinatorial
problems prohibit detectors with position sensitiv-
ity in only one dimension. Position sensitivity in
two dimensions provides space points of tracks
without ambiguity. Combinatorial difficulties,
however, may arise when space points are com-
bined Lo reconstruct tracks. Accurate track coordi-
nates are required to master such difficulties with
a minimum number of tracking stations. A charged
particle track passing through any chamber must
be registered with high efficiency and low contami-
nation due to noise. Spurious hits may be registered
e.g. due to electronic noise or X-ray and vy radi-
ation. Excellent position resolution in two dimen-
sions can compensate for unavoidable limitations

in detection efficiency or the discrimination of spu-
rious hits.

In experiments like WA98 studying rare signals,
the aim ig to operate at highest possible event rates.
Currently Time Projection Chambers (TPC) are
the most advantageous detectors for tracking at
high multiplicity due to the continuous three-di-
mensional track images. However, a drawback of
a TPC is the long drift and readout times. Our
approach has been to build a large acceptance
tracking system based on planar tracking stations,
read out with high granularity. The space points
obtained along the tracks retain superior pattem
recognition, characteristic of three-dimensional
tracking. The MSACs were chosen because of their
high gain (allowing simple readout electronics),
their position sensitivity in two dimensions and
their inherent drift delay which allows gated opera-
tion at high event rates.

The basic principle of the pad chamber is to
create avalanches from electrons that are liberated
by the primary ionization caused by a charged
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particle traversing the gas volume of the chamber.
The resulting electron cloud is collected on small
readout pads. Due to diffusion, the cloud of elec-
trons will spread out and by choosing an appropri-
ate pad size, the electron cloud will be collected on
several pads. Thus, the centroid of the electron
cloud can be determined with a position resolution
well below the size of the pads.

Due to the vertical magnetic field, the mo-
mentum was obtained from the trajectory, projec-
ted onto the horizontal plane. Thus it was desirable
to have the best position resolution in the horizon-
tal direction (ca. 1 mm), while the vertical coordi-
nate, which is basically of importance for pattern
recognition, would be sufficiently well determined
with a more modest resolution (ca. 3mm).

In order to optimize the readout system, a series
of prototype tests were performed providing input
for system simulations [9]. It was shown that pads
with the size of 1 x 17mm?, arranged as in Fig. 2,
would be geometrically adequate to sense the elec-
tron cloud on several pads in both directions. The
very large number of pads (70 000) needed to cover
the total detector area (two pad chambers) put
extraordinary demands on the readout electronics.
The front-end electronics had to be placed directly
onto the backplane of the detector. Since the di-
mensions of the pads are of the same order as the
desired position resolution, it is sufficient to read
out the puise height of each channei wiih a noii-
linear 6-bit ADC. Low-power, highly integrated
front-end electronics could thus be used which
made the large number of channels affordable. We
describe the readout chips, and the full electronic

1 7mm

lglectron cloudJ

Fig. 2. Schematic illustration of the pad plane.

system in separate papers [7,8]. Here we discuss the
chamber-related aspects of the readout electronics
and the operational experiences from two, full-scale
chambers used in the Pb-beam experiment in 1996.

2. The multi-step avalanche chamber
2.1. Description

The MSAC is made of eight parallel mesh planes
dividing the detector volume into different gaps.
The stainless-steel meshes have wires with 50 pm
diameter and 500 pm pitch. The meshes were glued
onto frames made of a light composite material,
vetronite and honeycomb. The chambers
(120 x 100 cm? in size) were designed and built by
the University of Geneva, Switzerland [6]. A sche-
matic drawing of the chamber is shown in Fig. 3.
The chamber has double mylar windows, flushed
with Argon to prevent air and water vapour to reach
the active volume of the chamber where a mixture of
Neon 97% and Ethane 3% was flushed at 201/h. Tt
was found (see Section 2.3) that even a very small
contamination of water vapour strongly reduced
the net yield of electrons in the chamber.

An ionizing particle traversing the chamber, lib-
erates electrons in the jonization gap (I). The elec-
trons drift towards the first amplification gap (A1),
where an avalanche with an amplification up to
a factor 10% in the high electric field between the
meshes is obtained. The electrons reach the gate
gap (G) after a drift time of about 700 ns. During
this time the trigger electronics generates the gate
signal for the chamber. Gap G has a reversed field
of about 100 V/cm. When the gate arrives, a pulse
of about 200V and 2 s length is applied to mesh
4 which changes the field direction in G to allow the
electrons to drift through. The second amplification
gap (A2) provides a slightly lower amplification
than A1. The last two gaps are drift gaps of equal
width and the meshes 7 and 8 serve the purpose of
protecting and shielding the pad plane from sparks
in A2 and pickup from the high voltage gating of
the chamber. Finally, the electrons are collected
on the pad plane which consists of rectangular
gold-plated copper pads, each 1 x 17 mm? arranged
in a staggered pattern as shown in F’ ig. 2.
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The gain and transport of the electrons through
the chamber is strongly dependent on the electric
field between the meshes. A uniform response over
the whole detector area requires flat and parallel
meshes. This was obtained by placing spacers be-
tween the meshes in the amplification gaps. A lower
amplification within 5cm around the edges of the
chamber was found. This was due to a slightly
increased gap width close to the frame. Thus, the
chamber was not instrumented in this area. Spark
breakdown at the spacers was a limiting factor
when operating the chamber with P10 (Argon
+10% Methane) gas. This made it necessary to
operate the chamber with a gas mixture that
allowed avalanche multiplication at much lower
voltage. A mixture Neon + Ethane (3%) made it
possible to operate the chambers without sparks at
the spacers. The quencher concentration used was
lower than desired, resulting in a poorer gain with
this gas mixture (at tolerable spark risk) than re-
vealed by the prototype work with P10.

2.2. Sparks

To obtain the highest possible gain in the cham-
ber it is necessary to apply as strong an electric field

in the amplification gaps as possible. The limitation
is due to the breakdown of the electric field result-
ing in a spark. Three different types of sparks are
observed. (1) Sparks not in coincidence with the
gate, at the edges or at specific points between the
meshes due to mechanical imperfections, predomi-
nantly in A1 which has the strongest field. (2)
Sparks not in coincidence with the gate, randomly
distributed over the chamber area due to e.g. dust
and radioactive impurities in the gas. This is also
most likely to happen in Al due to the stronger
field. (3) Sparks in A2, in coincidence with the gate,
originating from the ionization caused by a particle
from a triggered collision, followed by a two-step
amplification.

In order to increase the gain in A2, mesh 6 was
also pulsed, which gave an increased field strength
of about 200 V/ecm when the cloud of electrons
passed. Due to this, sparks of the first two types
were eliminated in A2. The reduction in spark risk
for the third type of sparks was not evident. The
high-voltage gates of meshes 4 and 6 were identical
in time but they had opposite polarity. By tuning
the risetimes and amplitudes of the gate pulses one
could minimize the electromagnetic influence from
the gate pulses on the pads. High-voltage resistors
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Fig. 4. Schematic drawing of the resistors and capacitors con-
nected to the meshes.

and capacitors according to the schematic in
Fig. 4 were applied to the meshes. The capacitors
also ensured fast recovery time ( ~ 800ms) after
a spark.

