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A. PHYSICS CONSIDERATIONS 

Advancements in physics are based on the close inter-
play between experiment and theory. Advancements in 
theory are based on the ability of theorists to explain 
existing experimental results and to predict new pheno-
mena to be confirmed by experiments. Revolutions in 
physics occur when an experimental result contradicts 
the theoretical prediction which leads to the creation of 
new theory. There is no theory that can disprove an 
experimental result, whereas a theory, however logical 
and elegant, cannot be valid if it does not conform to 
experimental observations. Over the last quarter of the 
century, careful experimentation in physics, such as the 
observation of CP violation in K decay, the discovery of 
the J particle, and the discovery of high temperature 
superconductors have opened up new fields of re-
search in physics. These observations were carried out 
by experiments even though there was no apriori 
theoretical interest. 

Over a period of a quarter of a century, there have been 
many fundamentally important discoveries in elemen-
tary particle physics. These discoveries, which gave us 
more confidence in the Standard Model, were all made 
by precision experiments on leptonic and photonic final 
states. Indeed, one can recall the following examples: 

1 )The discovery of two neutrinos [1.1) came from 
measuring µ and e final states. 

2)The discovery of the J particle [1.2) shown in Fig.1.1 
was done by an experiment on e '+- e- final states with a 
mass resolution of o. 1 % and a hadron background 
rejection of 1/1010. 

3) The , lepton [1.3) was discovered with a 4.n detector 
measuring coincidence of µe final state. 

4)The discovery of Pc state by the DASP collaboration 
[1.4) at DORIS in July 1975 from a very clear and elegant 
observation of 2 y transition of W' is one of the most 
important confirmation of the existence of charm quarks. 

5)The Y particle [1.5) (Fig.1.2) was discovered by an 
experiment with aµ pair mass resolution of 2%. 

6)The proof that the J particle is indeed a bound state 
of c c quarks comes from precision inclusive photon 
measurements with Nal crystals by the crystal ball group 
[1.6) (Fig.1.3). The identification that the Y particle is 
from a bound state of b '15 quarks comes from inclusive 
photon measurements by the CUSB [1.7), and CLEO 
groups [1.8) as well as by the ARGUS and Crystal Ball 
groups [1.9). 
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Fig. 1.1 The discovery of the J particle 
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Fig. 1.2 The discovery of 1he Y particle: Muon pair spectrum ob-
served at Fermi National Laboratory with a detector having a mass 
resolution of 2%. 
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Fig. 1.3 Inclusive photon spectrum at the \JI' from the Crystal Ball ex-
periment at SLAC, showing essentially all of the charmonium 
spectrum. 

7)The discovery of the z? particle [1.1 O] (shown in 
Fig.1.4) was done with a large solid angle detector 
measuring e + e· andµ+µ· final states. 

B)The w± [1.11] were found by measuring their large 
momentum single electron and muon decays. 

.. 
[,•Z71i1V 

11 

Fig. 1.4 The discovery of 1he z!l particle: The spectrum shows a 
e + e- correlation from "z? decay at UA 1, CERN. 

These facts lead us to make the following observations: 

i) These discoveries were not predicted when the original 
accelerators were constructed (the Zand W excepted). 

ii)None of these discoveries were made by detecting 
hadronlc final states. 

iii)ln general, the decay rate of heavy particles into single 
lepton, single photon and lepton pairs is much smaller 
than the decay rate into hadrons. However, since the 
background of single lepton, single photon and lepton 

pair is generally very small, if an experiment can be done 
cleanly, precisely, with good resolution and good 
hadron rejection, one can easily distinguish the sig-
nals from the background, as shown in Figs.1.1 to 1.4. 

iv)The need for resolution can be easily established by 
recalling not only the history of the J particle but also by 
the recent precision muon pair experiment done at 
Fermi National Laboratory where the original resonance 
seen in Fig. 1.2 was shown to be a composite of many 
states [1.12] (Fig.1.5). 
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Fig. 1.5 The Y spectrum as observed at Fermi National Laboratory 
with a precision muon pair spectrometer. The graph comes from a 
preprint by M.R.Adams, University of Illinois, Chicago 

B. PHYSICS OBJECTIVES 

We are interested in proposing a 4Jt detector to be 
used at the SSC Laboratory to measure precisely in-
clusive leptons and photons with a hadron rejection 

h
lepdton - 10-4 for Pt> 0.1 TeV and measure lepton pairs 
a ron 

with a mass resolution llm - 1% at a mass of 1 TeV. 
m 

Hadron jets would also be measured. Our intent is to 
search not 0nly for particles predicted by existing 
theories, such as Higgs, but more importantly to look 
for new and unpredicted phenomena, which is the 
main purpose for the construction of the Superconduct-
ing Super Collider. 

C. EXPERIENCE 

It has taken many physicists in the L * collaboration 
nearly 25 years to develop the techniques to perform an 
experiment measuring y, leptons and lepton pairs with 
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high precision and large solid angle. The graph below 
is a summary of this learning process by the MIT group. 

25 Years of e,µ-,y 

64 DE: SY 72 BNL 74 I'SR 78 P~TRA 83 LEP 90 
r-te· J-e+e- e•e·-oog 

OED, R < 10·14cm New Quarks Sealing Gluons,as 3 Families 
p,w,¢-e+e· 

SU3 
Twenty-five years ago, at DESY, in the process of check-
ing the validity of quantum electrodynamics and study-
ing leptonic decay of vector mesons, the DESY-MIT 
woup de~eloped techni~ues to measure leptons in a 
high intensity y beam of 1 o 1 per second. They obtained 

· ct' ee 1 Am a reie I0n hh = - 8 and a mass resolution of - - 1%. 
10 m 

In the early seventies, at Brookhaven, 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 1 o 12 per second 
(equivalent to a luminosity of 1036 cm·2s·1 ) with a 
ee 1 . . d . Am 
hh = --;a re1ectIon an a mass resolution of - - 0.1%. 

10 m 
This led to the discovery of the J particle. 

Subsequently, the CERN-Harvard-MIT-Naples-Pisa 
group designed an experiment at the ISR, CERN, with a 
2n solid angle measuring µ pair production with a 
luminosity of 1031 to 1032· This experiment was carried 
out with the classical method of surrounding intersec-
tion regions with a vertex chamber followed by mag-
netized iron sandwiched with large drift chambers 
[1.13); It measured scaling precisely. 

In the late seventies, at PETRA, the Aachen -DESY -JEN-
NIKHEF- MIT group built a 4Jr calorimeter detector [1.14) 
(MARK J) measuring electrons, muons and hadron jets. 
This experiment measured precisely muon pair as-
symetry with a systematic error of 1 %. The result con-
firmed the prediction of the Standard Model. At the 
same time, the Aachen- Desy- ... group (TASSO) 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 fundation of experimental support for 
our understanding of QCD. Also in this period, the 
CERN-Dubna group (BCDHS collaboration) built a high 
luminosity spectrometer at the SPS to study precisely 
deep inelastic scattering of muons. Their results form 
strong independent support of QCD. 

e+e·-µ:µ+ gA ,gy 
QED, R < 10·16cm B-µ+x 

At LEP, many physicists in this Eel participated in build-
ing a 4n detector L3 (see Chapter II) which measures a 
100 GeV particle decaying into a pair of muons with a 
mass resolution of 1. 7%. L3 also measures electrons 
and photons with a coordinate resolution of :::::: 1 mm, an 
energy resolution of 5% at 100 MeV and an energy · 
resolution of 1 % at 2 GeV. The hadron calorimeter in L3 
measures hadron energy with a resolution of (~ + 5)% 

and Li0=3.0°, Licp=2.5° for jets. The L3 detector has a 
good hadron rejection. The momentum of µ(e) is 
measured twice, first in the vertex chamber with a value 
of Pv, and second, by the precision muon chambers with 
a value P µ , or in BGO with value Pe . The muon energy 
loss LiE is measured by the sampling calorimeter which 
also monitors hard photon radiation. The energy 
balance, 

Pv = LiE + Pµ or Pv=Pe 

eliminates hadrons. The properties of L3 make it the only 
LEP detector adaptable for use at the LEP Hadron 
Collider (LHC). 

Over the last 15 years, the MIT group (U. Becker and his 
colleagues) has conducted a continuous systematic 
R&D effort to investigate precision instrumentation for 
muon physics. This research effort has covered the 
following areas: 

1) Gas study: selection of the best gas for large area 
drift chambers in a magnetic field .. 

2) Chamber construction: development of methods to 
build simple high resolution muon chambers covering 
an area of:::::: 1000m2• 

3) Supporting structure: development of supporting 
structures for precise alignment of the chambers, in 
collaboration with Draper Laboratory. 

4) Allgnment systems: development of high precision 
alignment systems with UV laser verification. 
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This program involved the coordinated efforts of many 
universities in the United States, in particular Harvard 
(KStrauch) and Northeastern (M.Gettner) as well as of 
research centers in Spain, CIEMAT-Madrid (J.A.Rubio), 
The Netherlands (P.Duinker), Switzerland, ETHZ 
(P.Seiler) and Italy, Naples (C.Sciacca). The success of 
this program enabled us to build the ISR and PETRA 
experiments on time and within specifications. The suc-
cess of this program is one of the main reasons why we 
have been able to build the ultra precise L3 detector at 
LEP. The fact that the L3 muon chamber system 
operates exactly according to the design is the main 
reason why we are proposing to build an extremely 
precise muon detector at the SSC. 

The precision measurement of inclusive photons and 
electrons in L3 also results from many years of ex-
perience in measuring electrons in high background 
environment. To make a clean measurement of 
electrons and photons, it is important to eliminate two 
main backgrounds: 

1) The :rr0 2y 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 the y e + e - pairs. 

c)a fine grain detector which can measure the e + and 
e- separately and thus reject the y e+e- pair. 

2) The (:rr,e) confusion background: this is the case 
when a hadron enters the electron detector and be-
haves like an electron: this can occur either in the case 
of gas Cherenkov detectors due to the knock-on 
process or in the case of crystal detectors through 
shower fluctuations. This background can be most ef-
fectively rejected by measuring the electron momentum 
twice. First, by placing in front of the electron detector a 
precision spectrometer measuring the momentum P1 of 
the electron, and secondly, by measuring the momen-
tum P2 in a second spectrometer or crystal detector. 
The constraint P1 = P2 effectively eliminates the (:rr,e) 
confusion background. 

It was the careful application of these observations that 
enabled the BNL- MIT group to construct the BNL-J par-
ticle spectrometer which had an rejection of 

1 10 and 

a mass resolution 6
: - 1 

The application of such observations enabled the L3 
group to construct the precision electromagnetic detec-
tor where the momentum and coordinate of the electron 

is measured first in the thin vertex chamber and then 
again with the fine grain BGO crystals detector. 

In the last decade, the Shanghai Institute of Ceramics, 
under the leaderships of D.S.Yan and Z.W.Yin and in 
collaboration with Caltech (H.Newman), Carnegie-Mel-
lon (A.Engler), Princeton (P.Piroue), LAPP Annecy 
(M.Vivargent), Lausanne (A.Weill), Rome (B.Borgia), 
Aachen (D.Schmitz), Lyon (J.P.Martin), Geneva 
(M.Bourquin) have systematically performed large 
scale R&D on: 

1 )Mass production at low cost of large, radiation resis-
tant, high optical quality crystals. 

2)Cutting crystal surfaces to 200µm accuracy. 

3)Methods of coating crystal surface to obtain uniform 
pulse height response. 

4)Electronics and data acquisition system to collect data 
with a linearity of 0.1 % and a dynamic range of 20 bits. 

.S)Cooling system to ensure the temperature is constant 
to 0.1 °c over large volumes. 

6)Production of a thin structure to support the crystals 
to minimize the amount of inactive material in the detec-
tor. 

7)A calibration system to ensure that the response of 
all crystals is known at all times. 

8)Most importantly, continued R&D efforts to produce 
doped fast crystals for high intensity pp colliders. 

The success of these R&D efforts enabled the L3 group 
to build the precise electromagnetic calorimeter consist-
ing of 12000 crystals, to measure electrons and photons 
with a resolution of (1.3/v'E+0.5)%. 
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A. THE L * EXPERIMENT 
Figures 11.1 and 11.2 show the side and middle section 

views of the L * design. It has the following detector 
elements: 

1. A magnet system that consists of a central magnet 
providing a field of 0.75 T and forward-backward mag-
nets with a field of 0.3 T. The central magnet can be either 
of conventional design with aluminum coil or a supercon-
ducting coil with iron return or a superconducting coil with 
a superconducting return coil to replace Iron. 

2. A precision muon detector provides a resolution: 

!lP P = 2.4% at P = 0.5 TeV or 

tJ.m -= m 1.7% for m = 1 TeV 

over the polar angular region down to I 0 I > 2° 
3. A very fast hadron calorimeter (central part and 

forward-backward part) covering down to 0 = 2°, made of 
nonmagnetic stainless steel-lead sandwich with silicon or 
liquid scintillator detectors . The calorimeter response has 
a rise time of 2-5 ns and is constructed with a tower 
geometry pointing to the intersection region, with 6.rJ6.tp 
= 0.04 x 0.04, where,,, is the pseudorapidity and¢ Is the 
azimuthal angle. There is also a very forward part down 
to0 = 0.3° 

4. A transport system designed to easily remove and 
exchange the central tracking chamber and electromaq-
netlc detector for either high luminosity ( > 1034 cm-2s- ) 
run or runs with additional hadron calorimetry to replace 
the electromagnetic calorimeter for jet studies. 

5. A precision electromagnetic detector covering the an-
gular region 2° < 0 < 178° made of either high-resolution 
crystal, such as BaF2(La) currently under development 
by L * In collaboration with the Shanghai Institute of 
Ceramics and Leningrad, or liquid xenon. The 
electromagnetic calorimeter provides an energy resolu-
tion AE/E = (1.3/vE + 0.5)% and a coordinate resolution 
110 = 0.2°, 6.tp = 0.2°, with an e/n rejection= 10-4. 

The combined electromagnetic and hadron 
calorimeter has a total of 12 l, and the fine sampling 

E 
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Fig. 11.2. Middle section view of L *. 
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Fig. 11.1. Side view of L *. 
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allows us to measure and track muons as well as measure 
radiated photons from muons. 

6. A central tracking detector measuring a 0.5-TeV 
particle with a resolution of ==50% so as (a) to distiniui~ 
the sign of e + and e- from a 1-TeV particle· T--e e , 
(b) to measure the multiplicity of charged particles sur-
rounding e andµ, and (c) to measure the momentum of 
e and µ to match with precision e and µ measurements 
in specialized e and µ detectors. 

B. THE L3 EXPERIMENT 
The L3 experiment Is the largest experiment In high 

energy physics, and it can be used at LHC. Therefore, It 
is instructive to review some of the key elements of the L3 
experiment. In 1982 based on the experience we gained 
at DESY, Brookhaven, ISR-CERN, and PETRA, we be~a~ 
to build the L3 detector [11.1]. It is designed to study e e 
collisions in the 200-GeV range with emphasis on high-
resolution measurement of electrons, photons, and 
muons. It Is an effort Involving a worldwide collaboration 
of 500 physicists belonging to 33 institutions from 13 
countries. Preparation of the experiment from its concep-
tion to the beginning of data taking in summer 1989 took 
8 years and 11 oo technical man-years of effort. The com-
ponents of the L3 detector are shown in Fig. 11.3. 

MAGNET 
MAGNET YOKE 

COIL 

BGO 
TIME EXPANSION 

CHAMBER 

Fig. 11.3. The L3 detector. 
B. 1. Magnet 

HADRON 
CALORIMETER 

Since the momentum resolution l:lP/P of charged par-
ticles in a magnetic field Increases as l:lP/P cc 1/BL 2, we 
have chosen a relatively low field in a large volume to 
optimize muon momentum resolution. The magnet has 
an inner radius of 6 m, and It provides a BL 2 = 
180 kG/m2, 2 to 10 times larger than other detectors in 
high energy physics today. Figure 11.4 shows the finished 
magnet with the near-side doors open. Figure 11.5 is the 
result of the survey of the centers of the coil packages 
and shows how accurately the 1000-ton coil is aligned. 

Fig. 11.4. The completed L3 magnet. 
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Coll Package number 

Fig. 11.5. L3 coil alignment. 

B. 2. Muon Detector 
The momentum of muons pµ is measured very precise-

ly in free space with three layers of drift . chambers. To 
obtain a momentum resolution l:lP/P of 2.4% at 50 GeV, 
nearly 1 o years of effort from 1976 to 1986 were devoted 
to research, tests, construction, support system, and 
alignment system. The muon detector system covers a 
volume of 1 ooo m3 and operates In a 5-kG field. 

There is a total of 80 large drift chambers, each with an 
approximate area of 12 m2. The muon chambers are 
supported by a specially designed structure which 
monitors the chamber positions to ±30 µm. Each cham-
ber measures the muon coordinate to 50 µm and 
measures the angle to 1-2 mrad. This system enables us 
to measure a 100-GeV particle decaying Into a pair of 
muons with a mass resolution: l!.m/m == 1. 7%. Figure 11.6 
shows the muon chamber system inside the magnet. 
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Fig. 11.6. The muon chamber• ayatem lnalde the L3 magnet. 

Figure 11.7 shows a z:J -µµy event. Figure 11.8 shows 
that the measured resolution attains the predicted value 
of ~ IP == 2.4% at z:J mass.Figure 11.9 shows the only 
available measured forward-backward charge asym-
metry at LEP, by L.3. This asymmetry enables us already 
to obtain the vector and axial vectoor coupling constants 

_ rather precisely: I ga I =0.495±.007, I Qv I =0.066!:W 
Figure 11.10 shows the inclusive muon event from 
i°-+b 15-+µ+X. 

The clean measurement of inclusive muons from muon 
chambers enabled L3 to study Z-+b 15 decays uniquely In 
the first month of LEP, as shown In Fig. 11.11 with 
Pr> 1.6 GeV: theZ-+µ+Xsample is dominated (91%) by 
Z-+b15 events. For this, L3 obtained fbo=353±25±25 
MeV. 
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Flg.11.9 The measured forward-backward charge asymmetry A 
from L3 as well as from other groups at lower energies. 

Fig. 11.10. An Inclusive Muon Event. 
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Fig. 11.11. Transverse Momentum Distribution of Inclusive Muons 

B. 3. Hadron Calorimeter 
The hadron calorimeter measures · hadron energies 

with a resolution of 55%/v'E + 5% and 60 = 3°, 6,p = 
2.5° for jets. This provides a clean muon sample by 
absorbing hadrons close to the interaction point to mini-
mize in-flight pion decays and by tracking muons through 
the uranium absorber. The calorimeter also measures 
muon energy loss. The central calorimeter is constructed 
in towers as shown in Fig. 11.12. 

HC module 

Fig. 11.12. The Tower Structure of the Barrel Hadron Calorimeter 

The calorimeter is made of approximately 1 O 000 pro_gor-
tional chamber planes sandwiched with 300 tons of 38U 
absorber. It has been designed and built by an interna-
tional collaboration from USSR, China, United States, 
India, Germany, and Switzerland. Figure 11.13 shows the 
measured energy resolution of the hadron calorimeter. 

B. 4. Electromagnetic Calorimeter 
The electromagnetic calorimeter uses 12 000 crystals 

of a new type (BGO). It measures photon and electron 
energies with an accuracy of better than 1 % above 2 GeV 
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Fig. 11.13. The Measured Energy Resolution of the L3 Hadron 
Calorimeter. 

and 5% at 100 MeV. The measured resolution a = 0.52% 
at 50 GeV Is shown In Fig. 11.14. 
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Fig. 11.14. The Measured Energy Resolution of the L3 
Electromagnetic Calorimeter 

The measured position resolution for photons is 
±1 mm. The 2-photon spectrum is shown in Fig. 11.15, 
where the :rc0 and 1/ signals are clearly seen. 

B. 5. Vertex Detector 
A central detector tracks charged particles with a 

=40µm average single-wire accuracy in the bending 
plane and 450-µm double-track resolution. In the non-
bending plane, the z-coordinates are measured by four 
additional wire chambers providing 300-µm single-track 
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Fig. 11.15. yy spectrum measured with the L3 BGO 
Electromagnetic Calorimeter. 

resolution and 7-mm double-track resolution. Figure 11.16 
shows the correlation between the measured Pr by the 
vertex chamber compared with the measured Er via 
BGO. 
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Fig. 11.16. Measured correlation between BGO Energy and 
transverse momentum from the Vertex Chamber. 

The L3 detector provides good hadron rejection. The 
muon energy loss £\E is measured by the sampling 
calorimeter, which also monitors hard photon radiation. 
The properties of L3 make it well adaptable for use at the 
LEP Hadron Collider (LHC). 

Reference 
[2.1] "The Construction of the L3 Experiment," Nucl. Instr. Meth. A289 
(1990), 35. 
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A. GENERAL MAGNET DESIGN CONSIDERATIONS 

The design of the L • magnet is based on the ex-
perience gained with the L3 magnet at LEP. The muon 
momentum resolution Is closely related to the properties 
of the magnet. For L • the magnet and muon spectrometer 
design have to measure 500 GeV/c muons with 2% 
resolution and with a large acceptance. Because the 
momentum resolution 

Ae. 0( p 
P Bx L2 

improves quadratically with the measured track length L 
and only linearly with the field strength B, we choose for 
the central spectrometer a large volume solenoid (inner 
diameter= 19.2 m, inner length = 29.5 m) of moderate 
field strength (0.75 T) along the beam direction. This field 
value and a required unttormity of better than 10% are 
dictated by the requirements of the drift chamber detec-
to~ · 

To have g_ood resolution and acceptance for the 
Higgs => 'z:J z.i => 4 µ decays, two external spectrometers 
having their field direction perpendicular to the beam are 
situated upstream and downstream of the central 
solenoid (Fig. 111.1 ). They cover polar angles I 0 I > 2°. 
Their field strength is 0.3 T and their inner dimensions are 
9.2 m parallel and 8.2 m perpendicular to the beam. 
Therefore, they provide a value of BL 2 that is 2: 20.5 Tm2, 
which is comparable to the central spectrometer. 

The magnetic field must be shielded. For a large mag-
net with an iron return yoke, the construction and as-
sembly of the yoke is the most time consuming part. Our 
proposed solution (see Sect. B) is a straightforward ex-
trapolation of a proven design. In this respect, the L3 
magnet may be considered as a half-scale model. The 
experience gained during the assembly of the L3 iron 
shield led us to consider a new design for the poles. This 
will simplify the assembly and suppress heavy welding In 
the underground area. In line with our past experience in 
heavy lifting, we have chosen to install a temporary gantry 
crane able to handle individual 1000-ton pieces. For the 
coil of the central mag.net we discuss two options: 
(1) resistive Al coils (Sect. B) such as L3 and (2) super-
conducting coils (Sect. C) . In addition, In Sect. D we 
present a design where the return yoke iron is replaced 
by a second superconducting coil system. The cryogenic 
system needed for the superconducting coils is 
described in Sect. E. The forward-backward magnets are 
discussed in Sect. F. Finally, in Sect. G we give a list of 
the members of the magnet system group. 

Table 111.1 displays the main differences between the 
three coil options for the central solenoid. 

The main advantage of the Al coil version is that a 
similar device has already been constructed and R&D is 
minor. The main advantage of the two versions with 
superconducting coils is their reduced power consump-
tion. Additional advantages of the double coil option are: 

Table 111.1. Coil Options 

Aluminum Double 
Parameter Coll SCColl SCColl Unit 

Power 22 2 2 MW 
Consumption 

Outer 26.7 25.0 30.0 m 
Diameter 
Mass of Iron 48200 41 350 ton 

Mass of Coil(s) noo 1103* 4000* ton 

Operating 
Current 66 23 25 kA 
*Including structure and vacuum vessel. 

(1) a substantial decrease In total weight, and (2) it can 
be completely fabricated and tested in a surface facility. 

B. CENTRAL SOLENOID WITH RESISTIVE COIL 

The general design (Fig. 111.1) is directly derived from 
the L3 concept, I.e., like a building but with more iron than 
concrete. For L •, the magnet structure is divided into two 
symmetric halves separated by a 50-cm gap. The central 
support, to carry the weight of the hadron calorimeter, Is 
located in this gap. Without changing the general con-
cept, the aluminum solenoid can be replaced by a super-
conducting one, as described in Sect. C. 

B.1. Resistive Coil and Ancillary Equipment 

Introduction 

Experience gained with the L3 magnet shows that the 
following points are important: 

Use of general manufacturing techniques with semi-
finished products supplied by industry, taking into ac-
count local capabilities concerning power, water 
consumption, as well as railway, road, and sea transport. 

Match the required flatness of plates and bars to the 
production capabilities of the suppliers. 

Balance the investment In handling tools with man-
power and planning requirements. 

Because the magnetic volume and the central Induc-
tion are given by the physics requirements, the three 
remaining free parameters are the type and alloy quality 
of the conductor, the rated current, and the total electrical 
power. We have only considered a coil of high conduc-
tivity aluminum because the material cost of a copper coil 
of the same electrical power is three times higher. 

The rated current is a compromise between the 
manufacturing capabilities of large plants for delivering 
thick plates with good flatness tolerance and 
homogeneity, mechanical workshops capable of machin-
ing the plate edges with high precision, the development 
of techniques for electron beam welding of thick plates 
and the balance between the Investment in manpower, 
handling tools, and storage area. The inductance of the 
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Fig. 111.1. General view of the L * magnet. 

coil and the problems related to the transport of high 
currents have also been considered. 

An octagonal coil gives the best compromise between 
the requirements of the industrial production, the number 
of welds, and the circular section of a perfect coil. 

Description of the Coil 

The L3 coil construction technique is directly ap~ 
plicable. Because of the dimensions, only an electron-
beam welding technique is adequate. The inter-turn 
insulation covers about 10% of the pancake surface. This 
represents 40 tons of solid insulation for the entire coil. 
The number of turns connected to each hydraulic circuit 
is determined by the rated pressure of the demineralized 
water system. A demineralized water flow of 720 m3/h is 
needed for the removal of the coil power alone. Table 111.2 
shows the main parameters of the coil. 

Figure 111.2 shows a six-turn package for the L3 mag-
net. It can be considered as a half-scale model of an L * 
pancake. The aluminum sectors used to build the coil 
have dimensions of 925 x 155 x 9 cm3. Experience with 
L3 indicates that at an electron gun voltage of 60 kV, the 
welding of a 9-cm-thick plate demands a current of 
700 mA, requiring an electronic welding gun of about 
50 kW in normal operation. There are in total 2400 joints 
to be made. From our experience with L3, we expect a 
production rate of 25-30 joints per shift per week once the 
procedure is well established. 

The cooling requires 720 m3/h of demineralized water 
with a temperature gradient of 25°C. An important 
parameter is the number of hydraulic circuits in the mag-
net coils. Three types of circuits must be considered, as 
follows: 

Table 111.2. Main Parameters of the Coil 

Parameter Data Unit 

Current 66 kA 

Coil resistance at 60° C 4.6 mO 

Coil total voltage 300 V 

Central induction 0.75 T 

Inner coll diameter 19.6 m 

Current density 46.3 A/cm2 

Ampere-turns 19.1X108 A 
Inductance 1.4 H 

Stored Energy 2660 MJ 

Number of turns 288 

Conductor section 155X9 cm2 

Conductor weight 7800 ton 

Cooling pipes weight 860 ton 

Water flow (coil) 720 m3/h 

Water pump power 0.8 MW 

Coil DC power 20 MW 

1. The cooling of the aluminum sectors on the inner 
and outer edges of the turns. For reliability reasons, either 
circuit is able to provide all of the required cooling power. 

2. Cooling of the connections between pancakes. The 
pancake is defined as the series hydraulic connections of 
six turns, corresponding to a unit weighing 180 tons. For 
reliability reasons the connections between two pan-
cakes must also be cooled on both sides. 

3. The cooling of the current leads of the magnet. 
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Flg.111.2. A six-turn package, part of the aluminum coil for the L3 
magnet. 

The pancake's cooling piping determines the maxi-
mum pressure drop. With six turns in series, the maximum 
pressure drop will be about 12 bar. Taking into account 
the return pressure, the pressure at the outlet of the 
circulating water pump must be 20 bar. 

The Power Supply and Bus-Bars 

Although a 30-kA system has been used successfully 
for L3, handling 70 kA in the L • bus-bar system requires 
some development for the power supply. The DC part of 
the power supply must be divided into six modules to be 
compatible with normal thyristor production. The Induc-
tance of the bus-bars allows a parallel connection of the 
six modules, and the current addition is realized at the 
level of the current leads of the magnet. To decrease the 
wave ratio and increase the power factor on the mains, 
the high-voltage transformer Is divided into two inde-
pendent units with six-phase secondaries. The current 
stabilization at a level of 0.01 % presents no difficulties 
because of the long time constant of the magnet, which 
is approximately 300 s. A power of 1 MW is dissipated in 
the water cooled bus-bars, requiring 40 m3/h of 
demineralized water, and the low voltage involved allows 
a construction with noninsulated bus-bars weighing 
about 30 tons in total. To eliminate stray fields, Individual 
bus-bars of opposite polarities will be interleaved. This 
system allows for a compact construction. The power 
supply and the interface of the DC modules with the 
bus-bar system requires a surface of about 50 m2 in-
doors. Transformers fed from the high-voltage mains will 
be installed in an adjacent yard of 50 m2. 

Thermal Shield 

The internal volume of the magnet is protected from 
the heat losses of the coil by a thermal barrier consisting 
of 1 0 cm of inert thermal insulation and an active thermal 

shield stabilized at a constant temperature of 20°C± 1 °C 
by an adequate water system equipped with heat ex-
changers. This thermal shield load requires 20 m3/hour of 
demineralized water. 

Water Cooling System 

L • requires a dedicated Low Conductivity Water (LCW, 
conductivity< 1 µSiemens) system designed to remove 
the 27 MW dissipated by the main solenoid and the two 
spectrometer magnets together with their bus-bars and 
thermal shield. This power represents a total demineral-
lzed water flow of approximately 1000 m3/h. This closed 
loop circuit will be cooled via a water/water heat ex-
changer by the SSC cooling system. As the main part of 
the magnet circuit Is in aluminum, this circuit must not be 
mixed with other LCW systems. A secondary loop will be 
derived from the main circuit to maintain at a constant 
temperature the cooling shields of the three magnets. The 
power supply electronics will be cooled by an hide-
pendent LCW system. 

Monitoring 

Running a magnet of such a low energy density is 
reliable. However, the magnet must be equipped with 
enough monitoring detectors to allow the localization of 
potential troubles during assembly and operation 
periods. Therefore, each pancake will be monitored for 
(1) water flow in each hydraulic circuit, (2) maximum 
temperature, and (3) voltage distribution. Taking Into ac-
count the fragility of these monitoring detectors and the 
dimensions of the magnet, the number of detectors in-
stalled will be doubled for redundancy. 

Field Mapping 

A system similar to the one used to map the L3 field 
will be used for the L* magnets. In L3, about 1000 
calibrated magneto-resistors are permanently mounted 
on top of the muon chambers and on the frames close to 
the poles. Because 2/3 of the sensors are mounted on the 
boundary of the volume and 1/3 are distributed over the 
inner volume, we will need approximately 1000 sensors 
for the forward-backward spectrometer magnets and 
5000 sensors for the central solenoid. 

B.2. Magnetic Flux Return Frame 

Description of the Magnet Flux Return Frame 

The design of the iron structure is very similar for both 
the aluminum and the superconducting versions. The flux 
return frame is octagonal with poles at both ends. The 
8-sided barrel geometry provides good mechanical 
stability for the barrel, which is fabricated from stacked 
bars, and reduces the number of welded joints in the coil. 
Each pole consists of a self-supporting steel crown on the 
outside and a movable plug at the center to give access 
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to the inner detectors. The return frame design Is also 
directly extrapolated from the design of L3. Table 111.3 lists 
the main parameters. 
Table 111.3. Main Parameters of the Return Frame 

Parameter Data Unit 

Barrel thickness 178 cm 

Barrel weight 32200 ton 

Max. pole thickness 230 cm 

Pole crown weight (one) 3600 ton 

Pole plug weight (one) 3300 ton 

Total Iron weight 48200 ton 

Ext. barrel diameter 26.7 m 

Ext. magnet length 34 m 

We have minimized the cost of the structure by using 
simple manufacturing techniques, and kept the work in 
the underground area to a minimum. In particular, with 
the past experience of L3 in mind, structural welding in 
the underground area has been avoided where possible. 
This leads to the necessity of handling, from the surface 
manufacturing facilities to the underground assembly 
area, bulky and heavy pieces up to the full magnet 
diameter, and with a maximum unit weight of 900 tons 
(compatible with the 1000-ton gantry crane) during the 
magnet assembly period. Even under these conditions, 
the assembly of the magnet is on the critical path. 

Detailed Description of the Iron Structure 
This central support, which separates the magnet in 

two halves, has two independent roles: {1) to support 
with minimum loss of solid angle the central detectors 
(mainly the 2000-ton hadron calorimeter), and (2) to be 
used as an intermediate support for the roof of the mag-
netic barrel -because we cannot manufacture and 
transport 28-m-long bars. The central support consists of 
a stainless-steel membrane fixed with gussets at its inner 
rim to the hadron calorimeter support casing, and fixed 
at its outer rim to a carbon steel ring supporting the top 
three barrel-bar octants. 

At both ends of the magnet, a self-supporting oc-
tagonal crown takes the weight of the roof of the magnetic 
barrel. These crowns consist of several independent 
rings, 0.3 m thick, stacked side by side. 

The barrel is constructed from Individual steel bars 
arranged in an octagonal geometry. The three bottom 
octants, laying on an octagonally shaped concrete 
cradle, provide a foundation for the whole assembly. The 
three top octants rest on the central support ring in the 
middle, and on the crown at the extremities. On each side, 
128 prestressed tie bars connect directly the central 
support to one of the crowns to give a permanent 1 O 000-
ton axial force needed for structural integrity. 

The central hole of the crown Is filled with a movable 
pole plug that rests on a step built Into the corresponding 
crown. The plug Is optimized as a variable thickness disk 
to obtain a constant induction (1.7 T) in the iron. This 

. 3300-ton pole plug can be displaced in the beam direc-
tion, on grease pads, to give access to the inner part of 
the magnet to load the muon chamber assemblies and 
the Inner detectors. The construction of the movable plug 
Is similar to the construction of the crown. 

The grease pad system foreseen Is similar to that used 
to support the 340-ton L3 magnet doors and the 1000-ton 
loaded L3 support tube. This Is a stepping system that 
allows movement In 1-mm steps. To move the pole plug, 
the load is transmitted to the grease where the pressure 
reaches 500 bar and the friction factor is less than 0.001. 

Structural Integrity of the Return Frame 
The field strength is relatively low, causing an 

equivalent magnetic pressure of only 2.25 bar on the 
poles; however, the enormous surface on which these 
forces act creates stresses in the poles. Values for stres-
ses and deformation of the pole plugs, which are the most 
stressed elements, have been scaled from measure-
ments made on the L3 magnet. For the same stress level, 
the thickness for out-of-plane bending must be 900 mm 
and the deformation of the inner rim of the inside hole will 
be approximately 8 mm toward the interaction point. 
Thus, for both the crown and the plug the first three rings 
must be mechanically coupled. 

Structural Integrity of the Central Support 
A simplified finite element model was created using 

four noded quadrilateral and three noded triangular plate 
elements. Two load cases were considered: (1) the 
nominal load of the hadron calorimeter together with the 
top three octants of the return frame barrel, and {2) a 
similar case in which the calorimeter load is off-centered 
by 275 cm. The study shows a sound behavior of the 
central support even for out-of-plane loads. 

8.3. Coil Manufacturing 

In Industry 
For a construction of this type, it is essential to base 

the design on an industrial production to obtain a high 
production rate at a low unit price. Therefore, the machin-
ing of the basic sector and welding of the cooling pipes 
are all performed in the factory. Then, pieces are sent to 
the site for the next manufacturing operations. 

Onsite Facilities for Coil Manufacture 
Two 62x26x14 m3 magnet coil halls each equipped 

with a 200-ton traveling crane, placed near the construc-
tion shafts will be used to assemble by welding and test 
the pancakes. The finished coil units will be stored outside 
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in pits covered by a tent. The two magnet halls and the 
storage pits will be serviced by a cart/rail system to allow 
the transport of the 600-ton units. The storage pits will be 
accessible by the 1000-ton gantry crane used for the 
magnet assembly. 

Coil Manufacturing Process 

Just as for L3, individual turns will be assembled In 
pancakes and then In units of three pancakes repre-
senting Indivisible loads of 600 tons. The finished coil 
units, ready for assembly, will be completely equipped 
with all cooling circuits, the panels for the thermal shield, 
and the monitoring detectors. Each finished coil unit will 
be submitted before storage to a full hydraulic, electrical, 
and thermal test to insure its Integrity. 

B.4. Iron Manufacturing 

In Industry 

All elements will be manufactured in finished units of 
60 to 100 tons to suit transport requirements. All elements 
destined to be assembled by welding to form unit pieces 
wlll be submitted to trial assembly before shipping. 
Machining necessary for precision surface matching will 
be done, and the weld preparations will be adjusted to 
minimize mechanical or machining work on site. 

Onsite 

A 140 x 40 m2 concrete slab, placed near the construc-
tion shafts and serviced by the gantry crane, will be used 
to assemble and store the central support. Then various 
Iron rings for the pole and pole plug structures will be 
assembled as 800-ton pieces. A mobile crane will service 
the area, and a mobile tent will be installed to protect 
welding in progress. The bars will be stored on parking 
lots or on future building footprints inside the laboratory, 
and they will be moved near the underground hall as 
required, to be assembled by mechanical fastening In 
335-ton units ready to be lowered. 

B.5. Assembly Sequence 
To limit assembly time in the underground area, the 

various pieces will be · prepared, as far as possible, as 
individual loads of 600 to 800 tons, ready to be handled 
by the gantry crane. For normal and superconducting 
versions, the assembly sequence proceeds along the 
same lines. The movable plugs will be lowered first with 
the support bases of the forward-backward 
spectrometer. Each spectrometer magnet will then be 
lowered on its support In two halves weighing 800 tons 
each. Each assembly, composed of the movable plug 
and its associated spectrometer magnet, will then be 
moved to the end of the hall using the grease pad system, 
and the assembly of the central magnet will proceed 
(Fig. 111.3). First, a magnetic base, well aligned with 
respect to the beam, will be constructed along the full 

length of the magnet with three barrel bar octants resting 
on the concrete cradle. These sets of bars, weighing 
380 tons each, will be placed In position using the two 
200-ton traveling cranes of the experimental area coupled 
together. Then the central support will be inserted be-
tween these bars, resting on them (Fig. 111.4). Shimming 
will be used to align this central support on the beam axis. 
At this stage, the assembly of the coil will start. For the 
aluminum version, the coil will be lowered as 16 incte-
pendent, fully tested 600-ton units (Fig. 111.5). For the 
superconducting version, the two coils In their cryostat 
will be lowered as two completed and fully tested units 
weighing 600 tons each (Fig. 111.6). In each case, the coll 
elements will be connected in series in the underground 
area. Then the crowns will be built (Fig. 111.7), and both 
halves of the magnet will be covered with barrel bars. 
During this time, the coils will be connected to their 
ancillary equipment (Fig. 111.8). Then, the tie bars will be 
prestressed to the required value to stabilize the flux 
return frame. The movable plugs, which were erected 
first, together with the forward spectrometers will then be 
moved in position to complete the magnetic flux return 
frame (Fig. 111.9). The magnet will be tested at full current 
before continuing the assembly of the L * detectors. 

Planning 

The schedule for the Iron return frame magnet 
manufacturing and assembly is presented In Fig. 111.10. 

C. CENTRAL SOLENOID WITH SUPERCONDUCTING 
COIL 

Superconducting magnets are frequently used both In 
high-energy physics and fusion research. For example, 
ALEPH and DELPHI magnets are operating successfully 
at LEP/CERN, while the T-15 magnet at the Kurchatov 
Institute, the Large Coll Test (LCT) coils at Oak Ridge 
National Laboratory (ORNL), and TORE SUPRA at Saclay 
are examples from fusion research. 

In this section, we describe a central solenoid (see 
Table 111.4), where the two aluminum coils are replaced 
by two superconducting coils. In the following discus-
sion, only components that differ from those of the resis-
tive coil will be described. The main geometrical 
dimensions remain the same. 

C.1. Superconductor 
The conductor for the L * central solenoid is made of 

Nb-50% Ti Rutherford type cable with a copper to super-
conductor ratio of 1 :1. The flattened cable, made of 10 
strands, is embedded together with two copper cooling 
tubes into four copper clad aluminum profiles that are soft 
soldered together. This is a reliable and inexpensive pro-
cedure. All components are readily available from the 
Soviet Union. 
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Flg.111.3. Installation sequence of the forward magnets and 
magnet pole plugs. 

CENTRAL SUPPORT 

Flg.111.4. Central support inserted in the bottom three octants. 
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Flg.111.5. Mounting sequence~f the aluminum coil. 

The aluminum residual resistance ratio (ARR) is at least 
500. The overall current density is 32 A/mm2. The nominal 
current is 23 kA for a magnetic field of 0.75 T. The con-
ductor is insulated by a 0.5-mm-thick half-overlapped 
fiberglass fabric. Additionally, the support cylinder is in-
sulated by a 1.0-mm-thick fiberglass jacket. The super-

Flg.111.6. Mounting sequence of the superconducting coil. 

GANTRY 
tOOOl 

· Flg.111.7. Mounting the crown ring with the 1000-ton gantry crane. 

