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ABSTRACT 

We present in some detail an overview of the detectors currently used in relativistic 
heavy-ion research a.t the BNL ACS and the CERN SPS. Following that, a detailed list 
of Ft&D projects is given, including slxcific areas of work which need to he addressed in 
preparation for furth& experimentsatthe AGS and SPS and for the upcoming experiments 
at RI-IIC. 
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ENTAL P 
OF MATTER FO 
VISTHC HEAVY-1 

T h e  present interest in heavy-ion collisions at ultrartlativistc energies stems from the 
idea that a state of  matter may be created in the laboratory in which the quarks and 
gluons making up the familiar nucleons of nuclear physics hecorne ~ e c ~ ~ ~ n e ~ ~  from their 
parent nucleons and free to travel over a large volume. It is thought that such a state of 
matter existed in the  period roughly one Inicrosecond after ithe dg Rang. ?Chis “quark- 
gltion plasma” then ceased to exist as the imiverse cooled and the quarks and gluons 
were L c f r ~ ~ ~ ~ ~ 9 9  into the protons and neutrons that we know. Because the conditions for 
creating such a state of matter in the laboratory appear to require hat large amounts of 
energy be deposited over an  extended volume, it has been propose to h d d  a dedicated 
colliding-beanis machine to be able to inv igate this physics. The proposed 
rleavy-Jori fhllider (R.HlC), to be bud t at L, would collide heams of up to 
nticlei at  energies of up to  100 GeV/nucl per beam (equivalent to a 20 TeV/nucleon 
fixed-target accelerator) in order to achieve the conditions thought t o  be needed to create 
a quark-gluon plasma. 

The firial state created in collisions of such high-energy nuclei is much more cornplex 
than that encountered in accelerator experiments to date. This is SI‘) principally because 
o f  I he multiplicity of final state particles produced, which may reach 20,000 in gold-gold 
rollisions a t  top energy at  RHIC. It is thins crucial to find efscjent mvam o f  sorting thraazigh 
these complex final states for evidence for creation of u quark-gBusm plasma. It is UISO 
crucial t o  identify signals giving infrxniatirm about whether  the quarks  and 
truly decanfined and about the conditions of the state created. 

ca tegcxies: 
T h e  methods used to characterize these collisions may he divided into three broad 

a .  penetrating prohes, giving direct inffsrnaation from the plasma, 
b. indicators of a phase transition, 
c. global event paramcters 

Penetrating probes include direct photons, lepton pairs, a n d  h i g h - p ~  jets of parti- 
cles. The: number and p~ spectra of these reflect directly the conditions in a plasma a n d  
depmd on the entropy density and iriitjal temperature of a system and o n  the thermal 
history of the plasma. Information on structiare function changes is contained in the real 
and virtual photon spectra. The properties of the “real sea’’ of quarks and gluons will be 
reflected in the hadronization of  high-pT jets. 

Indicators of w phase transition include production of strange particles and an- 
tibaryons (indicates attainment of chemical equilibrium), 1oca.l charge correlations and 
heavy vector-meson supprcssion (indicates a change in color screening relative to normal 
matter), and production of stable multiquark states (indicates ease of assembling multi- 
quark final states.) 

Global event pasanieters include correlations of multiple particles in space-time 
(which could signal the long-range correlations and macroscopic fluctuations characteristic 
of a first-order phase transition 1, measurements of inclusive particle spectra and particle 
distributions in phase space (which give information on the final state of the everit and any 
large-scale phenornena), and measurements of energy flow in the final state (which gives 
information on the centrality of the event and the total transverse energy production, 
which may characterize the energy density attained.) 
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A s h r r t  list, of detector techniques usefiil in performing experiments concentrating on 
these methods follotvs. 

....... . .... ................... .- 

General Category Specific Probe Detector Capability 

Penetrating Probes Lepton pairs 

71 77 

Direct photons 

High p~ jets 

Electron identification over 
large solid angle 
Muon identification over large 
solid angle 
Single photon identification 
over large solid angle 
particle ID and tracking in jet 
cores, plus large solid-angle 
calorimetry to tag jets 

Phase Transition Indicators Strange particles and x / K / P  separation 
anti baryons 46Vee” identification 

Tracking in magnetic field, 
especially near the target 
Tracking in magnetic fields 
over large areas 
Electron and/or muon identi- 
fication 
Full particle ID and monien- 
turn ineasiirement, possibly 
over small solid angle 

Charge correlations 

Vector meson spectra 

Multiquark states 

Global Event Parameters Space-time correlations Precise rnonlermturn measure- 
rrient and particle ID over 
several regions of limited solid 
angk 
Tracking in magnetic fields 
and/or neutral particle identi- 
fication (eg., by calorimetry) 
’Tracking with or without 
magnetic field, with excellent 
angular resolution 
Electromagnetic and hadronic 
calorimetry over large solid 
angle 

Spectra of particles 

Multiplicity of particles, 
in i3 and 4 

‘I’ransverse, forward, and 
total energy 

P ___L 

There is a need, in designing instruments to  carry out the above measurements, to  have 
high levels of segmentation and “pixel-oriented” readout schemes. The need for develop- 
ment of such tecliniques brcomes obvious when the present vs future particle multiplicities 
are considered, as shown below. 
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Facility Date Beam and Energies Multiplicity of Particles 
E mploye d in Final State 

RNL AGS present 1 6 Q ,  2sSi, 15 GeV/A 
CERN SPS present l6O,  32S, 60 

and 200 GeV/A 
H N L  AGS 1992 '"Au, 12 GeV/A 
CER.N SPS 1993 208Pb, 160 GeV/A 

100 GeV/A each 
RTilC 1995 lg7A11 + 197A~1 ,  

50-200 
150-950 

up to 1000 
up to 4000 

up to  20,000 

The needs of RTITC thus diverge from those of the SSC on three important points. The 
SSC will need to identify a few hundred particles per event but with a high probability of 
event overlaps, with emphasis on very energetic particles. RHIC will need to handle over 
ten thoiisand particles per event, at modest event rates, with a need to keep information 
from the many soft particles. 
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2. SURVEY OF PRESENT DETECTORS USED 
IN RELATIVISTIC HEAVY-ION EXPERIMENTS 

We divide the following discussion into categories concerned with various types of 
measurement needs. Examples are drawn from the experiments in operation at the BNL 
AGS and the CERN SPS as of 1988. 

All experiments include some global measurements such as zero-degree calorimetry, 
transverse energy, and/or multiplicity to characterize the events, Each experiment then 
typically coilcentrates on one or two methods of characterizing the f i n d  state in some 
specific way. The methods discussed in Section 1 usually involve some level of particle 
identification in order to be suficiently selective. The several experiments include, in 
addition, differing levels of tracking ability, depending on which method of probing the 
final state has been selected. 

2.1 PARTICLE IDENTIFICATION 

All the heavy-ion experiments presently running at the AGS and SPS have particle 
identification incorporated for a limited selection of particle types. This identification is 
typically done over a restricted range of solid angle, as the devices required are often more 
complex and thus more expensive per unit solid angle than the “global” devices such as 
mid-rapidity calorimeters or multiplicity counters used to measure global characteristics 
of heavy-ion collisions. 

An abbreviated list of the particles identified by the various groups is as follows: 

NA34: 
Electrons at backward rapidity using ring-imaging Cerenkov counters (RICH 
counters - under development). 

hiluons at mid-rapidity using absorber f dipole spectrometer. 

