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FOREWORD

The L* Collaboration (1100 scientists from 99 institutions) submits this Letter of Intent to the
SSCL to build an experiment to precisely measure ¢, 4,y and jets.

Since the submission of the Eol, much progress has been made in R&D in all detector subsystems.
Following the instructions of the director of the SSC Laboratory and of the Program Advisory
Committee, the L* Collaboration has modified the design of the L* experiment and reduced the
scope. The results of these efforts are:

e A reduction of the detector volume and weight by more than a factor of two from the Eol design

¢ Maintaining the original L* physics objectives

o A reduction of the total L* cost to below 492 M$ (FY90)

e An increase in flexibility of the detector to adapt to changing physics objectives and machine

parameters; in particular to perform experiments at a luminosity of 1034 and higher

e Broadening the participation of foreign countries from Europe and from the Asia Pacific region

with the total foreign contribution approximating half of the total estimated cost.

Some major developments for the L* Collaboration are:

1.

The establishment of major national centers in the U.S. at Oak Ridge National Laboratory (for
the Hadron Calorimeter and engineering coordination) and at Los Alamos National Labora-
tory (for the Central Tracker) and at Lawrence Livermore National Laboratory (for the Muon
Chamber). Working together with 29 L* institutes and universities in the U.S. these national
laboratories will be the focal point for the L* Collaboration.

. The formation of the L* Collaboration in the USSR under the leadership of Academecians

S. Belyaev, Yu. Ossipyan, A. Skrinsky, and E. Velikhov. The USSR L* group has 16 insti-
tutions specialized in high energy physics, in magnet design and construction, in precision
instrumentation, and in material science.

. The participation of the Bologna Group in L*. Under the leadership of Professor A. Zichichi, the

Bologna Group has had a long record of success in large international collaborations. Examples
are pioneering the experiments on pf — p~put (1962) and ete~ — eu (1967) to search for
heavy leptons, the construction of Gran Sasso, the construction of HERA, and the creation of
the LAA project at CERN to systematically develop instrumentation for experiments at LHC,
SSC and Eloisatron. The Bologna Group’s record makes it a most valuable participant in L*.

. The formation of the Korea Center for High Energy Physics, under the leadership of Professor

Jae Kwan Kim, incorporating a total of 19 universities,

. The formation of the L* Collaboration in China involving 7 institutions.

. The formation of the L* Collaboration in India involving 4 institutions.

In the following chapters we describe the L* experiment and the changes since the Eol.



I Physics Considerations

A Introduction

The Superconducting Super Collider will be a unique
accelerator with /s = 40 TeV and a luminosity of
'10% em~3s-! increasing to > 1034 cm=%s~! later. The
size, cost and construction schedule of an SSC exper-
iment imply that the detector design must be flexible
to effectively adapt to the evolving physics with mini-
mum additional cost and appropriate to the timeframe
in which SSC will be operating. While designing the
experiment for LEP, L3, in 1981, we realized that the
cost and eight-year construction time would mandate
a design adaptable over the lifetime of LEP and be-
yond. Indeed, today L3 is the only detector that can
be quickly modified to run at the future LEP Hadron
Collider (LHC) at CERN.

With a similar long range view towards the SSC,
the L* detector is designed with the following features:

1. Good e, 4, resolution.

2. Ability to operate at 1034 cm~3s-1,

3.- The option to operate at 2x 103 cm~3s-! and
beyond.

4. The option to cleanly study e, 4 and jets.

B Physics Perspective

The past quarter of a century has witnessed many fun-
damentally important discoveries in elementary particle
physics. These discoveries, which give us more confi-
dence in the Standard Model, were all made by preci-
sion experiments of leptonic and photonic final states.
Indeed, one is reminded of the following [1):

1. The discovery of two neutrinos came from measur-
ing u and e final states.

2. The discovery of the J particle shown in FigureI.1,
emerged from an experiment on ete~ final states
with a mass resolution of 0.1% and a hadron back-
ground rejection of 1019,

3. The = lepton was discovered by measuring coinci-
dence of ue in the final state.

4. The discovery of the P, state by the DASP collab-
oration at DORIS in July 1975 from a very clear
and elegant observation of 27 transitions is one of
the most important confirmations of the existence
of charm quarks.

5. The T particle was discovered by an experiment
with a u pair mass resolution of 2%.(see Figure 1.2.)

6. The proof that the J particle is indeed a bound
state of ¢¢ quarks came from precision inclusive
photon measurements with Nal crystals by the
Crystal Ball group. The identification that the T
particle is a bound state of bb quarks came from
inclusive photon measurements by the CUSB, and
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Figure L.1: The discovery of the J particle.
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CLEO groups as well as by the ARGUS and Crystal
Ball groups. :

7. The Z° particle was discovered with a large solid
angle detector measuring e*e~ and utu~ final
states.

8. The W* were found by measuring their large mo-
mentum single electron and muon decays.

These facts lead us to make the following observations:

' (i) These discoveries were not predicted when
the original accelerators were constructed
(the Z and W being the exceptions).

(ii) None of these discoveries were made by de-
tecting hadronic final states.

(iii) The design for experiments at SSC ener-
gies ought to incorporate these experiences
using precision detection capabilities for fi-
nal states to perform definitive studies on
heretofore unforeseen physics phenomena.

C Experience in e u v Physics

Physicists in the L* collaboration have nearly 25 years
of experience in developing the techniques to perform an
experiment measuring v, leptons and lepton pairs with
high precision and large solid angle.

Table 1.1 summarizes this learning process by the
MIT group. The most important lesson learned in the
25 years of studying e,u, v is that in real experiments
the background is always much higher than anticipatad.
This can be seen from our most recent study of the J
particle production from 110,000 Z —~ hadron decays.
Figure 1.3 shows the Z° — e*e~ + z spectrum where

the e* and e~ are identified as isolated electromagnetic

clusters in the BGO matched to a vertex chamber track.
There is no evidence of a J peak. In Figure 1.4 we
add the requirement that the energy measured in BGO
match the momentum measured in the vertex chamber.
As a consequence, the background rate has decreased
by a factor of ~ 10 and a clear J — e e~ appears in
the spectrum.

References
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1404; Phys. Rev. Let. 35, (1975) 1489; Phys. Lett. 57B,
(1975); Phys. Rev. Let. 39, (1977) 252; Proceedings
of the 1981 International Symposium on Lepton and
Photon Interactions at High Energies (1981) 165; Phys.
Rev. Let. 49, (1982) 1612; Phys. Rev. Let. 51, (1983)
160; Phys. Rev. Let 52, (1984) 799; First report by
ARGUS and Crystal Ball groups presented by P.M.
Tufts in “Proceedings of the Symposium on Leptons
and Photons Interactions at High Energies”, Cornell,
1983; Phys. Lett. 126B, (1983) 398; Phys. Lett. 122B,
(1983) 103;

Events/150 MeV

[

[=]

(=]
T

|
E &
O

LA RAAAE RRAAS RALRE RAALS RERAN RARSE LARAM

Events/150 MeV
S
(=]

Mass ee (GeV)

Figure 1.3: Two electron invariant mass spectrum corre-
sponding to 110000 Z° — hadrons events collected with the
L3 detector at LEP. Electrons are identified as isolated elec-
tromagnetic clusters in the BGO matched to vertex chamber
tracks.

llT"jll‘llI'l'

////////////A””I””””””””””

Mass ete”™ (GeV)

Figure I.4: The same as Figure 1.3 but requiring also
matching between the energy in the BGO calorimeter and
the momentum from the vertex chamber for tracks of op-
posite sign. A signal coming from the decay J — eTe™
appears.

(2] Becker, U. et.al., NIM 129 (1975), 593; Barber, D.P.
et.al., Phys. Report 63(1987) 333.



Table 1.1: 25 Years of Particle Physics Research

~Experiments In e,4, ¥

1964 at DESY

e g €+¢-,QED,R < 10-1‘ cm, pvw1¢ bad e+e", SU (3)

In the process of checking the validity of quantum electrodynam-
ics and studying leptonic decay of vector mesons, the DESY-
MIT group developed techniques to measure leptons in a high
intensity v beam of 10'! per second. They obtained a rejection
ee/hh = 1/10° and a mass resolution of Am/m = 1%.

1972 at BNL

J = ete=, New Quarks

Based on the experience acquired at DESY, the MIT-BNL group
designed a spectrometer able to measure lepton pairs in a high
intensity proton beam of 1032 per second (equivalent to a lu-
minosity of 10°% cm=2s~1) with ee/hh = 1/10'° and a mass
resolution of Am/m = 0.1%. This led to the discovery of the J
particle.

1977 at ISR

pp — utu~, Scaling

At ISR the CERN-Harvard—-MIT-Naples-Pisa group designed an
experiment with a 27 solid angle measuring u-pair production
with a luminosity of up to 1032 cm=~2s~1, It measured pp — up
scaling precisely.

1978 at PETRA

etem — QQG, Gluons, a, ete~ — ptu—, QED, R <
10-18 cm

At PETRA the Aachen-DESY-IHEP-JEN-MIT-NIKHEF
(MARK J) built a 4» calorimeter detector measuring electrons,
muons and hadron jets. This experiment measured precisely
muon Pair asymmetry with a systematic error of 1%. The re-
sult' confirmed the prediction of the Standard Model. At the
same time, TASSO (Aachen, DESY and others) built the first
modern large solid angle detector surrounding the interaction
region with an excellent central tracking detector followed by
an electromagnetic detector with good angular coverage. The
work of the PETRA groups form much of the foundation of
experimental support for our understanding of QCD.

1983 at LEP: [y = 833+ 0.8 MeV, Ny, = 3.07+£0.11,04 =
-0.499 £ 0.003,gy = =0.047 % 0.012, sin? fw = 0.232 & 0.003

At LEP, many physicists in this Lol participatedin buildinga 47
detector, L3, with e, &, resolution Ap/p ~ 1% at p = 50 GeV.
So far, based on 1.1 X 10® in L3 it measured the E-W parameters
9v194.Leery Ny, set alimit on My > 42.1 GeV, and measured
the BB mixing £g = 0.178 + 0.049 — 0.040(c effect).

As in the case of the DESY experiments, the J, and the T
experiments, the momentum of u(e) are measured twice, first
in the vertex chamber { Py ), and second, in the precision muon
chambers {F,.), or in BGO (F,). The muon energy loss AE is
measured by the sampling calorimeter which also monitors the
hard photon radiation. Energy balance (1) is used to eliminate
hadrons.

Py=AE+P, or Py=PF,. 1)

Instrumentation for e, 4,7

1972: High rate chambers

Very high-rate proportional chambers enabled us to run at BNL
for three years with an extracted beam of 10}2ppp, leading to
the discovery of J.

1976: Large area drift chamber

Large area drift chambers with simple {2] I-beam field shaping
enabled us to construct 800 m? of chambers for the ISR pp —
ut u=z experiment, with a resclution ¢ = 300 um. This type of
chamber was also used at PETRA and SLAC experiments and
improved in the UA1 muon chambers at CERN.

1979;: Straw tubes

Thin wall drift tubes (now called straw tubes) with high rate ca-
pability operated in Mark J as vertex detector with a resolution
of ¢ = 250 pm.

1978-1982: High precision chambers

The development of high-rate high-resolution (130 um/wire)
chambers for ISABELLE resulted in the multisampling precision
drift chambers for L3. The coordinate resolution of < 50 um
and a specially designed and monitored support structure to
< 30 um enabled us to construct the precision muon detector of
L3.

1989: R&D for the SSC

1. Method; to build high resolution muon chambers covering
1000 m*“.

2. Best gas for these chambers operating in magnetic field.

3. High precision alignment systems and UV laser verifica-
tion.

1980-1989: BGO

BGO crystals developed in the Shanghai Institute of Ceram-
ics enabled the L3 collaboration to build the precision electro-
magnetic calorimeter (12000 crystals), measuring e,v with an
accuracy of (1.3/\/E-+ 0.5)%.

1989: BaF,

Successful R&D on BaF; crystals by the L* Collaboration leads
to BaF; as an excellent material for the electromagnetic detector
in the high radiation environment at SSC.




54.81 m { R

31.85m
— Sd48m — 29.50 m
2.00m — v  Central Magnet \J

o & 5 I | O i A

Forward Magnet

9.0°

l.— 930 m —

R _— ~ e

\ f Hadron Calorimeter Y/ \/_Electromagnetic

Muon Chambers Calorimeter
Thin Tracker Solonoid Central Tracker

Figure II.1 L* Detector: Resistive Coil Side View

II

Juorradxy 4T 9UL



- 2243 m —>

18.60 m >
Electromagnetic
Calorimeter _\ YA
| Hadrqn
Thin : Calorimeter
Tracker =~
Solenoid

'y,
\
A\

Muon
Chambers

Central
Tracker
- Iron Return Yoke

Aluminum Coil

Figure I1.2 L* Detector: Resistive Coil End View

Y



200 m

fo— 9.21 M —

__ Central Magnet

Forward Magnet

/

\\\\\
N RIS

—i
\ [/ 11\ /

/

Hadron Calorimeter A{/ Electromagnetic
Muon Chambers Calorimeter
Central Tracker

Figure I1.3 L* Detector: Double SC Coil Side View



imeter

Vacuum Vessel

Muon Double SC Coils Tracker
Chambers

Figure II.4 L* Detector: Double SC Coil End View



II The L* Experiment

A Design Considerations

Following the advice of the Director of the SSCL and
the Program Advisory Committee, the L* collaboration
has conducted a comprehensive program of study to re-
duce the scope of L*. The physicists and engineers of
L* have worked closely with a group of experts (the L*
Internal Review Committee, LIRC) consisting of experi-
enced project managers from Livermore National Lab-
oratory, Los Alamos National Laboratory, OQak Ridge
National Laboratory and Institute leaders from ETH,
Ziirich, from RWTH, Aachen, and from the Kurchatov.
Institute, USSR. The LIRC has made a detailed ex-
amination, often down to level 5 of the L* equipment
cost, labor cost, contingency, EDIA, etc. All detector
subsystems have undergone extensive R&D.

To downscope the detector in the most logical man-
ner we have carried out the following procedure:

1. Analysis of the physics implications of:

(a) Reducing the muon resolution from our Eol
goal by redesign of the conventional magnet or
by design of a new superconducting magnet of
reduced cost.

(b) Reducing the longitudinal sampling frequency
of the hadron calorimeter and increasing the
size of the sampling towers so that we reduce
the total number of electronics channels.

(¢) Reducing the amount of BaF; by 1/3 by cov-
ering the forward region 6.7° - 2° with con-
ventional detectors.

2. A detailed systematic study of magnet construction -

as functions of:

(a) cost, weight, overall dimensions,

(b) muon resolution,

(c) power consumption,

(d) assembly procedure and reliability in opera-
tion.

3. A reanalysis of the (Eol) muon chamber arrange-
ment to reduce the total number of chambers. We
have further reduced the number of electronic chan-
nels by linking sense wires.

4. An accelerated effort of R&D on the Hadron
Calorimeter for scintillators:

(a) to understand damage to the fiber,

(b) to understand the uniformity of light collec-
tion,

(¢) to study scintillator tiles.

and for the silicon detector options:

(a) to elaborate large scale production techniques
in the USSR, to reduce the cost by a factor of
10 or more,

(b) to start a full thickness hadron calorimeter
test.

5. Accelerated R&D effort on TMS for the Forward
Calorimeter System including:

(a) Radiation damage studies,

(b) Fast detector response matched to the SSC,
(¢) Materials compatability with TMS,

(d) Compensation

6. Accelerated R&D effort on BaF; for:

(a) UV light transmission and suppression of
longer wavelengths

(b) production of crystals of adequate quality at
low cost

(¢) control of radiation damage

(d) development of readout diodes, and

(e) development of an adequate calibration sys-
tem.

. Accelerated R&D effort on liquid xenon including:

-3

(a) mass production of liquid xenon,

(b) purchase or lease of xenon,

(¢) supply from USSR,

(d) light collection with adequate uniformity,
(e) development of photodiodes, and

(f) calibration.

8. A detailed redesign study of the central tracker to
minimize the cost and radiation damage to the sil-
icon.

The intensive R&D efforts have yielded the follow-
ing progress on the L* subdetectors:

Magnet: Much R&D work was accomplished in the
Kurchatov Institute on the double coil supercon-
ducting magnet. This work includes:

e completion of a 25 kamp superconductor,

o start of the production line of the L* 50 kamp
conductor,

o detailed stress and structural analysis of the
double coil design,

o detailed analysis of assembly sequence, flow,
tooling, etc.

Muon Detector: The most significant results of the
precision muon detector R&D effort since submis-
sion of the Eol are:

e The feasibility of manufacturing wire mesh
cathode planes (to replace individual wires) to
meet our required tolerances has been demon-
strated.

¢ A chamber conceptual design and possible
production method incorporating these mesh
planes were determined.

e Mass production techniques are being deter-
mined.

o Systematic studies of gas for the L* muon sys-
tem have identified a candidate gas which ful-
fills most of the L* requirements. A systematic
approach for further study was developed.



o Structural design concepts for the central and
endcap region have been completed including
details of structure joints and structure and
chamber mounts.

e A new radial design concept for the endcap
region was devised and worked out. It is mod-
ular and allows precise alignment for momen-
tum measurement, and reduces the number of
chambers required.

Hadron Calorimeter: We have chosen the liquid

scintillator, or scintillator tiles, as the first option,
taking into account cost uncertainty in production
of large quantities of silicon in the USSR and the
progress we have made in scintillator R&D. For
reasons of cost and increased radiation hardness,
we have chosen TMS as the first option for the en-
tire Forward Calorimeter system. In addition, we
have selected liquid argon as a backup, should both
scintillator and silicon detector R&D fail to meet
critical milestones. Some of the interesting results
on liquid scintillator R&D are

e Successful results in the study of chemical
compatability of a liquid scintillator with
wave-length shifting fibers. In the test two
types of scintillator have shown either low or
no chemical activity.

o The simulations of light yield and light collec-
tion by a WLS fiber were confirmed experi-
mentally at ITEP.

o Complete Monte Carlo code simulating optical
properties of combined scintillator and fiber
system including light transport was finished.
The simulation was performed and results on
the uniformity of the light collection as well as
on fiber geometry optimization were obtained.

Electromagnetic Calorimeter: Through the efforts

of Shanghai and Beijing, we now have assurance
that production cost for BaF; crystals is 2.58/cm3.
In addition, we have identified the Leningrad Nu-
clear Physics Institute as a backup supplier for large
quantities of BaF3, at 2.58/cm?.

Shanghai and Beijing both have now produced L*
size crystals with L* UV light transmittance re-
quirement and light collection uniformity to ~ 2%.
Our systematic studies on BaF; radiation damage
indicate that

o radiation damage in BaF; is saturated after
~ 100 kRads, and

e it is caused by externally introduced impu-
rities. By controlling the level of impurities,
therefore, radiation hard crystals can be pro-
duced.

We are in the process of testing the new K-Cs-Te

photocathode to suppress the slow component in
BaF;. An RFQ to calibrate BGO in L3 will be

wan

installed in February of 1991 which will enable us
to learn how to calibrate BaF,.

For the LXe detector we have made progress on the
following:

o We have produced ¢ =5 cm UV photodiodes
and fast amplifiers and tested them repeat-
edly. We can now produce them in large quan-
tities.

o Tests with heavy ions on a 1 liter prototype
detector show a ¢/ E < 0.5% for E > 2.5 GeV.

o Calibration with a source in situ agrees with
heavy ion results.

o We have constructed two full L* type LXe cells
which function properly.

o We are now sure the required quantity of LXe
can be produced at ~$2.5/cm.

Central Tracker: Major R&D Results on the Central

Tracker are:
Silicon:

¢ Radiation damage exposures of lithium
niobate for optical modulators have been
done at Los Alamos.

¢ Cooling ring prototypes have been fabri-
cated.

e First silicon bridge prototypes fabricated
and tested.

e Structural models have been verified.
Bridge assembly behaves as if it was a sin-
gle piece of silicon.

Straws: Radiation damage tests show no mi-
croscopic damage of wire and tube walls at
6 x 10} n/cm3.

Fibers: 3 commercial fiber types tested in re-
actor neutrons at 2 x 103, 2 x 10** and
1 x 10**n/cm?® The measured attenuation
length of 1 m is acceptable for use in L*. The
first prototype PMT has been fabricated by
Hamamatsu to L* specifications. Tests in a
B-field are being set up.

B The Basic Design:

1. The magnet system consists of a central magnet

and forward-backward magnets. The central mag- -
net can be either of conventional design with alu-
minum coil with B = 0.4 T (Figures II.1 and I1.2)
or a superconducting coil with a superconducting
return coil to replace iron, with B = 0.83 T (Fig-
ures II.3 and I1.4). Both magnets can be installed
in a hall with a width of 25 m. The F/B magnets
are conventional with a field of 0.2 T.

. The 47 precision muon detector provides a resolu-

tion at p = 0.5 TeV and 6 = 90°.

(ﬁ> = 4.9%
P/



for the normal magnet, or

(Q) = 2.8%
P/

for the superconducting magnet. The F/B magnets
extend the polar angle to # = 2° with §p/p = 5.0%.
. A fast hadron calorimeter made of lead with liquid
scintillator, or scintillator tile detectors covers the
angular region down to #§ = 5.7°. The calorime-
ter response has a fast response and is constructed
with a tower geometry pointing to the intersection
region. Its resolution: is

(%) - (3529

A separate forward calorimeter covers the angular
region from 6.7° to 0.3°.

. For the normal magnet, the field of the central
tracker is increased by 0.6 T to 1.0 T by a thin
superconducting solenoid around it. A transport
system has been designed to easily remove and ex-
change the central tracking chamber and electro-
magnetic detector for either high luminosity (>
1034 cm~2s~!) runs or runs with additional hadron
calorimetry replacing the electromagnetic calorime-
ter for jet studies.

. A precision electromagnetic detector covers the an-
gular region 6.7° < § < 178°. It is made of BaF;
or liquid xenon. The electromagnetic calorimeter
provides an energy resolution of

().~ (o)

and an angular resolution A8 = 0.2°, Ap = 0.2°,
with an e/ rejection = 10~4. The combined elec-
tromagnetic and hadron calorimeter has a total of
12 Ain¢, and the fine sampling allows us to track
muons as well as to measure radiated photons.

. The central tracking detector determines a 0.5 TeV
particle with a resolution of & 50% to: (a) measure

Table II.1: Comparison between Eol and Lol

electronic channels
Number of chambers

Number of channels

~ Eol Lol
Experimental Area
Hall width >30m 25m
Central Magnet

Resistive: ;
iron weight 48,200 t 20,300 t
coil weight 7,800 t 3,130 t
power 20 MW 12 MW
AP/P, 2.4% 4.9%
outside diameter 26.7m 2243 m
Superconducting:
coil weight 4,000 t 1,704 t
outside diameter 30m 24 m
AP/P, 2.4% 2.8%

Muon Chambers

223k
436

Hadron Calorimeter

335k

Electromagnetic Calorimeter

Weight, BaF; 83.6 ¢ 61.5¢ .
Electronic channels:
BaF: 26,014 18,044
LXe 72,000 42,786
Central Tracker
Number of Si strips. 3.7 x 10° 3.2 x 10°
Si readout channels 76k 5.1k
Number of straws 75k 52k
Number of fibers 50k 36k
Total Cost < 492 M$

110k
340

83k

base line design has a very large magnetic volume filled
with precision muon ch_ambers. Thus, it is relatively

easy to

1. modify slightly the central tracker,
2. put in a new central tracker,
3. remove the central tracker and electromagnetic de-

the momentum of e and yu from matching with pre-
cision e and g measurements in specialized ¢ and
p detectors, and (b) measure the multiplicity of
charged particles surrounding e and 4.

Table I1.1 is a summary of comparisons of the Eol
design versus the current design.

In the following chapters, we describe in some de-
tail the L* baseline design. Since the L* organization
remains the same as described in the Eol (pp 81-82), it
is not repeated here.

C Options

To exploit the true potential of the SSC at 1034 cm~3s~!
and higher (2 x 103¢ cm~—2s~!), we use the fact that the

tector and surround the intersection region closely
with a compact sampling calorimeter, or

. replace the electromagnetic calorimeter with an en-

larged central tracker which provides a much longer
measurement arm to study inclusive lepton and
jets.
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Figure I11.2 L* Magnet System: Double SC Coil Side View




III Magnet System

A Introduction

The design concept of the L* magnet system remains
similar to that of the Eol. However, to follow the PAC
recommendations, the magnet system cost, size, Weight
and electric power requirements have all been reduced.

This system, based on the experience gained with
the L3 magnet at CERN, consists of a large central
solenoid oriented parallel to the beam axis and of two
Forward/Backward (F/B) dipole magnets oriented per-
pendicular to the beam. With BL? as the performance
figure of merit, a minimum system cost tends towards
larger bore diameters and lower magnetic fields. For the
conventional magnet this leads to a field of 0.4 T and for
the superconducting (S.C.) magnet to a field of 0.83 T.
Muon momentum resolution at 0.5 TeV and at § = 90°
is 4.9% and 2.8% respectively.

Two of the three concepts presented in the Eol for
the central solenoid have been retained:

1. an aluminum coil with an iron return yoke

2. asuperconducting coil surrounded by a second con-
centric, superconducting coil which replaces the
iron return yoke.

Table III.1 displays the main central solenoid parame-
ters for both options compared with the corresponding
Eol parameters.

Table III.1: Main parameters for the two versions of the
central solenoid. ’

Parameter Lol Eol | Unit
Resistive Coil Versi |

Outside diameter 22.43 26.7 m
Magnet overall length 31.85 34 m -
Total iron weight 20,300 | 48,200 t
Coil weight 3,130 | 7,800 t
Coil DC power 12 20 MW
Central field 4 .75 T
Muon resolution 4.9 2.4 %
S.C.Double Sojenoid

Outside diameter 24 30 m
Magnet overall length 31 34 m
Coil weight 1,704 | 4,000 t
Refrigeration load at 4.5 K 2 3.5 kW
Central field .83 .75 T
Muon: resolution 2.8 2.4 %

The aluminum coil conceptual design has been
proven in L3 and the corresponding L* magnet can be
constructed with little R&D effort. The higher value of

BL?, the reduced electric power consumption and the
lower weight are the main advantages of the supercon-
ducting double coil option. The two systems are shown
in Figure II1.1 and Figure I11.2 respectively.

A design incorporating elements of both supercon-
ducting coil versions for the central solenoid presented
in the Eol has been selected. The iron return yoke is
replaced by a second superconducting coil. Iron poles
are used to make the field homogeneous and to minimize
fringe fields.

The redesigned S.C. system can be lowered into the
experimental hall in two 850 t pieces, compatible with
the 1000 t gantry crane anticipated to be available at
SSCL.