LOW PRESSURE COLLECTOR 
HIGH PRESSURE COLLECTOR-....__ 

Flg.111.8. Connection of the aluminum coil to the cooling circuits. 

conducting coil is impregnated by an epoxy resin under 
vacuum. The conductor is shown in Fig. 111.11, and the 
main parameters are listed in Table 111.5. 
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C.2. Solenoid Winding 
The superconducting coil is divided into two half-coils, 

each 13.485 m long. The gap in the center between the 
two half-coils Is 103 cm, and the distance between the 
end of the coll and the crown is 75 cm. The coil conductor 
is wound onto the inside of a subunit aluminum support 
cylinder to form a single layer coil. 

One half of the superconducting coil is subdivided into 
three sections, each 4 m long (Figure 111.12) . The sections 
are separated by structural rings of o. 7 m length. Each 

SHIELDING ACCESS AREA 
ACCESS BUILDING 

Flg.111.9. Completion of the three magnets. 
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section consists of seven subunits that contain the coll 
windings. Figure 111.13 shows the details of one of the 
central subunits. The winding is monolayer except for the 
subunits close to the structural rings. There, a second 
layer of nine turns restores the uniformity that is disturbed 
by the gap in the coll due to the structural rings. 

Table 111.4. Main Parameters of the SC Coil 

Parameter Value Unit 

Total weight of the SC coil 1103 ton 

Conductor weight 152 ton 

Weight of the support 200 ton 

Weight of the vacuum vessels 647 ton 

Weight of the thermal shields 104 ton 
and insulation 

Mawnetic induction in the o. 750 :t 0.037 T 
use ul volume 

Stored energy 2.5 GJ 

Inductance 9.4 H 

Operating current 23 kA 
Dumping voltage 600 V 
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DELIVERY MNF 
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I I ' 
Flg.111.1 O. Planning for manufacturing· and assembly of the L * magnet with aluminum coil . 
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Flg.111.11. The conductor and Its components. 

r---------14 650 -------

,-----------13 485 -----, 
Tlltn•al Radlalio• Shl1t4 

j 

Vaeou11 
V1111I Cold llou Svpport 

Stroetual Rl•9 \ 

Flg.111.12. Schematic view of one-half of the superconductive coll. 
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Flg.111.13. Subunit of the superconductive coll. 
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The structural rings allow a bolted connection between 
the sections to form a rigid cylinder. Twelve holes are left 
free in each structural ring to insert the supporting rods 
that connect the inner and outer walls of the vacuum 
vessel. These rods increase the stiffness of the vacuum 
vessel and carry the weight of its inner wall. Each half-coil 
is suspended by cold mass supports, made up of 
fiberglass tie rods, arranged like the spokes of a bicycle 
wheel. These cold mass supports carry both the weight 
of each coil and the axial, magnetic forces of about 4000 
tons that pull the two half-coils together. The cold mass 
supports in the center are fixed to the vacuum vessel 
although they are free to slide at the extreme ends be-
cause of the thermal contraction of 60 mm. The vacuum 

Table 111.5. Main Parameters of the Conductor 
Parameter Value 

SC material Nb-50% Ti 

S.C. atrands 

SC diameter 1.6 

Cu to SC ratio 1 :1 

Number of filaments 210 

Critical current at B = 2 T 4 

Rutherford type cable 

Number of strands 10 

Cross section 3 X 7.5 

Critical current at B = 2 T 40 

Operation current 23 

Stablllzer 

Material Al 99.99% 

ARR at 4.2 K and B = 0 T >500 

Cross section 25 X 295 

Insulation 

Material Fiberglass 

Thickness 1.0 

Cross sections 

SC cable 22.5 

Helium channels 30 

Copper pipes 80 
Soft solder 5 
Stabilizer 617 

(a) copper 92 

(b) aluminum 525 

Conductor 725 

Insulation 96 

Unit 

mm 

kA 

mm2 

kA 
kA 

mm2 

mm 

mm2 

mm2 

mm2 

mm2 

mm2 

mm2 

mm2 

mm2 

mm2 

vessel flanges that receive the forces from the cold mass 
supports have an adequate rigidity. 

C.3. Power Supply and Energy Dumping System 
Figure 111.14 displays schematically the power supply 

and the energy dumping circuits. The magnet Is ener-
gized with series connection of the coil sections by a 
commercially available current source 1ST 25000. The 
emergency discharge of the magnet, however, is in three 
parallel circuits. Each circuit connects symmetrically one 
section of each half-coll. The sections are connected to 
avoid asymmetric forces. The use of three parallel dump-
ing circuits allowed an Increase in the overall current 
density in the conductor by a factor v3 compared to the 
case of series connections of all coil sections (for the 
same quench capacity). 

This can be seen from the following expression for the 
operating current density jop as a function of the qu_e~?h 
capacity g(T max), the maximum voltage Umax, the initial 
discharge current /dis and the stored field energy E: 



Ill. MAGNET 18 

( 
I 

) 
0.5 

dis 
iop :S g(T max) · Umax · E 

For 3 parallel dumping circuits 

ldis = 3· lop 

where /op Is the operating current. 
Each discharge circuit has an independent discharge 

resistor. Both sections attached to a common dump 
resistor are connected to each other, on one side by a 
superconducting bus and on the other side attached to 
their dump resistor and DC breaker by helium cooled 
current leads. 

The DC current switches used in the dumping circuits 
are commercially available. The dumping circuit is 
presented in Fig. 111.14. Because the breaking current of 
the switches Is 250 kA, one can use them in parallel. 
These breakers limit the voltage to 600 V, allowing less 
stringent requirements on the simultaneous operation of 
all switches without overvoltages. 

The low quench probability is ensured by the high 
stability margin of the conductor and the high redundan-
cy of the cooling. However, a protective discharge circuit 
is needed for unforeseen external perturbations. It is 
important to have adequate diagnostic facilities to distin-
guish transient events such as small local disturbances 
from strong instabilities that force discharge of the mag-
net. A multibridge quench detector will be used to detect 
a normal zone appearing in any subunit of the coil. Two 
discharging speeds are envisaged: A slow, normal one, 
which does not heat up the supporting cylinder, and a fast 
one triggered by a coll signal of 20 mV during at least one 
second. In case of an emergency discharge, the resulting 
eddy currents in the support structure will heat It and the 
windings almost uniformly to 70°K. 

C.4. Instrumentation Systems 
To ensure reliable operation, the following diagnostic 

systems are installed: 
(1) Multibridge system for normal zone detection in each 

of the subsections and across the whole magnet; 
(2) Strain gauges to check stresses; 
(3) Set of thermometers, pressure transducers, flow 

meters, vapor content meters, etc; 
(4) Acoustic emission detectors; 
(5) The field will be mapped as described in Sect. B.1. 

C.5. Manufacturing of the superconducting coil 
The large dimensions Involved require manufacturing 

on the SSC site. The following operations are necessary: 

• Welding of the support cylinder 
• Machining of the support cylinder 

CURRENT 
SUPPLY 
0-HIIA 

24V 

Flg.111.14. Energy dumping circuit. 
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• Insulation of the support cylinder 

SECOND HALF 
Of' THE COIL , ·- ·- - ·-, 

-+-...._---.-_, 

i- I 

. J -, 
I 

L . _ , __ __ _ J 

FIRST HALF 
OF THE COIL 

• Winding of the superconductor into the support 
cylinder 

• Preassembly of the sections 
• Coil assembly 
• Testing of the coil. 

A workshop of proper size has to be installed for these 
operations as schematically shown in Fig. 111.15. The parts 
making up the support cylinders, made out of an 
aluminum-magnesium alloy, will be prepared in the Soviet 
Union and shipped to the site. Once welded, the support 
cylinder sections will be heat treated. Then they will be 
machined by a rotating milling cutter and insulated with 
fiberglass-reinforced epoxy before the conductor is 
wound inside the support cylinder. At the end of the 
winding procedure, the sections will be moved to the 
preassembly area for electric and hydraulic connections. 
After that, three sections (see also Fig. 111.12) making up 
one coil will be bolted together; equipped with the thermal 
radiation shield, and placed inside the vacuum vessels. 

u•~~oge . ·• 1 PLAN 

3+[Q][Q]~~[Q][Q][§J 
Welding I MochiningW) d' p\ \.Assembly\ Heot in mg re- ,,\ 

Treo t ment assembly Testing 
180m 

Flg.111.15. Workshop arrangement. 
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Finally, the coils will be tested and readied for lowering 
into the pit. 

The manufacturing schedule is presented in Fig.111.16. 
The first coil will be mounted in the experimental area, 
while the second one will be completed. 

C.6. R&D Plans 
All necessary R&D, including conductor design, super-

conductor optimization, manufacturing technology, 
design, and development of the tooling Is to be ac-
complished at the Kurchatov Atomic Institute (IAE) and 
tested on a model coll . The cryogenic system, with an 
Instrumentation and control system developed by 
Lawrence Livermore National Laboratory (LLNL), will also 
be tested with the model coll. The main parameters of the 
coll are listed In Table 111.6. 

The model coil project is aimed at studying the follow-
ing Issues: 

Develop all manufacturing processes; 
Train technicians for the onsite manufacturing; 
Check the basic concepts for superconductor, wind-

Ing structure, cold supports, refrigeration; 
Finalize the specifications of the magnet systems; 
Test the Instrumentation and control systems, keep 

current supply system, current leads. 
The time requirements do not permit all work to be 

completed before the start of the construction of the L * 
magnet. However, we plan to complete each particular 
production step of the model coil at IAE before the cor-
responding step starts onslte for the manufacturing of the 
L* magnet. 

D. SUPERCONDUCTIVE COIL WITH SUPERCON-
DUCTIVE SHIELD 
Superconductivity makes It possible and practical to 

replace the Iron shield with a second coaxial supercon-
ducting solenoid and to return the magnetic flux totally 

Table 111.6. Main Parameters for the Model Coil 

Diameter 

Length 

Parameter 

Number of conductor pieces 
in the model coil 

Number of turns 

One piece conductor length 

Maximum magnetic field in 
the winding 

Value 

10 

4 

8 

140 

550 

2 

Unit 

m 

m 

m 

T 

through the annulus between the two solenoids. The main 
advantage of this design Is a substantial decrease in the 
weight of the magnet, as shown in Table 111.1. 

In the double coil version, the two solenoids generate 
fields In opposite directions such that the field Inside the 
inner solenoid Is equal to the difference between the field 
generated by both solenoids, and the field in the annulus 
Is the sum of the fields generated by both solenoids. There 
Is no field outside the magnet. The map of the magnetic 
field lines is shown In Fig. 111.17. The conceptual design 
of the magnet Is shown In Fig. 111.18. 

To Improve the field uniformity near the ends of the 
magnet, It is necessary to put compensating coils In the 
end regions (previously occupied by the iron poles). 

In the proposed design, the currents in the two 
solenoids are adjusted so that the stray fields In the 
counting room will be approximately zero. The stray fields 
at other locations will be very small. The need for local 
shielding and more complex compensation will be deter-
mined In a later detailed study. 

The double coil system requires approximately four 
times the ampere-turns of the single coil version. This 
assumes that the field in the annulus between the two 
coils is the same as the field in the bore. The number of 
ampere-turns Is shown In Table 111.7. 

Increased use of superconductor for the double coil is 
partially balanced by the saving in the weight of the 
magnet (by eliminating the iron) and the reduction in cost 
for the delivery of the parts and the onsite construction. 
The following is a short description of the double coil 
magnet design emphi;isizing the differences from the 
single superconducting coil design. 

To make handling, assembly, and lowering to the 

Table 111.7.Ampere-turns in the Double Coil Winding 

Parameter Value Unit 

Ampere-turns total n MA 
-inner coil 46 MA 

-outer coll 23 MA 

-compensation coil 8 MA 

-inductance 17 Henry 

experimental hall easier, the double coil winding is 
divided into three parts. Each is in a separate cryostat and 
has approximately the same mass of 1300 tons. 
Electromagnetic forces are transferred through cold load 
bearing supports in locally evacuated space to decrease 
heat leakages (Fig. 111.18). 

The absence of iron allows the use of longer fiberglass 
supports (10 m long). This decreases the heat leak and 
ensures a very rigid structure. For the two-coil geometry, 
it is possible to use two windings, each having a support 
cylinder similar to that of the single coil used with the iron 
shield. Structural links between supporting cylinders pro-
vide additional stiffness and support against the axial 
instability of the two windings. 
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Flg.111.16. Manufacturing schedule. 
Another possibility is to assemble the coil as pancakes 

having four turns on the inner diameter and two turns on 
the outer diameter wound in opposite directions 
(Fig. 111.19). The inner diameter turns make the inner 
solenoid, and the outer diameter turns make the outer 

Flux lines contours. Bo=0.75 T. 
o a 10 12 1• 1 e ,e 20 22 

20 r-r-r-r-r-r-r-r-.--......... -.--......... -.--......... -.--r"""'T"-.--......... --,--, 20 

1e 1e 
....... ---- .. 

16 i,,,,,-..,.,.._......,....,........,....,..-,-,-......,---,- -- ----- 16 

:: 
1 

_;; ii_;i; i;iii iii iii_i_i!i!i:i i i_i_iS,! ijiiii!!!! !~IU;{i;-;-) -·-) :: 

: ?H??!HHH!'HHHH!H!?H!?H? )}_~_:::< /, · 
---- ----- . -- ----·---------·-------------------.. _ ...... 

0'-'-.................................................................................................................. 0 
0 9 10 12 1• 16 19 20 22 

Flg.111.17. Map of the magnetic field for the superconductive coll 
with superconductive shield. 
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solenoid. Stainless-steel tape that is co-wound with the 
insulated conductor carries the axial and the hoop loads. 
Turns are bonded to thin stainless-steel plates that span 
the annulus between the inner solenoid and the outer 
solenoid. This creates a composite winding structure that 
is very rigid against in-plane bending. An additional struc-
tural frame between pancake modules provides stiffness 
against out-of-plane bending (Fig. 111.20). 

This structure is attractive due to the possibility of 
reducing manufacturing labor and eliminating welding, 
heat treatment, machining and winding from the inside of 
the magnet. Tolerance requirements resulting from the 
need for an intimate interface between the winding and a 
support cylinder are also eliminated. The stainless-steel 
plates carry the bending moments with negligible shear 
stress in the epoxy bond and with a high safety factor. 

The protection problems of the double coil version are 
similar to those of the single coil, except more parallel 
energy dump circuits will be required. In the pancake-
wound design there is no support cylinder to create a 
shorted turn closely coupled to the winding. The layout 
of the workshop for the manufacturing of the double coils 
with the pancake structure is shown in Fig. 111.21. 
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Flg.111.19. Alternate solution to produce the nested solenoids. 
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Heat leaks for each of the two superconducting sys-
tems are estimated In Table 111.8 The superconducting 
shield has about 40% higher refrigeration demand be-
cause of the larger number of current leads. Otherwise 
the arrangements are very similar. 

:: 

Flg.111.20. A structural frame between pancakes provides the 
required stiffness. 

Table 111.8. Magnet Heat Losses 

Parameter Value Unit 
Magnets: 
Radiation to 90"1< shield 360 w 
(3600m2 X 0.1Wtm2) 

Conduction via supports 80 w 
Currents leads 530 w 
(0.11 'ris per kA pair X 23kA X 70 W/g/s) 10 w 
VCLs ck 

Splices 10 w 
Piping: 
75 mm diam return • 100 m long 90 w 
25 mm diam supply and services - 200 m 90 w 
long 

Dewar Losses 
60 000 I X 0.5% per day boil off X 90 W 40 w 
per g/s 

Bayonets losses: 
30 X 3Weach 90 w 
Valve loaaea: 
50 X 2Weach 100 w 
Total 4.5"1< load 1400 w 

The ALEPH magnet as referenced to in Sect. C uses 
the thermosiphon cooling method. The fusion magnets 
use forced flow cooling of the conductor. In the present 
design, both methods are used to combine their respec-
tive advantages to offer redundancy for higher reliability. 
The first cooling system uses the thermosiphon technique 
to cool the aluminum support cylinder to which the con-
ductor is bonded. Natural 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. The thermosiphon 
cooling system will function until the liquid helium volume 
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coils version . 

of the storage Dewar feeding the system is depleted. The 
thermosiphon natural convection loop is shown In 
Fig. 111.22. The coil support cylinder has tubing attached 
to the outside which is connected to headers so that 
density differences in the helium columns promote free 
convection. About 600 g/s moves through this free con-
vection loop. This loop handles ail heat loads to the 
magnet, including thermal radiation, cold mass s"'pport 
conduction, and joint heating. 

The second system uses a straightforward forced flow 
cooling system that circulates single phase helium ad-
jacent to the current carrying superconductor. 

This forced circulation loop (Fig. 111.22) is required in 
addition to the natural convection loop for two reasons: 
(1) It provides thermal capacity adjacent to the supercon-
ductor. Metals have extremely low thermal capacity at 
4.5°K. Without the higher thermal capacity of the helium, 
the conductor would be extremely sensitive to thermal 
perturbations associated with conductor motion, and the 
risk of a quench would be high. The helium In the conduc-
tor increases the critical energy margin up to 3.9 J per 
point perturbation. (2) The slight flow in the forced flow 
channel is in direct contact with conductor joints and 
distributes joint heating over large areas so it can be more 
readily carried away by the natural convection loop. The 
forced flow loop eliminates any possibility of hot spots in 
the conductor, and the natural loop removes ail the heat. 

Both of these cooling systems are sized to cool the 
superconducting coll Independently, and the cooling sys-
tem reliability is improved by having both cooling systems 
working together. 

A large storage Dewar is also used to provide up to 
40 h of operation without power. 

Liquid nitrogen for the magnet thermal radiation shield 
will be commercially supplied by truck every eight days 

although the 160 m3 storage capacity can maintain the 
system for 60 days. Liquid nitrogen is also used to cool 
the magnet from room temperature to 77°K. A liquid 
nitrogen/helium heat exchanger is used. The total cool-
down time from room temperature to 4.5°K is about 320 h. 

A 12 x 24 m2 building contains all the cryogenic sup-
port equipment and houses the controls for cryogenic 
and other detector magnet support systems. 

For the refrigerator plant, screw compressors will be 
Installed. They are of proven reliability In helium operation 
and capable of continuous service over periods up to 
8000 h without maintenance. The electric power con-
sumption of the compressor group, including the helium 
cleaning system is minimized. To prevent air infiltration 
into the helium gas stream, the succion pressure is kept 
above atmospheric pressure. The coolers are of a very 
reliable design to avoid leaks between the helium and 
water circuits. For this reason, the coolers are con-
structed using evacuated austenitic stainless steel. The 
compressor waste heat is lead off by a closed-circuit 
cooling tower into the atmosphere. 

For the cold process, the plant has a cold box placed 
in the main hall over ground level. The distance between 
the compressor group and the cold box is about 120 m. 
The cold box, together with the necessary equipment for 
control, vacuum and purge, Is mounted on a platform that 
is movable with the hall's overhead crane as a unit. The 
refrigerator is equipped with gas bearing turbines. The 
turbines are appropriate for long-term reliable service, 
with minimum downtime for maintenance; They are readi-
ly accessible for maintenance and repair. 

The whole measuring system is equipped with a 
complete set of sensors and measurement devices con-
nected to a microprocessor In such a way that the 
refrigerator is able to operate with high reliability and 
safety in its various operation modes: helium system 
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Flg.111.22. Natural convection cooling loop. 
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purge, cool-down, normal operation with or without 
users, system warm-up, and emergency. 

The refrigerator is able to cool down or warm up one 
half of the detector magnet independently of the other 
half. A forced warm-up process is foreseen, with room 
temperature helium from the compressor system being 
blown into the last heat exchanger of the refrigerator. 

F. FORWARD-BACKWARD SPECTROMETER MAG-
NETS 

To complement the main solenoid for muon measure-
ments at small angles where the bending power of the 
main solenoid decreases rapidly toward zero, a forward-
backward spectrometer system is installed at ± 19 m 
from the interaction point. To suit the installation of L3 
type muon chambers, a rectangular solenoid with vertical 
field axis is the best solution. 

F.1. Determination of the Magnet Characteristics 
These magnets are arranged to have the magnetic field 

perpendicular to the beam direction and are thus well 
suited for the analysis of low angle particles. A com-
promise has been found for an angular coverage of down 
to 2.0° with a 0.3-T field and a 2.5-MW power (per side). 
With this arrangement, the 4.n: coverage of precision 
measurement (!1p/p z 2%) for H=>4µ is complete. 

F .2. Description of the Spectrometer Magnets 
The ' forward-backward spectrometer has been 

designed as two simple magnets using the L3 coil con-
struction technique (Fig. 111.23). The magnetic axis is ver-
tical to ease the muon chamber manufacturing. The coil 
is split in two halves with a gap of one meter to allow for 
the last accelerator beam elements, which are situated 
20 m from the interaction point (protruding Inside the 
spectrometer magnet). To suppress perturbations of the 
field uniformity due to this gap in the coil, the turns nearest 
to the gap will receive a higher current. The internal 
volume of the magnet is protected from the heat losses 

MOVABLE POLE PIECES 

Flg.111.23. General view of a forward-backward magnet. 

Table 111.9.Main Parameters of the Spectrometer Coil 

Parameter Value Unit 
Current 16.3 kA 
Coil resistance at 60°C 9.4 mQ 

Coil total voltage 153 V 
Central Induction 0.3 T 
Free length along beam 9.22 m 
Ampere-turns 19.6X108 A 
Inductance 1.4 H 
Stored Energy 26 MJ 
Number of turns 120 
Conductor section 30 X 5 cm2 

Conductor weight 200 ton 
Water flow (coil) 90 ma/h 

Bus-bar losses 100 kW 
Coil DC power 2.5. MW 

of the coil through the same thermal shield described In 
Sect. B. 

The cooling requires 90 m3/h of demineralized water 
with a temperature gradient of 25°C. This water comes 
from the same system as the main coil. See Table 111.9. 

F.3. Magnetic Flux Return Frame 
Because the coil is split in two, the magnet Itself is also 

split in two halves to allow for the mounting in the ex-
perimental area in two completely finished and tested 
indivisible loads of 800 tons. To give access to the inner 
muon chambers, the upper pole is split in two halves that 
can slide sideways on cantilevered supports. The magnet 
flux return frame consists of a square barrel, coaxial with 
the coil, and two pole crowns per half magnet. Each pole 
crown is a self-supporting structure holding the barrel, 
that is made up of thick iron plates. See Table 111.10. 

Onsite Facilities for Manufacture 

The halls foreseen for the manufacture of the main 
solenoid coil will be used to weld, equip, and test the 
pancakes. The external concrete slab will be used to 
manufacture the pole structures. 

F.4. Assembly Sequence 
To limit assembly time in the underground area, each 

spectrometer magnet will be lowered from the surface as 
two 800-ton loads by the gantry crane. They will be the 
first elements to be lowered in the experimental hall, as 
described in Sect. B.5. 

G. QUALIFICATIONS AND MEMBERS OF THE MAG-
NET SYSTEM GROUP 

The Kurchatov Institute and the affiliated institutes and 
organizations listed below represent a combination of 
skill, experience, and manufacturing capability well 
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Table 111.10. Main Parameters of the Return Frame 

Parameter Value Unit 

Barrel thickness 37 cm 

Pole thickness 43 cm 

Pole weight (one) 320 ton 

Total Iron weight 1700 ton 

Ext. magnet width 900 cm 

Ext. magnet length 1140 cm 

qualified for the design, fabrication, testing, and installa-
tion of the L * magnet system. An overview of the recent 
activities of the Kurchatov Institute is given in Table 111.11. 

Technical leadership and program management will 
be provided by the Kurchatov Institute representing 
demonstrated and Internationally recognized success 
with the development and operation of superconducting 
materials and magnet systems of many types and ap-
plications. The Kurchatov Institute has been a pioneer 
and continues with the Efremov Institute to be a major 
developer of both fusion power and associated engineer-
ing technologies. 

The TOKAMAK containment configuration was first 
developed at Kurchatov, which currently operates the 
world's largest superconducting TOKAMAK system. This 
represents a level of technology that is adequate for the 
L * magnet system. 

Experience with the design and manufacturing logis-
tics systems of comparable size and complexity is repre-
sented by the heavy industry, ship building, aerospace, 
and other affiliates of the Kurchatov Institute. 

Table 111.11. Characteristics of Some Magnet Systems 

Magnet Year 

Solenoid 1967 
Jubilee 

Solenoid 1972 
Kc-250 

CMS-0.25 1974 

LIN-5B 1976 

Solenoid 1976 
Maxihin 

T-7 1978 
toroid 

T-15 1990 
toroid 

Current 
(kA) 

0.6 

3.7 

2 

5 

5 

3.9 

Maximum 
field 
(T) 

5 

8(25) 

2 

8.7 

11.7 

5 

6.3 

Energy 
stored 
(MJ) 

0.34 

2 

1.5 

8 

3 

20 

370 

The cryogenic and control system will be designed by 
LLNL and provided by the United States. 

The following Institutes and Industrial enterprises ex-
pressed their interest to participate in the magnet 
manufacturing and assembly onsite at the SSC: 
Soviet Union: 
• Kurchatov Institute of Atomic Energy, Moscow 
• Institute of Theoretical and Experimental Physics, 

Moscow 
• Efremov Research Institute of Electrophysical Ap-

parata, Leningrad 
• All Union Research Institute for Cable Industry, Mos-

cow 
• Bochvar All Union Research Institute of Inorganic 

Materials, Moscow 
• Uhlba Metallurgical Plant, Ust-Kamenogorsk 
• Central Research Institute for Aerohydrodynamics, 

Moscow 
• Prometei Research Institute for Structural Materials, 

Leningrad 
• Institute for Mounting and Assembling Technology, 

Moscow 

United States: 
• MIT Plasma Fusion Center, Cambridge 
• LLNL, Livermore 
• ORNL, Oak Ridge 

H. R&O REQUESTS 

We request SSC support of five Soviet Engineers and 
five Soviet scientists for the next two years to work at the 
SSC to integrate their ideas with SSC requirements, ex-
perience, and standards. 

Costs per person: 30k$ per year. 
Travel costs per person: 2k$ per year. 
Total cost: 320k$ per year. 
We also request 1801<$ for support of magnet studies 

in U.S. laboratories for FY 1991. Total R&D request for 
FY 1991 is 500k$. 
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A. DESIGN CONSIDERATIONS 
Most of the recent discoveries of new particles (J, Y, 

,, W, z0) were made by measurement of leptons and 
lepton pairs with good (:s2%) mass resolution. The L * 
experiment will continue this physics by detecting muons 
of the highest energies In a high resolution 4Jt spec-
trometer after absorbing the copious hadrons 
produced in a calorimeter close to the interaction point. 
The penetrating muons have tolerable rates and back-
grounds. 

The resolution of the L * detector should be of the order 
of the zO line width for zO .. µµ produced at several 
hundred GeV, specifically 

llP/P = 2.4% at P = 500 GeV. 

A momentum resolution of 2.4% and mass resolution 
of 1. 7% have been achieved by L3 for 45-GeV muon pairs 
(see Fig. 11.8). The L3 experiment has three layers of 
equally spaced precision drift chambers. Each layer 
samples the track with either N · = 16 or 24 wires. Each 
wire provides a resolution better than 250 µm. The large 
L3 magnet has an analyzing power BL 2 

5! 4.2 Tm2 to 
determine the momenta of muons. The same principles 
can be used to obtain 2.4% momentum resolution at 500 
GeV as shown in Table IV.1. 

Table IV.1. Compari'son of L3 and L * Parameters 

Parameter L3 L* Unit 

Pr 50 500 GeV 

BL2 4.2 20.7 Tm2 

N 24 64 wires 

250 150-200 µm 

In contrast to L3 where Pr 5! 50 GeV/c, in L * Pr 5! 

500 GeV/c. This implies that in order to keep the same 
resolution, it is necessary to increase the analyzing power 
by a factor 5, increase the number of measurements from 
24 wires to 64 wires, and reduce the single wire resolution 
from 250 µm to 150-200 µm. 

At large energies photons from real radiative energy 
losses are well measured in the calorimeter. The resolu-
tion is expected to be M/E = 0.3NE. 

While tails of showers leaving the calorimeter may 
confuse a substantial fraction of the muon measurements 
in the chambers of a nonmagnetic detector, the B field in 
L * sweeps low energy particles away (Fig. IV.1), so that 
the track measurement will be accurate (Ref. IV.1 ). 

A preliminary estimate of charged particle rates in the 
muon chambers has been made using ISAJET version 
6.24 (Ref. IV.2) to generate proton-proton interactions at 
40 TeV in the L * geometry. A parameterization of 
punchthrough probabilities was adjusted to match 

:,4' 

Fig. IV.1. Muon track with shower fragments. Calculation for 
500-GeV muons using L3 GEANT 3.11 program of Ref. IV.1. 

GHEISHNGEANT (Ref. IV.3) simulations at 15, 100, and 
300 GeV. We assumed a luminosity of 1033. Figure IV.2 
shows the rate of charged particles penetrating into the 
muon detector volume vs o, the angle with the beam. The 
uncertainty in these estimates is indicated by the hatched 
area. 

We obtain a total rate of 23 x 106 per second or an 
average of 23 particles in the detector (2° < () < 178°) at 
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Fig. IV .2. Rates of charged particles in the L * muon detector vs 0. 
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some time during the 1-µs drift time of the muon cham-
bers: On average, only one of these particles is at an angle 
greater than 7.5° with the beam. The remaining particles 
are in the forward external magnets. With beam crossings 
occurring every 16 ns, these rates are summarized in 
Table IV.2, subdivided according to the different angular 
regions of the detector. This table demonstrates that, 
except for angles below 7 .5° with the beam, the occupan-
cy in the muon detector Is low. 

Table IV.2. Angular Distribution of Rates In One Muon Detector 
Hemisphere 

Range (degrees) 

Particles/µs 

Particles/xlng 

2.0-7.5 

11 

0.2 

7.5-17.5 17.5-30 

0.3 0.03 

5X10-3 4X10--4 

30-90 

0.013 

2X10--4 

At normal drift chamber operation these rates translate 
into an accumulation of 0.02 Coulomb/cm on the highest 
rate wire at 2° and 20 m from the intersection (see Fig.I1.1) 
after 1 year of uninterrupted running at full luminosity. At 
7.5° and 5.2 m from the intersection the rate is 0.004 
Coulomb/cm. Hence the gas used in the chambers must 
be carefully chosen to avoid aging at these high rates. 

B. L3 EXPERIENCE 
The design of the L3 muon detector (Ref. IV.4) required 

more than 7 years of research and development (R&D). 
This effort resulted in a detector that contains 80 multi-
sampling drift chambers, each of approximately 12 m2 

area, In 16 independent modules. The total weight of the 
detector Is about 160 tons. The L3 muon detector, now in 
operation for 1 year, has reached and surpassed design 
specifications. 

The L3 design concepts, construction techniques, and 
alignment procedures can be extended to detectors at 
higher energy machines and have guided us in our design 
of the L * detector. Hence, the L3 detector, as described 
below, serves as an introduction to the design we 
propose for the SSC. 

The L3 detector (Fig. IV.3) measures muon momenta 
to an accuracy of 6P/P = 2.4% at 45 GeV providing a 
mass resolution of l!!,,m/m = 1. 7% for a 100-GeV particle 
decaying into a pair of muons. The muon momentum is 
measured in free space by three layers of drift chambers 
positioned between the support tube and the magnet coil . 

The muon detector system operates in a 5-kGauss 
magnetic field parallel to the beam. The magnetic field 
results in a 3. 7-mm sagitta for a 45-GeV muon. The sagitta 
is measured to within 2.4% in order to obtain the desired 
momentum resolution. 

To achieve high resolution the error contributions to 
the sagitta (momentum) measurement were carefully 
minimized. The major contributions are 

• Intrinsic chamber resolution 
• Multiple scattering 
• Alignment accuracy 

SOµm 
0.9% radiation length 
<30µm 

The final accuracy was verified by UV lasers and cos-
mic ray calibrations. These techniques result in a combined 
systematic error in the drift chambers, octant structures, 
and In the octant internal alignment better than 30 µm. In 
addition to measuring the muon coordinate to 50 µm, 
each chamber measures the local track angle better than 
2 milliradians. 

The muon detector is modular, consisting of two "ferris 
wheels" of eight "octants" each. Each octant consists of 
a precision mechanical structure which supports and 
maintains the alignment of five momentum measuring "P" 
chambers. There are two chambers in the outer layer, two 
middle chambers, and one inner chamber. The top and 
bottom covers of inner and outer chambers are drift 
chambers which measure the z-coordinate along the 
beam, and thus measure the polar angle 6. There are six 
z-chambers per octant. The middle chambers are cov-
ered by thin honeycomb panels to minimize multiple 
scattering. Two of these honeycomb panels contain only 
0.9% of a radiation length of material. A complete octant 
assembly, with five "P" chambers, six z-chambers, 
amplifiers, UV laser system, and gas tubing is shown in 
Fig. IV.4. It displays the complexity of engineering and 
system integration experience. 

The momentum measuring chambers are constructed 
of cast and machined aluminum endframes and extruded 
aluminum side panels. Each chamber contains 40 wire 
planes, or a total of 3000 wires for field shaping and signal 
measurement. Automatic fabrication procedures were 
developed; for example, the wire planes were wound on 
drums and then immediately soldered onto the final 
printed circuit boards. The resonant frequency of a wire 
is directly related to its tension and sag. Each wire plane 
was checked prior to loading to ensure that all wires were 
within the adjustment range. 

SUPPORT TUBE 

Fig. IV.3. The L3 muon detector contains 80 multisampling drift 
chambers in 16 independent modules. The total weight is 160 tons. 
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Fig. IV.4. L3 octant assembly: The 16 modules are independently 
aligned and functional for momentum measurement including UV 
calibration and optomechanical monitors. 

Quality control and check procedures were incor-
porated to ensure high accuracy of the chambers. The 
key element is the precise wire positioning. A method was 
developed to position wires with an accuracy of better: 
than 1 O µm. A precise lnvartemplate was used to position 
and glue optically flat Pyrex glass plates to carbon fiber 
bars to make "bridges." Wire planes are attached to the 
bridge glass surfaces, and held in precisely determined 
positions. All glass plate positions were verified using a 
laser interferometer system, and the deviation of the glass 
surface positions from ideal is shown in Fig. lV.5. It shows 

· that 240 structures were built to 5-µm accuracy. Wire 
plane lengths were adjusted in the chamber to get a 
vibration frequency at the first harmonic of 27.85 Hz. 
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Since the vibration frequency determines to the wire sag, 
this method ensures that all wires sag the same amount. 
There Is one bridge at each chamber end, and a bridge 
in the middle which reduces the wire sag by a factor of 4, 
to 95 µ m. This is within the tolerances for which a software 
correction is possible. A th'reefold internal alignment sys-
tem consisting of LEDs, lenses, and quadrant 
· photodiodes was Integrated into the bridges (Fig. IV.6). 
Light from the LED is focused by the lens onto the 
quadrant photodlode. The systems were calibrated on an 
optical bench, and optimal alignment is achieved when 
all four quadrants receive equal amounts of light. The 
"end" bridges were positioned with respect to external 
references, and the "middle" bridges can be moved by 
means of actuators in response to the alignment systems 
to bring the bridges (and thus the wires) into correct 
~~nment · 

Fig. IV.6. Three-bridge wire support and alignment system. The 
alignment system is integrated into the wire support and reaches 5-µm 
accuracies. 

All chambers were tested with cosmic rays. Chamber 
resolution with cosmic rays is shown in Fig. IV. 7. This plot 
shows that the chamber resolution using these produc-
tion techniques was better than the design goal. 

The octant stands are precision structures (Ref. IV.5) 
which support the chambers and maintain the alignment 
to better than 25 µm over long time periods. These struc-
tures were designed for linear force transmission and 
elastic behavior, and thus behavior of the octants is fully 
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Fig. IV.5. The accuracy of all 300 wire positioning bridges Fig. IV.7. Chamber resolution with cosmic muons vs x, distance 
produced for L3 as verified by a laser interferometer (o = 5.2µm). from the wire, 
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predictable under all conditions of stress, load, and tempera-
ture. This was checked for each module by 360° rotation 
after full Installation of all components (see Sect. C.1 In 
this chapter). 

Chambers were Installed into the octant supporting 
stands, and the octant was aligned. A dual optomechani-
cal straightness monitor system similar to that in the 
bridges was used to establish octant center1ines at both 
ends of all octants. The redundancy guarantees ac-
curacy. Figure IV.a shows the direct reference of the 
system to the wires. A precision piece containing two 
LEDs and an insulated brass pin Is attached to each 
endframe of an Inner chamber. Similar pieces are 
mounted between the two middle and outer chambers 
and have two opposite insulated pins whose ends have 
a precise separation of 101.500 mm. The assembly be-
tween the middle chambers contains a lens, and that 
between the outer chambers contains two quadrant 
diodes. All pins are referenced to the corresponding 
optical component and touch one wire of a signal plane. 
The end bridges can be moved to just make or break 
electrical contact between the wire and the pin. In this 
way, the end bridge relative positions are known to within 
better than 5 µm. The middle chamber layer can be 
moved on Its titanium flexure feet in response to readout 
from the straightness monitor system, to bring chamber 
centers into a straight line. The center1ine through the 
three chamber layers is defined to better than 10 µm. 
Fig. IV.9 shows the stability of this system In the L3 
detector. The two diode systems of the double set track 
each other to better than a few microns and the overall 
structure was stable to < 4 µm over the period recorded. 

A rotating laser beacon (Ref. IV.6) is mounted on each 
octant (Fig. IV.1 O) and is used to ensure that the two 
octant center1ines established by the two straightness 
monitors are parallel to each other. Position-sensitive 
photodiode arrays are attached to each of the three 
straightness monitor elements on each end of the octant 
and record the position of the passing laser beam. This 
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Fig. IV.8. The vertical straightness monitor establishes an octant 
centerline (CL) accurate to 10 µm, which is referenced to the wires of 
all chamber layers. 
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Fig. IV.9. In a functional L3 octant, the displacement (x) of the 
middle chamber from the octant centerline is stable to 4 µm over a 
15-day period. 

ROTATING MIRROR 
Fig. IV.10. The rotating laser beacon measures parallelism of the 

two octant centerlines to within 25 microradians. 

system measures the angle between the two center1ines 
to 25 microradians. Outer and middle chambers were 
adjusted to reduce this angle to zero, and the remaining 
sagltta error is less than 10 µm. 

Each octant also contains a two-stage computer con-
trolled nitrogen UV laser (Ref. IV.7). The laser beam is 
directed across the outer chamber layer by means of an 
addressable beam steering element (Fig. lV.4) and down 
through all three chamber layers in eight different paths · 
which point roughly toward the interaction region to simu-
late Infinite momentum muons. The sagltta of laser events 
should be zero and thus is used to verify the alignment. 

Each octant was constructed to within alignment 
specifications (Fig. IV .11) using the straightness monitors 
and laser beacon and was then tested with UV laser shots 
and cosmic rays. Figure IV .. 12 shows the results of sagltta 
verification with the UV laser for one octant. 

Figure IV.13 shows the final alignment verification for 
all of the 16 octants. An optomechanical zero was deter-
mined by the straightness monitor settings. The squares 
show verification of the geometry by UV laser measure-
ments, and cosmic ray data are shown in circles as 
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another confirmation of the alignment. All octants are 
shown to be aligned to within the ±30 µm specification. 

The final check of the L3 muon detector accuracy 
comes from the direct measurement of events 

e+ e--zJ-µ+µ-

with well known .../s from LEP as seen in Fig.11.7. Measur-
ing the sagitta yields the momentum resolution shown in 
Fig. 11.8. Including all systematic alignment errors, multi-
ple scattering effects, and unresolved radiation losses, 
the resolution is 

!).p 
p = 2.4% 

OCL 

Fig. IV.11. Specifications for L3 octant alignment tolerances, to 
reach 30 µm combined systematics. Note the :±:o.025-mm tolerances 
on the two octant centerlines (OCLs). 
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Fig. IV.12. Accuracy of the UV laser calibration, checked over an 

extended period. This is an independent check which verifies the 
alignment and the octant function . 

which is the design value (Ref. IV.4). We note that the 
corresponding dimuon mass resolution is better by a 
factor of .../2, that is, l:!.m/m = 1. 7%. 

The techniques described in this section have been 
successfully utilized in the L3 detector at CERN. Exten-
sion of these principles allows accurate muon momentum 
measurement at the SSC. 

C. DESIGN CHARACTERISTICS 
The L3 Muon Detector provides a proven basis for the 

design of the L * muon detector. The main features of the 
muon detector design are described below, along with 
the approach to addressing the problems due to the 
different environment at the SSC. 

C.1. Engineering Considerations 
Increased Size 

Increased distances in the radial direction, needed to 
increase the track bending length, require chamber sup-
port over roughly twice the distance of L3. Increased 
distances along the beam axis, needed to increase the 
measuring volume in the forward direction, require longer 
muon chambers and supporting structures. Although our 
approach, as in L3, is to modularize the detector wherever 
possible, the size of the smallest possible module is 
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roughly double that of L3. The effects of the size and 
required precision of the muon detector indicate two main 
focuses of the engineering: alignment and construc-
tion/handling. 

More Precise Alignment 
The overall increase In the required alignment 

precision of the L * muon detector compared with that of 
L3 is a factor of 2 to 5. Adaptation of our alignment tools 
involves substantial engineering to meet these new 
goals. 

Also with these more stringent alignment requirements 
comes the need for Increased dimensional stability in the 
chamber support. An example is shown in Fig. IV.14, 
which shows the mechanical deformations of an L3 
module during a 360° rotation. Most notable Is that the 
deformation Is elastic and repeatable within the measur-
ing accuracy of 6 µm. Careful planning and design of the 
elastic nature of the structure, the stability against long 
term creep, the materials selection, the safety factors, and 
perturbations in the magnetic environment are crucial to 
the success of the engineering as it relates to alignment. 
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Fig. IV.14. Elastic deformation of a fully 9perational L..3 octant 

during rotation. It is reproducible to 6 µm in 0°-360° 

Manufacturing 
The engineering of the muon detector focuses from the 

beginning on the requirements for the construction and 
handling. Producing and transporting high-precision 
detector elements, with these dimensions, create some 
very unique engineering considerations. Detailed 
analyses of the reliability and the necessary quality con-
trols for fabrication and assembly of all detector com-
ponents must be incorporated from the early stages of 
R&D. 
C.2. Design Overview 

The three parts of the L * precision muon detector are 
shown in Figs. 11.1 and 11.2. "Central" muon chambers are 
located in the central solenoidal magnet, and cover the 

region above 33.4°. "Endcap" chambers, also inside the 
central magnet, cover the region from 7.5° to 31.6°; and 
small angle "forward" chambers in external forward mag-
nets cover the region from 2° to 7.5°. 