2.3. Gas contamination

During the first operation with the chambers in
the experiment, less gain was observed than in the
test setup. A similar effect was also observed for the
MSACs with optical readout and it was carefully
studied for those. A major difference in the experi-
mental setup compared to the laboratory setup was
the necessity to keep the gas bottles about 25m
away from the chambers using plastic tubes for the
gas distribution. A stainless steel tube and a piastic
tube, 15m long, were mounted in parallel to esti-
mate the contamination of O, and H,O [10].
A Teledyne O, and a Shaw H,O analyzer were
connected in parallel at the end of each tube. Argon
was flowing through the tubes with a flow of
7.5cm?/s. Measurements were done over a period
of one week for each tube. The H,O contamination
stabilized at about 120 and 3 ppm for the plastic
and steel tube, respectively. From this result we can
estimate the contamination, by assuming that it is
proportional to the tube diameter, the tube length
and inversely proportional to the flow. Thus, for
our 25m long plastic tube we expect a contamina-
tion of about 1500ppm H,0. The conclusion
drawn from this analysis is that the amount of H,O
is non-negligible and plastic tubes were changed to
stainless-steel tubes. This resulted in an increased
charge collected at the pad plane by a factor of 2 at

a given spark rate and particle density. We at-
tribute the improvements mainly to reduced at-
tachment losses with electronegative molecules (e.8.
0,), in particular, in the 2cm drift from A2 to the
pad plane, where the losses cannot be compensated
by an increased gain in A2, as was the case for
losses in the 3cm drift gap.

3. The readout electronics

We emphasize the following chamber qualities
and their implications on the designed readout
system:

e The chamber itself has a position response,
which is equal in both dimensions. We have
optimized the readout to achieve a better posi-
tion resolution in the horizontal plane (the bend-
ing plane of the magnet). We have also chosen
a pad geometry which allows the electron cloud
to be shared on several neighbouring pads, thus
providing a unique and very safe cluster recogni-
tion.

e The high chamber gain, up to 10°, allows
readout with a moderate gain amplifier.

o The short duration of the inherently delayed
charge-signal allows a gated, charge-integrator
amplifier design. This provides a very poise-im-
mune operaiion since the amplifier input is
closed most of the time. The gate signal deter-
mines precisely the time of the charge collection.
The timing is adjusted so that only electrons
emanating from ionizations in the ionization
gap are collected. There is also no need for
complicated amplifier design for pulse-tail
cancellation.

Taking all this together, we have been able to
produce a low-cost, low-power readout system that
can be implemented for a very large number of
channels. The concept provides excellent condi-
tions for clean measurements at high multiplicity.
Due to the very low power consumption of 1.5 mW
per channel for amplifier, AD-converter and data
readout, it was possible to place the front-end elec-
tronics inside the gas chamber without any addi-
tional cooling. This allowed an extremely thin
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(0.3% of a radiation length) backplane construc-
tion. The electronic readout system is described in
Ref. [8].

The MSAC:s also provide some drawbacks. The
main obstacle is their known tendency to spark.
The most problematic sparks occur in the second
amplification gap, for cases when the local charge
becomes unusually large. Such sparks (see
Section 2.2) are energetic and violent and they
are a potential risk for damaging the readout
electronics. In order to protect the electronics
from the electromagnetic shock, in case of a
spark, we have placed one mesh between the
last mesh of the second amplification gap and
the pad plane. Since the information is carried
by the cloud of electrons this mesh allows the
information carriers to continue their drift to the
pad plane, while induction from sparks is effectively
screened.

This additional mesh is crucial for the safe opera-
tion of the electronics in this dangerous environ-
ment. During six weeks of continuous data taking,
no chips were damaged, in spite of sometimes fre-
quent sparking. An additional grounded mesh was
placed behind the readout electronics in order to
shield against external pickup. It was experienced
though, that parts of the electronics placed outside
the chamber was strongly influenced by the sparks.
Therefore, aluminum shield boxes had to be built
around the data processing electronics, mounted
on the outside of the chamber frame.

Another important feature of this type of cham-
ber is the high-voltage gating, with a 200 V negative
signal on mesh 4, in time for the passage of the
electron cloud. Similarly, in order to achieve in-
creased chamber gain, the second amplification
step was pulsed with a 100V positive pulse
on mesh 6. Ideally, these gate pulses should end
immediately after the passage of the cloud. How-
ever, the trailing edge of the gate pulse would then
appear close to the leading edge of the chip-gate
and thus provide a potential source of noise. There-
fore, the chamber gate was kept open until the
chip-gate indicated the termination of the charge
collection.

The electromagnetic influence of the high-volt-
age gate pulses on the pads is effectively screened by
the shield meshes. However, noise is generated on

the ground lines which induces noise, in particular,
on those pads located close to the ground traces.
This is seen in Fig. 5 which shows the average
pedestal value of all 36 chips in a readout chain.
The pedestals of channels 2, 10, 11 in each chip are
systematically shifted compared to the rest of the
channels. The pads corresponding to the shifted
channels are located next to the ground lines of the
circuit board and under the shield plane of the
chip-gate card. The channels belonging to the first
and last chip of a readout chain show a large
pedestal shift as can be seen in Fig. 5, since there
the pads are located close to a large grounded area
on the endcards.

By fine tuning of timing, risetime and amplitude
of the two gate pulses (mesh 4 and mesh 6) one
could minimize the influence from the gating of the
chamber. This was however hard to achieve and
maintain. A longer drift time between the last am-
plification gap and the pad plane would have re-
duced the influence of the chamber gating on the
charge collection in the chips.

The first 16 steps of the ADC scale are linear
while the remaining 48 steps have a quadratic re-
sponse. In spite of the channel to channel variation
due to external pickup, the pedestals could be ad-
justed inside the linear range of the ADC scale. No
broadening of the pedestal peaks was observed due
to operation of the electronics in the chamber,
compared to bench tests of the electronics alone
[8]. The influence of the chamber gate, however,
broadened the pedestal peaks. We define the sensi-
tivity as the minimal additional charge, at which
the ADC value exceeds the threshold value. The
threshold value is subtracted online by the zero-
suppression processors [8]. The sensitivity of 4.5fC
achieved in the full-read-out system is the same as
found in the bench tests. At this sensitivity, we
observe an excellent noise performance and effi-
cient online zero-suppression. Less than 1% of the
channels show non-zero values due to noise. Thus,
accidental cluster formation due to noise is negli-
gible. For this reason we could very well have
increased the sensitivity, but then it would have
been impossible to accomodate the channel-to-
channel variation of the pedestals inside the linear
part of the ADC scale, (except for channels on chip
0 and 35).




L. Carién et al./Nucl. Instr. and Meth. in Phys. Res. A 412 (1998) 361-373 367

A 30
o
el
o
v 20
10 [“
0
0 1 2 3 4 6 7 8 9 10 1
chipnumber
A 30
© o
S o
3 N
v 20 -
10 g e (VY|
LA} 'LL[
o | { | I [ 1 1 | 1 { I
12 13 14 15 16 17 18 19 20 21 22 23
chipnumber
A 30
© r
S r
3 o
v 20
w]‘fh\fhu J
10 -
: Y
o | I 1 1 ! I H | 1 1

30 33 32 33 34 35
chipnumber
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systematically shifted compared to the rest of the channels.