The basic design of the F/B magnets (see Sec-
tion E) remains unchanged. In the case of the central
aluminum solenoid the polar angle acceptance coverage
has been increased to 2° < # < 9°. For the S.C. solenoid
the coverage remains at 2° < § < 7.5°, as presented in
the Eol.

B Design Considerations

B.1 Resistive Coil Version

Parametric studies were performed to determine system
performance (muon resolution) as a function of magnet
size, weight, power and cost. The relationships of mag-
net outside diameter, magnetic field, power, cost and
muon resolution are shown in Figure 111.3, I11.4 and Fig-
ure II1.5.

As seen from Figures I11.3 and I11.4 0.5 T leads to a
smaller outside diameter, but as seen from Figure III.5,
this would rapidly increase the cost. Therefore, the se-
lected design parameters of 22.43 m outside diameter,
12 MW electric power, and 4.9% muon resolution are

27
g Power 12 MW
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Figure II1.3: Outside diameter versus central field for three
values of muon resolution.



(]
(3]

Muon resolution 4.9%
10 MW

£
Q
£
=
°
Q
©
[
-
©

‘71 1 1 | }

0.2 0.4 0.5 0.6 0.7 0.8
Central field, T

Figure I11.4: Outside diameter versus central field and im-
posed power.

based on the combined consideration of magnet system
design, cost, size of the experimental hall and SSCL fa-
cility requirements.

B.2 Superconducting Double Solenoid

Two superconducting options were presented in the Eol.
In the first option a 90% reduction of the power con-
sumption was achieved by replacing the aluminum coil
with a superconducting coil. In the second option the
iron return yoke is replaced with a second supercon-
ducting coil, thus also eliminating the large weight of
iron. For this purpose a double S.C. solenoid option is
proposed for the L* detector.

1.2

1.0fF

Relative cost

0.8 —
222 224 22.6 22.8 23.0 23.2

O’utsldé diameter, m

Figure II1.5: Cost versus outside diameter of the conven-
tional magnet.

In the Eol design field uniformity at the ends was
provided by end compensation windings. For the Lol
design iron plugs will be used to improve uniformity of
the field. Although iron poles are substantially heavier
than end compensation coils, they provide better access
to the muon chambers, eliminate the need to warm up
the coil for any manipulations with the chambers and
ensure that stray field will be approximately zero.

Down scaling for the Lol has led to parameters for
the double coil design which can provide a substantial
improvement in resolution with lower weight and ap-
proximately the same cost as the conventional option.

Because electric power is not a consideration in the
superconducting system optimization, it has been possi-
ble to increase the field strength and slightly reduce the
bore diameter of the S.C. option compared to the Eol
layout and significantly reduce the outside diameter of
the magnet. As a result there has been only a small loss
in resolution from 2.4% to 2.8%. The system parame-
ters shown in Table III.1, above, represent a reasonable
optimization between magnet cost and the experimental
hall width.

As is the case with the conventional magnet, BL?
scaling leads to lower magnet cost with larger outside
diameter. These dependences are shown for BL? =
18.2 Tm? corresponding to 2.8% muon resolution in Fig-
ure II1.6. The Lol design is slightly above the minimum
cost.because of constraints on the outside diameter. The
return flux density in the annulus between the coils is
somewhat higher than optimum resulting in more struc-
ture and superconductor.

1.6
1.4 F Exp.hall
® width
o .
(2]
g 1.2 r
E L
@
C 1.0}
0.8

20 24 28 32 36

Outside diameter, m

"Figure II1.6: Cost versus outside diameter of the S.C. mag-

net. Numbers at the curves indicate central field in the de-
tector.



C Central Magnet with Resis-
tive Coil

C.1 Coil and Iron Yoke

The general design is directly derived from the L3 con-
cept and it is described in the Eol (Chapter III, pp.
10-15). Therefore only a short description of the mag-
net is given here. A cross section of the resistive coil
system is shown in Figure III1.1.

To form the solenoid, aluminum plates of about 8 m
length, 0.7 m width and 9 cm thickness are welded to-
gether by electron beam into octagonal coil windings.

The internal volume of the magnet is protected
from the heat losses of the coil by a thermal barrier
consisting of 10 em of inert thermal insulation and of
an active thermal shield stabilized at a temperature of
20 & 1°C, by a water cooling system.

The magnet cooling system is designed to remove
the power dissipated by the main solencid (12 MW)
as well as by the two F/B magnets (0.75 MW each)
together with their bus-bars (0.5 MW) and thermal
shields. Since the main part of the magnet circuit is
aluminum, it requires a separate, closed loop, low con-
ductivity water (LCW) circuit cooled by the SSCL cool-
ing system. A secondary loop will be derived from the
main circuit to maintain the heat shields of the three
magnets at a constant temperature. The power supply
electronics is cooled by an independent LCW system.
The coil is equipped with monitoring detectors to lo-
calize potential troubles during the assembly and the
running periods. The monitoring system is described in
the Eol p.12. ‘

The iron return yoke is shown in Figure III.1. De-
sign and construction of the iron yoke are similar to
those of L3 and are described in the Eol(pp.12-14).

C.2 Thin Tracker Solenoid

To improve the resolution in the Central Tracking
Chamber (CTC), the central magnetic field will be in-
creased locally by a thin superconducting solenoid, lo-
cated between the electromagnetic and hadron calorime-
ters. The solenoid generates an additional magnetic
field up to 1.0 T, which provides for the CTC a to-
tal field up to 1.4 T. The location of the thin tracker
solenoid is shown in Figure III1.1.

The cross section of the solenoid is shown in Fig-
ure II1.7. It consists of a single layer winding with vary-
ing pitch to provide a linear increase in current density
from the center to the end of the winding. The main
characteristics of the solenoid are shown in Table 111.2.

Figure II1.7 shows the conductor cross-section as
well; its parameters are presented in Table II1.3. To pro-
vide high transparency, a Rutherford type Nb-Ti cable
is stabilized by a copper clad alurninum strip and cooled

NbTi conductor

N

coil !

! .
vacuum vessel

230 mm
| L=4500 mm
|
: R=1410 mm
[
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Figure II1.7: Thin tracker solenoid section.

Table 111.2: Characteristics of the thin tracker solenoid

[ Parameters Value | Unit
Main dimensions
Winding diameter 2,965 | mm
Winding length 4,300 | mm
Cryostat inner diameter 2,820 | mm
Cryostat outside diameter 3,280 { mm
Cryostat length 4,500 | mm
Nominal current ) 13-21 | kA
Critical current at 1.5T and 4.5K 42 kA
Generated field 06-10| T
Field uniformity 3 %
Inductance 0.1 H

by pressurized single phase helium in an attached rect-
angular tube. The conductor is wound in a machined
helical groove on the surface of an aluminum alloy man-
drel to provide precise location and rigid support of the
windings. A glass fiber layer is wound outside the con-
ductor winding to support the electromagnetic forces.
At 90° the total amount of material is about 0.7 radia-
tion lengths and the total radial thickness is 23 cm.

The solenoid and its cooled radiation shield are sup-
ported inside a vacuum shell with tie rods. The current
and the refrigerants are fed into the cryostat through
the radial gap between the central and end cap regions
of the hadron calorimeter.

The combined field of the central solenoid and the
thin tracker solenoid is shown in Figure IIL.8. The field
uniformity in the region of the inner muon chambers is
better than 5%. In the CTC volume the field uniformity
is better than +3%.



Table III.3: Parameters of the conductor for the thin
tracker solenoid.
Parameter Value | Unit
Conductor cross-section 8 x20 | mm*
Nb-50wt%Ti wire
Diameter 2.16 mm
Number of filaments 8,900
Critical current (4.5 K, 1.5 T) | 10,500 A
Number of wires in cable 4
Cooling channel
Tube cross-section 5x8 | mm®
Helium channel cross-section 3x6 | mm®
Total length 2,180 m
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Figure II1.8: Field map of the conventional magnet and
tracker solenoid.

C.3 Assembly Sequence

The assembly procedure of the aluminum coil and the
iron yoke is described in the Eol p.14. In comparison to
the Eol design the assembly time is reduced by about
30% by decreasing both the coil and the iron mass. The
area required for coil manufacturing is reduced in com-
parison to the Eol by about 30% and for the iron yoke
manufacturing and storage by about 25%.

D S.C. Double Coil Solenoid
D.1 Magnet Design

The superconducting magnet system design is shown
in Figure II1.2 with its main parameters shown in Ta-
ble I11.4. There are two coaxial solenoidal windings with
the fields directed in opposite directions. Ampere-turns
are adjusted so that the total magnetic flux returns in
the annulus between the two solenoids. As shown in
Figure I11.9 the superconducting magnet with iron poles
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also ensures a uniform field for precise muon momenta
measurements. Axial electromagnetic forces act mainly
on the warm poles instead of the winding which makes
the winding performance reliable.

R (m)

0 2 4 6

o 12 4 16

8
Z(m)
Figure II1.9: Field map of the 5.C.double coil magnet.

Table II1.4: Main parameters of the superconducting mag-
netic system.

[ Parameters Lol Unit
Outer diameter 24 m
Total length 31 m
Length of the coil 26.6 m
Inner diameter of vacuum vessel | 17.8 m
Length of one piece of the coil 13.3 m
Flux density in the annulus 1.345 T
Operation current 50 kA
Inductance 4.1 H
Stored energy 5.16 GJ
Refrigeration load at 4.5K 2 kW
Weight of the conductor 392 t
Magnet weight without iron 1,704 t
Total weight of the magnet 10,254 | ¢
Weight of one piece of the coil 852 t
Conductor length 90.7 km

To simplify the assembly procedure the supercon-
ducting coil is divided into two parts separated by the
central membrane. Each half is completed with its own
separate cryostat. The weight of this magnet is sup-
ported by fiberglass columns. The relatively small axial
force (less than 1000 t) is supported by tie rods.

The coil winding is shown in Figure II11.2. The inner
and outer windings are tightly attached to the aluminum
alloy structural cylinders; both windings are inside the
annulus. Because the field in the annulus is higher than



the field in the magnetic bore, it produces an outward
pressure on the outer cylinder and a inward pressure on
the inner one. The cylinders are connected to each other
by tie rods made of the same aluminum alloy.
Structural design, checked by finite element anal-
ysis, shows excellent rigidity to ensure reliability dur-
ing manufacturing, and for normal operation and for
all emergency conditions. This design safety margin for
both the conductor and the structural cylinders ensures
conservative operation up to a field of 1.0 T.

D.2 Cryogenic System

Both the ALEPH magnet at CERN and MFTF-B
magnet at the Lawrence Livermore National Labora-
tory have used the thermosiphon-cooling method, while
many other fusion magnets use forced-flow cooling of the
conductor. In the present design, both methods are used
to combine their respective advantages to offer redun-
dancy for higher reliability. The first cooling system uses
the thermosiphon technique to cool the aluminum sup-
port cylinders to which the conductor is bonded. Nat-
ural convection-flow develops in vertical coolant tubes
attached to the support cylinder. This cooling system
is passive; it does not depend upon a refrigerator to
maintain operation.

To greatly increase the thermal capacity adjacent
to the current-carrying superconductor, a second cir-
cuit from the liquifier uses a straightforward forced flow
cooling system that circulates single-phase helium. The
detailed description of the cryogenic system is presented
in the Eol p.22.

D.3 Superconductor

Parameters of the conductor for the L* central solenoid
. are presented in Table III.5. The superconducting
strand is made of Nb-50%Ti with a superconductor to
copper ratio of 1:1.5. The 23-strand cable is twisted
around a stabilizer rod. It is assembled with two copper
cooling tubes, into four copper-clad aluminum profiles
that are soft soldered together with an additional rect-
angular stabilizer as shown in Figure II1.10. The core of
the conductor is a simple and direct extrapolation from
the successful T-15 conductor for which more than 150
kilometers of high quality conductor were produced.

Figure III.11 shows the critical current density ver-
sus field at 4.2 K of such a conductor produced in
the USSR. The operating temperature and the peak
field in the winding are 4.65 K and 2 T respectively.
The selected ratio of I,p/I; for these conditions is 0.45
which represents a very conservative and reliable design.
Presently 40 t per year of such niobium-titanium wire
are produced in the Soviet Union. To serve the needs
of the UNK and L* programs, the Kurchatov Institute
has already obtained government approval to double the
production rate. So that the 37.4 t needed for L* next
year, can be easily obtained.
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Table II1.5: Parameters of the conductor

__Earuneters Lol Unit
Dimensions 30 x 46.6 mm*
Length of one piece 880 m
Cross section of the channels 2x15 mm?
Critical current at 5K in 2T 100

Number of strands

in the conductor 23

Diameter of the strands 1.6 mm
Superconductor Nb-50%wtTi
NbTi:Cu 1:1.5
Number of filaments 8,900
Diameter of filament 11 um
Stabilizer:
Copper clad aluminum
Residual resistance ratio

for Al 500

for Cu 50
Cu:Al 1:4

30

NbTi strands [

copper tube

Copper clad
Al profiles

Figure II1.10: Cross section of the conductor.

The finished conductor has a total stabilizer to su-
perconductor area ratio of 74:1. This extreme conser-
vatism ensures high stability and dependable operation.
Aluminum stabilized conductor will have the same ther-
mal expansion coefficient as the structure to eliminate
any possibility of separation of the winding from the
structure. The conductor allows a protection discharge
with a characteristic time of 71 s and a dumping voltage
of 1470 V, which guarantees that the hot spot temper-
ature will be less than 100 K.

The aluminum stabilizer is readily available from
the USSR industry. The USSR is one of the world’s
major producers of aluminum including aluminum con-
ductor for power distribution and electrical equipment.
Copper clad aluminum is a standard commercial prod-
uct. Thousands of tons are produced yearly in a variety
of sizes and shapes.

The conductor manufacturing procedure is reliable,
inexpensive, and is standard throughout the world for
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joining superconductor cables to their stabilizing sub-
strate. It may use either a copper-clad aluminum or
copper stabilizing profiles. This method is widely used
in the USSR, in particular for the routine production
of conductor for MRI (Magnetic Resonance Imaging)
magnets. Conductor similar to that proposed for L*
with soldered copper stabilizer was produced in 1982 in
the USSR and was successfully tested at the Kurchatov
Atomic Energy Institute in model coils.

D.4 Magnet Manufacture

The large magnet dimensions require assembly on the
SSCL site. The magnet will be built by Soviet engineers
and technicians from parts and conductor assembled in
the USSR, using tools supplied by the USSR. These
parts will have a weight of 10 to 20 t with dimensions
acceptable for transportation by truck. On site quality
assurance in accordance with U.S. manufacturing stan-
dards will be provided by U.S. support engineers.

The manufacture and assembly will require a work-
shop 180 m long, 36 m wide and 30 m high where sup-
port cylinders and cryostats can be welded and coils
manufactured. The inner and the outer coils will be as-
sembled from 16 sections each. Support cylinders for
each of the windings will be welded from the preassem-
bled parts. After winding, the insulation and hydraulic
tests will be carried out and the coils will be centered
and secured by rods. The sections will then be assem-
bled on the cold structure support, and will be enclosed
in the cryostat with the liquid nitrogen cooled radiation
shield and multilayer insulation. Attachment of the cur-
rent lead box and cryogenic collectors and pipes will be
followed by cryogenic tests and current tests at reduced
current. Finally, tested halves of the superconducting
coils will be lowered to the experimental hall, assem-
bled with the end poles and fully tested.
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D.5 R&D Program

Since all elements of the design have been demonstrated
at moderate scale, the R&D effort will consist primarily
of the manufacturing engineering, tooling development
and verification at full scale. Parallel R&D will continue
on the superconductor to optimize its performance in
low fields. The major element of the verification test
program will be a one half size (approximately 10 m
winding outside diameter and 1 m coil width), full cur-
rent (50 kA) model coil. This coil will be assembled and
tested in the USSR, at the Kurchatov Institute. This
program will verify all manufacturing operations and
train the technicians who will build the magnet at the
SSCL site. The test coil will closely simulate forces and
mechanical stresses in the winding, structure and cold
mass supports. It will provide a full scale demonstra-
tion of the conductor, length of cooling channel, current
leads and supplies. The system controls, instrumenta-
tion, and protection scheme will also be demonstrated.

E Forward Backward Magnets

Forward and backward magnets are located at about
+18 m from the interaction point and have their mag-
netic fields perpendicular to the beam direction. This is
well suited to the analysis of small angle particles. An-
gular coverage will be up to 9.0 degrees for the resistive
coil version and 7.5 degrees for the superconducting one.
Each has a 0.2 T field and requires 0.75 MW of power.
The main parameters of the F/B magnet for the
superconducting version are given in Table III.6. The
magnetic field inside the /B magnets is vertical to ease
the muon chamber manufacturing. The coil is split in
two halves with a one meter gap to incorporate the last
accelerator beam elements inside the F/B magnet.

Table II1.8: Main Parameters of the F/B Magnet

[ Parameters Lol Eol | Unit

Current 13.17] 163 | kA
Coil total voltage 57 153 v
Central field 2 3 T
Free length along beam | 7.0 9.22 m
Conductor section Tx6 | 30x5 | cm?
Conductor weight 176 200 t
Iron weight 623 1,738 t
Coil DC power .75 2.8 MW
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Figure II1.12: Time schedule for the L* magnet construction. * Thin tn.chr solenoid test.

F Milestones

The schedules for assembly of both versions are pre-
sented in Figure II1.12. The decision regarding which
magnet type to build will be made at the end of 1991
after producing full scale conductor lengths and carry-
ing out short sample tests at the Kurchatov Institute
and at Lawrence Livermore National Laboratory.
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IV. MUON SYSTEM

A Introduction

The L* muon detector follows the principles and the
experience proven in the L3 experiment and outlined
in our Eol {1]. In response to the recommendations
of the PAC both the design resolution and means for
reducing the detector cost have been thoroughly re-
examined. The muon detector proposed here, as shown
in Figure IV.1, incorporates the following changes with
respect to our Eol and to our Resource Requirement
Report (RRR) [3]:

¢ Commensurate with the reduction in scope of L*
we are proposing two possible versions for the muon
spectrometer: one for a warm coil magnet with a
field of 0.40T and the other for a superconducting
double coil magnet with a field of 0.83 T.

o The detector has been rearranged in the endcap re-
gion reducing the number of chambers by almost
half, and allowing for a simpler support configura-
tion.

e We have further reduced the number of electronic
readout channels by linking sense wires together.
¢ We have reduced and postponed surface facility re-
quirements at SSCL by assembling and testing large
sections of the muon detector away from the SSCL.

The momentum resolution for 0.5 TeV/c muons at § =
90° is:

Ap/p = 4.9%
in the warm coil version, and
Op/p= 2.8%

in the superconducting double coil version.

B Detector Description

The detector is symmetric about 6 = 90°. As shown in
Figure IV.3, it is divided into a “central” region which
covers from 32.9° < 4 < 88.1° and an “endcap” region
which covers 9.0° < ¢ < 32.4° in the version with a
warm coil magnet and 7.5° < 6 < 32.4° in the ver-
sion with the superconducting double coil. A “forward”
region was detailed in the Eol (pp 33,39-40). It covers
2° < 6 £ 9.0° in the warm coil versionand 2° < # < 7.5°
in the superconducting coil version.

The muon detector for the warm magnet is de-
scribed below. Size and cost differences for the double
coil magnet option are small.

The chambers in these three regions are arranged
in modules. Within each module, the muon momentum
is measured by three layers of precision muitisampling
drift chambers in the magnetic field. These modules
allow the strict alignment tolerances necessary for pre-
cision momentum measurement to be met within one
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Figure IV.3: Side section of 1/4 of the detector.

structure. Muons with momentum greater than several
GeV/c do not cross from one module to another.

The chamber wires are perpendicular to the muon
bending direction, and measure the momentum compo-
nent in the plane perpendicular to the beam. The first
and third layers measure the track bending coordinate
32 times each and the middle layer measures the bending
coordinate 64 times. Each of these 128 measurements
has a single wire design resolution of 150 um. We have
shown [2] that these measurements are independent, so
that the measurement of the bending coordinate in each
layer improves as the square root of the number of mea-
surements. - _

The figures show outlines of two chambers in the
middle layer, which are mechanically joined as a single
chamber for alignment purposes. The first 32 wires in
the middle layer are offset by half a cell width with
respect to the second 32. For legitimate tracks, the time
sum of the measurements from the first and second sets
of 32 wires must equal a standard value.

The polar angle, #, between the muon direction and
the beam axis is measured with less precise chambers
(Figure IV.4). Their wires are roughly parallel to the
bending direction, that is, perpendicular to the wires
in the precision chambers. These “cover chambers” are
double layered and are mounted as inner and outer cov-
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Figure IV.4: Cross sectional view of part of a cover cham-
ber.




Figure IV.5: Radial arrangement of chambers in the end-
cap region.

ers on the first and third layers of the precision cham-
bers, measuring the non-bending coordinate of a track
eight times. The chambers are constructed like the z-
coordinate measuring chambers of L3. In these posi-
tions, multiple scattering produced by the cover cham-
ber material does not significantly degrade the momen-
tum measurement. To further reduce multiple scatter-
ing, the middle chamber passive covers are kept to the
equivalent of 3 mm of aluminum by the use of low mass
material such as honeycomb. The first level trigger is
derived from resistive plate counters (RPC’s) mounted
on the chambers as described in the Eol (Eol p.35).

The central muon detector consists of 2 x 16 mod-
ules, as shown in Figure IV.1l. Each module subtends
360°/16 in ¢, and from 32.9° to 88.1° (or from 91.9° to
147.1°) in 8. The modules contain five chambers each
— one inner, two middle and two outer. The length of
a module is 13.8 m.

In the endcap region we have chosen the radial
chamber option (Eol p. 38). This version has substan-
tially fewer chambers than the XY chamber option. The
radial arrangement is shown in Figure IV.5. It has the
principal advantage of being modular. An endcap mod-
ule is shown in Figure IV.6. Each endcap module con-
sists of two concentric cones of chambers arranged in
a flower petal pattern, with wires nominally radial. As
shown in Figure IV.3, on the plus-z side the chambers in
the outer cone cover 19.1° < 8 < 32.4° and ~ 360°/16
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Figure IV.8: An Endcap Module. The lines denoted by
@ are alignment paths.

in . Chambers in the inner cone cover 9.0° < 8 < 17.3°
and ~ 360°/8 in ¢. In both cones, alternate ¢-sectors
are stepped in z to provide full coverage with rectangu-
lar chambers (see Figure IV.5).

The forward detectors are shown in Figure IV.7.
The wires are vertical, obviating problems from gravi-
tational sag and resulting in less complex and less ex-
pensive chambers.
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Figure IV.7: One of the forward muon detectors. The lines
denoted by ® are alignment paths.



The L* muon detector contains a total of 398k
sense wires. Since readout electronics and cabling con-
stitute a sizable fraction of the detector cost, we will
gang several sense wires into the same amplifier and
readout chain to reduce the number of electronic chan-
nels to 110 k. This method was used in L3 to reduce the
number of readout channels by a factor of two.

Figure IV.2 shows the resolution of the proposed
muon detector at 0.5 TeV/c as a function of cos§. The
total solid angle coverage is more than 90% of 4~.

C Changes since the Eol

The changes described below are in response to the
PAC'’s suggestions and also incorporate improvements
and innovations from the ongoing R&D programs [5, 6].

In all regions we link precision wires by a factor of
four to reduce costs. In the central region, for example,
this linking reduces the number of electronic channels
required by about 70%. In the endcap region the num-
ber of chambers is reduced from 80 to 48, due to the
radial arrangement. These changes result in a reduc-
tion in the number of electronic channels, from 70k to
41k, with a corresponding reduction in cost. In the for-
ward system we now plan active double-layer chamber
covers for measuring the vertical coordinate.

Table IV.1 shows the most significant quantities af-
fecting the cost of our current version as compared to
the Eol configuration. We have reduced the L* SSCL
resource requirements by adopting a plan to manufac-
ture, assemble, and test most major muon system com-
ponents off-site. We plan only to re.assemble and re-test
these assemblies after transport to SSCL. This plan re-
duces the requirement for surface facilities at SSCL by
more than 50%, resulting in cost minimization, relax-
ation of schedule requirements at SSCL, and reduction
of schedule risk for L*.

Many improvements resuiting from advances in the
R&D program since the Eol are outlined in the following
sections.

C.1 Chambers

The L* chamber design concept is shown in Figure IV .8.
In order to maintain minimum technical risk, the R&D
program is developing the required design early enough
for verification prior to production. We are working
toward incorporating automation and mass production
techniques at the design stages, in order to maintain
both minimum cost risk and minimum overall cost.
Parts are being standardized and will be industrially
produced in most cases.

Sense wire positioning, tensioning, and alignment
must be done with a high degree of precision. Accu-
rate wire positioning methods were developed for L3,
and we are employing similar concepts for L*. Most im-
portantly, the wires will be aligned by precision glass
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Table I'V.1: Muon System Inventory.

Parameter Eol Warm® Cold
Number of Chambers
Central Inner 32 32 32
Middle 64 64 64
Outer 64 64 64
Endcap Inner 80 48 48
Middle 80 48 48
Outer 80 48 48
Forward 36 36 36
Total 436 340 340
Thousands of Sense Wires
Central 214 206 190
Endcap 215 153 145
Forward 55 39 39
Total 484 398 374
Thousands of Electronics Channels
Central 127 58 53
Endcap 70 41 a8
Forward 26 11 11
Total 223 110 102

s“Warm” refers to the option with a warm coil magnet, “Cold”
refers to the superconducting double coil magnet option.

and carbon fiber bridges [4]. Tolerances of 5um can
be maintained by the combination of precision bridges
and the internal alignment system (see Figure IV.8 and
Section C.4)

Studies to replace cathode wire planes by industri-
ally produced mesh planes to increase chamber reliabil-
ity have been carried out during the past year as part

Figure IV.8: An L* multisampling outer chamber. The
wires are aligned by precision glass and carbon fiber bridges
similar to those in L3 [4]. Three bridges within a chamber
are aligned with respect to one another by opto-electronic
systems @couisting of a light source, a lens, and a quad-
rant photovoltaic detector.
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Figure IV.9: An L™ muon chamber being fabricated by
stacking wire planes in the template.

of the R&D program [5, 6]. Such a replacement reduces
the number of wires by 60%. Incorporation of wire mesh
cathode planes into the chamber design and chamber
production process is underway. Several chamber pro-
duction methods are under investigation, and optimiza-
tion continues. One procedure for chamber manufacture
is outlined below.

