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ABSTRACT
The conceptual design is presented for a detector to identify and measure
(Ap /p = 1%) most of the 200 or so mid-rapidity charged particles (p, d, t, 3He,
‘He, n*, K*) produced in each central nucleus-nucleus collision (Au + Au) at
Bevalac energies, as well as K,° and A°. The beam particles and heavy spectator
fragments are excluded from the detection volume by means of a central vacuum
pipe. Particle identification is achieved by a combination of dE/dx measurements
in the TPC, and of time-of-flight measurements in a scintillator array. The TPC
is single-ended and its end cap is entirely covered with cathode pads (about
25,000 pads and a_bout 1000 anode wires). A non-uniform pad distribution is pro-
posed to accommodate the high multiplicity of particles emitted at forward
angles. The performance of the detector is assessed with regard to multihit capa-
bility, tracking, momentum resolution, particle identification, A® reconstruction,
space charge effects, field non-uniformity, dynamic range, data acquisition rate,

and data analysis rate.
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Chapter 1

1. Introduction

1.1. Objectives ;

The energy regime of the Bevalac is ideal for the study of the equation of
state of nuclear matter at high densities. This is important for understanding
nuclear matter under extreme conditions that are relevant for astrophysical
objects such as supernovae and neutron stafs, and because it tests modern rela-

tivistic nuclear theories [AA 86].

Within the Very large variety of different types of nucleus-nucleus collisions
studied at the Bevélac, the central or near-central collisions of heavy nuclei are
most relevant to the nuclear matter equation of state. In these an extended
fireball of hot, dense nuclear matter is produced which breaks up with emission of
a multitude of created mesons and of light nuclear fragments all of which carry
information about conditions reached during the high-density phase of the colli-
sion. The studies carried out with the Streamer Chamber and the Plastic Ball
have demonstrated that the compressional energy stored in the high-density
phase influences the number qf‘negative pions emitted in each collision, while the

pressure built up at the interface of the colliding nuclei affects the transverse



momenta of the heavy particles in the phenomenon called flow, where a preferen-

tial direction of emission has been observed.

The production of strange particles — kaons and lambdas — is a relatively
rare occurrence, but of great interest, as they are expected to be a sensitive probe

of the high density phase of the fireball.’

To pursué these studiés systematically and to extend them to new areas sug-
gested by theory, a new detector is needed. This should have essentially 47 cover-
age in solid angle; it should have the capability of unraveling the most complex
events; it should permit the identification of each particle produced, and give its
- momentum. It should tolerate a high event rate and be capable of being triggered
to select events of spééial interest. Finally, it should be designed to accommodate

electronic storage of the data in order to facilitate the most rapid data analysis.

In this report we shall show that the time projection chamber (TPC) tech-
nique [AB 83] is well matched to the requirements stipulated above, and we shall

present a design for a specific detector: EOS.

1.2. The Detector

A schematic layout of the detector is shown in'Fig. 1.1. A supefconducting
solenoid provides a lbngitudinal magnetic field of 1.5T, in which.is located a time
projection chamber of Vdi_varlneter 1.8m and length 2.0m. The target is located in an
evacuated beam pipe of diameter: 20 cm, which passes through the center of the.
TPC. This beam pipe serves to protect the TPC against the very heavy ionisa-

tion which would -o_'cc'uf if '_the'b‘eam particles passed through the TPC. It is made
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Fig. 1.1. Schematic layout of the EOS detector.



large enough that supplementary de_tectorS{'can be inserted at a later stage if so
desired. The TPC is supplemented by a time-of-flight scintillator array which
consists of two parts: the ‘‘barrel” scintillators which line the inside of the mag-

net, and the‘‘downstream’’ scintillators, which cover the exit face of the magnet.

Figure 1.2 shows a possible location for the EOS detector on the Bevalac
floor. This location, in an existing beam line, requires no new shielding, and has
sufficient space for supplementary detectors downstream and for the TPC to be

pulled out from the magnet on rails.

Figure 1.3 shows a schematic view of the TPC. It consists of a large volume
of gas where electrons, produced by ionisation along the particle tracks, drift
towards thé end cap under the action of parallel electric and magnetic fields. The
end cap, constructed in several sectors, is covered with thin-gap multiwire pro-
"vportional chambers (MWPC). Track localization is achieved by recording with
suitablé: electronics, as a function of time, the charge detected on the anode wires
and on rows of pads located behind the anode wires. For each segment of .track
the drift time (with reference to a common start) provides one coordinate, while
the induced signals on the pad rows provide the coordinates in the plane of the
MWPC. Since the TPC provides many position measurements along each track
and also many samples of dE/dx, it gives excellent momentum measurement and

particle identification.
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The original TPC, PEP-4, [Cl 76], [Ma 78] was built by a collaboration led
by LBL, and it has operated successfully at PEP for several years. Based on its
success, the TPC has been chosen as the basié for ofher major detectors in high-
energy physics, particularly the ALEPH [Bl 84], DELPHI [De 84|, projects under
construction at CERN for experiments at LEP, and TOPAZ [Ka 86] at KEK.
The extensive experience aéquired with the PEP-4 TPC and the extensive
research and development carried out in connection with the new projects pro-
vide a firm basis for studying the capabilities of a TPC for the Bevalac. We shall
show £hat such a detector can measure and idgntify essentially all the charged
particles émifted in central collisions, as well as A and K© particles which
decasr in the chamber. In order to provide particle identification in the region of
the K- and K -p ambiguities (where dE/dx is the same for both particles) we
supplement the TPC with a time-of-flight array. This array also provides useful
redundancy in particle identification at lower energies, and serves to provide

topological triggers for the TPC.

1.3. Performance

Figure 1.4 shows a simulated Au+Au central collision at 1.0 GeV/A, with
200 charged particles. The TPC will be able to measure essentially all the
charged particles in such an event, with particle identification close to 100% for

heavy particles and pions and better than 80% for Kaons.

Figure 1.5 shows a contour diagram of the invariant cross section

E -(d o/dp?) for production of pions in Ar+KCl central collisions at 1.8 GeV/A,
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Fig. 1.5. A contour plot of the invariant cross section E d o/dp? of par-
ticipant pions as a function of transverse momentum and rapidity for cen-
tral Ar+KClI collisions at 1.8 GeV/A, calculated in the fireball model
described in Chapter 3. The shaded area shows the region that is not ac-
cessible to measurement due to the beam pipe. Constant laboratory mo-
menta are shown by the dotted lines, in MeV/c. The solid lines show
constant E do/dp3in mb [MeV?2/c 3.
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calculated in a fireball model with par.am-et‘érs' .a.djusted: to. fit existing experimeﬁ-
tal data. The shaded area shows the region that is inéccessible due to the diame-
ter and thickness of the beam pipe. Contours are shown down tci)v the level which
is accessible in a typical length run and period of data analysis. It is clear that
the detector will permit éx"cellent coverage of the fireball regime. Figures 1.6 and

1.7 show similar performance for K * and protons.

1.4. Data Rates

The capability of the EOS TPC to generate information is almost
overwhelming. As will be shown in Chapfer 5, it can operate at an interaction
x;ate_ of approximately 10% per Second. To make optimum use of this, selective
vtriggers wvi_ll be nee>c‘led, and parallel processing technidues will have to “be adopted
both in data acquisition and analysis, as discuss.ed later in Chapter 8. Whatever
‘the triggering sc'heme, the data output is impressive, as will be_a« shéwn be!ow.

We consider data acquired with a central trigger but no further selection,

and analysed by a single CPU at a rate of 0.2 seconds per track,’ which is con-
sistent with that achieved or projected by similar de.tectors such as PEP-4 or
ALEPH. ';l‘able 11 shows tile outputvoff ;i'ata analysis at this rate for one month,
the amount of time thét one might de\%dté to a particillar" combinatidf; “of target,
projectile and b‘eamv’énergy. The céﬁ‘)p.qsfjtionvof' the events is ob.t'ai:ned from

extrapolation of existing data, as described in Chapter 3. The data in the table

'This estimate, for track reconstruction using a VAX 11 /780 computer, does not include any
overhead (which will be substantial) for read/write time, etc. On the other hand, computers
currently available such as the VAX 8650 have several times the speed of the 11/780. For further
discussion see Chapter 8.
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exceed by two to three orders of magnitude the entire output so far of the LBL
Streamer Chamber Facility, which has produced many.important results. Furth-
ermore, the new detector will provide data on nt, K+ and the breakdown of
heavy particles into p, d, t, He, *He, all of which were not previously available.
While the number of events analysed is comparable to, or greater than, that
achieved by the Plastic Ball, the EOS TPC will provide much more information
on each event, having wider dynamic range, xﬁuch better two track resolution
anci particle identification capability, and the ability to measure the produced
particles 7t , 7, K+ and A°.

The data output can be increased above those mentioned in Table 1.1, by
the use of parallel processing techniques (which will be adopted), while the yield
of a strange parﬁicles could be increased by an additional factor of up to 25 by
the ﬁse of a str#nge particle trigger. Several options for such a trigger are under

study.

Table 1.1

Data analyzed in 1 month CPU time at 0.2 seconds/track
(12,140,000 tracks)

Reaction Events xT o Kt A°

Ar+KCl 1.8 GeV/A |29 X 10°
(Central) B

14 X 107 |1.7 X 107 |1.1 X 10" 1.1 X 10

4

AutAu 1.0 GeV/A 6.6 X 10 2.6 X 103 [2.6 X 10°

(Central)

8.0 X 107 {1.6 X 10
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1.5. Challenges

The EOS TPC will be one of the most ambitious detectors ever built for a
méclear physics experiment, comparable to the ceﬁéral detectors; of the ALEPH
and DELPHI experiments at LEP. Yet it seeks to measure events with tén times
higher multiplicity of seéondary barticles and is in this respecf more comparable

to the detectors being discussed for the Superconducting Super Collider (SSC).

Apart from its compl'ex‘ity, the EOS TPC iﬁclvudes'thr.ee aspeéts whiéh have
some degree of novelty, and which will require special attentibn in its design.

First, to achieve the essenti‘al multihit capabilit?y while limiting the ﬁumber
of electroﬂic readout chann;als to the proposed 25,000, we have iﬁtroduced a new
type of endcap with varying péd sizes and wire spacings. This is discussed in

Chapter 5.

Second, the range of dE/dx values encountered in the EOS TPC exceeds
those of interest in most high energy physics detectors. This requires special

front-end electronics, also discussed in Chapter 5.

Finally, the need for this detector with its enormous data output comes at a
time when very rapid development of parallel pﬂrocessing-t’echniques is taking
place. This requires a radical approach to both data acquisition and analysis
which must be designed from the beginniﬁg to make maximum use of the new

computer technology.
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All these efforts are justified by the potential knowledge to be gained by
exploring the newly-opened field of study of the equation of state of nuclear
matter. This equation determined, at the dawn of creation, our very existence; it
determined the evolution of extraordinary astrophysical objects which are only.
now being discovered; and last but not least, it provides the most exhausting
demands on our theoretical understanding of nuclear forces as being developed in

modern relativistic theories.
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Chapter 2

2. Scientific Objectives

2.1. Introduction

The past decade of experimental work at the Bevalac and associated theoret-
ical studies have laid a broad foundation of knowledge concerning the overall pro-
perties of relativistic nucleus-nucleus collisions. The following fundamental

observations have been made: .

(a) It is possible, by several different methods, to make an experimental
selection of events according to impact parameter.

(b) For an event with a given impact parameter, the nucleons observed in

the final state can be classified as either spectators or participants.

(¢) In central collisions between heavy nuclei, the participants are (on the
average) brought to rest in. their c.m. frame, i.e., the colliding nuclei

stop in each other.

(d) Since stopping -occurs, and. the relative nucleon-nucleon velocity
“exceeds the sound velocity in nuclear matter, there must be a shock
front in which the density increases: it has been estimated that densi-

ties as high as 4p; may occur in this phase of the collision.
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The existence of a high-density,.t,hough transient, phase of the collision
opens bup the boésibility of studying the behavior of nuclear matter under extreme
conditions previously inaccessible, and its equation of state. The equation of
state is the relationship between density, temperature, and pressure for the
material under study. It would ideally be désiréble to identif); Somé ‘baf't éf the
nuclear interaction volume in a period of temporary equilibrium, and to measure
‘its density, temperature, and pressure. In practice, all such information has to be
i'nferred‘ from measurements made in the final state, loan after .the interacting

nuclei have disintegrated. Nevertheless, considerable progress has been made.

Calculations of the density show that it varies as a function of time and is
not uniform throughout the nuclear volume. Though we have no direct control
over the density, it can be influenced, by varying, for example, the beam energy

or the sizes of the interacting nuclei.

The pressure (or more;. precisely the compressionai ehergy) has been
eéﬁiméted from t’he observation thvvat‘ the ﬁeid of created pions,: established in the
high—denéity phase '01"_ the collision, is less than that expected if all the energy in
the collision were available to produce pions. It has been suggested that the pro-
duction of strange particles, such as K*, may give additional information along
these lines. A more direct, source of information on the pressure is the_ study of
collective momentum flow effects which result from a pressure build-up at the
interface between the colliding nuclei. Such measurements include the flow angle,
and the average transverse momeﬂtum in the reaction plane, both measured as a

function of impact parameters.
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Temperatures have been obtained by fitting ‘the' final-state spectra of the
participants with Boltzmann distributions.‘ However, these have to be corrected
for possible cooling during the expansion phase, and for collective expansion
dynamics which is largely unknown. One way to avoid thesé difficulties, if the
compressional energy is known, is to use overall energy conservation to determine

the thermal energy and hence, indirectly, the temperature.

In addition to density, compressional energy, and temperature, other state
variables can be related to physically measurable quantities. Of particular
interest is the entropy, which can be measured by studying the ratios between
yields of nucleons and complex fragments such as d, t, 3He, and “He, which are
- determined by the density of nucleons in phase space. It has been found} that the
d [p ratio for individual collisions depends si;rongly on the impact parameter,
being highest in the highest multiplicity events. By extrapolating the results,
asymptotic entropy values have been extracted for comparison with theoretical

predictions.

The above discussion shows that, even within a framework of thermbdynam-
ics, there isA no unique way to approach an overall understanding of the reaction
process and a qualitative explanation of the observations. If present lines of
theoretic'al research continue to develop favor_'ably, it may well be that the desired
goal will be reached without any direct reference to state variables or to an equa-
tion of state. The nuclear forces used would have to be appropriate fof the con-
ditions prevalent in the ‘collision: close contact between pairs of nucleons in an

environment of locally high nuclear density. Success in explaining relativistic
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nucleus-nucleus collisions using these forces would lend confidence to predictions
of the beha\;ior of supernovae or of neutron stars, where comparable conditions
prevail. An understanding of neutron stars involves, of course, additional
ingredients resulting from the large size and long time scale of the system. Thus
gravitational and weak forces must also be taken into account there. Assuming
that the forces used are consistent with data on nucleon-nucleon interactions and
nuclear structure, and have correct relativistif: form, the end fesult of such a pro-
gram would combine the most recent knowledge of medium-energy physics and
hegvy—ion physics with tradit}ional nuclear structure physics into a globally satis-

factory picture.

Obviously such a unifying program is not a short-term one. Only the begin-
ning steps have been taken, both in experimental and theéoretical studies.
. Nevertheless, the stage has been set for major progress. The EOS TPC will per-
mit the measurement of a new wide range of high precision data. By the time it
is ready, new theoretical approaches, stimulated by the already existing results,
will be available to bevc'onfronted by new measurements. To illustrate the poten-
tial for such confrontations, we choose a recent calculation [Ai 86] which is spe-
cially valuable for our present purpose since it has been used to -makevpredictions
for five diffe_rent variables which vcén be measured simultaneously with the detec-
tor we are proposing. Figure 2.1 shows predictions for the density reached in La
+ La collisions at 800 MeV/A, and for an impact pérameter of ¥ =2 fm. In
this calculation, a “quantum molecular dynamics’ approach is used, which com-

bines the advantages of the classical molecular dynamics approach, i.e., the N-
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Fig. 2.1. Theoretical predictions [Ai 86] of the density reached in La+La
collisions at 0.8 GeV/A and b = 2 fm is shown as a function of time, us-
ing the S, SM, and H interactions. The interactions are discussed in the
text. ' '
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body correlaﬁions and an equation vof state, with the important quantum features
of the Vlaso.v-Uehling-Uhlenbeck approach, namely, the Pauli principle, stochas-
tic scattering, and particle production. Thevlong-range Coulomb and Yukawa
forces as well as the momentum dependence of the nucleon-nucleon interactions

are taken into account.

Three diﬁerent.interaction potentials are used to predict observables. In
each case the .equation of state of nuclear matter is also calculated from the
potential. The potentials are designated S (for a soft local potential), H (for a
hard local poténtial) and SM (for a soft, but momentum-dependent, potential).
The S potential leads to a soft equation of state, while the H and SM potentials
both lead to about the same stiff equation of state. The soft equation of state, as
expected, allows greater densities to be reached in the collision than for the hard
equation of state. Comparison of both predictions with that for the SM interac-
tion shows that the r;lomenturn dependence of the interaction is an important

aspect of the equation of state in determining the central density.

Figure 2.2 shows predictions of kéon, pion, and deuteron_,productioﬁ',- using
the three interactions. The points shown in the figure are the theoretical calcula-
tioﬂé, with their ﬁumerical uncertainties: no comparison is made with data.
Pion production' is relatively insensitive to the equation of state: it is mainly the
high precision obtainable in the measurement of negative pion multiplicities that
has focused attention on this observable. Once again the momentum dependence
of the interaction has an effect comparable to the difference between the equa-

tions of state.” This effect is interpreted by the authors as reflecting a reduced
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- Fig. 2.2. The impact parameter dependence of the kaon, pion, and deu-
teron yield for La+La collisions at 0.8 GeV/A [Ai 86].
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number of nucleon;nucleon collisions during the interaction when the momentum
dependence is introduced. Kaon production, for which no data exist at this
energy, shows a large sensitivity to tile equation of state, but once again the
momentum dependence is still more important. The authors attribute the effect
in this situation to large off-shell effects in the kaon production amplitude. The
simultaneous measurement of kaon, pion, and deuteron production offers an
opportunity to separate the effects, provided data at the few per cent level of

accuracy can be obtained.