4. Results
4.1. MSAC operation

Two pad chambers were employed in the WA98
experiment at the CERN SPS in 1996. The cham-
bers were instrumented with about 35000 readout
channels each. We report here mainly on the per-
formance of the chambers in this experiment with
Pb-beam. Some aspects are also illustrated by data
from measurements with secondary proton and
muon beams from the SPS. Unfortunately, the time
scale for the development of these chambers did not
allow a dedicated beam test which would have been
advantageous for precise determination of the posi-
tion resolution. We thus deduce the resolution as
well as the efficiency from experimental data.

As mentioned, the limitation in gas gain in the
chamber is due to the spark rate in gap A2. The risk
that an avalanche develops into a spark is a local
effect in the direct vicinity of the charged particle
track. One can therefore expect that the spark risk
per traversing particle should be constant, at
a given gain, regardless of the number of tracks
passing through the chamber at the same time. This
hypothesis is supported by the experiences at high
multiplicity with Pb-beam where up to 50 charged
particles pass through the chambers in a central
collision. If we have a spark rate of one spark per
1000 single-track events, we expect one spark per
20 events in central Pb—Pb collision at the same
gain. Due to this high spark rate the chambers were
operated at less than half the proton-beam gain in
order to have about one spark per 100 events. This




368 L. Carlén et al.[Nucl. Instr. and Meth. in Phys. Res. A 412 (1998) 361-373

operation point is determined as a compromise
between inefficiency due to signals being below
threshold and inefficiency due to the whole cham-
ber being insensitive for a while after each spark.
The latter source of loss is easier to live with as it is
just a loss of statistics, comparable to e.g. computer
deadtime. We also know when a chamber is affec-
ted by a spark and can take that into account in the
analysis.

Fig. 6 shows the number of found tracks (central
collisions only) as a function of the time after
a spark. No events at all are collected during the
first 400 ms. This is due to the extended computer
deadtime when the large spark events are processed
(software limited to 45000 ADC values from both
chambers). Evidently, it takes another 400 ms until
the chamber has completely restored the strong
electric fields for full efficiency.

4.2. Cluster properties

Fig. 7is a snap shot of the hit pattern in one
chamber for a central Pb + Pb collision. The left
edge of the detector is at 9.5 from the beam and the
right edge at 20°. Pads (narrow stripes in this rep-
resentation) with an ADC value above threshold
have been marked. All fired isolated pads are
regarded as being caused by noise. Since their
number is small, the probability for finding two
horizontally adjacent pads fired due to noise is on
the level of a few percent. Thus, even a cluster of
two pads is a candidate-for a valid particle hit and
a cluster with at least three pads is a highly prob-
able hit. Further discrimination of accidental clus-
ters due to noise can be achieved by analysing the
charge content and profile of the cluster which has
a symmetric Gaussian shape for particle hits. In

40

nr of tracks

35

30

N
[&]

20

15

B S S e e B e e LR e s s s e B B
I T i ! I T

w
T T

L .

I
1000

1500 2000 2500 3000
time (ms)

Fig. 6. The number of found tracks as a function of the time after a spark for central Pb + Pb collisions.
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Fig. 7. A snap shot in one chamber of a central Pb + Pb collision. The upper panel shows the raw data while only pads belonging to
accepted clusters appear in the lower panel. The panels display the full instrumented area of the chamber. The scale in x has been
multiplied by two.
Fig. 7 the left part of the chamber is more densely ground can be fairly high, however, it did not cause
populated than the right. This is due to the strongly a specific problem due to the strict demands that
forward-peaked angular distribution of charged can be applied on the positions in the track recon-
hadrons. struction owing to the good two-dimensional posi-
As seen in Fig. 7 some clusters have an empiy iion resolution.
pad. This is due to incorrect online determination Fig. 8 and Fig. 9 summarize the properties of
of the threshold value which sets a too high cutoff clusters in one chamber corresponding to tracks :
for the pads which due to pickup from the chamber which are unambiguously identified in the other
gate have wider pedestals. The pedestals for the tracking planes of the tracking system. Fig. 8 shows
undisturbed channels are stable within + 1.5{C the distribution of the summed charge for clusters
(our measurement accuracy). The external pickup caused by a charged particle. The ADC scale has
conditions are not as stable and new threshold been calibrated and linearized before the sum is
values were thus in general taken once per day. formed. The shape of the curve reflects the Landan
As understood from Fig. 7 the low-noise back- distribution and the most probable value is at
ground and the large amount of cluster information 160{C which corresponds to 10° electrons. From
makes it straightforward to identify clusters corre- this we deduce 2 net gain in the chamber of about
sponding to a charged-particle track. First-order 1.5 x 10°. This is a factor two lower than the opera-
cluster finding is basically a one-dimensional (hori- tional gain that was used for tests with muons and
zontal) problem due to the pad geometry. A small f-source.
fraction of found clusters may be caused by X-rays, Fig. 9 shows the distribution of the cluster size Lot
v-rays and neutrons. Such background only causes for clusters with at least three fired pads. One finds
a valid signal if detected in coincidence with the that five fired pads is the most probable cluster size.
event trigger. In heavy ion collisions this back- This is quite consistent with expectations from
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Fig. 8. The charge distribution for clusters belonging to reconstructed tracks in the tracking system.

simulations and bench tests which showed typical
sizes of the electron clouds of 5 mm diameter. Since
clusters can also include neighbouring pads in the
vertical direction, the typical one-dimensional
cloud size is a little less than 5mm.

There is a correlation between cluster size and
the total charge in the cloud, due to the threshold
cutoff. Thus, Fig, 9 also reflects the Landau distri-
bution of the initial ionization process. The fact
that 3- and 4-pad clusters are less likely than 5-pad
clusters indicates a good efficiency.

4.3. Efficiency

The detection efficiency was measured in the
secondary muon background at the SPS and it was
found to be 96% at a tolerable spark rate (1 per
1000 events). The efficiency of the chambers during

experimental conditions with Pb-beam was studied
by defining a good track from coordinates in one-
pad chamber, two planes of streamer tube detectors
and the time-of-flight scintillator array and then
find the probability to observe a hit at the expected
position in the pad chamber under study. This
procedure revealed an efficiency (average over sev-
eral weeks of data taking) of 91% for the best
chamber. The other chamber had wider pedestals
for some modules due to unstable grounding condi-
tions and was thus more difficult to operate. With
this chamber we observed an average efficiency of
81%. The ADC sum spectra (Fig. 8) as well as the
cluster sizes (Fig. 9), arc similar for both chambers.
This indicates that they have similar intrinsic detec-
tion efficiency and we attribute the difference in
performance to the unstable readout conditions
caused by noise due to the gate pulses.
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4.4. Position resolution

The position resolution was determined under
data-taking conditions with a proton beam and the
magnetic field switched off. Thus, well-isolated and
straight-line tracks passed through the chambers.
The chamber gain was adjusted similar to the gain
during the Pb-beam run. Straight tracks were de-
fined by the target position and the measured hit
position in pad chamber 2. Subsequently, the ex-
pected position in pad chamber | was interpolated.
The deviations between all hits in chamber 1 and
the predicted hit are histogrammed in Fig. 10. Cor-
rectly associated tracks show up as the Gaussian
peaks above the combinatorial background. The
widths of the peaks are broadened due to the finite
size of the target spot, the position resolution in pad
chamber 2 and the multiple scattering in the air

between the target and the chambers. Unfolding
these effects yields an intrinsic position resolution
of the chamber of 0.5mm in the horizontal and
1.7mm in the vertical direction. The two-track res-
olution has been estimated by simulations {9} and
reveals that two tracks separated by 3.5mm in the
horizontal direction are resolved in 50% of the
cases. The corresponding distance in the vertical
direction is 8mm. Due to the measured position
resolution, not taken into account in the simula-
tions, these distances are somewhat larger in
reality.