Wire mesh cathode planes will be mounted on tem-
porary support frames at the factory. These frames will
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Figure IV.10: The completed wire plane assembiy with
carbon fiber bridges in the gas enclosure.
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hold the cathode mesh and the sense wire plane. The
temporary frames are loaded into a precision produc-
tion template. Wire planes are precisely positioned, and
then verified by a measuring system incorporated into
the template (see Figure IV.9). Carbon fiber end frames
are glued onto the wire support frames and wire posi-
tions are measured to verify the mechanical precision.
The final chamber endframes and middle supports are
created as a result of this process. This completed as-
sembly precisely positions the wires, and maintains the
wire planes in fixed positions after the template is re-
moved. The central structure is surrounded by a frame
which will support the wire tension and become part of
the gas-tight outer envelope.

Wire loads are transferred from the support frame
to the gas enclosure box through a flexible support
structure. After the wires have been mounted in the gas
enclosure, the temporary handling frames are removed
and chamber covers are installed (see Figure 1V.10).
This construction method allows for an alignment pro-
cedure independent of the support frame, a low cost
support structure, and minimizes adjustments during
assembly and installation.

C.2 Gas

The L* muon detector gas must fulfill the following re-
quirements:

o Insensitive to small changes in the electrical
field or gas concentration.
o High accuracy by low diffusion.
o Non-flammable, since the volume is 2000 m®.
o Sparkproof for reliable long term operation.
o Slow aging characteristics for long chamber lifetime.
o Small Lorentz deflection angle in the magnetic field.
e Affordable in the quantities needed.

An extensive R&D program has started. Most of the
requirements are met by Ar:CO, mixtures, except for
sparkproofness and slow aging. We have shown that
these are significantly improved by the addition of iso-
propanol. Our present candidate gas for the chambers is
Ar:CO2:iC3H7OH in an 81:18:1 mixture at atmospheric
pressure. Isopropanol largely suppresses the corona dis- -
charge seen in Ar:CO; mixtures. Figure IV.11 shows
the drift velocity of electrons as a function of electric
field £ in different magnetic fields. At 1.8kV/cm the
drift velocity is insensitive to both the electric and mag-
netic fields. Figure IV.12 shows the deflection angle, a,
due to the Lorentz force, as a function of electric field.
Over this range of magnetic field strengths the angle is
small and thus the contribution to the systematic error
is minimal. Diffusion in Ar:CQO3; mixtures is known to
be low, therefore we expect accurate operation. This
gas is usable but not our final choice because the drift
velocity is too sensitive to the CO3; concentration. We
have developed a systematic approach to determine the
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Figure IV.11: Drift velocity, v, as function of electric field,
E, at various values of the magnetic field, B, for a 81:18:1
mixture of Ar:CO,:iC3H7OH at atmospheric pressure.

improvement by admixtures and will pursue this in the
R&D in the coming year [5, 6].

C.3 Structures

The design of the muon chamber structural support is
essentially the same as described in the Eol (pp. 37-40).
It remains a modular design based on the concept of a
- full truss composed entirely of aluminum. The selection
‘of aluminum was confirmed after careful examination
of alternative materials. These examinations compared
our present design concept, where temperature varia-
tions are monitored and corrections are applied accord-
ingly, to a design concept which would be relatively free
of perturbation due to thermal disturbances. The effects

30, |
a(degree) Ar-CO2-iCaH7OH (81:18:1) |
P=765 Torr
20| 0.75T T=20°C
. 0.6 +
/13\
ol /W/K\\::
; E(kV/cm)
0 | 1 2 3

Figure I'V.12: Lorentz angle, a, as function of electric field,
E, at various values of the magnetic field, B, for the same
mixture as in Figure IV.11. Crosses mark the operating
points for the warm and cold magnet options respectively.
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Figure IV.13: A Truss Joint Assembly

of thermal perturbations could be suppressed by the use
of low thermal coefficient of expansion (CTE) materials,
specifically carbon fiber epoxy or metal composites.

Many factors led to our decision to use aluminum
for the support structure. Of major importance were
the following:

o Linear Deformations — The present design con-
cept ( all aluminum, including chambers) provides
isotropy of mechanical ptoperties (CTE, Young’s
modulus, yield and strengths). Carbon fiber ele-
ments introduce the potential for asymmetric de-
formations and differential motions.

e Dimensional Stability — Carbon fiber composites
show short and long term stability problems in our
required range of accuracies due to moisture ab-
sorption.

o Cost — We estimate that a structure incorporating
carbon fiber composites would at least double the
cost. Even with the use of composites we would
still require alignment monitors.

The key features of the design for the supporting
structures in all regions are:

Truss Joint Assembly: The critical elements of the
truss structure are the tube joints, which must be
elastic and have low stress. This joint is used many
times throughout the structure, and must be eas-
ily manufactured and inexpensive. The truss joint
assembly is shown in Figure IV.13, and a cross sec-
tional view of the tubular joint is shown in Fig-
ure IV.14. The joint is precisely located with a pin
and strengthened with epoxy.

Removable Truss Elements: Chamber removal dur-
ing fabrication and maintenance requires that the
structure have removable struts that can be rein-
stalled precisely. A relatively inexpensive lap joint
has been designed and is shown in Figure IV.14.
This joint is also used to facilitate the initial struc-
ture assembly.
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Figure IV.14: Cross sections of truss joints.

Kinematic Mounts: The attachment points to the
magnet structure must permit deformations of the
magnet without inducing additional stress into the
module.

Flexural Feet and Cross Suspension: The design
of the flexural feet that hold the chambers to the
structure, and the design of the suspension to take
the gravity load of the chambers crosswise to the
feet was adopted from the L3 design. These are
shown in Figure IV.15.

Central Region Support Structure

As described previously, the central muon detector is
configured in modular form, with two sections of 16
modules each. The main structural elements are 3 inch
aluminum tubes with 1/4 inch walls. Each module is
supported from the magnet with 6 kinematic mounts.
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Figure IV.15: Flexural Feet and Cross Suspension.
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Endcap Support Structure

Each endcap consists of 17 modules of three types.
These modules are full truss structures constructed of 4
inch aluminum tubes with 1/2 inch walls for the primary
structural elements. They are attached to the magnet
pole pieces with kinematic mounts. The center module
supports the inner ring of chambers and surrounds the
beam pipe. It has the shape of a truncated cone, at-
taching at its large end to the magnet pole piece with
8 mounts. It supports 24 chambers. The outer ring of
chambers is supported by 2 types of modules. At the
periphery of the cone module, 8 modules of rectangular
cross section are attached to the inner ring with kine-
matic mounts. Each module supports three chambers
as shown in Figure IV.6. The module is also attached
to the magnet pole piece at 2 mounting points. Alter-
nating between the rectangular modules are 8 modules
of triangular cross section with three chambers each.
These are attached to the inner cone moduie and to the
rectangular modules with kinematic mounts.

Forward Region Support Structure

The forward region muon detector support structure is
only slightly different from the design presented in the
Eol. These changes incorporate features to lower costs,
and improve fabrication and maintenance procedures.
The configuration is shown in Figure IV.7.

C.4 Alignment and Calibration

The alignment processes and systems are as outlined in
the Eol (pp. 36-37). Changes in the geometry proposed
in the endcap region diminish problems of lines of sight
and reduce the number of required systems.

The global alignment, referring to the alignment of
all measuring modules with respect to a common refer-
ence point close to the interaction point, is unchanged
from the Eol. The global alignment of the muon detec-
tor must be continuously monitored since mechanical
support is provided by the magnet which is not stable
within our required precision. The geometrical insta-
bilities of the entire experimental area with respect to
the beam due to geology require adequate monitoring
ranges.

The local alignment, referring to the alignment
of the wire planes in the three chamber layers within
a measuring module will be done with the opto-
mechanical systems proven in L3 and described in the

Eol. In Figures IV.1, IV.6 and IV.7 the symbols (&) de-
note alignment paths. As in L3, the local alignment of
the wire planes in the three chamber layers of 2 measur-
ing module will be verified before the module is installed
in the experiment. The alignment is achieved by a com-
bination of mechanical tolerances and opto-mechanical
measurements as described in the Eol. It will be veri-
fied by measurements of straight cosmic ray tracks and



of straight tracks produced by the ionization from UV
laser beams fired through all three chambers of a mod-
ule. The change from XY-chambers to independent ra-
dial modules in the endcap region enables us to easily
verify endcap module alignment with cosmic rays before
installation. Agreement to within 30 um was achieved
in L3 between the opto-mechanical alignment and the
measurements with cosmic rays and UV lasers (Eol Fig-
ure 1V.13, p29).

We are continuing our R&D efforts in the area of
alignment and calibration. We allow a total of 20 um
wire positional error, as compared to a maximum error
" of 30 um actually attained in L3. The limiting factor
in the L3 positional error is tolerance build-up through
the individual components in the system, as opposed
to a fundamental performance limitation of any single
component. For example, the L3 straightness monitor
resolution is of the order 1 um. The basic system con-
cept can attain the required accuracy for L*. This is a
modest extrapolation of existing technology. An active
R&D program is underway to produce and verify the
required designs.

Table IV.2: Design milestones.

[Task éompletion Date
Chambers
Fix mesh plane configuration 3/91
Define cell geometry 3/91
Define sense & mesh plane supports 6/91
Define mechanical & gas enclosure 6/91
Construct and test models 9/91
Gas
Complete test set-up 9/90
Evaluate 10 candidate gases 9/91
Structures _
Refine truss geometries 3/91
Define global supporting element interface  3/91
Define interface system with chambers 6/91
Integrate alignment systems, services
and access hardware 6/91
Construct and test models 9/91
Alignment Systems
Translate global alignment requirements
into global alignment tolerances 12/90
Define alignment processes
and hardware 3/91
Integrate hardware
into chambers, structures 6/91
Define module assembly 6/91
Test alignment systems 9/91
Construct and test models 9/91
Conceptual Design Review 10/91
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D Milestones Toward a Detailed
Design

Table IV.2 shows the main events leading to the detailed
design. This schedule is consistent with the overall L™
planning with the detector ready for physics in late 1999.
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V Hadron Calorimeter

A Introduction

In accordance with the Program Advisory Committee
suggestions to reduce the scope of the detector, the op-
tions proposed for the L* hadron calorimeter (Figure
V.1) differ significantly from those presented in the Eol
[1]. The primary differences are listed below:

1. The main option for the L* central calorimeter will
utilize either liquid or solid scintillator sampling.

2. The main option for the entire forward calorime-
ter now consists of a tetramethylsilane (TMS) sam-
pling medium.

3. The transverse and longitudinal segmentation of
the central calorimeter has been changed, resulting
in a decrease in the number of electronic readout
channels from 180,000 to 50,000. For the forward
calorimeter, the corresponding number of channels
has been reduced from 155,000 to- 33,000. Consid-
erations leading to this design are outlined below.

4. The silicon detector option will be pursued by
means of an action plan designed to reduce the
production costs of silicon diodes by an order of
magnitude. This plan will be implemented in close
collaboration with L* collaborators from the USSR.

5. A liquid argon calorimeter option is under consid-
eration as a backup option in case the R&D efforts
do not yield positive results on an acceptable time-
frame.

As was described in the L* Eol the energy mea-
surement of hadronic jets is performed by a combined
calorimetric system: a precision homogeneous electro-
magnetic device followed by a compensated sampling
calorimeter with lead (or lead/iron) absorber and with
either scintillator or silicon detectors.

~ High quality hadronic calorimetry is important paz-
ticularly for compositeness studies and for two jet mass
resolution necessary for Higgs and top mass measure-
ments [2]. High quality implies that the energy inde-
pendent term of the resolution is of the order of a few
percent which is possible only if the system is effectively
compensated. Our study [2] shows that for high energy
jets the proposed L* system has the above characteris-
tics. '

We consider scintillator detectors, either liquid or
plastic (“soft” or “hard” tiles), as our prime option since
the technique itself has been used for many years for
calorimetric measurements in large systems [3]. The de-
sign of the calorimeter lends itself to either option with
minimal modifications since the geometry of the indi-
vidual detectors and readout systems are quite similar.
Technical questions related to the L* application of the
scintillation method are the subject of an extended R&D
programi [4].
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For the forward region we have chosen a warm lig-
uid ionization sampling medium primarily for radiation
hardness considerations. An extensive R&D program [5]
will address specific issues of radiation damage, detector
response (speed), and compensation,

B Central Calorimeter

The underlying physics of scintillator calorimetry is well
understood (6] and experimentally established [3]). Its
time response is adequate for the SSC rate environment.

B.1 Design Considerations

From our cost analysis and our L3 experience we note
that, for a given technology, the calorimeter cost is
driven by:

e number of electronics channels;
e cost of absorber and mechanical structure;
¢ manpower needed for design and assembly.

Rearrangement of the absorber structure by alter-
ing the sampling sequence changes the coet only if we
reduce the overall thickness. However, in this case con-
siderable performance deterioration takes place before
noticable cost reduction occures. The manpower needed
for design and assembly does not depend appreciably on
the technology or sampling frequency chosen.

The reduction in the number of channels may affect
the following:

e Jet pattern recognition deteriorates. This affects
jet energy resolution, since jets are defined less pre-
cisely.

- o Reduction in transverse grmulaﬁty makes the lep-

ton isolation less accurate ( see Eol pp 86-87).
e A very fast muon trigger from the calorimeter may
no longer be possible, see Eol (p 49)

After considering in detail the above effects, we
have chosen a total number of readout electronics chan-
nels of 50,000. This corresponds to transverse segmen-
tation of An = A¢ = 0.05 with five longitudinal seg-
ments. The deterioration in performance depends on
the specific pattern recognition algorithm used, and for
the above configuration it was found to be acceptable.

B.2 Absorber structure and expected
performance.

The total thickness of the hadron calorimeter of
11.7 Ajn: at 90° and 14 Ay, in the forward direction pro-
vides 98% containment of 1 TeV hadron showers (7] and
reduces hadron punchthrough rates in the muor system
to a level below the rate of prompt muons cor::ug from
heavy quark decays (see Eol p 87). The thickness of the
BaF3, which serves as the front part of the calorime-
ter system, is 1.7 Ajp¢. The thickness of the sampling



hadron calorimeter section is 10 );,;. As shown in Fig-
ure V.2, this section is subdivided into a fine sampling
part (38 layers of 20 mm lead and 5 mm scintillator)
and a coarse sampling part (20 layers of 40 mm lead
and 5 mm scintillator).

Figure V.2: Transverse sectional view of a barrel module
assembly

The energy resolution of calorimeters of differ-
ent configurations with the 1.7 \;n: of BaF; in front
has been studied by Monte Carlo simulation with the
GEANT-GHEISHA code [8]. The code was optimized
with -experimental L3 data on hadronic jets from Z°
events. Figure V.3 illustrates how the Monte Carlo de-
scribes measured jet energy resolution.
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Figure V.3: Energy resolution for two-jet events measured
by L3 hadron calorimeter compared with GEANT Monte
Carlo simulation.

Results of these studies [2] show that the jet energy
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resolution depends only weakly on the sampling thick-
ness and is close to 50%/VE with a constant term of
approximately 2%. The constant term is small because
the system is effectively compensating. Fast compen-
sation is achieved by enhancing the neutron component
response through fine adjustment of both absorber sam-
pling thickness and hydrogen density in the detector ma-
terial. The jet energy resolutions for 1.7 A;,: of BaF3
followed by two Pb/scintillator fine and coarse hadronic
sections is shown in Figure V. 4.
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Figure V.4: The expected jet energy resolution of the pro-
posed L™ hadron calorimeter for with BaFzin front.

B.8 Scintillating media and light trans-
port .

For the liquid scintillator option light collection will
be done with wavelength-shifting fibers (WLSF) im-
mersed in the scintillating cell with diffuse reflective
walls. The transport fibers have the same composition
of the core and cladding except that the core is clear.
Liquid scintillator can be exchanged if radiation damage
occurred, though some liquid scintillators can withstand
integral doses up to 100 Mrad [9]. Details are given in
the Eol, p 52, and in References {2, 4].

Radiation hardness tests of scintillating fibers show
that the 10 Mrad level has already been achieved and
that further progress is expected [10]. One should note
that radiation damage effects are less pronounced for
clear fibers, as in our case, than for scintillating fibers.

Since expected radiation levels in the hadron
calorimeter, shielded by BaF,, are well below 10 Mrad
(with the possible exception of some regions in the end-
caps close to beam pipe which need refined design op-
timization) we conclude that the radiation hardness of
the basic components of the proposed system should not
be of serious concern.



A potential disadvantage of a liquid scintillator /
optical fiber readout is a possible iong-term chemical in-
compatibility. We have started an R&D program to find
the optimum combination and we have obtained posi-
tive results for the scintillator BC-531 (Bicron) which
exhibits reduced chemical activity to plastics [11]. In-
dependent results obtained recently by Bicron [12] show
that in a six month test of BC-517L scintillator, no in-
dication of chemical incompatibility with a plastic fiber
was observed. Our R&D program address compatability
issues in a high-radiation environment.

In view of recent progress in the scintillating tiles
technique [13] we also include this type of scintillation
detector in our current R&D program. Many of the
technical questions are similar to those for the liquid
scintillator {4]. If the indicated radiation hardness of
the tiles is confirmed, we will make a choice between
them and the liquid scintillator at a later date.

B.4 Light collection optimization and
response uniformity.

Optimization of light collection was studied with a
Monte Carlo light transport code [14]. Use of diffuse
reflective paint (reflection coefficient > 0.9) and spiral
shape WLS fiber 1 mm in diameter for a cell of L* di-
mensions gives light collection efficiency of 50%. The
light yield for a minimum ionizing particle at the end of
a 2 m transport fiber is 50 to 150 photons. Uniformity of
light collection within a cell is a few percent(4]. GEANT
simulation has shown that the energy measurement is
unaffected by this non-uniformity. A plastic scintiliator-
WLSF configuration has been reported to give similar
results [15] ‘

For calibration purposes we plan to equip every cell
or tile with a radioactive source. Such a calibration sys-
tem provides adequate control over detector uniformity.
Qur experience with the natural radioactivity of ura-
nium used for calibration in the L3 hadron calorimeter
(16] suggests that the calibration of the whole calorime-
ter system can be accomplished within 30 minutes, to
accuracies of 1-2%. This approach has proved to main-
tain the uniformity and the stability of the L3 calorime-
ter system at a level better than one percent over a
period of one year. In addition we are studying the
possibility of using induced radioactivity for calibration
purposes.

B.5 Segmentation and Readout

The total number of scintillation cells in the hadron
calorimeter system (excluding the forward system) will
be about 8 x 10% with an average cell size of 90 x 90 x 5
mm?3. With a total number of readout electronics chan-
nels of 50,000, there are on average 16 fibers per readout
channel.

One of the latest photodetector developments is a
multichannel Hamamatsu phototube {17] with a 12 stage
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Figure V.5: Ring assembly of the calorimeter. The barrel
consists of 15 rings with 16 individual modules each. The
endcap configuration is also shown.

fine-mesh dynode system. It can operate in a magnetic
field and has a gain of 10* in a field of 0.8 T. The pho-
tocathode has an effective diameter of 32 mm, with a
quantum efficiency of 10% at 550 nm. A phototube
can house 32 channels. A minimum ionizing particle
produces about 50 photoelectrons in one readout chan-
nel, resulting in an excellent signal to noise ratio for
muon detection. This photodetector will operate at a
reduced gain of 1000-3000 will be followed by fast cur-
rent amplifier with a gain of 10~100 . More details of
photodetectors and electronics are given in the Eol, p
52.

B.6 Mechanical structure

The general layout of the L* hadron calorimeter is shown
in Figure V.1. The calorimeter is made of 15 structural
rings and of two endcaps. Each ring consists of 16 mod-
ules and each end cap of 8 modules, as shown in Fig-
ure V.5. The total number of modules is 256. The total
number of detector layers is 10528, with a scintillator
volume of 29.1 m3. The total weight of the device is -
2075.5 t. A cross-section view of a calorimeter module
and of the absorber/detector structure is shown in Fig-
ure V.2. Photodetectors are aligned along the magnetic
field direction.

B.7 Progress in R&D
Cell and optical readout optimization.

Chemical compatability tests of liquid scintillator and
plastic fibers have begun both at ITEP and at Liver-
more National Laboratory. Mechanically stressed and
unstressed, as well as thermally shaped, fibers are ex-
posed to liquid scintillator together with other compo-



nents of a cell and are checked for mechanical and optical
damage.

Spectral characteristics of scintillators, fibers and
photodetectors will be measured. Facilities [4] needed
for these measurements have been set up at Livermore
and Oak Ridge National Laboratories. Light yield op-
timization of the combined cell-fiber-photodetector sys-
tem are performed at these facilities. In addition studies
are performed at Tata Institute in Bombay.

Construction of prototype cells with liquid scintiila-
tor and scintillating tiles has began at ITEP, Oak Ridge,
Livermore and the University of Mississippi. After the
setup period, systematic measurements of light yield
and of uniformity of light collection will be performed
-for the complete optical chain to select construction and
optical materials. :

After optimization of individual detector cells, a
prototype detector plane will be constructed to optimize
cell to cell uniformity, practical layout of WLS fibers,
module sealing, calibration methods etc.

Prototype studies

A full-length calorimeter with a transverse size of 1 x
1 m? will be constructed and exposed to a high-energy
particle beam to study compensation, energy resolu-
tion, calibration, fast data readout as well as other
Questions relevant for operation at the SSC. For these
tests, we plan to use beams available at ITEP(Moscow)
. and IHEP(Serpukhov) accelerators. For higher energies
FNAL beams will be used. At a later stage, we plan
a combined test of the hadron calorimeter section with
a BaFa or liquid Xe section in front. The results of
these tests will be used for finalizing the design of the
L* hadron calorimeter.

Radiation damage studies.

Systematic radiation damage studies will be performed
by Oak Ridge, Livermore and Los Alamos Laboratories
in the USA, as well as by ITEP in the USSR starting
in early 1991. The aim of these studies is to select vari-
ous components of the calorimeter system: scintillators,
plastic optical fibers, glues, sealants and optical cou-
plings, as well as to test radiation stability of the com-
plete optical assembly which employs the combination
of various construction elements and techniques. Simi-
lar studies will be independently carried out in Bombay.
The tests will continue after the selection of the
technique has been made. The purpose will be to im-
prove the radiation hardness of the scintillation technol-
ogy to levels of SSC luminosity above 1034 cm=2%s~1.
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Figure V.8: Forward calorimeter system showing the elec-
tromagnetic and hadron calorimeter (TMS-Pb).

C Forward Calorimeter System

C.1 Choice of Detector Technology

The primary difference between the proposed design
and the design described in the Eol is that the high-
resolution BaF; electromagnetic section has been re-
placed by the tetramethyisilane (TMS) warm liquid
technology for the entire forward calorimeter, thus re-
placing also the silicon portion of the earlier design.
These changes are driven by cost and by radiation hard-
ness considerations. In particular the elimination of the
high-resolution electromagnetic section is in direct re-
sponse to the need for a reduction in cost and scope. The
implications are discussed in the Chapter VI. Warm lig-
uids appear to satisfy most detector requirements for ra-
diation hardness [18] since they can be recirculated and
purified to remove decomposition by-products. Fast sig-
nals from TMS detector cells can be read out with rel-
atively inexpensive radiation hard front-end electronics
[19]. :

C.2 Forward Calorimeter Layout

The forward calorimeter shown in Figure V.6 covers the
angular region from 6.7° (n = 2.84) down to 0.3° (n =
5.95) and extends between 10.4 and 13.4 m from the
interaction point. The detector is divided into an inner
and outer section, separated at 2°.

The front calorimeter consists of an electromagnetic
section (25 Xo, 1.1 A) with 25 layers of 1 Xo lead ab-
sorber followed by a 13 A lead hadron calorimeter sec-
tion, both with TMS sampling media (dual 2.5 mm de-
tector gap). The rear hadron calorimeter consists of a
6 A front section composed of 41 layers of 22 mm ab-
sorber, and a 7 ) tail section composed of 25 layers of



45 mm absorber. The expected energy resolution for
this device is ¢/E = 17%/VE + 1% (electromagnetic)
and 54% /vE +2% (hadronic). The total weight of each
forward calorimeter unit is 170 t.

The forward calorimeter uses a detector pad size
of (40 x 40) mm? in the electromagnetic and hadronic
section, which corresponds to the same segmentation
at 4°in A7n (0.05) as in the central calorimetry. The
corresponding number of detector elements is 2366 per
layer. Each detector element (pad) will be equipped
with its own amplifier mounted on or near the pad,
which will guarantee an amplifier rise time between 5 ns
and 10 ns for the maximum allowable pad capacitance
(20 pF). Detector elements are grouped into tower seg-
ments. There are 2 and 5 longitudinal segments in
the electromagnetic and hadronic sections, respectively.
The total number of readout channels in both forward
systems is 33,000.

C.3 R&D Issues

We propose an R & D program [5] to develop a
radiation-hard prototype TMS calorimeter for the for-
ward region, where a system engineering approach to the
construction of a large calorimeter will play a dominant
role. Tests of material compatability with TMS will
be performed using the actual materials of the contain-
ers and electrodes for this calorimeter. Electron drift
velocities and free electron lifetimes will be measured
for a number of metals, plastics, ceramics, and epox-
ies exposed to TMS. Radiation damage tests of TMS
with MeV neutrons and with other radiation will be
performed to study radiolysis, changes in free ion yield,
pressure buildup, and bulk contamination within the
actual containers equipped with electrodes designed for
this calorimeter. The next step will be to incorporate
the necessary engineering and chemical safeguards in or-
der to guarantee long term stability and accuracy of the
measurement. Beam tests will allow the absorber struc-
ture to be finalized in order to obtain full compensation.

The following institutions will investigate the R&D
issues described above:

e The University of Alabama System

e I Physikalisches Institut RWTH, Aachen

e The Tata Institute for Fundamental Research
e Oak Ridge National Laboratory

D Silicon Calorimetry Option
D.1 Introduction

The intrinsic advantages of silicon are described in the
L* Eol (p 46). Recent results [20] also indicate that its
radiation hardness characteristics may permit its use
in trackers and calorimeters up to luminosities of 1034

[21] and that a fast silicon calorimeter can be made to
compensate using electromagnetic snppressic;n [22].

The single impediment to the widespread selection
of silicon is the question of price and procurement. At
the current lowest world market prices for silicon pad
detectors in small quantities, the detectors alone for a
large hadron calorimeter could cost from $80 to $200
million which would clearly prohibit use of the technol-
ogy for such purposes. We outline below a plan aimed at
reducing the production costs by an order of magnitude
(23].

D.2 Silicon Procurement

Our most promising approach to minimize cost lies in
cooperation with the USSR. The steps to cost reduction
in detector manufacture are:

1. The cost of raw material must be low.

2. Labor costs should be reduced. The number of pro-
cessing steps must be kept low and the cost per step
carefully scrutinized.

3. Quality control must be introduced to maximize
yield of finished detectors. In particular, failures
late in the processing chain are most harmful.