Hadrons using a slit-spectrometer at backward rapidity. 

Photons using a conversion method in the slit-spectrometer and a movable 
13GO array for low p~ photons. 

- NA35: 
Hyperons at mid- and backward rapidity using kinematic identification in a 
streamer chamber. 

N h 3 6 :  
Hyperons at mid- and backward rapidity using kinematic identification in a 
TPC. 

- NA33: 
Muons at niid-rapidity using an absorber + toroidal spectrometer. 

- WA80: 
Photons and neutral mesons near mid-rapidity using highly segmented lead 
glass. 

Light baryons and pions a.t target rapidity using phhoswich detectors. 

-- WA85: .. . .. . - 

Hyperoris at mid-rapidity using a dipole spectrometer. 



-- E802 
Charged hadrons at  all rapidities using a single-arm spectrometer with good 
time-of-flight ca.pability. 
Phot ctns at  mid-rapj dit y using lead-glass. 

-- E810: 
Hyperons at  mid- and backward rapidity using kinematic identification in a 
TPCI. 

---- E8 I 4: 
Charged and neiitral hadrons, particularly projectile fragments as well as 
n/K/p, at forward rapidi ties 

A short discussion of the techniques presently employed is given in the following sec- 
t ions. 

2.1.1 Lepton Identification 

2.1.1.1 Elert ron Identification 

The NA31 group at  CERN has  investigated the problems involved in electron detection 
in relativistic heavy-ion collisions over the past several years. The principal problems to 
be stirmcmnted are production of secondary electrons, either by Bethe-Heitler conversion 
o f  any of the numerous photons present or by Dalitz decays of neutral pions. They have 
developed and tested a spectrorneier for soft electrons whose principal elements are two 
RICH counters which measure the direction of electrons before and after traversing a 
magnetic field. The It lGH counters” thresholds axe set high enough that the counter is 
“blind” to the much greater flux of hadrons. In order to image the Cerenkov rings without 
a n  excessive nuInber o f  noise hits, this group has developed an optical readmit scheme that 
looks at the visible light when secondary electrons cause an  avalanche near an anode wire. 
These secondary electrons are created when the original 7JV Cerenkov photons are absorbed 
i n  a CJV-sensitive gas such as TMAE. This entire technique demonstrates excellent hadron 
rejection in mixed test beams. The rings can be located to an accuracy of oilp the  order 
of 1 mm, which means that the electron directions can be measured with a precision of 1 
mraci €or an optical system of 1 meter focal length. First experiments using this apparatus 
in rims with heavy beams are expected to occur in 1990. 

The NA34 group has also developed a transition radiation detector (TRD) for detecting 
high-energy electrons at forward rapidities. This device was developed for use with their 
proton-beam program. It has been operated successfully st thresholds as low as 3 GeV/c. 
‘The development of a TRU which could operate at thresliiolds as low as 504) MeV/c is being 
pirsued by the E802 group. This threshold w n d d  makv observations of electron-positron 
pairs possible even below the rho meson mass at mid-rapidity at  RHIC. 

2.1.1.2 Muon Identification 

ThP only experinicnts presently engaged in muon detection are NA38 and NAQ4 at the 
SPS. F3oth are using muon spectrometers built by earlier collaborations, the h A10 group 
for NA38 and the NA3 groiip for NA34. Both spectrometers are conventional in that they 
consist of  a thick hadron absorber between the target and spectrometer, a set of tracking 
chambers and trigger scintillators, an analysis magnet (toroid for NA38, clipole for WA34), 
another set of chambers and trigger scintillators, a final absorber wall (eg., of 50 cm of 
iron), and a final set o f  trigger scintillators. The NA34 group uses a second target locate 
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j i i s i  ahead of thcir zero-degree ralorimeter t o  provide a source of muons, while the NA38 
experiment is dedicated to muon detection. The acceptance of the NA34 experiment is 
broader because i t  uses a dipole and thus does not lose pairs when one member goes down 
the toroid axis, as happens in  the NA38 setup. The absorber in the NA38 experiment is 
carbon to minimize mill tiple scattering of the muons, while muons in NA34 must penetrate 
uraniurn-based calorimeters. Since both experiments concentrate on forward angles, Nh38 
has the better invariant-Inass resolution as it has less multiple scattering. In both cases the 
muon identification is done solely on the basis of the ability of muons to penetrate large 
thicknesses of matter without showering or reacting. Charged particles that pass cuts on 
multiple scattering, vertex, and momentum are identified as muons. 

Decause the principal interest in detecting muons is to look for opposite-sign pairs of 
miions which result lrolll virtual photon exchange or vector meson decay, background can 
he rejected by constructing invariant mass spectra for like-sign pairs and subtracting these 
appropriately from the corresponding spectra for unlike-sign pairs. NA38 has demonstrated 
that for 200-GeV/c/nucleon I6O incident on 238U,  a very clean invariant-mass spectrum is 
obtained for unlike sign pairs above an invariant Inass of about 2.0 GeV/c2. The invariant 
mass spectrum has a signal to noise of only 1:l when pairs as light as the rho mass are 
selected. For heavier projectiles, the signal/noise is expected to worsen linearly with the 
increase in projectile mass, A ,  because the signal only increases as A but the cornbinatorical 
background increases as A 2 .  NA38 has made a study of the decay background sources 
and will shnrten their target-to-absorber distance for fiiture experiments. They will also 
employ a copper/scintillating-fiber EM calorimeter instead of the lead/scintillating-fiber 
EM calorimeter they use presently (see Section 2.3.2) in order to have a, shorter interaction 
length for hadrons entering the absorber. These measures should reduce the number of 
decay muons present in the spectrometer. 

2,1.1.3 Neutrino Identification 

To date, no attempts havc been made to identify neutrinos in relativistic heavy-ion- 
induced reactions. This partly reflects the difficulty of detecting neiitrinos and partly 
reflects the lark of theoretical motivation for searching for them. The most likely technique 
seems to be detection by transverse energy imbalance, as employed for example in UA1 and 
UA2 to search for W mesons. To date, only the NA34 group has constructed a calorimeter 
that is hermetic and has suficient granularity to attempt this task. They do employ a 
missing cnergy trigger. However, they have only used this for proton running, as it is 
difficult to correct the missing energy for muons in thc heavg-ion case. 

This may be a feasible thing to try at central rapidities at RHIC, although the problem 
of detecting a few GeV to a few tens of GeV of missing transverse energy in events that can 
generate up to 5 TeV of transverse energy for “ordinary” central collisions seems technically 
da iin t i ng 

2.1.2 Photon Identification 

Four groups presently attempt photon detection in ultrarelativistic heavy-ion experi- 
ments. The NA34 group iises a conversion spectrometer in the gap of their slit spectrom- 
eter, the WA80 and E802 groiips use large-area arrays of lead glass as electromagnetic 
calorimeters, and the E814 group uses an arra.y of NaI(T1) crystals. 