Figure 2.3 shows predictions for average transverse momentum and ﬁow
angles. It shows in an interesting way that these two types of analysis are com-
plementary. Transverse momentum is a useful variable at finite impact parame-
ters, but in the limit & — O it does not indicate whether the La + La system in a
head-on collision tends to be oblate or prolate. The flow angle and the ratios of
the semi-axes of the momentum ellipsoid in a complete sphericity analysis might

answer this interesting question.

These predictions have been used here primarily for illustrative purposes.
Undoubtedly improvements will be made in calculational techniques and in the
interactions used. The calculations shown indicate substantial progress towards
consistency of treatment away from an artificial emphasis on specific features
(such as the hardness or softness of the equation of state) at the expense of others
(such as the momentum dependence, or otherwise, of the interaction). The more
important conclusion is that experimental data, if available, could help clarify

these effects and focus attention on the most important aspects. Because of the
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against the impact parameter for La+La collisions at 0.8 GeV/A [Ai 86].
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difficulty of comparing data from different experiments (uncertainties of +20%
are common, even within sets of data by the same group) it is specially important
.to obtain data with a common normalization from a single experiment. This is
achieved by means of a 4« detec;;or, with nearly complete solid angle coverage,
and with large and uniform momentum acceptance for a wide range of different

types of particlee. The EOS TPC will achieve this goal in the mid-rapidity,

fireball, regime.

In the remaining sections of this Chapter we address some specific points of
current interest in the study of pions, strange pirticles, and light nuclear frag-
ments. One expects that the relative significance of these questions will change
during the period while the detector is being built, and that new questions will
arise. The_ comprehensive nature of the measurements planned ensures that such

changes of emphasis can be accommodated.

2.2. Pion Production

Copious pion production is characteristic of nucleus-nucleus collisions at the
Bevalac, reflecting the relativistic nature of the nucleon-nucleon interaction at
these energies. The results are usually interpreted invthe framework of the isobar
model, in which the process that creates or removes pion-like degrees of freedom
is NN 5 N A, while the process A S N produces or absorbs real pions while

leaving unchanged the total pion-like abundancy.

The most relevant data on pion production have been measured using the

Streamer Chamber, where 7~ can readily be identified as the only particle with
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negative charge produced in substantial quantities. ‘There it was found that ‘ﬁhe
multiplicity of # per event is proportional to the number of participant nucleons
in the event, over a wide range of circumstances. In particular, for head-on colli-
sions of equal mass nuclei, where all the nucleons participate, the 7~ multiplicity

139La,

is found to be proportional to A for nuclei up to beyond which there are

no pion measurements at all. If we extrapolate existing n~ results to Au + Au

0 : 7t yield ratios from the isobar model we expect the mul-

and extract the 7~ : 7
tiplicities in central collisions at 1 GeV/A to be 24 7~ : 17 n°: 12 ", The EOS
TPC would permit simultaneous measurements of the 7~ and 7+ yields in indivi-

dual collisions, providing opportunities for accurate new tests of the reaction

mechanism.

Pion energy spectra in central collisions of light nuclei are consistent with
cascade calculations and the attainment of thermal equilibrium between nucleons
and A-resonances. The spectra measured for La + La show a marked deviation
from cascade and thermal model predictions, which is not yet understood. It
would be very helpful to obtain systematic measurements of both 7" and 7~ for
nuclei over the full mass range, especially in conjunction with simultaneous meas-
urements of collective flow. Such correlated measurements are important since
pion intensity interferometry measurements (see below) have indicated that ‘‘sha-
dowing” of pion production by the bulk matter surrounding the interaction zone
has an important effect on the shape and size of the effective source. While an
understanding of the pion spectra in the final state is not expected to have a

direct impact on equation-of-state studies, it would be an important step forward



28

which could help clarify uncertainties concerning questions of pion 'absorption,

charge exchange, and re-emission.

Given a detector sensitive to 77 and 7~ with a large dynamic range and with
the capability .to acéept a high data rate, collisions between heavy nuclei provide
interesting possibilities for application of the pion intensity interferometric tech-
nique [Za 84], [Gy 79]. The high multiplicities yield many correlated pairs;
three-or-more-pion correlations can be studied, which is useful because three-pion
correlations give independent evidence on the coherence or non-coherence
observed in two-pion correlations; simultaneous study of other event characteris-
tics such as flow, or multiplicities of various particles, would enhance the .infor-
mation obtained. It has already been demonstrated that 27 correlations provide a
powerful tool to study the evolution in space and time of (the collision process,
but it has not yet been used to study events already selected by impact parame-

ter, multiplicity, flow, temperature, etc.

2.3. Strange Particle Production

In nucleus-nucleus collisions at the Bevalac strange particles are assumed to
be produced in associated pairs of Qpposite strangeness, | as in the reaction
NN — N A° K*. No experiment has so far had the capability to measure both
partners in the ‘pair. Extensive K% inclusive studies have been carried out with
light projectiles, Ab production has been studied in central Ar + KCI collisions at
the Streamer Chamber, and some 41imited K- Stﬁdies hav.'e been carried out in a

beam-line spectrometer at zero degrees.
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The cross sections for produétion of strange particles and for their subse-
quent interactions in the nucleus are much smaller than the corresponding cross
sections for pions. The probability for strangeness production in a central colli-

-sion is a few per cent, while the probability for two strangeness-producing
interacti'onsin- a central collision is of the order of one part in one thousand. No
events of the latter kind have so far been observed. A consequence of this low
production probability is that a strange particle, once created, has a low proba-
bility of losing its strangeness (unless by chance it should re-encounter the
_partner with which it was created after some scattering withinﬁ the nucleus).
However, strange particles escape rather easily from the nucleus, and are not
expected to reach equilibrium concentrations inside the nucleus during the short
duration of the overall collision. Thus the number of strange particles weasured
in the final state must reflect closely the number initially produced. This is in

- marked contrast to the corresponding situation for pions, where more complex

theoretical analysis is required to relate the final state to the more interesting hpt

high-density phase of the reaction.

As a result of these considerations, the study of strange particle production
offers a probe of the early stage of the collision with some of the advantages of
lepton or dilepton production, but with a much larger yield. The reason why K+
and A have not, in contrast with 7, been used significantly to study the equa-
tion of state is that the primary nucleon-nucleon production rates are not at all
well known, with uncertainties of the order of + 50%. Thus a systematic study

requires also measurement of these rates. The EOS TPC is well suited to carry
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out such measurements, 'which have not been practical in the streamer chamber,
where more than 106 events would have had to be~mea.§ured to obtain an ade-
quate sample of A%, In addition, the EOS TPC will allow measurement of both
the A° and K in an event, and the observation of rarer events with more than
one pair produced. In é.ll cases, the remainder of the event topology would also

be determined.

Inclusive K+ production h_as been studied only for light nuclear projectiles,
sufficiently to determine that the total yield is approximately that predicted by a
cascade calculation. According to this calculation, the kaons are produced in the
early stages of the collision by associated K+ A (or £°) production. This is con-
sistent with thé observation that K+ and A° temperatures are somewhat higher
than those of nucleons. Unfortunately, when one considers the details of the pro-
dﬁction, especially energy spectra, the success of the theory is less satisfactory.
The open questions would be simplified if K+ production could be studied for
impact-parameter-selected events, if other quantities such as pion multiplicity

were simultaneously obtained.

In estimating yields of strange particles for collisions between heavy nuclei,
one has to extrapolate from inclusive K+ measurements with projectiles up to
20Ne at 2.1 GeV/A and from A° production in central 404r 4+ KOl collisions at
1.8 GeV/A, using the observation that the total yield is proportional to 4, 4, .
This could produce a yield increased by a factor of 30 for symmetric collisions of
heavy nuclei, i.e;, about one K per central collision. However, the available

beam energy is substantially reduced for heavy nuclei, leading to a reduction by a
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factor of 10-30 devending on details of the theory. Thus a reasonable planning
estimate is that the yield of K ¥ and A® for Au + Au at 1 GeV/A will be about
the same as in Ar + KCI at 1.8 GeV/A, i.e., about 0.04 per central event. With
such a yield, a 47 electronic detector will gather enough statistics for energy spec-
tra to be measured as a function of angle in central collisions and for correlations

to be carried out with other event characteristics.

‘For each Kt there should be a A°, except in the relatively rare case of
K *K ™ pair production, which is suppressed energetically. It would be interesting
to obtain A® energy spectra and angular distributions subject to the same condi-
tions as the K+ measurements. For A® an additional quantity is simply measur-
able, the polarization. The A® — p 7~ decay is self analyzing, and the angular
distribution of the decay protons in the A° rest frame, relative to the normal to

the A production plane, is

dn [d Q) = (1 - 0.642P cosf)/4n

where P is the polarization of the A®. In nucleon-nucleon co]lvisions, the A° polar-
ization is found to be proportional to the transverse A momentum. In streamer
chamber experiments at the Bevalac and at the Synchrophasotron, A® polariza-
tion has been measured for small samples. Within the limited statistics the
results are consistent either with zero or with the same transverse momentum
dependence as in nucleon-nucleon collisions. Measurements with good statistics

would add A° polarization as a test of the reaction mechanism.
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No systematic study of K~ production has so far been carried out. Com-
parison of K~ and K* production would be useful in connection with deciding
the influence of finite mean free path effects. Present knov;fledge concerning K'-
production is based on measurements at zero degrees only, where it is found that
the yield is roughly 1/20 that of K* and that the c.m. energy spectrum falls off
much more f‘apidly than that for K. These observations are consistént with a
tertiary production mechanism in which, for example, the reaction A - K-N
occurs. Because of the low yield ‘émd the necessity for superlative K /7 discrimi-

~nation K~ studies will continue to demand specialized detectors. Nevertheless it
may be possible, using the EOS. TPC, to obtain useful information on the total
multiplicity. It vwould be especially valuable to éxamine events in which a K + is
produced, to see what fraction includes a A° and>what fraction includes « K~. It

is difficult to see how such information could be acquired in any other way.

2.4. Light Charged Participants (p, d,t,3He,4He)

The bulk of the outgoing particles (with the exception of neutrons) fall in
this category, and they carry the most basic information about the collision. Stu-
dies of flow and transverse momentum distributions have begun. It will be
important to develop the capability to obtain high-precision d#'ta: not only data
with good statistics but data that are relatively free from major efficiency correc-

tions and which cover the full dynamic range with good particle identification.

Extensive studies have demonstrated the existence of collective flow for colli-

sions with non-zero impact parameter. Here the outgoing momentum is
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concentrated along some angle which is greater than zero and increases with
increasing multiplicity (decreasing impact parameter). At impact parameter

= 0 it has been suggested that the momentum ellipsoid should Bec’ome oblate,
but the best evidence so far is consistent with a spheriéal shape. Since the flow
angle for non-zero impact parameters is a manifestation of the pressure build-up
at the interface between the colliding nuclei, one mé,y ask: .there is the final-
state flow fo‘: central collisions? Evidence from pion produ(_:fion suggests that
about -30% of the energy in central collisions is tied up in cqmpression at the
moment of maximum density. It is possible thét this cpmpressional energy is
converted into thermal motion as the nuclear system expands. On the other
hand, if the expansion is isentropic, it may be maﬁifested as radial flow. This
. idea was originated by Siemens and Rasmussen, who christened the radiai flow as

a “blast wave” [Si 79].

- The resolution of this question is crucial to an understanding of relativistic
- nucleus-nucleus collisions. If there is an appreciable amount of radial flow, the
spectra of final state particles will not rgﬂect the temperature of the system, but
some combination of thermal and collective flow motion. Over most of the
. dynamic range such a combination yields a Boltzmann-like distribution, but with
an incorrect temperatu‘re.. In order to resolve this issﬁe, it will be necessary to
obtain precision data on the energy spectra of outgoing particles in impact-
parameter selectgd_ dat;a, Slight deviations from a thermal spectrum should be
seen at very low particle velocities, where the collective rﬁotion is most impor-

tant: particles should be boosted to slightly higher velocities than expected on
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the basis of the true temperature. At very high velocities the collective motion
should become negligible and the slope of the spectrum should yield the true tem-
perature. In between, the combination of thermal and: collective motion would

yield an effective temperature which is greater than the true temperature.-

A fundamental question concerning relativistic nucleus-nucleus collisions is
that of how much entropy is generated. In the extreme, a large generation of
entropy could indicate a phase change. The basic key to entropy measurement
lies in the observation that the density of particles in phase space determines the
" ratio of deuterons to protons in the system. Theoretfcal development of this idea
continues. While contact with experiment has not been consistent either in its
method or its results, the experimental needs have become clear. It is necessary
to make complete measurements of the energies and angles of all produced p, d,
t, 3He, 4He over as wide a dynamic range as possible, as a function of total mul-
tiplicity. A good determination of entropy would be a useful third measure of the

nuclear matter equation of state (in addition to particle production and flow).

’Apart from the possibility of studying ﬂc;w and entropy, the data on light
charged participants will (1f accurate enough) bermit many useful tests to be
made. As an example, it was suggésted in Section 2.2 that negative pion produc-
tion in heavy nuclear clollisions may exceed-vpo_sitive pion production by a factor
of two. This ratio originated from the isospin of the colliding nuclei. It would be
of great interest to study the equation of state as a function of isospin since all
_.the astrophysical objects tend to be neutron-rich. The preferential emission of 7~

“will have a tendency to restore the isospin towards zero. This tendency would be
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3He

reduced by pion charge-exchange effects. The careful comparison of 3H and
yields in the final state would provide complementary information on the final

isospin content of the system.

Finally, it should be remarked that with expanded detector capabilities, and
especially with heavy projectiles and target, more variables become measurable
and statistically significant within individual events. Tests of new ideas become
‘possible. As an attractive example, consider the possibility that there is a class of
central collisions in which something like a pion pondensate occurs. This would
result in low temperatures, low entropy, perhaps in low multiplicities and perhaps
with special effects to be seen in the pions. This would almost certainly hav-e
escaped attention with the detectors available to date. It is worth remembering
that in collisions between very heavy nﬁclei the number of particles of egch type
is very large and significant variations from the norm should be easy to recognize,
if the dynamic range of the detector and its efficiency and solid angle are com-
plete enough. For example, in a Au+Au event it should be possible to determine
the temperature to an accuracy of 10% by measuring the protons. With 24 7~
and 12 7%, pion variables of useful statistical accuracy will be available in each

event.
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Chapter 3

3. Event Characteristics
3.1. Reaction Models

In order to set the design parameters of the detector and to test its éde-
quacy, it was desired to input as much information as is already available about
heavy ion reactions in the Bevalac energy range. Since this is fragmentary, reac-
tion models were used to extrapolate the data into unknown regions. Since the
emphasis of the r;:séarch is to study the fireball, the models used were those
which can be adjusted to match the propefties of particles emitted in the partici-
pant regime, from central collisions. Three programs have been used extensively:
a) the fireball code, Therm2; b) the Fai-Randrup code; and c) the detector simu-

lation code, GEANTS3.

The Therm?2 program assumes that the yield of a given particle in a central
collision is the product of three factqrs: The cross section o for the central colli-
sioﬁ, the multiplicity M of particles of that type emitted in a central collision,
and a momentum distribution f(p) which is isotropic in the c.m. system and

determined by a temperature T .

For a particle of mass m and temperature T, the momentum distribution in

the c.m. system is given by [Ha 71]:
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f(p)dp = — _ptdp

exp(Vp2+m2/T)— b

where b =1, 0, or -1, according to whether the particle is a boson, classical parti-

cle, or fermion.

For each event, the number of particles of mass m appearing in dpd ) in the

c.m. system is then given by:

in = M/ (p)dp  d
J1()dp 47

where M is the multiplicity of particle m in the breakup of the fireball. The
cross section for production of particles of mass m in dpd 2 for central collisions

is given by d o0 = odn , where o is the central collision cross section.

_The simulation of events using Therm2 has the advantages that yiclds and
“temperatures’ of different particles can be varied independently to match exper-
imental data, and that individual particles can be calculated without calculating
entire events. The latter is important for rare particles such as K+ or A%. The
program does not, on the ot.her hand, allow for two-particle correlations or for
long-range correlations such as flow, which would increase the particle density in

localized regions of phase space.

The Fai-Randrup program [Fa 83] was designed to provide a reference model
that invokes as few assumptions as possible about t.he specific dynamics of the
collision process, to serve as a standafd against which more sophisticated theoret-

“ical calculations could be. judged, tb sere as a background for recognizing pecu-

v :
liar structures in experimental data, and to help in assessing the acceptance of
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particular detection systems. In it, three particle sources are used: two spectator
sources and one participant source. Each source is characterized by its number
of nucleons, charge, and total four momentum. If a source has excitation energy
sufficient for complete disassembly into free nucleons, it is said to be above the
disassembly threshold. It is then assumed to evxplodevquicklly vi'nto a number of
pions, nucleons, and composite nuclgi that are gene;_fally excited and particle
unstable. If a source is below the disassembly threshold it is assumed to de-excite
by sequential light particle evaporation, and the same is assumed for the particle

unstable explosion products.

The program includes a number of ;vpara’meters that can be matched to
experimental data, and flow effects can be introduced. We have used it for Au +
Au (;ollisiqns at 1 GeV/A, with input parameters provided by the Plastic Ball
group, based on their global measuremen;,s. We have found it useful for estimat-
ing yields of heavy fragments. However, it greatly overestimated the tempera-

tures of the pion spectra.