Nearly all thick silicon detectors in use in high en-
ergy physics have been constructed from high-resistivity
n-type float zone material from a few suppliers in Eu-
rope and Japan, notably Wacker, TopSil and Komatsu.
Most have utilized minor variations of the Kemmer pla-
nar process of oxide passivation, employing the ion im-
plantation technique. Other techniques are well known
from experience with nuclear detector construction but
have not been studied seriously from the viewpoint of
mass production and low price. Nevertheless, some of
these techniques show considerable promise with respect
to simplification and reduction of the number of process-
ing steps. The following are being pursued:

1. Procurement of silicon and detector fabrication in
the USSR and Europe.

2. Use of alternative technologies for detector fabri-
cation, e.g. diffusion and surface barrier processes
with emphasis on procedures for process simplifi-
cation and cost reduction. This includes the use
of moderate to high resistivity Czochralski silicon
as a replacement for float zone raw material. The

- high oxygen content of such material may result in
improvement of the radiation hardness.

3. Study of the significant advantages in the USSR, of
the division of the fabrication process. Advantage
should be taken of reduced labor costs in the Soviet
Union.

4. Use of p-type silicon, particularly in areas of
calorimetry where extraordinary radiation hardness
is required.

We describe briefly the specific steps to be taken in
concert with Soviet scientists to establish the capability



of the Soviet silicon program and the assignment of re-
sponsibilities to specific organizations. A research team
of over 50 physicists from 10 institutions has been orga-
nized. The goal is to check the entire chain of detector
manufacture including the potential for mass produc-
tion. Soviet specialties are described below and institu-
tions involved are listed.

1. Silicon ingot production.

e Zaporozhye Titanium Magnesium Factory,
Zaporozhye, USSR.
e State Institute of Rare Metals, Moscow.

These institutions have the capability to produce
5-10 t of high resistivity silicon per year. (About
24 t of silicon are required for the L* calorimeter).
Ingots from these producers will be introduced into
the test program of detector fabrication both in the
US and the USSR. The material will be bulk tested
in the US prior to distribution to detector fabrica-
tors.

2. Wafer preparation (sawing, double-sided polishing,
etc) and detector fabrication (passiva.tion, getter-
ing, surface barrier, diffusion, ion implantation,
photohthogra.hy, etc.)

e Joint Institute of Nuclear Research, Dubna
o Institute of Electronics Machinery and Mate-
rials Research Institute, Zelenograd, Moscow

These detector fabrication centers will be thor-
oughly evaluated with respect to capability and re-
liability.

D.3 Radiation Damage Studies

The following institutions will work on techniques to im-
prove the radiation hardness of silicon detectors and the
integration of the results into the detector manufacture
process in the Soviet Union.

o Kurchatov Institute, Moscow.

¢ Leningrad State University, Leningrad.

o Byelorussian State University, its institutes for Nu-
clear Problems and for Applied Physics, Minsk.

D.4 US and other R&D

A program has begun in the US involving Oak Ridge,
the University of Tennessee, IntraSpec Corporation,
and a number of private detector manufacturers. In
addition, several Italian groups centered around the
SICAPO collaboration are also involved in R&D. The
issues covered will be similar to those covered above.
Close interaction between these groups and efforts in
the Soviet Union will be maintained.
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D.5 Prdgress on Prototype Construc-
tion and Beam Test Studies

Single-plane beam tests of silicon detectors are currently
underway at ITEP. A fully-engineered full-scale proto-
type, consisting of a 4% 2% azimuthal wedge of an n = 0 L*
central hadron calorimeter section as described in the
Eol (p 47) is under design and is planned for completion
in mid-1993 with subsystem funding. The silicon detec-
tors for this prototype will be provided by the USSR
as a test of the procurement and production plan de-
scribed in the previous section. Extensive beam tests
in conjunction with the BaF; and LXe electromagnetic
calorimeter prototypes will be done in late 1993.

'E Liquid Argon Option

E.1 Introduction

The performance record of Liquid Argon Calorimeters
(Mark II, TASSO, CELLO, NA31,SLD), [24] suggests
that a safe extrapolation to the requirements of L* at
the SSC can be done. Furthermore, the recent experi-
ence with the setup and calibration of the H1 [25] de-
tector at HERA can serve as a guideline to estimate
the engineering and calibration efforts required in the
L* framework. In addition, one of the L* collaborating
institutions, RWTH Aachen, has a longstanding experi-
ence in building and operating large liquid argon detec-
tors at colliders {26].

The obvious disadvantage of this technology is the
long signal duration from liquid argon ionization which
results in a baseline shift and in additional noise, as
well as in a higher occupancy of the detector cells [27].
There are, however, advantages to be exploited, such
as radiation hardness, granularity, and inherent system
stability. Using Pb as absorber, an energy resolution for
pions of 46%/VE + 3% has been achieved [25] applying
spatial weighting.

E.2 Description of the liquid argon
calorimeter

Figure V.7 shows a cut through the containers and ab-
sorbers in a plane containing the beam. The assem-
bly consists of three independent containers housing the
central and the two endcap sections of the absorbers and
ionization detectors, respectively. These three separate
containers allow for installation and maintenance access
to the inner detector from both ends of the L* detec-
tor. The system support services (pumps, cryogener-
ators, power, supplies for electronics etc.) are located
outside of the magnetic field at the upper periphery of
the L* detector. Services are run in the interstitial space
between the endcap and the central muon chamber sup-
ports. The containers house absorber towers arranged
in a way that is almost identical to the configuration
described for our preferred technologies. Details of the
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Figure V.7: L* hadron calorimeter with liquid argon ion-
ization chambers

absorber structure, the expected performance as well as
the structure parameters are given below:

Table V.1: LAr Calorimeter Absorber Structure

Absorber material Pb

Number of layers

and structure 38 x 4Xo + 19 x 8Xo
Detector gap width 4 mm

Total thickness at 90° 9.8 Aabe

Expected jet energy 4.5% + 45%/VE

resolution (BaF; in front)

Signal pickup and drift-field generation will be in-
tegrated on single sheet-electrodes, as pioneered by the
H1 collaboration [25] .

The requirements of the central liquid argon
calorimeter for electronics are very similar to those of
the TMS calorimeter foreseen for the forward systems.
The layout of the amplifiers for the forward system can
be easily adapted to the liquid argon cryogenic environ-
ment. We foresee that the digitization will be performed
directly on the detector. The trigger will require deeper
pipelines and possibly more sophisticated background
subtraction techniques than those foreseen for the faster
calorimetry techniques.

F Schedule and Milestones

Table V.2 summarizes milestones and gives a schedule
of decisions which will lead to the final selection of the
central hadron calorimeter technology. The schedule for
the overall assembly is given in Chapter IX.

G R & D Organization

The L* Hadron Calorimeter Project is an international
collaboration of several Institutions from USA, USSR,
Germany, Italy and India. The base of the collabora-
tion is the L3 Hadron Calorimeter group which has con-
structed the L3 Uranium calorimeter now in operation
at the LEP collider.

Since L* calorimetry has several options, the work
to finalize the design will follow several lines before a
final choice is made.

o ITEP, Oak Ridge, Livermore and the University of
Mississippi will be responsible for both the liquid
scintillator and the scintillating tile options.
Details are given in Ref. [4] .

-+ JINR (Dubna), University of Tennessee, QOak
Ridge, Universities of Florence and Milan in Italy,
RWTH, Aachen will be responsible for the silicon
pads option. The main question they will address
is that of silicon procurement [23].

o The University of Alabama and RWTH Aachen will
design the forward systems, including electron-
ics [5). .

¢ Computational support will be provided by Oak
Ridge, University of Mississippi, and Tata Institute
in Bombay, India, as well as by the University of
Alabama, RWTH Aachen and Los Alamos.

¢ Engineering design work will be concentrated in
Oak Ridge and Aachen.

‘o Electronics willbe designed in Oak Ridge and Liv-

" ermore.
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VI Electromagnetic
Calorimeter

A Introduction

The method of precisely measuring inclusive photons
and electrons in L* is based on many years of experience
in the measurement of electrons in high background en-
vironments. To make a clean measurement of electrons
and photons, it is important to eliminate the following
two dominant backgrounds:

1. #° — 49(y — e*e~) background from photon con-
version. This implies:

(a) a minimum amount of material in front of the
electron (photon) detector;

(b) a precision tracking detector in a magnetic
field to separate out v+ — e*e™ conversion
pairs; and

(¢) a fine grained detector which can measure the
et and e~ separately and thus reject v —
ete™ pairs.

2. (=, e) confusion background. This occurs when a

hadron enters the electron detector and gives a sig-
nal similar to an electron. This background can be
most effectively rejected by measuring the electron
momentum twice: once in a precision spectrometer
measuring the momentum P; of the electron as it
emerges from the interaction region, and again in a
crystal detector measuring the momentum P;. The
constraint P, = P, effectively eliminates the (x,¢)
confusion background.
It was a careful application of this technique that
enabled the BNL-MIT group to construct the BNL-
J particle spectrometer which had an £#f rejection
of 10'° and a mass resolution of £ & =

Many advances have been made on the L* EM
calorimeter options: Barium Fluoride (BaF;), Fig-
ure V1.1, and Liquid Xenon (LXe), Figure V1.2. Indeed
both options are very promising. The final choice can
only be made after further detailed R&D work.

B Barium Fluoride
B.1 Introduction

Following the recommendations of the Program Advi-
sory Committee (PAC):

o We have reduced the cost of the electromagnetic
calorimeter by replacing the forward-backward
BaF, calorimeter with a Pb-TMS sampling
calorimeter which covers | n |> 2.8. See Chapter V.

e Production of large size BaF;, crystals has been suc-
cessfully demonstrated by the Shanghai Institute of
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Ceramics (SIC) and Beijing Glass Research Insti-
tute (BGRI). The first batch of crystals shows a UV
light transmittance which rheets our specifications.

e A firm commitment has been obtained from the
managements of SIC and BGRI to ensure that the
quantity of BaF, crystals required by L* will be
provided at a fixed price of $2.5/cm3.

o The light collection uniformity of BaF; crystals
from the first batch of BaF; crystals is ~2%.

o Tests of a new phototriode equipped with a K-Cs-
Te photocathode suppressing the slow component
in BaF3 are under way.

o Systematic studies on BaF; radiation damage indi-
cate that (a) radiation damage in BaF; is saturated
after ~100 kRad, and (b) it is caused by externally
introduced impurities. By controlling the level of
impurities, therefore, radiation hard crystals can
be produced.

o The first calibration Radio Frequency Quadrupole
(RFQ) has been produced for the L3 BGO. This
will provide real experience on precision in situ cal-
ibration starting in 1991.

In spite of the reduced angular coverage of the
precision BaF; calorimeter, the overall detector per-
formance is adequate to detect the intermediate mass
Higgs in a mass range of 80 to 160 GeV by measuring
the H® — vv decay channel (see Chapter X). This is
the only channel which can be used to close the gap be-
tween the upper limit for Higgs detection at LEP (80
GeV) [1] and the lower limit at the SSC through four
lepton final states (140 GeV) [2]. The details of this
search are presented in the Report to the PAC [3].

B.2 Detector Design

Figures V1.1 and V1.3 show the conceptual design of the
proposed barium fluoride calorimeter, which consists of
two parts:

o A central barrel calorimeter with an inner radius of
75 cm and an outer radius of 140 cm, covering a
rapidity range of | n |< 1.45 (26° < 8 < 154°).

o Two endcaps, located at z==% 150 cm, covering a
rapidity range of 1.45 <| n |< 2.87 (6.7° < 6 < 26°
and 154° < 6 < 173.3°).

The total crystal volume of the BaF; calorimeter is 12.6

m3, with a total crystal weight of 61.5 t. Table VI.1

shows the basic parameters of the BaF; calorimeter
The calorimeter has the following features:

o Speed: gating time is less than 16 ns;
¢ Energy Resolution: AE/E = (1.3/VE + 0.5)%;

° ngsition Resolution: Ax and Ay =~ 1 mm at the
surface of crystals

o Segmentation: An = A¢ =~ 0.04;
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Figure VI.1 The side and end view of the L* BaF, calorimeter
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Figure V1.3: Middle section view of the BaF2 calorimeter.

e e/m, v/jet, and e/jet Separation: ~10~4;

¢ Radiation Resistance: > 10 MRad.
The details of the performance of the BaF; calorime-
ter have been presented in pp.59-61 of L* Eol [4], and

in Section A.1-5 of BaF; subsystem R&D proposal [5].
-Recent progress is summarized below.

B.3 Crystal Production

SIC and BGRI have set up a large joint technical ef-
fort [5] to develop a mass-production technique for high
quality BaF; crystals at a cost of $2.5/cm3. SIC be-
gan the necessary studies in 1989, and has installed a

Table VI1.1: Features of the BaF; Calorimeter.
Barrel (] 7 ]< 1.45)

Crystal Front Face (cm?) 3x3
Crystal Rear Face (¢cm?) 5x5
Crystal Length (cm) 50
Total Crystal Number 10,944
Total Crystal Volume (m®) 9.9
Total Crystal Weight (t) 48.4

Two Endcaps (1.45 <| n |< 2.87)

Crystal Front Face (cm?) | 2.3 x 2.3
Crystal Rear Face (cm?) 3.1x3.1
Crystal Length (cm) 50
Total Crystals Number 7,100
Total Crystal Volume (m®) 2.7
Total Crystal Weight (t) 13.1

large vacuum furnace facility. BGRI has many years of
experience in BaF; crystal growth.

Using large vacuum ovens, they have successfully
grown large-diameter BaF; crystals of 30 cm length.
The first pair of large crystals was delivered to Caltech
in August, 1990. Crystals for an array consisting of 49
crystal pairs will be delivered by March, 1991 [6]. The
array will be tested at a CERN test beam in Summer,
1991. The management at both institutes has firmly
committed to deliver BaF; crystals at $2.5/cm?® in the
quantity needed.

We have also identified Leningrad State Optical
Research Institute (LSORI) as another source of BaF;
crystals at the same price. The LSORI has been able to

. grow large BaF, ingots in the form of disks up to 50 cm
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in diameter and 6 cm thick (58 kg), by the hydrother-
mal method, and to produce cut and polished crystals
up to 4.7 x 4.7 x 35 cm®. An extensive R&D program
will be carried out at LSORI together with physicists
at the Leningrad Nuclear Physics Institute (LNPI) to
develop BaF; crystals of the size and quality required.

B.4 UV Transmittance

We have specified the transmittance requirement in
terms of the minimum fraction of the light passing
through a 25 cm long BaF; crystal at specified wave-
lengths:

o > 75% at A = 200 nm
e > 80% at A = 220 nm
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Figure VI1.4: Optical transmission of 25 cm long crystals
delivered by SIC and BGRI and by Merck, as a function
of the wavelength. The crosses represent the transmission
specifications required [5).

For simplicity, these specifications include ~8% loss
at two interfaces between air and BaF;. Figure V1.4
shows the transmittance of a 25 ¢m long BaF, crystal
recently delivered by SIC and BGRI, together with the

350



L* specifications shown as crosses. This transmittance
has met the specifications quoted above. The impurities
of the raw materials used for crystal growth will be ana-
lyzed, to identify the cause and to remove the small dip
around 285 nm. The transmittdree of a typical Merck
crystal is also shown in Figure V1.4 for a comparison.

B.5 Light Collection Uniformity

The light collection uniformity of BaF, crystals deliv-
ered by SIC and BGRI has been measured with a col-
limated !37Cs source. Figure V1.5 shows the result of
a measurement using a photomultiplier (PMT) with a
Cs-Te solar-blind photocathode (Hamamatsu R3197).
With simple aluminum wrapping, the measured re-
sponse of the fast scintillation component shows a uni-
formity within ~2%. Given our experience with L3
BGO data, we conclude that this uniformity is better
than necessary to maintain the specified resolution.
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Figure VI.5: Light collection response measured with a
collimated !37Cs source running along the axis of a 25 cm
long BaF; crystal, normalized to the far end.

The good light collection uniformity is a direct con-
sequence of a compensation between two effects: the
bulk light attenuation and the optical focusing caused
by the tapered shape of crystals. Because of a longer
light attenuation length, the response of the slow scintil-
lation component shows an increase with an increasing
distance from the PMT. This is also demonstrated in
Figure V1.5. '

Part of the BaF, subsystem R&D program will be
devoted to the development of methods of controlling
the light uniformity during mass production of crystals

[5).
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B.8 Photodetector Development and
Slow Component Suppression

As detailed in p.60 of the L* Eol [4], the fast UV li:%-
from BaF; is read out by a vacuum photodetector v::.
a K-Cs-Te photocathode and a quartz window. The ..-
Cs-Te photocathode suppresses the slow BaF; emission
component (310 nm) by a factor of 50, resulting in aa
overall fast to slow component ratio of ~10. The resid-
ual slow component will then be further suppressed by a
fast analog readout. The current version of the fast ana-
log readout includes a low noise preamplifier mounted
on the base of each photodetector and a shaper, with
a peaking time of less than one beam crossing, devel--
oped at BNL [5]. A PSPICE simulation shows that the
bipolar output of this fast analog readout will further
suppress the tail due to the slow component, down to
the 10~4 level after 35 ns.

Hamamatsu has commercialized the K-Cs-Te pho-
tocathode in a vacuum phototriode (R4406) [7]. As
a conservative solution, we plan to use R4406 pho-
totriodes together with a wedge shaped quartz window
The wedge shaped window will allow the triode to be
mounted at an angle of < 45° to the direction of the L*
magnetic field. With this arrangement, in a magnetic
field up to 1 T, the triode will have a gain of > 45%
of the nominal value [7]. Figure VI.6 is a schematic"
showing the details of the triode installation at n=0.
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Figure V1.6: A schematic showing the installation of vac-
uum photodetectors on BaF; crystals at #=0.

Hamamatsu is actively developing a thin proximity-
focused UV-selective vacuum photodiode with a K-Cs-
Te photocathode. This diode will have a 1 mm gap
between the cathode and the anode to allow a iow an-
ode capacitance (~10 pF). The applied voltage will be
approximately 3 kV. A quartz wedge window will also



be used to make the photodiode follow the field direc-
tion [8]. This photodiode would be a natural choice for
the final BaF; readout.

The first prototype series of the analog readout cir-
cuits is currently being built at Princeton, Oak Ridge
and Los Alamos. It will be tested within the next 3
months [5], and will be used during the first BaF; beam
test in the Summer of 1991.

B.7 BaF,; Radiation Resistance

BaF, is one of the most radiation resistant crystal
known. It is understood that the fast component in
BaF; is produced by the “cross scintillation” mecha-
nism [10]. Studies on other fluoride crystals have shown
that this mechanism occurs in crystals with very high
radiation resistance, and that it produces scintillation
light with only a weak temperature dependence [10].

Systematic studies of the radiation damage mech-
anism in BaF; have been performed. Tests show that
the radiation damage of BaF, caused by either ¥-ray
or neutron irradiation is recoverable by annealing the
crystal at 500°C for 3 hours [11). This measurement in-
dicates that neutrons, as well as photons, do not cause
permanent damage to BaF, crystals.

BaF; crystals irradiated with y-ray doses up to
20 MRad, and at the UC Irvine reactor with doses up
to 10*4 neutrons/cm?, show that a small initial damage
occurs after the first 100 kRad and no further damage
follows. This saturation effect indicates that the radia-
tion damage in BaF; is not caused by an intrinsic color
center in the bulk material of crystal, such as O~~ va-
cancies in BGO [12], but by externally-introduced im-
purities.

The consequence of this initial damage has also

been investigated. Figure V1.7 shows that the trans-

mittance of a 2.5 cm long BaF; crystal decreased by
~1% after 2 MRad dose of %°Co v-rays [9]. This in-
dicates a ~20% loss in transmittance for a 50 cm long
crystal with existing quality. This loss will be further
reduced by controlling the level of impurities in BaF;
crystals.

Investigations of the correlations between the quan-
tity and type of impurity in the crystal (down to the
sub-ppm level for critical impurities such as Pb, Fe and
other transition metals) and the initial damage are being
carried out at SIC, BGRI, Carnegie Mellon University
(CMU) and Caltech [5, 6].

B.8 Calibration and Monitoring

Precise, frequent calibration in situ is vital to maintain
the high resolution of a precision detector. As shown in
our GEANT study on BaF; resolution [4], the dominant
contribution to the resolution of BaF, calorimeter is the
uncertainty of intercalibration. Our primary calibration
in situ will use a technique based on an RFQ accelera-
tor [13]. The details of this technique can be found in

32

90 S ]
¥ esp ]
© foe
2 80F .
S t  Solid: Before Irradiation ]
= . 60 ]
-é 75 - Dot: After 2 MRads ( Co)':
2] T BaF, (Optivac, 2.5 cm :
g 70 2 (Optiva ) -
> - ]
= gs bt -+ . . | | ]

220 240
Wavelength (nm)

200
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crystal, as a function of wavelength, before and after 2 MRad
dose measured by Woody et al.

Section A.6 of the BaF; subsystem R&D proposal [3].
The first calibration RFQ has been produced and tested
at AccSys Inc. It will be installed in February, 1991, for
the L3 BGO calibration.

Monitoring the BaF; crystals precisely with a UV
laser and quartz fiber is being investigated. This will
provide an additional means of maintaining the high
precision of the BaF, calorimeter.

B.9 R&D Program

An extensive R&D program is being carried out to
develop and to complete the engineering design for the
BaF; calorimeter for the SSC. The R&D program will
culminate in the construction of a high precision proto-
type composed of 144 production-quality BaF, crystals.
The prototype will be tested and calibrated using high
energy electron and pion beams together with a hadron
calorimeter prototype, at either BNL, CERN or Ser-
pukhov. The array will also be tested at an RFQ calibra-
tion test stand at Caltech or AccSys. The two year sub-
system research and development program (1991-1992)
will focus on the following aspects [5]:

e Mass production of high quality BaF. crystals at a
fixed cost of $2.5/cm® at SIC, BGRI and LSORI.

e Crystal quality control and radiation hardness tests

~ at SIC and BGRI, LSORI and LNPI, Caltech, BNL.
and CMU.

o UV selective readout development at Los Alamos,
Caltech, Oak Ridge, BNL, Princeton, and RWTH
Aachen.

e BaF, prototype crystal array construction at Cal-
tech, Oak Ridge, Los Alamos, CMU, and RWTH
Aachen.

e An accurate RFQ calibration facility at AccSys and
Caltech; and a monitoring system with a UV laser



Table VI1.2: Schedule and Milestones for BaF2 R&D

Milestone 1991 1992
Crystal Production
Delivery of the first 50 Crystal Pairs ——

Delivery of the second 50 Crystal Pairs
Delivery of the last 60 Crystal Pairs

Decision on Photodetector Choice
BNL Design Readout Test with R4406
New Readout Design

Test New Readout Design —-‘_
Complete 160 Channel Readout

Photodetector & Readout Development
Test Vacuum Photodiode

Prototype Test

Mechanical Support Design r_—

Construction of Mechanical Support
Construction of a full-size prototype —l:-—

Test Beam & Data Analysis

Final Choice of EM Calorimeter Option

Physics and Detector Simulation w

and quartz fibers at CMU, RWTH Aachen and Cal-
tech.

o Test beam and cosmic-ray test bench setups at Oak
Ridge, Los Alamos, Caltech, CMU, and RWTH
Aachen.

o Completion of the engineering design, including a
section of the final carbon fiber support as part of
the prototype array at Oak Ridge and Caltech.

Table VI.2 summarizes the major milestones of the
BaF; R&D program, and gives a schedule leading to the
final selection of the electromagnetic calorimeter option.
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C Liquid Xenon
C.1 Introduction

Liquid xenon is radiation hard and its scintillation light
for electrons and photons is fast (decay time 20 ns,
cf. [14]) and intense (4 x 107 photons/GeV at 170 nm,
cf. [15]). The inherently large light output naturally
results in excellent total energy (¢(E)/E < 0.5%) and
dE /dx measurements even with rather simple detectors.
For these reasons, large LXe detectors have recently be-
gun to be used in collider experiments.

Our recent research work [16, 17, 18, 19, 20] using o
and heavy ion beams with MIT/Waseda 5 cm diameter
silicon photodiodes and fast amplifiers has shown:

e Windowless UV photodiodes:

1. We have developed large windowless silicon
UV photodiodes to detect UV light in LXe.

2. both diodes and amplifiers work well inside
LXe

3. the effective quantum efficiency > 50%

4. 10 ns peaking time

5. o(E)/E < 0.5% at E > 2.5 GeV.

o Calibration: LXe detectors have large light output
and can be calibrated using o’s in situ, which has
been verified using heavy ions.

e Uniformity: Monte Carlo studies show that ade-
quate uniformity can be achieved.

Four US companies have stated that each of them can
produce the required quantity of LXe at a price of
~$2.5/cm3. In addition, we are exploring the possi-
bility of leasing the xenon or obtaining part of it from
USSR.

C.2 Design of LXe Calorimeter

Side and the end views of the proposed detector are
shown in Figure VI.2. The detector consists of a barrel
and two endcaps giving a total of 14256 LXe cells with
3 photodiodes per cell. The side view (top) shows the
structure of the vacuum and LXe vessels for both the
barrel and the endcaps and the 3 diodes surrounded by
reflectors in each cell; the cells all point toward the in-
teraction point. The end views are composite sections
showing (A) the cell structures and (B) the pipings and
feedthroughs on the back of both the barrel and the end-
caps. The overall dimensions are 4.6 m in length and
2.8 m in diameter. The depth of the active volume is
24.5 Xo except in the central region —0.5 < n < 0.5,
where it is about 22 Xo. The LXe is typically operated
at 1.2 atm and —108 = 0.5°C with the system moni-
tored by the scintillating light from one o source per
photodiode, thermal sensors, and pressure gauges.
Using three layers of thin photodiodes and fast am-
plifiers submersed in LXe, the detector is capable of
measuring 3-D shower profiles. The transverse shower
center can be determined to 1.5 mm in the second and
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third layers, yielding a photon vertex determination of
~ 0.7 cm. This is useful in selecting the correct vertex
of photons at high' luminosities when multiple events
oceur in a single crossing. The longitudinal shower pro-
file is also a measurement of the rear energy leakage;
thus it can be used to improve the energy resolution by
adding a correction term, dependent on the back/front
energy ratio, Eg/(E; + E3) (Figure VI.8). The reso-
lution for 100 GeV electrons is 0.5% o and 1.2% rms
without correction and 0.25% o and 0.7% rms with cor-
rection. Similarly, for 100 GeV +v’s, the resolutions are
0.6% ¢ and 1.9% rms without correction and 0.3% o
and 1% rms with correction. The longitudinal shower
measurement, together with the total energy and trans-
verse shower profile measurements, yields an overall 7 /e
suppression better than 10~4.

The scintillation signals from nuclear spallation
(e.g. slow protons) produced in hadron-nucleus inelastic
scattering, are yet faster (light decay time of a few ns)
and more intense (7 x 107y/GeV, cf. [15]) than those
from electrons. Using a short gate (about 15 mns) to
enhance the 7 signal relative to the electron signal to
compensate the nuclear binding energy loss, it should
be possible to make e/7 ratio close to 1.