5. Summary and outlook

The first experience in data taking with the pad
chambers has proven that they provide clean and
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reliable space-point information in a large aperture
tracking system. The good performance for track-
ing at high particle density was demonstrated. The
position resolution is equal to + 0.5mm in the
horizontal direction and 4 1.7mm in the vertical
direction and the two track resolution in both di-
rections is good. Each hit is characterized by rich
information: charge content, charge profile, cluster
size etc, which gives unique possibilities to acquire
reliable track coordinates. The unique features of
this readout system make these chambers advant-
ageous for many purposes, either as stand-alone
detectors as in our case, or as a pattern recognition
complement, for a more conventional tracking sys-
tem, hampered by combinatorial ambiguities when
used at high multiplicity.

Due to the clean data provided by this system,
the online data reduction was efficient. In spite of

70000 channels in operation, electronic noise and
pickup give rise to only about 300 pad values above
threshold ie. about 1kbyte of data. The data
readout and zero suppression aliowed data of a full
event from the pad chambers to be available at the
event builder in less than 5ms.

Considerable improvement in performance
might be achieved by changing two essential fea-
tures of the pad chambers:

e The gas with only 3% quencher content made
the chamber operation difficult and the spark
risk was substantially larger (at a given gain)
than if 2 more standard gas mixture could have
been used. We expect to be able to operate at
larger gas gain with a larger quencher concentra-
tion. Even a factor 2 larger gain would bring the
efficiency closer to 100%. The operation and
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tuning of the chamber and the electronics would
in that case become much less critical.

e Most problems encountered occurred for pads
located close to ground traces on the chipboard,
due to the high voltage pulsing of the chamber.
This problem may be cured by rearranging the
ground lines on the chipboards. In addition, the

- chamber gate should be seperated in time from
the charge collection in the chips by a longer drift
distance after the second amplification gap.
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Abstract

A large acceptance tracking system, specially developed for tracking
at very high particle densities encountered in ultra-relativistic heavy-
ion collisions is described. The system is a combination of multi-step
avalanche chambers equipped with electronic pad readout with high po-
sition resolution in two dimensions and streamer-tube detectors with
pad readout, with coarser position resolution, that is sufficient for safe
pattern recognition. A high resolution time-of-flight system (time reso-
lution better than 90 ps) provides particle identification up to 8 GeV/c
for pions and protons and pion/kaon separation up to 4 GeV/c. All de-
tectors in the tracking system are read out with new, high performance
integrated circuits. The system can operate at high event rates due to
efficient zero suppression. The performance of the system for tracking
under real running conditions with Pb-beam at 158 A GeV in the WA98
experiment at CERN is presented.
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Figure 1: WA98 experimental setup.

1. Introduction

The use of heavy nuclei as projectiles in experiments at ultra-relativistic
energies at the SPS presents new experimental challenges due to the
very large particle multiplicities, which are an order of magnitude larger
than encountered with light ion beams.

Some types of measurements, €.g. with high resolution electromagnetic -
calorimeters, can only cope with the high particle density by increas-
ing the distance to the target since the shower diameter is fixed for a
given material. Charged particle tracking, on the other hard, has to
be performed as close as possible to the target, in order not to destroy
the resolution by multiple scattering. In typical tracking detectors, e.g.
gaseous ionization detectors, the ionization event in the gas has very
small dimensions. Thus a very high track density can be handled by
increasing the granularity in the readout system.
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In order to resolve tracks at high multiplicity it is necessary to trace
the particles in all three dimensions. In a Time Projection Chamber
(TPC), the tracking in three dimensions is exploited to the limit with a
continuously recorded track image. A drawback of the TPC is long drift
times limiting its use at high collision rates. Thus other methods have to
be developed, suitable for use in studies of rare signals. Planar tracking
stations using crossed planes of tracking detectors which are position
sensitive in only one dimension are inadequate due to combinatorial
ambiguities in the determination of the coordinates along a track.

The system described here uses planar tracking detectors with short drift
time and position readout in two dimensions. The target-detector dis-
tance provides the third coordinate. This technique allows data taking
at high collision rates and preserves the good track recognition charac-
terizing tracking in three dimensions.

The system is based upon Multi-Step Avalanche Chambers (MSACs)
equipped with an ultra-thin electronic pad readout system with a very
large number of channels. These detectors, in the text referred to as
“pad chambers”, give precise coordinates for momentum measurements
while two planes of streamer tube detectors with pad readout provide a
coarser coordinate measurement, adequate for track recognition. These
systems use a new, specially developed integrated circuit which is used
for readout of 83 000 channels in this detector system. The particle
identification is done with a high resolution Time-Of-Flight (TOF) de-

tector based on plastic scintillators, read out by Photo-Multiplier-Tubes
(PMTs). The readout electronics is based on two custom made chips,
the Time-to-Voltage Converter (TVC) and the Charge-to-Voltage Con-
verter (QVC), both equipped with a switched capacitor Analog Memory

Unit (AMU).

The tracking system was implemented as the second tracking arm (Fig. 1)
in the WA98 experiment and it was used for the first time with the Pb-
beam at 158 A GeV at the SPS in 1996. The first tracking arm in
WA98 used the same tracking philosophy with planar, large area de-
tectors read out in two dimensions with a very large number of pixels.
These detectors are MSACs read out with CCD cameras, equipped with
image intensifiers.




The aperture of the second arm tracking system is large, typically allow-
ing about 30 particles per central event to be traced. Thus it is possible
to obtain good statistics for single particle observables, and excellent
performance can be achieved in studies involving particle correlations,
e.g. like-particle intensity interferometry and resonance decay. Recent
analysis of the data has shown that it is feasible to reconstruct the A+t
resonance decaying into a pion and a proton.[1] In combination, the two
arms allow measurements of decaying resonances into a positive and a
negative particle. A particular focus of the experiment is to study the
properties of the ¢-meson from its decay into KTK™.

The three detector systems in the second tracking arm are new devel-
opments which utilize advanced and unique readout solutions with spe-
cially designed integrated circuits which are used here for the first time.
The details of the detector systems have been extensively described in
separate publications [2, 3, 4], while this paper concentrates on the per-
formance of the system as a whole.

2. The detectors in the second tracking arm

The detector components in the second tracking arm are two planes of
pad chambers, two planes of streamer-tube detectors with pad readout
and one plane of time-of-flight detectors. Figure 2 shows a schematic
top view of the tracking system. The location of the tracking stations
with respect to the target and the magnet are indicated. The passage
of a high momentum particle with positive p; and a low momentum
particle with a negative pg through the system is also shown. Outside
the magnetic field, the particles move in straight lines.

All five planes provide space coordinates for the traversing particles.
The two planes of pad chambers (separated by 1.2 m) determine the
direction of each track with high resolution for precise momentum mea-
surements while the two planes of streamer-tube detectors and the TOF
wall have sufficient position resolution for safe track reconstruction and
for acceptable momentum resolution even if one of the pad chambers is
desensitized due to a spark.

s
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Figure 2: Owverview of the second tracking arm detector system. The
flight path from the target to the TOF wall is about 18 meters.