This detector Is designed to provide sagitta measure-
ments with a precision of 2.4% at 500 GeV. The precision 
of the momentum measurement rests on the accuracy of 

. the following: 
• The chambers 20-30µm 
• The array stand < 20 µm 

alignment 
• The verification with UV < 20 µm 

lasers and cosmic rays 
Figure IV.15 shows the principle of sagitta measure-

ment In an L • central region radial module. 
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Fig. lV.15. Sagltta measurement in one. radial module of the 
central detector (B = magnetic field). 

Each track is measured in three chambers with 32, 64, 
and 32 wires respectively. With single-wire resolution of 
150 µm and 94% of the wires in each chamber used In the 
fit (6% not used because of inefficiencies and delta rays), 
the inner and outer chambers measure the track coor-
dinate with a resolution of 

150µm 
e, = £3 = \I0.94x32 = 27 µm 

and the middle double chamber with a resolution of 

150µm 
£2 = \I0.94x64 = 19µm 

The sagitta error is 

AS = v'0.5 £ 1
2 + £ 2

2 + As~ys + Asfns 

where Assys represents all systematic errors and Asms 
represents the effect of multiple scattering in the cham-
bers and air. The systematic errors are kept below 20 µm 
and, for 500-GeV tracks at 90°, the multiple scattering 
contributes an additional 15µm, giving As= 37 µm. 
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In the central solenoid the magnetic field is 0.75 T 
directed along the z-axis, parallel to the beam. To cover 
the angular region above 33.4° there are three layers of 
central chambers at distances 3.9 m (32 wires), 6.5 m (64 
wires) and 9.2 m (32 wires) radially from the beam line. 
The wires are stretched parallel to the beam line and 
magnetic field to measure the azimuthal coordinate 
(bending direction). The centers of the inner and outer 
chambers are spaced L = 5.25 m apart, such that the 
sagltta, in millimeters, is given by s = (BL 2)/(8 x 0.033 
P), where Bis In kGauss, Lin meters, and P In GeV/c. If 

P = 500 GeV/c, thens = 1610µm; 
this gives ll.S/8: = ll. PIP = 2.4%. 

The resolution shows an improvement as 1/sin0 as we 
move away from 90° in the central region. 

The end cap chambers In the central magnet cover the 
region from 7.5° to 31.6°. Momentums are measured in 
three sets of chambers, each determining x- and y-coor-
dinates. In this way, the sagltta is determined at all ¢ with 
comparable accuracy. The endcap detector system con-
sists of two parts, which cover 7.5° to 17.6° and 18.8° to 
31.6°, respectively. The chamber spacing is increased 
from ll.z = 7.2 m to 8.6 m In the smaller angle range to 
compensate for the loss in bending power as the angle 
between the directions of the muon momentum and the 
magnetic field decreases. 

The region from 2° to 7.5° is by covered by chambers 
in the forward magnets. These also contain three layers 
of chambers. Wires are strung parallel to-the vertical field 
of 0.3 T in order to measure bending in the horizontal 
direction. The vertical wire direction eliminates sag and 
the need for a middle bridge. The chamber spacing of 8 
m is chosen to obtain the same resolution as for the 
central chambers at 90°. 

Momentum resolution for 500-GeV/c muons Is shown 
as a func~ion of cos 0 in Fig. IV.16. It is better than 2.4% 
except for the 11 % of solid angle between 7 .5° and 28.1 ° 
covered by the endcap chambers. 

The gaps in the resolution curve indicate portions of 
the solid angle which are not covered or are covered with 
decreased resolution. This is caused by the central sup-
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Fig. IV.16. Momentum resolution for 500 GeV/c muons as a 
function of cosine (J (. • . = partially covered with reduced resolution). 

port membrane, the end and side frames of the chambers, 
and the difficulty in matching chamber geometry at the 
boundary between central and forward chambers. In a 
large part of these regions the track is measured, but with 
less than the full complement of 32 + 64 + 32 wire.s or with 
increased multiple scattering in the chamber frames and 
supports. The preliminary design presented here is very 
conservative, leaving ample space for · chamber 
mechanics and supports yet covers 85% of 4n. The 
coverage will improve to about 

ll.a° = 90% 

as the design of the chambers and the supports 
proceeds. 

In the bending direction the precision of the momen-
tum measurement requires 20- to 30-µm accuracy of the 
chambers and better than 20-µm accuracy of the array 
stand alignment. 

The wires within the chamber are aligned with one 
another to high precision by the glass-carbon fiber 
bridges developed for the L3 experiment. Three bridges 
within a chamber are aligned with respect to one another 
by optoelectronic systems already described in Sect. B. 
Tolerances of 5 µm can be maintained by the combina-
tion of precision bridges and this alignment system. The 
sense wires of the different chambers within a module are 
aligned by transferring reference points from the wires 
near the ends of the support bridges along straight lines 
by optomechanical systems similar to those within the 
chambers. The chambers in L * must be aligned in the 
bending coordinate to 1 0 µm in order to maintain the 
overall 20 µm limit on systematic errors. 

In the nonbending direction, chamber spacing and 
alignment are less critical and rely on the mechanical 
stability of the array structure. The tolerances must be 
sufficient for measuring the angle with the beam, 0, to 
determine P from the sagitta (which gives Pr) and for the 
determination of trigger roads. However, the most strict 
criterion on alignment of chambers within a module in the 
nonbending coordinate comes from the need for global 
alignment between modules. (Note: "Global" refers to the 
alignment of the modules externally with other parts of 
the detector and the beam. "Local" means the more 
stringent internal accuracies.) Measurements of a track 
in the nonbending direction must match the global align-
ment criteria, which require alignment of chambers to 
300µm. All modules must be aligned to the same spot 
within the SSC interaction region with a global accuracy 
determined by the following considerations: 

1. To distinguish beam-beam events from cosmic rays 
and beam gas background. 

2. For matching tracks with the central vertex detector. 
3. To aid in distinguishing tracks from different beam 

crossings which originate from points with different z-
coordinates. 
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4. To determine the opening angle of muons pairs. 
The alignment tolerances are set by the multiple scat-

tering. There are 12 to 14 interaction lengths in the hadron 
and electromagnetic calorimeters ( ~ 240 Xo), and their 
mean distance from the interaction point is 2 to 3 m. 
Hence it is sufficient that the "centerlines" of all modules 
pass within a common sphere of radius 0.7 mm located 
at the center of the beam interaction region. 

C.3. L * Muon Chambers 
Eighty large area precision muon chambers have been 

designed and constructed for the L3 Experiment. These 
are the most precise chambers of this size to have been 
built for any experiment to date. The L * chamber design 
is based on this design (Fig. IV.17) but will be finalized 
during the ongoing R&D programs. 

The L * chambers fall naturally into three categories as 
functions of angular coverage and position in the detec-
tor: (1) Central, (2) Endcap, and (3) Forward. 

1. Central. There are 160 chambers in the "Central" 
muon detector with 189k signal wires. These chambers 
are located inside the main solenoid and cover from 33.4° 
to 88.1° in polar angle. They are arranged in 32 modules 
with 16-fold symmetry in¢. Central chambers are con-
ceptuallythe most similar to L3; however, on average they 
are larger and contain more wires. There are five different 
types of chambers. The outer chamber layer contains two 
chambers positioned along the beamline, and the inner 
layer is a single chamber. 

The middle chamber layer contains two chambers 
along the beamline which are thicker than the others 
because they measure the track with 64 wires. These are 
divided into 2 layers of 32 wires each, constructed similar 
to the 32 wire layers In the other chambers. These layers 
are displaced by one-half cell to offer the following ad-
vantages: 

Fig. IV.17. Exploded view of an L3 multisampling outer chamber, 
showing precision bridges which position the wire planes, and 
endframes and side panels, carrying the wire tension load. 

1. The left-right ambiguity of the chamber is clear1y 
resolved (see the left track in Fig. IV.18). 

2. For straight tracks, the sum of drift times, T1 + T2, 
must be a constant. This provides self-calibration for the 
drift velocity, event by event. 

3. The relative alignment of the upper and lower layers 
can be checked by comparing the time sums of tracks 
that pass to the left of wires in the upper layer and to the 
right of wires in the lower layer ("left-right") tracks with the 
time sums for "right-left" tracks. 

4. Tracks from previous (or later) beam crossings, n x 
16 ns earlier, show the pattern of the right track in 
Fig. IV.19. The segments are spaced apart by 2 xv x n 
x 16 ns = n x 1.6 mm. This allows association of each 
track with the correct beam crossing. 

5. The same method permits rejection of cosmic rays, 
which pass through the Intersection and simulate back-
to-back muon pairs. Because the innermost middle 
chamber is 6.5 m from the interaction point, there is a time 
difference of 39 ns between ingoing and outgoing tracks 
at the middle chamber. This results in a 3.9-mm separa-
tion between track segments of incoming cosmic rays. 

The central outer chambers are 20% longer and 30% 
wider than the largest L3 chambers. The track is sampled 
by 32 or 64 sense wires instead of the 16 or 24 used in 
the L3 design. The basic structural elements of L3 cham-
bers were endframes, side panels, and z-chambers. The 
L * central chambers will have similar structural elements, 
but modifications and Improvements will be made as a 
result of our experience with the L3 system. Endframes 
will be strengthened due to the increased size and wire 
tension load and will need greater structural stability due 
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Fig. IV.18. A schematic end view of the central middle chamber 

which shows the offset cell structure for calibration and resolving 
left-right ambiguity. The sum of times T 1 + T 2 is a constant and is a 
self- calibration of the chamber. Track segments do not line up when 
assigned to the wrong beam crossing (right side). 
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Fig. IV.19. Detail of wire attachment to the precision glass bridges 
showing a signal plane and a wire cathode plane. Replacement of the 
wire cathode plane by thin (8- to 30-µm) foil or mesh planes (R&D 
program) will increase chamber reliability. 

to increased accuracy requirements. The L3 outer and 
middle chambers (Fig. IV.17) were constructed with one 
angled side panel and one straight side panel. This lack 
of symmetry has been avoided in L *. The chamber sides 
are both identical, resulting In improved mechanical 
stability and predictability. The inner and outer central 
chambers each have two double covers of z-coordinate 
measuring chambers Installed as their top and bottom 
covers. These chambers, with a total of 25k wires, are 
similar to the z-chambers of L3. The middle chambers 
have no z-layers. They require low multiple scattering 
covers. Strong lightweight honeycomb panels have been 
already manufactured as gas covers for the L3 middle 
chambers. They contribute only 0.9% of a radiation length 
of material, and thus minimize multiple scattering. 

2. Endcap. "Endcap" chambers are located inside the 
main magnet. They cover from 7.5° to 31.6° in polar angle 
in two different arrays of three layers each. Each layer 
measures the track with 32 or 64 sense wires. The inner-
most array covers from 7.5° to 17 .6°, and the second array 
covers from 18.8° to 31.6°. The inner and outer chamber 
layers consist of one chamber which measures in the 
x-direction, and another which measures In the y-direc-
tion. The middle layer has a double thickness x-chamber 
and a double thickness y-chamber, each with two sets of 
32-wire bridges. The chambers are all comparatively 
simple to construct because they are short and either 
square or rectangular. They will not need middle bridges 
to decrease wire sag since the chambers are less than 
3 m long, and thus they will not require complex internal 
alignment systems. These chambers contain a total of 
215k signal wires. 

3. Forward. "Forward" chambers are located inside 
the external forward magnets and cover from 2° to 7.5° in 

polar angle. These chambers are also simple and rectan-
gular in design. They have no middle bridges because the 
momentum measuring wires are vertical and do not sag. 
Horizontal wires, measuring the other coordinate, are 
short. There is a total of 55k wires in these chambers. 

Due to the large number of chambers in the L * system, 
parts will be standardized, and produced ~y indu~try. 
Designs will be optimized for mass production. This Is 
realistic and proven. Quality control documentation ex-
ists from L3. 

Since chamber precision Is determined in large part by 
the positioning accuracy and alignment of sense ~ires, 
the wire positioning, wire tensioning, and chamber inter-
nal wire alignment must be done with a higher degree of 
accuracy than was required in L3. The basic concepts will 
remain similar to those used in L3. The details and exact 
processes by which wire positioning accuracy Is 
achieved will be determined during the R&D program. 

The winding and tensioning systems used to make the 
L3 wire planes were adequate; however, L * will require 
more accurately made planes, and many more of them. 
Processes such as wire attachment and wire tension 
adjustment will be automated to increase production 
speed, uniformity, and wire plane quality. 

The L3 chamber system contains 250 000 wires, and 
a direct extrapolation to L* would imply a system of 
1.5 million wires in the central detector alone. Field shap-
ing cathode planes account for 67% of the total number 
of wires. Access for repairs and broken wire removal will 
be difficult. The system must be designed to be reliable. 
Large areas of a chamber constructed of only wire planes 
can be completely disabled by a single broken wire. It is 
desirable to replace the cathode wire planes by foils or 
mesh planes (Fig. IV.19) to increase the chamber 
reliability. These studies are being carried out as part of 
the R&D program. 

After the installation of L *, removal of a chamber for 
repair will be time consuming. Provisions will be made to 
give us reasonable access to all critical areas, s~ch as 
bridges and circuit boards. In this way, most repairs can 
be made in place, without the need for major interven-
tions. Access ports will be added to the chamber structure 
and will enable us to make chamber repairs without 
necessitating major dismantling of the detector. The ac-
cess ports will be designed for gas safety . 

C.4. Gas 
The total L * muon detector gas volume of 2800 m3 

necessitates a nonflammable and nontoxic gas. 
To achieve the required high accuracies the gas must 

have a low electron diffusion coefficient ("cool"), have a 
large electron drift velocity v ("fast"), have a high gain 
(large free electron yield), and be non-electron-attaching 
(attachment cross section small for electron energies less 
than -5 eV). 
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We require operation at a safe value of the pressure-
reduced electric field (E/P), insensitivity to variations in 
electric field E, small dependence of v on the magnetic 
field B (small Lorentz angle, 8). High corona Inception 
voltage is needed to avoid harmful gas decomposition by 
discharges. In addition, the gas electron transport proper-
ties must be insensitive to small variations In temperature, 
density and composition. 

No single gas has all of the above qualities. Therefore, 
an R&D program was started. The emphasis is on the 
development of multicomponent gas mixtures with op-
timal electron transport, gain, and electrical and chemical 
properties. The radiation and corona induced decom-
position byproducts of the gas will be identified. Aging will 
be measured and considered in the choice of the gas. 

Many studies have Investigated the basic electron 
transport (Refs. IV.8-13), the electrical (Refs. IV.14 and 
IV.15) and other (Refs. IV.13 and IV.16) properties of 
gases. Good gas mixtures like Ar/CH4, Ar/i-C4H10, 
Ar/CF4, Ar/C2Hs, Ar/CO2, -Ar/CO2'C2Hs for advanced 
detectors were Identified. But the nonflammable gas that 
ts appropriate In all aspects for use in the L * muon 
detector must be determined. 

To Illustrate the Information currently available on 
detector gases, we discuss an Ar/CO2 mixture as an 
example. An Ar/CO2 mixture with specific additives is 
nonflammable and expected to have low diffusion. How-
ever, the gas will need admixtures to Improve reliability in 
a big system like L *. 

Figure IV.20 shows the drift velocity (Ref. IV.13) as a 
function of electric field, E, for Ar/CO2 mixture. Additives 
change the basic behavior very little. Working at -1 atm 
and E - 1800 V /cm, the drift velocity is insensitive to field 
variations over a broad range. This Is desirable because 
space charge at high rates can change E. Figure IV.21 
gives the deflection angle (Ref. IV.13) due to the Lorentz 
force at the operational magnetic field of 7.5 kGauss. We 
note that the angle of 18.7° and the voltage values are 
similar to L3; therefore, we expect accurate operation. 

In Fig. IV.22 the dependence of drift velocity on CO2 
concentration Is given. For CO2 concentrations higher 
than 16%, the drift velocity Is Insensitive to small mixture 
variations. Operational parameters would be 

E = 1800 V/cm 
v = 5.7 cm/µs 
.0 = 18.7° 
Ar:CO2 = 82:18, 1 bar 
However, this gas cannot be used as is. It lacks 

reliability for a big system due to its tendency to dis-
charge. To keep the good overall features, additives X of 
a few percent will be examined in a thorough R&D pro-
gram to provide good gain, suppress corona discharge, 
and to ensure long lifetime of the chambers. For example, 
in L3 we observed (Ref. IV.17) that 0.5% water can extend 
the chamber lifetime up to a factor of 1 o. 
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magnetic field B. In the main solenoid at L * (B = 7.5 kGauss). 

· For economical gas consumption, the L * gas system 
will recycle 95% of the gas, as in L3. The 5% addition of 
new gas, with the use of purifiers, will maintain the gas 
quality . 

C.5. Electronics 
The L * central detector has 127k channels, after linking 

the wires of two outer and two middle chambers (0.6 
reduction) . For the endcaps 70k channels are required, 
after more extensive linking. The forward-backward 
regions together have a total of 26k channels. 

The individual channels consist of amplifier, dis-
criminator, cables, and time digitizing units. The 1-ns 
recording accuracy of the L3 solution is adequate for L* 
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Fig. IV.22. Drift velocity (v) vs CO-? concentration. The electric field 
E is 1.8 kV/cm. 

resolution requirements and could be used in the central 
detector. This already operational system of 25k channels 
cost 190$ per channel, Including all cabling, Interfacing, 
readout, and monitors. However, the increase In channel 
number from L3 to L * is of an order of magnitude. This 
creates a need for R&D to achieve high component 
density, cabling reduction, reliability, easy diagnostics 
and repair, and low cost. 

In addition, the complexity of the L * muon 
spectrometer requires the development of a large number 
of electronics systems monitoring all the relevant 
parameters. In particular, the high-voltage system has to 
be distributed and controlled to react to background 
conditions In order to avoid wire damage and aging. 

C.6. Muon Trigger Generation 
The fast level 1 muon trigger will be derived from three 

coincident layers of Resistive Plate Counters (RPCs) 
(Ref. IV.18). These devices produce a very fast (10 ns) 
discharge In a gaseous gap of 2 mm after passage of an 
ionizing particle. Induced signals are received on external 
strips and yield a precise timing resolution of 2-3 ns. 
RPCs and their associated electronics provide a low cost 
method of Instrumenting the very large area required (i.e., 
4000 m2). Three RPC layers will be attached to the muon 
chambers in the central region. They will be read out by 
3-cm strips oriented parallel to the magnetic field. RPC 
layers with 3-cm radial pick-up strips are also connected 
to the muon chambers in the endcap regions, and RPCs 
with 2-cm strips running vertically (parallel to the mag-
netic field) are placed at three positions in the forward 
detectors. Fast (i.e., 100 ns) logic searches for tracks 
pointing to the interaction region along fiducial "roads" In 
the r-¢ plane, which specify a particular momentum cut. 
The precise time resolution of RPCs also enables cosmic 
ray triggering and flagging. 

After the 1-µs maximum drift time has elapsed (I.e., 
during the level 2 trigger), candidate tracks are also 
formed using muon chamber hits. A track finder will 
Identify muons within roads that span both bending and 
nonbending coordinates. These roads point back at the 
Interaction region and are determined by coincident hits 
(mutually arriving within 1 µs) on selected wires in the 
outer and Inner layers of drift chambers. Roads are as-
sembled for each module in the central region by 
demanding hits In z-layerwires within narrow (2°) intervals 
In 8, as Implemented at L.3. Roads are defined in a similar 
fashion to detect tracks In the endcap regions, where 
limits in 8 and </> will be Imposed by requiring hits in 
orthogonal chamber wires lying within the solid angle 
defined by each road. In the forward detectors, roads are 
again subdivided in 8 and</> by requiring hits in orthogonal 
chamber wires. Road boundaries will be set more narrow 
in this region, In order to clearly separate individual tracks 
and avoid accepting lower momentum particles. 

Muon chamber data can be assigned to particular 
events by linking candidate tracks found in the muon 
chambers within the 1-µs drift Interval to those found In 
the RPC array and/or hadron calorimeter. In addition, 
matching of candidate tracks with particular events can 
be rapidly accomplished by performing time sum calcula-
tions for hits in adjacent chamber layers that are offset by 
half of a cell width (Fig. IV.18). The sum of drift times 
resulting from the offset chamber layers, plus a correction 
term proportional to the tangent of the angle between the 
track and chamber plane (known from the road defini-
tion), should always be equal to the maximum drift time, 
that is, 1 µs. Rapid computation of a time sum for each 
candidate track will enable ·every track to be correlated 
with a particular event, or a range of events in the cases 
where uncertainties (i.e., In the incident angles) are large. 

C.7. Alignment Systems 
Throughout the evolution of L.3, numerous techniques, 

instrumentation and test fixtures were employed or 
developed to obtain the required alignment accuracies. 
The L3 experience provides a significant knowledge base 
by which to judge the strengths and drawbacks of 
proposed alignment techniques or systems and to make 
specific recommendations of R&D efforts needed for 
improvements which might otherwise be overlooked or 
discovered late in the detector's development. 
Local Alignment System 

The function of the local system is to align chambers 
within a module. In each of the three muon detector 
regions (central, endcap, and forward), chambers are 
grouped into sets of three equidistant layers for the pur-
pose of muon sagitta measurement. The middle layer 
actually consists of two chambers that are joined one on 
top of the other and referenced during fabrication such 
that they may be considered as one chamber for align-
ment purposes. Each of the three chamber layers 
measures the particle track precisely in the bending direc-
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tion, and from the three combined measurements the 
sag Itta is calculated. The alignment of the wire planes with 
respect to one another In the three layers In a straight line 
Is the function of the local alignment system. This align-
ment Is termed local because It aligns the three chamber 
layers to make Independent sagltta · measurements 
without concern for the global location of the system with 
respect to the Interaction region or any other local sys-
tem. 

The local alignments are maintained by straightness 
monitors similar to those In L3 that are described In 
Sect. B. They are not positioned at the chamber center-
lines as In L3 but at each end of the precision bridges that 
position the wires within each chamber. In this way the 
local alignment Is simplified and made Intrinsically more 
precise. 

To reduce the number of straightness monitors, multi-
point alignment systems are under study. Under the R&D 
effort the multipoint alignment system will be researched 
by a number of Institutions such as Draper, MIT, ETH, 
University of Geneva, and Los Alamos. The Draper ap-
proach is shown in Fig. IV.23. The multipoint straightness 
monitor depicted In this figure is a variant of the three 
point devices used In L3. The points to be aligned are 
represented by light sources P1 through P5. These light 
sources are modulated so that they can be Individually 
identified. They are viewed by a quad cell and lens which 
are held in a rigid tube. The information from the quad cell 
provides the deviations (In two directions) of light sources 
P2 through Ps from a line connecting P1 to P5. 

The accuracy demands on the wire plane alignment 
Including straightness monitors are 8 µm vs 15 µm for L3. 
In addition, path lengths are up to three times longer. The 
L3 straightness monitors are sensitive enough to recog-
nize 0.1 µm changes and can be adapted to the demands 
of L*. 

It should be noted that in L3 there were two additional 
systems to accomplish the local alignment, which were 
required as a function of the chamber geometry. It was 
necessary to measure and adjust the angle between the 
centerlines at each end of the detector module and the 
radial spacing between the chambers. Both of these 
contributed to the accuracy of the sagltta measurement. 
The design of the L* muon detector, based on our ex-

Quad• Cell 
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Cube 
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Rigid Tube 

*--~~--~~-~-------* * P1 P2 P4 P6 
fig. IV.23. Multipoint (P, ... Pe) alignment system, schematic. 

perience with L3, eliminates the need for these two sys-
tems and increases chamber alignment accuracy. 

Global Alignment System 
To match tracks to one another and to the interaction 

point, as well as to resolve the momentum of the particle 
from the sag Itta measurement, It is necessary to know the 
global location of the three chamber layers that have 
locally determined the sagitta. All muon detector ele-
ments must be aligned to a common reference point, 
close to the Intersection point, which must be derived 
from reference features on the nearest focusing quad-
rupoles to the Interaction region. This global alignment Is 
done with a combination of measurements, which are 
taken with Interferometers, with bubble levels, by survey, 
and mechanically. 

The first step In the global alignment process, refer-
encing between the local and global systems, starts when 
the chambers are attached to the support structure. The 
locations of the wire planes within the chambers, as 
defined by the local alignment systems, are at this point 
precisely referenced to measurable, global features in the 
system. Measurements are taken and the consequential 
shimming and adjustments are made atthe support struc-
ture attachment points to bring the positions of the cham-
bers Into tolerance. All of this is done with the completed 
detector element at Its design orientation. As a result of 
this referencing, bubble levels and survey targets fixed to 
the detector elements will permit global alignment of the 
detector elements in the experimental area. 

Since the supports for the muon detectors in all regions 
are provided by the magnets-which are subject to mo-
tion caused by thermal effects, creep, etc. - the global 
alignment must be continuously monitored. A global 
alignment system reference structure supports reference 
elements that operate with the straightness monitors and 
with survey to the hall benchmarks. This reference struc-
ture, supported by Isolation mounts, Is constructed of 
lightweight, stable, nonmagnetic composite material and 
Is designed to have very low stresses. It provides a 
precise common point to link the locations of the muon 
detector elements with the machine quadrupoles at all 
times. 

Structural Alignment System 
The structural alignment process starts when the 

chambers are attached to the support structure. 
Precision measurements are taken and compared with 
the structural analysis computations. Adjustments are 
made to the support structure attachment points to bring 
the relative position of the chambers into tolerance. The 
completed structure will be rotated in Its test fixture 
(Fig. IV.26) to the orientation It will have when installed in 
the detector. Levels (both single and dual axis), laser 
interferometers, and precision transfer standards are 
employed to align the structures and chambers. These 
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instruments will be constructed according to the same 
principles as those for L3. 

D. CENTRAL REGION MUON DETECTOR 
The central region muon detector provides accep-

tance in each hemisphere over the region of 33.4° to 88.1° 
from the beam axis. Measurement resolution In this 
region is equal to or better than fl.PIP= 2.4%. 

D.1. Central Region Arrangement 
The central region muon detector is arranged in two 

basic parts and located in the region between the magnet 
wall and the calorimeter support tube (Fig. IV.24). Each 
part extends from the central membrane to 33.4° from the 
beam axis and Is divided into 16 modules that are each 
supported from the magnet independently of each other. 

Each independent module contains five rectangular 
muon chambers of trapezoidal section. These chambers 
are arranged into three layers with the wire axis along the 
z-axis (and parallel to the B field) and wire planes nominal-
ly radial. The outer layer contains two chambers each 
6. 7 m long and 3.3 m wide. The middle layer contains two 
double-thickness chambers shaped to maximize the ac-
ceptance. Chamber lengths for this layer are 5.3 and 
5.0 m, and the chamber widths are 2.5 and 2.3 m, respec-
tively. Finally, the Inner layer contains one chamber which 
is 6.4 m long and 1.5 m wide. In addition, both the inner 
and outer layers will have a less precise chamber layer to 
determine the z-coordinate of an individual track entering 
and leaving the measuring module. 

D.2. Central Region Structure and Support 
The support structure Is an aluminum full truss on the 

sides and both ends of the module. Figure IV.25 Illustrates 
this structure in conjunction with the installed chambers 
and the magnet support elements. All material is excluded 
from the active measuring volume and is placed In the 
regions necessarily obstructed by the mechanics of the 
muon chamber enclosures. The chambers were arranged 
to maximize the acceptance, as shown in Fig. IV.24. 

This sector support structure is attached to the magnet 
at three pairs of attachment points distributed along the 
axis of the magnet. Two pairs of attachment points are 
near the ends of the truss, and the third pair Is near the 

y 

Fig. IV. 24. Central detector, side and end views of 1 of 32 
modules. Beam line is along the z-axls (IP = interaction point) . 

center of the truss. in· order to eliminate support redun-
dancies, the middle two points position the module along 
the z-axis while the end support points allows motion 
along this axis. Similarly, all of the points along one side 
of the module have a tangential degree of freedom. This 
avoids internal stresses caused by, for example, tempera- . 
ture changes. 

Attachment of the chambers to this support truss is 
accomplished in a manner proven successful in L3. The 
chambers are attached to the structure using flexural feet 
to permit actuated motion for alignment purposes. In 
order to minimize the forces associated with aligning the 
chambers, preloaded springs or a constant force device 
are added to balance the chamber weight at the intended 
final orientation. Finally, In order to prevent damage to the 

Fig. IV.25. Central region structure and support. 

chambers or the flexure feet while transporting modules 
between the assembly area and the magnet, elastic stops 
are used to limit individual chamber motions. 

D.3. Central Region Alignment 
Alignment of the modules with respect to the beam is 

achieved with a combination of level monitors and 
theodolite measurements. The level monitors and survey 
references are added to the module and calibrated at the 
design orientation during assembly. Level measurement 
to 20 microradians and survey to 0.1 mm are sufficient to 
satisfy the global alignment requirements outlined in 
Sect. C.2 of this chapter. 

The critical alignment of the three chamber layers 
within a module in the bending plane is done as in L3 with 
straightness monitors. Each module has eight monitors 
to perform the alignment. Their locations follow roughly 
the radial lines indicated Fig. IV.24. These monitors are 
two-dimensional and are also used to verify z-axls align-
ment. 

The alignment of the chambers within each module is 
verified with a UV laser system. The lasers, one per 
module, are mounted on the exterior of the central mag-
net end plugs for ease of maintenance and repair. Th'e 
beam is directed by mirrors through the chambers to 
simulate an infinite momentum particle. Verification Is 
also accomplished with cosmic ray muons. 

D.4. Central Region Assembly and Installation 
Each central region module is assembled, aligned, and 

tested in a surface hall. With the support structure 
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"parked" in a preallgned, stable fixture the muon cham-
bers are installed. The middle layer of chambers must be 
loaded in through the opening In the top of the frame and 
the inner and outer layers are fixed to the bottom and top 
respectively. Test and alignment of each module is ac-
complished with the aid of a cylindrical cage (Fig. IV.26) 
which supports the truss structure and permits rotation 
of the entire module about Its longitudinal axis to Its 
design orientation. The modules are also transported in 
this assembly cage, which has rails inside, similar to those 
that support the modules during insertion Into the mag-
net. After transport from the assembly to surface areas, 
each unit is lowered through an access hole to the ex-
perimental hall. The entire assembly Is then placed on a 
support structure and elevated to the correct height for 
insertion into the magnet. After rotation to the correct 
orientation, the module is rolled off the rails In the cage 
and onto the permanent nonmagnetic rails in the detec-
tor. These permanent rails are attached along their length 
with insulated mounts to the inside of the coil, and to the 
magnet near the central membrane and the pole crown. 
Once inside the magnet, the module is secured at six 
attachment points to the magnet structure with no con-
tact to the rail system. This arrangement provides isola-
tion of the precision module from the magnet mechanical 
perturbations as previously described. 

E. ENDCAP REGION MUON DETECTOR 
The endcap region muon detector provides accep-

tance over the range of 7.5° to 31.6° and 148.4° to 172.5° 
from the beam axis. 

E.1. Endcap Region Arrangement 
The endcap region muon detector Is arranged in two 

basic parts supported by the movable magnet end plugs 
(pole pieces) at either end of the main solenoid. 

Two geometries are under study for the end cap region. 
One arrangement measures two orthogonal components 
(x and y) of the track with comparable accuracy (i.e., x 

Supporting 
Rails 

Fig. IV.26. Central region rotation and transport fixture . 

and y chambers) . Figure IV.27(a) shows an end view of 
the outermost layer of chambers. This version is 
described in detail below. The other arrangement 
measures one track component In the tangential (tf,) 
direction (radial chambers) and, with less accuracy, the 
component in the radial (0) direction. Figure IV.27(b) 
shows an end view of the outermost layer of this second 
arrangement. While It Is less conventional, this alternate 
version is attractive because of potential savings in 
electronics, the number of chambers, and the ease of 
support. 

In the arrangement described in Fig. IV.27(a), each 
side of the endcap region consists of 12 layers of square 
and rectangular chambers arranged in a planar square 
array. This region provides measurement from 7.5° to 
31 .6° from the beam axis (Fig. IV.28). Figure IV.27(a) Is a 
view of the outermost layer viewed looking outward from 
the interaction point. The chambers form a projective 
geometry providing clear passage through the three 
layers, maximizing the acceptance. Successive layers 
alternate from x- toy-chambers, the chamber type desig-
nation referring to the orientation of the precise measur-
ing direction of the chamber. No additional cross-axis 
measuring layers are needed in this array since both x-
and y-coordinates of the particle tracks are measured in 
successive layers. 

E.2. Endcap Region Structure and Support 
The dominant structural feature of the endcap support 

is a conical truss that houses the 12 assemblies of cham-

1) X 1ndY Amy 

b) Radial 

Fig. IV.27. Endcap region layout options. 
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ber layers. It is composed of 16 tubular elements, which 
nominally point toward the interaction point. Four of these 
can be seen in Fig. IV.29, which shows one-quarter of the 
endcap assembly viewed from outside of the conical 
structure. In addition, there are numerous diagonal truss 
elements, which brace the tubular elements to stiffen 
them. The conical truss Is fixed to the magnet end plugs 
(pole pieces) near their outer edge, where deformations 
are minimal. This provides a stable mounting for the 
endcap muon detector array. 

Each of the 12 layers of chambers is mounted In a 
rectilinear grid [as seen In Fig. IV.27(a)]. The structural 
elements of this grid are placed in the space between the 
rows of muon chambers and in the shadows of the 
chamber frame structure. Each layer is assembled in a Ii 
horizontal position. Truss elements in the spaces be-
tween the chambers provide stiffness needed during the 

Fig. IV.28. Endcap region layout and acceptances. 

31.6° 

18.8° 
17.6° 

7.5° 

z 

assembly process and allow the layers to be mounted 
inside the conical truss in a manner that isolates them 
from its mechanical deformations. 

E.3. Endcap Region Alignment 
Alignment principles, procedures, and verification in 

the endcap region are similar to those in the central 
region. 

E.4. Endcap Region Assembly and Installation 
In the surface hall, a structural cone is built with its large 

diameter end open on top. The individual chamber layers 
are assembled in a horizontal plane, lowered into the layer 
truss structure, and attached in place in the cone. Follow-
ing assembly of all of the layers into the conical truss, the 
assembly is moved to a high bay area to permit rotation 
of the assembly to its final orientation (vertical), followed 
by final alignments and evaluation of the entire assembly. 
This assembly, which weighs approximately 125 tons, is 
then lowered through the access hole to the experimental 
area, where it is attached to the magnet plug. Finally, the 
forward region muon detector, magnet plug, and the 
attached endcap region is slid into its final position in the 
magnet. 

CanlctllTNH 
SINCIUN 

Fig. IV.29. Endcap region support structure. 

F. FORWARD REGION MUON DETECTOR 
The forward region muon detector provides accep-

tance over the range of 2° to 7.5° and 172.5° to 178° from 
the beam axis. Measurement resolution (!J.P/P) in this 
region is equal to the nominal value of the central region: 
!J.P/P = 2.4%. 

F.1. Forward Region Arrangement 
The forward muon detector measures momenta by 

three chamber layers-a, b, and c-in a vertical 0.3-T 
field. The precision measurement of deflection is carried 
out by 32-64-32 wires, which are vertical and therefore 
have no sag correction. It is located along the beamline, 
outside of the main magnet as shown in Fig. 11.1. The 
separate solenoidal magnets contain a vertical field and 
have an internal clearance of 9.2 x 8.2 x 8.2 m. They also 
contain a tube of 1 m O.D. to support the machine beam-
line and quadrupole magnets. The chamber arrangement 
is shown in Fig. IV.30. 

The chambers are assembled into modules for support 
and alignment. Each forward region contains two side 
modules and a top and bottom module. The a- and 
c-layers of the modules each contain two xy-chambers of 
3.1 x 4.0 m, mounted one above the other. There are two 
double-thickness x-chambers in the b-layer with 64 wires 
mounted in two staggered sets of 32 wire bridges. The a-
and b-layers of the top and bottom modules contain an 
xy-chamber of 2.0 x 3.2 m, and there are two 2.0- x 3.2-m 
chambers in the b-layer. 

The y-coordinate is measured by cells of 16 horizontal 
wires in the a- and c-layers only. This determines the 
trajectory angle and allows the formation of trigger roads. 

F.2. Forward Region Structure and Support 
The structure to support and maintain alignment of 

these chambers is similar to but less demanding than in 
the other detector regions since the precision chambers 
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have only one orientation relative to gravity. The muon 
chamber support frames and the stabilizing truss struc- · 
ture are fabricated of square aluminum tubing joined into 
the necessary module support structures. The support 

A 

l 

Top Module 

(a) Top view 

+Y 

L.x 

(b) End view (crou section at A-A) 

Fig. IV.30. Forward muon detector. 
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structure for the chambers within a module is designed 
to allow access during assembly and for subsequent 
repair and maintenance. 

Attachments to the magnet minimize mechanical cou-
pling of the magnet structure with the muon chamber 
modules. The major rigid attachments are at the bottom 
magnet plug with additional floating attachments made 
near the top magnet plug to provide stability to the vertical 
structure. 

F.3. Forward Region Alignment 
Alignment principles, procedures, and verification in 

the forward region are similar to those In the central 
region. 

F.4. Forward Region Assembly and Installation 
Assembly of the muon chambers into the support 

structure is done with the chamber axes vertical so as not 
to lmproper1y stress the structure, which is designed for 
vertical mounting. Other aspects of assembly are similar 
to all of the other muon detector regions. 

For assembly In the experimental hall, the bottom 
module Is first lowered Into the magnet, translated under 
the beam, locally aligned to the magnet structure, and 
secured. The two side modules are similarly installed. 
Finally, the top module Is fitted. This assembly process is 
straightforward because of easy access. 

G. THE L* MUON DETECTOR RESEARCH AND 
DEVELOPMENT PROGRAM 
The physics goals for the L * detector lead to demands 

on the precision muon system in terms of chamber 
resolution, alignment, choice of gas, chamber support, 
and electronics. These can be met after careful studies, 
plus systematic tests and measurements of full-scale 
prototypes. In order to ensure the timely completion of 
the L * precision muon detector, R&D programs are 
needed and cover the following topics: 

1. Chamber design and construction 
2. Gas 
3. Support structure design 
4. Coordination 
5. Alignment systems 
6. Electronics 
7. Data transfer 

Programs have been started with detector subsystem 
R&D funds from the SSC (Refs. IV.19 and IV.20) for 
(1) chamber design and construction, (2) gas, (3) sup-
port structure design, and (4) coordination. Switzer1and 
will undertake R&D on (5) alignment systems, 
(6) electronics, and (7) data transfer (Refs. IV.21 and 
IV.22). 
G.1. Chamber Design Research and Development 

The main goal of the chamber construction R&D 
project is to design large area drift chambers with good 
single wire resolution (between 150 and 200 µm). The 

· large number of chambers demands R&D on reliability 
and design for mass production. 

L * chambers will be based on the L3 chamber designs 
as described in Sect. B. However, the substantial in-
crease in the number of wires means that the chamber 
structural elements will have to be strengthened. 
Materials selection is very important The need for ac-
curacy also leads to greater structural stability require-
ments. 
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The chamber precision is determined In large part by 
the positioning accuracy and alignment of its sense wires. 
Wire positioning, wire tensioning, and chamber internal 
wire alignment must now be done with a higher degree 
of accuracy because of increased chamber lengths. 

We are investigating more accurate and more reliable 
methods of manufacturing the signal wire planes. Part of 
the program Is the development of fully automated 
production of wire planes with quality control for reliability 
and uniformity. These portions ofthe R&D project are 
important in determining the final chamber precision, and 
also In Increasing chamber reliability. 

The L * muon chamber R&D program extends over a 
3-year period, after which the full-scale prototypes will be 
built. Critical design features are tested with smaller 
prototypes during this program. 

Design, alignment, reliability, and manufacturing 
studies for these large, high-precision chambers will lead 
to basic structural design concepts during the first year. 
Feasibility of cathode wire plane replacement by foil or 
mesh planes to increase chamber reliability will also be 
determined in the first year. 

The foll and mesh studies are In progress at this time. 
Discussions with industry are under way, Informing them 
of our probable requirements (wire size, spacing, thick-
ness, flatness, material, and precision) and informing us 
of limitations in standard fabrication techniques. Foils and 
meshes must be stretched flat and positioned accurately 
inside the chamber, which is a difficult problem because 
It must be accomplished without huge support structures 
and with a minimum of labor-intensive fabrication steps. 

We are making trials to Improve methods for gluing, 
supporting, and tensioning foll planes. A foll-tensioning 
fixture has now been fabricated, and methods to measure 
tension uniformity across the foll are under investigation 
for our situation. Several foil plane models have already 
been constructed and are being tested in this fixture. 
Material for mesh plane manufacture Is on order and will 
allow us to conduct similar tests with wire meshes. 

Conceptual studies of endframe design are proceed-
ing in parallel with foil support mechanisms. · 

Two chamber simulation programs are now running. 
They are being compared with each other using known 
L3 parameters and conditions. Both are being adapted to 
use available computer graphics and will be used for our 
drift cell optimization studies. 

Chamber structure details will be finalized In th~ 
second year. An endframe model will be produced and 
evaluated, and its stability will be tested. Optimization of 
wire attachment, wire alignment, and cell design will 
continue. A model will be constructed to enable verifica-
tion of the cell structure. Automation of tensioning and 
alignment techniques will begin, and prototype wire-ten-
sioning and wire-alignment devices will be produced and 
tested. 