C.3 R&D Progress Since the Eol

Much work has been done since the Eol; the principal
results are:



UV photodiodes

We have developed UV-sensitive windowless silicon
diodes with a diameter of 5 em. The diodes are 400 um
thick and the front surface is covered with fine gold
meshes. The diodes are insensitive to magnetic fields
and have an effective (i.e. average over the entire area
of the diode, including gold mesh) quantum efficiency >
50%. Monte Carlo studies show that < 0.1% of the sig-
nal of an EM shower is due to particles passing through
‘the three layers of silicon diodes in the proposed LXe
calorimeter.

As shown in Figure VII.6 on p.69. of L* Eol, the
leakage current of silicon detectors at —20°C increases
only slightly after 10 Mrad of radiation. Tests of simi-
lar photodiodes show that the leakage current of diodes
decreases by 10° in going from —20°C to —108°C (cf.
(23]). We thus expect the leakage current at —108°C to
be negligible even after this heavy radiation dose. The
first 100 diodes for the beam test of the 5 x 5 cell LXe
calorimeter are being produced at Waseda University.

Fast amplifiers

Fast amplifiers, developed by L* physicists at MIT
((16]), were used in beam tests at KEK and the Riken
heavy ion accelerator, operate in LXe directly, and have
a peaking time of 10 ns for the largest diode needed
for the LXe calorimeter. The detector yields < 0.5%
energy resolution for 2.5 GeV 27Al ions. The fast am-
plifiers are situated behind the last (largest) diode. The
present MIT amplifier is linear up to 2 x 10° electrons
or 100 GeV. The first 100 amplifiers are being produced
at MIT. :

UYV reflecting cell walls

We have constructed 3 x 3 UV reflectors using 100 um
aluminum foils, welded flat piece by piece using electron
guns, and then expanded into shape. These metal re-
flectors also serve as Faraday shields for individual cells
to reduce cross talk and noise. Assuming a reflectivity
of 0.88 at 170 nm [21] for the mirrors in a 30 cm long sec-
tion and darkening the ~ 1 cm nearest the diode, Monte
Carlo studies show uniformity (Figure V1.9) better than
the average for the L3-BGO crystals which have proven
excellent energy resolution. The reflectivity of various
mirrors is currently being measured using a VUV spec-
trometer at Osaka University. .

Calibration using o Particles in situ

We have determined the photoelectron yield and studied
calibration methods for LXe detectors using 5.49 MeV
a’s [16, 17). The measured pulse height of photoelec-
trons corresponds to 4 x 10* electrons with a resolution,
dominated by the electronic noise of the amplifier, of
6.6% (3 us gate time) and 17% (20 ns). The temperature
dependence of the scintillation yield, in the temperature
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tion.

region around —108°C is about —0.4%/°C. When a's
stop directly in the diode, the width of the pulse height
distribution is 0.5% with 3 us gate time and 1.5% with
20 ns {17]. The a spectra are very stable and, there-
fore, one can use two a sources, (one situated in LXe
and the other directly on the diode), to calibrate in situ,
after the detectors have been cross calibrated in beams
Figure VI.10.

Resolution measured with Heavy Ion Beams

We determine the intrinsic energy resolution of a LXe
detector equipped with full size (5 cm diameter) silicon
photodiodes using ion beams from the Ring Cyclotron
at Riken, Japan [16, 18]. The observed energy resolution
was 0.6% rms for 1.64 GeV 4N, and 0.7% for 2.85 GeV
40Ar. The charge observed is 2.91 x 107 electrons for
2.65 GeV 49Ar,

To estimate the intrinsic resolution of LXe detec-
tors, to demonstrate the calibration method and to test
the reliability of the detectors, we baked the same diode
used for the above measurements until the quantum effi-
ciency of the diode, calibrated using o’s as described ear-
lier, dropped to 50% of its previous value. We repeated
the measurement using 2.47 GeV 27Al ions 2 months
after the previous Ar ion tests. Indeed the charge ob-
served is reduced to 1.36 x 107 electrons (Figure VI.11),
exactly corresponding to the decrease in quantum ef-
ficiency. The measured energy resolution without cor-
rections improves slightly to 0.5% with 40 ns gate, due
to better beam collimation. These results demonstrate
that:

o the calibration method with a’s does work;
e the measured energy resolution is mainly due to
beam energy spread, not electronics or intrinsic
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Figure V1.10: Calibration of liquid xenon detector using o
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photon statistics: the actual intrinsic energy res-
olution of LXe detectors may be much better.

Impurity Tests

We have studied the effect of impurities by filling two
full size cells with commercial grade xenon with a few
ppm O3 equivalent impurity and found that scintillation
works well even without any purification. The scintil-
lation light yield of LXe remains stable at a level of a
few times 107/GeV [20], for an impurity level from a
few ppb to a few ppm. Our presently designed purifica-
tion system, using getters, molecular sieves and oxysor-
bors should be adequate for scintillation. The purifica-
tion system for the 5 x 5 cell detector is being built by
Columbia University and Plasma Fusion Center of MIT.

C.4 Xenon Availability

Four commercial companies: Air Liquide, Matheson,
Spectra Gases and Union Carbide, have submitted let-
ters stating that each of them can produce up to 15 m3
of additional LXe by 1999 at a price of about 2.5 $/cm3.
For example, Air Liquide (cf. {25]) reported that it can
produce up to 20 m3 based on existing air liquefaction
plants by 1999. We are discussing with vendors the pos-
sibility of leasing 16 m3 of LXe as well as exploring the
availability of LXe in the USSR.

Events
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2.65 GeV Ar ions (solid); and 2.47 GeV Al ions (connected
points) with 50% reduced quantum efficiency, showing that
the resolution is not limited by photo-electron statistics.

C.5 R&D Program

The present development program of the LXe Project is
coordinated by MIT and aims at:

e measurements of fully contained high energy elec-
tron showers using a 5 x 5 matrix of LXe cells in
1991,

o fully contained 100 GeV pion showers using an
11 x 11 LXe cell detector (with a hadron calorimeter
behind) in late 1992 and early 1993,

o these tests will determine the procedure for fabri-
cation and assembly of the full EM calorimeter.

and is organized by tasks as follows:

1. Production of fast amplifiers at MIT and RWTH
Aachen.

Mass production of UV photodiodes: Waseda Uni-
versity, MIT, SIC, Institute of Atomic Energy of
China, and Hamamatsu.

a sources: Livermore and Los Alamos.
Purification: Columbia University and MIT.

UV reflectors: Aachen, NIST, Osaka.

Cryostats: MIT, KEK, ITEP and Aachen.
Procurement of xenon: MIT.

Radiation and magnetic field tests: MIT.

Beam tests: KEK, Riken, and CERN.

© 00N ook e

The development plan from current single cell full
size LXe detector to L* EM calorimeter is summarized
in Figure VI.12.
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Figure V1.12: Development plan for LXe EM calorimeter

D Choice of Electromagnetic
Calorimeter

We have discussed with the SSC Laboratory the latest
time at which a decision on the choice of the electromag-
netic calorimeter must be made. The choice of option
will be made based on the R&D milestones of the two
options. The final choice will be made in consultation
with SSCL management on Dec. 1, 1992.
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Figure VIL2 L* Central Tracker: End View
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VII Central Tracker

A Introduction

Since the Eol [1] for L* considerable progress has been
made in advancing the design of the central tracker.
Modifications have been made to reduce the cost and
the vulnerability to radiation damage.

The primary changes since the Eol are:

e The silicon inner radius has been increased from
10 cm to 12.75 ecm to reduce radiation damage of
the inner layers.

e The pitch of the outermost layers of the silicon de-

tectors in the forward/backward regions has been.

increased, eliminating 15% of the strips and reduc-
ing cost.

e Our baseline design and cost estimate now assumes
back-to-back single-sided silicon detectors, reduc-
ing the cost per unit area, and providing greater
confidence of the radiation resistance.

¢ The number of fiber-superlayers has been reduced
from 4 to 3, and the outermost layer will be con-
structed of 2 mm fibers, reducing costs and increas-
ing light output and lifetime in the radiation field.
This reduces the channel count by 25%, to 36,000.

¢ The number of straws has been reduced from 75,000
to 52,000 to reduce costs.

: These modifications, and our active R&D pro-
grams, address the concerns expressed by the PAC.

B Configuration

The L* centra] tracker is shown in Figure VII.1 and
VII.2. A summary of the key parameters of the L* cen-
tral tracker is given in Table VII.1.

C Physics Performance

The primary purpose of the central tracker is to provide
charged particle tracking information for:

e Determination of the event vertex, to separate pile-
up events from real events;
o Separation of photons from electrons;
Measurement of charged particie multiplicity;
o Identification of secondary vertices of long lived
~ particles;
e Measurement of charged particle momenta and
charge sign to identify leptons, photons and
hadronic jets.

The central tracker achieves these goals through the
following features:
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Table VII.1: Parameters for L™ Central Tracker

ANGULAR
COVERAGE:

RADIATION
LENGTH:

SILICON
BARREL:

5 degrees to 175 degrees

9% at 90 degrees

6 double layers from 12.75 cm to

38 cm from the beam
2 x 300 g#m thickness/layer

25 pm pitch on inner 2 layers,
50 um elsewhere
9.1 m? silicon area

SILICON
END CAPS:

24 double annular discs (inner ra-
dius 10 cm, outer radius, 38 cm)
with 12 discs from z = £25 cm to
+140 cm

2 x 300 pm thickness/layer

50 um pitch, except 100 um

pitch outer 4 discs

8.3 m? silicon area

STRAWS: 60 layers of straws from 45 cm to

72 cm from beam
4 mm straw diameter

2.8 m straw length
single end read-out
52,000 straws

3 superlayers (1 superlayer = 1u, 1v
and 2z fibers) from 53 cm to 75 cm

from beam
1 mm diameter fiber,

. except outer layer 2 mm
2.8 m fiber length
double end readout with photomul-
tiplier tube
36,000 fibers

FIBERS:

Speed: by gating the signal in less than 16 ns for silicon
and scintillating fiber detectors, and about 20 ns for
drift tube detectors;

Position Resolution: the vertex resolution in the r -
¢ plane, 0,.4, is 20 pm and the z-coordinate, o,,
is about 0.5 mm;

Pattern Recognition: track finding efficiency is
larger than 96% for charged particle (pr > 200
MeV) multiplicity up to 300;

Precision Momentum Measurement: momentum
can be determined to Ap/p = 55% at 500 GeV
at 90 degrees by tracking particles in the L* central
magnetic field (1.0.T).

The modifications described above have had a neg-
ligible effect on the central tracker performance, because
of the increase in the magnetic field of the central tracker
region from 0.75 T to 1.0 T since the Eol. The physics
performance of the current central tracker is depicted in
Figures VII.3 to VIL5. Figure VIIL.3 shows the momen-
tum resolution at 90 degrees for magnetic fields of 1.0 T
(conventional magnet with the thin tracker solenoid)
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and 0.83 T (superconducting magnet). The vertex reso-
lution is shown in Figures VII.4 (for r—¢) and VIL.5 (for
z). In the transverse direction the resolution is about
20 um at 50 GeV and the z resolution is about 1/2 mm.

The tracking system will provide an excellent
means to identify leptons, photons, and hadronic jets
at the SSC by measuring charged particle momenta and
charge sign up to 500 GeV. This is necessary to search
for the Higgs, new heavy quarks, new gauge bosons,
and new phenomena in order to reject the very large
background and to separate new sources of leptons or
photons from QCD processes. From a detailed Monte
Carlo study searching for new particles with more than
15 million simulated events, we have found that the only
efficient way to reject fake muons (from punch-through
or hadronic decays) and fake electrons (from neutral
pion decay overlap with charged pions) is the match-
ing of the momentum measured in the tracker with that
measured in the outer muon chambers, or with the en-
ergy measured in the EM calorimeter. These results are
described in Chapter X.

D Detector Quality Criteria

To achieve the various physics objectives described
above requires the detector components to perform with
precision and reliability and to be stable over several
years at the SSC in the intense radiation environment
encountered there. The performance criteria are shown
in Table VII.2.

Table VIL.2: Performance Criteria

SILICON: Resolution = 7 sm (25 sm pitch), 14 gm
(50 pm pitch), 29 sm (100 pm pitch)
Systematic uncertainty = 10 um
Signal duration < 10 ns

STRAWS: Resolution = 75 um /straw
Systematic uncertainty = 25 pm
Signal duration < 10 ns
Maximum drift time = 20 ns

FIBERS: Resolution = 290 um /fiber (for 1 mm
diameter)
Systematic uncertainty = 100 pm
Signal duration < 10 ns
Light level > 60 photons for near end
hit, > 8 photons for mid-fiber hit (0.7 m
attenuation length)

Short drift times in the straws can be achieved with
an 80% CF4-20% isobutane mixture (20 ns maximum
drift time at B = 0.83 T). Since the diffusion limit for
this gas mixture is 40 um, we believe 75 um resolution
is a realistic goal. Preliminary engineering studies at
Los Alamos and Oak Ridge indicate that the quoted
systematic errors on position are acceptable after doses
of neutrons and gamma rays expected at the SSC [2].
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E Engineering for the Central
Tracker

E.1 Silicon

The silicon wafers in the central and forward regions will
be edge bonded into nominal 12 and 18 cm long strips.
Electronics for power distribution and signal process-
ing will be mounted at each end of the long strips (see
Figure VIIL.6). The silicon layers in the central and for-
ward region will be supported at discrete points between
the end supports. The ends of the silicon will then be
bonded to rings at each end which will provide support
and passage for an internal heat pipe [3].

Integrating optoelectronics with the silicon mi-
crostrip detectors poses numerous system advantages;
this development will be given high priority in our pre-
construction R&D program. The key issues include the
reliability and radiation resistance of the lithium niobate
Mach-Zehnder interferometers and the GaAs alternative
which control the transmission of optical signals. First
radiation exposure tests of these modulators have been
carried out at Los Alamos in October, 1990, with a more
advanced test proposed in May, 1991.

E.2 Straws

An illustration of the straw /fiber component of the cen-
tral tracker is shown in Figure VII.7. The baseline con-
cept calls for graphite composite shells to support the
wire tension of the straw system through graphite com-
posite end plates. Mechanical engineering studies [2]
have demonstrated that a carbon composite cylinder
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GRAPH | TE/EPOXY SHELL

GAS DISTRIBUTION
MANIFOLD

BONDED WITH DILUTE
SPRAYABLE EPOXY

\/ \/
A A
°v°

VIEwW A-A

Figure VILT: Straw/fiber components of the Central
Tracker.

3 m in diameter by 6 m long (twice as long and twice
as large in diameter as the L* central tracker structural
cylinders), having radial thickness of 0.3% of a radiation
length, has a maximum deflection of about 10 um, illus-
trating the suitability of such structures for maintaining
the positional tolerance of a straw system.

#

E.3 Scintillating Fibers

Spiral wound scintillating fibers will be placed at the
outer radial boundaries of each straw tube cluster. Each
of these three superlayers will have two layers of fibers
having a stereo angle of 6 degrees, and two layers of
fibers at 0 degrees. The fibers will be integrated in the
composite shells used for the straw support, maintaining
the tolerances for fiber and straw piacement.

We have two options for the readout of the scintil-
lating fibers. One involves the use of Hamamatsu fine-
mesh dynode multichannel photomultipliers (PMT's),
which can be used in the L* magnetic field. The scintil-
lating fibers would be connected to the PMT’s by spliced
clear optical fibers.

An alternative involves the use of avalanche photo-
diodes or solid-state photomultipliers. Disadvantages of
this type of readout include the need for cryogenics and
possible sensitivity to radiation.

Our baseline design currently relies on the PMT
option, with readout of both ends of the fibers. This re-
duces the stringency of the attenuation length require-
ment for the fiber from a minimum value of 2 m to
0.7 m (assuring greater than 3 photoelectrons for hits
anywhere on a 1 mm diameter fiber, 2.8 m in length).
As seen below there is evidence for the reliability of a



two-end readout scheme for 10 years of operation at the
SSC.

F Radiation Resistance

F.1 Silicon Strips

Los Alamos L* researchers, in collaboration with the sil-
icon tracking subsystem R&D Program, have been in-
volved with studies of the radiation resistance of silicon
detectors. This work is addressing three issues:

1. The damage to the detectors themselves;

2. The damage to the front end electronics;

3. The effects of radiation on the mechanical proper-
ties of the materials that will be used to support
the silicon detectors.

It has been found that radiation hard CMOS
transistors are capable of withstanding up to 10!®
neutrons/cm?, and several Mrad of ionizing radiation
(4]. It has also been found [5] that silicon microstrip
detectors can be operated successfully up to several
%103 protons (0.8 GeV)/cm? (about 1 Mrad), be-
fore increased leakage currents seriously degrade perfor-
mance. By cooling the detector it is possible to extend
lifetime by reducing leakage currents. This is a more ef-
fective method than annealing for extending the lifetime
of a silicon detector in a large radiation environment.

F.2 Straw Tubes

It has been demonstrated that straw detectors are ca-
pable of surviving many years at the SSC (see [1, 6]).

F.8 Scintillating Fibers

Signal levels in straws and silicon are satisfactory as one
has large numbers of primary electrons to work with,
but this is a concern for fibers since the number of scin-
tillation photons which are piped through a small fiber
is low. However, several radiation hard fibers now ex-
ist which have good scintillation efficiency (Optectron
S101S fibers, 1 mm in diameter, yield more than 16 pho-
tons with wavelength of 430 nm up to 2 m from the fiber
end, with an attenuation length of 2 m) and adequate
radiation sensitivity. Figure VII.8 shows measurements
recently made by the Boston University L* group of at-
tenuation length of Bicron RH-1 (a blue fiber 1 mm
in diameter) for two neutron exposures. These are the
first measurements made with neutrons of which we are
aware. Figure VII.8 implies that no degradation occurs
for a calculated (7] one year exposure in the L* central
cavity (2 x 10'3 neutrons/cm?), and that fibers could
be used for greater than ten years operation at the SSC
with double end readout (damage would reduce the at-
tenuation length to 1 m due to neutrons after 10 years).

Table VIL.3 summarizes electron dose and neutron
dose radiation studies of RH-1 fibers. It is seen that a
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Figure VII.8: Measurement of neutron-induced radiation
damage of scintillating fibers.

Table VI1.3: Radiation Effects on RH-1 Fibers

Dose —'T'ype l-lecovery A Light
(Mrad) (day) (m) Loss (%)
0 (A) . 2.00 )
1.2 (A) e 2 1.00 1.6
3 (A) e 2 0.55 3.0
10 (A) e 2 0.60 10.0
0 (B) n 2.00
0.026 (B) n 14 1.87
0.26 (B) =n 10 106

(A) Hybrid Central Tracking Collaboration results [2]
for electrons

(B) Boston University L* Group results for neutrons
A = Attenuation Length

dose of 0.26 Mrad of neutrons causes roughly equivalent
damage as 1.2 Mrad of electrons.

G Calculations of Radiation
Levels at the SSC

The Los Alamos L* group has carried out calcula-
tions of the neutron fluence in the central tracker region
of L* to ascertain the surviveability of the central tracker
over a several year period at the SSC (1, 7].

These calculations show that in one SSC year
at 1033ecm~—2s~! luminosity, total neutron flux in the
central tracker region is of the order of 2 x 10!3
neutrons/cm? (about 20% of these have energies in ex-
cess of 100 keV, the approximate threshold for inflicting
serious damage to silicon detectors).

With the addition of several cm of a boron/poly-
ethylene shield between the central tracker and the



Table VII.4: Durability of Straws and Fibers

Table VII.5: Occupancies of Straws in L* Central Tracker

Straw Neutron Fluence (A) 2 x 10*? /cm?®

Fiber Charged

Particle Rate 1.0 MHz

Fiber Photon

Conversion Rate 0.1 MH:z

Fiber Neutron Rate 336 kHz

Total Fiber Rate 1.5 MHz 20 MHz
Fiber Electronic Dose (B) 20 krad 1200 krad
Fiber Neutron Dose (A) 27 krad 260 krad

Fiber Neutron Fluence 2 x 10** /em®

60 x 10** /cm?

20 x 10*%/cm?

NOTE:

(A) = Boston University L* Group

(B) = Hybrid Central Tracking Collaboration
Standard SSC Conditions = 107 sec at 103 /(cm®—s)
Straw Length = Fiber Length = 2.8 m

Radiation Standard SSC Tested Radius Length Diameter Rapidity Occupancy
Parameter Conditions 43 cm And (cm) (m) (mm) range (%)
from Beam OK at: 45 2.8 4 37 7.3

Straw Charged 55 2.8 4 3.3 5.3

Particle Rate 3.9 MHz 65 2.8 4 3.0 4.1
Straw Photon 75 2.8 4 2.8 3.3

Conversion Rate 0.4 MHz .
Straw Neutron Rate 10.1 kHz
Total Straw Rate (A) 4.3 MHz 5.0 MHz
Straw Rate/cm (A) 0.02 MHz/cm 0.25 MHz/cm Finally, we show straw occupancies at several radii
Straw Ageing (B) 0.02 Coul/cm 1.4 Coul/em |in Table VII.5. We calculate these using the technique
Straw Electronic Dose (B) 20 krad 500 krad of [9], assuming a 20 ns resolving time for a drift tube
Straw Neutron Dose (A) 27 krad 860 krad

(this would be 30 ns for a 2 T field, and 18 ns for no
magnetic field), 10% photon conversion probability in
the silicon tracker, and negligible numbers of loopers
(S 3% calculated due to the relatively small radius and
magnetic field of the L* central tracker).

H R&D Organization and Mile-
stones

The institutions which are participants in the R&D pro-
grams for the central tracker and their responsibilities
are listed in Table VIL.6. Table VII.7 shows the sched-
ule for R&D which will lead to the final design of the
central tracker.

Durability of Silicon _
-| Radiation SSC Year 13 cm Tested and OK Table VI1.6: Tasks and Institutes for L*Central Tracker
Parameter From Beam at: _ .
Strip Charged E_uh Institutes (Lead Institute First)
Particle Rate 86 kHz 20 MHz Silicon Detector Los Alamos in collaboration with San-
Stnp(gl;;te;nm Dose 250 krad 1000 krad Development dia Lab _
1 e - -
Strip Fast Neutron _ Straw ' System Boston U., Indiana U., Los Alamos
Fluence 4 x10%/cm® 20 x 10'?/cm? Development _ _ .

S . . Fiber System Boston U., U. of Utah, ITEP, Los
fr?;f‘i' SiTSC = Silicon Tracking Subsystem Collab- Development Alamos, in collaboration with UCLA
Silicon Strip Length = 41 cm, Mechanical En- Los Alamos, Boston U., Lawrence
Silicon Pitch = 25 microns gineering Livermore National Laboratory

electromagnetic calorimeter it is possible to reduce the
fast neutron flux from the calorimeter by a factor of 2.5.
We may use such a shield. A neutron shield would also
improve the effective lifetime of scintillating fibers at the
SSC.

Based upon existing radiation damage data {8], as-
suming use of neutron shielding, reading out scintillat-
ing fibers at both ends (to reduce senmsitivity to dete-
rioration of attenuation length), and by optimizing the
neutron leakage paths out of the central tracker region,
one can operate the L* central tracker for 10 years at
the SSC with no further improvements in detector ra-
diation resistance. Summaries of radiation durability of
straws, fibers and silicon (without a neutron shield) are
given in Table VII 4.
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Radiation hard
electronics and
optoelectronic
readout

_Development of .

Los Alamos, Indiana U. in collabora-
tion with Sandia Lab.

Computer Sim-

ulations

Los Alamos, Boston U., Indiana U.
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Table VIL.7: R&D Milestone

1991

1992

1993

Evaluate Silicon Detectors
Optimize straw materialg
Optimize Gas

Evaluate Fibers

Optimize Structural Compo-
nents

Evaluate Front End Electronics
for Silicon and Straws

Evaluate Fiber Readout

Complete readout design for
silicon and straws

Select fiber type and Select
readout option for fibers
Preliminary design of entire
system

Stress and thermal analysis of
preliminary design

Construction of prototype as-
semblies

o Evaluate Optoelectronic Read-
out for Silicon and Straws

Final design of mechanics and
electronics of Central Tracker

Resolution tests of prototype
Radiation tests of prototype
High rate tests of prototype

Detailed computer simulation
for final design
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VIII Data Acquisition
and Trigger

A Introduction

There have been no significant changes in the trigger
and data acquisition system philosophy since the Eol
was published. Channel counts for all the detector sub-
systems have been reduced, following the instructions of
the SSCL director and of the Program Advisory Com-
mittee to lower the L* subdetectors costs. Better es-
timates have also been developed of the electronics re-
quirements in terms of rack space needs, power dissipa-
tion, and overall costs. The triggers will be based on
E;, P;, missing P,,isolated v,¢, 4, and jets, as was de-
scribed in the Eol.

B Channel Count Summary

The channel count requirements are given in Ta-
ble VIII.1.

Muon Chambers. Channel counts for the high precision
muon chamber system have been reduced to 110,000
channels. Resistive plate chambers (RPC) will be used
for fast trigger detection of high P; particles. There will
be 19,000 channels in this subsystem.

Hadron Calorimeter. The channel count has been re-
duced to 83,000, largely by reducing the longitudinal
segmentation. The change in emphasis to the liquid
scintillator technology has modified the requirements for
front-end electronics, but shaping, pipelining and trig-
ger requirements remain largely the same as in the Eol.
Electromagnetic Calorimeter. Channel count has been
reduced to 18,000. This subsystem still has the most
exacting speed and dynamic range requirements.
Central Tracker. The central tracker consists of a com-
bination of 5,065 channels of silicon microstrip vertex
detectors and a mixture of 52,000 channels of straw
tubes and 36,000 channels of scintillating fibers to form
the tracker outer layers.

Table VIII.1: Summary of Channel Count Requirements

Subsystem Channel Count | Data Type
Lol Eol

Si microvertex 5.1k 76k | Hit

Sci Fi tracker 36k 50k | Hit

Straw tube 52k 75k | TDC
Muon Chambers | 110k 223k | TDC

RPC 19k 20k | Hit
Hadron Cal 83k 335k | ADC

EM Cal 18k 25k | ADC

C Trigger Philosophy

First Level (Prompt). We will continue to pursue a
prompt first trigger with a latency time of less then one
microsecond. This will place major constraints on the
location of this trigger electronics, forcing it to be as
close to the detector as possible. It will, however, re-
duce the length of pipeline storage. This will be crucial
for the calorimetry subsystems, especially the EM sec-
tion, with its very large dynamic range requirements.
Second Leve]. Over the next five years, while R&D
and planning are being carried out, two generations of
electronics will have come and gone in terms of speed,
power, and signal density. Although we can visualize
a general technology layout for the implementation of
the higher level triggers, such as table lookup, fast dig-
ital signal processors (DSP), and neural networks, -we
cannot presently select the optimum technologies.
Data Routing. Because of the large number of signals
and the very high data bandwidths, event data will be
sent to a massively parallel array of computers via a
switching network called the event builder. This intelli-
gent network will route data from the various detector
subsystems to the appropriate processors for each event.
Processor Farm. This is presently envisioned to be a
large, massively parallel array of small computing ele-
ments. One present candidate is based on the “Trans-
puter” concept of highly linkable processors.