2.1 The multi-step avalanche chambers with electronic pad
readout

The novel readout concept used in conjunction with the pad chambers
is based on a custom-designed chip containing both analog and dig-
ital functions as well as ultra-thin mounting with the chip-on-board
technique.[3] The detection efficiency of the chambers, when they are
not affected by a spark, is in the range of 91-96%.[4]

The intrinsic position resolution is 0.5 mm in the horizontal direction
and 1.7 mm in the vertical direction.[4] Due to the long flight path (7
m) from the target to the first pad chamber plane we find that the posi-
tion resolution is limited by multiple scattering rather than the intrinsic
position resolution of the detectors. The good position resolution is of
great value in the tracking, since the multiple scattering between the
pad chamber planes is small, thus allowing restrictive cuts in the track
fitting, which is essential for tracking at high multiplicity.




Figure 3: The streamer-tube detector plane consisting of 19 streamer
tubes, tilted with respect to the detector plane, and a cut view of one
streamer tube.

2.2 The streamer-tube detectors with pad readout

Streamer-tube detectors are in widespread use in high energy physics
experiments due to their low cost, high gain and rugged construction
suitable for large area coverage. Such detectors equipped with pad read-
out have been used in the earlier generations of the WA98 experiment
(WAS80 [5] and WA93 [6]), as large area charged particle multiplicity
detectors with moderate position resolution. The streamer tubes were
then operated at very high gain which allowed readout without further
amplification. The amplifier stage of the readout chip developed for the
pad chambers was modified in order to make it suitable for readout of
pads on the streamer-tube detectors.[2] The streamer tubes could then
be operated at lower gain, resulting in more stable operating conditions,
still maintaining high efficiency of 90 to 98%.

A printed circuit board, with the sensor pads on one side and the read-
out chips with supply and readout lines on the other, is attached to
the streamer-tube module. The streamer tubes were 1.20 m long and
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each module contained 8 wire tubes (Fig. 3). Three connected circuit
boards cover the full length of a streamer tube. The readout chips of
several streamer-tube modules were connected together to form a long
readout chain delivering data to the Digital Signal Processor (DSP)
boards. These are of the same design and fabrication as used for the
pad chambers.[3]

A large array of these streamer-tube detectors was also used as a charged
particle veto detector in front of the high resolution lead glass calorime-
ter (Fig. 1). The streamer-tube detectors in the second tracking arm
were read out with rectangular pads (7x22 mm?) with the longest side
parallel to the tube. The detector modules were positioned at 30 degrees
with respect to the detector plane. This served the purpose of minimiz-
ing the risk that a particle passes through the tube walls only and not
through the gas. These walls occupy 10% of the streamer tube width.
The resolution across the wires is in the first approximation determined
by the wire distance (the tube pitch is 10 mm), but improved by the
tilted arrangement of the detector modules. With the pulse height mea-
surement, it was possible to determine the avalanche positions along the
wires with fairly good resolution. The position resolution achieved in
the streamer-tube planes has been found to be 3 mm in the horizontal
and 6.5 mm in the vertical direction.

2.3 The time-of-flight detectors

The time-of-flight of detected particles provides particle identification
when combined with the momentum information. The flight path is
about 18 m and together with the extremely good time resolution, (bet-
ter than 90 ps), this allows particle separation at the 40 level, up to 4
GeV/c for n/K separation and up to 8 GeV/c for 7/p identification.

The time-of-flight measurement is started by a gas Cherenkov counter
placed in the beam (time resolution 30 ps [7]) about one meter upstream
from the target. The beam intensity with Pb ions is a few 10° ions/s
which allows time measurement for the passage of individual beam par-
ticles. From this setup the time of the collision in the target is obtained.




Figure 4: The time-of-flight detector as it is modeled in GEANT. It
consists of five panels, each with 32 columns and 8 rows of scintillators,
resulting in a total of 480 scintillator slats.

The TOF wall (Fig. 4) covers an area 2450 mm wide (160 columns of
scintillators) and 1924 mm high (3 rows of scintillators). Therefore, the
area is filled with 480 slats of scintillators (BICRON, BC404, 1.5 cm in
width, 1.5 cm in depth). Each scintillator slat has PMTs (Hamamatsu,
R3478s) on both ends. Scintillators with two different lengths (637.7
mm and 433.9 mm) are assembled in an alternating fashion in order to
avoid geometrical conflicts between the PMTs of neighboring slats.

The TOF wall and its electronics is primarily designed to be used in
the PHENIX cxperiment at RHIC.[8] The front-end electronics of the
TOF wall was designed to sample the TOF signals at the bunch crossing
frequency (9.4 MHz) of RHIC and to store them during the first level
trigger latency of 4.24 ps, corresponding to 40 RHIC bunch crossings.
The signal timing from the PMT is determined by a leading edge dis-
criminator followed by a TVC. The charge information is converted to a
voltage by a QVC. The analogue voltages from the TVC and the QVC
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are stored by a switched capacitor AMU which stores the information
during the latency and buffers up to five accepted events. The stored
voltages are digitized by a 12 bit 1.25 MHz ADC.

The hit position in the vertical direction (along the slats) is derived from
the time and amplitude difference observed in the signals, read out in
the two ends of the slat. The tracking analysis has revealed a position
resolution in the TOF wall of 12.5 mm in the horizontal and 26.4 mm
in the vertical directions.

3. Track reconstruction

The track reconstruction procedure has two steps. In the first step,
each detector plane is analyzed separately, clusters of fired pads are
identified and the information is translated to a global x-y coordinate
for each potential hit. Each hit in the four tracking planes (pad chamber
1,2 and streamer tube 1,2; see Fig. 2) is characterized by the number of
fired pads and the total charge in the cluster. In the second step, the
tracks are found by straight-line fitting to the obtained hit coordinates
in at least three of the four tracking planes.

Figure 5 shows the distribution at the vertical coordinate at the target
for reconstructed tracks. The width of the distribution has contribu-
tions from the finite size of the target spot (roughly 5 mm), the vertical
position resolution of the tracking chambers, multiple scattering and
non- vertical components of the magnetic field. The restrictive trace-
back to the target spot effectively eliminates background from secondary
particles produced at the magnet poles, and also ensures reliable track
recognition when only three tracking chambers register the track.

Some reconstructed clusters may be due to neutral particles (neutrons,
- or X-rays). Although the detection probabilities for neutral particles
are small in gaseous chambers, this background (which does not form
tracks) is sizeable due to the large production crossection in heavy-ion
collisions. Due to the good space resolution, allowing very restrictive
definition of tracks, this background has not been any significant prob-
lem in the tracking.
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Figure 5: Reconstructed target vertex (vertical projection), obtained by
trace back of all found tracks to the z coordinate of the target.

The high quality of the track finding is illustrated in Fig. 6 which shows
the local efficiency over the area in pad chamber 1. The efficiency is
determined by projecting all tracks with particle identification found by
coordinates in pad chamber 2, streamer-tube detectors 1 and 2, into pad
chamber 1. The probability that a hit is found in pad chamber 1, within
a radius of 10 mm (based on the expected position resolution) around
the predicted hit coordinate is calculated. The result is corrected for
random hits.

The average efficiency over the whole chamber is about 85%. The appar-
ent, general efficiency variation in x, is a consequence of the fluctuations
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Figure 6: The local efficiency of pad chamber 1. Black represents the
highest efficiency. The reduced efficiency due to a spacer is e.g. seen at
(840,140). The spacers form a regular pattern with a 15 cm spacing

owing to decreasing statistics at large x (large angles). A real reduction
in efficiency is observed around x=1150. This is due to unstable running
conditions in the readout electronics.