The chamber structure design and the production 
method will be finalized in the third year. Materials and 
method productions for wire and foil or mesh planes will 
be determined. A full-length model will be produced and 
evaluated to test alignment and signal calibration sys-
tems. 

At the end of this 3-year program, all designs and 
methods should be finalized, and production of full-scale 
chambers can start. 

G.2. Gas Research and Development 
The main goal of the this program is to identify and 

characterize a suitable gas for the L * muon detector. 
Measurement of drift velocity, diffusion coefficient, 

gain and deflection angle In a 7.5-kGauss field will be 
conducted. Computation of these parameters will 
proceed In parallel, however, only as a verification (Refs. 
IV.13 and IV.14). 

Experiments at ORNL and MIT Indicate that ap-
propriate binary and ternary gas mixtures of Ar, N2, CO2, 
CH4, CF4, and NHa have excellent overall characteristics. 
For these gases reasonably accurate electron-scattering 
cross sections exist, allowing detailed understanding. 

In the first year of R&D the experimental setup to 
measure drift velocities, diffusion, aging, and gain in 
magnetic fields up to 7.5 kGauss will be completed. The 
MIT cyclotron was refurbished to provide the magnetic 
field. Measurements with UV lasers and X rays have 
started (Ref. IV.13). In the second year the following 
specific gas mixtures will be investigated both with and 
without NHa or H2O admixtures: 

Ar/CO2 CH4/N2 CO2'CH4 CO2'CF4 Ar/TMS 
The experimental measurements backed by computa-

tions on the mixtures will identify the best candidate gas 
for the muon chambers. This gas will then undergo addi-
tional tests with regard to Its overall properties and 
corona/breakdown decomposition characteristics. 

G.3. Structural Support R&D 
The R&D program for structural support of the muon 

chambers is divided into two parts: structural designs and 
structural analysis. 

Part 1. Structural Designs 

The structural design of the L * muon detector lends 
itself easily to a division into three basic areas of em-
phasis: the central, endcap, and forward regions. Each 
region is a distinctly different structural design problem, 
requiring closely coordinated parallel efforts for efficient 
communication and application of ideas and developed 
technologies. 

The structural design R&D program has as Its goal the 
comprehensive analysis and design of the muon cham-
ber support structure in the three detector regions. In 
addition, support for the analysis and design of the muon 
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chambers themselves is foreseen. The development of 
the structural designs involves three sections which are 
advancing in parallel. 

Section 1: Module Definition. The first task in each 
region Is to define the module boundaries based on 
stability, assembly, alignment, and maintenance/repair 
considerations. At this point the basic structural form of 
the muon chambers, the chamber support structures, the 
chamber to structure Interface, and the alignment 
schemes are being formulated. 

Section 2: Muon Chambers. The development of the 
muon chamber structural design concentrates on the 
materials selection, enclosure geometry, and wire sup-
porting and adjusting systems. The development of the 
chamber structural design is in support of the general 
muon chamber R&D program. 

Section 3: Support Structures. The development of the 
muon chamber support structures concentrates on the 
materials selection, main structural element specification, 
and the designs of the interface between the muon cham-
bers and the support structure, and the support structure 
to the global supporting elements. Special attention must 
be given to the installation and maintenance/repair re-
quirements of the muon chambers, as well as to the 
careful Incorporation of alignment systems Into the struc-
ture. 

The R&D on the structural design for the L * muon 
detector is a 3-year program. The final product of this 
program will be full-scale, working prototypes which will 
verify the structural design in every detail before produc-
tion. We are now concentrating on feasibility studies of 
different structural design concepts. The results of the 
current efforts can be seen In Sects. IV.C, IV.D, IV.E, and 
IV.F of this document. By the end of the first year the 
designs will be frozen with regard to major conceptual 
changes such that the detailed designs can be completed 
in the first half of the second year. Atthe end of the second 
year, fabrication of the hardware for prototypes will be 
complete. The third year will be reserved for the assembly 
and rigorous assessment of the prototypes. 

Part 2. Structural Analysis R&D 
Any structural design of the scale and precision 

proposed necessitates the careful analysis of each 
mechanical element Incorporated Into the structure. A 
detailed finite element analysis of the supporting struc-
tures, as well as the drift chambers themselves, Is a 
necessary tool In prototype design and assessment. The 
models which are currently under development use 
NASTRAN (NAsa STRuctural ANalysis), which yiel_ds criti-
cal information on mechanical performance, stress levels, 
deflection characteristics, temperature effects, and 
dynamic responses to transient loads. After a final design 
has been fixed, additional detail can be added to the 
model in areas of particular structural interest. This makes 
the finite element model a very useful tool in the alignment 

of the modules saving time and manpower in the process 
of aligning the drift chambers. 

The proposed scale and nature of the L * muon detec-
tor volume makes the application of a detailed structural 
analysis a necessity in the three basic regions: the central, 
the end cap, and the forward/backward. The finite element 
analyses of the structures are needed in three phases of 
the development of the muon detector. 

Phase 1: Initial development of relatively simple 
models which concentrate on feasibility of different con-
figurations to arrive at a proposed prototype module In 
each region. This work is in progress. 

Phase 2: The second phase will develop one detailed 
model, integrating chambers and support structures, for 
each region to be used in the design detailing stage. 

Phase 3: In the third phase the refinement of the 
models will be made to include details necessary for 
application as an alignment tool and the generation of 
necessary alignment information. 

The structural analysis R&D program is planned to run 
in parallel with the structural design R&D program, span-
ning the same time periods. It is foreseen that the 3-year 
structural analysis effort will evolve from Phase 1 to 3 
following the progress of the structural designs. The 
results of the current efforts can be seen In Sects. IV.D, 
IV.E, and IV.F of this document. The second year of the 
structural analysis R&D program will address the work 
outlined in Phase 2 above. 

G.4. Coordination of Engineering 
The vast amount of engineering work necessary to 

support the R&D of a muon detector for the SSC requires 
a coordinating body to facilitate the effort. The size of the 
muon detector development program makes division of 
the work into many subsections unavoidable, and even 
desirable. Additional groups, which are not specifically 
muon detector focused, must be simultaneously develop-
ing other aspects of the detector. A list of only the major 
contributors would Include: 
• Central Tracking 
• Calorimeters 
• Magnet 

As well, there will be other areas of effort in support of 
the experiment, under direction of the SSC Laboratory, 
which would include: 
• Services 
• Experimental Area 
• Surface Facilities 

These many groups necessary to support the large 
number of engineering tasks will span at least two con-
tinents and most likely involve many different languages. 
This kind of a multinational collaboration in engineering 
support makes efficient coordination and communication 
invaluable. 
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Generally stated, the main function of this group is to 
ensure the consistency and quality of all engineering work 
and promote the flow of information and ideas among the 
various groups in the muon detector R&D program. In this 
capacity, this group acts as a communication interface, 
concerning engineering needs. This Includes communica-
tion among all groups within the L * muon detector R&D 
program, and communications from inside the program 
to all outside groups. 

within the R&D programs. By reviewing the progress of 
the various programs and Identifying problem areas, the 
coordinator can ensure the compliance of all groups with 
the global planning. 

G.5. Summary of the Muon Detector R&D Program 
Table IV.3 summarizes the milestones in the L* muon 

detector R&D program. 

G.6. Request for Support of the Muon Detector R&D 
Some specific areas of effort of this group are to assist 

all L * muon detector R&D programs in the definit~on of 
consistent drawing standards, quality control programs, 
and standards of safety. The emphasis is on the develop-
ment of consistent engineering practices to promote the 
efficient development and Integration of the various de-
tector elements. The engineering coordination group also 
assists all R&D programs In the definition of specific test 
and prototype assessment programs to ensure the en-
gineering integrity of all elements of the detector. 

The financial request for R&D funds from the SSC for 
the FY 1991, the second year of the SSC Muon Detector 
R&D Program Is shown below In Table IV.4. The dif-
ference between the requested funding for FY 1990 and 
what was received Is added to the original projected 
request for FY 1991 to arrive at a revised total of 4645K$ 
[Refs. lV.19 (page 75) and IV.20). The request for FY 1992 
ls2797K$. 

Table IV.4. Financial Request for 1991 R&D (KS) 
Detailed assembly drawings incorporating all system 

components and defining the mechanical interfaces will 
be made at the appropriate time. In addition, a continuous 
review of all designs for consistency with global objec-
tives is an Important, ongoing task. 

Orig. 
FY91 

DFY90 

Chambers 

410 

79 
Coordination of the final, Integrated, prototype module 

assessment program will be handled by this group. The 
group will compile and control all critical data from the 
various development groups for prototype assessment. 

Total 
FY91 

489 

The engineering coordination group is responsible for 
generating a global planning for all engineering tasks 

Table. IV.3. Summary of Milestones for the L * Muon Detector R&D Program 

FY1990 FY 1991 

Muon Chambers • Determine foll and mesh plane • Evaluate a model of an 
feasibility for manufacture and endframe 
alignment • Evaluate a model for cell 
• Freeze chamber structural verification 
designs with regard to conceptual • Produce prototype wire 
changes alignment device 

• Produce prototype tension 
device 

Gas • Complete setup for • Take measurements of 
measurements diffusion and establish reliability 

for 1 O gas mixtures 

Structural Design and • Complete basic structural • Complete detailed designs of 
Analysis designs structures 

• Freeze drawings with respect • Fabricate all prototype parts 
to conceptual changes • Complete finite element 
• Complete models (4) of models (2) for design details 
structures and chambers 

Alignment Systems • Design system • Evaluate prototypes 
• Construct test stand • Integrate global system 

Electronics and Data • Define architecture and system • Develop chips 
Transfer • Construct prototypes 

Gas StructurH Coordination 

363 2550 230 

340 550 123 

703 3100 353 

FY1992 

• Finalize chamber design and 
production methods 
• Choose wire, foil, or mesh 
plane material and attachment, 
production, and alignment 
methods 
• Construct and evaluate 
full-length chamber model 

• Construct chamber prototype 
with accurate cell structure . 
• Test beam measurements 

• Complete assembly and 
assessment of all prototypes 
• Complete finite element 
models for alignment process use 

• Test and evaluate global 
system 

• Verify performance 
• Evaluate system 
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A. DESIGN CONSIDERATIONS 
A.1. Introduction 

The design of the calorimeter de_rlves from the general 
L * concept: The detector is a precision instrument 
searching for new physics through, first of all, leptonic 
and photon channels and second quark channels (the 
measurement of jets). The calorimeter, therefore, should 
be multifunctional. It provides Identification of electrons, 
muons, and jets and serves as a tracking device by 
helping to solve pattern recognition problems. It provides 
capability to separate electrons from hadrons by measur-
ing shower shape and to separate muons from other 
particles by total absorption of hadronic components. It 
must detect muon bremsstrahlung and provide cor-
responding corrections to muon energy measurements. 

The electromagnetic calorimeter Is a separate dedi-
cated device for precise measurement of electron and 
photon energy and Is discussed in Chapter VI. 
A.2. Energy Measurement by Total Absorption. 

Devices used to measure energy by total absorption 
are of two types: (1) homogeneous, where the same 
medium is used both for particle detection and absorp-
tion, and (2) sampling, where different sampling and ab-
sorbing media are used. The electromagnetic energy 
resolution of a homogeneous calorimeter made of scin-
tillating crystals like BGO or BaF2 Is markedly superior to 
sampling calorimeters. However, the response to 
electrons exceeds that of hadrons by a factor of ~ 1.5. 
This means that when a homogeneous calorimeter Is 
introduced to ensure very high-precision electromagnetic 
energy measurements, the pre cision of jet energy meas-
urements is somewhat compromised sin·ce In this case 
compensation Is not likely to be achieved. 

In the L *, lepton measurements have the highest 
priority. The L * calorimeter design goals for energy meas-
urement are as follows: The best possible resolution for 
photons and electrons (better than 1 % at 1 O GeV); ac-
curate measurement of muon energy losses, In particular 
due to bremsstrahlung (10% at 10 GeV); and adequate 
(better than 10% at 100 GeV) jet energy resolution. As can 
be seen from Fig. V.1, the very high precision of the L * 
muon detector can only be achieved if one corrects for 
muon energy losses In the hadron calorimeter. 
A.3. Segmentation, Depth, and Time Resolution 

Segmentation is determined by hadronic shower size 
and bremsstrahlung photon measurement and matches 
that of the electromagnetic calorimeter. Studies (Ref. V .1) 
show that an average transverse segmentation of 
ll:r1 x ll.rp = 0.04 x 0.04 ls adequate. Longitudinal segmen-
tation is needed both for electron Identification and for 
general tracking and pattern recognition (Ref. V.2). We 
choose the hadron calorimeter to have an average of nine 
readout segments (about 1 ;. each), which ensures the 
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Flg.V.1. An example of deterioration of Z .. 2µ mass resolution 
due to fluctuations of muon energy loss in the 12 ,l hadron 
calorimeter (dotted line). Correction for these fluctuations will be 
made by calorimeter sampling measurements (solid line) . The 
reaction is pp .. H0 (1 TeV) .. ZZ .. 4µ. 

satisfactory measurement of muon bremsstrahlung ener-
gy losses. 

According to parameterization (Ref. V.3), 98% of the 
energy of a 1 TeV hadron Is contained In 12 ,t It is 
necessary to keep the flux resulting from hadronic debris 
of high energy showers at a level that is acceptable for 
muon detection. For an incident hadron of several hun-
dred GeV, 12;. are sufficient to keep this flux below 1 %. 
Good time resolution ( ~ 20 ns) is needed to avoid pile-up 
(Ref. V.4) . 
A.4. Radiation Hardness Requirements 

Studies (Ref. V .5) show that in the rapidity interval from 
o to 3.5 units a Pb-Fe-Si calorimeter with an inner radius 
of about 1 m should be able to withstand a total yearly 
neutron fluence of 1012 to1013 neutrons/cm2. The annual 
dose due to charged particles is less important. 

B. SILICON CALORIMETRY 
B.1. Introduction 

SIiicon calorimetry has become an important feature 
of modern collider and fixed-target experiments with ap-
plications ranging from a fraction of one square meter to 
a few tens of square meters. To date, silicon has been 
used primarily in electromagnetic calorimeters and to a 
lesser extent in position-sensitive devices for improved 
position resolution in hadron calorimeters. The well-un-
derstood properties of silicon as an ionization sampling 
device, Its outstanding potential for meeting many of the 
most stringent requirements of SSC calorimeters, and Its 
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simplicity of structural support have led us to choose It 
for the L* detector. · 
B.2. Advantages of Silicon 

The Intrinsic advantages of silicon are well known. With 
respect to almost every technical requirement of SSC 
calorimetry, silicon as a sampling medium is the equal of, 
or surpasses, other techniques of sampling calorimetry, 
with the exception of radiation hardness where liquefied 
rare gases are a clear choice. We briefly summarize here 
the properties of silicon and compare them to other 
techniques. 

1. With respect to speed, silicon Is rivaled only by 
scintillator systems. It Is by far the fastest of the Ionization 
techniques, with transit (or charge collection) time of 
15-30 ns, thereby minimizing pile-up problems. 

2. Absolute gain for the sampling medium. Like other 
ionization charge measuring devices, silicon has a fixed 
gain determined essentially by the thickness of the silicon 
wafer. 

3. Silicon Inherently responds linearly to deposited 
energy. Electron-hole recombination is not important 
even for fission fragments. There is no loss of energy 
sensitivity (saturation) for highly ionizing particles similar 
to that found In both cryogenic and warm liquids. 

4. Transverse segmentation. Here silicon is far superior 
to other techniques and limited only by practical con-
siderations of channel numbers. 

5. Longitudinal segmentation. SIiicon is similar to other 
sampling techniques and channel number considera-
tions dominate the choice of segmentation. Sampling 
thickness of ~ 1 Xo and readout segmentation of ~ U are 
feasible. 

6. SIiicon operates well at room temperature, although 
operation at -20° C improves radiation damage noise 
characteristics by 2 orders of magnitude. 

7. Silicon Is insensitive to magnetic fields and Is very 
likely the technology that gives the most compact device 
possible. 

8. Monitoring of electronics gain by radioactive sour-
ces is possible by simple deposition of low-level activity 
on silicon surfaces. 

9. Because the silicon detector arrays can be easily 
attached to absorber plates, structural frames In calo-
rimeter construction are almost unaffected by the sam-
pling medium and are determined primarily by mechanical 
and electrical considerations. 

10. Another major advantage of silicon is that only low 
bias voltages are required (==100 V), which markedly 
simplifies design considerations. 
B.3. Disadvantages of Silicon 

1. The major disadvantage of silicon is the high cost of 
finished detectors. This situation is improving with time, 

but designing silicon calorimeters as compactly as pos-
sible remains crucial for economic reasons. 

2. Electronics for silicon devices are often perceived to 
be more expensive than those for other techniques. 
Where this is true, It results from the attempt to design 
electronics that make full use of the superior charac-
teristics of silicon - particularly segmentation, speed, and 
pile-up. For a given set of performance characteristics 
(such as those achievable with liquid argon or warm 
liquids), the costs per channel for electronics are essen-
tially Identical. 

3. While computer simulations Indicate that It Is pos-
sible to achieve e/:rc = 1, no full silicon calorimeter has 
yet been built to demonstrate this property experimental-
ly, although the SICAPO collaboration has such tests 
under way, and the result on e/:rc ratio will be available 
(Ref. V.16). 

4. The question of radiation damage to silicon detec-
tors requires attention. A clear understanding of the 
mechanisms of silicon damage and of their effects on 
detector performance, and an understanding of the SSC 
environment and the electronic parameters pertinent to 
SSC operation, are required to judge the potential effects 
of radiation on silicon performance. 

In summary, If one compares silicon calorimetry with 
other techniques, the general conclusion Is that for the 
same level of performance-that Is, speed, segmenta-
tion, etc. -the cost of silicon sampling calorimetry ex-
ceeds those of other options only through the cost of the 
silicon. This may be offset to some extent by simpler 
mechanical construction requirements for the calorimeter. 
However, the capability of silicon to improve the calo-
rimeter performance makes silicon an attractive solution. 
B.4. Radiation Damage 

A brief summary of radiation damage to silicon and its 
effect on calorimeter performance and parameters is 
given here. 

1. In the hadron calorimeter, the neutron and slow 
hadron ionization will produce (due to displacement 
threshold) heavier radiation damage to silicon (approxi-
mately by a factor of 100) than the electromagnetic ioniza-
tion. 

2. At radiation levels of 1012 to 1014 n/cm2 the major 
effect of radiation damage is the increase of leakage 
current in the detector. A secondary but Important factor 
is bulk displacement damage, which results in decreased 
sensitivity and higher resistivity with increase of bias 
voltage required to maintain full charge collection. Meas-
urements by Lindstrom (Ref. V.6) have indicated that at 
room temperature leakage current in 500 µm silicon will 
increase by 30 µA/cm2 after a neutron exposure of 
1013 n/cm2• We assume here that the radiation dose is 
derived from the SSC environment and is acquired rela-
tively slowly such that self-annealing takes place. 
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We wish to emphasize two major points, which have a 
major Impact on the utility of silicon in high radiation 
environments. 

1. Radiation damage In silicon is bulk damage due to 
trap formation and the leakage current increase due to 
these traps is highly temperature dependent. The simple 
expedient of operating the detector at -20°C, which can 
be done with conventional refrigeration techniques, will 
reduce leakage current by factors of 30 to 80 and thus 
give a corresponding increase in radiation hardness. 

2. The traditional use of silicon In high-resolution 
nuclear spectroscopy has of necessity required 
amplifiers with long shaping times and very low noise. For 
these amplifiers, noise Increase due to radiation-damage-
induced leakage current at long shaping times is not 
tolerable. However, with the 10-ns shaping time used In 
our design of the SSC preamplifiers, the effect of noise 
due to leakage currents is nearly negligible. Figure V.2 
shows noise vs shaping time for three different values of 
leakage current. 
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Fig. V.2. Amplifier noise vs shaping time and leakage current for 
bipolar preamplifier. Calculations are made for 500 µ thick silicon 
detector with the an area of 3 X 3 cm2; input capacitance 180 pF at 
full depletion. 

These two factors combine to provide 2 to 3 orders of 
magnitude improvement in silicon radiation hardness. 
Extensive calculations indicate neutron doses at the inner 
face of the L * hadron calorimeter of less than 3 x 1013 

neutrons/cm2/year at T/ = 3 for a total 1 o years dosage of 
3 x 1014 n/cm2. Without cooling this would lead to a 
leakage current of 900 µNcm2. With cooling to -20°c this 
is reduced to acceptable level of 12-30 µNcm2 with a 
negligible effect on noise. After 1 o years, charge trapping 
from bulk damage could become important and perhaps 
require annealing or replacement of a significant fraction 
of the silicon. 
B.5. Silicon Procurement 

We are requesting the silicon wafers from the Soviet 
Union. The Joint Institute of Nuclear Research (Dubna) is 

coordinating this effort. The total surface required is ap-
proximately 5 x 107 cm2. The Titanium-Magnesium Fac-
tory at Zaporozhye, Ukraine, Soviet Union, can produce 
float-zone refined silicon crystals of either n- or p-type of 
high resistivity. The monocrystals are currently produced 
in ingots of up to 76 mm in diameter and more than 1 o cm 
long. Assuming that the wafer thickness will be 0.5 mm 
and that the waste will be 0.4 mm, the total weight of 
material required Is about 24 tons, including a 20% con-
tingency. The factory can produce 5-6 tons of material 
annually. Thus, the required amount of sUicon can be 
produced in about 4-5 years. 

The required number of wafers Is about 3 x 106. This 
production will be performed primarily in Minsk, Byelorus-
sia, Soviet Union, by the Research Center associated with 
the University of Byelorussia and by subcontractors. Slic-
ing, lapping, polishing, thermal oxidation, multiple photo-
lithography, Ion Implantation, and metal (aluminum) 
deposition will be performed by them. The fabrication of 
wafers Is estimated to be about 7 x 1 o5 wafers per year 
and can proceed in parallel with silicon Ingot production. 

The total cost of the raw silicon Ingots is estimated to 
be about SOM Roubles plus SM$ needed for the purchase 
of quality control equipment. The estimate of wafer pro-
duction cost includes cost of labor as well as the purchase 
of needed equipment. Provided that an R&D program is 
Implemented, the production is estimated to cost 40M 
Roubles plus SM$. 

C. CENTRAL AND ENDCAP REGIONS 
C.1. General Layout and Energy Resolution 

Figures V.3 and V.4(a) show the layout for the L * 
calorimeter hadronic sections. In the hadron calorimeter 
the passive medium consists of lead and stainless steel 
layered plates with relative thickness chosen to reduce 
the electron response of the calorimeter so that e/h 
remains close to 1 in the hadronic part. There is ex-
perimental evidence that particular combinations of calo-
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Fig. V.3. The central hadron calorimeter. 
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rimeter materials will be compensating (Ref. V. 7). It is 
suggested that a Pb-Fe-Si calorimeter should consist of 
a mixture such that Pb/(Pb + Fe) = 0.25, in length, to 
ensure that e/h = 1. However, the BaF2 electromagnetic 
calorimeter, which Is 1.67 .,t deep, prevents the entire 
calorimeter from exhibiting full compensation. 

700mm -CABLING GAP 

CABLING GAP 

(b) Fine sampling Fe-Pb-SI e-m calorimeter In front. 

Fig. V.4. Side quarter section of the central hadron calorimeter. 
Three out of five assemblies are shown. Absorber layers are shown 
schematically at correct orientation. 

From our experience with the L3 calorimeter, we ex-
pect the hadron energy resolution of the BaF2 (e-m) and 
Pb-Fe-Si (hadron) calorimeter system to be 

1 = + 4% 

with an e-m resolution of 

aEro = ¾¥ + 0.5% 

Based on indication that liquid xenon is likely to be 
compensating, the overall resolution involving a liquid 
xenon e-m section is estimated to be 

~=~+2% 

As described in Chapter 11, the mechanical support for 
the e-m calorimeter is designed in a way that it can be 
replaced by a fine sampling (0.5 Xo) silicon section. In this 
case, the entire calorimeter should be compensating, and 
the hadron resolution will be 

1 = + 1% 

where the 1 % constant term is defined by systematic 
uncertaintites of calibration, unlfo_rmity, stability, etc. The 
e-m resolution for this fine sampling section will be 

aEro = + 1% 

(1% due to systematics mentioned above). Figure V.4(b) 
shows the layout of the fine sampling Pb-Fe-Si section. 
The amount of silicon required for such upgrade is 30% 
of that required for the central calorimeter. 
C.2. Segmentation 

A unique requirement of the hadron calorimeter is that 
It should preserve the excellent muon momentum 
precision of the L * detector by accurate measurement of 
the bremsstrahlung photons, as well as other muon ener-
gy losses. To achieve. the precision of (3D-40%)/v'F in 
these measurements, it is necessary to maintain 2 to 4 Xo 
sampling throughout the entire calorimeter with good 
longitudinal segmentation. 

The basic silicon pad size will be approximately 
3 x 3 cm2 (or 2.5 x 2.5 cm2) and 500 µm in thickness. 
Smaller pad· sizes, while feasible, are not required be-
cause the L * hadron calorimeter segmentation does not 
need to exceed the segmentation of the BaF 2 electromag-
netic section that precedes it (see Chapter VI). We as-
sume that hadronic towers are constructed by summing 
preamplifier outputs from the basic 3 x 3 cm2 units, al-
though some variation in pad size is required to provide 
full coverage. Towers at small angles at the inner 
calorimeter edge are 3 x 3 cm2, whereas at the 90° outer 
edge they are as large as 12 x 12 cm2. With the average 
readout longitudinal segmentation of 9, it leads to a 
channel count of 180 000 in the hadronic calorimeter. 
C.3. Structure 

As can be seen in Fig. V.4, the calorimeter begins at 
r = 1.40 m and extends to r = 3.33 m. In the endcap 
region, it begins at 2.287 m and extends to 4.691 m from 
the crossing point along the beam direction. Angular 
coverage of above 5.7° is provided. The central hadron 
calorimeter consists of five assemblies weighing between 
100 and 800 tons, which in turn are composed of a total 
of 17 structural modules (15 barrel rings and 2 endcaps). 
Each of these modules is subdivided into 16 (8 for 
endcaps) azimuthal segments with 51 to 60 layers of 
absorber and silicon serise layers. Figure V.5 shows one 
segment. The mechanical structure of these modules, as 
well as the assembly procedure, is similar to that of the 
L3 hadron calorimeter. Structural framing for the modules 
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consists of two 20-mm-thick stainless-steel membranes 
between which the absorber plates are Installed. 
Separator/support walls between azimuthal segments 
run at small angles to radial directions to minimize the 
dead-region effect. The maximum stress applied to the 
side membranes is calculated to be ~30 kg/cm2. 

The description of the absorber structure follows (see 
Fig. V.5). A 2 Xo layer is 27 mm thick. Absorber plates 
consist of 18 mm of austenitic stainless steel and 6 mm 
of lead. A sense layer Is bonded to the stainless steel. 
Thus each layer is a mechanically self-contained unit, and 
fabrication and testing of the individual layers are per-
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16 

LAYER 

35 
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Summing Circuit 
Silicon Wafer Preamp 

Fig. V.5. The calorimeter absorber/detector structure at 90°. 

formed prior to installation in the modules. The 3-mm 
space between absorbing plates contains silicon, 
preamplifiers, and signal-routing circuitry. A 4 Xo layer 
consists of a double thickness of lead and stainless steel 
with a total thickness of 51 mm. The entire calorimeter is 
11.7;. deep at 90 ° and 13.9;. at 5.7°. At 90° the hadron 
calorimeter will consist of 35 layers of 2 Xo thickness and 
16 layers of 4 Xo thickness. Thermal control of the central 
hadron calorimeter Is achieved by liquid cooling of the 
entire assembly to -20°C. A stainless steel shroud on the 
exposed surfaces of the calorimeter provides for tne 
containment of both the cooled surfaces and the coolant. 
Compensation for thermal expansion is provided by the 
use of similar materials and compliant attachments where 
necessary. The entire calorimeter weighs 171 o tons. 
C.4. Electronics 
Preamplifiers 

The estimated total area of silicon required is 5200 m2, 
yielding approximately 5.8 million 3 x3 cm2detector ele-

ments. For 500 µm silicon, the pad capacitance will be 
approximately 180 pF. Larger pad sizes will be formed by 
area summing these pads within layers. This minimizes 
signal-to-noise problems and simplifies the system by 
requiring only a single ASIC (application-specific in-
tegrated circuits) preamplifier design throughout. Oak 
Ridge National Laboratory (ORNL) has produced a 
preamplifier under generic R&D funding for a detector 
capacitance of 100 pF with a power dissipation of 2.5 mW, 
a rise time of 14 ns, and a signal-to-noise ratio of 6: 1 for 
minimum ionizing particles. Studies Indicate that at 
180 pF we can achieve a signal-to-noise ratio of 4: 1. 
Power dissipation could be traded off for more speed and 
lower noise. A conservative power dissipation of 1 o mW 
per channel Is assumed. The ASIC preamplifier will be 
configured into quad preamplifiers and located at the 
intersection of silicon pads. Packaged amplifiers of this 
type can be produced at a cost of about 1.15$ per 
amplifier in the quantities needed for this detector. The 
ability to design and produce these elements cheaply Is 
an essential factor in favor of using silicon. 

Signal Routing 
Within a given layer, signals from individual 

preamplifiers are combined to form larger-area layer sig-
nals which are then routed to the edge of the absorber 
where summing amplifiers are located (Fig. V.5). Signals 
from several consecutive layers are then summed 
together to create a signal for an individual channel. On 
average, nine longitudinal segments will be formed in this 
way. All the signals are routed to the outer rim of the 
calorimeter assembly, where pipelined storage and 
digitization, as well as trigger-formation circuitry, are 
housed. 

Trigger Considerations 
It is clear that the major responsibility for the first level 

trigger will fall to the electromagnetic and hadron 
calorimeters. Not only will tower sums provide an energy 
trigger, but it also seems feasible to provide a very fast 
isolated muon trigger. With an average longitudinal seg-
mentation of 9, tracking of isolated muons is certainly 
achievable and highly desirable. Such segmentation also 
improves the bremsstrahlung corrections to the muon 
momentum measurements. 

Additional summing amplifiers for triggering purposes 
will be located at the perimeter of the calorimeter, where 
appropriate segment sums can be made and sent to the 
trigger electronics. Coarser sums may be developed for 
the first level trigger and finer sums for the second level 
trigger. While the first level trigger is likely to be formed 
from thresholds on analog sums, the data may be 
digitized, with flash ADCs, for computing second level 
triggers. The digitization rate depends heavily on the 
design of the triggering system. After the first level trigger, 
the rate should be below 1 MHz. After the second level 
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trigger, the rate should be below 10 kHz. In any case, 
pipelined storage will be required to hold the data for 
trigger decision. While data acquisition will involve all 
180 000 channels, the first and second level trigger will 
work with coarser resolution by summing together many 
segments. 

Power Dissipation and Cooling 

Heat generated within the calorimeter is primarily from 
two sources: electronics and detector leakage current. 
The predominant source of heat for the electronics comes 
from the preamplifiers. A conservative estimate yields 
electronic power consumption within the calorimeter of 
67 kW, where 10 kW is due to detector dark current. Dark 
current will be increased with radiation exposure. We 
estimate conservatively a maximum leakage current of 
40 µNcm2, which would be localized to high-radiation 
areas. If we assume that the entire calorimeter exhibits 
such a high current, the maximum power generated is 
200 kW at the end of 1 o years, leading to a power load for 
the entire calorimeter of less than 300 kW. 
C.5. Specifications and Performance 

Central Calorimeter 
Inner radius 
Outer radius 
Support tube inner radius 
Ring modules 
Azimuthal segmentation 
Total weight 
Endcaps 
Length along beam 
Azimuthal segmentation 
Inner radius (minimum) 
Outer radius 
Total weight (two modules) 
Absorber 
Material 

layer 
Layers (2Xo) 
4Xo layer 
Layers (4Xo) 
Depth 
With BaE:2 and support tube 
With Ba~ 
Segmentation 
1::,,.1'/ X /::,,.~average) 
Longituainal (average) 
Number of channels 
Readout and Performance 
High resistivity silicon pads: 
Area 
Thickness 
Chari;ie collection time 
MIP signal (mean) 
Preamplifier noise 
(at 180 pF, 10 ns shaping) 

Estimated e-m energy res.: 
In~ section 
In 4Xc, section 
Estimated hadron energy res.: 
With BaF2 e-m calorimeter 
With fine sampling silicon e-m 
calorimeter 

140.0 cm 
333.0cm 
335.0cm 
15 
16 
1506 tons 

230.0cm 
8 
20.3cm 
138cm 
204 tons 

Pb + Fe (stainless steel) 
0.6 cm Pb+ 1.8 cm Fe 
35 
1.2 cm Pb+ 3.6 cm Fe 
16 at 90°; 25 at 5.7'' 

11 .7.A. at 90° 
13.9.A. at 5.7° 

0.04 X0.04 
9 
180,000 

3 X3cm2 
500µm 
15 ns 
54K electrons 

13K electrons 

28%/vf 
40%/v'E 

50%/vf + 4% 
50%/v'E + 1% 

D. FORWARD CALORIMETER SYSTEMS 
D.1. Forward Acceptance 

The forward electromagnetic and hadronic calorimetry 
covars the angular region from 6.7° down to 0.3°. 
D.2. Choice of Detector Technology 

The anticipated high-radiation environment in the for-
ward region places severe constraints on the choice of 
detector technology. At a distance of 10.5 m from the 
primary interaction vertex, the expected neutron fluency 
at 2.0° (1'/ = 4.05) is 1014 neutrons/cm2/year while the 
corresponding gamma ray dose at the same position is 
10 Mrad (Ref. V.5). This ensures operation at radiation 
levels comparable or less than in the end cap region of the 
central calorimeter. Below this angle the radiation levels 
rise rapidly and can seriously reduce the operational 
lifetime of most detector technologies. 

For the angular region above 2.0° BaF2 is chosen as 
the electromagnetic detector medium, followed by a 
silicon sampling medium for the hadron calorimeter. 
Below 2.0°, we choose a radiation-hardened warm liquid 
technology both for electromagnetic and hadronic sec-
tions, which will go down as far as 0.3° (1'/ = 5.95). To 
maintain better hermeticity over the transition region at 
2°, we prefer warm liquid technology over cryogenic 
technology (LAr). As a backup solution for the choice of 
BaF2 and silicon, we propose a warm liquid technology 
for the total forward calorimeter. 
D.3. Forward Calorimeter Layout 

The forward calorimeter shown in Fig. 11.1 covers the 
angular region from 6. 7° (1'/ = 2.84) down to 0.3° 
(1'/ = 5.95) and extends between 10.!:> and 13.5 m from 
the interaction point. The detector is divided into an inner 
and outer sections, separated at 2.0° (Fig. V.6) . 

The outer forward calorirr9ter consists of a (25 Xo, 
1.7.A.) BaF2 electromagnetic section followed by a 12;. 
lead-stainless steel hadron calorimeter with silicon sam-
pling media. This outer silicon hadron calorimeter con-
sists of a 6;. front section composed of 42 layers of 6 mm 
of lead, 18 mm of stainless steel, a 3-mm detector gap, 

-------3046 - ----

Fig. V.6. Longitudinal view of the forward calorimeter system 
showing the outer electromagnetic calorimeter (BaF2), the outer 
hadron calorimeter (Si), and the inner calorimeter (TMS) below 
¢ = 20. 
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and a 6-...t tail section composed of 22 layers of double-
thickness absorber layers and 3-mm gap. The expected 
energy resolution for this device is a/E = + 
0.5% (electromagnetic) and + 4% (hadronic). 

The inner forward calorimeter (plug) consists of a 
sampling TMS calorimeter. The two back sections have 
the similar absorber structure as the outer forward 
calorimeter with dual 3-mm-gap TMS ionization cham-
bers. The front section consists of 25 absorber layers 
(each of 1 Xo) providing a total of 1.8 ...t. 

The total weight of the forward calorimeter unit is 
260 tons for the hadronic section and 20 tons for the 
electromagnetic section. 
D.4. Outer Forward Electromagnetic Calorimeter 

For the outer forward electromagnetic calorimeter we 
choose a similar transverse segmentation of 
f:l.1J = !:J.¢ s 0.04 (on average) as in the central 
calorimeter. There are in total 761 o crystals in the outer 
forward electromagnetic calorimeter. 

The photosensors and the DAO chain for the BaF2 
crystals are Identical to those used In the central 
electromagnetic calorimeter (see Chapter VI). Also, the 
mechanical support of the crystals will use similar techni-
ques as in the central region. 

The BaF2 calorimeter forms a ring mounted against the 
forward hadron calorimeter sitting in the support tube 
(see Figs. 11.1 and V.6). 
D.5. Outer Forward Hadron Calorimeter 

The outer forward hadron calorimeter uses for ease of 
fabrication and hermeticity two sizes of silicon detectors 
providing a segmentation of l:l.1J = !:J.¢ s 0.04 (on 
average) thus matching the BaF2 crystals. The detector 
sizes (see Fig. V.7) for two rejions are 20 x 20 mm2 
(2° s 8 < 4°) and 40 x 40 mm (4° s 8 s 6.7°) . 
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387 mm 
(2') 
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780 mm 
( 4 ') 

-

I 

1309 mm 
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Fig. V.7. Cross section of the outer hadron calorimeter showing 
the Si detector arrangement (above 2°) and the inner calorimeter 
(TMS) with its subdivision of the electrodes. 

The corresponding number of silicon detector ele-
ments In these two regions is 3544 and 2228 per layer, 
respectively. Detector elements are grouped into tower 
segments. 

The silicon detectors will be mounted against the ab-
sorber slices, which form rings around the beam tube. For 
installation and service reasons the rings are grouped into 
two longitudinally separated assemblies. Radiation-hard 
variants of the central calorimeter electronics will be used 
for the front end electronics of this detector. Later stages 
of the DAO chain will be modified for the much larger 
occupancy in the forward direction. 
D.6. Inner Forward Calorimeter 

Below 2.0°, the choice of technology for the Inner 
(plug) forward calorimeter Is warm liquid [tetramethyl-
silane (TMS)] with Pb-Fe radiator material. Equal detector 
response (compensation) for the measurement of 
electromagnetic and hadronic energy can be expected 
(Ref. V.8). Warm liquid hydrocarbon and silane media 
such as TMS and tetramethylpentane (TMP) can satisfy 
the detector requirements for radiation hardness 
(Ref. V.9). The TMS ionization chambers will be mounted 
In containers allowing for the pressure build-up due to 
chemical disintegration. 

The electrodes of the ionization chambers are seg-
mented in the following way: each of the 89 planes Is 
subdivided into 940 cells of 20 x 20 mm2. By summing 
five consecutive layers 33464 tower segments are formed 
(see Fig. V.7). 

With the development of fast, radiation-hard charge 
preampllfiers for warm liquid calorimetry (Refs. V.1 O and 
V.11 ), fast detector response is possible despite the rela-
tively slow drift velocities in these liquids. In response to 
the repetition rate of the SSC only the very front spike 
(16 ns) of the Ionization signal will be used. Under these 
conditions only moderately severe purity requirements· 
need to be met: Free electron lifetimes of 2:: 1 µs are more 
than sufficient for adequate charge collection efficiency. 

To maintain the intrinsically fast response of the front-
end electronics (less than 10 ns), the preamplifier must 
be mounted directly on the detector. Detector 
capacitance, In turn, must be kept as low as possible, 
either by the choice of small electrode size or by series 
connection of larger electrodes. For the pad size of 
20 x 20 mm2 and 3 -mm gap proposed for this 
calorimeter, the corresponding source capacitance will 
easily guarantee an amplifier risetime between 5 ns and 
10 ns on the basis of previous design considerations for 
fast, front-end electronics (Ref. V.1 O) . 
D.7. Electronics 

A monolithic front-end charge preamplifier manufac-
tured in an industrial radiation-hardened (D-I) BiFET tech-
nology has recently been developed for warm liquid 
calorimetry (Ref. V.11) with < 500 rms electrons of noise. 
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This same design can also be applied to a silicon ioniza-
tion medium which meets and exceeds the correspond-
ing requirements for speed, sensitivity, and radiation 
hardness. Fast output rise times can be achieved for the 
pad size of 20 x 20 mm2 and 3-mm gap foreseen In the 
TMS calorimeter from the low Input source capacitance 
(3 pF). For the larger pads of 40 x 40-mm2 (340 pF), the 
same amplifier rise time can be maintained by raising the 
noise specifications from this preamplifier (see Sect. C.4). 
In a recent design upgrade, the rise time of this device is 
now faster than 1 o ns with typically < 1 O mW of power 
dissipation. The radiation hardness measured for this new 
polysilicon technology Is 4 x 1014 neutrons/cm2 and 
roughly an order of magnitude higher in radiation hard-
ness tor ray exposure than previous BIFET technologies. 
This latter design compensates for changes In transistor 
f3 values and the corresponding increase in low-frequen-
cy noise that would otherwise occur after exposure to 
radiation (Ref. V.1.2). 

E. ALTERNATIVE TECHNOLOGY 
Our alternative for the central and end cap regions uses 

liquid scintillator sampling. ITEP, Moscow, together with 
ORNL will be responsible for this option. Sampling 
calorimeters with plastic scintillator readout are well 
developed and are not risky from technological point of 
view. By introducing liquid scintillator (which is also a 
well-established technique), we can avoid any potential 
difficulties with respect to radiation hardness of a scintil-
lator since It can be exchanged. 

An alternative technique for the forward calorimeter 
system was discussed above in Sect. 0.2 of this chapter. 
E.1. Liquid Scintillator Calorimeter 

The mechanical design and readout segmentation for 
a liquid scintillator calorimeter are the same as for the 
silicon option, except for the detector gap (5 mm) and 
optimization of absorber/detector thickness. 