Mass Storage. The writing of data to mass storage is
foreseen to be ~ 10 Mbyte/s. With advances in tech-
nology, data will be stored on just a few mass storage
volumes per day. The storage medium may be either
magnetic or optical. '

D Rack and Counting Rooms

An estimate of the rack space requirement has been
completed, including estimates of locations and power
dissipation (cf. Table VIII.2.

Table VIII.2: Rack Count

racks dissipation

(kW]

Experimental Hall 86 291
Counting room 184 941
Control room 45 45
Computers 100
Summary 315 1377




IX Engineering Integration

L* Planning

91
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Magnet design & contracts

Iron (Prepare & Manufacture)

Coil (Prepare & Manufacture)

Iron Installation

Coil Installation

F/B Magnets Installation

Magnet System Test

HC Installation

EMC and Tracker Installation
FMnon System Installation

-

Figure IX.1 Construction and Installation Time Sequence
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IX Engineering
Integration

A Introduction

At this stage in the design process, the engineering inte-
gration activity has been primarily involved with tech-
nical issues relating to the fabrication, installation and
assembly of the subsystems of the detector in the experi-
mental hall and integration with the planning and sched-
ule needs at the SSC site. In preparation for the con-

struction project, a formal process has been defined to-

plan, execute and control the L* project. The approach
is based on the use of a work breakdown structure
(WBS) developed to be compatible with DOE guide-
lines and the system already in use at the SSCL. The
WS system has been used to organize the cost estimate
given in Chapter XII.

B Work Breakdown Structure

The work breakdown structure for the L* project starts
at the level of detector systems, 5.2.1 in the SSCL break-
down. The top two levels of breakdown for L* are listed
in Table IX.1. Additional levels have been defined for
the detector systems that are not shown here.

Table IX.1: L* Work Breakdown Structure

5.2.1.1.0 Project Management

1.1 Quality Assurance Program
1.2 Systems Engineering
1.3 Safety and Environment
1.4 Finance
1.3 Personnel
5.2.1.2.0 Detector Systems

2.1 Central Magnet Systems—Resistive Coil

2.2 Forward/Backward Magnet System
2.3 Muon Detector System

2.4 Hadron Calorimeter System

2.5 Electromagnetic Calorimeter System

2.6 Central Tracker System

2.7 Structural Support Systems

2.8 Trigger and Data Acquisition System

2.9 Central Magnet Systems—Superconducting
2.10 Tracker Coil
2.11 Forward Calorimeter System

5.2.1.3.0 Interface Systems

3.1 Experimental Hall

3.2 Surface Facilities

3.3 Process Utilities

3.4 Control Systems
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C PFacility Integration

The experimental hall arrangement is shown in Fig-
ure [X.2. There are several differences from the Eol de-
sign. The major difference is due to the reduction in the
outside diameter of the magnet iron because 25 m has
been chosen as the maximum experimental hall wid:k
in order to stay within conventional experience in civii
engineering excavation.

Design of the underground hall has also been modi-
fied in order to reduce structural problems in shafts and
openings required for assembly and access. The hall
design described in the Eol had a large central open-
ing in which the major magnet components were low-
ered for assembly. The new configuration with a maxi-
mum width of only 25 m, has a central cavern structure
with access on either end by circular shafts. The ad-
vantage of this new design is that the majority of the
underground excavation can be accomplished with tun-
nel drilling techniques, providing an alternative to open
pit construction.

The installation and assembly of the magnet sys-
tem is the only major difference from the overall assem-
bly described in the Eol. The magnet system will now
be installed from either end, with the magnet iron and
aluminum coil sections lowered and translated into posi-
tion. Once the magnet systems are installed and tested,
the central tracking systems and muon chambers will be
installed as described in the Eol.

D Planning and Schedule

The planning and schedule has been revised to take into
account changes in the L* design and in the major mile-
stones at the SSCL construction site. The construction
milestones for the L* planning are given in Table IX.2.

Table IX.2: SSC Construction Milestones

2nd stage approval of the L* Experiment 12/15/91
Concrete Slab for Magnet Iron 08/01/93
First Magnet Fabrication Hall 10/01/93
Second Magnet Fabrication Hall 04/01/94
Muon Testing Hall 05/01/94
Experimental Hall 02/19/96

Using the L3 installation times as the model, de-
tailed planning for the fabrication, assembly and instal-
lation of each detector subsystem has been laid out. A
summary bar chart is shown in Figure IX.1. We have
studied the planning in considerable detail since the Eol
to show that it is feasible to meet the new SSC physics
operation date of 10/99. The facilities required to ricet
this plan have been identified for preparation of the
SSCL portion of the cost estimate. The information is



included in the updaté of the Resources Requirements
Report.

E Milestones and Key Events

As requested in the Guidelines for the Lol, the key
events that must occur to define the detailed design of
the detector have been identified. For L*, the key events
are related to the choice of technology options for the
major subsystems. These events are described in the in-
dividual chapters of this report. As part of the project
planning activity described above, the timing required
for making the choices was integrated with the overall
planning logic. A summary of the required dates for
option selection is given in Table IX.3.

For the central magnet system, the choice between
normal and superconducting technology must be made
very early, since the magnet fabrication and assembly is
the pacing item on the critical path of the schedule. The
final decision must be made by the time the Technical
Proposal is submitted, assumed to be October, 1991.
All other technology choices as described in this report
will be made as a part of the subsystem R&D programs.

Table IX.3: Key Decision Dates Required for Detailed De-
sign

Choice of Central Magnet Technology 10/01/91
Choice of EM Calorimeter Option 12/01/92
Choice of Hadron Calorimeter Option 10/01/93
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F Proposed Funding

We have previously reported to the PAC, in answer to
Generic Question 6, the tasks and funding estimated to
complete the Technical Proposal in FY 1991. Table IX.4
is a summary of that request. We have added to the
table the names of the institutions and the lead engineer
that will be responsible for each task area.

Table IX.4: FY 1991 Request for Engineering Design and
Coordination

Task Funding Responsible
(8k)
Magnet 800 SSCL I. Horvath
Muon Chambers 750 MIT C. Grinnell
LLNL G. Deis
Hadron Calorimeters 800 ORNL M. Rennich
EM Calorimeter 520 Caltech H. Newman
MIT M. Chen
Central Tracker 520 LANL G. Sanders
Data Acquisition 700 MIT S. Ting
Coordination 500 ORNL T. Shannon
Administration 395 MIT F. Eppling
TOTAL 4988




X Physics

A Introduction

We have studied the capabilities of the L* detector for
various physics processes as requested by the PAC. Our
results can be summarized as follows.

e L* will be able to detect the Higgs boson in one
year at the SSC ([ Ldt = 10%cm~?) for masses
above 80 GeV. The most promising decay modes
are H® — ~4 for 80 GeV< Myo <160 GeV, and
the four charged lepton channel for 140 GeV<
Mpyo <800 GeV. In the high mass region (Mygo ~
800 GeV), where the production cross section is
small, we can also use the £¥£~ vi and £¥£~ jet
jet final states to increase the statistical significance
of the signal.

e L* will be able to find a top quark with M.
250 GeV in one day with nominal SSC luminos-
ity. We have studied events with multi-leptons and
multi-jets. The top quark mass can be measured
from hadronic jets with a precision of 2%. The top
quark decay into charged Higgs bosons can be de-
tected in one year for branching ratio product
Br(t = H* +b)Br(H* — c3) > 0.5%. The charged
Higgs mass can be measured with a precision of 2%.

¢ We have studied the jet energy resolution for a
800 GeV Higgs boson decay into Z°Z° with one of
the Z%s decaying into jets. The Z° mass can be
reconstructed with a resolution of 6%. The mass

. resolution for a 1 TeV Z' decaying into jets is 3%.

o We have analyzed Z’ decays (Mz: = 4 TeV) into

" electron, muon and tau pairs. The acceptances are
93.6%, 97.8%, and 26.0%, respectively. The ex-
perimental Z’ mass resolution is 0.5% in the ete~

- channel and 17% in the muon channel. With 1000
Z' decays into each charged lepton channel we can
measure the asymmetry with an error of 3%.

In the simulation of physics processes we have as-
sumed a baseline design for the L* detector, which con-
sists of a warm magnet, precision muon chambers, a lead
liquid scintillator hadron calorimeter, a BaF; or LXe
electromagnetic calorimeter, and an inner tracker. For
some processes we also give the results for the supercon-
ducting coil option. The properties of the detector can
be summarized as follows: The momentum resolution
for muons with p=500 GeV is Ap/p = 4.9% at 8 = 90°
for the resistive coil and 2.8% for the superconducting
coil option. The precision muon detector covers the an-
gular range 2° < 6 < 178°(| n |< 4.0). The momentum
resolution as function of cosf is shown in Figure IV.2.
The energy resolution for electrons and photons is
AE/E = 1.3%/VE + 0.5% for 6.7° < § < 173.3°, and
AE/E = 17%/VE + 1% for 0.3° < ¢ < 6.7°. Hadronic
jets can be reconstructed with an energy resolution of
AE/E =50% /VE + 2% for 0.3° < 0 < 179.7°
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(] » I< 5.95). The calorimeters have a granularity of
An x A¢ = 0.04x0.04 for the electromagnetic part and
An x A¢d = 0.05x0.05 for the hadronic part. The cen-
tral tracker reconstructs particle momenta with a mo-
mentum resolution of Ap/p = 11% for p=100 GeV at
90°.

The momentum of muons is measured in an air
spectrometer after passage through the hadron ab-
sorber. This spectrometer allows us to identify muons
reliably and measure their momentum precisely, even
for muons inside hadronic jets. The comparison of mo-
menta measured with the inner tracker and the muon
spectrometer provides us with a powerful method to
reduce background from = and K decays and punch
through and muon background from the beam. Simi-
larly a reliable identification of electrons is possible by
requiring agreement between the momentum measured
in the tracker and the energy deposited in the calorime-
ter. This also rejects electromagnetic background from
the beam.

The L* detector allows a precise measurement of
missing transverse energy, because of the large calorime-
ter coverage and the fine granularity. Pile-up effects
are reduced due to the short puise integration time
(15 nsec).

In this study we have used similar methods as de-
scribed earlier in the L* Eol [1] and the reply to the PAC
[2]. For details of the simulation we refer to these re-
ports. Present results differ slightly from earlier results
due to modifications in the L* detector and improve-
ments in event generators. We have used the Pythia
5.4 code[3] for H® — v and Z’ production, and the
ISAJET 6.32 program [4] for other reactions.

¢
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Figure X.1: Reconstructed vy mass from
pp — H° 4+ X — vv + X after background subtraction.
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B Search for the Higgs Boson

The L3 detector at LEP will be able to set a mass limit
up to Mz before the start-up of the SSC. The unique
physics potential at SSC will be to explore Higgs masses
up to the TeV range. Our aim with the L* detector is
to cover the complete mass region above 80 GeV, and
to perform a definitive test of the symmetry breaking
mechanism of the Standard Model.

B.1 80 GeV < My <180 GeV

For the mass region 80 < Myo < 180 GeV we use the
following physics processes in the search for the Higgs
boson.

ep+p—H(—17)+X

for the mass range 80 < Mgo < 160 GeV.
¢ p+p—HY = 2ZZ* = £~ )+ X

for the mass range 140 < Mgo < 180 GeV.

- HO — 9y

The task in this measurement is to reduce two types
of background. The first is the so called irreducible
background (gg— vy and q — vv) and the second
the copious production of 7°’s and single hard pho-
tons in hadronic jets. The irreducible background can
be suppressed with rapidity, energy and angular cuts (
| 7y I< 2.8, | 7y |< 3, Ep > 20 GeV, and | cosf} |<
0.8). For the reduction of the second type of back-
ground isolation requirements are applied. They are
used in our analysis to reduce background from hadronic
jets. A particle (photon, electron or muon) is isolated if
YT REr —EER < E; + 0.1E%, where Ef, is the transverse
energy of the particle, Er is the transverse energy of
clusters found in the calorimeter, and E. is the energy
cut. The sum is taken inside a cone around the parti-
cle with radius R = /(61)2 + (6¢)2. In our isolation
requirement for photons we use the parameters R=0.6
and E. =5 GeV.

The result of the analysis is shown in Figure X.1 for
Higgs masses of 80, 100, 120 and 150 GeV after back-
ground subtraction. The expected significances of the
signal in one year at the SSC ([ Ldt = 10*%cm~2) are
5, 9, 15 and 14 standard deviations, respectively. The
good energy resolution of the electromagnetic calorime-
ter is crucial to extract the narrow Higgs signal from the
large background.

HO — 22° — ¢+¢- ¢+

The best signal for the Higgs boson in the mass range

from 140 GeV to 180 GeV is the four lepton channel via.

the ZZ* intermediate state. We have studied final states
with ee ee, ee pup, and pup pu. We select leptons with
Pr > 5 GeV and 5° < § < 175°. As explained earlier
[2] the background from QCD jets and from Z%qg pro-
duction is suppressed by requiring that the leptons be

. isolated (R=0.3, E. = 5 GeV). The Higgs mass spectra
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collected in one SSC year for the 4-lepton final state are
shown in Figure X.2 for Myo = 150 GeV. Backgrounds
are included in the figure. The Higgs signal is clearly
separated from the background distribution. The figure
shows the Higgs mass spectra for both magnet options.
They are narrower for the superconducting version due
to better muon resolution.

Events/0.4GeV
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Figure X.2: H° ‘— ZZ*' — 4 leptons together with back-
grounds for My = 150 GeV, (a) ee ee, (b) ee pu and (c)
pp pp decay channels. Figures bl and ¢l correspond to
the resistive coil option, and b2, c2 to the superconducting
magnet.
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Figure X.3: H® — Z2° — 4 leﬁtons for (a-c) Mg = 200 GeV, and (d-f) Mg = 400 GeV. The mass spectra are shown for

both magnet options (B=0.4 T and B=0.83 T).

B.2 Mpyo =200 GeV and Myo = 400 GeV

We have investigated backgrounds from jets, heavy
quark decays, and W and Z° boson production. We
require all four leptons to have pt > 10 GeV, to be iso-
lated (R=0.3, E.=5 GeV), and to be inside the angular
range, 5° < # < 175° for muons, and 6.7° < # < 173.3°
for electrons. Lepton pairs should have an invariant
mass My = Mz £ 2 GeV for Myge = 200 GeV and
My = Mz + 5 GeV for MHo = 400 GeV.
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The result of our study is shown in Figures X.3(a-
¢) and (d-f) for Higgs masses of 200 GeV and 400 GeV,
respectively. The Higgs signal is clearly seen above
the background. The mass resolution improves for the
high B field option at 200 GeV. Due to the large nat-
ural width of the Higgs the spectra are very similar at
400 GeV.
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B.3 Mo = 800 GeV

We consider three decay modes to discover a Higgs bo-
son with mass 800 GeV:
HO — Z9Z° — 4 charged leptons,

HO — Z9Z° — £+f~ 4+ vi, and
HO — Z9Z° — £+4~ + jet jet.

The decay into 4 charged leptons (e or u) pro-
vides the cleanest Higgs boson signal, but at large Higgs
masses ( 800 GeV and higher) the expected number of
events per SSC year is small. The neutrino decay mode
cross section is ~ 6 times larger. This decay mode is
characterized by large missing energy. The cross sec-
tion of the third channel, into two charged ieptons and
‘two jets, is ~ 22 times larger than the 4 charged lepton
channel. Searching for the Higgs boson in this channel
requires a strong reduction of hadronic backgrounds.

HO — 20— ¢+1-) + Z0(— ¢+¢)

We have used the same cuts as for the 400 GeV Higgs
boson. The result is shown in Figure X.4a. Between
600 GeV and 1000 GeV we expect in one year 50 events
from the H — 4 lepton decay, and about 30 events from
the background pp — ZZ — 4 lepton.- This corresponds
to a 6 standard deviation effect. The signal to back-
ground ratio is the same for both magnet options.

HO - 20(— ¢+ ¢-) + Z0(— i)

For the neutrino decay mode we consider backgrounds
from production of Z°Z°,WW, Z°+X, and heavy quarks
(¢,b,t). The characteristic of this decay channel is the
large missing transverse energy (Figure X.4b). Details
of this analysis and a complete list of selection crite-
ria have been given earlier [2]. After all cuts we expect
180 Higgs events per SSC year, and 220 background
events (70 from Z°Z° and 150 from associated produc-
tion of a Z° and a heavy quark). This corresponds to a
12 standard deviation effect for one year.

HO = Z0(— £+£7) + Z0(— jet jet)

This decay mode requires good energy resolution for
hadronic jets in order to reconstruct Z° bosons and
suppress the dominant backgrounds from Z° produc-
tion with high pr jets (see section X.D for details on
the jet reconstruction and energy resolution). We have
considered backgrounds from production of Z° Z°,W W,
Z°+X, and heavy quarks (c,b,t). A detailed description

" of cuts has been given earlier [2]. Important require-
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ments are that the reconstructed lepton and jet masses
should agree with the Z° mass (|M¢ —Mz| < 5 GeV and
[Mj; — Mz| < 7 GeV). In one year we expect about 210
Higgs events, 640 background events from Z° + X and
10 events from Z°Z°. No background is expected from
WW and tf production. The Higgs signal corresponds
to an 8 standard deviation effect.



C Search for the Top Quark

The L* detector’s ability to measures leptons and jets
precisely gives it excellent sensitivity for discovering the
top quark in multilepton and multijet final states. By
triggering on isolated leptons, L* will be able to discover
the top quark with small background, and with smail
systematic uncertainty. The ability to clearly identify
mauons inside jets is crucial in this analysis.

The mass of the top quark can be determined by
two independent methods: (1) from the di-lepton mass
spectrum of the cascade decay of the top, and (2) from

the mass reconstruction with hadronic jets. We have -

studied top quark decays into W*+b and Ht+b. The
H* is assumed to decay into c5 or 7+v. The cross sec-
tion for tt pair production, for a top quark mass of 250
GeV, is about 1 nb for P§? > 100 GeV, correspond-
ing to approximately 107 events per SSC year. The
large production rate allows us to select a clean sam-
ple of events, with a topology which is unique to heavy
top quark decays. We have studied the following event
topologies:

1) Events with one isolated e-y pair and one in-
clusive muon.

— Ly
— W= +b (—ut +8)
(1) pp—t t+X
— Wt +b (— jet)
sty

where the two leptons from the W-decays are isolated,
and the muon from the b-quark decay is inside a jet.
We require that both leptons in the pair are isolated
(R=0.3, E.=5 GeV) and have pr > 30 GeV. The inclu-
sive muon from the b-decay should have pr > 5 GeV.
Using the above cuts we expect 2.2 x 10 events per
SSC year with a background of 1930 events (625 from
W-+X, 1200 from bb and 105 from Z+X). L* will be
able to discover the top quark using this channel in less
than one day of SSC running at design luminosity. The
top quark mass can be determined from the shape of
the invariant mass spectrum of the inclusive muon,ut,
and one isolated lepton, £~. Figure X.5a shows the di-
lepton spectra for top masses of 200 GeV, 250 GeV, and
300 GeV. An accuracy of = 10 GeV in the top mass can
be achieved with this technique.
2) Events with one isolated e or 4 and two inclu-
sive muons.

— ut + jet
— Tt
— W+t + b
(2a) pp—t t+X )
— W~ + (b — jet)
L— jet Jet
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Figure X.5: Mass determination of the top quark from (a)
lepton pair invariant mass (reaction 1). (b) reconstructed
3-jet mass spectrum for a 200 GeV and 250 GeV top quark
(reaction 2a). (c) Reconstructed W* and H* mass spectrum
(reaction 2b). The figure corresponds to equal branching
tatios for the top decay into W% and H*. The reconstructed
top mass for these events is shown in figure (d).



where the lepton ¢* from the W decay is isolated. Both
muons from the cascade b decay are in the same jet, The
signature of reaction (2a) is one isolated high pr lepton
with mean pr of about 70 GeV, and at least 3 hadronic
jets with mean pr between 70 GeV (for the jets from
W decay) and 100 GeV (for the b jet). Two of the jets
have an invariant mass of the W. Many events in this
channel have a very distinctive topology, in which the
three leptons are in one hemisphere. We apply similar
cuts as for reaction (1) and require that all three leptons
be in one hemisphere and three jets be in the opposite
hemisphere. ’

In one year we expect 8.2 x 10% events, compared
to a background from W+X, Z+X and bb of 9 events.
Thus running less than one day at design luminosity is
sufficient to discover the top quark. Figure X.5b shows
the reconstructed top mass from these three jets for
200 GeV and 250 GeV top quarks. The mass resolu-
tions are 26%. L* can reconstruct the top mass with a
resolution of 10 GeV, and with an expected error on
the central value of &~ 2%.

If there is a charged Higgs, H*, with a mass of 150
GeV, the observable signal for a 250 GeV top quark in
the L* detector includes the following reactions:

— ut + jet
— —uTte
— Wt + b
(2b) pp—t T+X
s H= + (b = jet)
L— jet jet

for H* decaying into a pair of quarks (H= — ¢ + 8),
and

> pt + jet
— —um+e
— Wt + b
(2) pp=~t t+X _
s H= + (b — jet)
e— =y

for H* decaying into 7 +v.

Reaction (2b) yields a more precise determination
of the Higgs mass than (2¢). Therefore if the branching
ratio of H*¥ — rv is not close to 100%, we can use (2b)
to detect the Higgs and determine its mass. The signa-
ture of reaction (2b) is one isolated lepton with mean
pr of about 70 GeV, two inclusive muons and at least
3 hadronic jets with mean pr between 70 and 100 GeV,
where two of the jets have the invariant mass of the
charged Higgs (150 GeV). Figure X.5¢ shows the recon-
structed Higgs and W mass spectrum for Br(t— H*+b)
= Br(t— W*+b) and Br(H* — ¢5)=100%. The recon-
structed 3-jet mass from hadronic decays of the H* or
W2 and the b-jet is shown in Figure X.5d. The top
mass can be determined with a precision of ~ 2%.
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We have performed a study assuming various
branching ratios for the top decay into charged Higgs
and for the Higgs decay H* — ¢3 or 7+ + v. The con-
clusion is that L* will be able to find the charged Higgs
in one SSC year for Br(t — H* +b) Br(H — c5) > 0.5%.
The mass of the top-quark and the charged Higgs can
be measured with a precision of &~ 2%.

We have also studied the case when Br(H* —
7*v) = 100%. We have selected events with one iso-
lated lepton, one inclusive muon and a 7 jet. For the
T jet we require pr > 70 GeV, 6 > 20°, more than
30 GeV deposited energy in the hadron calorimeter,
and an acoplanarity angle A¢ > 100° with respect to
the isolated lepton. The r-jet should have less than 4
charged tracks inside a cone of R< (.3 around the jet
axis. We expect 4.6 x 103 events per year in this channel
for Br(t— H*+b)=50%. No background is found from
pp—W+X. Out of 1.1 x 10 pp— bb + X events no
event satisfies the cuts. In this decay mode the top mass
can be determined from the invariant di-lepton mass as
described earlier. The charged Higgs mass is similarly
determined from the invariant mass of the r-jet and the
b-jet.

In summary L* will be able tofind a top quark with
M, = 250 GeV in one day with nominal SSC luminosity.
The top quark mass can be measured from hadronic jets
with a precision of 2% or from the di-lepton spectrum
with ~ 5%. The charged Higgs boson can be detected in
¢§ and 77 decays, independent of the branching ratios.

D Jet Energy Resolution

In the search for the Higgs boson, the top quark and the
charged Higgs we have utilized the good jet resolution
of the L* detector. We reconstruct jets in the detec-
tor by starting with the calorimeter segment which has
the largest energy deposit. Then neighboring cells (in
pseudorapidity n and ¢) are added to form a jet. A
calorimeter cell is the seed for a new jet if the closest
distance to a jet exceeds AR=0.6. In this analysis we
consider only jets in the central region (10° < § < 170°).
This reduces background contributions from initial state
hard gluon radiation and from beam jets.

D.1 Z9 — jet + jet

As an example for the reconstruction of Z% from jets
we use the Higgs production (My = 800 GeV) with
HO — Z°Z° — £+¢~ + jet jet decay. The jet resolution
is crucial in this process as discussed in section X.B.
Figure X.6a shows the jet-jet invariant mass from the Z°
decay with background. We obtain a Z° mass resolution
of 6%.

D.2 7' — jet + jet

Similarly we have analyzed the process p+p — Z' —
Jet + jet (Mz:=1 TeV). The natural width of the Z’ is
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assumed to be 10 GeV. Only jets with pr > 300 GeV
have been used for this analysis. Figure X.6b shows the
reconstructed jet-jet invariant mass. The FWHM/2.3
of this distribution is 30 GeV, corresponding to a mass
resolution of 3%.

E Z' Reconstruction

We have generated p +p — Z' — ete~,utu~, and
r+tr~ events with Mz:=4 TeV. We have assumed a
I'z: = 10 GeV and a branching ratio Br(Z' — u*u~)
= 3.0%. For_ electron pairs the invariant Z’' mass can be
reconstructed close to the natural width of the Z'. We
require that the et and e~ are inside the angular range
(6.7° < @ < 173.3°). Figure X.7a shows the et e~ mass
spectrum for 1000 Z’ — et e~ decays. We obtain a mass
resolution of 0.5%. Even at these high energies shower
leakage contributes less then 0.1% to the electron en-
ergy resolution. The acceptance of the electromagnetic
calorimeter for this process is 93.6%.

For the decay into muons we have perform a de-
tailed simulation of the detector response taking into ac-
count gaps in the muon chamber coverage, measurement
uncertainties and muon energy loss in the calorimeter.
Large energy loss from bremsstrahlung,pair production
and photonuclear interactions is recovered by adding the
calorimeter energy to the reconstructed muon momen-
tum. The hadron calorimeter resolution for electromag-
netic showers is 30%/+E for the fine sampling part and
46%/VE for the coarse sampling. On average a muon
from the decay of a 4 TeV Z’ deposits 50 GeV in the
calorimeter.