The response of the detector was simulated using the CERN program
GEANT3, which was written by R. Brun, F. Bruyant, A.C. Mtherson, and P.
Zanarini for the purpose of _deeH‘ing high energy physics expérimenté [Br 85].
'GEANTS3 incorporates standard packages for handling experimental geometry,
particle trﬁéking, decay processes; secondary interéctioné, and graphics. ‘Several

examples of its use are shown in Chapter 4.
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' 3.2. Multiplicities
‘Table 3.1 showé the test events which we have used to evaluate the capabili-
ties of the detector. We chose two reactions: Ar+KCl at 1.8 GeV/A and Au+Au
at 1.0 GeV/A, each at the highest energy of the Bevalac for that pfojectile. The
formier is well docume‘nted'. for n°, K + and A° production [Sa 80], [Ha 81] and
suitable to test the particle identification capabilities of the detector. The latter

provides a severe test of the detector’s capabilities for handling high multiplicity

events.
, Table 3.1
Multiplicities and temperatures for central collisions.
Ar+KCl AutAu

1.8 GeV/A 1.0 GeV/A -
n.h - 46 199
p, d, t : 20, 10, 2 97,49, 10
3He, ‘He 2,1 5,2
n 21 145 -

AT 5, 5,6 12,17, 24 " |

KT, A° | 0.04, 0.04 004,004 . |
Tp=TK=TA (MeV) - 118 90
T (MeV) 69 50

In estimating the numbers giveﬁ in Table 3.1 we assumed completely central
collisions, i.e., all the incoming nucleons participate in the collision and appear in
the outgoing fireball spectra. The yields of p, d, t were assumed to be in the

ratio 1.0 : 0.5 : 0.1 which is roughly consistent with several observations in the
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neighborhood of 0.8 GeV/A [Na 81a, GS 86, Do 85]. The yield of 7~ was taken
from from experimental data on Ar+KCl and La+La [Ha 85] [Ha 86], extrapo-
lated to other charges according to the ratio mt:r®:m~ = 5Z%2+NZ : N2+ 27?2
+4NZ : 5N24+NZ [St 86], and e;(trapolated- to Au+Au by assuming that the
total number of pions produced in central collisions is proportional to A [Ha 86).
The yield of K+, and A° was taken from measurements of A® in central Ar+KCI
collisions at 1.8 GeV/A [Ha 81], and the yield for Au+Au at 1.0 GeV/A was set
equal to it using arguments set forth in Chapter 2. The yields of 3He are based
on very limited experimental data and have been adjusted to balance charge in
the reaction. The yields of neutrons are obtained by balancing mass, and the
total number of charged particles, n., , is obtained by adding the appropriate
values in the table. The temperatures T, and T, for Ar+KCl were obtained
from [Br 84] T, was set equal to Tk [GS 86, Schn 82] and both were set equal
to T, for simplicity, even though the observations suggest tﬁat they are about 10
MeV higher than T.P' The temperatures for f‘\u+Au were based on a variety of

data on the energy dependence of temperatures, assumed to be independent of A.

The data iﬁ Table 3.1 should not be misinterpreted as a compilation of
experimental data suitable for theoretical interpretation. Most of the figures are
obtained by very indirect means. Among the charged particle data, the yields of
complex particles at 1.8 GeV /A are probably overestimated. This does not affect
the .ﬁsefulness of the results for our present purpose since the total yield of singly
charged particles is almost fixed as a result of charge conservation and the reli-

able pion yields. The yield of nt for Au+Au is completely unknown
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Fireball Angular Distributions for Ar+KCL
collisions at 1.8 GeV/A
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Fig. 3.1(a). Differential cross section versus participant proton momen-
tum for central Ar+KCl collisions at 1.8 GeV/A, calculated with the pro-
gram Therm2. A central collision cross section of 180 mb was assumed.
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Fireball Angular Distributions for Ar+KCL
collisions at 1.8 GeV/A

10' 5 .
E Pions
]
4
9 =0 degs
10’ o 7 6=30degs
2 ', * .
17 6=60degs
5 IN e
% l § = 90 degs
? 10'= y
- -
) - ‘\
~ -
o 4 \
£ - \
a 7 \
© - .
G [}
E .2 \
) 10 = ‘\
10."_': \\ I|I
|
10-‘ y\ T i T ] 1
0.0 1.0 2.0 3.0 4.0 5.0 8.0
Momentum GeV/C

Fig. 3.1(b) Differential cross section versus participant pion momentum

for central Ar+KCl collisions at 1.8 GeV/A, calculated with the program
Therm?2. A central collision cross section of 180 mb was assumed.
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- Fireball Angular Distributions for Ar+KCL
~ collisions at 1.8 GeV/A
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Fig. 3.1(c). Differential cross section versus participant kaon momentum
for central Ar+KCI collisions at 1.8 GeV/A, calculated with the program
Therm2. A central collision cross section.of 180 mb was assumed.
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Fireball Angular Distributions for Ar+KCL
collisions at 1.8 GeV/A |
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Fig. 3.1(d). Differential cross sections at 6 = 0° versus participant
momentum for central Ar+KCl collisions at 1.8 GeV/A, calculated with
the program Therm2. A central collision cross section of 180 mb was as-
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experimentally. Perhaps the most serious deficiency in the n_:nodel is the assump-
tion that the pion spectra can be characterized by a single temperature. Evi-
, dence on &+KC] at 1.8 GeV/A suggests a 5% gomponent at a temperature com-
parable to that of the proténs [Br 84]. Recent evidence on La+La shows a simi-
lar tendency [GS 86]). This could make the detection of kaons more difficult by

increasing the number of pions at the same momenta.

3.3. Spectra

Figure 3.1(a)(d) show spectr.a generated by Therm2 for central Ar+KCl col-
lisions at 1.8 GeV/A assuming a collision cross section of 180 mb. The lowest
level plotted is the lowest cross section we consider feasible to measure in an
extended period of data analysis. Figure 3.2(a}(d) show similar results for cen-
tral Au+Au collisions at 1.0 GeV/A. It is clear that in either reaction we will be
able to obtain an excellent overall picture of fireball protons, kaons, and pions,

subject to adequate particle identification.

An alternative presentation of these results has already been given, for
Ar+KCl, in Figs. 1.5 to 1.7, in the form of contours in the y —py plane. Curves
of constant laboratory momentum are also shown. From there, and from Figs.
3.1 and 3.2, one can see that for a reasonably complete coverage of the fireball it
is necessary to achieve momentum measurement and particle identification up to

about 2000 MeV/c for pions and kaons and to 5000 MeV/c for protons.
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Fireball Angular Distributions for Au+Au
collisions at 1.0 GeV/A
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Fig. 3.2(a). Differential cross sections versus participant proton momen-
tum for central Au+Au collisions at 1.0 GeV /A, calculated with the pro-
gram Therm2.
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Fireball Angular Distributions for AutAu
collisions at 1.0 GeV/A
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Fig. 3.2(b). Differential cross sections versus participant pion momentum
for central Au+Au collisions at 1.0 GeV/A, calculated with the program
Therm?2.
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Firebéll Angular Distributions for Au+Au
collisions at 1.0 GeV/A
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Fig. 3.2(c). Differential cross sections versus participant kaon momentum
for central Au+Au collisions at 1.0 GeV/A, calculated with the program
Therm?2. '
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Fireball Angular Distributions for AutAu
collisions at 1.0 GeV/A

| B 8 = 0 DEGS
10" Protons
. . Deuterons
' /% Triton
10 E > S
-Z; -
\
3 10° 4
=
&
£
g i
3]
% 103
c -
S §
[ o
o ]
10-13
3
10'3':'
10 ]

H i v { .
0.0 1.5 3.0 4.5 8.0 7.5 9.0
' Momentum GeV/C

Fig. 3.2(d). Differential cross sections at § = 0° versus participant
momentum for Au+Au collisions at 1.0 GeV/A, calculated with the pro-
gram Therm?2.
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3.4. Particle Ratios

A characteristic of heavy ion collisions at the Bevalac is extremely large
ratios between particle yields. Fig. 3.3 shows, for example, the ratios between
plon, k“a;o’n, and proton yields at 17.9°. They vary by several ordérs of magni-
#;ude, which places severe demands on particle identification methods. In antici-
imtion of our discussion of particle identification by means of dE/dx measure-
ment and/or. time of ‘ﬂight, we here present an outline of the statisticai criteria to

be applied to either method, or to the combination of both.

Figure 3.4 shows an example of particle idéntiﬁcation by dE/dx measure-
ment, taken from a PEP4 experiment [Sh 84]. It shows the distribution of dE/dx
values for particles falling in a given momentum bin. It should be noted that this
distribution would ’not be typical of results at the Bevalac, where protOusl almost

always dominate.

The analysis of inclusive spectra is the most straightforward. Here, such a
distribution as shown in Fig. 3.4 would be fitted with four free I/)arameters
corresponding to the yields of the four particles p, K, =, e, using x? to determine
thg best, fit. The widths of the,Adistributions for the individual particles are

assumed known.

For complete event analysis, this procedure does not suffice. In each event,
it is required to determine on an absolute basis the identity of every particle.
Since specific events have a negligible probability of being repeated, least squares

fits using a large number of events cannot be carried out. Two approaches are
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possible. One is to improve the resolution of the detector to the point _whefe no
ambiguity exists. The other, for a given detector, is to restrict the acceptance
criteria, and thereby reduce the ambiguity. The shaded areas on Fig. 3.4 show
how this was done by PEP4. In order to achieve sufficient purity for the b, K
samples (75%) the acceptance was in each case reduced to about 25%. The

acceptance and purity of the pion samples are both better than 90%.

In the above example, the acceptance for given cuts is well determined by
the properties of the detector, but the purity is model dependent. In our esti-
mates of the purity to be achieved, we have used predictions of the fireball pro-
gram, Therm2. Given particle ratios at a given momentum, such as those in Fig.
3.3, it is possible to specify how many standard deviations separation in dE/dx or
time of flight is neceésé.ry to achieve a desired acceptance, and purity. Table 3.2
shows such results for several acceptance levels and for 90% and 99% purity.
We conclude from Table 3.2 that if the yield ratio between two particles is 1:1 we
can achieve satisfactory acceptance and purity with about three standard devia-
tions separation. However, if the ratio is 1000:1 we need about five standard

deviations.
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Fig. 3.4. The distribution of dE/dx in the PEP4 TPC [Sh 84] (normal-
ized to the expected value for pions of the same momentum) for tracks
with momenta between 3.7 and 6 GeV/c. The crossed hatched regions
represents those particles that would be called pions, kaons and protons
with the criteria given in the text.
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Table 3.2
Necessary particle identification resolution for various values
of acceptance and purity.

Acceptance(%) Purity(%) Ratio of Yields
1:1 10:1 100:1 1000:1

86.6 (+1.50) 99 3.8 4.6 5.2 5.7

90 2.8 3.8 4.6 5.2
68.3 (+0) 99 3.5 4.2 4.8 5.2

90 2.5 3.5 4.2 4.8
38.3 (+0/2) 99 3.1 3.9 4.4 5.0

90 2.2 3.1 3.9 4.4
o 99 3.0 3.7 43 | 48

90 2.1 3.0 3.7 4.3
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© Chapter 4

4. The TPC: General Characteristics_
4.1. Overall Detector Design

We have already introduced the EOS detector in Section 1.2. In this Chapter
we discuss the overall design and performance of the TPC, reserving aspects that

depend on the the detailed desig‘nxof the endcap for Chapter 5.

The EOS TPC has been designed primarily for studies of the participant
region of heavy ion collisions. However, its design is such that supplementary
detectors can, at a later time, be added to cover other regions of phase space. It

meets the following design goals:
The detector should:

(a) identify and measure the momentum of
-pd, t, 3He, ‘He
—ntn K+, K ,K° and A°,
with an accuracy of about 1%.
(b) have a dynamic range in the fireball c.m. system of
— 10 MeV/c up to ~ 1 GeV/c for pions,
-- 30 MeV/c up to ~ 1 GeV/ec for kaons,

— 60 MeV/c/A up to ~ 2 GeV/c/A for p, d, t, °He, He,



(c).

- (d)
(e)
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tolerate an event rate of up to 10,000 per second;

accommodate a multiplicity of about 200 charged particles per event;

have as large an acceptance in solid angle as is technically feasible.

The chosen design has the following parameters:

(a) A solenoidal magnetic field centered along the beam direction, with a

(b)

(c)

(d)

diameter of 2 metres, and a field strength of 1.5 Tesla.

The time projection chamber is approximately 1.8 metres in outside

diameter and 2 metres long. The target is placed in a central beam

pipe which is evacuated and separated from the TPC. The target is

located 0.5 m from the rear of the TPC, and charge is drifted toward
the rear, to be measured using an endcap of approximately 25,000 pads

and 1000 sense wires.

The gas'is 91% Ar 9% CH4 at atmospheric pressure, and the electric

field strength is 115 V/cm.

The sides of the TPC are covered by a barrel array of time-of-flight
detectors. The downstream end is also covered with a highly seg-

mented array of time-of-flight detectors.

This design has the following special features:

(a) As a continuous tracking detector it has outstanding capability to

~ resolve high-multiplicity events, including secondary vertices (A%, K 9

and decays in flight (m, #, K).
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(b) As an electronic detector it can accommodate high event rates.

(¢) It uses true reconstruction of events in three dimensions, and does not

use projective geometry.

(d) The solenoidal magnetic field measures directly the interesting physical
quantity, transverse momentum, and minimizes azimuthal biases in

event shapes such as would be present with a transverse field design.

(¢) The solenoidal field affects the beam and projectile fragments
minimally, permitting the addition of downstream detectors if desired.
Similarly, some measurements of target fragments might be achieved

inside the beam pipe, if desired.

4.2. Particle Trajectories

Somé useful lfelationships concei‘n’mg the trajectory of a chdrged particle in a
magnetic ﬁeld along the beam directiop are presented in Appendix I. A particle
emitted from the target (on the axis of the magn_et) travels in a spiral along the
outside of an imaginary_cylinder whose surface touchés the a#is and whose radius

is given by:

__p cos\

0.3 2B . (4.1)

where p is in meters, the momentum p, is in GeV/c, X is the dip angle, z is the
charge of the particle in units of the electronic charge, and B is the magnetic
field in Tesla. The magnetic field alters the transverse momentum p; (=p cos)),

but leaves the longitudinal momentum unchanged. The longitudinal momentum
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is thus obtained by measuring p; and the dip angle X.

A consequence of Eq. 4.1 is that in a magnet of radius R, any particle with
p < R /2 does not reach the wall of the magnet but continues to spiral (all oth-
ers complete less than one half turn of the spiral). For our chosen radius of 1m

and a field of 1.5 T, this condition is: p, < 225 z(MeV /¢ ).

Figure 4.1 (a)(c) illustrate some of these features. Figure 4.1(a) shows an
‘enhanced’ Ar+KCl event witil the correct proportion of particles but 100 tracks.
Figure 4.1(b) shows 100 kaons from Ar+KCl events, while Figure 4.1(c) shows
100 pions, also from Ar+KCl events. It will be seen that spiraling is most

significant for pions, because of their lower mass and lower temperature.

The amount of spiraling is of interest for several reasons. For simplicity of
pattern recognition it should be minimised since nearly straight tracks :§e easier
to find. Spiraling fills up too many pixels in the TPC, adding redundant informa-
tion which is generally not useful and serves to confuse other tracks. To seek an
optimum, we have considered other values of the magnetic field. While it would
certainly be attractive to reduce the field to improve pattern recognition, it is
found that the effect on momentum resolution is disastrous. Naively we'might
expect the momentum resolution Ap /p to be inversely proportional to the pro-
duct BR2. In practice the radial diﬁ‘usioﬁ in a TPC is found to be roughly
inversely proportional to B, so that momentum resolution is determined by the
- product (BR )>. Our values of B and R are chosen to give sufficient momentum

resolution and we accept the degree of spiralling shown.



61

(a) . TPC TOP-VIEW
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Fig. 4.1. (a) Side view of an ‘enhanced’ central Ar+KCl event at 1.8
GeV/A in the EOS TPC. The momentum distributions were obtained
from the program Therm?2, using the particle ratios and temperatures as
in Table 3.1, but with 100 charged participants instead of the normal 46.
Figures 4.1 (b) and (c) show 100 kaons and 100 pions from Ar+KCl
events, respectively.
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4.3. Diffusion

The intrinsic spatial résolution of a TPC is determingd t‘by the degree of
diffusion of the ionisation electrons after f,hey have drifted through the chamber
on to the end cap. This has recently-been meaSured as a function of magﬁetic
field for a 91% Ar 9% CH, miﬁturé [Am 86). Diffusion is proportional to the
square root of the drift distance. In a magnetic field transverse difﬁxéion is
. reduced while longitudinal diffusion diffusion remains unchanged. Table 4.1 shows
~ the results of Amendolia et al. [Am 86] extrapolated to a magnetic field of 1.5 T

and a drift distance of 200 cm.

Table 4.1
Diffusion of ionization electrons. The data are extrapolated to
B = 1.5 T and a drift distance of 200 cm based on the
results of Amendolia et al. [Am 86].

Longitudinal Transversé
Single electron o (mm) 9.5 1.34
fwhm (mm) 22.4 3.16
Mean of 30 electrons o (mm) 1.73 0.24
fwhm (mm) 4.08 0.57

The values in the table for a single electron determine the width of a track
projected onto the end cap, and hence the two track separation capability of the
detector. The values shown for the mean of 30 electrons which is a typical
number sampled by a pad on the end cap determine the accuracy with which the

centroid of a track, and hence the momentum of a particle can be determined.
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4.4. Momentum Resolution

The diffusion shown in Table 4.1 determines the ultimate resolution that can
be achieved with. the TPC. We shall show in Chapter 5 how to match this with

the specific design of an end cap.

To display the momentum resolution of the TPC we have performed a
si.m-i)liﬁevd analytic calculation, and a aetailed Monte Carlo calculation fér simu-
lated events. Appendix II shows how to derive the analytic expi'ession, which is
shown in Eq: 4.2.