The segmented EM calorimeter technique is inherently more efficient a.s i t  does not pay 
the detection efficiency penalty that the NR34 device suffers due to a conversion probability 
much less than one. The conversion technique has the advantage that it can localize the 
showers in space using proportional chambers. In order to obtain shower localization iising 
their technique, WA80 and E802 must segment the glass into a large number of towers, 
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earh of w11ic.h miist have a not-inexpensive readout inrlitding a yod-q l la l i ty  phhbdnt !?he t,o 
see bhe modest, amounts of Cerenkov light generated in the lead-$ ass. A tower size of 15 cm 
x 15 cm is used by E802 while a tower size of 3.5 cm x 3.5 cm is used by WA80. E814 
uses vaciiurn photodiodes to readout their NeI(T1) crystals individually. All setups use 
proportional chamhers in front of the photon detectors in order to tag and reject charged 
particles. Neutral hadrons arq rejected by an analysis of the transverse shower size in 
Wh80; the NA34 technique has a very low probability of triggering on neutral hadrons. 

The fine segmentation and large distance from the target of the WA80 calorimeter 
also allow it to be used to reconstruct T O ’ S  and 7 ’s  by calcula.ting the invariant mass of 
photon pairs falling within its acceptance. A mass resolution of about 6% is achieved for 
the KO. By obtaining good measurements of the invariant cross sections for no’s  and v’s, 
it is possible to  subtract, in a statistical manner, the contribution of  decay photons from 
the measured inclusive photon spectrum and thus obtain a measurement of the photon 
spectrum emitted directly from the reaction. Such measurements are greatly aided by 
having large solid-angle coverage for the original photon measurement in order to obtain 
the most reliahle measurement of the neutral meson decays. None of the present setups 
covers 2n in azimuth or more than one unit in pseudorapidity. Future setups would benefit 
from such coverage. 

Detection of neutral mesons is complicated at forward rapidities and large values of the 
transverse niomentum, y ~ ,  of the parent meson, as in both cases the decay photons have 
a small angular separation. Because the electromagnetic showers produced in a detector 
have a finite transverse size, a given detector can only separate photons some minimum 
distance apart. This value is 5 cm for the WA80 lead glass. For the present V?A80 setup 
this corresponds to a maximum p~ of ahout 4 GeV/c for T O ’ S  at rapidity = 2 before the 
two photons start to  beconie indistirigiiishable. Detectors wi th  shorter radiation lengths 
than lead glass and better two-shower separation than lead glass are needed before single 
photon detectiun in reactions involving mass -> 200 projectiles appea.rs feasible. 

2.1.3 PionlKnonlProton Separation 

2.1.3.1 Time-of-Flight Measurements 

The present state-of-the-art in time-of-flight walls is exemplified b y  the  ES02 wall used 
in their single-arm spectrometer. A somewhat similar wall of more modest pwformance 
is einployed by the NA34 group in conjunction with their External Spectrometer. The 
I3803 TOF-wall consists of a large number of long narrow slats viewed frorri each end 
by fast phototubes. With attention l o  noise and electronics performance, this group has 
been able to achieve rrns time resolutions of  75 ps for all the narrow slats in the wall. 
A sornewhat larger value, 100 ps, is obtained for the double-width slats. In conjunction 
with their magnetic spcctroineter they are able to achieve K / T  separation up to 2 &V/c 
over a rather short path length without using their Cerenkov counter information. This 
performance would he ideal for a central regjon spectrometer at ww. 

2.1.3.2 Cerenkov Counters 

T h e  E802 group employs a large complex of  segmented Cerenkov couritt3rs in their 
experiment, ’J‘hese include low- arid high-pressure gas Cerenkov counters and aerogel 
Crrenkov counters as part of their spectrometer. ?‘he indices of  refraction have heen 
select,td to enable the spectrometer to separate pions, kaons and protons up to monienta 
of 5 GeV/c when operated in conjunction with the time-of-flight wall. These Cerenkov’s 
haIidle multiple particles by the classic technique of segmentation into many cells with 
independent mirrors and phototubes for readout a 
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At, prcsrnb none of Ifhe other heavy-ion groups have attempted the constrilction of a 
Cerenkov complex for particle lD ,  with the exception of a set of aerogel counters in the 
slibspectrometer of NA34 and of the RICH counter under development by the NA34 group 
for the specia.lized job of electron identification only. There is as yet no development of 
devices such as the large RICH counters used in the CERN Omega spectrometer or to be 
iised in the DELPHI collider experiment at LEP and the SLD experiment at the SLC. 
Discussions, modelling, and initial development work have occurred for proximity-focussed 
Cerenkov counters for use with the planned lead beams at  the SPS. The principal barrier 
to using Cerenkov counters in collisions involving two very heavy nuclei is the problem of 
handling the large particle multiplicities. At present the only ideas under consideration 
are RICH and proximity-focussed Cerenkov counters. Both these ideas need work mainly 
in the area of readout methods and speed. 

The development of CCD readout by the NA34 group for their RICH counters (see 
Section 2.1.1.1 above on electron identificakion) is promising in terms of the number of 
readout pixels which may be obtained. However, this particular technique needs B lar 
increase in speed before it is useful in experiments other than those wi th  quite selective 
triggers. 

2.1.3.3 Ionization Measurements 

This category is understood to includc measurements of the specific energy loss due 
to atomic ionization in gaseous, liquid, or solid media. 'The most common use of the 
technique is in  A E  measurements either in the front section of a phoswich-type detector 
or in a gas-sampling volume such as a TPC. 

The WA80 groitp uses the Plastic Ba11 Detector, constructed earlier by the group of 
the  same name. This detector has 655 phoswich elements consisting of 4-mm-thick CaF2 
A E sections followed by 35-cm-deep plastic scintillator E elements. The elements are only 
thick enough to stop protons of 200-MeV kinetic energy or below, making the Plastic Ball 
useful only for studying the target fragmentation region in fixed-target experiments at the 
RGS or SPS. The resolution of the  device is sufficient to resolve individual isotopes of light 
nuclei once they are energetic enough to penetrate the A E  section. Heavier elements up 
to about Z = 10 can be resolved by appropriate choice of gains in the electronics. Positive 
pions are separated from protons by observing the delayed signal from their decay muons. 

A t  present the groups (NA36, E810) developing TPCs which can handle the large 
final-sta te multiplicity of heavy-ion reactions have not incorporated the capability to  make 
energy-loss measurements into their devices. The standard in this area still remains the 
PEP-3 7'PC at the PEP electron-positron ring at SLAC. Several of the LEP experiments 
will also measure multiple samplings of ionization loss in their central tracking chambers; 
1)ELPHI and ALlCPH are building TPd's, while OPAL is building a more conventional 
cylindrical drift chamber. The technique of measuring multiple ionization samples in a gas 
is also used by the 11IUSIC detectors at the Bevalac to identify heavy ions in the forward 
direction. Projectiles arid projectile fragments in the range of 2 = 26 have been detected 
with much better t,han unit charge resolution. Such a technique might find application in 
the very forward regions at RIIIC. 

The discrimination of electrons, pions, kaons, and protons using the rnultiple- 
ionization-sampling technique does suffer from ambigiiitics in the numerous regions where 
the various specific ionization curves for the above particles cross each other as a function 
of niomcntum. This is particularly severe in the region near minimum ionization for kaons 
a n d  protons, i.e., for momenta of 0.8 to 4 GeV/c. For the central rapidity region at RNIC, 
most of the particles are expected to fall below this range; and for rapidities forward of 
mid-rapidity at the SPS, most particles are i n  the relativistic rise region, so that mea- 
surements of magnetic rigidity and specific ionization will be sufficient to identify these 



p r t i r l c s .  For rap i t l i f i ts  in f h e  range of al)niit 1 to 3, h n w ~ v e r .  t h e  ronfiision ~WCOTP-IW inax- 
inial and additional informatiun, as provided by TOF or RICH counters, will be needed 
to identify particles. 