The liquid scintillator detectors are placed between the 
absorber plates in sealed leak-tight stainless steel con-
tainers, with the possibility to exchange the liquid In the 
entire calorimeter. The inside surfaces of the containers 
are painted with a reflecting paint, and the inside volume 
is divided internally by thin reflecting separators into cells 
with typical size of 6 x 6 cm2, with a thickness of 5 mm. 
The light readout of each cell is made through a 
wavelength shifting (WLS) fiber that spirals inside the 
liquid scintillator cell (shown in Fig. V.8). The fibers pass 
through container walls and run along the module sides, 
reaching photodetectors mounted at the back of the 
modules. Several fibers are connected to each 
photodetector. 

Mineral-oil-based liquid scintillator will be used be-
cause of its high hydrogen content. Physical properties 
of a typical scintillator are light yield 66% of anthracene, 

light attenuation length 4 m, decay time 2 ns, and maxi-
mum emission wavelength 423 nm. 

The fiber has a diameter of 1 mm and consists of a WLS 
core and of a cladding of about 30 µm thickness, with 
refractive Index lower than that In the core. The scintilla-
tion light is absorbed by the WLS in the fiber core and Is 
then reemltted with the longer wavelength. A fraction of 
reemltted light (6-7%) is trapped inside the fiber and 
travels to the photodetectors. Only the part of the fiber 
contained inside the liquid scintillator cell has the WLS in 
Its core. Outside the cell, the fiber core is clear. This 
Improves the light transmission and reduces Cherenkov 
light conversion in the fibers. Modern scintillating fibers 
are known to be radiation resistant up to 10 Mrad. Radia-
tion resistance of WLS fibers should be better. Monte 
Carlo simulation of the light collection efficiency for a 
minimum ionizing particle in the cell of 6 x 6 cm2 with 
liquid scintillator thickness of 5 mm with realistic ge-
ometry and absorption/reflection coefficients shows that 
the number of photons at the photodetector input is 
80/MIP/detector layer. A photodector with a gain of 1000 
will allow the detection of minimum ionizing particles 
above the noise level of room temperature electronics. A 
possible candidate for such a photodetector is a hybrid 
photodiode with a silicon anode, which is presently being 
developed by Hamamatsu. In this device photoelectrons 
are accelerated in vacuum by applying a voltage of 10-
15 kV before entering the silicon anode where a few 
thousand electron-hole pairs are created. This device car 
be segmented with cathode-anode pads of 3 x 3 mm , 
and a vacuum tube can house as many as 100 of these 
segments. The signals are fast, with a rise and fall time of 
3 and 8 ns, respectively. 

The R&D issues for this technique are the following. 
The light collection system clearly needs optimization and 
careful experimental study. The type of scintillator should 
be optimized for the optical fiber used. It should match 
the absorption spectrum of the fiber and it should not 
attack the fiber chemically. Fiber gluing and sealing tech-

Fig. V.8. A cell of liquid scintillating calorimeter with WLS fiber 
readout. 
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niques should also be developed as well as correspond-
ing photodetectors. They have to be fast, compact, 
stable, tolerant to magnetic field and cost-effective. 
Radiation damage tests on WLS fibers should be per-
formed, as well. 

F. SIMULATION 
A major simulation effort is needed during the design 

phase to optimize detector performances and cost. It Is 
imperative that during this phase computer models be 
continually checked with test beam data at each step. 

The initial studies will focus on a BaF2 electromagnetic, 
Pb-Fe-Si and Pb-Fe-TMS hadron calorimeters, as well as 
on the alternative choices. Presently, CALOR89 contains 
the most detailed representation of the physics necessary 
for good simulation and Is used for this work. GEANT will 
be used for ray tracing. 

Simulation studies will include studies of resolution 
and compensation, Including time-dependent effects due 
to neutron moderation time or radiation damage; posi-
tion-sensitive effects; determination of the best particle 
separation (i.e., discrimination between electrons and 
hadrons) as a function of longitudinal sampling frequen-
cy, transverse cell size and tower structures; investigation 
of hermeticity based on realistic engineering; Investiga-
tion of albedo corrections to the e/:rc ratio; and radiation 
field mapping. In addition, handling of muon bremsstrah-
lung in CALOR89 will be improved, and remaining dis-
crepancies between experimental results and simulation 
calculations will be reconciled. 

This work will be jointly carried out by ITEP, IHEP 
(Serpukhov), Dubna from the Soviet Union, RWTH 
(Aachen) in Germany and by the University of Mississippi 
(UMiss), Los Alamos National Laboratory (LANL), ORNL, 
and the University of Tennessee (UTenn), with ITEP, 
UMiss, and RWTH (Aachen) being the coordinating 
centers in each country. To ensure adequate computing 
resources, a program to adapt CALOR89 to the parallel 
computing environment of a Unix-based microprocessor 
farm has been initiated by UMiss. To facilitate the use of 
geometry profiles which can be extracted from engineer-
ing design studies ORNL and UMiss are participating in 
a program to incorporate certain CAD/CAM packages 
into the geometry package of CALOR89. 

Table V.1. Comparison of Hadron Calorimeter Detector Techniques 

The UMiss-ORNL-UTenn group presently is 
benchmarking CALOR89 using experimental results 
reported by the ZEUS, HELIOS, and SICAPO collabora-
tions. 

G. RESEARCH AND DEVELOPMENT 
G.1. Past and Ongoing Projects 

The L * hadron calorimeter R&D program includes the 
following detector techniques: Si detectors, liquid scintil-
lator, planar gas proportional counters (PPC), and warm 
liquid TMS. The relative merits of these techniques are 
compared in Table V.1. The program is the joint effort of 
the following·institutes and research centers: 
• Silicon Detector Project: Dubna, ORNL, ITEP (Mos-

cow), UTenn, UMiss, University of Alabama (Ulabama), 
University and INFN of Milano and Florence, and 
RWTH Aachen 1 Physics Institute (FAG). 

• Liquid Scintillator Project: ITEP, ORNL, LANL, UMiss, 
and TIFR (Bombay). 

• Planar Proportional Chamber PPC Project: ITEP, IHEP 
(Serpukhov), and IHEP (Beijing, China). 

• TMS Project: ITEP, RWTH Aachen 1, and UAlabama. 
• Radiation Damage Studies: IAE (Kurchatov Institute, 

Moscow), ORNL, RWTH Aachen 1, UAlabama, UTenn, 
and Tl FR (Bombay). 

• Simulation Studies: ITEP, IHEP (Serpuhkov), Dubna, 
ORNL, LANL, UMiss, UTenn, RWTH Aachen 1 Physics 
Institute, and TIFR (Bombay) . 
The L * R&D program at ITEP (Moscow) was started in 

1988. The work is-performed by a group of 40 physicists, 
engineers, and technicians who for the last few years 
worked on the construction and testing of the L3 hadron 
calorimeter. Test beam facilities at the ITEP 10-GeV pro-
ton synchrotron are used and test beam facilities at 
Serpukhov 70-GeV proton synchrotron can also be made 
available. 

The liquid scintillator project described in Sect. E is the 
result of this R&D effort. Other projects are described 
below. 

Silicon Detector Project 
Within the USSR the program is being undertaken by 

JINA Dubna in collaboration with the TMF at Zaporozhye 
and the University of Byelorussia (Minsk), USSR to 

Fast Radiation longevlty per Slgnal/nolse 
Detector technique response for m.l.p. R&Dlsaues 

(ns) year eer cell 

Silicon pads (3 X 3 cm2) 20 106 rad, 1013 n/cm2 4 Cost, electronics, compensation 

Liquid scintillator 10 101 rad , 1014 n/cm2 10 Readout, mechanical design 

Gas PPC 10 High >10 Mechanical tolerances, compensation 

TMS (readout pads 2 X 2 cm2) 100 107 rad, 1014 n/cm2 5 Low signals, purity, and electronics 
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develop a cost-effective technology for large scale 
production of radiation-hard silicon pad detectors. A spe-
cialized research laboratory Is being constructed to carry 
out this research. It will Include clean areas and detector 
tooling facilities. 

In addition, a joint silicon detector project will be un-
dertaken by the collaboration of ITEP, Dubna, ORNL, and 
the UT enn to build a plane of silicon detectors with a total 
area of 50 x 50 cm2 In order to perform a test-beam scan 
of hadron and electron showers and to measure the pion 
to electron response ratio for various absorbers and 
absorber compositions. The silicon pads used by ITEP 
have an area of 5 x 5 cm2, have a thickness of 400 µm, 
and are made by the planar process from 5 Kohm-cm 
n-type silicon (Ref. V.14). The detectors have a small 
leakage current (average 1 o nA/cm2) and a capacitance 
of 600-800 pF at a total depletion voltage of 100 V. Few 
pads have been tested recently to check the quality of the 
detectors and to find an appropriate match to the multi-
channel slow readout electronics existing at ITEP. Two 
detector planes will be produced soon. Beam tests of a 
silicon detector plane, with fast electronic readout (now 
being developed by ORNL and UTenn), are scheduled for 
the end of 1990. · 

The SICAPO collaboration started the development of 
silicon calorimetry In 1983 at CERN, building and testing 
silicon-tungsten and silicon-uranium electromagnetic 
calorimeters between 4 and 50 GeV (Ref. V.15). In pre-
vious years the SICAPO collaboration showed that a 
silicon hadron calorimeter for both silicon-uranium 
(Ref. V.16) and silicon (iron and lead) (Ref. V.7) can be 
made compensating by reducing its response to the 
electromagnetic component of the nadronic shower. At 
present SICAPO is building the first prototype of a 
Si/(Fe + Pb) hadron calorimeter, about 5 l deep, 
equipped with about 20 000 silicon detectors; measure-
ments on the lateral hadronic shower development are 
being carried out currently at CERN. The Si/(Fe + Pb) 
hadron calorimeter will be tested at CERN by summer 
1991. To date the first two mosaics, each made of 480 
silicon detectors with a total area of 0.2 m2, have been put 
into operation. The use of these mosaics as active 
medium of a calorimeter with both Fe and Fe + Pb (thick-
neses of Pb = 0.25 thickness of Fe) as absorber has 
allowed the measurements of lateral and longitudinal 
shower development for 12-GeV protons. A BICMOS 
preamplifier with a rise time of 7.5 ns and a maximum 
voltage swing of 7 V, optimized for the operation of a 
detector capacitance of 150 pF, has been developed 
(Ref. V.17) . 

The Aachen research work on silicon detectors will be 
carried out together with other German physics institutes 
and industry. The goal is to develop ultra radiation-hard 
large-area silicon detectors particularly suited for the 
forward region. Radiation damage tests will be carried out 
and annealing procedures will be developed. As an inter-

mediate prototype test, a calorimeter system consisting 
of 10 layers of a 5 x 5 matrix of 50 x 50 mm2 silicon pad 
detectors together with a radiation-hard ASIC electronics 
system will be built and tested in 1991. 

UTenn and ORNL have been heavily involved in silicon 
calorimetry. Tennessee has built a set of four silicon 
tungsten electromagnetic calorimeters for the SLD detec-
tor with a total area of 2 m2 (Refs. V.3 and V.13). A beam 
test of these modules was conducted in April 1989 and 
the results were in agreement with design specifications. 
Tennessee also has received SSC generic R&D funds to 
develop low cost sources of silicon detectors and to 
participate in the SICAPO collaboration study of silicon 
hadron calorimetry. ORNL received similar funds to 
design ASIC fast amplifiers for silicon detectors. Along 
with UMiss both participate in the Silicon Electromagnetic 
Calorimeter Collaboration to construct a 3-m2 

electromagnetic calorimeter to SSC specifications. 

Planar Proportional Chamber (PPC) Project 

Planar Proportional Chambers and their application to 
the fast radiation resistant calorimetry are being studied 
by ITEP (Moscow), IHEP (Serpukhov), and IHEP (Beij-
ing). PPC is a gaseous detector with planar metallic 
electrodes. The gap between the electrodes is small 
(1 mm) and is maintained with high precision (1 o µm). At 
a sufficiently high voltage, the electric field is sufficiently 
large for avalanches to occur. The gain of about 10 000-
100 ooo at 55-60 kV/cm was measured with a 5 x 5 cm2 

prototype detector (see Fig. V.9) filled with isobutane gas. 
The response is very fast (7 ns). The high-voltage de-
pendence of the PPC response is shown In Fig. V.10. 

steel plate 

. " prease spacer -
" ,. ,. ti " " 

Fig. V.9. Planar proportional chamber (PPC) prototype and typical 
chamber response to MIP. 

PPCs can work with intense particle beams because 
the space-charge effects normally causing saturation and 
aging effects are minimal for planar electrodes. The work-
ing gas for PPCs should not be transparent to its own UV 
light to prevent the development of secondary 
avalanches. Beam tests with a larger prototype of 
50 x 50 cm2 made of 64 PPC cells are scheduled for 



V. HADRON CALORIMETER SYSTEM 55 

Q coll. fpc] 
10 -------------

0.1 

• Mean value 
~Most prob. 
0 Mean value 

0.01 ..___.,___.,___'---'---'-----' 
4000 4500 5000 5500 · 

HV [v] 
Fig. V.10. HV dependence of the PPC response to different 

· radiation sources. 

1990. R&D issues to be addressed include the rate de-
pendence of PPC efficiency and aging effects. Nonflam-
mable gas mixtures with the same properties as 
isobutane need to be identified. In the beam tests the 
pion-to-electron ratio has to be measured. Mass produc-
tion technology of large-area PPCs Is being studied. 

TMS Project 

The Aachen group has instrumented the forward 
regions of the L3 and TASSO detectors. A major effort has 
been invested in the simulation of these.detectors using 
the GHEISHA package now being widely used at major 
laboratories. The current activities focus on warm liquid 
ionization chambers and silicon detector research work. 
Special programs have been set up to investigate the 
radioaction damage to TMP and TMS. Two stainless steel 
containers housing the ionization media and an electrode 
system have been built in Aachen. They will be exposed 
during the next months at a high radiation area of the SPS 
and will allow detailed measurements of the drift velocity, 
lifetime, pressure build-up, and gas decomposition as a 
function of the radiation dose. Together with industry the 
Aachen group has set up a program to develop ultra clean 
stainless steel containers for TMS particularly in view of 
mass fabrication. Several techniques like laser welding 
and high temperature soldering will be pursued. 

After these investigations the activities will be focused 
in designing and building a radiation-hard prototype 
calorimeter, where a system engineering approach to the 
construction of a large calorimeter will play a dominant 
role. Beam tests which will be carried out in early 1992, 

will allow the absorber structure to be finalized in order to 
obtain full compensation. 

A total of 100 TMS chambers of 50 x 50 cm2 will be 
built in ITEP. About 30 are operational now. These cham-
bers have a liquid gap size of 3 + 3 mm and 4 + 4 mm. 
The readout electrodes have an area of 6 x 50 cm2. A 
purification/filling system for the TMS liquid has been 
built. Techniques for cleaning and degassing the cham-
ber surfaces have been developed. Free electron life 
times as large as 8 µs were obtained In a fully operational 
chamber. (Electron drift time is about 300 ns at 
10 kV/cm). Multiple measurements confirmed that the 
purityofTMS inside the sealed chamber does not change 
over the period of six months. The scan of hadron and 
electron showers inside the uranium and lead absorbers 
with a single TMS chamber was performed in the ITEP 
test beam. A typical result Is shown in Fig. V.11. Another 
set of measurements was performed with 11 TMS cham-
bers behind uranium and iron absorbers. Electromag-
netic resolution of 25%/v'E was measured with 5 mm 
uranium and with 25 mm Iron absorbers In the energy 
range of 2-6 GeV. 

Electrons ( ADC) 
300 

Pions a Muons (ADC) 

200 

too 

• ELECTRONS I sum:48.f+/-1.0mip/GeV 
-3 GeV le beam 

PIONS I sum:50.f+/-t.t 11ip/G1V 
MUONS 

J' 

60 

40 

20 

oL~-- ---~:::~:::::::=do 
t6 26 36 46 56 66 76 86 6 

Position in stock 

Fig. V.11. Shower curves for 3-GeV electrons, pions, and muons 
measured with a single TMS chamber inside a stack of 5-mm uranium 
plates. 

The Warm Liquid Calorimetry Collaboration Is present-
ly investigating fundamental properties of warm liquid 
technology for calorimetry at the SSC. UAlabama, which 
is a member of this collaboration, is presently funded by 
the SSC Laboratory for research on this warm liquid 
sybsystem. Test beam measure·ments are presently 
under way at Fermilab to measure compensation of 
electromagnetic and hadronic energy response ex-
pected with this technology, the feasibility of integrated 
swimming pool detector configurations, and general 
materials compatibility issues. UAlabama began work In 
warm liquid calorimetry through the SSC generic detector 
R&D program with the development of fast forward 
calorimetry for the SSC and is now developing fast, 
ultra-sensitive, radiation-hardened electronics for this 
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technology. A distinguishing feature of this approach is 
the ability to extract a fast detector signal, despite the 
relatively long drift times In these fluids. The UAlabama 
group has already designed and built fast, radiation-hard 
charge preamplifiers for this technology and Is now 
developing and testing faster designs with high radiation 
hardness. 

The UAlabama group is also working closely with 
United States industry to develop warm liquid vessels with 
highly integrated electrode designs. In collaboration with 
Coors Ceramics and other ceramic manufacturers, this 
group is developing an integrated ceramic electrode with 
a flexible metalized anode pattern, similar to printed cir-
cuit board technology. Feedthrough connections In this 
scheme are then routed through a common multichannel 
tab on the same ceramic substrate. A laser welded outer 
stainless steel vessel for this electrode is presently being 
developed by Hutchinson Technologies. 

For the TMS option the Tata Institute in Bombay Is 
fabricating steel containers made by electron/laser weld-
ing thin steel plates on both sides of steel spacer bars. 
Performance tests will be carried out. 

Simulation 

To carry out simulations for the detector design and 
physics studies, as a part of the R&D program, the 
CALOR89 code package must be adapted to run on a 
parallel processing computing system. This system will 
be based on a series of RISC processors, following L3's 
extensive experience. The UMiss, ORNL, and LANL will 
be actively involved in this work. Close collaboration with 
SSCL will be maintained. 

At the RwrH Aachen the successfully used GHEISHA 
code is continuously improved and speeded up. 

At TIFR (Bombay), a GEANT has been set up with a 
segmented BaF2 in front of an absorber/scintillator 
hadron calorimeter. A dual processor Apollo DN1000 
(25 MIPs) will be used for detailed simulation studies. 
G.2. R&D Requirements to the SSC 

There are 40 physicists and engineers from ITEP and 
30 physicists and engineers from Dubna working on the 
R&D effort for the L * collaboration supported by the 
Soviet government. In this section we list our requests to 
SSC for FY 1991 and FY 1992. 

Silicon Procurement in the Soviet Union 

The issue of silicon supply in the quantities required 
and on the time scale necessary is one of crucial impor-
tance. The main considerations have been addressed in 
Chapter V, Sect. B.1. A considerable R&D effort in the 
Soviet Union is required and is described below. 

At Dubna, R&D will be aimed at developing the cost-
optimized technology required for the large-scale 
production of radiation-hard silicon detectors. In efforts 

related directly to an interface with industry, Dubna will 
develop technology that will be applicable to industrial 
mass production and involve quality control at each 
production step. The collaboration between Dubna and 
USSR industry should result in cost-reducing measures. 
R&D associated with this activity is needed. Specific steps 
include the definition of specifications for silicon 
monocrystals; production of test samples and test 
evaluations; definition of final specifications for produc-
tion steps by the end of 1992; and design of equipment 
for quality control. Institutions involved in this Integrated 
effort are JINR (Dubna), the University of Byelorussia, 
ZTMF (Zaporozhye), ITEP (Moscow), ORNL, UTenn, and 
RwrH Aachen. 

The work at Dubna will be carried out from 1991 on. It 
will involve facilities having a total area of 350 m2 and a 
clean area of 70 m2. A deionized water installation will be 
available together with slicing, lapping, and polishing . 
machines. Thermodiffusion, thermal oxidation growth, 
photollthography, and metal deposition will be carried 
out. In the second phase, additional tools will be installed 
for the examination and evaluation of silicon properties, 
together with equipment needed for the design and 
fabrication of photollthography masks. The total an-
ticipated cost is 6900K roubles and 1150K$. 

Silicon Calorimetry in the United States 

The Silicon Electromagnetic Calorimeter Collabora-
tion subsystem proposal to the SSC laboratory will be 
expanded to include hadron calorimeter elements. 
Presently, the proposal has partial funding for the first 
year. In the following discussion, It is assumed that the 
SECC proposal will be fully funded. The L * collaboration 
proposed to build a full azimuthal segment (2 n/16) of a 
90° L * calorimeter module including cabling, signal rout-
ing, mounting boards, colling, and full electronics through 
tower sums for the first level trigger with pipeline storage 
and digitization. We envision a 2-year program beginning 
in January 1991. A few planes of the calorimeter will be 
instrumented with silicon obtained from commercial sup-
pliers; and the remainder, with detectors from the produc-
tion facilities in the Soviet Union as the silicon becomes 
available. 

A program of radiation damage studies will be initiated 
immediately to study effects of radiation-induced energy 
resolution and rise-time characteristics. These effects are 
expected to be very dependent on the particular silicon 
used. Therefore, tests will be performed with detectors 
made from TopSil, Wacker, Hamamatsu, and Soviet 
material, as well as from high-resistivity silicon produced 
by technologies other than float zone. A matter of par-
ticular significance that must be studied is that low 
temperatures introduced to reduce effects of leakage 
current may well increase the signal degradation effects 
by inhibiting self annealing of cluster vacancies. 
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Design and production of radiation hardened 
electronics (both bipolar and CMOS) will be pursued, 
including preamplifiers suitable for hadronic pads, sum-
ming amplifiers, pipeline storage elements and digitiza-
tion circuitry. 

A silicon plane with an area of 0.5 x 0.5 m2 is under 
construction for tests at ITEP to establish parameters 
necessary for compensation and verify the SICAPO 
results on compensation. Preamplifiers developed at 
ORNL for the SECC system will be used in these tests. 

Milestones are June 1992 for the final decision on 
radiation hardness and June 1993 for the final decision 
on Soviet capability to provide finished detectors. Our 
requests for silicon hadron calorimetry R&D are 
presented in Table V.2. 

Table. V.2. Budget Request for Silicon Calorimetry R&D 

Electronics 

Mechanical 
design, 
construction, and 
refrigeration 

Radiation· damage 
studies 

Silicon purchase 

Design 

ASIC 
rad-hardened 
bipolar run 

ASIC 
rad-hardened 
CMOS run 

Packaging, cables 

Fast DAO system 

SIiicon Calorimetry R&D Total 

Liquid Scintillating Calorimeter 

FY91 
(K$) 

200 

100 

100 

20 

75 

50 

60 

605 

FY92 
(K$) 

100 

100 

150 

75 

50 

475 

ORNL will proceed with the development of a liquid 
scintillator technique as the main backup option of the L * 
hadron calorimeter. The hadron calorimeter prototype 6-t 
long module with 60 liquid scintillator readout planes is to 
be constructed and tested by ORNL in collaboration with 
ITEP (Moscow). 

Lawrence Livermore National Laboratory (LLNL) will 
construct a prototype liquid scintillator cell containing a 
spiral of wavelength shifting fiber for characterizing its 
performance using fast readout electronic schemes and 
new photodetectors. 

We are requesting 350K$ for these activities in FY 1991 
and FY 1992. 

Simulation Studies 
The simulation studies will be intense during the design 

phase of the L * calorimeter construction and prototype 
beam tests. The engineering simulation studies required 
to support the design, construction, and testing of the L * 

-calorimeter are estimated to cost 575K$ per year. 

Warm Liquid Calorimeter for the Forward Region 
We propose to build the prototype warm liquid 

calorimeter for the L * forward region. Requested funds 
are to support an engineering design of the calorimeter 
prototype to cover travel expenses to meet with col -
laborators in Europe and Asia and to purchase prototype 
vessels, the fluid purification system, and electronics. We 
are requesting support from home institutes (e.g.,the 
annual request from UAlabama is 200K$ for operational 
funds and 200$K for capital equipment). 

R&D Budget Request 
Our requests to SSC for R&D of hadron calorimeter 

detector techniques and simulation are presented in 
Table V.3. 

As stated in this chapter, there have been many efforts 
at Dubna, ITEP, and other USSR laboratories on R&D for 
hadron calorimeter. We request the SSC to invite 1 o 
Soviet physicists and engineers to integrate the ideas and 
experience to the SSC standards. We request travel and 
per diem support per person of 32K$, or 320K$ total per 
year. 

Table V.3. L * Hadron Calorimeter R&D Budget Request (I<$) 

Activity FY 1991 FY1992 

Silicon procurement in the U.S.S.R. 750 400 

Support of Soviet scientists at SSCL 320 320 

Silicon calorimetry R&D in the U.S. 605 475 

Liquid scintillator project R&D 350 350 

TMS R&D for forward region 400 400 

Simulation studies 575 575 

Hadron C&lorlmeter R&D Total 3000 2520 
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A. INTRODUCTION 
We propose a very high resolution electromagnetic 

calorimeter for the L * experiment. Two options will be 
pursued. The first one uses barium fluoride (BaF2) crys-
tals; the second uses liquid xenon (LXe)- Both options 
have radiation resistance upto at least 1 o rad; an energy 
resolution of 1.3%/vE + 0.5%, comparable to the 12 000 
BGO crystals L3 electro~netic calorimeter; and :rc/e 
suppression ratio of = 1 o . 

The physics motivation is to make precise energy 
measurements of photons and electrons. The unique 
capability of this detector is shown, for example, in its 
ability to detect Higgs particles in a mass region of 80 to 
180 GeV (Ref. VI. 1). See also Chapter X. 

There exists a gap between the upper limit for Higgs 
detection at LEP Phase II (=Mz) and the lower limit for 
Higgs detection at the SSC using the four lepton final state 
(=200 GeV). This gap will be covered by a precision 
electromagnetic detector, measuring the Higgs in its yy 
and 4 lepton decay channels with .1.M/M < 0.5%. 

The high-resolution calorimeter also will be used to 
search for new massive gauge bosons through their 
decays into e + e -. This will allow us to explore the energy 
regime where high-energy symmetries, such as super-
string inspired Es, break down to form the gauge struc-
ture observed at low energies. 

B. THE BaF2 ELECTROMAGNETIC CALORIMETER 
OPTION 
The BaF2 electromagnetic calorimeter consists of 

26 000 large size (50 cm long, 24.5 radiation length) crys-
tals. The calorimeter has the following three parts: 
• A central barrel calorimeter with an inner radius of 

75 cm and an outer radius of 140 cm. It covers the 
rapidity range of IT/ I < 1.45. 

• Two endcaps, located at z = ± 150 cm, which cover 
the rapidity range of 1.45 s I 17 I s 3.0. 

• The forward and backward calorimeters are located at 
z = ± 10.5 m. They cover the rapidity range 3.0 
s I 17 Is 3.8 as discussed in Chapter V. 
The crystals are approximately s~uare in cross sec-

tion, with sizes ranging from 2 x 2 cm in the front for the 
smallest crystal to 5.2 x 5.2 cm2 in the back of the largest 
crystal. The typical crystal covers a 1117 x 11 rp interval of 
0.04x 0.04. The total volume of crystals is 17.2 m3 

(83.6 tons), as summarized in Table Vl.1. 
The BaF2 calorimeter has the following features: 
• 3 ns peaking time of the scintillation light readout, 

i.e., gating in a single beam crossing; _ 
• Bipolar signal output with residual tail of less than 

10--4 after 35 ns; 
• Radiation resistance up to at least 107 rad; 
• Energy resolution of 1.3%/IF + 0.5%, comparable 

to the L3 electromagnetic calorimeter. 

Table Vl.1. BaF2 Crystals 

Detector Number Volume (m3) Weight (ton) 

Barrel 11 304 10.4 50.5 

Endcaps 7100 2.7 13.1 

Forward 7610 4.1 20.0 

Total 26014 17.2 83.6 

B.1. BaF2 Readout 
BaF2 is the fastest scintillation material known. 

Table Vl.2 lists the properties of BaF2, liquid xenon (LXe), 
and KRS-6, a fast Cherenkov radiator (discussed below). 
Table Vl.2. Properties of Some Fast Detectors 

BaF2 
Density (g/cm3) 4.88 

Xrad (cm) 2.04 

Xjnt (cm) 29.9 

Xrad/Xjnt 0.068 

RMoliere (cm) 4.4 

Ref. Index 1.49 

Hygroscopic No 

Luminescence (nm) 320 
(slow) 

(fast) 210 

T Decay (ns) (slow) 630 

(fast) 0.9 

UPcht output (y!MeV) 5000 
(sow) 

(fast) 1000 

(e): Response to electrons /3 =1. 

(a): Response to a particle /3 < < 1. 

LXe KRs-6 

3.05 7.2 

2.n 0.94 
55 23.0 

0.050 0.041 
5.6 2.4 
NA 2.2 
NA No 

NA 

170 

45 (e) NA 
2 (a) 

40000 (e) 

50 000 (a) 1500 

Figure Vl.1 a shows the emission spectra for pure BaF2 
and BaF2 doped with 1% of lanthanum (Refs. Vl.2, Vl.3). 
The peak intensity of the slow component (300 nm) from 
the lanthanum-doped BaF2 crystals is reduced by a factor 
of about five with little change to the fast components (195 
and 220 nm). It is also known that the intensity of the fast 
components has no temperature dependence, although 
the slow component decreases with increasing tempera-
ture at a rate of - 2.4%,'°C (Ref. Vl.4). 

Figure Vl.1 a also shows the quantum efficiencies of 
two photomultipliers (PMT): (1) a special UV-sensitive, 
solar-blind PMT with a cesium telluride (Cs-Te) 
photocathode and a synthetic silica (quartz) window 
(Hamamatsu R3197), and (2) a PMT with a bi-alkali 
photocathode and a quartz window (Hamamatsu R2059). 
By using the solar-blind photocathode (Cs-Te), one 
would be able to collect only the fast scintillation light. 

I 
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pulses observed with a digital scope with (b) bi-alkali photocathode, 
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Baf2 crystal. The rise time for the fast signal is 3 ns. 
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Fig. Vl.2. New K-Cs-Te photocathode compared with the Cs-Te 
cathode. The new cathode will supress the slow component by a factor 
of 50 without La doping. 

Figure Vl.1 b, c, and d shows the BaF2 pulse height 
observed with a digital scope, with (b) bi-alkali cathode, 
(c) Cs-Te cathode, and (d) Cs-Te cathode and La-doped 
BaF2. Figure Vl.2 shows the quantum efficiency curves 
from a K-Cs-T e photocathode recently developed by the 
Hamamatsu Company (Ref. Vl.5}. This new 
photocathode is expected to suppress the slow com-
ponent by a factor of ~ 50 without using lanthanum-
doped BaF2. 

With the existing very fast scintillation light, we are 
carrying out extensive R&D work to design the BaF2 
readout system as follows: 

• Hamamatsu R2148-type vacuum photodiode 
with K-Cs-Te photocathode and quartz window as the 
photosensitive device, working in a magnetic field. 

• A preamplifier mounted on the base of the 
photodiode has a gain of 100 µV/1000 electrons and 
45-ns decay time. The typical noise of this preamplifier 
together with the photodiode is 1000 electrons for a few 
ns peaking time. 

• A fast shaper with 3-ns peaking time and two-pole 
zero cancellation: one for the residual slow component 
(594 ns) and the other for the preamplifier decay (45 ns). 
It has two outputs: (1) a bipolar output for the signal and 
(2) a unipolar output for RFC calibration. The residual 
signal of the bipolar output after 35 ns is less than 1 o -4 . 
Combining the optical and electrical suppression, we are 
safe from the slow component contamination. 

Figure Vl.3 shows the input and output pulse shape 
simulated with a PSPICE program for the designed cir-
cuit. The Input signal, which has a 3-ns rise time and a 
fast/slow ratio equal to one, is an average of digitized 
BaF2 scintillation pulses obtained from a solar-blind PMT 
with a Cs-Te photocathode. 

Also shown in Fig. Vl.3 is the output from the 
preamplifier. Both bipolar and unipolar output pulses are 
shown In Fig. Vl.3. This fast readout will enable us to 
operate the detector in a single beam crossing, thus 
reducing pile-up to a minimum. This is demonstrated in 
Fig. Vl.1 c, where we use Cs-Te crystals without Ian-
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thanum dopant. With use of the new KCs-Te, the slow 
component decreases by a further factor of -20. 

8.2. BaF2 Energy Resolution 
We have measured the photoelectron yield of BaF2 to 

be 80 000 per GeV by using a solar-blind PMTwith a Cs-Te 
photocathode. This light yield is more than enough to 
provide 1 %/v'E resolution. The contribution of electronics 
noise to the total energy resolution is also negligible for 
particles of a few GeV. 

A GEANT simulation was carried out to calculate the 
resolution of the BaF2 calorimeter. The simulation In-
cludes a shower leakage fiber wall and 30% radiation 
length of dead materials atthe front of the BaF2. Table Vl.3 
lists the result of this calculation together with other 
contributions. With a 0.4% precision calibration, it is clear 
that the BaF2 calorimeter will provide the design goal of 
1.3%/v'E + 0.5% resolution. 

B.3. Calibration 
After many years of working on precision measure-

ment of electrons, we have learned that precise, frequent 
calibration in situ is vital in maintaining the high resolution 
of any electromagnetic calorimeter. Our main calibration 
will use a Radio Frequency Quadrupole accelerator 
(RFQ) that has been developed by Caltech and AccSys 

Table Vl.3. Energy resolution. 

E (GeV) 5 10 100 500 

Photo 0.2 0.1 0.04 0.02 
electrons 

Noise 0.8 0.4 0.04 0.08 

Calibra- 0.4 0.4 0.4 0.4 
tion 

GEANT 0.61 0.56 0.37 0.37 

Total 1.10 0.80 0.55 0.55 

Technology (Ref. Vl.6). The first calibration RFQ will be 
installed in L3 soon. A fluoride crystal target bombarded 
with a pulsed proton beam from the RFQ, 19F(p,a ) 16Q• 
(Ref. Vl.7), and the subsequent decay of the excited 
oxygen nucleus 160* produces hundreds to thousands 
of 6-MeV photons per millisteradian per beam pulse. 
These pl;10tons, functioning as a synchronized equivalent 
high-energy photon of up to 40 GeV per calorimeter cell 
will serve as a calibration source for our electromagnetic 
calorimeters. The BaF2 readout has been designed to 
accomodate this pile-up mode with a unipolar output. 
This technique provides a relative calibration with 
precision of 0.4% in a few minutes. The feasibility of this 
calibration mode has been proven in an experiment with 
four BaF2 counters and a 7x7 L3 BGO crystal array at an 
RFQ facility at AccSys in September 1988 (Ref. Vl.6). 

Complementary to the RFQ calibration, we will also 
use minimum ionizing particles (MIPs) produced by the 
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Fig. Vl.3. BaF2 readout pulse shape simulated with a PSPICE 
program: (a) Input and after preamplifier, and (b) outputs. 

collider as a calibration source. A MIP passing through a 
BaF2 crystal longitudinally would deposit 0.33 GeV ener-
gy in the crystal, which would be read out by the crystal 
with a few percent resolution. With a few hundred tracks, 
the peak position (that Is the calibration point) can be 
determined to 0.4%. The multiplicity of high-energy 
charged hadrons Is large enough to provide a calibration 
within 12 h during SSC running. 

The daily calibrations with these techniques will be 
confirmed by the measurement and invariant mass 
reconstruction of inclusive z!J, Y, and J production, where 
the vector bosons decay into e + e-. With a Pr cut of 
1 O GeV on the vector boson, a typical crystal in the central 
calorimeter will see 20 e + or e- from zJ decay and 200 
from Y decay (Ref. Vl.8) for each week of running. 

B.4. Mechanical Support Structure 
We have chosen to follow the proven design concept 

of the L3 BGO calorimeter. The structural material is 
confined to thin cell walls around the crystals, and to a 
cylindrical inner tube that carries the weight and is at-
tached to a conical tunnel that transmits the load to 
support flanges. This results in the best solid angle 
coverage and energy resolution. Figure Vl.4 is a 
schematic showing the central BaF2 calorimeter consist-
Ing of the barrel and the endcaps. 

Crystals are located in cells composed of thin walls 
made by a carbon-fiber composite. The carbon-fiber 
cavities are bonded together to form a rigid honeycomb 
with a wall thickness of 250 µ m. 

The carbon-fiber cells in the barrel are bonded to an 
inner cylindrical sandwich shell with an acrylic foam core 
and thin carbon-fiber composite skins. 

Initial studies show that it should be possible to 
achieve the same cell wall thickness (250 µ m) and as-
sembly tolerances (100-300 µ m) between the crystals, as 
we used tor the L3 BGO calorimeter. 
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Fig. Vl.4. A schematic showing central BaF2 calorimeter. 

B.5. BaF2 Crystal Production - R&D at SIC 
Production of 26 000 large pieces of BaF2 over a 

period of three years will require a monthly yield of 750 
pieces. The Shanghai Institute of Ceramics (SIC) has 
accumulated six years of experience on the research, 
development, and production of BGO crystals, and was 
able to deliver 400 finished crystals per month In col-
laboration with LAPP (Annecy, France), CERN, and Cal-
tech. Since October 1989, SIC has been working on BaF2 
scintillator crystal research. SIC has grown small, pure, 
and doped BaF2 crystals for tests .at Caltech, and ex-
plored the making of large size crystals. 

In a collaboration with the Beijing Glass Research 
Institute (BGRI), SIC has deliv.ered a 40-mm-diameter 
crystal 220 mm long to Caltech. SIC has also Installed a 
new large furnace facility. Adding contributions In other 
equipment, raw materials, and labor, SIC Invested an 
equivalent value in excess of 250K$ In 1989. 

The research and development program at SIC will 
extend to three years (from 1 January 1990 to 31 Decem-
ber 1992) and will focus on the following three areas: 

• Development of a mass production method of grow-
ing large, highly transparent, radiation resistant crystals 
using BaF2 and doped BaF2 as the pilot crystals. 

• Systematic study of rare-earth doped BaF2 crystals, 
especially lanthanum-doped BaF2 crystals. 

• Systematic study of new fluoride system scintillator 
crystals with emphasis on CeF3, LaF3. and other rare 
earth fluoride crystals. 

Studies (Refs. Vl.2, Vl.3) indicated to SIC that La-doped 
BaF2 single crystals would be the important material tor 
use in the electromagnetic calorimeter for the SSC. The 
effects of other rare-earth doping on the scintillating 
properties of the BaF2 will also be explored. 

China is rich in oxides, chlorides, fluorides, and other 
compounds of rare-earth metals that are available for 

research and development. Thus, a more systematic 
study of rare-earth fluoride crystals at SIC, with focus on 
the exploration of new scintillation materials tor the SSC, 
Is necessary. This work will be carried out on CeF3 and 
LaF3 crystals because these compounds are less expen-
sive than other rare-earth compounds. 

The manpower devoted to this research and develop-
ment program will total 25 to 30 full-time equivalents each 
year for three years. In addition, the program will involve 
technical personnel and workers at SIC. Based on past 
experience, we expect an average of 8 to 1 O additional 
full-time employees to be working on the program at any 
time. 

B.6. Research and Development Program 
The R&D program for the BaF2 detector is a follow-on 

of the generic R&D program on BaF2 crystal properties, 
production, and calibration in progress at Caltech and the 
Shanghai Institute of Ceramics (Ref. Vl.9). The detector 
development will be carried out over three years (1990 -
1993), and will focus on the following issues: 
• mass production and quality control of large crystals 

• uniform light collection from crystals 

• doped crystals 
• crystal radiation hardness tests 

• basic crystal research 

• fast UV photodevice insensitive to the magnetic field 

• fast shaping electronics 

• digital electronic readout and trigger 

• prototype crystal array 

• precision calibration methods 

B.7. Other Materials 
Although at present BaF2 represents the favored op-

tion for a crystal electromagnetic calorimeter, we are also 
keeping abreast of other developments. 

For example, another approach Is the use of 
Cherenkov radiation. As an example, the properties of 
KRS-6 (70% TICI + 30% TIBr) are shown in Table Vl.2. 
The transmission of the KRS-6 crystals, which have 
properties similar to lead glass, is reduced by less than 
2.5% as a function of wave-length (400 to 800 nm) after 
irradiation with 100 Mrad of y-rays. 

Because of the low photoelectron yield (about 1500 
photoelectrons/GeV), amplification is needed. Hence, the 
readout method in a magnetic field must be developed. 
An R&D program for KRS-6 is in progress at ITEP to 
answer these questions. The first application of KRS-6 in 
high energy physics will occur at HERA. The luminosity 
monitor and electron tagger at H-1 will use KRS-6 for an 
electromagnetic shower detector. The behavior of KRS-6 
under realistic experimental conditions will be followed 
closely. 
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C. LIQUID XENON OPTION 

C.1. Overview 
The liquid xenon electromagnetic calorimeter uses 

layers of photodiodes to read out the sclntlllation light. 
Photons and electrons with an energy above a few GeV 
can be detected with better than 0.5% energy resolution 
and better than .2 mm spatial resolution. Also, accurate 
measurement of the three-dimensional shower profile 
can be used to distinguish a single r from r's originating 
from n ° decay. The photodetector and electronics can 
be calibrated using 5.5 MeV a particles. 

A common concern about using a homogeneous 
electromagnetic calorimeter is that It may spoil the jet 
energy resolution, mainly due to the large fluctuation of 
the neutral pion content inside a jet. Monte Carlo results 
show that due to the behavior of scintillating liquid xenon 
at high-ionization densities (Table Vl.6), the relative 
response to electrons and pions (e/n ratio) can be ad-
justed close to 1. The properties of xenon as an absorber 
for high-resolution electromagnetic showers have been 
demonstrated recently with a 40-llter ionization detector 
(Ref. Vl.1 0) and liter size scintillating detectors 
(Ref. Vl.11 ). 