We require that both muons are measured in the
precision muon detector, and that both tracks be iso-
lated (R=0.3, E.=5 GeV), we obtain an acceptance of
82.2%. We can increase the acceptance for this process
by selecting events where one muon is well measured in
the muon detector and the second in the central tracker
with a corresponding track in the hadron calorimeter
and the RPC trigger counters. The transverse momen-
tum measured in the tracker should exceed 200 GeV. We
assume that the second muon has opposite charge and
the same transverse momentum as the first well mea-
sured muon. Then the acceptance for Z' — utpu~ is
97.8%. The uu invariant mass distribution is shown in
Figure X.7b. The mass resolution is 16% for the resis-
tive coil and 9% for the superconducting coil option.

For the Z' decay into r-pairs the substantial back-
ground from tt production has to be reduced. We re-
quire one isolated electron or muon (R=0.4, E.=5 GeV)
in the detector with pr(€) > 200 GeV and || < 2.5.
We require an additional jet or electron with pr(jet) >
200 GeV, |n| < 2.5, and less than 4 charged particles
(with pt > 10 GeV). The jet is required to be narrow,
i.e. more than 90% of the jet energy should be inside a
cone of R=0.3 around the jet axis. The sum of the trans-
verse momenta, p(£)+pr(jet), should exceed 800 GeV.
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Figure X.7: (a) Z’' mass reconstruction with electrons and
{b) muons. (bl) corresponds to the resistive coil and (b2) to
the superconducting coil option. (¢) Transverse mass spec-
trum from Z' — 7t r~ decays (solid line), and background
from pp — tt + X (dashed line). (d) Expected precision on
the asymmetry from the u*u~ and r*r= channel as func-
tion of yz+ for # = 128°.
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Figure X.7c displays the transverse mass, M, as de-
termined from the isolated lepton and the jet. The Z'
production dominates at high transverse masses. For
Mr > 1.6 TeV we expect 216 events from the Z’ decay
and 10 events from tt.

The forward-backward asymmetry is defined as

po¥->ys) —oly- <vs+)
o(y- >y+)+0o(y- <¥+)

Afrp =

where y4+ refers to the rapidity of the final state u¥, and
F=lfory++y- > 0,and F==1fory4++y- <0. In the
asymmetry measurement we use only events with muons
for a reliable charge determination. The charge confu-
sion for muons from the Z’ decay is less than 1%. For
the tau channel we restrict the analysis to events with at
least one muon. 13.2% of the 7 events are selected after
all cuts. They are used in the asymmetry measurement.
For 1000 Z' events each in the muon and tau channel,
the asymmetry can be measured with AArg = 3.0%.
Figure X.7d shows the expected asymmetry as function
of the Z' rapidity in an E¢ model[5] with § = 128°. The
error bars indicate the precision, which can be reached
in rapidity intervals Ay = 0.1. The asymmetry mea-
surement as a function of rapidity is important to dis-
tinguish models on Z’ production. These studies show
that L* can discover the Z’ in the ete~, u*u—, and
r+7= decay mode. The ete~ decay mode allows a pre-
cise measurement of the mass, and the u*u~ and 7+r=
mode provides a precise measurement of the asymmetry.
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Level 2 Cost of the L* Detector

uUs Cost

*1990" Total Cost
US Cost Cont. US Cont. US  Switze. Gemany USSR  Ba+WL
(k$) (%) k$) (k$) (kSF) __ (kDM) (k$) _(k$)
A. MAGNET (RESISTIVE COIL) | 37791.2 19.5 7369.8[1 45161.0 40348.4
B. MUON DETECTOR | 80073.5 18.1 14462.1[] 94535.6] 74778.1
C. HADRON CALORIMETER | 33989. 22.1 7528.31 41517.3 18061.1
D. E.M. CALORIMETER | 15820.6 15.5 24489| 18269.6
E. CENTRAL TRACKER l 40120.3 31, 12428.3]] 52548.6
F. FORWARD CALORIMETER SYSTEM | 10033.2 15.8 1583.0]] 11616.2
G. COMPUTER 1
TOTAL L* DETECTOR l 2178278 210 as820S|| 2636483 747781 715427 584095

Table X1.1

Surpung pue 1500 X



X1 Cost and Funding

As seen from the previous chapters and following the
instructions of the Program Advisory Committee and
the SSCL Director, we have been able to:

1. Maintain the original (Eol) physics objectives of L*
at somewhat reduced muon resolution,

2. Reduce the size and weight of L* by more than a
factor of two, and

3. Reduce the cost of each subdetector item by R&D
efforts since the Eol.

In addition. we have broadened the participation of for-
eign countries to include more institutions from Western
Europe and the Asia Pacific region.

The combined effort of reduced scope and more
countries from Western Europe and the Asia Pacific
region has enabled us to reduce the total foreign con-
tribution to less than half of the total estimated cost.
The fact that the total funding request from foreign par-
ticipants is more than the projected need from foreign
participants implies that L* will have adequate funding
even if less than 2/3 of the funds requested of different
governments are awarded.

In this chapter we present a detailed analysis of
cost and funding of the basic design (with four options:
resistive coil magnet with BaF, calorimeter, supercon-
ducting coil with BaF2, resistive coil with LXe, super-
conducting coil with LXe.)

In the Eol, the procedure to calculate the detector
cost was outlined. Since no distribution of responsibili-

ties was assigned at that time, a possible U.S. contribu-_

tion of 300M$ according to the U.S. accounting method
was projected, and a possible distribution of responsi-
bilities was discussed. Since the Eol, an extensive cost
estimate has been undertaken on the Lol design. The
level of detail at which the estimate was made varies by
subsystem, in many cases it was finer than level 5 but
never coarser than level 4 (L* assumed to be level 1).
All estimates have been tabulated at level 4 for report-
ing purposes. The level 4 cost book has been submitted
to SSCL. Table XI.1 summarizes a level 2 detector cost
(the resistive coil, BaF; option).

The cost estimate for the detector is based on: (a)
the experience of the L3 detector at CERN; (b) the ex-
perience of engineers and physicists from national lab-
oratories (Oak Ridge National Laboratory, Lawrence
" Livermore National Laboratory, Los Alamos National
Laboratory, and Kurchatov Atomic Energy Institute
Moscow) as well as institute leaders of ETH Zurich and

RWTH Aachen who have experience with other large

construction projects.
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A Preliminary Agreement of
Responsibilities

Table XI.2 is a preliminary agreement on the sharing of
responsibilities. Since the submission of Eol. a detailed
study on funding possibilities on a broad international
base has been undertaken which now allows us to pro-
pose a preliminary distribution of responsibilities.

Table X1.2: Sharing of Responsibilities®

Detector Government or
Subsystems Funding Agencies
Magnets US, INFN Bologna (Italy)

& World Laboratory **, USSR |
US, Bulgaria, China, INEN Bologna
(Italy) & World Laboratory. .
Italy, Romania, Switzerland

Muon Detector

Hadron US, Italy, India, USSR
glectromagnetic US, Germany, INEN Bologna (Italy)
Calorimeters & World Laboratory, Italy,

Japan, Korea, USSR
Central Tracker US, Taiwan
Forward US, Germany, INEN Bologna (ltaly)
Calorimeter - & World Laboratory
System
Computer INFN Bologna (Italy)

& World Laboratory

*= As reported to the PAC on 7 July 1990, in generic
question No. 7, in order to avoid a major collaborator
from not fulfilling its planned obligation, our experi-
ence has been not to assign detailed responsibility until
extensive R&D has been made on all the options.

»= INFN Bologna (Italy) & World Laboratory is
proposing to produce the magnets as an in kind con-
tribution.

B Detector Cost

To determine the detector cost, we have used the fol-
lowing procedures:

e For the US portion, we follow the US account-
ing practice including EDIA and contingency. La-
bor rates are split into payroll (included in every
level 3 item) and institutional support (added to
the level 3 items).

o Asia Pacific, Europe, and USSR contributions are
treated as in kind portions in manpower, mate-
rials, detector systems and detector parts includ-
ing assembly at SSCL. Contingency and institu-
tional support are not included. Manpower esti-
mates from the different institutions are included
only if existing personnel from the institutions do
not meet -the requirements of a given project. In
such a case only the additional manpower costs are
included in the table. Infrastructure costs are also
not considered.



Table X1.3: Funding Requests from Foreign Participants

Funding Requests from Foreign Participants M$
INEFN
Bologna* Total
Germany | (Italy) & India Korea Italy Switzerland | USSR Foreign
World Requests
Laboratory
63 60 8 20 12 77 90 332
: Cost for Foreign Participants M$
Magnets | Muon Hadron Electro- Central Forward Computer| Total
Detector | Calorimeter | magnetic Tracker | Calorimeter Cost
Calorimeters System
44.5 71.9 18.1 53.0 0 16.0 10.0 213.5

» INFN Bologna (Italy) & World Laboratory is proposing to produce the magnets as an

additional in kind contribution.

Table XI.1 summarizes at level 2 the detector cost
in thousands of US dollars and lists the US, Switzer-
land, Germany, USSR, and INFN Bologna (Italy) and
World Laboratory (Ba + WL) as representative fund-
ing partners. (The exchange rates applied are as fol-
lows: $§1 = 1.32 SF and $1 = 1.55 DM.) Table XI.1 in-
cludes the resistive coil magnet, muon detector, a liquid
scintillator hadron calorimeter, a BaF, electromagnetic
calorimeter, the central tracker, the forward calorime-
ter, and the on-line computer. The cost of the trigger
is included in every detector subsystem. At the end of
this chapter, tables summarizing the total costs of the
different options at level 2 are included. The total costs
vary from 492MS$ to 477MS$.

The costs are presented according to the responsi-
bilities of the US institutions and the in kind responsi-
bilities from foreign participants.

A level 3 cost breakdown in thousands of US dol-
lars is included in Appendix A. The foreign portion
is presented according to the preliminarily agreed upon
responsibilities.

C Funding Requests

According to the preliminarily agreed upon responsibili-
ties, Table XI1.3 summarizes the funding requests which
the different foreign participants are negotiating with
their governments and/or funding agencies. The re-
quests are presented in millions of $US after conversion
at present exchange rates.

In the last row of Table XI.3 these foreign requests
are compared with the costs given in Table XI.1 for for-
eign participants for all the detector subsystems. As
seen, the total request exceeds the cost. This situation
reflects the strong interest for the experiment from for-
eign participants. The Taiwan and China requests are
under discussion and, therefore, are not included. As
seen from Table XI.3, L* will have adequate funding
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even if less than 2/3 of the funding requests to the dif-
ferent governments are accepted.

D Detector Cost without Inter-

national Participation

For comparison, we estimated the cost of the detec-
tor without international participation. For the whole
detector we follow US accounting procedures defined
above. Table XI.4 summarizes at level 2 the detector
cost in thousands of US dollars, assuming a resistive
coil magnet, muon detector, a liquid scintillator hadron
calorimeter, a BaF; electromagnetic calorimeter, the
central tracker, the forward calorimeter and the on-line
computer.

A level 3 cost breakdown in thousands of USS is
included in Appendix A. As stated earlier, a leve] 4
cost breakdown has already been submitted to SSCL. A
detailed comparison of level 3 detector cost, both with
and without international participation, can be made
from the attached tables.



Table XI1.4: Detector Cost without International Participation

“1990 Cost” | Contingency || Total Cost

(k8) | (%) (k8) (k$)

A. Magnet (Resistive Coil) 132190.6 | 18.0 | 23782.9 155973.5
B. Muon Detector 158437.0 | 18.4 | 29154.7 187501.7
C. Hadron Calorimeter 65300.0 | 22.9 | 14964.5 80264.6
D. EM Calorimeter (BaF5) 72256.2 | 12.6 | 7108.6 || 79364.8
| E. Central Tracker 40120.3 { 31.0 | 12428.3 52548.6
[ F. Forward Calorimeter System 28693.1 [ 18.4 | 5269.2 33962.3
G. Computer 10000.0 | 30.0 | 3000.0 13000.0
Total L* Detector 506997.2 | 18.9 | 95708.3 602705.5

E Experimental Program Facili-
ties '

We have submitted to the Physics Research Division of
SSCL an update of the resource requirements needed
for the L* detector. The cost of the Experimental Pro-
gram Facilities, estimated by the SSCL, is shown in Ta-
ble XI.5.

We have subtracted 5.2M$ of power supplies and
cooling water systems which have been costed as part
of the detector magnet system. An additional 1-2M$
of cost savings in surface facilities have been identified
that will further reduce the SSCL estimate.

The cost of the foundation and structural supports

for the detector .and F/B magnets have not been in-
" cluded in the detector estimate. The cost of these struc-
tures when taken alone is approximately 3.7M$. We

believe that this cost can be substantially reduced if

the structures are integrated into the experimental hall
foundation structures.

‘We intend to work with the SSCL to modify our
requirements and/or design concepts to match the avail-
able budget.

F Level 2 Breakdown

We list in Tables X1.6 and XI.7 the level 2 breakdown
for the four baseline options.

Table XI1.5: Resource Requirements

Sub-
WBS | Description total | Cont. | Cont. | Total
MS$ % MS$ MsS
1 Underground
Facilities 26.9 41.3 11.1 38.0
2 Surface
Facilities 17.0 18.7 3.2 20.2
3 Power Systems 4.5 25.7 1.2 5.7
4 HVAC Systems 2.8 26.1 0.7 3.5
S5 .| Cooling Load 2.2 274 0.6 2.8
6. IR Site
|| Infrastructure 35| 200 07| 42
Sub- | SSC Experi-
total | mental Program
Facilities 56.9 30.7 17.5 4.4
Cost included
in detector
___L magnet system (5.2)
Total 69.2
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Table X1.68: Cost Estimates for the resistive coil, BaF2 and for the superconducting coil, BaF3 options

"1990° us Cost Total Cost Total Cost
US Cost | Cont. US Cont. us " Switzerl. | Germany USSR Ba.+ WL | A
(x$) (%) (k) («$) (kSF) (kDM) ($) ($) (s)
L* Cost Estimate: Resistive Coil [BaF2 Calorimeter Option]
A. MAGNET (RESISTIVE COIL) 2 195 7698] 451610 wnsd 42376 . 8970
B. MUON DETECTOR 80073s] 181 144621 945356l 74T 152334 166419.1
C. 1IADRON CALORIMETER 339890] 221 1583 41517 18061.1 S9S78.5
D. EM.CALORIMETER (BaF2) 158206] 155 244890 182696 54572.4 177801 712517
E. CENTRAL TRACKER 401203 310 124283] 525486 52548.6
F. FORWARD CALORIMETER SYSTEM 10032] 158 15830] 116162 169702 51231 276878
G. COMPUTER 10000.0 10000.0
TOTAL L* DETECTOR am278]  210]  ass208| 2636483  mma|  mse27]  smaovs|  sum2 4772387
L* Cost Estimate: S. C. Coil [BaF2 Calorimeter Option]
A. MAGNET (S.C. COIL) a09750] 240] 98147]  som97 - 438334 41691 98792.1
B. MUON DETECTOR 80073s] 181 14621] 9as3se| 17 152334 166419.1
C. HADRON CALORIMETER nm90] 221 15283 a1s173) 18061.1 59578.5
D. EM. CALORIMETER (BaF2) 158206] 155 89| 182696 545724 177801 712517
B. CENTRAL TRACKER 401203] 310 124283] 525486 52548.6
F. FORWARD CALORIMETER SYSTEM 100332] 158 15830] 116162 16970.2 S123.1 216878
G. COMPUTER ' 10000.0] 10000.0
TOTAL L* DETECTOR ‘06| 28] as2654]  262m10]  mmmal  mse27]  eisse] 523057 4862838
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Table XL.7: Cost Estimates for the resistive coil, LXe and for the superconducting coil, LXe options

*1990" Us Cost Total Cost Total Cost
US Cost | Cont. US Cont. uUs Switzerl. Germany | USSR Ba.+WL L*
(k) (%) (x$) (x$) (kSF) (kDM) (k$) (x$) $)
L* Cost Estimate: Resistive Coil [LXe Calorimeter Option]
A. MAGNET (RESISTIVE COIL) ] 195 1698] 451610 403484 42316 89747.0
B. MUON DETECTOR sooms| 181 144621 94s356] M7 152334 166419.1
lc. 1IADRON CALORIMETER 33989, 221 7583] 415173 18061.1 S95T8.5
D. EM. CALORIMETER (LIQUID XENON) 176445] 202 03] 212148) 544904 203200 76689.8)|
E. CENTRAL TRACKER 401203 31.0 12428.3) 52548.6) 525486
F. FORWARD CALORIMETER SYSTEM 10032 158 15830] 116162 169702 51231 276878
G. COMPUTER 10000.0 100000
TOTAL L* DETECTOR w6517 214 aco418|  2665935|  747781|  7M606| 584095  S491411 4826708
L* Cost Estimate: S. C. Coil [LXe Calorimeter Option]
A. MAGNET (S. C. COIL) 409750] 2.0} 9814.7 50789.7 438334 4169.1 98792.1
B. _ MUON DETECTOR 80073s] 181 1a62t] s3] u7ma 152334 166419.1
{C. HADRON CALORIMETER nm90| 21 15283 415173 18061.1 595785
ID.” E.M. CALORIMETER (LIQUID XENON) 164s|  202]  3swa| 212148 544904 203200 766898
E. CENTRALTRACKER 401203 3.0 124283] 525486 52548.6]
F. FORWARD CALORIMETER SYSTEM 100332]  158] 15830] 116162 169702 51231 276878
G. COMPUTER 10000.0 100000
TOTAL L* DETECTOR 54| 22) aoser]  ameza]  wvmal  macos]  e18mas]  sasss 4917160
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XII OPTIONS

A Introduction

The L* magnet has a large volume filled with preci-
sion muon chambers. This permits us to rearrange
the positions of the central tracker, the electromagnetic
calorimeter and the hadron calorimeter to explore new
physics. This flexibility is crucial when one considers
the long construction time of L*. One of the unique fea-
tures of the L* detector is its built-in capability to utilize
various technical options which can be executed if ex-
perimental conditions and physics interest demand. We
present here, as examples, four options based on both
physics considerations and on our experience to cope
with backgrounds. There are two kinds of backgrounds
in any experiment:

1. Those from known physics origins which can be es-
timated with Monte Carlo programs.

2. Those from unknown origins: which, for exam-

ple, may include muons traveling along the pro-
ton beam, or beam halo interactions with the beam
pipe near the intersection point.

In general, the unknown background is much larger.

It is the ability to control the unknown background

to a manageable level that will ultimately determine the
quality of the experiment. This is particularly so in high
intensity proton experiments, such as for ] — ete~ and

T — utu~, where one needs both a high intensity beam -

and a very large rejection against hadron background.
A similar situation exists at the SSC for detecting lep-
tons. The success of the J and T experiments was due
to both excellent resolution and repetitive momentum
measurement of electrons and muons in the magnetic
field; in the case of the electron, matching the momen-
tum in the magnetic field with the pulse height in the
shower counter is crucial.

In this chapter we present four examples. We
begin by describing two options for a luminosity of
1034 cm~2s~! based on small changes of the baseline de-
sign presented in previous chapters. We follow this with
an option requiring more extensive modifications (shown
in Figures XII.1 and XII.2) for 2 x 10** em~?s~! and
beyond. A fourth option, for inclusive lepton physics, is
also described.

B Options

B.1 Option for ~103¢ cm~?s-!

If the Higgs is not found below a mass of 1 TeV, then
high luminosity will be necessary to observe the symme-
try breaking mechanism through measurements of lon-
gitudinally polarized gauge boson pairs, such as ZZ, ZW
and WW. We present two of the simplest modifications
of L* at 1034 em—25-1,
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Enhanced Fiber Tracker

As indicated in Tables VII.4 and VIL.5, scintillating
fibers in the central tracker should be useful for more
than several years at a luminosity of 103 cm~2s~!, and
the fiber occupancy would be less than 10%. The base-
line design for operation at 1034 cm~2s~! therefore relies
exclusively on the fiber tracker information. To augment
its performance at minimal cost, an additional fiber su-
per layer will be added at r = 44 cm (inside the inner
straw module), as shown in Fig. XII.3. The estimated
cost of this additional layer is $§1.7M.

ORIGINAL FIBERS
ADDITIONAL FIBER SUPERLAYER
Figure XIL3: The side view of the enhanced fiber tracker.

We have investigated the pattern recognition capa-
bility by using only 4 super-layers of scintillating fibers.
As an example, we have studied the mass reconstruction
of a ZZ event with P£ > 200 GeV which has a final state
of 4 muons. The simulation includes 15 minimum bias
events (MBE) overlapping with the ZZ signal. The av-
erage charged multiplicity for these events was found to
be 300100 for # € (16°, 164°) and Pt > 200 MeV. The
track finding efficiency was found to be higher than 90%.
The z position of an event vertex can be reconstructed
to a precision of ~8.5 mm, as shown in Fig. XII.4.

The momentum resolution for the enhanced fiber
tracker is shown in Fig. XII1.5. The momentum infor-
mation is very important in three respects:

¢ in providing correct track matching for muons and
electrons by rejecting many low momentum charged
tracks produced by overlaping MBE'’s;

o in reconstructing the correct event vertex by se-
lecting charged tracks with momentum above a few
GeV in the reconstruction process;

o in finding isolated muons and electrons by using the .
isolation cuts described in Chapter X.
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Figure XII.5: The momentum resolution (APr/Pr) as a
function of Pr for enhanced fiber tracker.

Modified Central Tracker

The LAA project has done much work on tracking
at luminosities of 103 cm~?s~! and, with the par-
ticipation of the INFN Bologna group, we are setting
up an effort to explore the use of new central track-

ers at 1034 cm~3s~! and beyond. Such tracking at-

103 cm=2s~! may be achieved by using a finely seg-
mented, radiation hard tracking device, such as the gas
microstrip detector (GMD) [1], to replace the L* sili-
con tracker. Diamond or GaAs detectors may also be-
come available during the next decade. However, pro-
totypes of the GMD have already been built and their
cost is much less than for the other devices. We there-
fore assume that the GMD’s can be used for the modi-
fied central tracker. Figure XII.6 shows the side view of
the modified central tracker consisting of GMD’s and 4
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super-layers of scintillating fibers. %

GAS MICRO STRIP DETECTORS

Figure XII.6: The side view of the modified central
tracker.

The GMD is similar to a silicon strip detector in
that microelectronics technology is used to produce high
resolution (~1lum accuracy) electrode strips. Our de-
sign uses anode strip spacings of 200 um, correspond-
ing to r-¢ resolution of 58 um/plane. The strips would
be deposited on radiation hard substrates having thick-
nesses of the order of 200 um with a gas thickness of
about 4 mm. The signals are very fast (30 ns) and
rate capabilities are excellent (1 MHz/mm?). Cell size
is small so even at 103* cm~32s=!, the occupancy is less
than 1% per cell (individual cell rates are about 100
kHz) We are carrying out R&D to investigate chamber

.ageing. The estimated cost of replacing the L* sxhcon

tracker with the GMD’s is $18M.

The GMD strip geometry is similar to that for sili-
con 8o the electrode layout is nearly identical for the two
configurations. The primary differences are the pitch,
and the inner radius (10 cm for the GMD). The pat-
tern recognition capability of this detector will be simi-
lar to the base-line design described in Chapter VII. The
event vertex z resolution is expected to be ~2 mm. The
momentum resolution of the modified central tracker is
shown in Fig. XIL.7.

B.2 Option for 2x 10* cm~?s-! and be-
yond

The detector is shown in Figures XII.1 and XII.2, with
a new calorimeter configuration shown in Fig. XII.8.
Detector Design

The modifications of the basic design for the high lumi-
posity are the following.
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Figure XI1.8: Longitudinal section of the calorimeter

o The central tracker and both electro-magnetic and
hadron calorimeters as well as support tube are re-
moved.

e A new layer of muon chambers is added. The lever
arm of the muon chambers is thus mcreued as
shown in Fig. XII.2.

¢ A calorimeter made of Cu and a scintillator sam-
pling structure starts at an inner radius of 0.5m
as shown in Fig. XII.8.Its electro-magnetic (front)
section has 20 layers of a fine sampling structure:
1Xo Cu + 4mm of scintillator, and is followed by
29 layers of a coarser (5 cm Cu + 4 mm scintilla-
tion) hadronic section. The total thickness of the
calorimeter is 11.7A. Transversal segmentation of
the basic design An, A¢ = 0.05 is preserved. Read-
out is arranged to form towers pointing to the in-

tersection region. The front window of the towers
is 2.5x2.5 cm? above 15°and 1.5x1.5 cm? between
5.7°and 15°. Longitudinal segmentation will pro-
vide information for muon tracking.

o Inside the calorimeter coordinate measurement lay-
ers made of scintillating fibers are installed. The
structure of each coordinate (super)layer is shown
in Fig. XI1.9. The fiber dimensions are chosen to
limit the occupancy to an acceptable level of a few
percent.

e A GMD central tracker is installed between the
inside of the calorimeter and the beam pipe; the
GMD design is the same as that described in sec-
tion XII.B.1 with the exception that two tracking
layers are added (bringing the total to 8) at radii
of 46 and 48 cm.
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Figure XII.9: The structure of a superiayer of coordinate
scintillating fibers

Detector Performance

The increased background of pileup events makes us
concentrate on muon physics and on jet physics. Elec-
tron and photon studies are more affected by the back-
ground since pattern recognition becomes more difficult
at high luminosity.

Since high levels of background may result in re-
duced effectiveness of the muon isolation criteria, one
needs better muon momentum resolution to reduce the
background. The muon momentum resolution is im-
proved by increasing the lever arm and introducing a
fourth layer of muon chambers. In addition an inde-
pendent muon momentum measurement is performed
within the modified calorimeter by introducing coordi-
nate measurement layers.

At these high luminosities one relies on repetitive
momentum measurements to reject background:

mm



1. The four muon chamber layers add redundancy in

that each combination of three chamber layers de- ‘

termines the momentum;

2. The momentum will be measured independently in
the calorimeter; :

3. The momentum will also be measured indepen-
dently in the central tracker.

An important tool to reduce the pileup background,
besides the multiple muon momentum measurement,
will be the reconstruction of the muon vertex coordi-
nate along the beam and discrimination of events with
muons originating from different vertices. The accuracy
of the event z position reconstruction wiil be ~2 mm.

Momentum Measurement with Muon Chambers

The installation of an additional muon chamber
layer will improve the momentum resoiution of the
muons from 2.8% (at 500 GeV, 90°) to 2.1% (Fig. XII1.2)
for the superconducting magnet option, and will im-
prove the muon momentum resolution from 4.9% to
3.0% for the resistive coil option.

Momentum Measurement with Central Tracker and
Calorimeter

The independent measurement of muon momentum
using GMD’s and Calorimeter relies on the knowledge
of transverse coordinates of the colliding beams and on
the coordinates measured in the inner muon chamber.
The expected accuracy of this measurement will be 40%
at 100 GeV assuming scintillation fiber diameter in the
superiayers (Fig. XIL.9) is 1.0 mm, and systematic
uncertainty because of fiber alignment is 0.5 mm.