2.1.4 Hyperon Identification 

Three groups presently identify hyperons proditced in ultrarelativistic heavy-ion cal- 
lisioris at the AGS and SPS. The NA35 group uses their streamer chamber to identify 
neutral vees and measure momenta while the NA36 and E810 groups use TPCs to per- 
h r m  the sarrie function. All three groups have reported the identification of the decay 
ito -+ p t 7r.. The NA35 group has also reconstructed cascades. The vees are straightfor- 
ward to see at rapidities that are not too forwaad; the pion arid proton are identified by 
t h e  usua.1 kinematic hypotheses as were used in bubble chamber work. All three groups 
use a target placed upstream of a. large spectrometer magnet. NA35 covers 2~ in azimuth 
for polar angles forward of 35 degrees, while NA36 chooses to place their TPC to OTW s ide 
of the beam axis. The NA36 group expects to be able to take advantage of the much lower 
density of tracks and to see decays of the more massive hyperons such as the Cascade and 
Onicga. 

A I I  these techniques for spotting hyperon decays in tieavy-ion collisions depend on 
finding the decay vertex. This greatly decreases the combinatorial problem which would tie 
ellcountered if, for example, one attempted to identify Ao7s solely by forming the invariant 
mass of all pairs of negative pions and protons. Et also has the obvious advantage of 
immediately determining the three-rnornentuni of the parent for the decay at  hand. In 
the case o f  just looking at combinatorial pairs, the rnornentum distribution of the parent 
can  only be determined in a statistical manner. This  method will become more difficult 
in the central rapidity region at RHIC, however, simply because the parent hyperons will 
receive a smaller boost, meaning that the opening angle of their decay products will be 
mnch larger than it is at the RGS or SPS and that> their decay vertcx will be much closer 
to the interaction p i n t .  This can be countered by having additional information than 
that from tracking alone to ht-1p in the search. Particle identification for the final state 
particles will help narrow the range of candidate tracks considerably when a specific decay 
is being searched for. 

2.2 C €3 ARG ED- PA R,TIC LE TRACKING 

There are a t  present three main lines of developmmt in this area. The iise of “iirnaging 
charrihers,” such as  streamer chambers and ‘L’PCs, is mentioned below in Section ”2.3.3 on 
~niil t ipl  ici  ty. ‘The E802 group has cbosen to use multiple planes of projective readoiit drift 
charnbrrs for the trackiiig through their single-arm spectrometer, while the E814 group bas 
chosen to use proportional chambers with small pads coupled together to  form rvsistive 
rcadout chains in  their forward-angle spectrometer. The E814 design thus yields also the 
orthogonal coordina te to the one obtained by conventional drift techniques. 

The solution chosen by E802 has the advantage the existence of a considerable body of 
expertise and lore on the design, construction, and operation of such projective chambers. 
Spatial resolutions on the order of 100 microns may be obtained with careful construction 
and data analysis. It has the strong disadvantage that the pattern recognition and hit-to- 
track associa tinn problems hecome severe, if nqt insurmountable, in truly high multiplicity 
environments (say, 108 particles or more hitting the chamber). This restricts their use 
to rrioderate acceptance spectrometers or to areas in a detector where the overall particle 
cuiint is small, such as in a muon spectrometer behind a thick absorber. 

The “pad-chambers” developed by E814 offer the advantage of pixel-type readout so 
that space points are obtained along each particle’s trajectory. A spatial resolution of 
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a h i t  200 microns is obtained alon each wire; in the other directinn, the resolution is 

simply by decreasing the numher of possible other hits that a given hit may be associated 
wi th .  One is still left with the problem of obtaining enough space points on each track 
to render coiiiplete pattern recognition possible. The pad chambers make this possible in 
principle ( i f  not yet in practice due to electronics costs) in that a large number of planes 
m a y  be set up to rover a given solid angle. If this is done with a small distance between 
planes compared to the range of possible displacements of a particle in traversing this 
distance between adjacent planes, then nearby hits can be easily grouped into candidate 
track segments. A clear area for R&D is obvioiasly development of dedicated monolithic 
electronics for these chambers in order to make truly large-area coverage feasible. 

The ‘I‘PC and streamer chamber solutions represent the obvious evolution of the above 
method to nearly continuous sampling ol tracks. Their principal disadvantage lies in their 
rate capabilities, as discussed in Section 2.3.3. The pad chambers used by E814 can be 
built wilh short gas drift distances, enabling them to be used in a high rate environment. 

A device which holds promise for development is the silicon drift chamber. This can 
provide pixel type readout with extremely high resolution, on the order of 5-10 microns. 
Present devices are quite modest in size, meaning they need to be operated near a target in 
order to cover sigriificant solid angle. The use of such devices €or accurate vertex detectors 
at, RJIIC merits particular investigation, as  it appears they can provide the needed rate 
capability and multiple-hit capability needed in that environment. The devices to be 
developtd lor RllIC do not need to have the extreme radiation hardness that SSC devices 
will need. Thus, development for RHIC can concentrate on increasing the pixel count. 

determined by the wire spacing (in t a e other direction). This helps in pattern recognition 

2.3 EVENT CLASSIFICATION AND GLOBAL EVENT PARAMETERS 

2.3.1 Energy at “Zero Degrees” 

It is thought that the most likely place to search for creation of a quark-gluon plasma 
is i n  central collisions of very heavy ions. This requires having some method for selecting 
central collisions on an event-by-event basis. All members of the present generation of 
experiments have reported that placing cuts on large missing energy in the beam direction 
or on large values of transverse energy or on large values of the charged particle inulitiplicity 
at rnid-rapidity tends to select always the same class of central events. The correlation is 
strong among these variables, although not completely sharp. Given the large difference in 
solid angle that must be covered Ly the first method compared to the last two, the easiest 
method to implement in a fixed target experiment is the first one. 

Accordingly, the NA35, WA80, E802, and E814 groups all employ “beam” or ‘*zero- 
degree” calorimeters for measuring the energy at, zero degrees to the beam axis in heavy-ion 
axperimcnts. This energy i s  iisually carried by the rionreactiiig portion of the projectile; 
observation at zero degrees of no more than a few percent of the incident beam energy 
iiidicatts at particularly violent collision has occurred. All the calorimeters employed are 
o f  the sandwich type, with deplcted uranium used by WA80 and steel used by E802 and 
NA35 for the absorber. T h e  E814 zero-degree calorimeter will be a modified version of 
their uranium/scintillator calorimeters with a larger tower size. Scintillator coupled to fast, 
waveshifters and phototubes completes the readout chain. The WA80 device, for example, 
has dernonstratrd i t s  ability to operate at  rates in excess of 106/second while maintaining 
linearity to 1% and resolution as good as a / E  : 2%* 

The zero-degrce calorimeter solution cannot be used in all experiments planned for the 
future, however. Experiments designed to look for relatively rare signals in fixed target 
grornetry want to use large beam currents, often approaching lo9 particles/second. No 
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known ralorimeter can operate a t  such rates without experiencing such severe prd9lrms 
due t o  pileup of different events as to  render the information from the calorimeter devrid 
of  meaning. Those experiments will need to adopt one and/or the other of th;r latter two 
met hods above to  provide for event classification. Such an apprnach is already foliowed 
by the NA38 group, who operate at beam currents up to 2 ,K 107 / seco~~d  and w h o  have 
esrhewed the use of a zero-degree calorimeter in favor of a mid-rapidity calorimeter designed 
to measure predominantly the transverse energy carried by photons resulting from 7r0 decay. 