2 v .
(&) =manfen

o zgsin2>\ cos?\

+ " .Cn' L2
+ 2.05X107° 1 L (4.2)
B2L Lp cos\ ;
720 N3 720

Here 4, = (N (N+)(N+2) (N43)  N+5

where N is the number of equally-spaced measurements along the back;

12 (2N +1) (BN -3) N 192

" (N-1) (N+1) (N +2) (N +3) N+5
0, = rms radial diffusion of electrons (in m);
o, = rms longitudinal diffusion of electrons (in m});

A = dip angle;
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p = particle momentum in GeV/c;
B = magnetic field in Tesla;

L = length of measured track (in m), projected perpendicular to the beam_and

assumed to be nearly straight;

Lp = radiation length of the gas (in m);

B = particle velocity in units of the speed of light.

The first term (proportional to p2?) arises from the determination of the
transverse momentum p,, the second from the determination of the dip angle X,

and the third (proportional to 1/4%) from multiple scattering in the TPC gas.

To make numerical estimates we fixed the values of 0, and o, at their max-

imum values corresponding to 200 em drift. Following the geometry of the

chamber, we find L = 0.8 for A\ < tan’!(1.5/0.9), ie., § > 31°, and

15
tan A

- 0.1 for § < 31°. We set the number of measurements equal to
L /0.01, and L = 130 m.

The results for the three terms in the equation are shown separately in Fig.
4.2. Here the resolution given by the Curve 1 must be multiplied by p (GeV),
that of Curve 3 must be multiplied by 1/8, and then all three contributions to
the resolution should be added in quadrature. The three curves may be summed

without any multiplicative factor for 1 GeV/c¢ pions, for which 8 = 1.0.

For low energy particles curve 3 dominates the result, and for high energy

particles curve 1. Curve 2 is never the most important. The rise at small angles,
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COMPONENTS OF MOMENTUM RESOLUTION
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Fig. 4.2. Contributions to the momentum resolution in the TPC from
the three terms of Eq. 4.2. The resolution given by curve 1 must be mul-
tiplied by p (GeV/c), that of curve 3 must be multiplied by 1/8, and all
three contributions must then be summed in quadrature.
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intrinsic to measurements in a solénoid, is aggravated by the truncation of the
TPC at 31° and also by the reduced number of fneasurements tha£ can be rﬁade
on the reduced length of track. .If improved momentum resolution is needed for
the most forward angles, one possibility would be to add drift chambers in fhat
region.

Figure 4.3 shows the resolution as a function of angle for protons of various
energies. It is typically of the order of 1% for angles greater than_ 31° , but
deteriorates in the forward direction.

To test the overall momentum accuracy in a typical event, a Monte Carlo
calculation was cé,rried out using information supplied by the GEANT program
for a samp]é of Au+Au events at 1.0 GeV/A. This calculation avoided many of
the approximations involved in deriving Eq. 4.2. The results are show. in Fig.

4.4. It is seen that the typical momentum error is about 1%.

4.5. dE/dx Resolution

The TPC technique is specially useful for the identification of particles by
dE/dx measurement, since it provides the large number of independent samples
of dE/dx Within a givgn length of track that has been shown to be essential to
achieve high resolution. A summary of the theory of energy loss in thin samples

is given in Appendix III. Here we present only the most important results.

For a given thickness of gas, the most probable energy loss is a universal
function of n = g/V'1 - B% This is shown in Fig. 4.5 for 1 cm of Ar at atmos-

pheric pressure, normalized to its minimum value.
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MOMENTUM RESOLUTION FOR PROTONS
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Fig. 4.3. Momentum resolution as a function of angle is shown for pro-
tons of various momenta. The curves are labelled in GeV/e.
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TPC Momentum Resolution
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Fig. 44. A Monte Carlo simulation of Au+Au events at 1.0 GeV/A
showing that the typical momentum resolution is ~1%.
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ENERGY LOSS IN ARGON
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Fig. 4.5. dE/dx normalized to the minimum ionization value, as a func-
tion of 7, for 1 cm of Argon at a pressure of 1 atm.
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Figure 4.6 shows the energy loss in 1 cm of Ar at atmospheric pressure, as a
function of momentum, for various _particles: e,m K, p,d, t. This energy loss
leads to production of about 40 ion pairs per ¢cm at the minimum, so that the sig-
nals to be measured in the TPC will be quite small. Examination of. Fig. 4.6-will
show that if a resolution of 10% is achieved in dE/dx, identiﬁcatioh of m, K will
be achieved up to 0.8 GeV/e, of protons up to 1.3 GeV/c, of deuterons up to 2.3
GeV/c and tritons up to 3.3 GeV/e. This covers the majority of the particles
produced in the fireball. To obtain particle identiﬁcation at higher momentﬁ, the |
EOS detector will be provided with the time of flight array described in
Chapter 6. .W‘lth two completely independent methods of particle identification
we can obtain valuable redundancy for the lower momenta, and combine the two
methods at the higher momenta to obtain greater discrimination than could be

obtained with either method alone.

Calculation of the fluctuations in energy loss in small samples requires a
detailed understanding of the energy transfer processes in the specific gas under
consideration. Monte Carlo calculatioﬁs using empirical photoabsorption cross
sections have been reported by the authors of [Er 77], [La 80] and [Al 80]. Figure
4.7 shows a mea.éured distribution for 1 em Samples in the UA1 central detector,
as well as the theoretical predicticlm [Ca 82]. The long tail of the distribution,
which persists for samples up to 1 m or more, is not satisfactory for particle
discrimination. However, by taking the truncated mean (the mean of the lowest
80% or 70%) of a large number of samples, a near-Gaussian distribution is

obtained, as shown in Fig. 4.8.



71

ENERGY LOSS IN 1 cm of ARGON
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Fig. 4.6. Energy loss in 1 cm of argon at 1 atm is plotted against
momentum for electrons, pions, kaons, protons, deuterons, and tritons.
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Fig. 4.7. Distribution of energy loss per ¢m in the UA1l central detector
[P1 82], for a mixture of 60% ethane and 40% argon at atmospheric pres-
sure. The sample size is 1 cm. ’
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Fig. 4.8. Mean of the lowest 70% of 34 measurements, each 1 cm thick,
in the UA1 central detector [P] 82].
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Allison and Cobb [Al 80] have provided a semi-empirical formula to predict
the resolution obtainable in a variety of circumstances. If there are n samples,
each of thickness X cm, at a pressure of P atmospheres of argon, the resolution

is given approximately by:

R (% FWHM) = 96 n~046(XP )02 | (4.3)

If the Bohr theory were valid, both exponents in Eq. 4.3 would be the same, equal
to -0.5, and R would be proportional to (nXP )°5. Thus only the total thick-

ness of gas would matter. However, Eq. 4.3 can be rearranged as

R (% FWHM) = 96 n%4(nXxp )032 (4.4)

This shov§s that for a given thickness, nXP , the resolution can be improved by
subdividing the gas into smaller and smaller samples. Remarkably this has been
tested and found accurate for 1 m .total track length subdivided into 57, 230 and
1805 samples [Lu 82], as shown in Fig. 4.9. If Eq. 4.3 is generalized to other

gases it becomes

R (% FWHM) — 8l n-°~46[—]_0.32 (4.5)

where the variables are defined in Appendix IIL

~Equation 4.5 shows that the resolution should improve as the ionization
potential I is decreased. Isobutane (I = 52.1 eV) should have a resolution 1.8

times smaller than argon (I = 210 eV), while Ne, Ar, and Xe should have about
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Fig. 4.9. The truncated mean of energy loss for 110 proton tracks (open
histogram) and 72 electron tracks (shaded histogram). The results are
shown for 3 different sample sizes. Each track is 1 meter long. S, is the
seperation between the distributions Lu 82].
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the same resolution. These conclusions have been verified by Lehraus [Le 82], [Le
83].

We have selected 91% Ar 9% CH4 as the gas for our TPC because it has
many attractive propei‘ties_ andvit is wg]l studied. Atmospheric pressure is chosen
because it is technically much simpler and also allows us to add external detec-
tors: at our energy the secondary particles cannot penetrate great thicknesses of

material. The use of complex hydrocarbons is rejected because signal attenuation

by electron attachment would be too great [Le 82].

Once the gas and pressure are chosen, the overall dimension nX and the
numbér of samples, n , ‘determine the resolution. In our detector nX is typically
between 80 ¢cm and 160 cm. For 80 sarﬁples, obtained from measurements on the
pads, the corresponding resolution (fwhm) is between 12.8% and 10.2%. For 160
samples, obtained from measurements on the sense wires, the resolution is
improvevd to betwéen 11.6% and 9.3%. For resolution at energy losses away from
the minimum, see Appendix III. Figure 4.10 shows the discrimination to be
obtained'for;S'O 'samples and a path length of 120 cm, as a function of momen-

tum.

4.6. Magnetic Field

The average velocity of a swarm of electrons drifting in a combined E and

B field is:



ABS( (Eloss(K)-Eloss(n,p,d,t)) / Sigma
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Kaon Identification by dE/dX

Momentum in GeV/c

Fig. 4.10. The difference in energy loss between kaons and pions, pro-
tons, deuterons, and tritons, as a function of momentum. The calculation
is for a path length of 120 ¢m, with 80 samples. The curves are normal-
ized to the expected dE/dx rms error.



77

S sl
w_1+w272 E+B ><1_3‘+B2(E' B)B (4.6)

where p is the mobility, 7 is the mean time between collisions, and w = B is
m

the electron cyclotron frequency. The values of 4 and 7 depend on the gas, gas
pressure, and temperature, and on the electric and magnetic field strengths. In
the EOS TPC the value of p will be 5.05 cm/us, and wr will be approximately
7.0 [Am 86]. These values are not applicable close to the sense wires, where the

electric field becomes very strong.

For E exactly parallel to B, the electrons drift along the common direction.
In other situations the drift direction depends on the value of wr. For small wr
the electrdns follow the E field, while for large wr they follow the B field. In the
EOS TPC wr is large, but not sufficiently large that we can neglect the E x B
term in Eq. 4.6. To estimate the effect of field inhomogeneities, we first consider
the effect of a small radial component in the B field, which will be the major

source of error in a solenoidal magnet.
Let E =E, 5 and B =B, 2 + B, #, where 7 and # are unit vectors in
the longitudinal and radial directions, and where B, << B,. Equation 4.6 then

becomes

B ,
@ =upE, |5+ ’[ Ca f+—ﬂ—-—£” (4.7)

B, {1+ 7 1 4 w7

where £ is an azimuthal unit vector equal to 3 X 7.
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After integrating Eq. 4.7 over the drift time we obtain

Az = f dz
z
Ar = w2}12 '- 1 }I‘B dz
1+w?? B, 77
'VVIAg _ w1 -le dz‘ (4.8)
| 1+?2 B, :
for an electron produced at 2z -and drifted to z = -1 m, the end cap location

(the TPC extends between z = + I m). Inserting wr = 7 gives .

-1

19 1
ar = 2.1 rp oy
T =% B {5
71 1
Af = . B d = — A .
¢= g g B d = A (4.9)

The most significant electric field variations are not necessarily radial, but
for symmetry with the discussion of the magnetic field we consider B = B, z

and E = E, 3 + E, #,where E, << E,. We find

W =ukE,

A r 1 n wT -
‘Y [1+w212r_1+w212 6” (4.10)

which leads to
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1 1
- - d
Ar 5% {E, 2
7 1
M:_E‘Ez {E,dz = -7Ar (4.11)

Equation 4.11 shows that the expected radial displacement due to a radial electric
field has been reduced by a factor of 50 as a result of the presence of the mag-
netic field (via wr). The azimuthal displacements introduced by the E X B

term, while small, are not necessarily negligible.

We will not examine the electric field further, except to discuss space-charge
effects in Section 5.4. Electric .ﬁeld problems in the EOS TPC will essentially be
the same as in other atmosﬁheric-p‘ressure TPé’s such as ALEPH and DELPHI.
We, like they, will benefit greatly from the very extensive studies of electric fields
carried out by the PEP-4 collaboration [Va 82]. Our magnetic field, on the other
hand, is potentially a problem because one end of the magnet is open (see Fig.
1.1). We have therefore made numerical estimates of the expected effects due to

magnetic field non-uniformity.

The effect of the displacemehts given by Eq. 4.8 én the analysis of a specific
particle track is complex. The value of the integrﬁl is different for each point on
the track. Figure 4.11 shows the magnetic field lines inside a solenoid, with an
exaggerated radial component. The target is répresented by T, and the arrows
TA and TB represent two straight tracks. We note that the radial displacement
of a field line over a longitudinal distance dz is equal to B, /B, dz. Hence the

total radial displacement over the distance from z to z = -1 is equal to
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Fig. 4.11.

An exaggerated version of:the radial distortions of ‘the mag-

netic field lines inside a solenoid of a TPC. The target is represented by
T. TA and TB represent two straight tracks.



81
-1

[ B, /B, dz. This, in our approximation of a constant B,, and apart from the
2 .

factor %g—, is equal to Ar in Eq. 4.9. Thus we can consider that the radial

motion of a drifting electron is closely described as following the field lines, as
shown in Fig. 4.11. Electrons produced at T drift along the axis with no correc-
tions, since B, = 0 at r = 0. Electrons produced at A and B drift along the
same field line and arrive at the same point on the end cap. However, the correc-

tion is zero for A, because of the symmetry of the field, and maximal for B.

A detailed calculation of these effects involves using a Monte Carlo program
to generate tracks, and then to “swim’’ the ionization electrons through the mag-
netic field, which needs to be known everywhere in the TPC. In order to obtain
analytic expressions we devised a model magnetic field close to that expected for
the TPC. We first calculated numerically the field within a solenoid of diameter
2m and length 4m. We then adopted_the expressions B, =1.5,B, =0.1rz as
a reasonable approximation to the field in Tesla for the central volume of length
2m and diameter 2m. Figure 4.12 shows the calculated values of B, as a funs-

tion of r and z and our approximation to them.

Two types of tracks are siniple and informative to consider. First we con-
sider the errors introduced in the measurement of a straight track, originating
from the target at r =0, z = _'0-5 m. Figure 4.13 shows the calculated values
of Ar and A€, obtained .using Eq. 4.9, plotted as ai fimétion of r for points along
the track. Tracks below § = 30° exit at the end of the chsmber ss there is no

correction to be made at the end point (cf. track TA in Fig. 4.11). Tracks at
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Effect of Radial Field Components
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Fig. 4.13. The radial displacement Ar and azimuthal displacement A€
of drifting electrons as a function of r, calculated for the model field and
straight tracks at various values of 6.
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about 60° travel through the central part of the chamber (cf. track TB in Fig.
4.11) and have the largest correction. The linear dependence of f B, dz onr is

characteristic of a solenoid and is reflected in our parameterization of the field.

For the large angle tracks, where Ar. and A€ depend linearly on r, the
effect of the non-uniformity in field is to produce an apparent change of the
angle of the track. For tracks between 0 = 45° and § = 90° the angle shift is
approximately 0.9 sin 26 in 6 and 0.2 in the azimuthal angle ¢, both measured in

degrees.

For tlie smaller-angle tracks, in particular those below 30°, the displace-
ments would be more likely to interpreted as a momentum shift. For the 30°
track the sagitta of the projection on the end cap would have a value of 2 mm
(the maximum of A€ as _shown» in Fig. 4.13). This corresponds to a transverse
momentum of 2.7 GeV/c (or actual momentum of 5.4 GeV/c) instead of the true
value of infinity. The direction of curvature would suggest a positive track.
Straight traéks at 10° and 20° would also appear positive at about the same
momentum. Sirﬁilarly, negative tracks with a true fnomentum of 5.4 GeV/e

would appear to be straight.

The éther type of track that can simply be conside;‘ed is the spiralling track.
Here the largest effect would be for a spiral of diameter 1m, which just reaches |
the edge of the chamber and corresponds to a momentum of 0.225 z GeV/c
where z is the charge on the particle. Portions of the track near r = 0 would

be unaffected. Portions of the track, if any, near r = 1, z = 0 would be maxi-
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mally affected, with a radial displacement of about 3 cm, or 3%. As the particle
spiralled through the chamber it would experience all of the field distortions and

be difficult to fit unless they were taken into account.

We now consider the relationship of our model field to the expected field.
Oxford Instruments, Ltd., have provided us with a preliminary design for the
magnet (shown in Fig. 1.1) and have calculated properties of several
configurations of coil windings, including the effect of the iron, which we have not
included in our model. The configuration of coil and yoke is shown in Fig. 4.14.
The coil is 3.6 m long and 2.2 m diameter. The values of [ B, dr are about
30% worse than in our model, if a uniform current density is used throughout the
coil. By dividing the coil into three segments A, B, C as shown in the figure,
and adjusting the currents separately, the field shown in Fig. 4.15 was vachieved.
This is better than our model by a factor of two, -i.e., straight tracks would
appear to have a momentum of about 11 GeV/c, for a singly charged particle. It |
is expected that further optimization of the parameters of the magnet will pro-
duce at least another factor of two improvement. This would be satisfactory, but

the field would still need careful calibration.

To calibrate the magnetic field to the accuracy needed to»achieve precision
equal to the resolution shown in Figs. 4.2-4.4 a position accuracy of 0.05 mm in
space is needed. This can Be provided by a laser beam, and the ionization pro-
duced by the laser serves to simulate idealized and perfectly straight tracks
against which the TPC can be calibrated. Measurements can be repeated identi-

cally many times, to improve accuracy, and can be made periodically throughout
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ments, Ltd. has three independent superconducting coils, indicated by A,
B, and C. - ' ‘ A
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the data—taking‘runs to Verify that the magnetic field has remained constant and
to calibrate the effect of electric field non-uniformities, which ‘are less well under-
stood and which may vary. The technique of laser calibration has been demon-

strated by the ALEPH collaboration [Am 85a], using their. TPC 90 prototype.
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Chapter o

5. The TPC: Specific Design Considerations
5.1. Two Track Separation

The TPC has been introduced in Chapter 1 and its potential performance
discussed in detail in Chapter 4. In this chapter we present specific design con-
siderations, concentrating on those areés where our application of the TPC tech-
nique is more difficult than pi'evious ones. The most important difference from
previous TPC experiments is the high multiplicity of particles emitted in rela-
tivistic heavy-ion‘ collisions. This requires special attention to two-track separa-
tion. The high event rates, coupled with the high multiplicity of secondary parti-
cles, require special attention to space-charge effects. Finally the wide range of
particles and moménta of interest in heavy ion collisions requires special attention

to the dynamic range of the electronics.*

We analyze the response of the TPC in terms of pixels which are rectangular
parallelepipeds with sides Ar , Az, énd Af = r A¢, in a cylindrical coordinate
system. Each pixel has a uniform response to any electrons produced inside it,
and no response to any éthers. The transverse diffusion of electrons (given in

Table 4.1) is negligible compared with the pad size. We therefore set Ar and A¢

" *QOther areas where new ground needs to be broken are discussed in Sections 3.4 and 6.5
(particle identification) and Chapter 8 (handling the enormous volume of data).
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equal to the pad dimensions in the radial and azimuthal direétions. This is an
approxima’f:ibn to the true response: the PEP-4 collaboration [Ai 83] found _that
the pad response functioﬁ is a ggussian with FWHM roughly equal to the pad
width in each diregtion. The longitudinal respénse is, on the other hand, com-
pletely determined by diﬁuéion, the time sampling rate vbeing chosen to ensure
that this is so. We set Az = 2.24V(z +50)/200 cm, the FWHM of the distribu-

tion, where 2 is measured in cm, and the target is located at z = 0.