C.2. Description of the L.Xe Calorimeter 
The main components of the xenon detector are: 

• 15 m3 detector absorber/radiator ellipsoid, covering 
I 11 I s 3.0 with 22 radiation lengths of LXe, 

• 72 000 photodiode-DAQ chains, and 

• a cryogenic system. 
Figure Vl.5 is a schematic view of the xenon 

calorimeter, which consists of a hollow ellipsoid filled with 
2.4 x 104 cells. Layers of UV photodiodes will measure the 
longitudinal and transverse shower development. The full 
detector Is composed of two independent half shells 
bolted to a vertical plate located at the midplane. The 
overall dimensions are 5.2 m in length and 2.8 m in 
diameter. The very large heat capacity coupled with good 
thermal insulation provides for an inherently stable sys-
tem. A breakdown of the external support systems trig-
gers the pressure-assisted, gravitationally driven transfer 
of xenon to a LN-cooled storage tank. 

Each cell of the xenon counter (Ref. Vl.12) includes 
photosensors, UV reflectors, preamplifiers, and cables; a 
schematic of one cell is shown in Fig. Vl.6. 

The UV photosensors measure the UV light signals 
from xenon (170 nm). The photodiodes currently used for 
the prptotype studies by the LXe detector R&D group 
(Ref. Vl.13) are either 1x1cm2 prototypes from 
Hamamatsu (Refs. Vl.14,Vl.15) or 5-cm-diameter 
laboratory models made at Waseda University 
(Ref. Vl.16). Both have rise times of about 1 o ns, a quan-
tum efficiency of about 70% at 170 nm, and work directly 
in the xenon liquid. The photodetectors are inherently 
insensitive to the value and the direction of the magnetic 
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Fig. Vl.5. One quarter of the olive shaped scintillating Xenon 
Calorimeter System. 

Fig. Vl.6. Schematic of a single cell showing 3 photo detectors for 
longitudinal shower measurement. 

fields. The signal from the scintillation light of electromag-
netic showers exceeds that from direct ionization by more 
than two orders of magnitude. This allows for a direct 
sampling of the longitudinal shower development. 

The UV reflecting cell partition functions as the optical 
insulators of the towers whose sizes are determined by 
the angular resolution (160 </> and 150 '7 intervals). The 
cell walls are completely transparent to the shower 
development (i.e., unobtrusive to the energy measure-
ment) yet reflect UV light uniformly. There are no cracks 
for particles to sneak through. Ultraviolet reflectors made 
of 100-µm kapton foil coated with Al and MgF2 with a 
reflectivity of about 85% (Ref. Vl.11 a) have been tested. 
As with tapered crystalline absorbers, a homogeneous 
longitudinal response can be expected by a modulation 
of the reflective properties of the walls. 

C.3. Status of Prototype Work 
The present development program (Ref. Vl.13) alms at 

measurement of fully contained 100 GeV electron 
showers with high precision and reproducibility using a 
5 x 5 matrix of cells3 as shown in Fig. Vl.6. From experi-
ments on 1000-cm liquid xenon detectors (Refs. Vl.11, 
Vl.14, Vl.16) (Fig. VI. 7) with heavy ions and radioactive 
sources, we conclude that energy loss in liquid xenon is 
transferred up to extreme ionization densities with high 
efficiency into scintillation light. The photoelectron yield 
in LXe is 50 000 for 5.5 MeVa particles or 107/GeV (Refs. 
Vl.14, Vl.15) . A typical spectrum has a width of 6 to 8% 



VI. ELECTROMAGNETIC CALORIMETER SYSTEM 64 

I• 55m.," I • 

E 
E 
0 
a, 

- C\I 

j 
Fig. Vl.7. A typical test cell used by M. Miyajima, S. Sugimoto and 

M.P.J. Gaudreau [Refs. Vl.14, Vl.15). The distance between the diode 
and a can be varied up to 26 cm. 

2,000,--------------------, 

.. . . .. . . . . 
en • • - .. : : 
> 
G) 

141 
5.49 MeV a from Am 

.. . . . . 

0 0 ________ .. __ ...._ _____ .,;.•'....;''.a,,.• 

ADC (channels) 

Fig. Vl.8. Scintillating L.Xe signal (middle), pedestal (left) and a test 
pulse (right) using 5.49 MeV a source by T. Doke et al [Ref. Vl.16). 

(Refs. Vl.14, Vl.15, Vl.16) and is very stable (Fig. Vl.8); 
therefore, It can serve as a reliable calibration for the 
experiment. There is no indication of any light attenuation 
In liquid xenon over a distance of 7 cm In a prototype cell 
(Fig. Vl.7). The data are consistent with the variation 
expected from light acceptance and 85% random reflec-
tion effects (Ref. Vl.11 a, Vl.14). 

When a particles are stopped in the diode in vacuum, 
the measured output pulse height equals that theoretical-
ly expected. The half width of the leading edge (high-ener-
gy side) of the spectrum Is only limited by electronic 
noise, whereas the half width for the low-energy side is 
increased by the energy levels of the 241 Am source and 
the straggling of the a particles through the material. The 
energy resolution determined by the leading edge of the 
pulse height distribution is 0.5% with 3 µ s and 1.5% for 
20 ns (Ref. Vl.14) gate time. This serves as a precision 
calibration for the diodes, electronics, and absolute ener-
gy scale. 

C.4. Jet Energy Resolution 
LXe saturates at the level of dE/dx about 

10 GeV/g cm2. In LXe, the light output per unit energy 
loss, dL/dE, for relativistic heavy ions, is much larger than 
dL/dE of electrons because of the higher density of 
electron-ion pairs and thus more light from recombina-
tion. These effects compensate well the nuclear energy 
loss due to hadron nuclear energy loss and make the e/n 
of LXe close to 1 (Ref. Vl.12). This was checked using the 
GEANT Monte Carlo code to compute the excess energy 
deposited (within 15 ns) by slow nuclear fragments 
produced from 10, 50, and 100 GeV pions incident in a 
3 x 3 matrix of 60-cm-long LXe cells. We plan to ex-
perimentally confirm this by beam testing a prototype 
detector together with a compensating calorimeter. 

C.5. Xenon availability 
Liquid xenon is principally produced as a by-product 

of the cryogenic liquefaction of air. Other methods in-
clude absorption-mesh, nuclear, and combined techni-
ques. One liquid liter equals 518 gaseous liters at 
standard temperature and pressure (STP). Current xenon 
production capacity is limlted by demand, not by produc-
tion. Based on the number of large liquid oxygen produc-
tion facilities in the United States and worldwide that can 
be adapted to produce xenon, there is plenty of produc-
tion capacity available for our needs. However, as the 
xenon production schedule Is quite long, advance plan-
ning Is required, and R&D is needed to find the best xenon 
production method: air separation, membrane, absorp-
tion, and nuclear, or a combination of several methods . 

C.6. Summary 
Experimentally, the data on a xenon electromagnetic 

detector show that: 
• Lar9e signals and good resolution 

(10 photoelectrons/GeV) are achievable. 

• Xenon is homogenous and radiation resistant. 

• a sources can be used for calibration. 
• 3-D shower measurement is possible. 
• e/n can be adjusted. 

• There are no cracks and little dead space. 

However, more R&D is still needed on the following: 
• The attenuation length for UV scintillation light with 

UV light source. 

• Uniform light collection efficiency. 
• Radiation resistance of diodes. 

• Low noise, wider dynamic range, faster amplifiers. 

• Signal shape is different for electrons and a par-
ticles, (requires an inexpensive flash analog to digital 
conversion with ten 5-ns bins (50 ns) to measure 
pedestals, pile-up, and e/n) 
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• Liquid temperature control: ± 1 °C. 

• New production methods for xenon, e.g., nuclear, 
absorption, cryogenic or combined. Currently, 
xenon Is expensive, with a long production schedule. 

• Purification system to be scaled from 0.1 to 45 tons. 

C.7. Milestones 
The major milestones In our R&D program are: 

• September, 1990: Beam test of full size prototype 
cells. 

• Third Quarter 1991 : Beam test of a 5 x 5 prototype 
with a compensated hadron calorimeter to show 
e/:rc = 1. 

• Third Quarter 1992: Beam test of 1 ax 1 a prototype. 

To conclude, the superior intrinsic physical properties 
of scintillating liquid Xe encourage us to take the technical 
challenge, and It may be a promising option for a 
precision electromagnetic calorimeter at the SSC. 

R&D Funding Request 

The goal of the R&D program Is to develop arrays of 
BaF2 and LXe and their fast readout, to test and calibrate 
the arrays at high-energy electron/pion beams together 
with an L * hadron calorimeter prototype. We will also test 
the arrays at the calibration RFQ facility to be built. The 
detailed breakdown of the budget is listed in Table Vl.4 
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Table Vl.4. Cost of the L• EMC R&D Program 

Item 

BaF2 Cryatal Array Componenta 
160 Production-size BaF2 crystals 
($3.5/cm3) 

160 Hamamatsu phototubes 

160 Analog electronics channels 

160 Digital readout (VME) channels 

Carbon fiber sueport structure 

L.Xe Alray Componenta 

LXe (5k$/liter) 

400 Silicon diodes 

400 Analog readout channels 

400 Digital readout channels 

Mechanical structure 

Material• and Service 

Crystal cutting, polishing, uv reflector 

Crystal array, temperature control and 
monitoring 

BaF2 Radiation damage test and runs 

BaF2 Cosmic ray and gain monitoring 
setups 

BaF2 Test beam setups and runs 

LXe Purifier 

LXe Support structure and extractor 

LXe Test beam runs 

RFQ: Target parts, assemblies, accelerator 
setup 

Equipment 

BaF2 UVNlS photospectrometer 

BaF2 Fast scopes, pusle generator 

BaF2 High and low voltage pwr supplies 

RFQ Accerlerator calibration system 

Peraonnel (FTEs) 

BaF2 1 Mech. eng. and 3 technicians 

LXe 1 Mech. eng. and 3 technicians 

Travel 
ANNUAL TOTALS 

65 

FY1991 FY1992 
{K$} {K$} 

513 458 

239 239 

53 53 
48 48 

103 48 
70 70 

375 540 

100 200 

35 105 

60 60 

105 85 

75 90 
582 704 

85 60 

75 75 

40 40 

27 9 

45 95 

75 90 

100 200 
50 50 
85 85 

750 665 
30 

55 

40 40 

625 625 

600 600 

300 300 

300 300 

125 135 
2945 3102 
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A. INTRODUCTION 
The L * central tracker (Fig . Vll.1) will measure 

charged-particle momenta and the coordinates of the 
event vertex. It is made of silicon microstrip detectors 
from 10- to 40-cm radius and drift tubes plus scintillating 
fibers from 40- to 75-cm radius. The angular coverage is 
5°-175°. The momentum resolution is 11?/P = 50% at P 
= 400 GeV at 90° as shown in Fig. Vll.2. The vertex 
resolution is 20 µm(r-¢) and 1 mm (z). 

Scintillotlno Fibers 
90• 

fOCM 

Beam Centerline 

Fig. Vll.1. Central tracker layout. 
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Fig. Vll.2. Momentum resolution of the central tracker. The straw 
tubes cover 0> 26, 0 all layers. 

The central tracker is necessary to identify muons, 
electrons, and photons, as well as to separate a new 
source of leptons or photons from QCD. Central tracker 
data will be used for muon identification by momentum 
and angle matching with data from the outer muon detec-
tor, and for electron identification by momentum and 
position matching with the electromagnetic calorimeter 
data. Tracker data will also be used to measure the 
charge-sign of the electron and distinguish electrons from 

photons. In order to measure lepton isolation from 
hadronic clusters (Ref. Vll.1 ), the central tracker is also 
designed to have good pattern recognition. 

The ability to resolve individual beam bunch crossings 
in time together with the measurement of the z-coordlnate 
of the event vertex will determine the number of collisions 
occurring In a triggered beam crossing and which col-
lision produced the Individual charged particles. For 
events that contain more than one lepton, it is crucial to 
know that they came from the same pp collision. 

To optimize the design parameters, we performed 
Monte Carlo calculations of physics signatures of 

pp .. Z:Z. + X, WW+ X, W' + X, Z' + X, Higgs+ X 

and backgrounds 

pp .. q or g + X, t1 + X, b '15 + X, W + X, Z + X 

These calculations have been performed with ISAJET 
and GEANT. About 3 x 106 events were generated in 
total. Some of the results are listed In Chapter X. 

B. RADIATION CALCULATIONS 
The neutron flux in the electromagnetic and hadron 

calorimeter has been calculated for the L * detector 
geometry and the return neutron flux into the central 
detector volume from the calorimeters (using the BaF2 
option for the electromagnetic calorimeter) has been 
determined. The L * geometry was simulated in two 
stages. We used the GEANT code with ISAJET to produce 
minimum bias events from which we determined the 
angular and energy distributions of the hadrons entering 
the calorimeters. For these calculations we were con-
cerned with the typical collision events since the neutron 
flux in the detector will be the time average of a number 
of collider events. The LAHET code (Ref. Vll.2) was used 
to follow the hadrons through the calorimeter. All secon-
daries produced were transported until they fell below 
some threshold (usually 0.1 to 1 MeV for charged par-
ticles or to 20 MeV for neutrons) . Neutrons produced as 
a result of the intranuclear cascade were then transported 
by the MCNP code (Ref. Vll.3) to thermal energies or until 
capture. With this procedure we were able to understand 
the time variation of the neutron energy distribution. The 
equilibrium flux of neutrons in the detector was then 
determined by adding the neutrons produced at each 
event to the flux that remained from previous events. 

In general, the neutron flux in the calorimeters and 
central volume is due to hadrons with momenta less than 
5 GeV/c. Of all hadrons, 85% are pions. The neutron flux 
distributions as a function of the incident hadron momen-
tum was calculated for the L * detector assuming the 
central tracker extended to the boundary of the 
electromagnetic calorimeter. However, it was anticipated 
that a soft neutron shield in front of the calorimeters might 
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be necessary. A composite shield of boron and 
polyethylene (0.13 radiation length (i.e., 5 cm thick)] in 
front of the calorimeter was also Investigated. We deter-
mined the flux distributions for all neutrons above 1 eV 
and above 100 keV. The cross section for dislocations in 
silicon exhibits a sharp increase above 100 keV (see 
Fig. Vll.3) so the flux above 100 keV is a more appropriate 
indicator for damage to these devices. 

A typical time spectrum for the neutrons in the central 
volume Is shown in Fig. Vll.4. This distribution measures 
the neutron flux crossing an annular disk perpendicular 
to the beam direction and 125 cm downstream of the 
interaction point for a 2.5 GeV pion entering the . 
calorimeter in the rapidity interval 2-3. The maximum 
neutron flux occurs 3Q-40 ns after the interaction time. 
The curve for all neutron energies exhibits a long tail while 
the curve for those neutrons with energies greater than 
100 keV falls more sharply with time. This is a conse-
quence of the softening of the neutron energy spectrum 
as the neutron undergoes repeated inelastic scattering 
events in the BaF2. Also plotted is the curve for the 
detector with the 5-cm absorber between the central 
detector and the electromagnetic calorimeter. There is a 
factor of three reduction in the flux maximum and a 
pronounced decrease in the tail of the distribution. The 
hydrogen In the polyethylene is very efficient in reducing 
the neutrons energies to below 100 keV. 

The total neutron flux per event is obtained by folding 
the hadron spectra with the neutron flux per hadron. 

To get the final equilibrium neutron flux in the central 
volume one must add the neutron flux that remains from 
previous SSC events. The result is shown in Fig. Vll.5. 

10-20 _____________ _ 

SILICON 
rnsPLACEMENT THRESHOLD(MeV) 

0.1 1.0 E (MeV) 10.0 

The calculations of the neutron fluence in the central 
tracker volume show that levels less than 1 0 12/cm2 per 
year can be achieved if a moderate amount of 
polyethylene or similar material is placed at the outside 
boundary of the central tracker. These levels set the 
development goals for the radiation resistance of the 
selected detector and electronics components. The same 
procedure was used to predict the neutron current in the 
calorimeters in the rapidity interval 2-3. The total neutron 
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Fig. Vll.4. Typical time spectrum of neutrons from one collision in 
the central volume for an annular disk at 125 cm downstream of the 
interaction point. 
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flux/cm2 per SSC year with energies greater than 100 keV 
at depth of 12.5 cm In the BaF2 varied from 2.6 x 1013 to 
3.Bx 1013 across the rapidity interval. 

C. SILICON DETECTOR 
The silicon detectors are reverse-biased diodes finely 

divided into strips. The strips provide a high-precision 
position measurement (hit/no hit) in the direction or-
thogonal to their long axis. The use of double sided 
detectors (readout strips on both surfaces of the detec-
tor) will give two dimensional position Information. On 
one side of the detectors, the strips will run parallel to the 
z (beam)-axis for the central detector, and radially for the 
endcap detector. These strips will provide the very high 
resolution 'I' measurement needed for the momentum 
measurement. The strips on the second surface of the 
detector are canted at a small angle with respect to the 
strips which determine 'I'· The less precise position Infor-
mation for the second dimension (z for the central detec-
tors, and r for the end cap detectors) is determined by the 
strips on both sides of the detector. 

The design properties of the silicon microstrip detec-
tors are 
• Thickness = 300 µm = 0.0032 radiation length 
• Signal collection time ~ 1 o ns 
• Full depletion operating voltage typically 25-200 V 
• 32k electron-hole pairs for a minimum ionizing particle 
• Typical rms electronics noise < 1 ooo electrons 
• Strip pitch: 25 µm tor Inner layers, 50 µm tor outer 

layers 
• Wafers covering 3Q--40 cm2, cut from 4-in.-dlameter 

Ingot 
• Waters mechanically and electrically bonded end-to-

end to make a detector 15-20 cm long 
• The detectors will be double-sided with 5-mr stereo 

angle 
• Hi~h radiation resistance to fluences of 

10 neutrons/cm2 (E > 100 keV), several times 
higher fluences of minimum ionizing particles, and 
electronics with comparable or superior resistance 

• Front-end electronics mounted on the detectors 
C.1. Electronics for Silicon Detectors 

The electronics for each strip will consist of a 
preamplifier, pulse shaper-discriminator, some data 
processing, local buffering sufficient to cover the second 
level trigger decision time, and a multiplexed fiber optic 
readout. 

To reduce the interconnection problems, the 
electronics will consist of either VLSI circuits bonded 
directly to the silicon detector water or the detectors and 
electronics will be implemented as a monolithic device. 
First successes in doing this with high-resistivity detector-
grade silicon have been reported (Ref. Vll.4) . 

C.2. Radiation Damage in Silicon Devices 
Upon exposure of a silicon detector to radiation, some 

of the incident particles create lattice dislocations in the 
silicon crystal. Defects found uniformly throughout the 
entire volume are called bulk effects. There are also 
effects involving the silicon-silicon dioxide surface layer. 
At present surface effects are not the limiting factor in the 
radiation tolerance of one-sided detectors. Doubled-
sided detectors Involve more intricate processing and 
structures, and therefore they may be more prone to 
surface effects than the single-sided devices. Double-
sided detectors are produced like VLSI devices, which 
degrade dominantly because of surface effects. Radia-
tion-hard versions of VLSI are capable of withstanding 
fluences of 1 o 15 neutrons/cm2 (Ref. Vll.5). 

Bulk damage has several major components. 
Degradation In carrier lifetime results in the reduction of 
the signal amplitude. Increased thermal generation of 
electron-hole pairs results in a large increase In the 
leakage current and noise in the detector. Finally, the 
creation of additional acceptor states In the silicon can 
slowly change n-type silicon into p-type silicon. 

At the charged particle doses expected at the Inner-
most layers of the L * central tracker, we have measured 
the effect of bulk radiation damage on candidate detec-
tors. 

Leakage current Increases lineariy with the radiation 
dose (Ref. Vll.6). This leakage current shows a very 
strong temperature dependence. The measurements 
performed at Los Alamos show about a factor of 2 reduc-
tion In the leakage current tor every 7°C drop In tempera-

. ture (Fig. Vll.6 and Ref. Vll .7). 
Figure VII. 7 shows electronics damage reflected in the 

change in threshold voltage after a proton irradiation at 
Los Alamos of radiation-hardened transistors produced 
by UTMC (of Colorado Springs). 

D. THE STRAW DRIFT TUBES 
There will be 80 layers of thin-wall, small-diameter drift 

tubes in the barrel part of the L * central tracker, from 40-
to 75-cm radius. 

The drift tubes to be used in L * are based on technol-
ogy which has evolved over the past several years In 
experiments at colliding beam facilities and on balloon 
payloads. They are very simple detectors, being propor-
tional tubes with walls made of aluminized plastic film. The 
Idea of using multiple layers of small cylindrical tubes for 
precision trajectory measurements was originally con-
ceived for metallic tubes (Ref. Vll.8) . It was then recog-
nized that the aluminum wall could be replaced with 
aluminized mylar (Ref. Vll.9). 

Drift tubes with very thin walls have been developed 
within the past few years to reduce the hard single scat-
tering, multiple scattering, and photon/electron conver-
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Fig. Vll.6. Leakage current In silicon detectors after a 10 megarad 
exposure to 800 MeV/c protons, as a function of detector temperature. 

slon problems associated with excess material. The 
group at Boston University (Refs. Vll.10-11) chose a wall 
material having a thickness of 25 µm (12.5 µm of mylar, 
over a 12.5-µm layer of conducting polycarbonate coated 
with 1000 A of aluminum) after having experimented with 
even thinner walls, which were susceptible to wrinkling 
effects. The Boston drift tubes were used in a balloon 
experiment (PBAR) to measure antiproton abundances, 
and achieved 84-µm resolution on the bench, and 109-µm 
resolution during an actual flight with a nonuniform mag-
netic field of order 10 kG, in an environment which had 
large variations in temperature and gas density. The gas 
used was a 50-50 mix of argon and ethane at 1 atm 
absolute pressure. 
D.1. Straw Tube Tests 

We have made several SSC prototype detectors with 
small-diameter (3.8-mm), thin-wall straw drift tubes using 
20-µm-diameter gold-plated tungsten wires tensioned at 
50 g. In tests with cosmic rays through five rows of tubes 
the standard deviation of the residuals was found to be 
69 µm (Fig. Vll.8), implying a single tube resolution of 
89 µm, using Ar-ethane (50/50). 

A number of gases satisfy the speed requirements of 
the SSC, most of which have CF 4 as a principal com-
ponent (Ref. Vll.12). Speeds of the order of 100 µ/ns are 
readily attainable, Implying drift times for a 3-mm-
diameter straw of about 15 ns. Good resolution has been 
achieved in 4-mm-diameter straws with CF4 + 20% 
isobutane (105 µm for 1 atm pressure (Ref. Vll.13). 
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Fig. Vll.7. Effect on threshold voltage of transistors after proton 

Irradiation and room temperature annealing. 

We have explored the Issues Involved with the use of 
thin straws and CF4 in an SSC radiation environment 
(Ref. Vll.14). The prototype for these studies used straws 
which were 30 cm in length. They wer.e operated in the 
Fast Spectrum Facility at the MITR-11 Research Nuclear 
Reactor at MIT. We exposed our tubes to 4 x 1014 
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neutrons/cm2 (fission spectrum) at the MITA-II and found 
the performance of the tubes to be stable. We monitored 
singles rates (5 MHz per tube), coincidence rates (2 MHz 
per tube), tube currents (15 µA per tube for 2200 Vin pure 
CF4), and pulse heights from Compton electrons. Fig-
ure Vll.9 shows 55Fe pulse height spectra taken before, 
during, and after the run. It is seen that gain shifts do not 
exceed the 1 % level. A prototype detector with 1-m-long 
straw has been constructed and operated to study 
electrostatic stability and mechanical alignment. 
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Fig. VII. 9. Fe-55 pulse height spectra from straw tubes taken 

before, during, and after exposure to 4 X 101"' neutrons per cm2. 

E. SCINTILLATING FIBER DETECTOR 
Spiral-wound scintillating fibers are placed at the outer 

radius boundaries of each straw tube cluster. These fibers 
provide z-coordinate information. The fiber system totals 
approximately 50 000 channels. For mechanical stability 
the layers of scintillating fibers will be mounted Into the 
carbon fiber composite supports described in Sect. F. To 
avoid cross-talk, the fibers will be covered with an external 
absorber. The four layers of fibers will have stereo angles 
of-10°, 0°, and 0°, + 10°. The z resolution at the vertex Is 
~ 1 mm (see Fig. Vll.10). It is estimated that this con-
figuration will be able to resolve tracks of about 2 mr 
separation and to determine the z position of over 98% of 
tracks entering the detector. 

We have identified the Hamamatsu venetian blind mul-
tichannel photomultiplier as the most promising readout 
option. The high light output of the 1- to 2-mm fibers 
makes less developed and more costly technology such 
as avalanche photodiodes and solid state photomul-
tipliers unnecessary. Solid state photomultipliers would 
require cryogenic hardware, which cannot be easily ac-
commodated in the compact design of the central track-

er. The multichannel photomultiplier is currently being 
studied at UCLA (Ref. Vll.15). Together with the UCLA 
group, we plan to carry out necessary three-dimensional 
electrostatic modeling and develop a more compact tube 
suitable for the L * design. 

The speed of the scintillating fiber system permits Its · 
use as a tracking system, even at SSC luminosities of 
1034 cm-2s-1· 

Optimization of the central tracking detector con-
figuration will be studied during the next year. 

F. ENGINEERING AND MECHANICAL 
'DESIGN ISSUES 
Figure Vll .11 displays an elevation view of the silicon 

and straw tube detectors and the basic support struc-
tures. 

Since the silicon detectors have fine segmentation and 
high precision, the mechanical design concentrates on 
positional accuracy and extreme stability under ex-
perimental conditions. The main Issues are achieving 
5-µm wafer positional stability with no periodic adjust-
ments, selecting support materials which meet all design 
considerations while remaining below 2% radiation length 
in radial density, managing waste heat from wafer 
electronics with no compromise of the position accuracy 
of the system, achieving alignment and manufacturing 
feasibility, and satisfying the requirement of radiation 
resistance in structural strength and dimensional stability. 

The positional stability of the intricate wafer array may 
be influ_enced by many factors such as creep, distortion 
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Fig. Vll.11. Elevation view of the design of the central tracker with 
support structures. 

of the support structure from thermal gradients, and 
material property changes over time. Many materials lack 
the radiation resistance to fulfill the stability requirements. 
Traditionally, radiation exposure testing has focused on 
effects associated with material strength, not molecular 
structural changes that may lead to creep and reduction 
in stiffness. 

The silicon detector Is designed to operate at a 
temperature between -20°C and + 10°c. The detector 
electronic heat load Is 1 mW/channel. The heat flux is 
2.5 W/cm2. The radiation exposure is expected to be 
1 O Mrads over a 10-year service life. Structures total 2% 
of a radiation length except In limited regions. 
F.1. Silicon Subsystem Conceptual Design 

The silicon wafers in the central and forward regions 
are edge-bonded into 16-cm-long strips. Electronics for 
power and signal processing are mounted at each end of 
the long strip. The silicon layers in the central and forward 
region are supported at discrete points between the end 
supports. The ends of the silicon layers are bonded to 
rings at each end. The rings provide support and passage 
for an internal heat pipe. Cooling fluid is wicked to an area 
directly beneath the electronic package. Heat flows 
through this thin walled area and evaporates the cooling 
medium. This technology has been employed extensively 
in Los Alamos space and reactor projects. It simplifies the 
process of cooling the large number of individual wafers. 
By minimizing the conductive path, the ~ 2.5 W/cm2 heat 
load associated with the electronics package can be 
effectively dissipated with a minimal temperature 
gradient. Distortions in the silicon layer sandwich are 
avoided by minimizing the thermal gradient and through 
an appropriate material choice for the cooling ring. Since 
the silicon subassembly will likely be operated at 
temperatures well below room temperature, coefficients 
of thermal expansion for materials comprising this as-

sembly must be carefully selected and in some cases 
tailored to specific values. 

The long strip wafer technology imposes a substantial 
local heat load, possibly as high as 20 kW. The system 
will be cooled with an integrated network of heat pipes. 
The heat pipe network Is capable of thermally equilibrat-
ing the entire silicon detector array. Our design goal for 
structure temperature uniformity is 0.25°C . 

. The rings are mounted onto the support structure of 
the central region. These units are supported on 
kinematic supports to avoid introducing distortions. Con-
sideration wlll be given to using a support structure 
material that has a zero coefficient of thermal expansion, 
for example, graphite epoxy or a metal matrix composite. 

The central and forward detector regions must be 
supported by a frame that is highly stable throughout the 
life of the detector. The frame network would be as-
sembled in subsections to provide a jigging fixture when 
assembling the silicon modules. We plan to assemble the 
central detector region first, and then add the adjacent 
forward regions. 

The entire silicon tracking subsystem must be 
enclosed in a pressure vessel capable of confining the 
heat-pipe working fluid. Kinematic supports will be used 
to Isolate the silicon tracking subsystem from the vessel 
external pressure load. To ensure the 5-µm stability, these 
external loads must be isolated. The internal operating 
pressure of this enclosure will track the vapor pressure of 
the heat pipe coolant. Once the heat pipe working fluid 
and cooling system operational scheme has been estab-
lished, uncertainties in the design pressure will be 
eliminated. The baseline design approach for the external 
enclosures is a lightweight honeycomb graphite com-
posite. The condenser for the integrated heat pipe system 
will be part of a heat pump system with sensitive tempera-
ture control. The heat pump will reject up to 20 kW and 
must be capable of stabilizing the condenser sink 
temperature against cyclic thermal drifts greater than 
0.1°c. 
F.2. Material Options 

The material selection is driven by three primary fac-
tors, 5-µm material stability, 2% radiation length restric-
tion, and radiation resistance in the presence of chemical 
agents. To achieve these goals, application of the latest 
composites and high stiffness-to-weight ratio construc-
tion techniques will be required. Our reference design 
draws upon all these possibilities. Candidate composites 
will have their coefficient of thermal expansion tailored to 
either match the thermal expansion of silicon or set to 
zero, as the case requires. The ultimate material selection 
and the general structural arrangement will be driven 
most by the radiation length restriction. 
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F.3. Engineering Program Plan 
The first phase comprises a 3-year development effort 

culminating in testing of a full operational tracking system 
module. Full integration tests of the powered module will 
be completed and the stringent stability requirements 
verified. Phase 2 consists of the engineering design and 
fabrication activities throughout the construction phase. 
Considerable emphasis will be placed on completing the 
detailed design of the system, and incorporating design 
changes as needed to interface appropriately with ad-
jacent detectors. The engineering emphasis will then shift 
to manufacturing liaison and quality control activities. 
Test and evaluation of the entire system will be completed 
in the last program year, Phase 3. Qualification tests will 
be performed in a laboratory environment, and individual 
component systems will be thoroughly tested. Design 
adjustments will be made if needed during this test phase. 
Subsequent to these acceptance tests the silicon subsys-
tem will be disassembled into manageable subas-
semblies for transport to the SSC site. 
F.4. Straw Tube and Fiber Engineering Design 

The straw tube and scintillating fiber detector assembly 
is composed of three clusters approximately 3 m in 
length. Overall there are approximately 75 000 straw 
tubes nested together in a close packed array. To maxi-
mize stiffness and maintain exacting dimensional control, 
the-entire array will be constructed as one unitized struc-
ture. We plan to separate the three clusters of tubes with 
very thin but stiff graphite/epoxy composite shells. These 
shells will have a nominally zero coefficient of thermal 
expansion and will provide the detector transverse struc-
tural stiffness and serve to oppose the compressive load 
created by the 75 000 tensioned wires. 

The 3-m-long wires will be supported at two points 
along their span, resulting in 1-m-long unsupported 
lengths. Prestressing the wires to a 50-g tension will 
minimize wire sag. 

Terminating the wires on the external face of a 
honeycomb sandwich end cover, while making electrical 
connections to the electronic circuits, also serves to 
transfer the combined 3750-kg load to the stiff graphite 
composite shells. Our analysis shows that the shell 
deflection under this load Is nominally 300 µm, with 375-
µm sandwich facings. The sandwich end plate and shells 
preclude inducing any strain on the straw tubes, while 
enhancing the dimensional stability of the overall detec-
tor. 

Precision can be built into the straw tube bundle array 
by utilizing advanced composite construction techniques 
and conventional manual composite fabrication proce-
dures. An important aspect of the procedure will be the 
construction of a precision tubular mandrel 3 m long. The 
axial dimensional control of the straws and the circum-
ferential pattern will be strongly influenced by the inherent 
accuracy of the mandrel tooling. 

The first step In constructing the straw tube bundle 
array is to apply the innermost graphite epoxy shell 
around the precision mandrel. Onto this cured shell sur-
face one would build the straw tube array. The external 
surfaces of the straw tubes will be bonded with low-den-
sity adhesive. Fillers may be used to reduce the radiation 
length associated with the adhesive, as well as to serve 
to strengthen the composite bundle. Chopped graphite 
fiber filler is one candidate that also has the advantage of 
reducing the thermal expansion coefficient of the epoxy 
matrix. 

After completing the first tube cluster, the next step 
would be fabrication of the first intermediate 
graphite/epoxy shell. At this juncture, the shell would be 
made In two layers, and in between the two shell layers 
we would sandwich the 4-mm-thick scintillating fiber 
mesh. This step would positively locate and hold the fiber 
mesh throughout the detector life. A low temperature 
curing adhesive would be used so as not to damage the 
fibers. Successive layers would complete the straw tube 
graphite shell composite array. A dimensionally stable, 
stiff structure would be the desired end result. Experimen-
tation would be used to determine if one final curing cycle 
can be used to achieve the overall assembly. An alterna-
tive would be to cure after each successive tube bundle 
array is completed. 

The unitized straw tube detector assembly would be 
mounted onto the silicon tracking subsystem shell· 
enclosure. The straw tube detector will be optically 
aligned within 25 µ m to the silicon tracker as a single unit. 
Implementation of this single composite straw tube as-
sembly design concept will avoid alignment of three 
separate concentric straw tube arrays to the inner silicon 
tracking subsystem. · 

G. INITIAL R&D 
Los Alamos National Laboratory has been participat-

ing in the silicon tracker and the straw tube major subsys-
tem research program. As part of this program 
preliminary and generic studies of structural design and 
materials and cooling concepts are under way. This work 
has provided major guidance to the design described 
here. As part of other Los Alamos efforts, radiation 
damage studies of candidate silicon detectors and 
electronics are under way at the Los Alamos Meson 
Physics Facility, and silicon arrays are in use in high-In-
tensity research as part of Fermilab experiment 789. 
Boston University has an extensive program in straw tube 
development and physics research. ITEP Moscow is 
engaged in scintillating fiber studies as part of research 
at ITEP and CERN. UCLA physicists are engaged In 
scintillating fiber and multichannel photomultiplier 
development in collaboration with Japanese industry. 
Studies of neutron transport, physics simulations, and 
pattern recognition and data compaction using general 
adaptive methods and parallel methods are in progress 
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at Los Alamos. University of New Mexico and Indiana 
University will be joining in the central tracker work. 

During the first 3 years of R&D for L *, in addition to the 
current major subsystem R&D, we request support for L * 
specific development activities as follows In Tables Vll.1 
and Vll.2. 

These estimates represent the program for the 
FY 1991 year. For FY 1992 and FY 1993, we will submit 
revised requests based upon the detailed technical 
progress and insights. The end of the 3-year period 
should result in full-scale prototypes and stability and 
performance tests (see Table Vll .1 ). 

Table Vll.1. Summary of Milestones for the L * Central Detector R&D Program 

Si Detectors 

Si Electronics 

Si Structure 

Straw Detectors 

Straw Electronics 

Straw Structures 

Scint. Fiber Detectors 

Scint. Fiber Readout 

Scint. Fiber Structures 

Radiation Damage 

Simulations 

System Integration 

FY 1991 

• Evaluate detectors 

• Evaluate front end 

• Evaluate materials 

• Select gas 
• Measure drift velocity and 
Lorentz angle in 0.75-T field 

• Evaluate front ·end 

• Evaluate materials 

• Evaluate fibers 

• 3-D model of photo tube 

• Prototype structure materials 

• Complete code revision for 
neutron simulation 

• Complete conceptual design 
of mounting, cabling, and 
alignment 

FY 1992 

• Select stri~ length 
• Test at 10 4 neutrons/cm2 

• Test prototype front-end and 
optical link 

• Stability and cooling test of 
full-scale prototype assemblies 

• Complete tests at 1014 
neutrons/cm2 and 1 Coulomb/cm 
• Finalize design of 3-m-long 
straws 

• Select front-end amplifiers 

• Complete stability and 
mechanical design 

• Select fibers 
• Test at 1014 neutrons/cm2 

• Prototype and test compact 
tube 

• Stability and mechanical tests 

• Complete tests on structural 
materials and detectors 

• Complete high-luminosity 
· (1034) design option 

• Finalize mounting and 
alignment 

FY 1993 

• Select final detector 
characteristics 

• Finalize front-end and optical 
link 

• Finalize manufacturing plan 

• Finalize manufacturing plan 

• Select optical link 

• Finalize manufacturing plan 

• Test production tube 

• Finalize manufacturing plan 

• Finalize installation plan 
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Table Vll.2. L * Specific Development Activities 

Cost 
(K$/year) 

Integrated Mechanlcal Engineering 800 
Structural design and analysis and stability tests of 400 
the hybrid silicon, straw tube, and scintillating fiber 
system (engineering in LANL MEE-12, including 
overhead, travel, fringes, etc.) 

System integration of the central tracker cabling, 200 
cooling, mounting, alignment, and assembly with 
respect to external L * systems (engineering as 
above) 

Prototype structures, materials, fabrication of straw 200 
tube and scintillating fiber support structures 

SIiicon: 525 
Silicon detector engineering (engineering in LANL 200 
MEE-Division as above) 

Readout electronics and optoelectronics 200 
engineering for readout of silicon detectors in L * 
configuration (engineering as above) 

Technician support of electronic engineering 100 

Silicon detector purchases for test and evaluation 25 
in electr!Jnic and radiation damage studies 

Straw Tube: 500 
Straw tube mechanical engineering studies of 150 
detectors, fittings, wire alignment, and assembly 
(engineering and technical support at Boston 
University, including materials) 

Electrical engineering for straw tube readout 150 
(engineering and technical support, Boston 
University, including materials) 

Gas studies 100 

Radiation damage studies (50 days at MIT 100 
Research Reactor, including technical support) 
Scintillating Fibers: 100 
3-D electrostatic modeling and prototypes of 100 
compact multichannel photomultiplier tube with 
UCLA and Hamamatsu 

Monte Carlo: 280 
APOLLO DN10000 system for event simulations for 100 
central tracker design 

Neutron code modifications and code support and 180 
validation for design of geometric and absorptive 
neutron mitigation (work coordinated with ORNL 
and Mississippi and Tennessee) and performed by 
LANL groups X-6 and T-2) 

Total 2205 
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A. DETECTOR INSTALLATION SEQUENCE 
The experimental hall is assumed fuily equipped with 

two 200-ton cranes, a large open central main shaft and 
two auxiliary shafts situated In optimized positions for 
detector installation. Above the main shaft is a 1000-ton 
mobile gantry crane, Installed temporarily, that is required 
for handling major components of the magnets and some 
heavy detector elements (Fig. Vlll.1 ). 
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Fig. Vlll.1. Collision hall parameters, longitudinal section. 

The L * detector assembly starts with the lowering and 
mounting of the three magnets where the collision hall 
large shaft is Initially open directly to the surface and 
preassembled subunits created on the surface are in-
stalled, using the 1000 t temporary gantry crane. After the 
magnet tests, the detector units are installed with the 
forward magnets and the central magnet pole plugs 
placed at the far end of the hall (Fig. Vlll.2). 
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Fig. Vlll.2. Magnet complete, ready for detector assembly. 

The first component is the hadron calorimeter barrel 
where modular rings weighing up to · 190 ton are as-
sembled in three independent groups on a common track 
and placed inside the central magnet (Fig. Vlll.3). 

The electromagnetic calorimeter barrel and central 
tracking detector with the central vacuum chamber of the 
beam line is preassembled at the surface then lowered 
and inserted as one unit, followed by the connection of 
the services before the electromagnetic calorimeter end 
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Fig. Vlll.3. Hadron and electromagnetic calorimeter barrel 
installed, 
caps are fitted. The hadron calorimeter end caps com-
plete the installation inside the support tube (Fig. Vlll.4). 
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Fig. Vlll.4. Central tracker and calorimeter endcaps Installed. 

Once the major operation of installing the hadron 
calorimeter barrel Is completed, the muon chamber 
central section assembly equipment is lowered and 
placed in position in front of the magnet openings, fol-
lowed by the lowering of the muon central chamber units. 
They are placed vertically into a cylindrical rotating 
device, lowered an placed on a mobile scissor table. 
Once aligned with one of the 16 predetermined positions 
the unit is then displaced inside the magnet. The process 
continues until the 16 units on one side of the magnet are 
installed aligned and connected. The services from the 
calorimeter are then brought out along the slope of the 
muon central section structures passing through the fixed 
outer ring part of the magnet pole. Whilst the central units 
on the other side of the magnet are being Inserted, one 
of the two preassembled muon chamber endcap groups 
is lowered directly adjacent to the pole plug of the central 
magnet where they are secured and aligned (Fig. Vlll.5). 

With the upper poles open, the forward muon cham-
bers are lowered Inside the forward magnets. The 
machine elements are then lowered with their structures 
and installed thus completing the detector layout ready 
for beam, giving an overall installation period of 3.5 years 
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after the completion of the basic experimental hall 
(Fig. Vlll.6) . Experience of L3 has shown that a main task 
force of 50 support technicians rising to 100 at peak 
periods should be sufficient to maintain the time schedule 
of the total detector Installation over the 3-year period 
1995-1998. This Is assuming that only normal hours are 
worked and that shift and weekend work is kept as a 
contingency. 
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Fig. Vlll.5. Muon chambers assembly. 