In the geometry imposed by a collider, such as RHIC', use of a zero-degree calorimeter 
is a priori ruled o u t  by the requirement that the path for the circulating bertrns be kept 
clear. It may ?)e possible to take advantage of thv existence of beam-merging and sepa- 
rating magnets in  the tilitchine lattice to instal? devices similar in purpose to a zero-degree 
calorimeter. This idea takes advantage of  the fact that fragments of the prdnjectile will 
travel with the same momentiim per nucleon but will typically have a different charge-to- 
mass ratio, meaning they will not follow the orbit defined by the machine dipoles, but will 
exit the beam pipe at  sonre point. Given the very large differences in charge-to-mass ratios 
among neutroris, protons, and most heavy ioiis, it does appear feasible to place calorime- 
tars on both sides of the merging magnets that will intercept all single nucleons resulting 
from disruption of a beam nucleus. This still leaves unanswered how t u  select events that 
are strictly peripheral - does lack of activity in  these near-zero-degree calorimeters signal 
a violent or a grazing collision? I t  would seem that information from such devices must, 
{'herefore, be supplemented with t h a t  from other sources. 

2.3.2 Calorimetric Energy Measurement 

The iisc of calorimeters in heavy-ion experiments is at present, somewhat dieererit from 
their  use in particle physics experiments. In the latter, the particle densities in phase space 
are sufficiently low that calorimeters call be used to measure the energies of individual 
particles and isctlate the energy flow in single jets. In heavy-ion experiments, the particle 
densities are sufficiently high that a single section, or LLtower," of a calorimeter is often 
struck by more than one particle. The measured quantity i s  then the summed energy of 
all !he particles emitt,ecl within a given solid angle. This is still of considerable utility, 
however, because a good nieasiire of the transverse energy generated in a reaction or of 
the anergy depletion in the beam direction in the same reaction can be obtained. 

The calorimeters used by the NA3rj and WA80 groups at CERN are designed to 
cover mid-rapidi ties with moderate segmentation for reactions induced by 60- and 200- 
GeV/c/nucleon projectiles. The calorimaters for both experiments are segmented Longitu- 
dinally into electromagnetic sections, made of lead-scintillator sandwiches, and hadronic 
sections, made of steel-scintillator cells. The transverse segmentation in obtained by di- 
viding the cells into square towers in WA80 and into r-theta segments in NA35. Light is 
coupled out to phototiibes in both cases using wawshifters. WA8O uses plate-type shifters 
placed on opposite sides of a tower, while NA35 uses waveshifter-doped rods inserted into 
the centers of the towers. Both calorimeters are designed to give moderate resolution, 
on  the order of cr/J(E) == 15% for electromagnetic showers and 50 to SO% for Iiaclronic 
showers. The resolutions are better than average for hadronic showers arid routine for 
electrornagne tic showers. 

The use of sandwich-type caltwimeter for rapidities in the range o f  0 to 1.7, as  NA34 
uses them, results in some dificulties. The energies of hadrons in this rapidity interval are 
r io t  large, typically falling I ~ l o w  1 GeV for pions, which is the range where the operation of  
present-day hadron calorirmters starts to  be problematic, both from a standpoint of energy 
resolution and from a standpoint of linearity and response. This will be an important area 
for study in designing calorimeters for use i n  the central-rapidity region at  RIITC, where 
ovcr LOO0 such soft pions will appear. 
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A spv-ialized version of i,he NA31 calnrjmetrrs is rised by Ihe E81 1 groiip at TINT, to 
detect products e d  projectile fragrrientatiorn at very forward angles. This group needed 
good angular resolution and the ability to s e p r a t e  particles, particularly neutrons, tha.t 
are close together in phase space. They have, therefore, further segmented the readout 
of the original 20 x 20 cm2 towers of t,he NA34 uranium-copper-scintillator by a clever 
technique of  milling grooves into the scintillator and filling them afterwards with optically 
reflecting rpoxy. This effectively establishes 10 x 20 cm2 cells, adequate for analyzing the 
products of fragrnenta.tion when the calorimeters are placed 40 meters from the target. 
1 hese calorimeters w e  operated in conjunction with i-ipstream spectrometer magnets, high 
resolution scintillation counters, and tracking chambers, resulting in precise identification 
of forward angle products by mass, charge, and momentum. 

l h e  NA34 group uses a highly segiiiented calorimeter for their coverage of forward 
ra,pidities, where the nuinher of particles per unit solid angle becomes very lar e. They 

liquid argon ionization cells for the active medium. The EM section of this calorimeter 
has a. 2 x 2 crn2 segmentation. The hadronic part is read out using 5-cm-wide strips 
wi t.h horizontal and vertical strips interleaved. This arrangement samples the developing 
hadronic showers on a. fine scale. Although the hadronic showers still overlap in this 
device, a good measurement of the energy flow with angle is obtained, particularly at 
forward angles where the secondary particle flux becon-nes quite concentrated in a small 
solid angle. 

A different approach to the entire problem of measuring energy flow at mid-rapidities 
was a.dopted by the NA38 group at CEKN. This group needed to design a Calorimeter to 
operate upstream of the absorber for their muon spectrometer. They operate at beam 
currents typiea.lly 10 to 50 times those used by NA34, NA35, and WA8Q and use targets 
t,ypically 10 t,imes thicker. They also can afford to allow only a. little space for any devices 
hefore the absorber so as not to have large backgrounds of  decay miions in their spec- 
trometer. ‘These considerations led them to use electromagnetic calorimetry only. Speed 
requirements ruled out the use of ionization-type readouts, such as liquid argon. To avoid 
“cracks” due t o  readoiit sections, they chose to use a novel constriiction in which thin layers 
of l e d  are alternated with rows of optical fibers that have been doped with scintilhting 
agent. This construction can be rea.d out from the back using light guides and phototubes 
and is compact a.nd fast. Its resolution is similar to that exhibited by the EM calorimeters 
of the three other groups above. The intense radiation levels experienced by Nx438 led to 
the need to replace the inner section of  this device once a week during heavy-ion runriiiig. 
Investiga,tion of this problem pointed to the need to use more radiation-resistant epoxies 
to honrl the fibers to the lead. 