We can now ::visualize the response of the detector, considered filled
thfoughout its volume By pixels as defined above, and ask for each pixel whether
one track passes through it, or more than one. vTo simblify the analysi.s we
assur'ne. all fhe tracks are straight (B. = 0). By making this approximation, we
can calculate the probabiiity that a given pixel will be hit, in terms of the solid -

angle subtended by that pixel at the target.

The straight-line approximation is instructive since it emphasizes the strong
geometrical correlations within specific events, i.e., if two tracks are not resolved
at large radii they will not be resolved at any smaller radii. This is the kgy con-
sideration at small angles., where the problem of two-track separation is most
severe. At the other extreme, it is not at all valid for low-momentum partiéles
produced at large angles, 'which‘ may spiral through the detector introducing a
great deal of unwanteé information about themselves while obscuring other
tracks where they cross. However, only a small fraction (~20% — see Fig.
4.1(a)) of particlesvspiral. Monte Carlo calculations using GEANT3 confirmed

that the separation of nearly parallel tracks is the most significant problem in
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two-track separation, and indicated the desirability of an analytical approach

such as the present one.

Figure 5.1 shows the summed particle yields for central Au+Au and Ar+KCl
collisions based on the model events desci'ibed in Chapter 3. The greatest particle
density is at 0°, where for Au+Au 270 particles are emitted per steradian. For
the TPC, the solid angle subtended at the target byb pixels near 0° is given sim-
ply by AQ = (Ar Y AE)/R? where R is the distance from the target. We can
now calculate the mean number of particles, m , hitting a given pixel. This is a
useful figure-of-merit for two-track separation. The Poisson distribution with
mean m gives the probability that éne, and only one, particle will be observed in
a pixel as P (1) = me™™. The probability that a given particle will be clearly
measured is therefore P (1)/m, or e™™ . The multiple-hit probability, vhich we
shall refer to as MHP, is 1 — e™ =~ m for small \;alues of m . For comparison
with existing detectors, we note that the basic elements of the Plastic Ball [Bad
82] are 4.2 msr for 10° < 6§ < 30° and 17.5 msr for 30° < § < 160°. Accord-
ing to our calculation for Au+Au central collisions at 1 GeV/A, m ~ 1.0 for the
Plastic Ball elements at 10°. This gives a MHP of 63%: only 37% of the parti-
cles can be measured cleanly. This calculation neglects dynamical correlations,
which might increase the MHP by as much as a factor of two (see [{Za 84] and the

discussions of momentum flow in [AA 86]).

We begin by considering two-track separation at the outside of the detector.
It is essential to achieve clear separation of the tracks at large radii, to simplify

pattern recognition: once we know what tracks are present we will find it easier
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Summed Particle Yields in Central Collisions
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Fig. 5.1. Summed particle yields for central Au+Au (1 GeV/A) and
Ar+KCl (1.8 GeV/A) collisions as a function of 6.
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to extend their analys_i§ to the smallest radii where useful informatioﬁ can be
obtained. In addition, most of the momentum information is in the outer part of
the track | (assuming that the vertex location is kpown) since the magnetic
deﬁection is proportional to the square of the distance.

We have considered three different pad and wire configurations:

“(a) (0.5¢m )? pads everywhere ;

'(b) (1.0¢m )? pads everywhere ;

| (c) (0.5¢m )? pads at» r= ld cm, varying linearly to (1.5¢m )? pads

at r = 90 cm. |

~ In each ca.sé the wire spacing is one half of the pad width.

5.1.1. Multiple Hit Probability for the Pads

The ra;dial pad width Ar contributes cosf - Ar /R to Af. The longitﬁdinal
diffusion contributes sinf - Az /R . The FWHM of A0”is given by the greater of
the two coﬁtributions (in our uniform—resbonse model of the pixels). At angles
less than 6, the two—track sepa:ration in # is determined by Ar and at greater
angles By Az. The angle 8 = 31° corresﬁoncis to the circumference of the front
fﬁce of the TPC. The pixel width in the @ direction is A¢ = AE/(R cosb),

transverse diffusion being negligible.

Before calculating the MHP, we need to make an important modification to
our schematic model, to allow for the fact that the true response function in each

direction (r,£, z) is given by a gaussian, rather than by the square distribution
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of the sameé fwhm which we have assumed. Figure 5.2 shows calculated pad
responses for a gaussian distribution with 0 = w /2.35, where w is the pad
width, for various separations of two tracks and for various locations of the hits
relative to the pad centers. Tt ‘will be seen that'a separation of 2.5 w is the smal-
lest which reliably gives a pad with near-zero response between the two tracks.
We consider this to be an essential condition for simple and rapid pattern recog-
nition, and therefore increase the effective pixel width by a factor of 5 for calcu-
latmg the MHP ThlS yxelds a factor of 25 in Afl, allowmg for a factor of 5 in

both Ar (or Az), and AE

Figures 5.3 show the MHP as a functlon of 0 for Au+Au central collisions at
1 GeV/A and for Ar+KCl central central colhslons at 1.8 GeV/A based on the
model events described in Cha.p:ter,?,r and calculated for the outside of the detec-
tor, i.e. for pixels at the maximum radius. In comparing the results for the three
cases, it should be borne in mlnd that case (a) requlres about 100,000 pads, whlle
cases (b) and (c) each requlre about 25, 000 Since it is hardly hkely that the elec-
tromcs can cost less than about $100 per pad the number of pads is likely to be
hmlted by economic con51derat10ns Case ( ) gives the same MHP as case (a) at
the smallest angles, and about the same as case (b) at larger angles Section 5.2
will discuss the feaSIblllt& of constructmg an end-cap w1th a non—unlform pad and

wire arrangement such as case (c)
The multlhlt probablllty shown in Fig. 5.3 is about a factor of 10 better

than for the Plastlc Ball [Bad 82] and comparable to that achieved in the new 4w

detector proposed [No 86] for the SIS/ESR fac1llty under construction at GSL
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Fig. 5.2. Calculated pad responses (Gaussian distributions), for various
locations (a-e) of the ionization centroid relative to the pad centers.
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Multiple Hits on Pads
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Fig. 5.3. Multiple hits on the pads for Au+Au at 1 GeV/A and Ar+KCl

at 1.8 GeV/A. The three pad layout designs (a-c) are described in the -
text. '
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In the interior of the TPC, the twé track separation deteriorates in a compli-
cated way. For cases (a) and (b) the MHP at small angles (where it is determined
by Ar and AE) increases proportionately to 1/R2. At larger angles (where it is
determined by Ar and Az it increases proportionately to 1/R. Case (c) shows
a slower dependence on R, since the pad size varies linearly with R . Overall we
can sayb that the MHP is increased by a factor of two to four at R /2. This
means that simple track recognition will not be possible in many instances, and
x2 minimization routines will be necessary. We note that two tracks separated
by 1.25 w (half the separation assumed for the curves in Fig. 5.3) satisfy the
Rayleigh criterion of 30 separation. thus x? minimization should reduce the
MHP shown in Fig. 5.3 by about a factor of 4. Since this is about equal to the
increase in MHP on going to R /2 we consider that Fig. 5.3 also represenﬁs the

two track separation at R /2, provided least squares minimization is employed.

Finally we note that the performance of any of the three pad layouts is -

satisfactory for Ar+KCIl central collisions.

5.1.2. MHP for the Wires

The procedure for calculating the MHP for the wires is similar to that for
the pads. The value of Ar for the wires is twice smaller than for the pads.
Since the values of 6, are reduced by about a factor of two, so that the value of

AQ is nearly always determined by longitudinal diffusion.

To calculate the MHP for the wires, we used A¢ = m/3 corresponding to a

six-sectored en_d cap and increased the effective A8 by a factor of 5, following the
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same arguments in Section 5.1.1. The results are shown in Fig. 5.4. They are
rather discouraging, though we note that a factor of four reduction may be

achievable with least-squares fitting.

In order to improve the MHP for the wires. it would be necessary to increéSe
the number of wires. Decreasing the radial spacing does not help,._v Any improve;
ment would have to come in the azimuthal. direction, through addi!;ional segmen-
tation of the end cap, such as by introduci.ng more sectors, or using a hexagonal
arréy as for the ALEPH detector. The number of wires needed for cases (a), (b),
and (c) are 1920, 960, and 960 respectively. Increasing that number to about
10,000 would bring the MHP for the wires down to values‘ comparable to those
for the pads. However, the‘de#d regions of the TPC at th_e‘ ends of the wires,
would be greatly increased. Any other solution would involve a radical revision

of the concept of the EOS detector.

5.2. Pad and Wire Layouf

The EOS f,ime projection chamber, in contrast to similar devices built for
colliding beam experiments, is single ended. Th-is_envab.les us to miﬁimize nuclear
and electromagnetic interactions by placing the electronics upétream _from the
target, where there are only a few particles. The side walls and anod.‘e. plane can
be thin, low-density material, wh}ile the endcap canb be construc:ted to have high
rigidity and maintain the close toleranées required. The beam pipe, which is eva-
cuated, is made bf beryl‘lvi_um, or f)f carbon ﬁbers. We adopt a sectored layout as

in PEP-4 and DELPHL This has the disadvantage of radial dead regions. If we
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Multiple Hits on Wires
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Fig. 5.4. Multiple hits for the wires, for the three endcap designs
described in the text.
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“can contrive to reduce these to 1 cm, a six-sectored layout would be 8.3% dead
‘near the center and 1.1% at 90 cm radius. The loss would be greatest for stiff

particles at very small angles.

A major difference between the EOS TPC and the colliding beam detectors
is that in order ‘to achieve adequate two-track separation we have to rely on the
information obtained from the pads. To obtain sufficient dE/dx measurements it
" is then necessary to cover the entire eﬁd cap with pads. A logical consequence of
this approach might be to abandon the wire information altogether, the wires
serving only to generate avalanches when the drifting electrons reach the end
cap. Another approach might be to use a mesh anode instead of a grid of wires.
This is very attractive [Hi 83] but suffers from the disadvantage that a field of
about 15 kV/cm is requir;ed, compared with 1 kV/em for a grid. The systém is

very close to breakdown Eand may also have intrinsic instabilities in a magnetic
| :

ﬁeldv[Gr 86al. Another piossibility would be to use short anode wires, as in the
NA36 design [Gr 86b). Tflis has great advantages for two-track separation, but is
not useful for dE/dx mez!asurements because of gain variations along the anode

wires due to edge effects. ‘

The arguments in favor of retaining the wire information are several, in
addition to the argument that the number of electronics channels required to
read out the wires is only a few per cent of the totall. First, there is a class of
important low multiplicity experiments, such as A° and K production in p-p and

p-nucleus collisions, that are necessary to understand the more complex nucleus-

'The wires, nevertheless, add significantly to the burden on the data handling system.
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nucleus collisions but will not produce too high a multi-hit probability for the
wires. Second, if the size of the avalanche on a wire is known, analysis of the
nearby pads’ responses to it is greatly simplified. Third, because the wires are

more closely spaced than the pads ( by a factor of two) the dE/dx information

2014 5r 091 in resolution.}

obtained from them is improved by a factor of
Fourth, use of the wire information permits some corrections for dE/dx fluctua-
tions to be made in position measurements and hence an improvement in the
momentum resolution. These uses of the wire information will not be possible for

all tracks, especially for the parts of tracks that are near the target, but will be a

most valuable supplementary source of information. v

The distance from the pads to the anode wires is usually set at aboup half
the pad width. A disadvantage of a small value ‘o_fv"t,h‘is distance is that most of
the induced signal may be on a single pad, with insufficient signal on adjacent
pads to permit accurate fitting of a centroid. Figﬁre 5.5 shows this effect, for
gaussians of FWHM equal to various multiples of the pad widtl;. The situation
in 5.5(a) corresponds roughly to the PEP-4 response, while 5.5(b) corresponds
r3ugh]y to the response of ALEPH and DELPHI, where the pad width has been
reduced by about a fact of 1.2 for the same wire-cathode distance. Figure 5.6
shows the layout of wires in PEP-4. The appropriate layout for the EOS TPC
has not yet been studied in depth, except for considerations of space-charge
build-up due to positive ion feedback. To reduce this effect we plan to add an

additional grid and have carried out calculations for typical arrangements (such

In addition to this, the dE /dz samples obtained from the wires are truly independent while
the pad information is a weighted average over several such samples.
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Fig. 5.5. Pad responses for different anode to pad distances, as a func-
tion of the pad width, w.
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as ALEPH) to check that a suitable suppression is possible (see Section 5.4).

- We have so far described the pads as arranged in concentric rows, but no
firm decision has been made on this as opposed to havihg straight rows parallel
to the wires, as in the PEP-4 detector. The ALEPH and DELPHI detectors have
opted for a concentric arrangement, which ensures that the croésing angle for
their stiff tracks is close to 90° and consequently reduces the off-line corrections
to be applied in the momentum analysis. This argument applies also to the EOS
TPC, but to a lesser extent and not at all to spiraling particles. An argument
supporting concentric rows is related to pattern recognition. Pattern recognition
is simplified if the events are projected into the r-z plane. In such a projection,
most of the tracks are hearly étraight, and this view is easier to construct
(perhaps on-line to insert in a trigger) if all the pads at a given radius are
oriented identically. The argument in favor of straight rows lies in the geometri-

cal simplicity and ease in combining wire and pad information.

5.3. Non-Uniform Pad Arrangement

In Section 5.1, considerations of the most economical approach to the multi-
hit situation led us to propose a pad layout in which the size of the pads varies
linearly from the inner to the outer radius of the TPC. We discuss two possible
situations: variable gap and anéd_e wire distance, and readout through resistive
cathodes. The latter was suggested to us by F. Sauli [Sa 86]. Another possibility

which we have considered is to use some variation of the TRIUMF TPC
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geometry [Bry 84], consisting. of individual proportional -tubes. We have not
included the latter here since we have been unable, so far, to conceive a design

which provides both good dE/dx and good position measurement.

(a) Variable Ga.p.and Anode Wire Distance

A possible layout is to vary the pad size, wire spacing and anode-cathode
gap in the Same prbportion; to maintain optimum localization properties. It is
not mechaniéalfy feasible to vary the.wire diameter in the same proportion, and
it would be inconvenient to vary the wire potential. We therefore examine the
effect on the proportional multiplication of keeping the wire diameter and poten-
tial constant. With reference to Fig. 5.7(a), let us imagine a MWPC in which
both the gap width ¢ and the wire spacing s are a function of the coordinate
perpendicular to the anode wires; the diameter of the wires is constaht aﬁd equal
to 2a, and the éper'ating voitage is V,. in first approximation, and for moderate

gains, one can express the proportional multiplication factor [Sa 77] as follows:

M = exp (kCV,) _ (5.1)

where C is the capacitance per unit length of the anode wire to the cathodes,
and V, is the operational voltage. K 1is a constant for a given gas and wire

diameter. The capacitance per unit length C ‘is given for g ~ s > > a by:

27e,

T _n (@_ _ _ (5.2)
, _
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assuming that the local variations of parameters, in'a geometry such as the one
of Fig. 5.7(a), can be neglected. Again in first approximation, for s > > a, Eq.
5.2 can be written as:

C % 2€, &
gv

(5.3)

Combining Eq. 5.1 and 5.3 one can see that‘vthev gain M remains constant, for
equal wire radii and operating voltage, if the ratio s/g is kept constant.
Although a more detailed analysis may show ‘a deviation from 'this simple rela-
tionship, a solution in which both ‘the gap and wire specing are increesed seems

rather straight forward to implement.

(b) Readout throtigh Resistive Cathodes

A simple v;ray of hdjusting the pad width and dlstance without modifying
the basic MWPC vc’ovnstr‘uctlon and operation is to ‘rt'ead out the induced pulses
through ia isemi-tren‘sparent or resistive cathode. ’T.his 'method of read out was
developed originally to allow a ﬂexible’choice of the geometrical shape of the
readout electrodes and to simplify the construction of large, modular systems
such as those based on plastxc streamer tubes [Ba 78], [Bat 82] It is based on the
observation that, if one cathode in a MWPC is made from a thin sheet of
material having a large surface or bulk resistivity, the fast signal induced on
external pickup electrodes has roughly the same amplitude and distribution of
that induced on identical electrodes internal to the chamber. A detailed analysis

of the induced signal formation through resistive electrodes appears in the quoted
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Fig. 5.7. Two possible ways to vary pad size and gap spacing as a func-
tion of radius [Sa 86]. :
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references: in particular, the transparency of the cathode to induced signals
~ increases with its surface resistivity and can approach 100%. The width of the
induced charge distribution on external electrbd_es has been measured for a large
range of geometrical parameters, alt_,hough always for pickup electrodes.lying in
close contact with the baci(side of the resistive cathodes, and satisfies the general
rule of having a FWHM equal té twice the anodé—pickup electrodg distance. It
seems reasonable to assume that the domin_a‘nt.;'eﬂect__ is '”.VpuzlA"ely geometrical,
irrespective of the cathode-anode distafléé’ m ‘the MWPC. In the geometry illus-
trated in Fig. 5.7(b) a:}.sta:ndard end cap thin-gap MPWC is shown with one
cathode consisting of a high resistivity foil; signals are read out using suitable
pads, external to the chamber, and having a size comparable to their distance
from the anode plane. As in the conventional TPC geometry, the readout.pads
can be organised in rows parallel to the anode wires or, for example, in circular

arcs such that stiff tracks would be neaﬂy perpendicular to the pad rows.