The calorimeter energy resolution is affected by the
overiap of MBE’s coming from the same beam crossing.
Because of the pile-up, the fluctuation of energy within
a cone of AR = 0.4 around a muon is ~20 GeV.

Physics Examples

We have studied the performance of the detector at a
luminosity, L = 2 x 103 cm~3s~!. Assuming a cross
section for minimum bias events of about 100 mb, we
expect an event pile-up of about 30 events for each
beam crossing (for 60 MHz beam crossing rate). We
have estimated by Monte Carlo [2] the energy inside a
cone of R=0.4 around the muon direction for 30 pile-
up events. The energy distribution has a long tail to-
wards high energies. We find that for 98% of the muons
the energy inside the cone is less than 100 GeV for
0 < |n] < 1. The corresponding fractions are 96% and
82%for 1 < |n| < 2,and 2 < |n| < 3, respectively. These
calculations give only approximate estimates, because of
the large uncertainties introduced by the extrapolation
from present pp colliders to the SSC. It is difficult to
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predict whether electron triggers will operate reliably,
and whether the electron energy can be measured with
high precision. This uncertainty does not apply for mea-
surements with muons. The L* muon system is located
outside the hadron absorber, thus the occupancy of the
muon chambers is low. The reliability of the trigger
and the precision of the momentum measurement is not
affected by high luminosity.

Massive Higgs

If the Higgs boson has not been found at lower en-
ergies the experimental task will be to search for a heavy
Higgs boson with a mass around 1 TeV and higher. The
best channel is the HO — Z°Z° decay, with subsequent
decays into muons. The expected width of this parti-
cle is larger than 500 GeV. The signal is a broad 2°2°
mass distribution on top of the p+p — Z°Z°+X back-
ground. Therefore a precise measurement of the cross
section do/dMzz is required to find evidence for the
Higgs boson. The multiple and repetitive measurement
of muons in the central tracker, in the hadron calorime-
ter and in the muon chambers will enable us to reduce
unknown background to a minimum. As discussed in
the Eol, p.88, the good muon momentum resolution en-
ables us to identify Z° — u+*pu~ clearly and to isolate the
Z° peak with a resolution comparable with the natural
width.

With the L* detector we can select Z°Z° events
with small background, as seen in figure XII.10. The
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Figure XI1.10: Z°Z° mass distribution for two years of
data taking at L = 2 x 10* cm=2s—1. The shaded area
shows the background.

number of events corresponds to the four muon fi-
nal state for two years data taking at L = 2 x
10 cm~3s~!, assuming a top mass of 200 GeV.
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Figure XII.11: Reconstructed transverse mass
Mr(p*u~ + p) for a) Ap/p = 2.1%, and b) Ap/p = 10%.
The solid line indicates the WZ signal from Standard Model
processes and from the decay of a techni-rtho. The shaded
area shows the background.

No isolation cuts have been applied for the muons.

- The solid line shows the contribution from the Higgs
decay (Mg = 1 TeV) and the p+p — Z°Z° + X con-
tribution. The shaded area gives the expected events
from p +p — Z°Z° + X. In the Z°Z° mass region be-
tween 800 GeV and 1.8 TeV we expect 148 events from
the Higgs decay, 98 events from p + p — Z°Z°, and
3 events from tf and Z° + X. This corresponds to =
Higgs signal of 140 for two years of data taking. The
background reduction has been achieved by requiring
[Mi+e- — Mz| < 3 GeV. This corresponds to a cut at
#+20 for the L* muon momentum resolution. A second
important requirement is that the transverse momen-
tum of one reconstructed Z° should exceed 400 GeV.

No Higgs

If no Higgs boson is found at the SSC a precise
measurement of gauge boson pair production will be
important to test the standard model at high energies
or to find evidence for alternative models of symmetry
breaking.

For example technicolor models, with dynamical
symmetry breaking, predict a spectrum of high mass res-
onanceés. A discovery of such resonances provides strong
evidence for technicolor. The predictions for these reso-
nances are very model dependent. For example techni-
rhos are expected to decay into WW, WZ° final states.
The WW final state is difficult to observe because of
the large background from tf production. The W*2°
channel may be the most promising decay mode to dis-

cover the techni-rhos. A precise measurement. of the
p+p — W= Z04 X cross section is needed to separate
the standard model and technicolor predictions. This
requires a clean separation of the WZ final state from
the background.

We have generated W#%2Z° events with the
PYTHIA program (2] for the production through gg an-
nihilation. For the production through fusion we have
used a technicolor model 3], with a techni-rtho mass of
Mt, = 1.5 TeV. Backgrounds from tt, Zbb, and Ztt
have been generated with PYTHIA 5.4. Every signal
event has been overlayed with 30 minimum bias events.
We have also included muons from hadronic showers or
light quark decays, which penetrate the absorber and
reach the muon detector. The punch through probabil-
ity has been calculated from a GEANT simulation of
the detector.

We apply the following selection criteria: Each
muon should be isolated (AR = 0.4, Econe < 100 GeV),
with pt > 20 GeV, and | n |< 3. One Z° should be
reconstructed from a muon pair with | M,+,- — Mz I<
3 GeV, and pt > 400 GeV. The cut on the lepton pair
mass corresponds to 2¢ for the muon resolution of 2.1%
at 500 GeV. The rapidity of the Z° bosons should be
| ¥ |< 2.5. We require a third muon (from the W decay)
to have pr > 100 GeV.

The result of the calculation is shown in Fig. XII.11
for two years of data taking (at L = 2 x 1034 cm=2s-1).
The solid line shows the WZ° signal from q4 annihilation
and techni-rho production. The shaded area gives the
expected background.

Fig XII.11la corresponds to the L* detector with
2 momentum resolution of 2.1% at pr=500 GeV.
Fig XII.11b corresponds to a detector with a momen-
tum resolution of Ap/p = 10% at pr=500 GeV.

The distributions show the importance of momen-
tum resolution and isolation cuts. With large pile-up we
have used Econe < 100 GeV (20 times larger than the
normal cut of 5 GeV). With good resolution we can see

the signal ciearly.

B.3 Inclusive Lepton Option

Figure XII.12 shows a design operating at a luminosity
of 10® cm=2s~! where we have removed the electromag-
netic detector and replaced it with a straw/fiber assem-
bly. The long lever arm provides electrons and muons
with a resolution of

AP/P = 16% at P = 0.5 TeV.
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Figure XII.12: The side view of the large tracker option.
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Figure XI1.13: The transverse mass distribution of 2 TeV
W' particles reconstructed by using the large tracker option.
The shaded area is the background from W+X and tf. The
solid line shows the sum of the signal and background.

This enables us to match very accurately the muon
and electron momentum and thus reduce the unknown
background. Figure XII.13 shows our study of examples
of mass 2 TeV W' — pu + v.

The examples presented in this chapter are not the
only possibilities, but serve as illustrations of the poten-
tial of L*.
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*1990° us Cost Total Cost Total Cost
USCost | Cont. US Cont. uUs Switzesl. Germany USSR Ba.+ WL Le
) | % (k3) (k$) (ksF) | (xDM) (k$) (k$) ($)

SUMMARY: A. MAGNET SYSTEM (RESISTIVE COIL)

A.1 ALUMINIUM COIL BARREL 168750]  19.9] 33503] 202253 19711.0| 39936.3|
A2 CENTRAL MAGNET FRAME 16394.0 18.0] 2952.5 19346.5 128128 321593
A3 ALUMINIUM COIL F/B 4306.4 31196 7426.0
A4 F/B MAGNET FRAME 1968.2 11180 3086.2
A.S S.C.INSERT COIL 2294.7 282 646.2 2940.9| 1550.0 44909
A.6 PROJECT ENGINEERING 28] 150 nI| 566.7 0.0{ 0.0 566.7
A.7 INSTITUTIONAL SUPPORT 1743 200 469 2081.6 09| 0.0] 2081.6
A. MAGNET (RESISTIVE COIL) 31912 19.5 73698 45161.0] 40484 4237.6 89747.0
SUMMARY: A. MAGNET SYSTEM (S.C.COIL)

A.l STRUCTURES 129380  25.0] 2Us] 1675 31300] 19302.5
A2 COILS 69820  299) 2084.3 9066.3 210000 30066.3}
A3 CRYOGENICS 144689 219 3161.2 17630.1 17630.1
A4 POWER & PROTECTION SYSTEM 2879 181 4690 3056.9 3056.9
A.S IRON END SHIELDS 1814S] 250 4536 2268.1 139200 16188.1
A6 ALUMINIUM COIL F/B 3960.4 31029] 70633
A.7 MAGNET FRAME F/B 18230 1066.2 2889.2
A8 PROJECT ENGINEERING 4928]  15.0] 79| 566.7 566.7
A9 INSTITUTIONAL SUPPORT 16909 200} 338.2 2029.0 2029.0]
A. MAGNET (S. C.COIL) 409750 4.0 9814.7 50789.7 438334] 4169.1 98792.1




*1990* us Cost - Total Cost Total Cost
US Cost Cont. US Cont. us Switzerl. Germany USSR Ba.+ WL L*
(x$) (%) (k$) (x3) (kSF) (kDM) (k$) (k$) ($)

SUMMARY: B. MUON DETECTOR

Bi1 CHAMBERS - BARREL 3627125 16.0| 5809.7]  42082.2 42082.2
B2 CHAMBERS- ENDCAP 322109 24402.2
B3 CHAMBERS-F/B 6299.5 62995
B4 SUPPORT STRUCTURE - BARREL 112930 15.7 1769.5 13062.5 13062.5
BS SUPPORT STRUCTURE - ENDCAP 11988.1 9081.9|
B.6 SUPPORT STRUCTURE- /B 1800.6 1800.6
B7 SECTOR ASSY./TESTING - BARREL 3309.2 24.6 8129 1221 41221
B8 SECTOR ASSY./TESTING - END CAP 51809 39249
B9 SECTOR ASSY./TESTING - F/B 1365.1 1365.7]
B.10 ELECTRONICS - BARREL 169235 198 3354.7 20278.2 20278.2
B.11 ELECTRONICS - END CAP 168036 12730.0
B.12 ELECTRONICS - F/B 36715 36715
B.13 ALIGNMENT & CALIB. - BARREL 33106 213 804.7 41153 41153
B.14 ALIGNMENT & CALIB. - END CAP . 3069.0) 2325.0|
B.1S ALIGNMENT & CALIB. - F/B 915 91.5
B.16 GAS & AUX. SYSTEMS - BARREL 14688 21 3253 1794.1 1794.1
B.17 GAS & AUX. SYSTEMS - END CAP 1929.0 14614
B.18 GAS & AUX. SYSTEMS - F/B 2783 m.3]
B.19 TESTING AT SSCL - BARREL 1068.6, 202 2156 1284.2 1284.2
B.20 TESTING AT SSCL - END CAP 14100 1068.2
B.21 TBSTING AT SSCL - F/B 2924 2924]
B.22 INSTALLATION - BARREL 1582.7 218 4393 20220 2022.0}
B.23 INSTALLATION - END CAP 2186.5 1656.5
B.24 INSTALLATION - F/B 5339 5339
B2S PROJECT ENGINEERING 00|  15.0] 1155 885.5 00 0.0 885.5
B.26 INSTITUTIONAL SUPPORT 40746 200 8149 48895 0.0 0.0 48895
B. MUON DETECTOR 80073.5 18.1 14462.1 94535.6 747781 152334 166419.1
B/l MUON DETECTOR BARREL 80073.5 18.1 144621 94535.6 94535.6
B/l  MUON DETECTOR END CAP 4778.1 56650.1
B/ill MUON DETECTOR F/B 152334 152334




"1990* uUs Cost Total Cost Total Cost

USCost | Cont. | USCont. us Switzer. | Germany | USSR | Ba.+wL L*

(k$) (%) (k$) (k$) (kSF) (kDM) (k$) (k$) )
SUMMARY: C. HADRON CALORIMETER
|c1  STRUCTURAL COMPONENTS norol 306} 336.7] 14317 57184 7156.1
|c2  SENSBLAYER ASSEMBLY 470 300| 76.4| 111 2417 26789
{c3 Reabour 168528 201 1863 202391 20239.1
[C4 _ABSORBER PLATE ASSEMBLY 4615|300 1223 5838 5505.0 60888
CS SCINTILLATING LIQUID 6135 219 1406 84.1 512.0] 1296.1
C6 THERMAL CONTROL 994 300 263.4] 12628 128.0{ 1390.8
lc1 TesnneG as19] 250 538.0] 2689.9 2689.9|
|cs  ASSEMBLY & INSTALLATION ma|  25.0] 19433 97164 3850.0f 13566.4
|Ic9 TRANSPORTATION 11934] 200} 287 1432.1 1432.1
[C10  PROJECT ENGINEERING sns| 150 86.6] 664.1 664.1
|c11 INSTITUTIONAL SUPPORT 19802] 20| 396.0] 23%6.3 23763
IC.  HADRON CALORIMETER 339890 221 7583 415173 18061.1 59578.5




*1990" uUs Cost Total Cost Total Cost

US Cost Cont. US Cont. uUs Switzerl. Germany USSR Ba.+WL Le

(k$) (%) (k$) (k$) (kSP) (kDM) (k$) (k$) (k$)
SUMMARY: D. E.M. CALORIMETER (BakF2)
D.1 CRYSTALS | i 27946.7 17780.1 358103
D2 BLECTRONICS 10811.2 15| 1656.0 124672 12467.2
D3 MECH. STRUCTURE 177306 11439.1
D4 THERMAL CONTROL 14976 966.2
DS CALIBRATION SYSTEMS 383270 150 S14.9 4076 4076
D.6 MANUFACTURING CONTROL 8425 5435
D.7 ASSEMBLY & INSTALLATION 6555.0{ 4229,
D8 PROJECT ENGINEERING 465 15.0 . 520 3985 00| 00| 3985
D9 INSTTTUTIONAL SUPPORT 8302 200 166.0 996.2 00| - 00 996.2
D. E.M. CALORIMETER (BaF2) 158206] 155 4489 18269.6 545724 17780.1 712517
SUMMARY: D. EM. CALORIMETER (LIQUID XENON)
D.1 XENON PROCUREMENT & STORAGE 1681.5 15.0 2522 19337 31496.0) 203200 4257317
D2 XENON PURIFICATION SYSTEM 16315 171 2806 1918.1 1918.1
D3 XENON COOLING SYSTEM 12975 15.0 1946 1492.1 1492.1
D4 XENON SYSTEM POWER & CONTROL s062]  150] 759 582.1 582.1
D5 DETECTOR CHAMBERS & SUPPORT 39425 25435
D6 UV REFLECTORS 13| 1599.5
D.7 SIGNAL READOUT/MONITORING 8628s] 25 18529 10481.4 165726 21734
D8 INSTALLATION 16417 30, 492.5| 2134.2 2142
DS PROJECT ENGINEERING S715 15.0 86.6 664.1 0.0) 664.1
[D.10 INSTITUTIONAL SUPPORT 1674.1 20.0| 3us| 20089 00| 20089
|p. EM. CALORIMETER (LIQUID XENON) 176445 202 35103 212148 544904 20320.0 76689.8




*1990* uUs Cost Total Cost Total Cost

US Cost Cont. US Cont. us Switzerl. Germany USSR Ba.+WL Le

(x3) (%) ($) (x9) (kSF) (kDM) (k) (k$) (K$)
SUMMARY: E. CENTRAL TRACKER
BE.1 MECH. ASSY. SILIC. TRACKER 6787.6] 196 13338 8121.4] 81214
B2 READOUT SILICON TRACKER 82204 631 5185.6 13406.0| 13406.0}
{B.3 INSTALLATION SILICON TRACKER 1992 s 490.3 2489.4] 2489.4
E4 PROJECT ENGINEERING 793.1 ns 91.5 884.6/ 884.6
B.S MBCH ASSY. STRAW TUBRES/SCI. FIB 59830  214] - 12789 72619} 7261.9
E6 READOUT STRAW TUBBES/SCI. FIBERS 100560 289 29106 12966.7 12966.7
E7 INST. STRAW TUBES/SCI. FIBERS 13 162 185.3 13265 1326.5
ES PROJECT ENGINEERING 910.1 117 106.5| 1016.6 1016.6
E9 INSTTTUTIONAL SUPPORT 42296 20.0 845. 5075.5 5075.5
B. CENTRAL TRACKER 401203 310 124283 52548.6 52548.6
SUMMARY: F. FORWARD CALORIMETER SYSTEM
F.1 MECHANICS 7599.7 49030
F2 DETECTORS ] 4506.5 29074
F.3 ELECTRONICS 9370] 156 14534 107904 107904
F.4 SYSTEM SUPPORT 1887.7 1881.7
FS ASSEMBLY/DET.INTEGRATION 666.5 32354 36654
|r6 CALIBRATION SYSTEMS 2900.1 18710
[r.7 INSTALLATION 12975 8371
|[F8  PROJECT ENGINEERING 1925 15.9] 39| 214 214
F9 INSTITUTIONAL SUPPORT 503.7 20.0| 100.7] 604.5 0.0 0.0, 6045
|[r. FORWARD CALORIMETER SYSTEM 10033.2 158 15830]  me6162 169702 5123.1 276878
SUMMARY: G. COMPUTER
G.1 Computer Sysicm 10000.0 10000.0
G. COMPUTER 10000, 10000.0




Contingen Total Cost
1990 Cost® | Contingency Cost L*® Detector
(k$) (%) S (k$)

SUMMARY: A. MAGNET SYSTEM (RESISTIVE COIL)
A1 ALUMINIUM COIL BARREL 527698 115 9253.1 620229
A2 CENTRAL MAGNET FRAME 544508 175 9507.6 63958.4
A3 ALUMINIUM COIL F/B 103260 19.2 1984.6 12310.6|
A4 F/B MAGNET FRAME 6506.2 175 11404 7646.6
AS S.C. INSERT COIL 42967 216 1186.7 54834
A.6 PROJECT ENGINEERING 1155 15.0] 1713 1328.3]
A7 INSTITUTIONAL SUPPORT 2686.1 200] 531.2 2233
A. MAGNET (RESISTIVE COIL) 1321906, 180 237829 1559735
SUMMARY: A. MAGNET SYSTEM (S.C.COIL)
A1 STRUCTURES 35632.9| us| 882 44465.1
A2 COILS 34186.0 300 102417 44427,
A3 CRYOGENICS 14510.9] 219 3.7 17682.6
A4 POWER & PROTECTION SYSTEM 25879} 181 469.0| 3056.9]
AS IRON END SHIELDS 172470} 169 29198] 201668
A6 ALUMINIUM COIL F/B 10188.3 195 1990.7 12179,
A7 MAGNET FRAME F/B 6000.2 172 1034.7 0349|
A8 PROJECT ENGINEERING 1155.0| 15.0{ 1733 13283]
A9 INSTITUTIONAL SUPPORT 5915.3] 200{ 1183.1 2098.3
A. MAGNET (S. C. COIL) 1274235 2.6 30016.1 157439.6




Contingency || Total Cost
*1990 Cost” | Contingency Cost L* Detector
' . (k%) (%) (x$) (k$)

SUMMARY: B. MUON DETECTOR
B.I CHAMBERS - BARREL 362725| 16.0} 5809.7 420822
B2 CHAMBERS - ENDCAP 4514.7| 16.3 40063 28521.0
B3 CHAMBERS -F/B 62995 16.8] 1057.2 7156.7)
B4 SUPPORT STRUCTURE - BARREL 11293.0| 15.7 17695 130625
BS SUPPORT STRUCTURE - ENDCAP 9053.5 15.6] 1413.6 10467.1]°
|B6 SUPPORT STRUCTURE- F/B 1800.6} 15.6} 2803 2080.9
B.7 SECTOR ASSY./TESTING - BARREL 3309.2( 24.6{ 8129 41221
B8 SECTOR ASSY./TESTING - END CAP 39504] 25.00 986.2 4936.6
|BS SECTOR ASSY./TESTING - F/B 13657 29| 3264 1692.1
[B.10 BLECTRONICS - BARREL 169235 198 3354.7| 202782
{B.11 BLECTRONICS - END CAP 1271317 20.0| 25449 15276.6
B.12 ELECTRONICS - F/B 36715 204 7489 4205
B.13 ALIGNMENT & CALIB. - BARREL 33106 1) 804.7 ans3|
B.14 ALIGNMENT & CALIB. - END CAP 23333 254 593.6] 29269
B.15 ALIGNMENT & CALIB. - F/B 9915 uUs 134 1234.9]
B.16 GAS & AUX. SYSTEMS - BARREL 1468.8( 221 3253 1794.1
B.17 GAS & AUX. SYSTEMS - END CAP 1468.8| 2.1 3253 1794.1
B.18 GAS & AUX. SYSTEMS - F/B 3| 0 65.3] 3.6
B.19 TESTING AT SSCL - BARREL 1068.6 202 2156 1284.2
|B-20 TESTING AT SSCL - END CAP 1075.6 201 2167 12923
B.21 TESTING AT SSCL -F/B 2924 20.6} 60.1 3525
B.22 INSTALLATION - BARREL 1582.7 2738 439.3| 20220,
B.23 INSTALLATION - END CAP 16723 213 465. 21379}
[B24 INSTALLATION - F/B 5339} 282 150.7 684.6|
[B2S PROJECT ENGINEERING 1925.0{ 15.0| 2888 2138
B.26 INSTITUTIONAL SUPPORT 92494 20| 18499 11099.3
B. ' MUON DETECTOR 158437.0) 184 29154.7 187591.7
B/l _MUON DETECTOR BARREL 800735 18.1 14462.1 94535.6
B/II_MUON DETECTOR END CAP 60936.2] 18.6 113408 72710
B/Ili MUON DETECTOR F/B 174273 192 3351.8 207P.1




Contingency || Total Cost
*1990 Cost® | Contingency Cost L* Detector
(k$) (%) (k) (k$)

SUMMARY: C. HADRON CALORIMETER
C.1 STRUCTURAL COMPONENTS 2694 262 19051 9145
|c2 SENSE LAYER ASSEMBLY 2685.5 3000 805.7| 3491.2
{c3 RrReabouT 172548 202 3481.7| 207365
CA ABSORBER PLATE ASSEMBLY 6199.0 20 12878} 7486 8
CS SCINTILLATING LIQUID 12575 24 294.1 1551.6
|cé THERMAL CONTROL 1371.0| 27 m.2 17442
|lca _TesTING 3105.0 25.0] 776.3 3881.3
|C8 ASSEMBLY & INSTALLATION 173372 250| 43343 216715
[c9 TRANSPORTATION 11934 200} 238.7| 14321
C.10 PROJECT ENGINEERING 1155.0 1500 173 13283
C.11_INSTITUTIONAL SUPPORT 64722 200] 12044 7766.6
C. HADRON CALORIMETER 65300.0] 29 149645 80264.6




Contingency || Total Cost
*1990 Cost® | Contingency Cost L* Detector
(k$) (%) (k3) (k$)
SUMMARY: D. EMM. CALORIMETER (BaF2)
D1 CRYSTALS 358433 200 868.7] 367119
[p.2 BLECTRONICS 10811.2 15.3] 1656.0f 12467.2
D3 MECH. STRUCTURE 115085 15.0| 17263 132348
D4 THERMAL CONTROL 980.5 15.6 1527 11332
DS CALIBRATION SYSTEMS 38327 150 5749 4076
D6 MANUFACTURING CONTROL 611.0| 30.0] 1833 794.3
D.7 ASSEMBLY & INSTALLATION 51820] 250| 12955 6AT1S
D8 PROJECT ENGINEERING 924.9| 15.0| 1386 1062.6
D9 INSTITUTIONAL SUPPORT 2563.0{ 20.0 5126 3075.5,
D. EM. CALORIMETER (BaF2) 72256.2] 126 7108.6 793648
SUMMARY: D. EM. CALORIMETER (LIQUID XENON)
D.1 XENON PROCUREMENT & STORAGE 2N15 S8 2284.2 44605.7
D2 XENON PURIFICATION SYSTEM 16375| 171 2806 1918.1
D3 XENON COOLING SYSTEM 12975 15.0] 1946 1492.1
D4 XENON SYSTEM POWER & CONTROL 506.2 15.0] 759 582.1
DS DETECTOR CHAMBERS & SUPPORT 2623.0 186 4885 31115
D6 UV REFLECTORS 1679.0} 216 3630 2042,
D7 SIGNAL READOUT/MONITORING 193205 179] :s67 212
D8 INSTALLATION 1641.7 30.0| 4925 2142
D9 PROJECT ENGINEERING 924.0 15.0} 1386 1062.6
[D.10 INSTITUTIONAL SUPPORT 015, 200] 4630 27,1
D. EM. CALORIMETER (LIQUID XENON) 74265. 134 8237.7| 82503,




Contingency || Total Cost
*1990 Cost® | Contingency Cost L* Detector
(k$) (%) (k$) (x$)

SUMMARY: E. CENTRAL TRACKER
E1 MECH. ASSY. SILIC. TRACKER 67876 19.6 13338 81214
[B2 READOUT SILICON TRACKER 82204 63.1 5185.6 13406.0)
|83 INSTALLATION SILICON TRACKER 1999.2 0.5 4903 24894
|4 PROJECT ENGINBERING 793.1 115 91.5 884.6,
|BS MECH ASSY. STRAW TUBES/SCI. FIBE 5983.0] 214 12789 72619
B6 READOUT STRAW TUBES/SCL FIBERS 10056.0 289 29106 12966.7
B7 INST. STRAW TUBES/SCL. FIBERS 11413} 16.2 1853 13265
E8 PROJECT ENGINEERING 910.1 1.7 106.5 1016.6
B9 INSTITUTIONAL SUPPORT 42296 20.0( 8459 5075.5
B CENTRAL TRACKER 401203 310 124283 52548.6,
SUMMARY: F. FORWARD CALORIMETER SYSTEM
F.1 MBECHANICS 4975.0 14.2| 1.3 56823
F.2 DETECTORS 2988.6, 21 628.9| 36175
F.3 ELECTRONICS 9337.0| 156 1453.4] 107904
F4 SYSTEM SUPPORT 1887.7 213 401.7 22893
F.S ASSEMBLY/DET. INTEGRATION 36654 19.6 7181 43835
F6 CALIBRATION SYSTEMS 20310} 26.0] 5288 25598
F.7 INSTALLATION 1004.0{ 306[ 301.2} 1305.2
F8 PROJECT ENGINEERING 6160 150| 94| 708.4|
F9 INSTITUTIONAL SUPPORT 21884 200 4317 2626.1
F. FORWARD CALORIMETER SYSTEM 28693.1 18.4 5269.2 339623
SUMMARY: G. COMPUTER
iG.1 Computer System 10000.0 30.0 3000.0{ 13000.0f
G. COMPUTER 10000.0 30.0) 30000 13000.0