This “fiber calorimeter,” in principle, can he read out with quite fine transverse seg- 
menta.tion, as its intrinsic rarlia.tion length ca.n be made to approach that of lead itself (5.6 
mm) by using very thin fibers. The present limits to such a transverse segmentation are 
presently imposed by costs and sizes of avaihble optical sensors and associated electronics. 
T)cveloprtieni of inexpensive optical readout schemes would help realize the full potential 
of this type of calorimeter. 

r l  

ernploy a cryogenic-liquid type calorimeter, with depleted-uranium absorber p f ates and 

2.3.3 Multiplicity M e a s u r e m e n t  

Two basic approaches have been used to date to obtain measurements of the charged- 
part,iele multiplicity as a fimction of pseudorapidity and azimuthal angle in ultrarelativistic 
heavy-ion reactions. The first involves counting the track segments in a “ v i s ~ a l ’ ~  tracking 
cliarnber, such as a streamer chamber or a TPC, and the second involves counting hits on 
a planar detector with some type of pixcl-oriented readout. 
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Two groiips have pursired the development of TPCs for IISP in heavy-inn work,  the 
NA36 group at CEKN and the  E810 group at RNL. Both groups use highly segrnpnted 
readout planes with a large number of short wires to minimize the double-hit probability. 
Both chambers are operated in magnetic fields to provide momentum analysis. They must 
handle upwards of fifty tracks over a small volume. Operation with mass -30 beams on 
mass -200 targets has been demonstrated, as has track reconstruction in the resulting 
dense environment of hits. These groups plan future upgrades involving the addition 
of more TYC modules to improve their solid angle coverage. By keeping the individual 
TPCs o€ a modest size, they will retain the present level of capability in handling dense 
distributions of tra.cks. The rate capability of these TPCs is dictated by their drift distances 
arid the gas drift velocities (-5 cm/microsecond). This makes it difficult to handle more 
than lo3-] O4 events per second without having pileup of tracks from different events become 
a severe prot>lem. The long electronics readout times needed to handle the Large volume 
o f  da t a  generated in a high multiplicity event further constrain the accepted event rate to 
a mrich smaller number, of the order of 1 to 10 events/second recorded to tape. 

The NA35 group employs a large volume streamer chamber in a 1.5-‘I’esla magnetic 
field. The strearner chamber is loaded with i t  He-Ne mixture and operated at a deliberately 
low vokage to minimize flaring and size of the streamers. l’he main readout i s  onto three 
70-rnm film cameras which are coupled to large image intensifiers. The image intensifiers 
provide sufficient optical gain to overcome the loss in streamer intensity caused by opcration 
at  rediiced voltage. Tracks can be reconstriicted in three dimensions by iising the stereo 
information from the film cameras. This chamber has also been equipppd with a novel 
readout system involving three 1000 x 1000 pixel CCDs which also view the chamber 
through an image intensifier system. This CXD system provides digitized pictures of the 
pntire event in  0.5 second. On-line suftware can then scan cuts through the pictures to 
give fast calculations of  charged-particle multiplicity. Fitting routines can analyze these 
results to  extract momenta. 

The principal difficulty encountered in dealing with the resulting images of  the streamer 
chamber concerns the extremely dense forward-angle distribution of tracks. For 200- 
GeV/c/nucleon incident heams, roughly half of the produced particles lie inside a cone 
of half angle 5 degrees. A large number of overlapping tracks results, yielding a ‘hme of 
confusion” at the most forward angles. The use of such chambers becomes quite proh- 
lrmatic for fixed-target experiments with mass -200 projectiles; however, they could h e  
operated easily in the central rapidity region at a heavy-ion collider . Streamer charnbers 
a re  inherently slow dpvices (NA35 orilp triggers theirs orice per second), meaning that a 
highly selective trigger would b e  needed for the coilider environment. 

The secorid general approach to multiplicity measurement i s  employed by the NA34, 
tliA80, E802, and E814 groups. The two basic techniques employed are pads coupled to 
limited streamer tubes (used by WA80 and E802) and siliccm wafers read out via several 
hundred contact pads on their surfaces (NA34  and €3814). 

%he WA80 and E802 groiips use pad arrays capacitntively ct~upled to arrays of limited 
streamer tirbes of the Tarocci type. A single wire in the center of a 1 crn x 0.8 c m  cross- 
section cell is hcld at 4 t o  5 kV to provide charge amplification of the track segmerits left 
‘by through-going charged particles. Printed circuit hoards with pads etched onto the s i c k s  
facing the streamer tubes are used to couple the charge signal capacitatively to onboard 
electronics. Pad sizes as srriall as 1.5 cm x 2 cm and as large as 5 cm x 5 crn have been 
11se.d. The WA80 group opcrates their tubes at 4.9 kV, which provides sufficient signal 
to avoid the need for a preamplifier on the  readout boards. However, this also causes 
limitations in the niimber of reactions per second which can be tolerated (- few x IO4) 
due to excessive current drain from the HV supply, which causes voltage droop and loss 
of efficiency. The E802 group operates their tubes at a lower voltage than does W.480, 
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meaning that. a prea.mplifier is needed on t,he readout boards but tha.t the resiilting rate 
capahility and efficieiicy stability a.re better. 

This technique is well suited for placing large numbers of pixel elements into an ex- 
periment at moderate cost. The WA80 arrangement has 45,000 readout pads arranged in 
a double layer configuration, yielding over 20,000 pixels. Typical measured multiplicities 
range up to 600, showing the modest occupation probability per cell with such devices. 

T h e  NA34 arid E814 groups use small silicon wafers a. few cm2 in area and placed 
within a few crn of the target. Through-going charged particles create particle-hole pairs 
which drift under the influence of the applied reverse-bias. Signals are collected on small 
p d s  nn the surface of the detector; these pads are made by masking the detector before 
the gold electrode is evapora.ted on. Conventional preamplifier/amplifier chains are used 
t,o process the resulting signals. Beca.use accurate pulse-height information is available via 
this technique for each “pixel,” i t  is possible to determine if more than one particle has 
traversed a cell iinder the assumption that all particles are minimum ioniziag; the NA34 
group has, in  fact, used this to a.dvanta.ge. This pulse-height capability makes it possible 
for them to tolerate the inevitable multiple hits in the cells. These detectors have many 
fewer cells than do the strea.mer tube arrays, typically having only -500 pixels. Several 
layers are used: NA34 has 3 x 400 pixels and E814 has 2 x 512 pixels. 

?‘he present techniques will all experience problems in handling the sixfold increase in 
multiplicil,ies which will occur when mass 200 beams become available at  the AGS and SPS 
in a few years. Handling the large increase in final sta.te multiplicities presents a formidable 
clidlenge. It seems obvious tha.t R&D work on fast pixel detectors will need to  Le done 
in the near futiire. A clear area where R&D is needed is in dedicated integrated circuits 
capable nf reading out -100 pixels each from such. detectors. Development of circuits is 
essential to be able to handle the large number of channels needed (> l o 5 )  at reasonable 
power and cost. 

2.4 ELECTRONICS ISSUES 

‘The present heavy-ion experiments at the AGS and SPS have followed a course sim- 
ilar to high-energy physics experiments at the same machines in regard to electronics for 
detector readout. For devices which can he handlrd by up to  a few thousand channels of 
commercial power supplies, discriminators, ‘TDCs and/or ADCh, such as the readout of 
ralnrimeters and phntotubes used in TOF walls or Cerenkov counters, the course followed 
has been to purchase the commercial devices. In the case of specialized needs or where a 
fairly large number of channels must be handled, say of the order of lo4 or more, most 
groups have cnnstructed their own circuits, usually taking advantage of the present state- 
of-the-art in hybrid and monolithic elcctronics technology. For example, the multiplicity 
counters mentioned above are all readout by custom circuits: hybrid latches and shift reg- 
isters for the streamer tube pads in WA80, the same plus preamplifiers for the strtamer 
tube pads in E802, custom preamplifiers and shapcrs for the silicon wafers in NA34 and 
E814, and custom hybrids and monolithic circuits for the TPC readouts of NA36 and E810. 
Custmn circiiits for  reading out the large number of signal pads in the E814 multiwire pad 
channl,ers are adso iinder developinwit and test. 