An obvious advantage of the semi-transparenf cathode solution is that it
allows one to change rather easily the readout pattern without disassembling the
whole detector; this may be particularly convenient if, as a consequence of a
change in energy or nature of the interactions under analysis, the topology of the

detected tracks is modified.

5.4. Space Charge

That space charge build-up is potentially a serious problem is illustrated by

the following naive calculation:
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Assume 200 tracks per event and an average track length of 1 m. This
yields 2 - 10 ecm of track per event. If there are 40 ion pairs per cm (minimizing

ionizing) there will be 8 - 10° primary electrons. Assume a detector collection

efficiency of 100% and a gas multiplication of 10 at the anode. The total posi-
tive ion production at the endcap is then 8- 10° positive ions per event. The

drift velocity of the positive ions is about 0.16 cm/us so that they take 1.25 s to
drift across the 2 m TPC. During this time there will be 1.25 - 10% events at a

collision rate of 10* per second. This leads to a steady state situation with 10
positive ions in the chamber, or 1.6 - 10'5 coulomb. If we'assume that this charge
is unlformly dlstrlbuted throughout the volume of the TPC we can apply

Gauss’s law to ﬁnd that there w1ll be an enormous radxal field, E, =~ 10°r

Volts/m (where r is the radius in m ), compared to the 10* Volts/m longitudinal

field applied to drift electrons.

In order to carry out a propel‘ calculation, we have taken into account the
effect of mirror charges in the walls of the detector, the eflect of the Frisch grid
introduced to reduce the amount of positive ion feedback, and the effect of a gat-
ing grid introduced to prevent drift electroné from unwanted eueuts from reach-

ing the sense wires.

The grid system is shown in Fig. 5.8, which depicts the electric field lines
with the gating grid open (2) and closed (b) [Am 85b]. Consider first the situa-
tion with the gating grid open. Since all the field lines in the drift region pass

through the gating grid, it is totally transparent to drift electrons. The same is
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Fig. 5.8. Grid configuration and field map for (a) gating grid open and

(b) gating grid closed [Am 86).
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true of the shielding (Frisch) grid. However, the returning positive ions, pro-
duced in the avalanches at the sense wires, are mostly captured on the shielding
grid. The transparency of the combination of shielding gx;id and open gating grid
is given by the ratio of the field strengths in the drift region and in the region

inside the shielding grid, and is typically 0.07.

The gating grid is normally closed, with the voltage raised and lowered on
- alternating wires, .as shown in Fig.'5.8(b). In this condition it is completely
opaque to both electrons and positive ions. This has been verified at the level of
102 [Am 85b]. The gating grid is opened after a desired event occurs, and held
open for the 40 us drift time of the TPC. the combined effect of the two grids is
that events occurring when the gating grid is closed produce only the positive:
ions generated in the primary tracks. Events occurring when the gating g?id is
open produce positive ions at the sense wires at about 10* times the number of
drift electrons. Of these only about 7% reach the drift volume. The average
number of positive ions in the drift volume \(assuming a steady beam) is therefore

given by:

125 N, R (1 +0.07 AN /R) (5.4)

Here N, is the average number of positive ions produced in the primary tracks,
per event; the factor 1.25 is the number of seconds required for a positive ion to
drift through the TPC; R is the number of events per second; A is the gas mul-

tiplication; and /N is the number of triggers per second.
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~ We now consider an event rate R = 10*/s. It is unlikely that higher rates
would normally be used, since even for B = 103/s there would be a probability
of 8% that one or more additional events would occur duriné the 40 pus preced-
i‘ng or following the trigger, producing extra tré.cks in the event which is.r'ead
out. For a trigger rate of N =1 per second (such that every read out event
could be stored on tape) the additional positive ions returning from the sense
~wires are negligible (7%). For a trigger rate of N = 100/s, assuming a factor of
100 for preselection of events before data storage or for additional data compres-
sion, the overall number of positive ions in the chal‘nbervwould still be only 8
times greater than the pﬁmary ionization, the effect of which will be calculated

~ below.

The number of positive ions assumed in our ‘‘naive’ calculation is fairly
realistic for Au+Au. While the average event will have only about 50 tracks
rather than the 200 used in the estimate, many of the tracks will be several times
minimum ionizing. Space-charge build-up for Ar+KCl will be reduced by a fac-
tor of 5 compared with Au+Au. We have not considered the “clumpiness’ of the
positive ion distribution generated at the sense wires, in which each event for
which the gating grid was opened generates a plane of positive ions about 6 cm
thick which drifts backwards through the chamber at 0.16 cm/us. The ‘‘sha-
dow” tracks in this plane could produce perturbations of subsequent events at

particular values of z which would be known from the times of previous triggers.

We have calculated the effect of the primary ionization 1.25 N, R in Eq. 5.4

by solving Poisson’s equation in the volume of the detector, following the
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procedure of G.J. Van Dalen [Va 81]. For an event rate R = 10*/s and N =0

we obtain the distribution of potential lines shown in Fig. 5.9. The effect of a

: -1
radial electric field was presented in Eq. 4.11, in terms of the integral [ E, dz,
2

which is at most 2 volts. Since E, is about 100 V/cm, the maximum radial dis-
placemént is therefore 0.004 mm, which is negligible, largely as a result of the
reduction by a factor of 50 produced by t.he magnetic field. Longitudinal dis-
placement is more important, reaching a maximum of 0.2 mm, but this is still
small compared with the longitudinal accuracy of @he chamber, which is of the

order of o = 1 mm for a single measurement (see Table 4.1).

The use of a gating grid means that a small part of the chamber is not use-
ful: if it takes 2 ps to open the grid (e.g., 1 p#s to make an electronic decision
and 1 us to open it) 10 cm of track at the back of the chamber would be lost,

since the drift velocity is about 5 em/us .
5.5. Dynamic Range of the MWPC

The dynamic range required in TPC’s for collider physics is relatively small:
for example, the ALEPH TPC is designed to accept signals up to only five times
minimum ionizing. In this section we discuss the response of the MWPC'’s to the
heavily-ionizing particles to be encountered in the EOS TPC. In Section 5.6 we

discuss the dynamic range of the readout electronics.

In order to obtain sufficiently large signals from minimum-ionizing particles

it is necessary to operate the MWPC’s at high gas multiplication, of the order of

10%. This is required for accurate position measurements, as we shall now show
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Equipotential Lines for Posittive ton effects
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Fig. 5.9. Equipotential lines (1 contour interval corresponds to 0.2 volts)
due to the presence of positive ions in the TPC volume. The calculation
is for an event rate of 10%/sec, shows only the primary ionization. The
total ionization can be obtained using Eq. 5.4. :
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(this analysis is similar to one presented for the ALEPH TPC).

Consider a minimum-ionizing particle that produces 40 electrons/cm, cross-

ing a pad row of width 1 ecm. Anticipating our needs, the gas multiplication be

104, so that 400,000 electrons are produced on the v?rires. ‘One half of this signal
is induced on the cathode, about 60% of that is on the central pad, and about
50% of the charge is collected within the integraﬁion time of the preamplifier.
-~ The net signal for 1 cm of track is 60,000 electrons. Since the rms noise on the
preamplifier is likely to be about 600 electrons equivalent, the signal-noise ratio is
about 100. We have calculated that this signal-noise ratio yields a position accu-
~ racy of between 30 and 100 i, depending on whether the track falls on the divid-
ing line bétween two pads or on the center of one pad. The intrinsic spatial acu-
racy of the TPC is between 100-200 p depending on location of the track in the

chamber. Thus, if the spatial accuracy is not to be limited by noise, a gas multi-

plication of about 10* is needed.

We now investigate the performance of proportional counters at gas multi-
plications up to 10* or so. In doing so we have found review articles by West
[We 53] and Sauli [Sa 84] particularly useful. Hanna, Kirkwood, and Pontecorvo
[Ha 49] have investigated the limits of gas multiplication in a 77% Au 23% CH,
' mixture at atmospheric pressure. By companying the signals obtained from elec-
trons of 2.8 keV, 17.4 keV, and 250 keV they vfound that the limiting factor in
determining the linearity of response was not the value of the gas multiplication,

but the total number of electrons in the avalanche. For their detector (100 u
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wire diameter, 2.5 ém,'cathode diametgr) the response was ‘‘linear within experi-
mental accuracy of 2% up to a critical value of gas multiplication M, above
which the width suddenly increased-‘and lack of linearity was apparent.” They
found thatrEMc .z 100-MeV, where E is the energy. deposited in the detector
by the primary radiation, but that “the condition is certainly less stringent when

"

the original ionization is spread over a large distance.” Benjamin, Kemshall and

_Redfern [Be:68] found that for a 80% ‘Au 10% CH, mixture at atmospheric pres-
sure the same result. held .for 60-keV ~ rays and 585 keV protons, with
EM, = 93 + 3 MeV. Their wire diameter was 60 u.

Hanna [Ha 50] usiﬁg roughly collimated alpha particles, noticed that ‘“‘below
the region of satura’tion, a symmetrical distribution of pulses was obtained. As
saturation set in, the pulse distribution broadened at first and then, at higher
voltages on the counter, the distribution became asymmetrical with a pronounced
tail on the high energy side. This behavior could be explained in terms of a vari-
ation of multiplication factor with track-orieﬁtation. Those tracks with a large
projection in the direction of the wire are least affected by satuxjation and so give

rise to the high energy tail.”

More recently, Mori, Uno ana Watanabe [Mo-ﬁ 82a] studied saturation effects - .
for X-rays in a proportional counter filled with .methane.‘ They. found that
saturation is more serious at a given gas multiplication when the pressure fs
increased, or when the wire diameter is reduced, and proposed a microscopic
déscription of the process. Mori and Watanabe. [Mo 82b] also studied the

response to alpha particles, at gas multiplications both below and above the
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critical value. they, like earlier workers, found that non-linearity becomes serious

above about EM, =~ 100 MeV.

Figure 5.10 shows their results. The gas multiplication for alpha particles is

given by:

° (5.5)

where M is the “tfue” gas multiplication obtained for very small energy losses,
and M, / M is the attenuation of the a signal. For M above about 100,
M, /| M begins to deviate from unity, with the attenuation being more serious
for a tracks at 0° (pefpendicular to the wire) than at. 40°. For M = 104,
M, [ M is about 0.2 at 40° and about 0.05 at 0°. At M ~ 3.104 a _suddeﬁ
jump occurs apd the angular effect reverses itself, with the 0° pulse height
increasing a factor of 20 while the 40" pﬁlse héight remafnes unchanged. By M
= 10% the 0° ;nd 40° sigpgls are nearly equal again, with M, / M ~ 3.107%.

In thé EOS -TPC, rétes of energy loss equal to those of low-energy alpha par-
ticles (about 2 MeV/cm) will be encountered. While the beam pipe stops alpha
partiélés below 600 MeV/e, alphas with 700 MeV/c will still retain enough energy
to cross the chamber. As they emerge from the beam pipe, such alphas are about
140 times minimum ionizing. At the end of its range the alpha is.about 1500
times minimum ionizing. In addition, we can expect occasional particles of higher
charge and therefore greater rate of ionization to be produced, either from the

target or from secondary collisions in the TPC.
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The results of Mori and Watanabe [Mo 82b] show that we can reasonably
consider operating at a gas multiplication M = 10%. The breakdown
phenomenon observed for tracks at 0° does not occur until M ~ 3:10%. Furth-

ermore, they were still able to operate their counters at an equivalent gas multi-

plication M up to 107 or more. Nevertheless, the saturation effect is serious,
about 0.1 at M =10%. Sauli [Sa 84] has suggested that since TPC’s can measure
the angle of a track it may be possible to make corrections to some extent for the
angular dependence of the attenuation. The attenuation in itself is of no great
consequence, and may indeed help by limiting the dynamic range needed in the
electronics. However, associated effects may cause problems. Among these are
the possibility of large fluctuations in dE/dx measurements, of damage to the
wires as a result of heavy discharges or sparking, or of increased polymerizé,tion

and deposits on the wires.

Further study of these questions is essential to determine better the
phenomenology of MWPC response to heavily ionizing particles, for standard

gases. Studies of Ar-CH, and Ar-C,H; mixtures by Behrends and Melissinos [Be

81] have shown that the region of linearity can be extended by reducing the pro-

portion of Ar in the gas mixture. They also found that CH, is more effective
than C,H, in reducing the saturation. These observations may indicate direc-

tions of study in order to understand and minimize any deleterious effects.
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5.6. Dynamic Range of the Electronics

If we accept the saturation data of Mori and Watanabe [Mo 82b], discussed
- in the previous section, we can expect signals ranging from 13 MeV (1.3 keV/cm
for minimum ionizing particle, multiplied by a gas gain M = 10%) up to 4000
MeV (2 MeV/cm for slow alpha particles, multiplied by a gas gain M = 104, and
an attenuation factor M, / M of about 0.2), i.e., a dynamic range of about 300.
This represents a considerable challenge for the design of the electronics. VWe
address here only the amplitude-to-digital converters (ADC'’s).
In Section 5.5 we showed that the rms noise should not be more than about
1% of the minimum ionizing signal. Similaﬂy the digitization error introduced
by the finite channel width of the ADC should not be more than 1%. This
“implies that the signal for minimum ionizing particles should be located in chan-
nel 100 / V12, i.e. 29, or higher. For the desired dynamic range of 300 this
requires a 13- or 14-bit ADC. At the upper end of the range the resolution of
such an ADC would be 300 times better than needed, and needless expense would
“be incurred. Fortunately, Hallgren and Vgrw_eij [Ha 80] have devised a way of
‘producing a non-linear response (logarithmic would be ideal) to extend the |
dynamic rfange of an ADC without the expense or data acquisition time involved
if the number of bits is increased. The method‘l has been used, for examvple_in_ the
UAl experiment at CERN, and some upit§ are commercially available, which

operate at speeds up to 100 MHz.

The method involves driving the reference chain of a flash ADC with part of

the input signal. If V; is the input signal and V} is the reference voltage, the
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normal response 2V-1 V,/ V,, where N is the number of bits in the ADC,

becomes:

Vi

2N-l
a V,' + Vb

(5.6)

where @ is a constant determined by the values of certain resistors. The normal

full-scale input voltage V;,,, = V, becomes

Vs
1-a

(5.7)

Vl'maz =

while the relative channel width AV; /V; is given by

. . 0
AV; 1 V; v, _
— _ _ 5.8
V; oN-1 [ ¢ \/—Vb_-+ \/:‘- (5.8)

If we set this equal to v12/100, satisfying our limit on the digitization error, for

Vi = Vimaz » We obtain an expression for a:

100

The digitization error will be less than V12 / 100 for all inputs between V;,,,

and V’x’min

= Vimaz (1-a)*/a?% This defines the usable dynamic range for a

given value of N and hence a, derived from Eq. 5.9.

For a 1% digitization error, an appropriate solution is for a 9-bit ADC
extended to approximately 13 bits by setting a = .9718, for a dynamic range of.

279. The same result can be obtained for a 2% digitization error using an 8-bit
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ADC extended to 12 with-a = .9435, and so on. The ‘original version of such a
device [Ha 80] had 6 bits extended to 9. A commercially available unit [Le] has 6
bits extended to 8, and is planned for 8 bits extended to 10. The demands of the

EOS TPC are somewhat greater.

5.7. Comparison'fwith Other Time Pi'ojection Chambers

The EOS TPC has a great deal in common with the PEP-4, ALEPH and
DELPHI TPC’s. Table 5.1 shows a comparison of some of the principal design

parameters of these detectors.

The PEP-4 TPC, which has operated successfully for several years, uses a
gas pressure of 8 atmospheres, which serves to increase the dE/dx signal, and to
reduce diffusion. We ‘have felt that the advantages of operation at atmospheric

pressure outweigh these advantages, in our application.

The single-ended configuration of the EOS TPC is appropriate for the phy-
sics involved. A double-ended TPC would have electronics downstream, where
we have striven to reduce the amount of material. The inner radius of the EOS
TPC is made small enough to achieve good‘acceptance of the “fireball” particles
and yet iarge enough to pérmit' addition of .fragmentation detectors at a later

stage.
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Table 5.1. Comparison of some design parameters of TPCs.

Space Sense
: Inner Outer points per  wires per

Field Configuration Length radius  radius track track
PEP-4 14T double-ended 2 X 1m 02m 10m 15 183
ALEPH 15T double-ended 2 X 2.2 m 038m 17m 21 340
DELPHI 12T double-ended 2 X 1.35m 03 m 11m 16 192
EOS 15T single-ended 2m 0.lm 09 m 80 160

Wire to

No. of No. of pad Pad Sampling

pads wires distance spacing rate
PEP-4 13824 2196 0.4 cm 0.8 cm 10 MHz
ALEPH  ~41000 ~8000 0.4 cm 0.67 cm 12.5 MHz
DELPHI 20184 2256 0.4 cm ~0.7 cm 15 MHz
EOS ~25000 ~960 varies varies 5 MH:z

The large number of space points per track (measured using the pads) in the

EOS TPC is dictated by the requirement of good multihit capability, and of good

dE/dx resolution (also achieved using the pads). The number of pads in the EOS

TPC is comparable to those in the other detectors. Our multihit calculations

showed that a larger number is necessary if the pad size is uniform, but use of a

variable pad size reduces the number to its present value.