Fig. Vlll.6. Detector complete and machine elements installed. 

Since the L3 installation was completed on time and 
kept within the Installation budget, it is used as a model 
for the L * detector assembly where many sequences and 
techniques are identical. The provisional planning table 
(Fig.Vll.7) demonstrates that the installation time se-
quence is feasible and within a reasonable extrapolation 
of the L3 experience. 

B. SURFACE FACILITIES 
The facilities that will be defined in the Resources and 

Requirements Report are governed mainly by the magnet 
manufacturing and surface assembly requirements 
where the coll halls are needed at a very early stage of 
the site development. 

C. ACCESS AND SAFETY 
The L3 detector is selected as a model for the access 

and safety requirements where the use of multiple scaf-
fold arrays, hydraulic elevators and manipulators for per-
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sonnel and equipment is Integrated with permanent 
gangways around the experimental hall. For maintenance 
when the access time Is limited, the forward detectors 
inside.the conical support tube fixed to the magnet pole 
plug are removed and a lightweight bridge structure 
installed that will permit access to equipment located on 
the hadron calorimeter end faces. During major machine 
shutdowns, the forward magnet with the central pole plug 
can be displaced 6 m without disconnecting thus permit-
ting access throughout the magnet volume by using 
specially adapted fixtures that can be attached to the 
muon chamber support structures to carry out minor 
repairs and inspections. Major dismantling of the detector 
elements inside the central magnet requires the displace-
ment of the pole plug and forward magnet units to the far 
end of the experimental hall. 

D. ENGINEERING SUPPORT 
The L * Collaboration has defined the initial detector 

engineering coordinating design responsibilities and Is 
starting the organization of an information exchange net-
work where the detector parameters, planning and tech-
nical coordination can be monitored. Engineering 
support is also expected from the SSC Laboratory for 
detector design and manufacturing contract assistance 
including the supply of the detector facilities, counting 
rooms and installation participation. 

E. EXPERIMENTAL RUNS WITH DIFFERENT INNER 
DETECTORS 

To perform runs for jet ohysics and muon physics 
either at 1 033 cm-2s-1 to 1 0311 cm-2s-1, the Inner detector 
region can be opened up and the electromagnetic and 
tracking detectors extracted to be replaced by an addi-
tional hadron calorimeter. The operational sequence 
would involve the withdrawal of the forward-backward 
magnets, the reinstallation of the rail systems and the 
extraction of the calorimeter end caps. This is followed by 
withdrawing the electromagnetic barrel and replacing It 
with the hadron calorimeter unit, using the same rails and 
technique. After testing, the rails are removed and the 
detector closed. The whole operation should be ac-
complished during a normal, few months long shutdown. 
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A. INTRODUCTION 
The interaction rate at the SSC is of the order of 108 

events per second. Further, since the probability of hav-
ing more than one interaction per crossing Is significant, 
the triggering and readout systems must take Into ac-
count overlapping events. The total number of channels 
in the L * experiment Is of the order of 106. 

These requirements mandate several general guide-
lines used in designing the L * detector. One aspect of the 
large event rate which is new to the HEP detector Is the 
requirement for radiation resistant electronics. The large 
number of channels will require reliable and even fault-
tolerant electronics designs. 

B. DATA ACQUISITION 

B. 1. Introduction 
The design of the data acquisition and triggering tasks 

for L * must take into account the following: 
• Adaptability to new, unexpected physics 
• Ability to adopt new technologies 
• Accessibility, fault tolerance, and redundancy 
• Radiation damage to electronics 
• Power consumption and heat dissipation 
• Cable volume, weight, and installation effort 
• Manufacturing, installation, and maintenance costs 
• Ground loop problems 

Two general consequences of these Issues are that 
on-detector electronics must be minimized and that fiber 
optics use must be maximized. Keeping as much of the 
electronics off the detector as possible is the best way to 
ensure adaptability to new technologies as well as to 
minimize the number of radiation-hardened electronic 
devices. This adaptability and the radiation hardness 
issue are particularly crucial given the expected 10-year 
operational lifetime of L*. Fiber optics permits digital 
signals to be carried off the detector without the In-
tolerable bulk of coaxial cable. It is the only technique that 
effectively addresses the problem of ground loops. 

Detector-mounted electronics include preamplifiers, 
discriminators, ADCs, and drivers for optical data links. 
This set of the electronics is essentially the minimum 
required to transmit data out of the detector volume. 

The time required for data from a given event to exit 
the various L * subdetectors varies greatly. The calo-
rimeter data must be resolved within 16 ns of the occur-
rence of an event, whereas the muon chambers will 
continue to output data for the same event for the next 
1000 ns. Meanwhile, no fewer than 60 additional events 
will have occurred. Clearly sophisticated buffering Is re-
quired to match up data from various subdetectors re-
garding a particular event identified by the trigger. 

B. 2. Muon Spectrometer 
Chapter IV outlines the precision muon spectrometer 

system. The acquisition system accepts drift data for 

time-to-digital conversion from about 250 000 channels 
and 20 ooo channels of binary information from resistive 
plate chambers (RPCs), primarily for triggering. 

Wire chambers produce signals with characteristic 
times of a few tens of nanoseconds. The drift times are 
typically hundreds of nanoseconds, so the signal may 
actually appear only many beam crossings after the inter-
action. The timing measurement requires a multihlt pipe-
line TDC, with resolution of the order of 1 ns. This Is readily 
accomplished with currently available digital technology. 

Data from the muon spectrometer must be accepted 
more or less on a continuous basis, since the event to 
which the data belongs has not yet been Identified. For-
tunately, the anticipated data rates are relatively low, only 
0.03 track/µs In the barrel detectors and 11 tracks/µs In 
the forward detectors. With these boundaries, several 
front-end configurations can be considered. 

The simplest system just amplifies and discriminates 
the data before sending them on to the counting house. 
This requires only amplifiers, discriminators, and trans-
mitters to be mounted near the sense wires. All time~to-
dlgltal conversions and trigger calculations are then 
deferred to the counting house. This configuration has the 
following advantages: 
• The majority of the electronics are accessible, which 

allows upgrading in responses to changing needs and 
technologies. 

• Optical fibers can be used to relieve the cabling 
volume. 

• Only small amounts of electronics must be made radia-
tion resistant and fault tolerant. 

• No global time reference Is required at the detector. 
• No location reference is required at the detector. These 

data may be added in the counting house. 
The other extreme is to mount the majority of the 

electronics on the detectors. Time-to-digital conversions 
are then performed on the detector. Location Identifiers 
are appended to each data word and then sent via a LAN 
to the counting house. This configuration also has ad-
vantages: 
• Cable volume is insignificant. 
• Transmitted data are truly digital and Include error 

correction codes for extreme fault tolerance 
The best solution, based on cost and performance, 

exists between these two extremes of integration. Future 
developments in electronics and digital optical technologies 
and the Interface with other detector systems will mold 
the details of the final solution. 

B. 3. Calorimeter System 
The calorimeter system described in Chapters V and 

VI has about 26 000 channels in the BaF2 electromagnetic 
calorimeter and 300 000 in the hadron calorimeter. 

Calorimeters produce a range of signals. The fastest 
can resolve interactions in successive beam crossings. 
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In the slowest, the signal pulse spans several beam cross-
ings, but the leading edge can resolve the individual beam 
crossing. The interaction rate demands a pipelining to 
store the signal while the trigger decision Is being made. 

Very fast detectors (e.g., BaF2), which can resolve 
signals In successive beam crossings are necessary for 
the high rate portions of the detector. There are several 
possible methods for pipelining these signals: 
• Electronic analog delays such as CCDs or switched 

capacitor delay lines can provide high-quality delay. 
• Digital electronic delay systems are the most desirable 

because they are easily controllable and exact. 
To realize a digital delay system, the data must, of 

course, be digitized. Only two devices appear to ap-
proach this problem: the Flash ADC and the Sigma Delta 
ADC. The Flash ADC has problems meeting cost require-
ments because of Its inherent complexity. The Sigma 
Delta ADCs have not been demonstrated at the required 
speeds yet, although the basic design shows the potential 
for"large-scale Integration and higher speeds. 

B. 4. Central Tracking Detector 
The central tracking detector, described in Chapter VII, 

has three sections: the silicon microvertex detector with 
76 000 channels, the straw tube tracker with 75 000 
channels, and the scintillating fiber tracker with 50 000 
channels. 

Data generated by the silicon microvertex detector and 
the scintillating fiber tracker are basically digital and very 
prompt. Data paths to the counting house can effectively 
be created by multiplexing data from several detector 
elements to digital optical fibers. 

B. 5. Detector Electronics 
Table IX.1 shows a summary of the subdetectors and 

their associated electronics requirements. The silicon 
microvertex detector requires a preamplifier, shaper-dis-
criminator, some data processing, local buffering to cover 
the first and second level trigger decision time, and a 
multiplexed fiber optic readout. 

The scintillating fiber tracker will require a system 
based on microchannel plate photomultipliers servicing 
many fibers with timing resolution better than 16 ns. 

The straw tubes and muon drift chambers both require 
timing resolution of better than 1 ns, with a conventional 
amplifier/discriminator/pipeline TDC configuration. 

The resistive plate chambers are used only in the 
trigger and will probably need no more than a simple 
discriminator, with a timing resolution of better than 16 ns. 

The silicon pad detectors in the hadron calorimeter 
require either a fast ADC located on the detector, with 
digital pipelining to the first and second level triggers, or 
analog pipelining followed by a slower ADC after the 
second level trigger. The ADC requires 12 bits of dynamic 
range and 2% resolution. A possible candidate is a Sigma 

Delta ADC, which may also be most applicable to a liquid 
ionization detector, such as TMS. 

For the BaF2 detectors in the electromagnetic calor-
imeter, a dynamic range of as much as 22 bits may be 
necessary. Analog pipelining of such signals Is a real 
challenge, and a single Sigma Delta ADC is not usable for 
this dynamic range. One possible solution, which gives 
all the advantages of digital pipelining and digital trigger, 
Is to use two or three Sigma Delta ADCs per channel in a 
weighted multilinear parallel system. 

Sigma Delta ADC 

One fundamental feature of the Sigma Delta ADC is 
that It operates continuously, generating a single-bit 
stream of binary data. Within a selected bandwidth, the 
original waveform can be completely reconstructed from 
these binary data by means of a digital filter. These digital 
filters can be designed to extract various quantities from 
the bit stream, such as timing or integrated charge, at 
speeds and resolutions useful for all levels of the trigger-
ing system. 

Figure IX.1 shows a block diagram of a basic Sigma 
Delta ADC. Its distinguishing features are the feedback 
around the ADC, the cascaded integrators In series with 
the input, the single-bit output, and the digital filtration. 

The basic channel (see Fig. IX.2) consists of a Sigma 
Delta converter with a sampling frequency of 500 MHz. 
The one-bit output stream is fed into a dynamic shift 
register. A low-pass digital filter processes the first N cells 
in the pipeline. The output of this filter is summed with the 
similarly filtered output of the other channels in the trigger. 
The result is compared with a digital reference, which is 
programmable and can form part of the first level trigger. 
The filtering essentially reconstructs the digitized signal, 
and the width of the filter defines the accuracy with which 
the reconstruction is done. Short filters may be used in 
the prompt trigger. 

Table IX.1. Subdetectors and Associated Electronics Requirements 

Subdetector Slgnal Resolution 
Dynamic 

Elec1ronlca 
Range 

Si microvertex Hit 16 ns Special 
Scintillating Hit 5 ns MCPtube 
fiber tracker Discrim. 
Straw tubes Timing < 1 ns 0.1 µs Discrim. 

TDC 
Drift chambers Timing < 1 ns 1 µs Discrim. 

TDC 
RPC Hit 16 ns Discrim. 

TDC 
Hadron; Si Ampli. 1.8% 12 bits AOC 
pads, TMS 
EM calo- Ampli. 0.5% 22 bits AOC 
rimeter; BaF2 
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Fig. lX.1. Basic Sigma Delta converter. 

C. TRIGGERING 

C. 1. Introduction 
At the SSC, events are generated at the rate of 108 per 

second. Only about 10 events per second can be 
recorded to permanent storage media. 

Because of the buffering requirements, the trigger 
system is composed of several layers of decision making 
(see Fig. IX.3.). The first level trigger will select only 1 ln 
500 events to be retained for further study. The second 
level trigger now has 500 times longer to make a decision 
on the remaining events, while using the same amount of 
buffering as the first level trigger. With the additional time, 
the second level trigger uses more information to make a 
more accurate decision. 

C. 2. First Level Trigger 
The first level trigger computes 108 decisions per sec-

ond. A nominal 400 ns is assigned to this decision. Clearly 
these computations are pipelined. Consequently, the 
data of the 25 events also must be pipelined. 

Because of the short time scale for the trigger decision, 
only a few thousand channels of information - consisting 
largely of coarse tower sums from the hadronic and 
electromagnetic calorimeters and rough tracks from aux-
iliary, fast muon detectors-will participate. This time 
scale also• restricts the hardware configurations possible 
to implement the trigger decision. Areas of consideration 
and development include: 
• Programmable and hardwired gate arrays 
• Digital filters and digital signal processors 
• Associative memories and neural networks 
• Optical and electro-optical computing elements 

C. 3. Second Level Trigger 
Another 200:1 reduction of background events Is 

needed in a second level trigger to bring the data rate 
from 200 kHz to 1 kHz. If 1 O µs are allocated for this level 
trigger process, an additional memory for only five 

I CHANNEL ,---------------------, 
ANALOG I DIGITA 
INPUT I SIGMA DEL TA OUT 

I CONVERTER 

CLOCK I 
:IOOMHz I 

I 
I 
I 
I 
I I 4 L-------------- -- __ J 

CHANNEL I CHANNEL2 

4 4 

TRIGGER 
LEVELi 

••• CHANNELl28 

4 

PIPELINED DIGITAL ADDER CLK 

REFERENCE COMPARATOR 

TRIGGER 

Fig. IX.2. Possible calorimeter level 1 trigger solution. 

TRIGGER 

DATA 
OUT 

elements is required for the front-end data. Finer tower 
sums from the electromagnetic and hadronic calorimeters 
can be used to make finer cuts. Information should be 
available from the precision muon spectrometer on the 
number and momentum of muon particles. Cut algorithms 
at this level will stress the detection and inclusion of 
Interesting events. The required rejection factor and the 
short time available for a decision will call for the use of 
state-of-the-art electronics and software. 

The second level trigger will be fed with pipelined event 
data at the 60-MHz beam clock rate but process only the 
events accepted by the first level trigger. The granularity 
of the calorimeter will be important In pattern recognition. 
Such pattern recognition could be used for isolation cuts 
on Interesting events. 

C. 4. Third Level Trigger 
Filtering of events at the third level requires event 

reconstruction with fully digitized data. The task is to 
assemble the entire event and transmit It to the memory 
of one of the event processors. Thus the muon spec-
trometer and central trackers contribute fully at this level. 
Assuming a 1-kHz input rate and 1 Mbyte per event, the 
event builder must have a bandwidth substantially larger 
than 1 Gbyte/s. We expect to follow substantive develop-
ments in parallel computing and telecommunication 
technologies. 

D. R&D EFFORTS 
The R&D activities, milestones, and funding requests 

are summarized in Table IX.2. 
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Table IX.2. Milestones and Funding Request for R&D (K$) 

Activity MIiestones 

BEAM CU< 

TRACK 
rlNDCR 

MUON 

f' AST PRE Cl St 

rAST 
TRACK 
rlNDER 

~106CHANNELS TOTAL 

1:188 

Funding Request 

80 

FY 1991 FY1992 FY1991 FY1992 
Front-end electronics, data 
buffering and conversion, trigger 
interface (ORNL) 

System simulation software 
(ORNL) 

Associative memories (UMiss) 

L * ADCs and TDCs (LeCroy) 

Electro-optics and fiber optics 
(Lecroy) 

System integration (Lecroy) 

• Design quad preamplHier for 
the Si calorimeter 
• Design analog summers for 1st 
level trigger 
• Develop analog pipeline chip 

• Determine associative memory 
feasibility for 2nd level trigger 

• Determine Sigma Delta ADC 
feasibility for L * subdetectors 
• Develop chips for ADC and TDC 

• Perform electro-optics 
component modeling 

• Define L * DAO and trigger 
project 
• Define electronics parameters 

• Radiation-hardness tests 
• Produce prototype amplifier, 
summer and pipeline chips 

• Build model muon track finder 
for the hadron calorimeter 

• Produce model ADC/TDC for L * 
muon chambers 
• Radiation- hardness tests 

• Design and produce prototype 
optical network 

• Finalize trigger concept and 
demonstrate its feasibility 

100 100 

50 50 

200 200 

1600 2300 

300 600 

600 900 

Data Acquisition and Trigger R&D Total -2850 4150 
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A. INTRODUCTION 
The L * experiment is an international collaboration. We 

are requesting nearly equal amounts of support from the 
United States, the Soviet Union, Europe, and Asia, and 
we are organizing the L * experiment's management 
structure to reflect the different levels of participation and 
support. This chapter describes preliminary ideas con-
cerning the organization of L * (see Fig. X.1 ). We discuss 
the structure and functions of the different committees of 
the L* group. Our ideas derive mostly from experience 
gained with the L3 experiment, which brings together 500 
physicists from 13 nations and 36 Institutions, with major 
support from the Soviet Union, the United States, Europe, 
and Asia. The L * management structure will also remain 
in effect after the approval stage. 

L • Collaboration 
Meeting 

I 
L• Executive H Communication I Committee 

I 
SSC Laboratory L • Subgroups -
Fig. X.1. Organization of L*. 

B. COLLABORATION MEETINGS 
The L * Collaboration meeting Is a forum at which every 

member Is invited to participate. It is chaired by the 
Spokesperson. Questions on scientific, technical, finan-
cial, and organizational matters will be discussed. The 
results of Executive Committee meetings will also be 
presented. As with L.3, the opinions of all members of the 
Collaboration (including graduate students) will be heard. 
In particular, no closed meetings will be held. L * Col-
laboration meetings will occur four times a year. 

C. L * EXECUTIVE COMMITTEE 
The L * Executive Committee will recruit its members 

from representatives of participating laboratories and 
universities. Each member will have one vote. A partial list 
of members is included in Table X.1; this list will be 
completed during the first meetings of the Executive 
Committee, which will be headed by the Spokesperson. 
Executive Committee meetings will be open to all mem-
bers of the Collaboration. The responsibilities of the com-
mittee are as follows: 

1. Select new members for the L* Collaboration. 
2.Discuss in detail financial and managerial issues. 
3. Resolve conflicts. If no common agreement can be 

found, the Spokesperson may suggest a vote. 

Table X.1. Partial List of Members of the L * Executive Committee 

Nation• 
United States 

Soviet Union 

Europe 

Asia 

Membere 
U. Becker, J.Branson, W. Bugg, 
0. OiBltonto, A.Engler, 0 . Fackler, R. Heinz, 
H.Newan, A.Pevsner, P.Piroue, F. Ptasll, 
J. Reidy, J Rohlf; G. Sanders, & others 

Y. Galaktionov, A. Lebedev, I. Savin, 
N. Tchernoplekov, and others 

B. Borgia, M. Bourquin, K. Lubelsmeyer, 
P. Rancolta, C. Sciacca, and others 

S. X. Fang, Z. W. Yin, A. Gurtu, Y.Y.Lee, 
O.Son and others 

The Executive Committee usually meets during Col-
laboration meetings. Additional meetings will bear-
ranged, If necessary. 

D. L * SUBGROUPS 
The L* Subgroups are individually organized (see 

Tables X.2 and 3). They have an executive committee and 
are chaired by a coordinator. The members of the sub-
group executive committees are chosen on the basis of 
participating Institutes. They are approved by the L * 
Executive Committee. The decisions of the coordinator 
and the subgroup executive committees are reported at 
Collaboration meetings for suggestions and approval. A 
partial list of members of the subgroup executive commit-

Table >C.2. Organization of the Subgroups 

Subgroup Executive Committee 
Subgroup Coordinator 

Coordinator for Finances 
Coordinator for Services 

tees Is detailed in Table X.3. 

E. RESPONSIBILITIES OF THE SPOKESPERSON 
To manage a large international group efficiently, the 

Spokesperson must be able to interact on all levels of the 
collaboration. In particular, the spokesperson has the 
responsibility to make immediate technical decisions 
when necessary. The Spokesperson should report his or 
her decisions to the Executive Committee and the Col-
laboration. 

F. SELECTION OF NEW MEMBERS 
OF THE COLLABORATION 
1. During 1990, the L * Collaboration invites all inter-

ested groups to join without specific rules or procedures. 
2. From 1991, the following procedures are discussed: 
a. The interested new group discusses joining the 

Collaboration with the Spokesperson. 
b. The Spokesperson appoints an ad hoc membership 

committee of five L * physicists. The membership commit-
tee holds in-depth discussions with the new group on 
matters of mutual interest and compatibility. 
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Table X.3. Partial List of Members of Subgroup Executive Committees 

A PHYSICS GOALS AND NEW IDEAS S. Kunszt, L. Okun, A. Slansky, 
G. West, and others 

81 MAGNET H.Britt, C. Henning, I. Horvath, P. Marston, 
ii--N. Martovetsky, N. Tchernoplekov, and others SSC Laboratory 

B B2 EXPERIMENTAL AREA Not yet defined 
AND INSTALLATION 

ii--

C MUON DETECTOR U. Becker, J. Burger, 0. Fackler, C. Grinnell, H. Hofer, 
G.Viertel, M. White, L. Wilk, and others 

D HADRON CALORIMETER B. Bugg, Y. Galaktionov, I. Golutvin, F. Plasll, 
M. Rennich, I. Savin, and others 

E ELECTROMAGNETIC CALORIMETER M. Chen, H. Newman, P.Piroue, D.Stickland,-Z. W. Yin, 
& others 

F CENTRAL TRACKER A. Heinz, J. Rohlf, G. Sanders, and others 
G FORWARD CALORIMETER SYSTEMS D. DiBltonto, A. Gurtu, K. Luebelsmever, and others 
H TRIGGER AND B. Borgia, H. A. Brashear, M. Fukushima, 

A.Lebedev, P.Lecomte and others - SSC Laboratory ONLINE COMPUTERS 

I OFFLINE H. Newman, A.Mount, H.Rykaczewaki -COMPUTERS and others 

J ANALYSIS AND MONTE CARLO H. Newman, M. Pohl, J. Reidy, and others 
SIMULATION 

K PARAMETERS AND ASSEMBLY T. Shannon and others 
L FINANCES AND REVIEWING F. J. Eppling, M. Jongmanns, S.M.Ting 

and others 
M SERVICES: Operation, Communications, F. J. Eppling and others 

Administration, SSC logistics 

G. L* NETWORK c. The chairman of the membership committee reports 
the committee's findings at the L * Executive Committee. 

d. The L * Executive Committee makes its decisions by 
a closed vote. If the new group receives two-thirds sup-
port, the case is presented to the L* Collaboration meet-
ing, and the new group is introduced to the members of 
the Collaboration. 

A network is necessary for the coordination of the 
detector design, mechanical engineering, and analysis of 
test data.The L * network Is based on the experience with 
the LEP3NET (see Fig. X.2). We anticipate expanding 
LEP3NET to all institutions collaborating In L •. 

e. In a meeting of all the representatives of the par-
ticipating institutes and universities called by the 
Spokesperson, a closed vote is taken. The new group Is 
welcomed into the L * Collaboration H It receives two-
thirds support of all the representatives. 

Michigan 

Los 

Prinoeton 
Johns Hopkins 

The L • network link requirements are currently 
64 kbits/s to all sites and at least 256 kblts/s to major sites 
in the Collaboration. These requirements will increase to 
the 1.5-Mbit/s range to all sites and to the 10-Mbit/s range 
for the principal sites by 1995. The first major step will be 
the LEP3NET upgrade of the transatlantic link to the 
384 kbits/s. 

NIKHEF Beijing 

Alabama Telepac 

--- link over public network 
--- 9.6k/19.2k bits/sec. leased line 
- 56k/64k bits/sec. leased line 
- 256k bits/sec leased line 
- 2M bits/sec leased line 

Naples 
Rome 

Fig. X.2. Network lines serving L3. 
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A. MILESTONES 
The milestones and a description of key events that 

must occur to define the detailed design of the detector 
are integrated in the individual chapters describing the 
components of the L • experiment. In particular, they can 
be found in this document on the pages as listed below: 

Magnet 
Muon System 
Hadron Calorimeter system 
EM Calorimeter System 
Central Tracking Chamber 
Data Acquisition & Trigger 

B. COST 

page 16 
page43 
page 56 
page65 
page 72 
page 79 

As in the case of L3, with substantial non-US requests 
for the construction of the L* detector and due to the very 
different accounting systems (salaries, infrastructure, 
overhead, ... ) in the participating countries and currency 

· exchange uncertainties, a cost estimate is not possible 
nor meaningful until a detailed distribution of respon-
sibilities has been assigned.Once a decision has been 
made about the responsibilities on detector elements, the 
L * subgroup on Finance and Reviewing will account the 
non-US contributions in equivalent US dollars in order to 
obtain a total cost estimate of the L * experiment. 

C. FUNDING OF R&D 
The detailed funding requests for R&D are presented 

at the end of each chapter describing the various sub-
detectors. Table Xl.1 sun-:imarizes our R&D request to the 
SSC laboratory. 

Table Xl.1 US Funding Reauest for R&D fM$ 
FY90 FY91 FY92 TOTAL 

MAGNET 0.5 0.5 1.0 
MUON DETECTOR 1.0 4.6 2.8 8.4 

HADRON CALORIMETER 2.6 2.1 4.7 
EM CALORIMETER 2.9 3.1 6.0 

CENTRAL TRACKER 2.2 2.2 4.4 
FORWARD CALORIMETER 0.4 0.4 0.8 

DAQ + TRIGGER 2.9 4.2 7.1 
COORDINATION 0.5 0.5 1.0 

TOTAL 1.0 16.6 15.8 33.4 
Additional R&D efforts at similar levels are carried out 

by non-US institutions of L *. 
D. FUNDING OF L * CONSTRUCTION 

The responsibility for funding of L * is distributed be-
tween the USA, USSR and Europe/Asia. In table Xl.2, a 
possible sharing of responsibilities for the different sub-
detectors is summarized. The US part is shown in FY90 
dollars. The US contribution as mentioned below as-
sumes the warm coil magnet option, a silicon hadron 
calorimeter and a BaF2 electromagnetic calorimeter. 
Table XI .3 shows a more detailed breakdown of a possible 
US contribution for the various subdetector options of L *. 

Table Xl.2 Sharing of responsibility and US funding 
. f h L* d t orooosal for construction o t e etec or. 

Subdetector USA USSR Europe 
IM$1 +Asia 

MAGNET (Warm Coil) 68.3 * 
MUON DETECTOR 110.0 * 

HADRON CALORIMETER (Si) 50.8 * 
EM CALORIMETER (BaF2) 2.0 * * 

CENTRAL TRACKER 40.0 * * 
FORWARD CALORIMETER 2.0 * * EDIA·(10%) 27.3 * * 

TOTAL 300.4 * * 
* Contribution in material, manpower and detector systems. 

Table Xl.3 Proposed US funding contribution for the 
various L* subdetector ootions fM$1 

MAGNET 
CENTRAL MAGNET (Warm Coll): 

COIL+ POWER SUPPLY 29.8 
RETURN FRAME+ ASSEMBLY 31.9 

FORWARD-BACKWARD MAGNETS: 
COIL+ POWER SUPPLY 3.1 

RETURN FRAME+ ASS EMBLY 3.5 
TOTAL 68.3 l 

MUON DETECTOR: Central+ Forward Detector 
MUON CHAMBERS 48.0 

ARRAY STRUCTURES 20.0 
ELECTRONICS 36.0 

ALIGNMENT+ CALIBRATION SYSTEM 3.0 
GAS SYSTEM 3.0 

TOTAL 11 o.o l 
HADRON CALORIMETER 

Silicon Liquid Scintil-
Option lator 

DESIGN,STRUCTURE,TOOLING 9.0 9.0 
ELECTRONICS 25.0 21.0 

DETECTOR ASSEMBLY 3.8 3.8 
PRODUCTION CONTROL EQUIPMENT 10.0 

COOLING SYSTEM 3.0 
DETECTORS: Scintillators Fibers ... 16.0 

TOTAL 50.8 49.8 
EM CALORIMETER 

BaF2 LXe 
ELECTRONICS 2.0 

TOTAL 2 .0 To be studied 
CENTRAL TRACKER 

SILICON DETECTORS AND 17.0 
ELECTRONICS 

STRAW TUBES AND ELECTRONICS 11 .0 
SCINTILLATING FIBERS, READOUT AND 3.0 

ELECTRONICS 
STRUCTURES COOLING 9.0 

TOTAL 40.0 l 
FORWARD CALORIMETER SYSTEM 

ELECTRONICS 2.0 
TOTAL 2.0 I 
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A. UNIQUE PROPERTIES 
The L* experiment has the following properties: 

1. A large ~gnet constructed like a building (but with 
more Iron than concrete) providing BL 2 = 69 Tm2. 

2. A precision muon system in a volume with BL 2 = 
20.7 Tm2, 2° < fJ < 178°, with resolution !iP/P = 2.4% 
at P = 0.5 TeV. 

3. A fast calorimeter with a rise time of 2-5 ns and fine 
longitudinal segmentation that has two alternatives: 

(a) An electromagnetic calorimeter in front with a resolu-
tion liE/E = (1.3/v'E + 0.5)% and lifJ = O.'Z', Ii <I> = 0.2°, 
followed by a hadron calorimeter made of Fe-Pb with 
Si or liquid scintillator readout, with liTJli<I> = 
0.04x0.04 and with a combined jet resolution liE/E = 
50%/v'E + C, with C = 4% for BaF 2 and C = 2% for a 
liquid xenon electromagnetic calorimeter; or 

(b) A complete compensating hadron calorimeter that 
measures jets with energy resolution liE/E = 
(50/v'E + 1.0)%. This Is made possible because the 
size of the magnet permits the installation of special 
handling equipment to exchange the electromagnetic 
and central vertex detectors for different experimental 
runs. 

4. A fast central tracking detector with timing information 
from silicon strips and plastic scintillation fiber and 
pattern recognition from straw tubes. The central 
tracker provides !iP/P = 50% at P = 0.4 TeV and the 
event vertex to 1 mm. 

B. PHYSICS EXAMPLES 
We now present a few physics examples. We also 

present examples of detector responses for luminosity of 
1034cm-2 sec-1. The resolution of L • enables us to search 
for Higgs from 80 GeV continuously to 1 TeV. In par-
ticular, we will be able to cover the most important mass 
region from 80 GeV to 200 GeV. This is a continuation of 
current L3 efforts, which cover the region of Higgs mass 
upto M2. 

B. 1. Search for the Higgs with 80 GeV<MH<2Mz 
A great effort is underway at LEP to search for the 

Higgs. As summarized in Table Xll.1, the mass of the 
Higgs has profound implications for the determination of 
the correct fundamental theory (Ref. Xll.1 ). By measuring 
e, µ, and y, L3 will be able to explore the Higgs mass 
range MH < 50 GeV at LEP Phase I by 1992, and MH < 
80 GeV at LEP Phase II by 1996. 

The detection of a Higgs in the mass range 80 GeV < 
MH < 2Mz can only be done at the SSC using high-
resolution measurements of photons and leptons in the 
decays H0 => rr and H0 => ZZ* => e + e-e + e- or µ + µ-µ + µ-
ore+ e- µ + µ-. The great importance of this mass.range 
stems from the fact that: 

If MH > MzO for the lightest Higgs, then the minimal 
supersymmetric extension to the Standard Model is ruled 
out. 

Table Xll.1. The Higgs Mass: Implications for Physics 

Experiment MH Range lmpllcatlon• 

L3 at LEP I (1992) MH < 50GeV Minimal SUSY 

L3 at LEP II (1996) MH< Mz Required by 
minimal SUSY 

L* at SSC MH < 200GeV Required by 
nonmiminal SUSY. 
If not: new physics 
below M Planck 

L* at SSC 200 < MH < 1 TeV Standard Model 

L* at SSC No Higgs New ph~ics with 
WW, zO"zO rates 
increase 

Nonminimal supersymmetrlc theories require MH < 
200 GeV. If MH > 200 GeV, then SUSY is ruled out. 

Most importantly, If no Higgs exists with MH < 
200 GeV, then there must be new physics below the 
Planck scale. 

H0 -+ rr, 80 GeV < MH < 160 GeV 

In this section we demonstrate the ability of the L * 
electromagnetic detector to search for the Higgs in the rr 
decay mode. The study was done by Monte Carlo pro-
gram PYTHIA version 5.3 (Ref. Xll.2), and has been 
checked with ISAJET version 6.28 (Ref. Xll.3). 

Figure Xll.1 shows a lego plot of transverse energies 
in the TJ-'P plane for a 150 GeV Higgs that decays into 
two photons together with associated QCD jets. The 
distinctive feature of isolated photons In the Higgs decay 
can be used to reject the QCD background. 

Photon Backgrounds 

The main background In the H0 -+ rr search Is direct 
production: q q .. r r (59 pb) and gg .. rr (493 pb) 
(Ref. Xll.4). This background will be reduced by event 
selection cuts on photon rapidity (T/y), photon transverse 
enerijy (Er"), r;_apidity of the 2-photon syst~m (T/yy) and 
cos8 , where fJ Is the polar angle of photons in the rr rest 
frame. The cuts used in the event selection are (Fig. Xll.2): 

ITJrl < 2.8 
ErY > 20 GeV 

I T/rr I < 3 (to reduce qq .. rr) 
* I cos fJ I < 0.8 (to reduce gg .. yy). 

The background cross sections after event selection 
cuts are reduced to 91 pb for gg .. rr and 14 pb for 
q q-+ yy. Because the Higgs width In this mass region is 
very narrow (=1 0 MeV), a very high resolution 
electromagnetic calorimeter Is needed to detect the 
0.3 pb signal (Ref. Xll.5) from H0 -+ r y. 
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There are copious n°, and thus photons, produced at 
the SSC. The QCD two-jet cross section is 1.2 mb for Pr> 
20 GeV and I 'I I < 2.8. There are also processes 
producing one real photon and a QCD jet, such as qg 
q y (119 nb) and qq g y (6 nb), which will fake a two-
isolated-photon final state with a higher probability. Using 
the fact that in H0 y y decay there is very little energy 
around they rays (Fig. Xll.1 ), an isolation cut is used to 
reject photons produced from fluctuations in jet fragmen-
tation. The cut requires that the sum of the transverse 
energy in a cone of radius A =0.6, (R =..; ll.1J2+ll.ip2 ) , 
excluding the transverse energy of the photon Itself, is 
less than 10% of the transverse energy of the photon plus 
5 GeV, .I Er < (5 GeV + E//10). By using this cut, the 
rate of one isolated photon from a jet is reduced by a 
factor of 104, and the rate of two isolated photons from 
two jets is thus reduced by a factor of 108. 

Signals 
Figure Xll.3 shows the signal/background ratios of Sa, 

9a, 15a, and 27o for Higgs mass of 80, 100, 120 and 150 
GeV, respectively. Note that the central tracker informa-
tion is used only to detect the presence of charge par-
ticles and the event vertex. This can be done with the 
scintillating fibers alone. 

Remarks: In using the R cut by requiring .I Er < 
(5 GeV + E//10), we have assumed a perfect Monte 
Car1o program and that pile-up problems, beam gas 
problems, etc., can all be solved ideally. As often happens 
in experiments, the real situation Is quite different. For 
example, in the search for the t-quark at hadron colliders, 
the QCD background was not accurately predicted until 
the data on b-quark production at CERN were used to 
tune the Monte Carta programs (Ref. Xll.6). To study our 
ability to detect H0 y y, we have made different R cuts. 
Assume there are more backgrounds and pile-up so the 
energy in the R < 0.6 cone is much larger, and we must 
cut at much higher energy. 

a: 
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INVARIANT MASS OF TWO Y (GeV) 
Fig. Xll.3. HO -+yy detection for L * electromagnetic calorimeters 

with (a) signal together with direct photon background, (b) signals 
after background subtraction. 
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(a)lf l: Er < (10 GeV + Er"/10), 
then the 1 oo GeV H0 .. r r signal/background ratio will 

change from 9a to 6a. 

(b) If l: Er < (15 GeV + Er"/10) 
then the 100 GeV H0 .. r r signal/background ratio 

will be4.1a. 
The results of (a) and (b) Indicate that Indeed we will 

be able to study Ho .. yy. 

H0 -+ 4 Leptons, 140 GeV < MH < 2Mz 

The best signal for the Higgs in this mass range Is the 
four lepton channel via the U.* Intermediate state 

p + p .. H° + X .. zr + X .. 4 leptons + X, 

where the Z* Is virtual with mass < (MHiggs - Mz). We 
generate events using ISAJET and select those leptons 
for which Pr > 5 GeV and 5< 0< 175°. In addition, we 
require that the total visible energy, excluding leptons, be 
less than (5 GeV + E1/ 1 0) within a cone of R = 0.3 around 
the lepton direction. The overall acceptance for Higgs is 
58% after the above cuts. QCD events are rejected by this 
isolation cut and requirement M It > 1 o GeV when applied 
to all four leptons. 

The remaining background comes from the as-
sociated production of a zJ with a pair of heavy quarks, 
such as top quarks, where both decay semi-leptonically. 
The leptons from heavy quarks have little hadronic energy 
around them and thus are similar to the leptons from the 
virtual z•. Because the second pair of leptons comes from 
a real zO, one cannot use the zO mass as constraints for 
either pair of leptons to reduce the heavy quark back-
ground. 

The expected Higgs signal together with this back-
ground is shown In Fig. Xll.4 for the L * resolution. As 
seen, the energy resolution is crucial in detecting the 
Higgs. No other experimental method, SSC or LHC, can 
detect the Higgs in this mass range. 

B. 2. Search for the Higgs with 2Mz < MH < 800 GeV 
This is the mass region where the reaction H0 .,. 

4 leptons Is the cleanest channel to detect. The back-
grounds are muons and electrons from QCD and 
electroweak processes. 

Muon Backgrounds 
Muons are from the following sources: (a) decays of c, 

b, and t quarks, (b) decay in flight of pions and kaons, 
(c) punchthrough, and (d) Wand Z (or Drell-Yan) produc-
tion. · 

The hadronic punchthrough was calculated for 
hadrons of various incident momentums with the GEANT 
Monte Cano code. The probability of a particle exiting the 
electromagnetic + iron-silicon calorimeter (12 interac-
tion lengths at 90°) was calculated, parametrized, ·and 
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Fig. Xll.4. HD .. ZZ.* .. 4 leptons together with backgrounds. 

entered into the ISAJET Monte Carlo code. The 
punchthrough probability of about 1 o-4 for Pout/Pin > 0.5 
is dominated by pion decay before Interaction in the 
calorimeter and cannot be reduced by Increasing the 
number of interaction lengths. 

The single-muon inclusive rate, dN/dPr (events per 
5 GeV per SSC year) is shown in Fig. Xll.5. It is dominated 
by prompt muons from heavy quark decays for Pr > 
25 GeV. The spectrum at large Pr Is dominated byt-quark 
decays and is insensitive to the exact value of the t mass 
in the range of 100-200 GeV (we used m, = 140 GeV). If 
the t-quark does not exist, then the single inclusive muon 
spectrum is about an order of magnitude lower. 

The dimuon rate (muon Pr > 5 GeV) from QCD back-
grounds (first three processes above) is 4 x 109 events 
per year. The .4-µ rate from QCD backgrounds Is 6 x 106 

events per year. 
We have defined the following cuts to reject muon 

backgrounds: 
(1) Pr > 5 GeV and momentum matching with the 

muon spectrometer, within two standard deviations and 
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(2) vertex matching, within three standard deviations. 
Momentum matching reduces the single-muon rate from 
punchthrough and decays by a factor of 20. Vertex 
matching reduces the single-muon rate from heavy quark 
decays by a factor of three. 

(3) muon isolation, which reduces the single muon rate 
by about 20. We define a cone (R) about the muon axis 
in pseudorapidity (,J) azimuthal-angle(~) space as R = 
v (a '12 + a ~,2). We construct l:Pr of all charged particles 
in the cone and have studied this variable l:Pr as a 
function of the cone size. Events in which the muons arise 
fro·m quark decays have a large value of l:Pr because of 
the decay chain: q => q' µv. We have found that the 
optimum value of cone size for tagging quark decays is 
about R = 0.3. In this cone, we acceptµ candidates with 
the condition l:Pr < [5 GeV + Pr (u)/10]. The isolation 
cut will reject the single muon background by a factor of 
20 while removing only a few percent of the muons from 
Higgs decays for 200 GeV < MH < 800 GeV. 

Electron Backgrounds 
The prompt electron rates are the same as the prompt 

muon rates; however, the rate of misidentified (fake) 
electrons differs from the rate of muon backgrounds. The 
major source of fake electrons is from a :rc0 and charged 
particle entering the same BaF2 crystal. After the hadron 
calorimeter veto (Ehad < 0.1 Eem), the rate of fake 
electrons is comparable to the prompt electron rate. 

The central tracker rejects the fake electrons by a 
factor of 102 from momentum-energy matching and an 
isolation cut will reject electrons from quark decays by a 
factor of 20. 

Examples of Higgs Production 
Fig. Xll.6 shows the H0 -+ 4 µ spectrum at Higgs mass 

of 400 GeV, with the backgrounds calculated from: 

p p-+ qq + X -+ 4µ + X 
-+z0z0+X-+4µ+X 
-+zD+X-+4µ +X. 