The electronics needs anticipated for the future at  the AGS and SI‘S and at RBIC tend 
to be grouped into two areas at present. These areas can he described by the questions: 

1. How can inexpensive and low-noise circuits be developed so that it becomes possible 
to instrument IO5 channels or mnre at a feasible cost? 
2. What methods can be used to store and process these large amounts of data during 
the trigger decision process? 
An  example of a need in the first area would be a circuit designed to read out a 

calorimeter segmented into 50 to 100 thousand cells. If the calorimeter were read out 
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by phr)t,odindes viewing scintillator or hy pads sensing ionization in liqiiid argnn, a nseful 
circuit would w e d  to iiicorporate a low-noise preamplifier, a shaping amplifier, a storage 
element, and possibly a local A D G .  A similar circuit would be useful for large-area pad 
chambers which had several hundred thousand pads. A more ambitious request comes 
from those wishing to read out several hundred thousand pads on a TPG with full dE/dX 
information recorded in narrow time slices. In that case, the above circuit would also need 
to include a good quality flash ADC and associated timing circuitry to keep track of the 
necessary time coordinates for the pad to which it is connected. 

The needs summarized by the second question deal with temporary storage of data, 
either in analog or digital form, during a trigger-decision period and the provision to the 
trigger circuitry of information from a specific detector system. The typical solution used at 
present to store analog information while awaiting a trigger decision is to use a delay cable 
on the order of 100 meters in length, which provides a 500-nsec delay time. Similar methods 
can be uspd tr:, store hit information from pad arrays or multiwire proportional counters. 
T h e  niimber of cables needed to adopt this solution for next-generation experiments is 
worrisomely large; the space, cost, and drive-power requirements for this technique render 
i t  most unattractive. Development of a low-power monolithic analog storage unit would 
be a very attractive alternative, provided the cost and power consumption per channel can 
be kept low. 'd'he circuits used presently to provide information to first- and second-level 
triggers are often fast analog sums, in the case of calorimeter inputs, or fast digital sums 
followed by some type of majority logic, in the case of multiplicity counters. Some type 
of provision to  do this on a large scale is needed for next-generation experiments. The 
power consumption of circuits will, to large extent, be dictated by the speed needed to 
make trigger decisions. and this latter quantity is partly controlled by how niiich delay can 
be imposed on the several signals from the detector before a decision to keep or reject the 
event is made. 
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3. NEW PROJECTS UN1DERVVA.Y OR NEEDED 
IN INSTRUMENTKI’ION FOR RESEARCH 

WITH ULTRARELATIVISTIC WE 

A number of research and development needs involving detector techniques of use in 
ultrarelativistic heavy-ion experiments are discussed briefly below. A few of these areas 
are presently under investigation. New efforts need to be undertaken in  most cases. The 
interested reader is referred to the workshops which have been held over the past 4 years 
on the subject: 1984, Berkeley; 1985, Brookhaven; 1987, Berkeley; 1988, Brookhaven. 

The following lists emphasize projects of particular interest for RHIC. The large and 
parallel R&I> effort for the SSC will, of course, yield many useful techniques which can be 
used a t  RHIC. The projects below tend to emphasize the extreme segmentation needed 
for RHIC, the soft particles which must be dealt with at RHIC, and development of slower 
or less radiation-hard technologies which could be used at RHIC but which are not likely 
candidates for the S S C  environment. 

3.1 PARTICLE IDENTIFICATION 

Most of the techniques discussed presently are tailored to the specific problems en- 
countered in identifyirig a given type of particle. Tradeoffs made in designing a RICH 
countw- to be an accurate tagger for electrons would not be appropriate in designing a 
general purpose device for  use in hadron identification, for example. Some of the areas 
needing investigation are listed below, grouped by the type of particle to be identified. 

3.1.1 L e p t o n  Identification 

BLCH count.ers (particlnlarly for “hadron-blind” operation for- electrons) 

7TV sensitive gases - is ‘J’MAE the best/only choice? Conversion lengths? 
Is El? (Ethyl-Ferrocene) a better gas? 
Two-dirnensional readouts - development of optical imaging vs pad chambers 
Speed of readouts, particirlarly CCDs 
Merits of spherical imaging vs proximity focussing for specific eases 
Control of background “speckle” 
Pattern rccognition algorithms 
General triggering techniques (e.$., separation of visible Cerenkov photons for self- 

triggering via phototubes) 

TRD counters for..electrons 

Known to work for y > 1000, need tests for 7 = 5 O O - l O O O  range 
Dv1 ta-ray prol)leins from Ihrough-going charged particles 
Design of radiator foils - 
Readout chambers, arranging for sensitivity only to X-rays 
Two-dinncnsional readout, with emphasis on possibilities for triggering 

thickness, number, material, processing 

Muon id-eutification issues 

Optimum balance between hadronic shower punchthru a.nd muon multiple scattering 

Instrumentation of return yoke for further muon/hadron rejection, check of momentum 
for muon absorbers 
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Development of fast, two-dimensional hodoscopes for road-finding 
Trigger processor for non-bend plane association, imposition of Pmdn cuts in bend-plane 

3.1.2 Photon Identification 

Hiah resolution EPvl calorimeters (see 3.3.1 below, also) 

Development of “spaghetti” and (‘lasagna” type calorimeters, i.e., short radiation 
length/small Moliere radius devices for largest effective number of pixels/unit area 

Fast, inexpensive readoiits suitable for lo5  channels 
High spatial resolution devices for resolving high pT neutral meson decays 
High-energy resolution devices for resolving low pT neutral meson decays 
Cuupling to BaFz, Csl inexpensively 
Suitability of BGO for collider beam-crossing times 

3.1.3 Pion/Kaon/Proton Identification 
T i  me-of- flight_ grun.t_e_rs 

Mechanical design, operation of “flashlight” vs “picket fence” geometries 
Separation o f  Cerenkov from scintillation light 
Multithreshold constant- fraction discriminators, multihit high-resolution TDGs 
1)evelopriient of monolithic circuit including CFD, delay, precise TDC, readout logic 
(Thc next four areas are obvious areas for industrial collaboration) 

Large-area, rnultianode fast phototubes 
Large-area microchaii ne1 plates coupled t o  scintillating optical fiber matrix 
Fast scintiilat ion materials 
Very thin photr.itubc windows 

RICH counters (also see ahgve under 311.J..-for e1ectro.n-I). 

Pattern recognition yroblern: density of ring hits at RHIC is similar to that in a jet at 
the S I X  -+ smaller rings eases the probleni, but require higher resolutiori on ring 
centroid and radius 

3.1.3. d Ionization Measurements 

Most of the issues needing investigation are discussed below under the sections deal- 
ing  with TPC design and Si drift-chamber design. The me of phoswich detectors for 
identification of target-rapidity hadrons in fixed-target experiments is a relatively mature 
technology. Most of the issues to be dealt with in designing a detector for this region have 
to do with segmentation, punch-through, and desired dynamic range and can be dealt with 
using present experience with such devices and Monte Carlo calculations. 