Finally, the sampling rate has been set for the EOS TPC using a criterion

similar to that used for determining the size of the pads. It is probable that a

detailed study of fluctuations, which has not yet been carried out, will dictate a

higher sampling rate. We would adopt this reluctantly, because of the propor-

tional increase in the data to be transferred and analyzed.
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Chapter 6

6. Time - of -'Flight Arré,y
6.1. Objectives

The addition to the TPC of plastic scintillation detectors for t_ime—of-ﬂight
measurement serves two primary purposes: to provide particle identification
inforfnation, and to provide a fast trigger for the TPC. For particle
identiﬁcatioﬁ,l the sciﬁtillators provide time-of-flight information that resolves the
dE/dx ambiguities illuétrated,; for ekample, in Figure 4.10. Away from the ambi-
guities it increaées the confidence level of the particle discrimination, enhancing
that achieved by dE/dx measurement. As a fast trigger for the TPC, some obvi-
ous choices are a minimum vbi.as trigger, a multiplicity trigger, and a planarity
trigger to sélect events.with a particular azimuthal orientatiqn or vcvylindrical sym-
metry.

The inside of the magnet, shown in Fig. 1.1, will be lined with a cylindrical
arrangement of plastic scintillation detectors segmented azimuthally, referred to
. as the ‘“‘barrel array”. Downstream from the TPC (3.1 meters from the target)
will be a ﬁlanar array of scintillation detectors, the ‘‘downstream array’’. Com-

bined, the barrel and downstream arrays subtend 89% of 4.

~In this chapter we discuss first the operation of the barrel array and down-

stream array. We discuss the problem of double hits in the scintillators and how
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to alleviatg it. Next we examine the particle identification achieved by the time-
of-bﬁight array alone, and in combination with dE/dx measurement. Finally, we
~ discuss two other options which we have considered to obtain a velocity measure-
ment for each particle: the ring imaging Cherenkov detector and the planar spark

counter.

'6.2. The Barrel Array

The inside of the magnemet.,. wi]l be lined with scintillators, each 3.6m fong,
with a liéht guide and photomultiplier tube at each end. The cross section of
each scfntillator is determined in thiékness b& the desire to achieve sufficient light
output while avoiding an excessive ﬁumber of nucléar in.tera;:tions and in V\%idth
by the desife to achieve as great azifnuthal ségmentation as ‘po'ssible. TheA pro-
posed cross section is 2 cm thick #nd i° wide (1.75 cm at 1 m radius). A smaller
cross section than this wili cause iight collection problems. To simplify construc-
tion, 36 of the scintillator elements will be bevelled to a trapezoidal cross section.
The _remain'mg 324 segments will be l;ectaﬁgular in cross section and the whole

barrel assembly will be a 36 sided polygon.

Pilot U (Nuclear Enterprises) scintillatioh plastic and R2083 (Hamamatsu)
phototubes are being tested as arprototype‘ AAscintillation detgctor element. Our
timing results will depend on éur choice of light guide geometry, and pvrototyping
will determine precisely wbhat time resolution will be achievable. Our expected
time-of-flight resolution is 400 ps FWHM, (o = 170 ps') based upon reported reso-

lutions measured in other large time-of-flight arrays using similar hardware.
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Table 6.1 compares the properties of some existing time-of-flight detectors with

this project.

A schematic of one of the scintillator elements is shown in Figs. 6.1 and 6.2.

For the geometry shown, the pulse heights PH; and PHp in the left and right

phototubes; respectively, are given by [Ge 77]:

PH, = G L, exp((s +2)/D)

- PHp = Gy L, exp(~(s - z)/D)

‘where
D = light attenuation distance

2s = length of scintillator

(6.1)

(6.1)
(6.2)

z == position at which the particle strikes the scintillator, measured from the centre

Gy Gp = gains of the left and right phototubes '

Table 6.1
Comparison of some large TOF arrays.

 Length of Scintil-
scintillator Thickness of Width of Phototube ation Achieved
Project . barrel - scintillator scintillator used plastic = fwhm
(m) (em) - (cm) (ps)
EOS - 3.1 20 1.75 R2083 Pilot U  400*
Argus 2.2 - .20 8.3 RCA 8575 NEI110 528
MPS 1.83 : 5.08 ° 15.24 XP2020 Pilot F 354
Mark III 3.2 5 15 XP2020 Pilot F 424
Topaz 4.0 41 127 BC412 472

*expected
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Table 6.1 compares the properties of some existing time-of-flight detectors with

this project.

A schematic of one of the scintillator elements is shown in Figs. 6.1 and 6.2.

For the geometry shown, the pulse heights PH; and PHy in the left and right

phototubes; respectively, are given by [Ge 77]:

PH; = G L, exp(-(s + z)/D) (6.1)
(6.1)
PHy = Gp L, exp(-(s - z)/D) (6.2)
where '
D = light attenuation distance
2s = length of scintillator
z = position at which t.he particle strikes the scintillator, measured from the centre
G; Gr = gains of the left and right phototubes
‘Table 6.1
Comparison of some large TOF arrays.
Length of . Scintil- .
scintillator Thickness of Width of Phototube ation Achieved
Project barrel scintillator  scintillator =~ used ~ plastic fwhm
(m)  (em)  (em) (ps)
EOS 3.1 2.0 1.75 R2083 Pilot U 400*
“Argus 2.2 2.0 - 9.3 RCA 8575 ‘NE110- 528
MPS 1.83 5.08 15.24 XP2020 Pilot F 354
Mark IIT 3.2 5 15 XP2020 Pilot F 424
BC412 472

Topaz 4.0 - 4.1 12.7

*expected
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<+ s»'d‘s >
L A - R

Fig. 6.1. Schematic of a barrel scintillator element. L and R refer to the

photomultiplier tubes at the left and right ends. s is the half-length of
the scintillator, and z is the distance from the center to the position of
the charged particle.

Fig. 6.2. Two charged particles, A and B, can hit a single scintillator ele-
ment.
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L, = light produced in the scintillator.

Combining the two equations 6.1 and 6.2 gives:

z=In(PHg [PH; ) + C, ' (6.3)

and

L, + C, /PH, X PHp | (6.4)
where C'; and C, are constants depending on G;, Gg, s, and D.

By making time measurements of a single particle in the scintillator, the
observed arrival times T; and Ty in the left and right photomultiplier tubes are

given by: .

T, =T, +(s +z)/v (6.5)
T =T, +(s —z)/v (6.6)
where
T, = particle arrival time in the scintillator, and

v is the velocity of light in plastic ( = ¢ /n, where n, the refractive index of the

plastic ~ 1.5.

If we assume that only one particle strikes a scintillator, and position infor-
mation is obtained from the TPC, T, can be found from Eq. 6.5 or from Eq. 6.6.
The two independent measurements should yield the same result if the assump-

tion is correct. Then combining these two equations. gives:

T, = (T, + Tp)/2-5 /v | (6.7)
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g = (T, -Tplv/2 - (08)

The arrival time T, is determined from Eq. 6.7 with better accuracy than from
Eq. 6.5 or Eq. 6.6 alone, while the particle position obtained from pulse height
information (Eq. 6.3) and from timing information (Eq. 6.8) should verify the

posit'ion determined by the TPC.

6.3. The Downstream Array

For collisions at 1.8 GeV/A, roughly 50% of the participant charged parti-
cles will strike the downstream 'array. Thus 360 downstream scintillator elements
are required in order that the multiple hit probability in a given scintillator ele-

ment is roughly equal in the barrel array and in the downstream array. “

“ Consideréble flexibility is available for the design of this array. The flight
path could be increased, but the dista.ﬁce of 3.1 m provides adequate resolution
and hélps simplify particle tracking from the TPC into the scintillators. How-
ever; -mu]tivple scéttering in the end plate of the TPC is found ‘to be sufficient
that associating individual tracks with given elements of the downstream array
would be difficult. A solution to this problem would be to extend the TPC to the
end of the magnet so that its end pl.ate would Be close to the scintillators and
‘multiplléscattering in it would not cause appreciable lateral displacements of the
tracks. The high voltage electrode of the TPC would be replaced by a mesh, and

the extra volume of the TPC would not be used for any measurements.
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The co'nﬁgurationf of the downstream array also presents a variety of options
such as an array of slats with a phototube at each end (as in the Plastic Wall)
[Bad 82] or an array of rectangular elements with air 1igh§ guides (as in the Strea-
mer Chamber array). The design of the downstream array will have to be done
in close coordination with the detailed design of the magnet, since the possible
locations of phototubes in the fringe field may be the controlling factor. We will
- attempt to increase the number of scintillators in the downstream array substan-
tially above .the 360 used in the barrel. This will help alleviate the multiple hit

4

problem, which is discussed for the barrel array in the next section.

6.4; DouBle-Hit Resolution

For a.U—U collision at 1 GeV we expect 100 particles on the average to étrike
the downstream Aarrayvand equal number té hit the barrel array. Assuming we
have §egmented the scintillators appropriately we ﬁnd, for 360 detectors in each
array, the probabilify of clean measurement of a specific particle is 0.761. The
TPC will inform us when a multiple hit situation occurs, so that the particles
involved can either be reje‘cted cleanly, or analyzed using momentum and dE/dx

information only. This will be useful in most instances.

We now consider, for the barrel array, the possibility of extracting useful
timing information for scintillators that are hit twice in one event. Consider two
particles from a given event that arrive in the same scintillator, bgt at different
locations, as shown in Fig. 6.2. Leading-edge-timing electronics will allow the

time measurement of the first light front to arrive at the photo-cathode of a
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given photomultiplier tube, given that the second light pulse arrives a sufficient

amount of time later.
There are two situations that need to be investigated:

(a) The first light front to arrive at each photomultiplier tube comes from the
particle nearest to it in the scintillator. Then the arrival times of both particles
can be determined from Egs. 6.5 and 6.6, each with an accuracy a factor of V2
worse than for single hits, since only a single photofnultiplier tube is used for
each. |

(b) The first light front to arrive at each photomultiplier tube comes from the
same particle (the one with the smallé‘r Ta, see Eq. 6.8).' Here all timing informa-
tion on the Seqond part‘.iclé is lost, but fhe timing of the ﬁr:sf, particle should be

equal to that obtained for single hits.

These situations can be discriminated by calculating z in Eq. 6.7. If the
result is consistent with the position of one of the two particles as measured by

the TPC, then case (b ) is true; otherwise case (a ) is true.

Monte Car"lo calculations show that for. 1.8 GeV/A Ar+KCl case (a) and its
logical complement occur with varying probability, depending on the assumption
for the minimum time separation (‘‘offset’’) neéded between two éonéecutive light
fronts at a photo-cathode in order"vthat the ﬁx;st is measured successfully. The
Aresults of these calculations arev.shown in Tablé 6-2 1000 diou‘bleihhits, or 2000

particles, were calculated for each value of the offset. -
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: Table 6.2 ' .
Monte Carlo simulation of 1000 double hlts in
a barrel scintillator element.

offset(ns) (1) (i) (i) (iv)
0 551 - 304 145 0
0.5 435 . 222 120 223
1.0 349 167 90 394
2.0 , 215 .96 52 637
3.0 127 64 31 ' 778
6.0 8 30 10 952

. where
(+) = (A arrives first in L) (B arrives first in R)
(ii )= (A arrives ﬁrst in L)(A arrives first in R)
(552) = {B arrives ﬁrst in L) (B arrives ﬁrst in R) |
(v)= (i) or (n) or (m)

We expect that a reallstlc value for “oﬁ'set” is 05 ns, whlch we would like to
confirm w1th prototype scmtlllator studies. Thus, by usmg leadmg—edge—tlmlng
electromcs We may recover roughly 61% of the double-hxt partlcles in the barrel

scmtlllators.

Usmg‘ these results for both Au+Au central colllslons and Ar+KCl central
, COlllSlOIlS we can calculate the overall eﬂlmency of the barrel array for time-of-
flight measllrementsl.v In Au+Au central collisions, 76% of the particles are meas-
ured cleal'ly as single hlts, 21% occur as doﬁble hits-,. and 3% occuf as higher mul-
tiplicity hits. The overall eﬁlcieﬂcy is 89% (76% + Gl% X ‘21%). In Ar+KCl

central collisions there is a dramatic improvement: 94.3% of particles are cleanly



135

measured as single hits, and an additional 3.8% are extracted as shown above

from the double hits for a total of 98.1% of all particles.

We are investigating methods of extracting time information for the remain-
ing double-hit particles. Waveform digitization is a straightforward, but formid-
able approach, since it implies a sampling rate greater than 1 GHaz. This may be

too costly compared to the potential physics return.

6.5. Particle Identification by Time-of-Flight

Figure 6.3 serves as a reminder of the ambiguity problem in the particle
identification by dE/dx. It shows the discrimination between pions and other
particles obtained using the TPC alone. Figure 4.10 shows the discrimination for

kaons.

Figure 6.4 shows time of flight spectra calculated for the barrel array at 30°,
iﬁ the reaction Ar-}-KCl at 1.8 GeV/A (see Table 3.1) which we have used as a
test case. It shows that the time of flight spectra do not lend themselves to a
simple cut to separate any two particles in the barrel, except to make a rough cut
between pions and protons. The pion speptrum terminates at about 7 ns because
pafticles with a tfansversé mom‘e\:ntu‘m léss than 225 MeV/c can never reach the
barrel, because of spiraling (see section 4.2). The figure also emphasizes the large
ratio between the proton and kaon yields which is our most difficult problem in

particle identification.
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Pion Identification by dE/dX
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Fig. 6.3. Difference in the energy loss between pions and kaons, protons,
deuterons, and tritons as a function of momentum. The curves are nor-
malized to the expected rms error of the energy loss in the TPC.
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- Ar + KCI, 1.8 GeV/A, 6 = 30 deg
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Fig. 6.4. Cross section for pions, kaons, and prbtons' versus time of flight
for 1.8 GeV/A Ar+KCl events, at § = 30°. :
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Figure 6.5 show.s the time—éf-ﬁight differences wvhich we expect vto achieve at
f = 17.9°, (the most forward anglé' on the barrel érfay) normalized to the timing
_ resolution (o6 = 176 ps ), and plotted as a functioh_ of momentum. For pions and
kéons we are mainly concerned with momenta below 2 GeV/c. Protons extend

up to 6 GeV/c and alphas to 9 GeV/c (see Figs. 3.1 and 3.2).

We have calculated, for the Ar+KCI reaction, the ratios of cross sections

multiplied by the survival fraction of decaying particles,

SF = exp L
0

where L, = ¢ 7 and 7 is the mean lifetime, for § = 17;9 °* and § = 90°, respec-
tively. The results for § = 17.9° were shown in Fig. 3.3. We have taken these
ratios into account to determine the maximum momentufn for which kaohs are
separated from pions and protons, and pions are separated from protons. More
precisely, we demand at least 20 (30) separation between particles that have
equal cross section, and for a cross section ratio of 1 : n we demand the
confidence level [Pa 86] to be n times lower. The results are shown in Table 6.3.
It is clear from Figs. 3.1 and 3.2 that for momenta for which the cross Section
do/dpdQl is greater than 10 mb/(sr-MeV/c) kaons and pions will be separated
from each other and- from the protons. Note that the /K upper limits depend
strongly on the different shapes of the momentum distributiéns for pions and

kaons, resulting from the different fireball temperatures.

Table 6.4 shows the momenta below which protons, deuterons, 3y (and 3He)

and 4He will be separated in the downstream array. Thus the downstream
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TIME OF FLIGHT RESOLUTION, 8 = 17.9°
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Fig. 6.5. Time of flight difference for pairs of particles normalized to the
expected TOF resolution (170 ps).
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Table 6.3
The maximum momentum for which two different particles
are separated by at least 20(30) in time of
flight at § = 17.9° and 90°.

Pmax(lab )GeV/c

20 30
90° 17.9° 90° 17.9°
7T/K 1.0 1.6 0.85 1.3
K/p 1.1 2.2 1.0 2.0
w/p 1.3 2.5 1.1 2.3

scintillators will resolve almost the entire range of laboratory frame momenta for
which do/dpd Q is greater than 10 mb/(sr-MeV/c). The cross section ratios
vary relatively slowly as a function of § between 4° and 18°. Also the straight-
line flight path decreases by only 5% over the same angular range. Therefore the

separation of pions and kaons from each other and from protons is expected to be

equivalent to that in the barrel at § = 18° (see Table 6.2).

Figure 6.6 summarizes in the form of a nomogram the effect of combining
dE/dx (from the TPC) and time-of-flight information. The ordinate shows the
dE/dx differences between pairs of particlés, divided by the standard deviation of

Table 6.4

The momentum below which two different particles are separated
by 20(30) in the downstream time-of-flight array..

Pmax(lab )GeV/c

20 30
p/d 5.2 4.6
d /t 6.7 6.0
t /o 7.7 7.0
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TOF vs. dE/dx at 30°
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Fig. 6.6.  Time of flight difference and E;,,, difference between pairs of
particles, normalized to the respective resolutions, at 6§ = 30°. The
sloped lines represent the separation of pairs of particles, as marked. The
numbers on the lines are the momenta of the particles in GeV/c. The cir-
cles have radii of 10, 20 and 30, where (radius )* = 02; + 044,
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a single measurement, for § = 30°. The abscissa similarly shows time-of-flight
differences, normalized to the measurement uncertainty, =170 ps. The circles
show 10, 20, and 30 separation for dE/dx and t_ime-of-ﬂight measurements com-
bined. The particle momevnta are indicated on the lines for K -p ,K -7 and #~p
differences. For K —p separation we see that a combined 3o is exceeded for
momenta up to 2.0 GeV/c, where the cross section is below our measurement
threshold of 10™mb/sr - MeV/c. At 1.5 GeV/c either dE/dx or time-of-flight c#n
be used. The K -m and m—p separations exceed 3o for all momenta. A similar

plot for § = 90° shows that dE/dx or time-of-flight will suffice separately at all

momenta expected to be encountered.

Figure 6.7 shows a scatter plot of dE/dx versus time-of-flight for simulated
Ar + KCI events at 30° and momentum 1.4 GeV/c ( the protons have been
reduced in number by a factor of 12). It shows clearly the value of the time-of-

flight measurement, without which the pions and kaons would be confused.