The small white/grey spots (inactive areas) forming a regular pattern
illustrate the tracking accuracy. These spots correspond to the positions
in pad chamber 1 where the passage of the electron clouds are blocked
by spacers between the meshes. The spacers are used to keep the meshes
flat and parallel to each other to have a uniform response over the whole
detector area. The chamber is thus insensitive at these spots.
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Figure 7: The multiplicity of reconstructed tracks per event. Data are
compared with RQMD events which were filtered through the GEANT
acceptance and reconstructed in the same manner as data.

To estimate the accidental background contribution to the track dis-
tribution, two different approaches were pursued. In the first one, an
event-mixing technique was utilized. We used the hit information from
the four tracking planes and the TOF wall from five different central
cvents of approximately the same multiplicity to reconstruct the tracks.
The same reduced x> (< 2.5) and target-association cuts (+£50 mm, see
Fig. 5) cuts were applied to the data as well as to the mixed events.
Tt was observed that the contribution from the event-mix relative to
data was less than 7% for three-chamber tracks and about 0.1% for
four-chamber tracks. If we also require particle identification, the back-
ground contribution for three-chamber tracks is reduced to about 2%.
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In the second approach, central Pb-Pb events from the RQMD[9] event
generator were filtered through the acceptance of the GEANT[10] simu-
lation package. The coordinates from charged pions, kaons and protons
traversing at least three out of the four tracking planes and the TOF
wall were saved and given as input to the WA98 analysis package. Ac-
cording to the measured average position resolution the hit positions
were modified by a Gaussian smearing function, and fake clusters were
added. Taking into account the measured chamber efficiencies, a number
of good hits were deleted randomly before reconstructing tracks. The
obtained number of reconstructed tracks per event is compared with
data in Fig. 7. The same cuts as above for the x> and target association
have been applied. The track multiplicity from simulations differs from
the data by about two tracks per event. The ratio between incorrectly
and correctly reconstructed tracks from RQMD is about 7% for three-
chamber tracks after these cuts, in agreement with what was found using
the mixed event technique described above.

The data used to determine the tracking quality has been acquired with
a trigger on central Pb-Pb collisions, i.e. with many tracks passing
through the tracking system. Data was acquired at a rate of about 50
central events per second in spite of the very large number of detection
channels (83 000). This was possible due to the powerful suppression of
data from empty channels in parallel processing at an early stage of the
data readout chain. The data rate corresponds to about 1000 recorded
tracks per second. The major rate limitation in this experiment was the
spark rate (about 1 spark per 100 events) in the pad chambers which
had to be kept at a level where the balance between dead time after a
spark and the amount of data collected was optimal.

4. Momentum determination and resolution

Using the direction vector of the found track, the momentum of the
detected particle can be determined by tracing the track through the
known magnetic field of the Goliath dipole-magnet (1.6 Tm). The
GEANT simulation package was utilized to estimate the momentum
resolution. Particles with known momenta were randomly generated at
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Figure 8: The relative momentum resolution Ap/p as a function of the
particle momentum p.

the target position. If the tracks passed through at least three out of
the four tracking planes, the coordinates of the hits were stored. These
coordinates, modified by a Gaussian smearing function according to the
measured average position resolution of the different detectors, were
then given as input to the WA98 analysis package including the mea-
sured magnetic-field map. The calculated relative momentum resolution
Ap/p, in the momentum range 1 <p < 6 GeV/c is shown in Fig. 8.
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5. Particle identification

The number of particles with multiple charge entering the tracking sys-
tem is negligible. Thus particle identification can be restricted to mass
separation among singly charged (negative or positive depending on the
magnetic field orientation) particies. This is achieved by combining the
information of the momentum and velocity measurements. The expected
flight time was calculated from the track length (r4qck ), momentum and
mass of the particle in the following way
mycC

T,
tewp - trgck 1+ (7)2 (1)

The expected time-of-flight .z, has been calculated on basis of the re-
constructed particle momentum assuming that all particles are pions.
Among the positively charged particles one can recognize in Fig. 9 the
bands of pions, kaons, protons and possibly deuterons inside the accep-
tance. The lightest particles, the pions, travel with almost the speed of
light for all momenta inside the acceptance.
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Figure 10: Particle identification, exploiting the time-of-flight differences
shown in Fig. 9 and assuming a) the pion mass, b) the kaon mass and
c) the proton mass.

For particle separation, cuts have been applied on the time-difference
variable (5 —texp) Which is calculated from the measured and expected
time-of-flight. The flight-time differences for assumed pion (a), kaon (b)
and proton (c) masses are shown in Fig. 10 as a function of the particle
momentum. The correct particles are found in narrow bands at small
time differences. Pions and kaons are no longer separable at momenta
above 4 GeV/c. For correctly assumed particle identity the expected
time equals the measured time independently of the momentum. From
this observation we conclude that the time and momentum calibrations
are consistent.

6. Two-track resolution

The fine granularity of the pad chambers allows good performance for
tracks passing close to each other in a chamber. This property is of
particular interest since some physics observables, e.g. the like-sign par-
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ticle interferometry rely on accurate recording of particles with small
momentum differences. Figure 11 shows the detection probability as a
function of distance between the chamber coordinates in horizontal and
vertical direction of an observed track and all other nearby tracks. The
plateaus have been normalized to the average detection efficiency. The
vicinity of tracks is defined in the z-direction within a narrow y-window
(17 mm) and in the y-direction within a narrow z-window (£2 mm).
The resulting distribution of differences in the z-direction should be flat
(except for physics effects of e.g. particle interference) if all tracks were
recorded. Only tracks observed in all four tracking planes are included
in this analysis. The resulting two-track resolution can be derived from
Fig. 11. At 5 mm distance in the x-direction a track may be observed
with 50% chance while the probability increases to the average detection
efficiency at a distance of 7 mm. In the vertical direction the two-track
resolution is worse due to the much longer pad dimension (17 mm). The
momentum difference between two particles corresponding to the mini-
mum distance 7 mm is about 2 and 13 MeV /c for pion pairs at 1 and 8
GeV /c respectively.

7. Acceptance

In a magnetic spectrometer the acceptance in momentum is the same for
different particle masses of the same charge. The transverse momentum
(pr) and rapidity (y) are relevant kincmatic observables in high-energy
physics experiments. Expressed in these variables the regions of accep-
tance differ for different particle masses. This is a nuisance since one
prefers to compare data at the same rapidity i.e. in the same kinematic

regime which defines the source of the observed particles.

The particle-dependent acceptance regions are evident in Fig. 12 which
shows the location in the pr — y plane for the different particle species.
The sign(p,) factor is introduced for clarification, as it unfolds the spec-
trum for particles with negative p, and momentum low enough to bend
over the beam line.

Inside each acceptance region the acceptance correction is strongly de-
pendent on y and pr as illustrated in Fig. 13 which shows the detection
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Figure 11: The detection probability as a function of distance between
the chamber coordinates in horizontal (upper panel) and vertical (lower
panel) direction of an observed track and all other nearby tracks. The
vicinity of tracks is defined by the indicated window in the respective
other coordinate.

probability for pions as it is simulated by GEANT. The acceptance cor-
rection can be qualitatively understood by considering particles with pr
near 0. For these particles, if the momentum is such that they enter
the arm, the azimuthal coverage will be 2. Particles with larger pr,
only weakly influenced by the magnetic field, will have an acceptance
approaching the geometric azimuthal coverage of the tracking arm.