3.1.4 Hyperon Identification 
Ilyyeron identification first requires having sufficiently accurate tracking and decay 

product identification (pions, kaons, protons, photons) to  find decay vertices and test decay 
hypotlieses. There is a clear need for work on fast track finders if one desires to trigger on 
observation of  vers or decay vertices. This work will be influenced by what is feasible at 
the secorid and third level trigger stage and will itself influence the needed trigger decision 
times. One likely possibility is to move likely events to an on-line microprocessor farm and 
do a considerable amount of computing before deciding to  move an event to tape. 
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3.2 TRACKING 

The issues in tracking presently divide into two broad groups. The first group deals 
with design of TPCs for operation in either a fixed target or collider environment, and the 
second deals with the development of drift and multiwire chambers yielding space-point 
information. There are a number of related issues dealing with magnet construction and 
calibration of chambers. The large issue of track reconstruction also needs development to 
handle the large track densities expected for ultrarelativistic heavy-ion collisions. A central 
issue for all detectors depending on gas drift will be event pileup: for a pileup probability 
of 10 - 4 ,  one pileup event appears per second even for the low luminosities for mass -200 
ions at RHIC. 

It is doubtful that drift chambers will find wide applicability for the SSC due to the 
long readout times imposed by the gas drift velocity. RHIC will present low enough rates 
that the use of gas drift counters can be considered, but central issues of space-charge 
limitations and of handling high track densities over all space must be addressed. 

P C des i g II aarl...cr~, er a. t i o n 

Optimization of gas mixtures for speed, low diffusion, and dE/dX information 
Optimizabion of pad sizes for t wo-track resolution, dE/dX resolution, and overall read- 

Design of rnonoli thic electronics for on-chamber mounting and digitization 
Space-charge limitations and gas gain, distortions of drift paths 
Segmentation of drift distances: tradeoffs between overall drift time, and thus rate and 

oiit l oad  

confusion from overlapping events, and overall chamber and electronics cost 

Multjwire chamber design and readout 

Development of chambers with highly segmented pad readout over large areas, and 
study of position resoliltion vs pad size and shape 

Uniformity of response and eficiency for pad chambers 
Development of coupling of dense pad arrays to readout electronics 
Ilevelopment of low-noise, large dynamic range front-end and charge division electron- 

Ilsefulness of projective readout, for example, for muon tracking 
ics 

“ S t ra.w ’’ chambers 

Usefulness for heavy-ion collisions 
Construction of pads on “straw” body 
R.eadout of pads, electroriics development 

___. Si drift chambers __ 

Demonstration of working model in beam 
Electronics monolithic with detector, readout speeds 
Attainable resolutions, two track separation, possibility of dE/dX information 
{Jniformity of response over whole area 
Radiation damage - rads allowable 
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3.3 EVENT CLASSIFICATION 

The three methods mentioned in Section 2.3 for event classification all depend on 
having adequate calorimetric coverage and/or multiplicity coverage. The related detector 
hardware questions are listed in Sections 3.3.1 and 3.3.2 below. It  will remain for specific 
experiments to decide, based on simulation calculations, what degree of precision they 
wish to  implement in their measurements to provide event classification, For example, 
a large tracking spectrometer might provide sufficient mtaltiplicity information itself at 
mid-rnpidi ty  that only modest calorimetry at forward rapidities is deemed necessary in 
addition. 

3.3. P Calorimetry 

The work needed in  this area can be groupad into three general areas. The first is 
hasic calorimeter construction; the second is readout; a i d  the third is response tinder 
the conditions of particular applications. A number of topics have been suggested for 
investigation in  these general areas. These include: 

Coupling to readout devices wi th  high segmentation 
Ratio of scintillator to absorber thicknesses and absolute thicknesses 
New scintillation materials, such as PMP 
Light output, attenitation length of fibers 
Fiher orientation relative to  particle incident direction 
Energy arid position resdution 
Energy and position linearity 

I__ EM caloriincters ___ using crysthls 

I’roperties of tindoped Csl (speed, resolution) including lab and test beam work 
Speed and cost issties for BGC) to assess suitability for collider use 
Iitespoiise of scintillating glass to soft hadrons 
Hadron response of IBaF2, work on availability and cost of BaFz 

Is this technique too expensive for general use? 
Are there areas whrre space and density needs merit its use? 

e/h relative response, especially for low-energy hadrons 
Shower profiles for electrum, photons, hadrons 
I’osikion resolution for ckctrons, photons, hadrons 
Energy resolution for electrons, photons, hadrons 
Linearity for electrons, photons, hadrons 
Angle dependence for electrons, photons, hadrons 
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- Re ado ti I t echniq lies 

Readout electronics for PIN photodiodes development of compact monolithic devices 

Sensitivity of all solid state optical sensors to charged particles 
Methods for reducing charge transfer time for ALL liquid ionization calorimeters 
Ilynamic range of readouts - soft hadrons to jets 
Studies of rate dependence of the gain of photomultiplier tubes 

with low noise and low cost 

A ppli ca. t ion- s peci fi c.i.ss.u> 

Optimum balancr between hadronic shower piinchthru and muon multiple scattering 
for rriuon absorbers, particularly €or the high charged-particle multiplicity per event 
at R HlC 

Segmentation for event characterization in compact geometries 
Construction of pole-tip calorimeters - should silicon or scintillating fiber be used? 
Can time-of-fljght and fast EM calorimetry be combined in one device? 
IIow finely segmented can EM calorimeters be made (to do single photon detection)? 

3.3.2 Multiplicity Counters 

Most of the issues related to constructing multiplicity counters are part of the larger 
issue of building tracking detectors and are thus mentioned in that section. There are a 
fcw areas specific to just counting particles in  a given solid angle. These are mentioned 
here. 

Streamer tube arrays 

Development of monolithic preamp + latch for pad readout 
Gain and efficiency stability in high-rate conditions 
Development of smaller gas cell sizes to decrease overall drift time 
Recording of time of arrival and pulseheight information 

___.. Hodoscopes 

I)evelopme~it uf two-dimensional readout methods 
Coiipling via waveshifter-doped optical fibers to multimode phototubes or image in- 

Construction methods to realize small cell sizes over large areas 
General development of two-dimensional optical imaging devices other than CCDs - 

tensifier + CCI) readouts 

Sensitivity to few photons, approximately ns range response times 

Si pad detectors 

Miiltiplexing of analog sianals to reduce number of cables and cable-drivers 
Development of high-density low-power discriminators and logic to provide signals for 

0. 

triggering 

- CCD multiplicity coun- 

Ueveloprnent of parallel readout schemes to obtain readouts in 100 microseconds 
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3.4 ELECTRONICS 

Many of the electronics devices needed for the various detector projects are listed above 
iindvr the specific detector to which they would be coupled. There are some general areas 
which will need development work. Some of this work will form the basis of the specific 
developments needrd for individual detectors. There is a pressing need for the development 
of workable low-noise “standard cells” for use in designing analog circuitry in monolithic 
form. A large number of  cells exist in  the libraries of chip manufacturers for the needs of 
digital design, but few exist for analog work. An effort to develop a good working set of 
standard analog cells W C J ~ ~  pay great dividends in the future ability to design application 
specific integrated circuits (RSJCls) for use in reading out large-scale detector systems. A 
few examples are listed in the following. 

-...-__I_ Standard cells for rri~nolithic design 

Preamplifiers 
Shaping amplifiers - -  integrators, unipolar and bipolar shapers, differentiators 
Storage cells; e.g., capacitar arrays 
Comparators, particiilarly with multiple references 
Timing discriminators, constant-fraction discriminators 
’Time- to- voltage converters 

l;lun-ct ional 11 ni @ 

Analog pipelines 
AD& 
TDCs 
Waveform recorders 

Jtadia.tic>n-hardencd rlectronics 
Investigation i)f va.rious chip technologies other than CMOS - NMOS, SO$, Cia-As, 

BiMQS 
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