6.6. Alternative Methods

Plastic scintillators have been chosen to supplement the TPC for several rea-
sons. The scintillators are economical of space, their technology is well known,
and construction methods are easy and well-established.- The simple electronic
readout is convenient to use to generate a fast trigger for the overall detector.
On the other hand, the sensitivity of the photomultipliers to magnetic fields
causes problems. In particular, to keep the phototubes in regions of low magnetic

field we are forced to use the barrel array geometry with its limited segmentation
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TOF vs. dE/dx
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Fig. 6.7. Scatter plot of Ej,,, versus time of flight for pions, kaons, and
protons in Ar+KCl events at 1.8 GeV/A at § = 30°, and p = 1.4
GeV/c. The protons have been reduced in number by a factor of 12.
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| capability. Furthermore, to obtain éufﬁcient timing resolution, we need to use
very expensive phototubes and pay great attention to the choice of light guide
geometry. We have therefore examined other possibilities which are in principle
capable of better resolution both in space and in velocity, specifically the use of

ring imaging Cherenkov detectors and of planar spark counters.

Ring imaging Cherenkov detectors [Se 77] are in use or under construction
for a variety of high-energy physics experiments (e.g.,, OMEGA [Ap 86] and DEL-
PHI [De 84] at CERN, SLD [As 86] at SLAC, and E605 [Ad 83] at Fermiléb).
They consist of a Cherenkov radiator medium, which for our application would
bé a liquid such as FC-72 t3M] (perﬁuorohéxane, CFipn = 1.277), and an
ultraviolet photon detector consisting of a multi-wire proportional chamber. with
an admixture of TMAE [An 81] (tetrakis dimethyl amino ethylene) which has a
high quantum efliciency in the UV range. Since no focussing of the Cherenkov
light would be ﬁsed the reéolution is determined by the thickness of the liquid
radiator. We find that 1 cm of FC-72 and a spacing of 11.5 cm between radiator
and detector would give excellent sensitivity and velocity discrimination. To
arrive at these figures we required a mean nu‘mbver of 8 photoelectrons at thres-
hold (a 99% probai)ility of at least 3) and 30 K —m separation up to 1.5 GeV/c.
bThe mean humber of photoelectrons for 8 — ltis 23. The overall thickness of the
detector would be about 20 cm. Thé disadvantages of this method are several.
The device is at least as complex to construct and operate as the TPC itself.
Pattern recognition is difficult for our high-multiplicity events. Finally there are

.light-loss problems associated with total internal reflection of some of the UV
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photons for particles forward of § = 71 °.

Planar spark counters [Fu 85] provide an alternative time-of-flight method
with timing resolution potentially much better than can be achieved with large
scintillators. They consist, typically, of two plane-parallel electrodes separated
by a 1.0 mm gap filled with an argon-hydrocarbon mixture at 10 atm. A voltage
of about 5 kV is applied across the gap, in which a streamer discharge is induced
by any charged particle. To localize the discharge region, and prevent the capa-
citative discharge of the whole counter, the anode is made of high resistivity sem-
iconducting glass. The resulting size of the discharge area is of the order of the
gap width. A signal‘ of several volts into 50 ohms, with rise time ~ 100 ps, pro-
vides timing resolution with ¢ < 100 ps. In addition, position measurements
with an accuracy comparable to the gap width can be obtained. Planar spark
counters of size 10 cm X 1 m are presently being tested [Og 86] at SLAC under
realistic running conditions. The technology appears very promising. The main
objec_tions to its use are two-fold. First, the time spectrum is not gaussian below
about 1/10 of the maximum, having a broad tail on each side. Secondly, and
perhaps. acceptable for our application, the time resolution deteriorates at high

count rates. Both these effects need further study to understand their origin.



147

Chapter 7

7. Detection of Secondary Vertiées

7.1. Location of Vertex

One of the advantages of tracking detectors is their ability to recognize par-
ticles which do not emerge from the primary vertex. The A? is pzfoduced in a few
per cent of central collisions at the maximum Bevalac energy. It can be recog-
nized through its decay into p #n which occurs with 64.2% probability. The
decay length ¢ 7is 7.89 cm. The K,° is also gxpected to b“e seen, and recognized
through its decay into wtn with 68.6% probability and decay l‘ength
¢ 7of 2.68 cm. In order to investigate the ability of the EOS detector to measure
secondary vertices, we havev carried out a Monte Carlo calculation of A° produc-

tion. We assumed 2.1 GeV/A for the beam energy and a thermal distribution of

A® with a temperature of 100 MeV.

Table 7.1 shows the locations calculated for the A? decay vertex, relative to
the target. These figures show, for example, that 90% of all the A® decay within a
distance of 22.1 cm downstream from the target. Similarly 90% of the A° decay
within a cylinder of radius 8.70 cm. Only 3.5% of the A° survive beyond the 10

cm radius of the beam pipe.
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Table 7.1. Fraction of A%particles that decay within a given distance
of the target in the radial and downstream directions.

Fraction . Downstream Radial
10% ‘ 0.91 cm 0.28 cm
50% 592 cm 1.92 cm .
90% 22.10 em 8.70 cm

Another calculation showed that in 86% of charged decays both the proton
and pion from the A® decay emerge from the beam pipe where they can be meas-

ured. This represents 56% of all A? decays.

Initially, we }‘atti,empted‘ to design. the TPC so that the A° would decay wit'h.in .
its volume, with the intention of rec;)gnizi'ng the decay vertex from vthe hit pét-
| térn. Hoﬁgver, the track density iﬁ the region containing the A° decays is too
great. Ngvertheless, the ‘ability of the TPC to reconstruct the vertices from the
precise position. and rﬁoméntum measurements made at larger radii turns out to

be excellent.

7.2. Pattern Recognition’

For thé rémainder of our investigation, we ignored the effect of the 'magnetic
field to simpl’ify the Study‘of pattern recognition. The A® decay pattér;n is then
as illustrated in Fig. 7.1. The proton and pion tracks, extrapolélted- back, miss
the vertex by 6, and &, respectively. Table 7.2 shows the probability t}.iat 6, or

6, will be less than various distances. We note that because the proton carries
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Fig. 7.1. Production of a A° and of its decay via the channel A°—mp .
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most of the momentum of the A°, it makes a smaller angle with the A° direction

than the pion does, so that §, is usually much larger than §, .

Table 7.2. Fraction of A? particles that decay with 6, and 6, less than
the given values.

Fraction 5, Ox
10% 0.11 cm 0.38 cm
50% 0.46 cm 2.58 cm
90% 1.70 cm 11.60 cm

The fraction of .the decays that can be measured depends on our ability to
tell whether the values of §, and §, in Table 7.2 are different from zero. We
adopted a conservative value of 0.6 mm for the un_certainty in these quantities,
based on the accuracy of position measurement in the TPC and allowing for
extrapolation back to the target position. Then requiring 30 deviation from zero

for both 6, and 6, removes 25% of the remaining A%, for an overall efficiency of

42%.

Finally, a _ra.n_dom choice of a proton and a pion among the l;rgé .‘-‘.number
produced in a typlcal event might simulate a ‘Ao. We considered a samp‘vle event
with 121 protonsand30 pions, a total of 3630 possible combinations. - To esti-
mate mth'é.! eﬁ'et‘.:t}i\.feness of a mass recons_tr't;ctio-n as a selection criterion, we first
determined our resolution in A° e_'ﬁ‘e;:t'ivve_mass by including multiple scattering
and energy loss for the decay pé,x;ticles.- The full width was about 5 MeV. Of the
3630 possible p1rpa1rs oﬁly 5 fell in .that mass range. When we further require

that both proton and pion should appear to originate more than 3 s.d. from the
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target, this number is reduced by the factor 7.3 1075, to 3.6 1075 per event!.
There would be one spurious A° for about every 500 true A%, after allowing for A°

detection efficiency.

Thus the combination of mass reconstruction and vertex recognition enables
us to measure A? with good efficiency and high discrimination against spurious

combinations.

t This does not include the additional restriction that the A° candidate reconstructed from
the two tracks should appear to originate from the target.
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Chapter 8

8. Data Acquisition and Analysis

8.1. Interaction Rates

In Section 5.4 we examined the intrinsic capability of the TPC to handle
high event rates. For Au+Au, Eq. 5.4 and the subsequent discussion showed that
event rates up to 10/s are feasible, provided that the TPC trigger rate is kept
below about 10%2/s. We also noted that in most éxperiments the event rate
would be kept below about 10%/s because of the 40us sensitive time of the TPC.
In this section we describe a typical Au+Au experiment, showing that the overall
performance of the system is excellent. In sections 8.2 and 8.3 we examine the
rates at which data can be recorded and analyzed, as well as the problem of data

storage.

The overall experimental configuration is shown in Fig.8.1. A is an
upstream scintillator used to define the presence of a beam particle and to pro-
vide a start signal for the time-of-flight system. For a scintillator of nominal
thickness 0.01 cm, the energy loss will be 125 MeV, yielding excellent timing. B
is a veto detector to reject particles from beam interactions in A (0.2% probabil-
ity). C is the time-of-flight scintillator array for the TPC. D is a 0.01 c¢m thick,
1 ecm diameter, scintillator 5 m downstream from the target to reject non-

interacting beam particles (used only for near-central collisions).
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~ Fig. 8.1. Scintillators involved in a triggering scheme for the TPC. A
and D are thin scintillators, B has a hole in it, and C is the time of flight
array.
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The first level trigger for the TPC is ABCD with special conditions imposed
on C (the time-of-flight array). Depending on the trigger pattern stored in the
hardware lookup tables, this second level trigger can be a rﬁinimum bias trigger
or a central trigger defined by high multiplicity. Other constraints could be con-
sidered, such as azimuthal isotropy (central collisions) or planarity. Other exter-
nal second level triggers could be added. A strange particle trigger would be very

valuable, and the design of one is under study.

Consider a gold target of thickness 0.058 g/cm2 and a gold beam of 10%/sec.
at 1.0 GeV/A. The total interaction cross section is given by
Ot =m(1.15 A M3 + 1.15 A% %1072 cm? which is 5.6X1072¢ ¢cm? for this
case. The interaction probability in the target is 103, The collision rate is

10%/sec, of which about 10%/sec can be considered near-central.

The target thickness is chosen to minimize the number of interactionsvof
secondary particles in it, as well as the probability of two beam interactions. For
a central Au+Au collision there will be about 350 secondary hadrons (200 of
them charged) and about 40 photons from 7° decay (see Table 3.1). We take the

2. This gives about

cross-section for hadrons interacting with gold as 1.9-10724 ¢m
0.1 secondary hadronic interactions. The target thickness is 0.009 radiation
lengths. Hence there will be about 0.4 photon conversions in the target on the
average. Interactions in the beam pipe and in the ga.‘s’are less serious than those
in the target since they will eésily be recognized in the TPC. We estimate that

for the above central event there will be approximately one secondary interaction

in the beam pipe and field cage, and another in the gas, while there will be an
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average of 0.2 photon conversions in the beam pipe and field cage, and 0.7 in the

gas. These values are all acceptable.

At a collision rate of 10%/sec there is an 8% probability that one or more -
additional events will occur during the 40us : preceding or following the TPC
trigger event. These will be seen iin the TPC data, where the additional events
will reconstruct to displaced vertex locations. If the vertices are much closer than
1 cm (+200 ns) it will be difficult to separate them. However, there are many
opportunities to suppress such events in the trigger ‘or to tag them in the
readout, to reduce the probability of an unrecognized second interaction in the

target to less than 2:1077.

8.2. Data Transfer and Storage

The large amount of information collected by the TPC presents formidable

- problems for data transfer, storage, and analysis.

Consider the information associated with one central Au+Au event. The

TPC hés about 25,000 pads and 200 time bins for each.! There are thus 5,000,000
pixels to be read out.;.4 "Obviously‘ suppression of zeros will be necessary. A single
track falls in a maximum of 150 time bins aﬁd for each time bin signals will be
generated on 4-9 padS (we will assume 6.25 pads on the average). The number of

non-zero pixels to be read out is therefore about 200X 150X 6.25, i.e. 187,500, for -

! These .time bins of 200 ns each correspond to a drift length of 1 em, which is about equal to the
FWHM of longitudinal diffusion for tracks near the target position. In the absence of dE/dx fluctuations
this optimizes the accuracy of the z measurement. However, such fluctuations are significant and can cause
significant errors in the transverse measurement [Bar 82]. In order to record sufficiént information to make -
the necessary corrections it may be necessary to increase the sampling rate by a factor of about two, as was
done for PEP-4, ALEPH, and DELPHI. A detailed analysis for EOS has not yet been carried out.
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a central Au+Au event with 200 tracks. After zero suppression, each pixel will
require two 32-bit words (8 bytes) including 23 bits for identification, 10 bits for
the (non-linear) ADC,' and overhead.. An analogous calculation for the wires
yields 80,000 pixels, for a total of 267,500 non-zero pixels. Allowing for a possiblé
increase in the time sampling rate, we may have as many as 1,000,000 32-bit

words (4 Mbyte) per event.

Fastbus is advertised as having a capacity of 10-30 MHz of 32-bit words.
We know of no one who has exceeded the lower of these figures, so we adopt it.
The data rate is then 40 Mbyte/s, limiting us to a rate of 10 Hz for central

Au+Au events, assuming infinite bandwidth for source and sink.

| Three possibilities have been considered for data storage: optical laser disks,
6250 BPI magnetic tapes and magnetic disksf
(a) Optical laser disks have considerable potential as a storage medium (2
Gbyte/disk), but data transfer is slow (250 Kbyte/s). It is by no means certain
to what extent future improvements in this technology will change the situation.
(b) One 6250 BPI tape can store data at 800 Kbyte/sec in streaming mode
and has a capacity of 140 Mbyte. These é,re both serious limitations. We will
focus on Au+Au central collisions, where it will take 5 seconds to rechd one
event, and where the tape will hold 35 events. Even at this slow rate, the tape
would have to be changed every 3.5 minutes (allowing for the 6-second pulse rate
of the Bevalac and one event per pulse).
(¢) A fixed magnetic disk can accept information at about 2 Mbyte/s, i.e., one

event every 2 seconds, and it can store 2 Gbyte, or 500 events. One disk will be
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filled in 50 minutes at one event per Bevalac pulse. However, this can only be
used as temporary storage, and bgckup on to tape will be necessary. We esti-
mate that it takes 90 min to back up a disk on to magnetic tapes (using tape
accelerator technology). Thus three disks operating in parallel would be needed.»
The end product would still be about one 6250 BPI tape every 3.5 minutes, con-
taining 35 central Au+Au events. Optical laser disk storage (one disk every 50
min) would be greatly preferable, but the slow write speed would still require

several magnetic disks in parallel.

8.3. Data Analysis

Reducing the amount of information to be transferred per event would be
valuable to reduce the amount of storage needed and, more important, to creaﬂe '
the capability to record several events per one-second-long Bevalac pulse. Some
on-line data reduction either in hardware or in software will certainly be con-
sidered to devise intqlligent triggers for the TPC and/or to make selective read
out of events. Major eﬁ‘orts along these lines would require experience with the

detector and with event analysis prior to implementation.

Data analysis consists of the many processes that have to be carried out
before an event is specified in terms of individual particles, each identified and
having a measured momentum. These processes include track recognition, -
extraction of position coordinates and dE/dx along the track, momentum deter-
mination and particle identification. - There are many corrections to be made for

relative calibration of electronic channels, non-linearities, variations of pressure
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and temperature, electron attachment, etc., which can be made at the beginning
of the analysis, and others such as corrections that depend on the angle at which
a projected track crosses a wire, or on dE/dx fluctuations, that may need an
iterative approach. We adopt an estimate of the analysis rate from the ALEPH
collaboration: 0.2 s/track [Ma 86] using a VAX 11/780 computer, and a linear

dependence on the number of tracks per event.

The assumpfion of a linear dependence is appropriate for any continuous
tracking detector. Once a track has been found its analysis proceeds by steps.
along the track until its end, or else until analysis is no longer possible. Our
streamer chamber experienf:e is a good guide: there we have found that for parti-
cle multiplicities up to 200 or more measurement time is approximately propor-
tional to the number of tracks. At high multiplicities extra time is required to
disentangle close tracks, but this is a small part of the total. With streamer
chambers, the response to situations of increasing complexity, where linearity of
measurement time begins to break down, has been to improve the chamber reso- -
lution by use of image intensifiers, lower voltages, etc., urtil the problem is linear
again. The EOS TPC is a further continuation of this development, designed for
good track separation over most of its volume. It will be necessary to resort to
least-squares fitting for track separation less than 10% of the time. Of course, it
will always be possible by additional investment of analysis time to extract some
more information. However, such further analysis will give rapidly diminishing

returns, and would not be undertaken except in the most unusual situations.
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The ALEPH estimate yields 40 seconds for the anafys'xs of a 200-track event,
using a VAX 11/780. ‘We do not have.a' firm basis for modifying this number.
On the one hand, faster computers are already available, and several analysis
c'omputers could be operated in parallel. On the other hand, achieving.such
speeds implies a thoroughly well organized, optimized, and standardized analysis
procedure whicil will take a great deal of effort for us to develop. In considering
these questions we have found that the problems of data acquisition, storage, and
analysis for EOS have a great deal in common with those anticipated for detec-
tors at the SSC |[Fi 85]. The study group on computing needs for that project
[Ba 84] concluded that an event rate of about one per second would be the max-

imum that .co‘uld be utilized.

Based on one event per Bevalac pulse, we estimate that in 7 days of Bevaléc
beam time we could acquire 100,800 Au+Au central events.  These would take
about 2 months of cpu time to analyse, and would yield 2:107 charged particles,
including 1.2-10% 7%, 2.4-108 #~, 4000 K *, 4000 A%, and 200 K~. An equivalent
amount of analysis time for Ar+KCl would yield about the same total number of
charged particles, but the yields of created particles would be higher, namely
about 4.8-10% pions, 1.7-10 K+, 1.7-10* A%, and 900 K-. Such a body of data
would surely produce a qualitative advance in our understanding of relativistic

nucleus-nucleus collisions.
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