19




o) [ [ [
= L + - + -
E 1.5 - v - K - P

=, : - 5
£ F - -
= r r B
Q-H [ L L
0.5 n n -
o b - o
L L L

0 4 4

Rapidity
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protons in data.

8. Concluding remarks

The described tracking system covers a large detection area with four
planes of space-point measuring tracking detectors and a high-resolution
time-of-flight wall. The system has been exploited for data-taking in the
158 A GeV Pb-beam with typically 30 charged particles passing through
the tracking system in a central Pb+Pb collision.

For the most central collisions, the track density at the small-angle side
of the system approaches 100/m? which is comparable to the expected
situation in heavy-ion experiments at RHIC and LHC. The possibility
to perform straight-line tracking at this particle density using only four
space points along the track was demonstrated. Reliable tracking is
achieved, in spite of the minimal redundancy, since each point is un-
ambiguously determined and the coordinates are determined with high
resolution in both dimensions which allows a restrictive track definition.
The momentum resolution was in the range 1-3%. m/K separation was
achieved up to 4 GeV/c and p/r separation up to 8 GeV/c.
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geometrical acceptance for pions with positive pe.

The system has proven to produce reliable tracking results at high parti-
cle densities. The performance of found tracks and particle identification
could be demonstrated already online. The offline analysis which is now
in an advanced stage, has proven that high quality spectra of m, K, p
and their respective antiparticles, can be obtained. Moreover, results on
A+T and ¢-meson production (together with arm 1) are obtainable as
well as particle correlation studies between pairs of protons, kaons and
pions.
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Abstract

The A+*-resonance production in (158 A GeV) 208Pb+2%Pb collisions
at the CERN SPS has been studied. The A'*t production was esti-
mated from the invariant mass spectrum of prt-pairs by subtracting a
mixed event background. The abundance of A*™ in central collisions
is compared with a thermodynamical model and other experiments at
lower energies.




1. Introduction

The best way to study nuclear matter under extreme conditions in the
laboratory seems to be through energetic heavy-ion collisions. It has
been suggested that some of the particles or resonances produced in
such collisions may have a memory of the early stages of the interaction,
where temperatures and densities are considerably larger than in normal
nuclear matter. Some particles may thus have properties that differ from
those observed under normal circumstances.

One of those objects is the A-resonance, which apart from playing a role
in particle production and interaction dynamics, may probe the condi-
tions in heavy-ion collisions at early freeze-out times and high freeze-
out densities.[1] The A-resonance is known to be readily produced in
photon[2]- lepton[3}- and hadron[4]- induced nuclear interactions and
the cross sections for production of A-resonances in elementary nucleon-
nucleon collisions are large[5]. In heavy ion collisions the A(1232) reso-
nances are thus expected to be formed in the early, compressed stage of
the collision.

Recently, results on A(1232) production in nucleus-nucleus collisions
at 95 A MeV (GANIL[6]), at 1 and 2 A GeV (FOPI collaboration
SIS/GSI[7]) and at 13.7 A GeV (E814 collaboration AGS|8]) have been
reported.

2. Experimental procedures

The fixed target experiment WA98[9] is a large-acceptance photon and
hadron spectrometer designed to study ultra-relativistic heavy-ion col-
lisions. Charged particles, produced in the interactions traverse a large
magnet and are deflected into two tracking arms, horizontally placed
on both sides of the beam which allow for momentum determination
and particle identification. For the AT+ measurements, reported in this
paper, we use data from the second tracking arm which focuses on pos-
itively charged particles. This tracking arm consists of two planes of
Multi-Step Avalanche Chambers (MSACs) and two planes of streamer




tube detectors, all equipped with electronic pad readout and a highly
segmented Time-Of-Flight (TOF) wall.[10, 11, 12] Figure 1 a) shows a
schematic drawing of the second tracking arm as seen from above, with
two tracks entering the acceptance. Here the z-axis is pointing along
the beam and the x-axis is parallel to the bending plane of the magnet.
The position resolution of the MSACs were 0;=0.5 mm in the horizontal
direction, and o,=1.7 mm in the vertical direction whereas the streamer
tube detectors had an intrinsic resolution of 0;=3.0 mm and oy=6.5
mm. The time resolution of the TOF wall was better than 90 ps and its
spatial resolution was 0;=12.5 mm and 0,=26.4 mm. Figure 1 b) and 1
c) show p versus ty,; —teqp assuming pion and proton mass, respectively.
p is the momentum, ¢;; the measured flight time of the particle and
tezp the expected flight time calculated from the track length and mo-
mentum of the particle. Separation between different particle species,
especially for pions and protons, is good over a wide range of momen-
tum. Kaons and pions are no longer separable at momentum above 4
GeV/c. We thus have a small contamination of kaons among the pions
at larger momenta since we use pions and protons up to 8 GeV /c in the
analysis. First, the momenta of the particles are calculated assuming a
uniform magnetic field and straight line fits through the tracking arm.
The momenta are then iteratively corrected using GEANT[13] simula-
tions with the real field. The momentum resolution, Ap/p, is limited by
the multiple scattering in the air between the target and the detectors,
the intrinsic detector resolution and by the uncertainties in the momen-
tum reconstruction. Based on GEANT simulations we estimate Ap/p
to be about 1% at 2 GeV/c and 2% at 5 GeV/c.

The most interesting events are those where the bulk of the nuclear mat-
ter interacts, i.e. the most central events. A trigger based on the trans-
verse energy as measured by the Mid-Rapidity Calorimeter (MIRAC) is
used to enhance central collisions. The trigger selects about 10% of the
most central events. This hardware selection is combined with a soft-
ware transverse energy cut at 326 GeV. To reject beam particles with
charge different from Pb and possible event pile-up, lower and upper
cuts in the ADC and TDC values from the start-counters, placed in the
beam, were performed.

During and shortly after electrical discharges, the MSACs exhibited re-
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Figure 1: a) Overview of the tracking arm with two tracks within the
acceptance. b) Particle identification bands calculated assuming that all
particles have the pion mass. c) as in b) assuming proton mass. d) The
geometrical acceptance in terms of py and rapidity for protons and at.

duced efficiencies. This has been discussed in a previous paper.[10] Thus
events recorded within a short time after such a discharge, are removed
from the analysis.

The tracking procedure connects hits in at least three out of four tracking
planes, by means of straight line fits, and combines a track with a valid
time measurement in the TOF wall at the correct position. Due to the
excellent two-track resolution and two-dimensional position resolution
of the tracking planes, this procedure works well without any ambigui-
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ties in spite of the large track multiplicity within the acceptance. Cuts
have been applied on the hit association in the TOF wall and on the
vertical distance between the track extrapolation and the interaction
point. Finally the particle identity is obtained by cuts in the &;5f — tesp
up to momentum 8 GeV/c, where the separation no longer can be done
as seen in Fig. 1 b) and ¢). At momentum larger than 4 GeV/c no
separation between kaons and pions is possible. The small amount of
contaminating kaons give only marginal effects on the extracted At
yield and the contamination is also present in the event mix.

Figure 1 d) shows the geometrical acceptance of the second tracking arm
in terms of transverse momentum p; and rapidity for protons and pions.
Notice the sign(p;) factor introduced for clarification, which unfolds the
spectrum for particles with negative p, and momentum low enough to
bend over the beam line.

Although the tracking efficiency in the four tracking planes was about
90%, technical problems with the time measurement in the TOF wall
reduced the particle identification efficiency considerably.

For all pairs of identified p and 7™, the invariant mass, Mi,, was cal-
culated from

Miny = \/(E'/r + Ep)2 - (1_77r +ﬁp)2

The mass resolution of the prt-pair, estimated from the momentum res-
olution, is 10-20 MeV. An invariant mass spectrum of such pairs (real
spectrum) will consist of one part where the pion and the proion are
coming from the same A*+-decay and an essentially uncorrelated combi-
natorial background. Due to the high multiplicity of protons and pions,
the combinatorial background will be by far the dominant contribution
to the invariant mass spectrum. To account for this combinatorial back-
ground, the invariant mass spectrum was calculated also with protons
and pions taken from different events (mixed event). To extract the
fraction £, of ATt, Na++, among the prt-pairs, Npgir, we assume that
the mixed event invariant mass spectrum has the same shape as the
combinatorial background in the real spectrum. This assumption has
been verified by studies of ratios between real spectra and mixed event
spectra. To reduce the statistical errors, the mixed event spectrum con-
tains about ten times the statistics in that of the real spectrum. The




real spectrum, F'(M;n,) can then be written as
F(va) = Nev : Npaz‘r(f ) BW(Mimza MO')F) + (1 - §)Q(Minv)) (1)

BW (M;ny, My, T) is a modified Breit-Wigner function, corrected for our
geometrical acceptance, normalized to unity. Mo and I' are the peak
position and width respectively of the modified Breit-Wigner function.
Note that neither the real spectrum nor the mixed event spectrum are
corrected for acceptance. N, is the number of events and g(Miny) is
the unit normalized mixed event spectrum. The modified Breit-Wigner
function is given by

¢ 1
(@ + 183) (Miny — Mp)? + (T/2)?)

BW(Minv, Mo, F) X

where g is the momentum of the proton (or pion) in the rest-frame of
the pair and p=180 MeV/c.[14] The real spectrum can now be fitted
using Eq. 1, treating £, My and I as free parameters.

Figure 2 a) shows the geometrical acceptance for ATt obtained from
FRITIOF(15] events filtered through GEANT, i.e. for A** where both
decay particles fall inside the acceptance of the arm. The spectrum is
unfolded in the same way as in Fig. 1 d). Figure 2 b) shows the invariant
mass spectrum of

F(Mm'u) — Ngy - Npair : (1 - f)g(Minv)a
i.e. the real spectrum with the background subtracted. Also shown is
Nev . Npair : f : BW(Minv,MO,F),
i.e. the acceptance-corrected modified Breit-Wigner function obtained
from the best fit.

3. Results

The extracted number of AT+ has to be corrected for acceptance and
inefficiencies. Table 1 summarizes the different correction factors and the
final results. keyy for AT is the probability for both the pion and proton
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Figure 2: a) The geometrical acceptance for A** obtained from Fritiof
events. b) The extracted A*t resonance together with the corresponding
acceptance-corrected modified Breit- Wigner.

from the A++, entering the arm, to result in valid tracks. ks for AT
is obtained as the product of the efficiency factors for protons and pions,
which are the same. The kge, factors correct for the limited azimuthal
coverage of the arm estimated by GEANT simulations. Finally the kpiq
factors relate Lo the above mentioned inefficiencies in the TOF wall.

Table 1 also gives the corrected number of protons and AT+ within the
arm and for full azimuthal coverage. Within our acceptance RQMD2.3[16]
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119677 Central events Protons At

Particles observed 120906 | 2461+1105
Particles/Event (uncorrected) | 1.01027 | 0.02056
Tracking efficiency, kefr 0.8777 0.7704
Identification efficiency, kpiq 0.6168 0.3804

Particles/Event (eff. corrected) | 1.8662 0.0702
Geometrical acceptance, kgeo 0.1127 0.0163
Particles/Event (full ¢) 16.56 4.30

Table 1: Summary of the different correction factors and results.

predicts about 2.4 protons/central event and FRITIOF7.02 predicts
about 5.5 protons/central event. Thus our proton multiplicities seem
to be in good agreement with RQMD, whereas FRITIOF seems to over-
estimate. Only a small contribution of baryon number is present in
deuterons and weakly decaying hyperons, where the decay proton might
be lost in the tracking due to the secondary vertex being far from the
interaction point.

The extraction of the A*T signal is by no means trivial as the peak is
broad and the combinatorial background is large. Three different extrac-
tion methods were applied to simulated data to investigate the influence
of the methods on the reconstructed number of A*+.[17] The method
described above proved to be the most robust for different projectiles p,
Si and Pb upon Pb target at the relevant beam energy.

4. Discussion and conclusions

The ratio of A(1232)/nucleons has been studied and an increase as a
function of incoming beam energy has been established.[7] In a thermal
model this can be interpreted as an increase of the freeze-out temper-
ature which determines the relative population of the nucleonic reso-
nances. The same ratio can be estimated from our data. To obtain the
total number of A(1232) resonances, i.e. A~, A% A* and ATT, we
multiply the number of A*™ by an isospin factor 4. In the same way,
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the number of nucleons, including those from resonance decays, can be
estimated by multiplying the measured number of protons with a fac-
tor two. No correction for the isospin assymetri is applied, since this,
in a first approximation, affects the nucleons and the A-resonances in
the same way. The A(1232)/nucleons ratio obtained from our analy-
sis is 0.52, i.e. 52% of the nucleons at central rapidities originate from
a A(1232) resonance. Figure 3 shows our results in comparison with
similar results from experiments at lower beam energies. Note that the
target and projectile rapidities are separated by 5.8 units at 158 A GeV.
In this experiment the influence of spectator matter is thus much less
than at lower beam energies.

Regarding the statistical error of the found ratio we would like to point
out that this is to the first order given by the statistical fluctuations in
the number of combinatorial pairs under the resonance peak. In our case
this error coincides with the error obtained in the fitting procedure. It is
thus impossible to obtain the ratio with higher accuracy with the given
statistics, independent of the extraction method used. It should also
be pointed out that the error reported in [8] for the 14.6 A GeV data
(here we use their error given for the absolute number of A** found) is
smaller than the error estimated from their combinatorial background.

A study of the systematic errors introduced, based on event generators,
extraction methods and variation of cuts implied on the data, reveals
that they are considerably smaller than the obtained statistical errors.
The systematic errors can thus be neglected in the results.

Our obtained value of the A(1232)/nucleon ratio can be compared to the
ratio obtained from thermal model calculations, assuming chemical and
thermal equilibrium. In such a calculation the maximum ratio obtained
is around 0.33.[18] Furthermore this ratio is obtained over a large range
of temperatures and baryon densities, used as input to the calculations.
It should however be pointed out that the experimental ratio contains,
apart from those A(1232) accounted for by the model, present at freeze-
out, also some A(1232) decaying prior to freeze-out. An experimental
ratio larger than the calculated one is thus to be expected. For this
and other reasons, e.g. the saturation of the ratio as a function of tem-
perature, it is premature to use the experimentally extracted ratio for
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Figure 3: The ratio A(1232) /nucleons as a function of beam en-
ergy/nucleon.

a precise temperature estimation and any temperature above 120 MeV
seems to be in qualitative agreement with the obtained ratio.
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