We have selected the H0 -+ 4 µ from the R cut requiring 
in R = 0.3 cone we have (excluding the transverse 
momentum ofµ): 

l:Pr < [5 GeV + Pr(u)/10] 

Requiring all four muons to be isolated rejects the QCD 
background to a level well below ZZ continuum . 

> 20 ----------------, 
G) 
t!) 

0 , 15 ... 
CJ 
41 

10 
(.) 
(/) 
(/) 
...... 5 .,, -C 
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M4 ,-.. (GeV) 
800 

Fig. Xll.6. H0 -+4 µ with backgrounds rejected with muon isolation 
cuts. 

Remarks: There are two distinct advantages of good 
µ resolution in this mass region: (1) It will enable us to 
measure the width of H0 -+ 4 µ ·precisely. (2) More impor-
tantly, good µ resolution will enable us to control the 
background. To proper1y use the R cut experimentally, 
the following backgrounds In the R cone must be small: 

(1) hadron spray from beam gas, 
(2) muon spray from upstream of the intersection 

region, 
(3) pile-up of events. 
There is no reliable way before the start of the experi-

ment to check this. 
Indeed, our experience in the past at ISR with 

luminosity 1031 has indicated that these are difficult 
problems to solve for clean lepton experiments. 

In the case the energy background and pile-up in the 
R cone is much larger than predicted, we must depend 
on the L * ability to select muon events in the zo mass peak 
to observe the H0 -+ Zo'Z!J -+ 4 µ signal. 

In Fig. Xll.7a, we assumed the H0 -+ 4 µ signal of 
Fig. Xll.6 with a background that is 1 o times worse than 
the ideal Monte Caria prediction, and we used a cut 

l:Pr < [50 GeV + Pr(u)/10] 

and in this way we select µµ events by requiring they 
come from Mzc±2 GeV (at P # = 1 oo GeV the momen-
tum resolution is aPµ/Pµs0.5%). Compared with Fig. 
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Xll.6, the low mass background in Fig. XII. 7a is still higher 
than in Fig. Xll.6, but the background above 300 GeV is 
essentially unchanged. Figure XII. 7b shows that if we only 
have a muon momentum resolution of == 10% and can 
only select µµ in the mass region Mz0± 20 GeV, we will 
not be able to see the HO .. 4 µ signal. 

Remarks: We have studied the case of collecting 
more events for the reaction H0 -+ 4 t by performing the 
experiment at 1 o34cm-2sec-1. In this case, we will use 
only the scintillating fiber information in the central tracker 
to locate the vertex. The signal/background ratio shown 
in Fig. Xll.7a is essentially unchanged. The yield will in-
crease 1 O times. 

B. 3. If Mass of H0 > 1 TeV or There Is No Higgs 
If there is no Higgs with mass < 1 TeV, then the 

production of 

pp-+?'(µµ)?'(µµ) + ... (1a) 

pp .. z0(µµ) zO(qq) + ... (1 b) 

pp-+ W±(qq) z0(µ+µ-) + ... (2) 

pp-+ W±(µv) z0(µ+µ-) + ... (3) 

pp-+ w+(qq) W-(µv) + ... (4) 

will increase with MzOzO, Mw±w±, or Mzw±, and the 
longitudinal polarization of the weak bosons will also 
increase with the invariant masses. At mass region larger 
than 1 TeV, calculations of both the signal and back-
ground may be even less reliable. Nevertheless, the fol-
lowing properties of L * are Important for the success of 
this type of experiment: 
1. Speed of the detector response. Atthis mass, the yields 

of reaction (1 )-(4) are small, so an experiment at 
1034cm-2sec-1 may be neccesary. To do this, we will 
run the experiment only with the scintillating fibers in 
the central tracker, which have a typical response time 
of < 5 ns and provide the z coordinate accuracy of 
1 cm. The speed of the calorimeter typically 10-15 ns 
may permit us to study hadron jets together with 
precision measurements of leptons up to the 
luminosity of 1 o34cm-2sec-1. 

2. Identification of Zo .. t t. The best way to identify Zo is 
to isolate the Zo peak with a resolution comparable to 
the Zo natural line width, r. Therefore the measurement 
of the muon momenta P1 and P2 with opening angle~ 
must satisfy: 

r12.3 < - 5! 1.22% mz 
The two muons from 500 GeV zO decay form an open-

15 L* 
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Fig. Xll.7. H° .. 4 µ together with backgrounds rejected by 

requiringµ pairs to have the Z-mass for (a) L * and (b) poorer resolution 
for one SSC year at 1 d33 cm-2sec-1• 

ing angle typically~ = 21°. From multiple scattering In 
the calorimeter, we have Li~/tan ~/2 5! 0.7% at~ = 21°. 
We conservatively require Li PIP 5! 1.2% at 250 GeV 
(or -IJ..P/P = 2.4% at 500 GeV), which is our design 
goal. 

3. Identification of Zo -+ qq and w± -+ qq. To obtain the 
best jet resolution comparable with the width of w± 
and Zo (==2.5 GeV), the design of L * permits us to do 
the following: 

(a) Remove BaF2 and replace it with a fine sampling 
silicon or liquid scintillator calorimeter so that the entire 
hadron calorimeter is made from the same media. We 
have jet resolution LiE/E = (50/v'E + 1.0)%. 

(b) Continue the experiment without modifications, if we 
have decided to use the LXe as electromagnetic 
calorimeter and tests show that we have obtained e/:rr 
= 1, and we have jet resolution LiE/E = (50/v'E + 1 )%. 

Because the detector is 4:rr this will enable us to 
reconstruct the Zo .. qq and w± .. qq decays with 
mass resolution of ==2 GeV. We can also reconstruct 
the w± .. µv decay by measuring the missing energy 
to locate the neutrino Pr. 
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Properties 1, 2, and 3 above give us the best arrange-
ment to study reactions (1)-(4), as well as longitudinal 
polarization of Zs and Ws. 

B. 4. Search for Narrow Dilepton Resonances 
There are models (such as E6, see Ref. XII. 7) predict-

ing the existence of Z' wit_h a very narrow width typically 
rz,fM, = o.65% to 3.8%. 

Using the electromagnetic detector (1% resolution), 
we can measure the width of Z' • e + e-. Because at P 
= 7.5 TeVour muon detector provides '1P/P = 36%, we 
can measure the forward-backward charge asymmetry 
for Z' •µ-µ+up to Mz, = 15 TeV. 

Remarks: It is important to remember that physics 
changes quickly. In ten years, the examples presented 
here will most likely no longer be considered relevant. 
These examples only serve as an illustration of the 
detector capabilHy to search for new phenomena at 
the SSC. 

Conclusion: 
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Taste, experience, and judgement in experimental physics come slowly wHh time. After working for the last 
25 years on electrons, muons, and photons at the electron synchroton (DESY), proton synchrotoli (BNL); high 
luminosHy proton-proton collider (ISR), and electron-posHron collider (LEP) we express our interest to continue 
this type of experiment at the SSC, mainly to explore the unknown. 
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0 u.4...L...1..1...A...&...A..i..J..., ....................... .....J~i..a...L...i ........... ............. .......... 
0 0.2~ 0.~ 0.7~ I 1.2~ 1.~ 1.7, 2 

My7 



Elect romogne tic 
Calorimeter Hadron Calorimeter 

Centre 
Tracki 

E 
0 
CD 
<..O 
u:, 
N 

Detect 

. .::::·· if:-$~~ N ·.·.:\\:_:: 
: . \A : · ·: 
. . . . . . . 

. . . . . 
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Central 
Magnet 

.it\ , ...... , 
::::~:~:~: 
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Aluminium Coi I 
Central Muon 
Chambers 



L * Engineering Centers 
ExamQles: 

Kurchatov, /TEP Moscow, Leningrad, Dubna 

ETH Ziirioh, Aachen I Germany 

S.L C. Shanghai 
Oak Ridge, Los Alamos, Livermore, Draper 

others 



Magnet System 
consists of a Central Magnet 

providing a field of O. 7 5 T · 
& forward-backward magnets 

with field of 0.3T 

Central magnet design : 
either conventional with aluminium coil 

or 
superconducting coil with iron return 

or 
superconducting coil with a superconducting 

return coil to replace iron 



Coil Options !or the Central Solenoid 

Aluminium Double 
Parameter Coil SC Coil SC Coil Unit 

Field 0.75 . · 0.75· 0.75 Tesla 
Power 22 2 2 MW 

:onsumptlon 
Outer 26. 7 25.0 30.0 m 

Diameter 
Maas of Iron 48 200 41 350 - ton 
t!ass of Coil( a) 7 700 · 1 103t 4 ooot ton 

Operating 66 23 25 kA 
Current 

t Including structure and vacuum vessel 



0.5 Tesla 

30 KA 

,6 KA 

L3 MAGNET 

168 turns 

'-4-----12 m 

Total stored energy 
Power consumption 

L* MAGNET 
288 turns 

--------- 29.5 m 

Total stored energy 

Power consumption 

160 UJ 
4 MW 

2660 MJ 

20 MW 

11.2 m 

m 

t 





BARREL 
(2 X 48 PIECES) 

-, 

CROWN (6 PIECES) ', 

- ?CF POLE -
,1ARTS (6 Pl ECES) 

-

---~ MOVABLE PLUG 

COILS 

CENTRAL 
---._ SUPPORT 



1000 ton gantry 

. . . . . . . . . . . . . , .......................... . .............. 

·-

crane 

••••••••••• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ••••••••••••• 
e e e • • • • • e • e e I • . ............ . 

• Mounting of the crown ring 
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,t 

X 40 f) 

16 eighteen-tum-packages in 600-ton units 

made out of 925x155x9 cm3 aluminium plates 
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For Al coil magnet 

L3 is '"'.J half scale prototype 

1991 191?2 1993 1994 1995 1936 1937 ,~ 1999 
UNDEJIGA0UNJ SKA1T . -
DP.HAU. HALLl [§-,JIOl 1 oou 

I IUQCO 0E5GH I waDCHI' 
FAO.fflU \ 

c«:J&:4. IRON 11.UCUF AC?lJJII 

OIUV8IT C. FIi UGMffl 

rl lUIC ... 110N MAJIJF AC'TURI 
Cf II.UN IIAGMO 

I 
CAl)£JIIG, C0L •.&C>CT ASSDII\. T 
DEJYUT IN .um TESTS ,,. 
01 IASIC 

AL C01LIWNF~I OE'TIC'TOI ~ST o, Ill.DI IIACH£T 
rr1sT 1 

OAT"" 
I SERVICU I 

I I I 
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'0 

0 ,.,, 
0 
N 
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14 650 - -- -· ---- ------- --· 

---------------- 13 485 
Vacuum 

Thermo I Radiofion Shield Vessel Cold Mass Support 

• , 
1 

• • , 
1 

, • • _ • , \ , SI r u
0
c I~.~'. R i ".' , 

T•••na•nm-rn.•••••m•nffl•f•~~::•;•;~::,:•;•, ft Ur 

o Winding \ wall of the Vacuum Vessel 
b 
N 
Ol - Protective Screen Supp or I Cylinder 

I 

490 

c:s, Median Plone 



Superconducting tJ011 
Cooling System 

Livermore National laboratory 

Redundant systems : 
1) Aleph thermal syphon (r,o pump) 

on support cylinder 

2) Forced flow system on coil 



Superconducting Coil 

USSR R&D Program 

K11rchatoy_lnstitute 

Model Coil 

WJ 1991 1992 1993 1994 1995 1$E 1997 1998 1999 
CONOUClCR UHDERGRO~ I SHAfT I F()q p,-OT. n• • 111 M&l t 

Ca.DUCTOR FOR L• C CIL ~ROL _I oou 

F&ClUTIES 
IOTOTlPE COIL -- -Ot-., ..... 

I PACT. COIL 

tnT I 
I MAGNET l· DESGH I 

I 

( 1UGNl1 L• COIIPCNEJffS 0A0£RN. I IIAHUF AC'TURE t 
IUGK.L• COIL IIANUFAC'lUR£ I 

I IUGHEl ASS EM BL' 
IND T£STS I 

I 
I IRON 11.lHUF A Cl URE I I DETECTOR A~ST 

I CRYOGENICS FOA PR010Til E I fTEST 
CRYOGENICS FOR COl l 1 

t DATAf 
I TOOllHG 0EStGM & IUN\JFlCTUAE I l S£RV1C£5 I 



MOVABLE POLE PIECES 
COIL 

BEAM ELEMENTS 

B = 0.3 Tesla, I = 16.3 kA 
DC power= 2.5 MW /magnet 

rectang11la1 
Al coils 

two halv~ 
800 tons e 



Magnet construction & Assembly 
Participating Institutes : 

USSB 
Kurchatov lnetltute of Atomic Energy, Moecow 
lnetltute of Theoretlcal I Experlmental Phyelce, Moecow 
Efremov R•••arch lnal. of Electrophyalcal Apparata, Leningrad 
All Union Reaearch lnetltut•• of Cable lnduetry, Moecow 
Bochvar All Union Reeearoh lnetltute of Inorganic Materlale, Moecow 
Uhlba Metallurglcal Plant, Uet-Kamenogorek 
Central Reeearch lnetltute for Aerohydrodynamloa, Moeoow 
Research Institute for Structural Materlale •Prometer, Leningrad 
Institute for Mounting and Aeeembly Technology, Moecow 

USA 
MIT Plaema Fuelon Center, Cambridge 
Lawrence Livermore Natlonal Laboratory, Livermore, CA 
Oak Ridge National Laboratory, Oak Ridge, TN 



H 6 u ru, 1u1• •~ • ''"''-'.__. _ _ _ 

L• Magnet - FY 1991 

Request (k$) 

10 Soviet Scientists at SSCL 
(at 30 k$/year /person) 

Travel for 10 Scientists 
(at 2 k$/year /person) 

Material and Supplies 

TOTAL 

300 

20 

180 

500 



A Precision Muon Detector 

6P 
p 2.4% at P = 0.5 TeV 

2° ( () ( 178° 

Momentum matching 

Paentral tracker = P,,,uon chamber +~EH. c 
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CENTRAL END VIEW 
.. -16 MODULES 
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Alignment -·· 

Module 

Forvvard 7.5 - 2° 

I I , 

vertical 
0.3 T 



Detector Resolution 
at 0.5 TeV 

6. P/P 
! (%) 

3 

4 ·------- ··----· 
0'--"--------------~-__.__~ 
O · 0.2 0.4 0.6 0.8 Cos B t 

60 = 0.9 
4 1r 



• • • • • • • • • • • 

Middle Chamber 
32 + 32 wires offset 

µ µ, 
' 4 I 

• • • • • • • • • :r, • • • • • • - • • • • • • • • • • • • • • • 
• • .. • • • • • • • • • • • • - • • -

• T2• • • • • • • • • • • • • • 
µ2 

----
- Calibration n • 1.6mm 

· T, + T2 = canst. - Reject 

- Resolve 
L - R ambiguity 

- n crossings off 
- cosmics, 4mm 
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L = 10 33 

12 kHz 7.5 ° 
150 kHz 2 ° 

4 SSC Years 

0.02 Cb/ cm wire 

0 10 20 30 4() SO 60 70 80 90 e (dtgrNI frcm beam) . 



5.25m 

4 
µ 0.5 TeV 

:32 WIit$ \ : I : I I i I · I I · I I I · I 

e- _ 1 SOµm 
19 I t.2 --==: µ 

I ./0.94x64 
I r-: . 
1 Sag,na = 16, Oµm 
I 
I 
I 
I 

£, 32 

\ 
\ 
\ 
\ 
\ 
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C = iSOµm = 27µ 
1 ./o.94x32 

m 

I 

® I 
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= 127µm2+19µm2+20µm 2 +15µm 2 

= 37µm 

~s - 2 40, s - . /0 



R&D on Instrumentation 

I 9 7 4 High rate proportional 
chambers developed ( 6k wires) 
10 10 /chamber (ran for 3 years) 

19 7 6 Developed drift chambers with 
field shaping profiles ( 800 ma 
Argon-lsobutane at ISR) used 

2 
· at SLAC, UA 1; MARK-J 600 m 
(a • 3001.1m, ran for 5 years) 

1979 Developed drift tubes for 
vertex (straw tubes) er• 2501-1 
High rate 1301Jm/wire chamber 
for ISABELLE 

19 8 2 Developed L3 multisampling 
drift chambers ~s • 50 ~m 
alignment 30~m 

1990 Continue R&D for L• 





L3 AND L• PRECISION CHAMBERS-

• J •• .. 

- ACCURATE 
- MASS PRODUCED 

- QUALITY CONTROL 
- TEST PROCEDURES 

Z CHAMBERS IN L• CENTRAL REGION 
IN TRIGGER WITH 

RESISTIVE PLATE COUNTERS 

•• 
I 



L3 AND L• 
WIRE POSITIONING ACCURACY 

POSITION ADJUSTMENT 

C/l w 
~1200 
..J 
a. 
X 
w 

800 
a. 
u. 
0 
cc 
w 400 
CJ 
:E ::, 
z 

PYAEX 

l..£0 

QUADRANT DIODE 

L3 DATA 101Jm 
L• Sum 

SPACING 
L3 DATA Sum 

L• Sum 
~--

4623 
PYREX PLATES 

~' 

9 o·-. 1-----_ ---o .-o-s ......_.____..o____._.___o..L... o-s--'-----Jo .1 

POSITION ERROR {mm) 
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L * Alignment 
L• L3 - Achieved 

P-Meaaurement 
3 Layers - Absolute 8 1.1m 15 JJm 
Monitored - Relative 1 i.am 0.2 JJm 

Global 
All Tracks Point 
To Intersection 0.7 mm 1.0 mm 
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L* R&D MILESTONES 
FY90 FY91 FY92 

Requeat to DOE 

Muon Freem Produce I Full Length 
Chamber• ConceptuaJ Evaluate Chamber 

Dealgn Prototype~ Model 

Gaa Complete Measure Chamber 
Meaaurement 10 with 
Setup Mixture• FlnaJ Cell 

Structural Freeze Detailed Auemble, 
Dealgn & Concepts Dealgn Evaluate 
Analyala Prototype• 

Complete Prototype• 
All Computation• 
Structure Finite for 
Model• Element Alignment 

Analyala 

Requeat to . Swiu Authoritiea 

Alignment De11Qn Evaluata Teat 
Syatem1 Teat Prototypea Syatem 

Stand 

Electronlca Define Develop Evaluate, 
l Data Architecture Chlpa, Verify 
Tranafer Prototypes 
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CENTRAL 

ENDCAP 

FORWARD 
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MIT, LLNL 

ETH 
China 



Fast Hadron Calorimeter 
down to 8 > 2° 

Also : very forward part down to 181 0.3 ° 
made of 

lead-steel-silicon or liquid scintillator 
sandwich 

Shaping time : 15 ns 
Tower geometry : 

~T] ~({) : 0.04 X 0.04 
9 longitudinal segmentation for muon 
identification, tracking & pattern recognition 



US : 190/ GIii 

:aps : --204 _Tons 
;us : 20/138 cm 

./ 

/ 

...... . 

----

BARREL 
15 MODULES X f6 SECTORS 

/ 
Pb/Fe ABSORBER I 

DETECTOR LAYER 
ENO Cl 

B S£CTt 

HADRON CALORIMETER 



16 
LAYERS 

35 
LAYERS 

.5rnm Silicon+Circuitry 

t 
4Xo 

.5mm Silicon+Circuitry 

Summing Circuit 
Silicon Wafer Preamp 

18 mm Fe 
6mmPb 

The calorimeter absorber/detector structure at 90°. 



EVENTS 

Ho~ zozo 
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100 

Deterioration of 
fluctuations of 
(dotted line). 

Z - , 2u mass resolution due to 
muon energy loss in 1 2 >.. calorimeter 

Correction for these fluctuations will 
be made by ca,orimeter 
line). 

sampling measurements ( solid 



25 Years of Electrons, Muons and Photons 

DESY BNL ISR PETRA LEP 
64---12---14---1& _ ea---_ao 

'Y .. e· .- J ..... - p p-+ "'. "'- .. .-.. QQg z• .. r r ,QQ 

QED 
Rc10- 14 cm 

p,l.J,4> ..... -
SU3 

~M --1-. M 

ee 
hh 

New Scallng Gluon•- a. 
Quark• •· .-.. a,· a,· 

QED 
Rc10· 1• cm 

~M M •0.1-. 0•2TI 0•4ll 

:: • 10· 10 
• 10·• •• IJ, Jeie 

3 Famlllee 
gA ,Gy 

9.,. II • X 

0•4ll 

e, a,, 1 
~.l!.-1-. 

p 

1038cm·2a- 1 1088cm·2•- • 1032cm- 2e- 1 1080cm·2•- • 1o' 1cm·••- 1 

P1 • Pa P1 • Pa 
high rate 
chamber• 

large area 
chamber• 

P1 p 2 (e, 'Y ) 
P1 • Pa+ LY: (a,) 



Funding Request to SSCL 
R&D for L * Detector 

FY90 FY9·1 FY92 

MAGNET 0.0 0.5 0.5 
MUON DETECTOR t.0 4.6 2.8 
HADRON CALORIMETER 0.0 2.6 2. t 
E-M CALORIMETER 0.0 2.9 3.1 
CENTRAL TRACKER 0.0 2.2 2.2 
FORWARD CALORIMETER 0.0 0.4 0.4 
DAQ TRIGGER 0.0 2.9 4.2 
COORDINATION 0.0 0.5 0.5 

TOTAL t.0 16.6 15.8 

TOTAL 

1.0 
8.4 
4.7 
6.0 
4.4 
0.8 
7. t 
1.0 

33.4 



Euro~ Physicists in L * 
Country 

Swltzarland 

Germany 

Italy 

France 

Hungary 

Bulgarla 

Institute 
Number of 
Phyalcl1ta Spokaepereon 

ETH ZUrlch 36 H.Hofer Profeuor 
Univ. Geneva 1 M.Bourquln ProteNor 
RWTH Aachen 27 K.LUbelameyer Director 

Univ. Florence 12 P .Spillantlnl Professor 
Univ. MIian 6 P.G.Rancolta Profeaaor 
Univ. Naples 12 C.Sciacca Profaaaor 
Univ. Rome 7 B.Borgla Director 

LAPP Annecy 4 M. Vlvargent Profaaeor 

f.iudapest G E.Nagy Professor 

CLANP Sofia 7 B.Betev Profeeeor 



Asia Physicists • L* ,n 
Country lnatltute Phyalclata Spokeaperaon 
China IHEP Be/Jina 63 S.X.Fang 0/reotor 

USTC Hefel 14 C.H.Gu Pn1•ldent 
SIC Shanghai 28 J.K.Guo 0/n,ctor 

Taiwan High Energy 11 H.M.Hala Prw•ld•nl 
Phy1lc1 Group 

Korea Kyungpook Univ. 3 
Gyeongeang Univ. 4 
Chungnam Univ. 1 
Chaonnam Univ. 1 

Y.Klm Kangreung College 2 Prole••or 
D.Song Profe••or Korea Univ. Seoul 1 

Seoul Univ. 1 
Sangll College 1 
Taegu Univ. 1 

Japan Sallama College 1 T.Doke Pro,.••or 
Wa1eda Univ. 2 



USSR · AT L• 
MAGNET PROJECT RESPONSIBILITY: 
KURCHATOV ATOMIC ENERGY INSTITUTE,MOSCOW 
L • PARTICIPANTS 81: E. Vellkhov Director General 

S.Belyaev Reaearch Director 
N.Chernoplekov Dlvlalon Leader 

CALORIMETER PROJECT RESPONSIBILITY: 
ITEP, MOSCOW 
L • PARTICIPANTS 71: V .Shevchenko Vice Director 

Yu.Galaktlonov Division Leader 
JINA, DUBNA 
L• PARTICIPANTS 55: D.Klaa Director General 

I.Savin Reeearch Director 
LGolutvln Vice Director 

IHEP, SERPUKHOV 
L• PARTICIPANTS 10: A.Lebedev Dlvlalon Leader 

RESPONSIBILITY AREAS UNDER DISCUSSION: 
YEREVAN PHISICS INSTITUTE,YEREVAN 
L • PARTICIPANTS 21: A.Amatunl Director General 

LENINGRAD NUCLEAR PHYSICS INSTITUTE: 
L• PARTICIPANTS 29: A.Vorobyov Director General 

INSTUTUTE OF NUCLEAR PHY81C8,NOVOSIBIRSK 
L• PARTICIPANTS 3: A.Skrlnaky Director General 

INSTITUTE OF PHYSICS, TBILISI, GEORGIA 
L• PARTICIPANTS 16 

INSTITUTE OF PHYSICS, TARTU, ESTONIA 
L• PARTICIPANTS · 2 



L * Support Outside US 

Foreign countries will support 
the L .. Experiment through: 

Financial Support 
Material 

Complete Detector Subsystems 
Workshop Infrastructure 

Engineers and Technicians 
Logistics Support 



L * Construction 
Funding Proposal Under Discussion 

Subdetector USA USSR Europe 
(M$) + Asia 

Magnet (Warm Coil) 68.3 * -

Muon Detector 110.0 - * Hadron Calorimeter (Silicon) 50.8 * -

E-M Calorimeter (BaF2 ) 2.0 * * Central Tracker 40.0 * * Forward Calorimeter System 2.0 * * EDIA ( 10%) 27 .3 * * 
TOTAL 300.4 * * 



L* Costs 
To account the non-US support 
appropriately in a cost estimate 

mutual agreements are needed on: 
1. labor costs 

(norm•lly not •ccounted for out•ld• USA} 

2. costs of social securitv charges 
(normally not accounted for out•liJ• USA} 

3. currency exchange rates 
(Rb/$ • t6 or 0.6 ?) 

4. existing workshops 
fm•npoMr .t equipment u•u•IIY not MJoounted for oul•ld• USA} 

5. overhead charges 
(normally not aoooun~ for out•lde USA) 



Infrastructure Support in Man years 
C<;>nstruction of L3 Experiment 

Switzerland 230 

CERN 180 

West Germany 140.6 

The Netherlands 93 

Soviet Union 272 

Italy 28.8 
· East Germany 
lndla 36 

France 41.3 
China 42 

Spain 84 

Total Support 1181.1 Manyears 



L3 Money Matrix does not reflect the total 
contributions of the different funding agencies. 

USA: Equipment and Salarlee In Money Matrix 

USSR: Raw Material delivered and converted 
into Swlaa Franca for Money Matrix. 

Manpower and lntraatructure not Included. 

Others: Only Equipment included in Money Matrix. 
Manpower and Inf restructure not included. 

L • Strategy: 
No financial commitments. 

Partners construct and deliver 
detector subsystems. 



Coat and Funde - L3 Detector 
Extracted from Money Matrix - Version 14 (kSF) 

Fund• 
SubJecl Coat USA USSR CH Other• 

TEC 10288 - - 6677 3709 

BGO Barrel 36631 20687 6806 2171 7174 

Had. Cal. 2848& · 6037 10360 4388 8712 

Muon Det. 41131 23808 - 1220 16014 

Magnet 40020 16388 7400 11000 6260 

Trigger 9801 4808 600 800 3793 

Computer 8817 8817 - - -
Luml. Mon. 2022 1828 - - -
Sclnt. Cira. 426 12& - - 300 

ParL I Aeam. 1088 . 788 - - -
TOTAL 177684 81164 23866 26234 46962 

Total 

10288 

3&617 

28486 

41142 

40038 

8801 

8817 

1828 

426 

788 

177206 



* 
--· ,nances 



Network . Lines Serving L3 
NIKHEF 8eijlng 

Aachen 
Bomber 

Michigan " 
I 

Lausanne 
Loe CM 

Telenel 

Telepac 

--- llnk over public network LAPP 

--- 9.8k/19.2k blls/sec. leued Une 
--- 58kJMk bils/1ec. le11ed llne 
--- 288k blls/11c leased llne 

2M blls/11c leased llne Naples 
Rome 



L • Conaboratloft 
MNllng 

I 
L• Executive rl C••-•Acallioft I CommittH 

I 
SSC Laboratory L • Subgroupa 

Partial List of Members - L • Executive Committee 

Nations Members 

United States U.Becker, J.Branson, W .Bugg, D.DiBitonto. 
A.Engler, O.Fackler, A.Heinz, H.Newman. 
A.Pevsner, P.Piroue, F.Plasil, J.Reidy, 
J.Rohlf, G.Sanders and othera 

Soviet Union Y.Galaktlonov, A.Lebedev. I.Savin. 
N.Tchernoplekov and othera 

Europe B.Borgia. M.Bourquin, K.Li.ibelameyer, 
P .G.Rancoita.. C.Sciacca and othera 

Asia S.X.Fang. Z.W.Yin. A.Gurtu. Y .Y .Lee, 
D.Son and others 

L • Executive Committee Meetings 
open to all members of the Collaboration 



True Potential of SSC: 

· To Explore the Unknown 



"' 

Physics changes quickly 
In 10 years, the examples 
presented here will most 

likely no longer be relevant. 
These examples only serve 

as an illustration of the 
detector capability 

to search for new phenomena 
at the SSC 



search for narrow dilepton 
resonances 
very narrow Z' (E6 inspired) 
r z/ M.z. = 0.65% - 3.8% . 

assume Mz, = 15 Te V 

with electromagnetic detector · 
L * can measure the width 
with muon detector 
L* can measure the Jorward backward 

charge assymetry 



Note 
the detector is 4 1r 

this will enable us to 
· o - :I: -

reconstruct the Z .... qq and W _. qq 

decays with mass resolution of 2 GeV 

We can· also reconstruct the 

w= • 1,1v decay by measuring 
the missing energy to locate 

the neutrino PT 



(2) Clean identification of : 
z -> ,•,-

requiring 6M -= r 
PP -> Z0 Z O + X 

L '1~L jet+ jet 

M(ZoZJ 2 TeV 

P«z.,> 1 TeV - 0.5 TeV 

L•: t:. P/P ==2.4% 6M • r2 

(3) Clean identification of : 
Z,W -> (Q,Q) -> 2 jets 

use complete sampling calorimeter 
(replace BaF 2 ) 

we have:~ E/E • (50/ E + 1.0)~ 

t:.M • fw,z =: 2.5 GeV 



(1) Speed of the Detector 
Yields of (1) - (3) are small 
Runs at 10 34cm- 2 sec - 1 

Central Tracker : use only scintillating fibers 

with t = 5ns ~Z = 1cm 
Calorimeter • • 10-15ns 

Measuring jets and leptons 
Muon Chambers .: 8) 7 .5° 



Then: 

If Mass of H 0 > 1 TeV 
or There is No Higgs 
pp 
pp 
pp 

----~~ zo zo 
W• zO -----... -

----~• w· w-
will lncre••• with 
Mz0z O Mw!w! Mz-w 

(1) 

(2) 
(3) 

and the longltudlnal polarization will lncl'N•• with M 
At M > 1 TeV, 

calculations of both signal and background · 
may be even less reliable. 

Nevertheless following properties 
of I!-" . 

are important 
for the success of this type of experiment 



If the background (pile up, etc) 
10 times worse 

I 

we cut 
L~ < ( P; 110 + so ) ~ev 

15 

10 

> a) 
G 

(!) 

0 5 -' ... 
C, 
G 

I 0 
u 
Cl) 
Cl) . 

' 
(~) =10% "'60 -C p ~ -• • > 

"' 40 

20 
b) 

400 600 
M pp.pp. (GeV) 



Remarks 
We have selected the H0 • 4 IJ 

from the R cut requiring 

}: P- < ( p "'r + 5 I GeV 
T 10 

We Assume: 
the following backr,rounds in the R cone 

. must be small 
(1) Hadron spray from beam gas 
(2) Muon spray from upstream of the 

intersection region 
(3) Pile-up of events 



Example: MH = 400 Ge V 

Background: 

pp qq + X _. 4µ + X 

pp ___, zozo + X - 4µ + X 
PP _. z_o + - 4µ + x 

Using the above cuts: 

> 20 r--------------
Q) 

(!) 

0 , 15 
C 
Q) 

10 
u 
(/) 
CJ) 

' 5 en .. 
C: 

OL------L----======---~ 
LLl 200 400 600 800 

M4 ,u. {GeV) 



Electron Backgrounds 
In addition to Muon Background 

1. 7ro 
2. Charge exchange 

A) Momentum Energy Matching 
measuring momentum in 
Central Tracker P and 
energy in BaF2 : E 

P = E Rejection factor : 100 

8) Isolation cut: Rejection factor : 20 



Rejection of µ backgrounds. 

1. P_.1_ > 5 GeV 

2. pl-I = P 20 
vertex 

Rejection : 20 

3. Vertex matching : Rejection : 3 

4. Isolation cut : Rejection: 20 

Require l: P,- < (5 + (µ)/10) GeV 



0 

p + p -> H0 + X 
· L 41 

2M z ( m < 800 GeV 
single u backgrounds 

Prompt µ (heavy quark decays) 

1T, K punchlhrough 

K -> µ 

w -> µ 

\ 

. . . 
-._ ..... -- .. . . . . . . . . . . 

100 200 300 400 
PT (GeV) 



0 * p+ p+ H + X+Z~0 + 4Jeptona 

> 
20 • t, Ho~eeee .. 

0 
' • 15 -C • > 
1M 

10 

5 

0 
140 150 160 

M41 (GeV) 
25 

> • C) 
H. -ee,.,. backgrou!'d Includes .. 

Z tt -> 41 20 0 ..... 
0 • >-
I 

15 u .,, .,, 
..... 

b) • -10 C • > 

"" 

0 l,IL-...U.....IL-..U,.U.~-...,....-....._.....,... ................. ..,. 
130 140 t~O 160 170 

MetpJ£ (GtV) 



if T 10 
Then the 100 GeV H0 ... "j"j 

signal/background ratio 
will be 4.10 



Er( ( er +1 OJGeV 
10 

Then the 100 GeV H0 -+ o/')1 
signal/background ratio 

will change from 9 0 to 6 0 



Remarks 
Assume there are 

more backgrounds and pile-up 

so the energy is much larger 
in the ·R <o.6 cone 

and we must cut 
at much higher energy 



10000 · 

a: 

2000 
(.) 
en 
en > 1000 
Cl) 

(!) 
II') . 
0 
' en 

z 600 w 
> w 

o 400 
a: w cc 

200 ::> z 

0 

L * RESOLUTION 

BACKGROUND SUBTRACTED 

-200._~ __ .._ ________ _,_ _ _., 
80 100 120 140 160 

INVARIANT MASS OF TWO Y (GeV) 



• 7T"o and , production inside jets. 

a(pp _. jet jet)= l.2mb 

for P.J..(Jet) > 20 Ge\/ and 1111 < ~-S 

• one isolated photon + jet 

- a(qg _. q,) = _119 nb . 

. - a( qq _. g,) = 6 nb 

Isolation Cut: 

---~--, , ... , ' , ~' I / .\ 
I , \ 
I . , \ 
I I 
\ I 
\ I 
\ I 
'\ , ' , ... , , -~-_,, 

T} 

Requirement: ~Er< Et /10+5GeV 

Background reduction: 10~ ( using R=0.6) 



lsolated 1-J ho ton tlackgrou I!~! : 
gg - + '"Yr ( 493 ph) 

,. 

gg,qq -.yy 

H~YY ~r---- r
1rln 80 GeV 

l \ ,,,,M~ (jJ. 11, ri,, 1C , 150 GeV 
I p)PL, 1,n r-J} 

. p , 1,,, fl '-ti' l.r"\ 
_.f' \ l',f\ ln.__ - l ~-~ .:.. .::-. _...__ - n l r-,. 

-I - 0.5 0 0 .5 0 50 100 150 
co1(8•) El (GeV) 

... 

qq -..yy r fl 
l~/1 ,J I, 

gg,qq~yy 
,.rflf\ 
I \ •. 

~1\nH-

\ 
''"'l,,'Lfl--t; -.jyy 

fli -11, 

0 2 4 6 0 2 4 6 
RAPIDITY OF yy RAPIDITY OF y 



80 GeV < MH < 160 GeV 

Br(H0 --. ff) = 10-4 - 10-3 

cr(pp -+ HO - ~n) = 0.3 pb 

w, r 

-, 

Signature: Two isolated photons 

60 

.... . . . 

.. . . . . . . . . 
. ... . . . 



. Physics of 
Precision ;I and · e 

0 Search 
for 

80< MH <160GeV 



Higgs Ma,, 

10 P-r-......-r"""T-i--r-T'...,....,---r-,---,-~~-,-,-...,...,.--,--y~,., 
expected 
event• , 

7 

6 

J . • 
Hoµ•µ - , _. \ .. 

2 • .• 
... .. ·•. ·•. 

.. 

/lepton• 

• 

·• .. 

No candidate, 

13 

10k zO 

1 
Ho s•e - • ...... ______ _ 

0 0~~.........J..., o...J,......,l,,__,___.~2·~0 ;::-:=:.c.:.c:-:;:30~.:........-:.
4
0;----'___.__~ 

Hlgga Ma•• 

j 
I 
I 
I 

I 



0 

Search for the Higgs Boson 
Energy (GeV) 

60 90 200 

L3 L3 L• 
at LEP I at LEP II at SSC 

- - . - -

1000 

e•e- -.r 1- Ho Ho "JJ Ho •Zo zo 

Ho - zO zO• 
-H0 

- 4 leptons 
Standard Model 

New Phy1lo1 below MPlanok 

Mlnlmal SUSY 

Non-mlnlmal SUSY 



I! Unique features 
1. µ : 6 e... • 2.4" p • .6 TeV 2",&,1111' 

p 

1: • p oentr•I lr•cker + 6E 

2. e . .,,_ : ti ('·3 )IJl o E • • 0.6 70 : 68 • At' • 0.2 

Shaping time : 3 ns 

Pcentral tracker • EB•fa 

3. JefS : Shaping time: 15 na 

ti • (60 • ,.o)~ or " • (60 • 4.o It, 
E ./E E ./E 

4. Central tracker : 6 P • o.6 . P. o.4 rev 
p 

Shaping time : 10 n• 



L* Assembly 

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 
UNDERGROUND SHAFT 
EXP.HALL HALLS COUNTIN Ci ROOMf 

IMAGNET DESIGN WORKSHCF 
FACILITIE! • 

( IRON PREP. IRON MANUFACTURE I 
I I I I 

I COIL PREP. I COIL MANUFACTURE I 
I DETECTOR DESIGN AND R&D I 

IMAGNET ASSY AN~ TEST~ 

DETECTOR MANUFACTURE 
I SUB-DETECT4>R ALLS 

SUB-DETECTOR PRE-ASSEMBLY 

IDETECTORI ASS V 
ITES" .. s 

I SERVICES I DAT4 



· l * Installation Sequence 
COUNTING 

ROOM 

) 
~~;-t:t-- - ~-++-.... 
·::: . .......... . . . . . : : : ..,__"T1.J .... . . · .. 

MUON CHAMBERS 

Step 5: Muon Detector installed. 

,.. 
. . . . . 

. . • • ••••••• .• ••• •• •••• 1, .. . . . . ... . . .. . . . ..... ' . . . . . . . ... . . . . . . . ..... . 
·.·:::; . . . w 

'. ·::. 
. ... . . . . . .. . 
. . . . 

. . . . . .. . . .. . . .. . . . .. 

I 
COUNTING-

1
-,lil[_-.:J---~, 

- ROOM 
I I I 

I I I I I :.-:.-;: 

' 

...... . . . . . . . ..... ... ... . .... ' •· ··. w 

... ' . . .. 1 . . . . . . .... . 
. . . . . . . .... . . . . . . . ..... . . . . . . . .... . . . . .. . .... ' . . .. . . ... . ..... .... . . . . .. . ... . . .. . .. . . . .. . .. . . 

I- ••• . . . . . .. -.... . .. . . .. . . .. . . .. . . .. . 



L * Installation Sequence 
I 

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

I 

. . . . . ' 
•:::::. I' . . . . . . . . . . . . 

COUNTING 1---------1 
., ROOM 

5=1~1 I I I I .... 
I I I I I I ... . ... .. . ..... ............ . ........... . .......... l 

_. _._..... F. · ·=· · ~-U..J.!:·=•:.-:=_.·.:!!11 
•~· 1.1:~:~ .. 1w·1,,w .. .,....!:l·•lll!IJ,1,i~n~•~··=· ·~· · LJ= .. ·=; .. ·.- · ·.:•:-:• Ul .... •::::. ·:::. . . . . . .. . . . . . . .. . ·:::. 'LI . ••• . . . . ,. l :::: . . . . . ... . .... J----~:Ja.----+-...liiiilliilliil...------1 ..... .... . ... . . .. . ... . ... . ... . . . . . .. . . ... 

3tep 3: Hadron Calorimeter installed. 

. . . ' . .. 

\ .· . . 
' ' . . 

COUNTING 
ROOM 

. . . .. . . 
. . . . . . . . . . , 
. . . . . . . . . . . ~-l___:_J!=::::.::.f .llllllllllWlJJ~~~~ . . . 

. . 
. . . . . . . . . . . . . 

C I (9 f' 'T' ri " '. A, /' If C' T'' f' f"" - I " 0 I If r" T ,- !"" • • •,. • -, 1 # • • I"' r • • - -- · \ "' 



L * Installation Sequence 

ACCESS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . 30 .... 
m ~r-r- -------

, .... . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . • . . . . . . . . ... . 

. . . . . . . . . . 
. . . . . . . . . . . . 

Step 1: Hall ready . 

. . . . . . . . . . . . . . . . . . • • ;i.,___ __ __., . . . . . . . . . . . . . . . . . . .. . . . . 

.... ::::, 

. .. . . .. . . .. . . .. . 

. . . . . . . ... . . . . . . . .... . . . . . . . . . .... . . . . . . . .... . . . . . . . . ... . . . ' .. . .... . . . . . . . .. . . . . . .. . . .. . . .. . . . . . . . . . . .. . . .. . I
:-:-:-: . 
••. . I --~la:S...--+------'iiil,,lij~--~ .... .... . . . . . .. . .. ... . ... . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 

. .. . . .. . . .. . . .. . . .. . . .. . 



* 



Technology and RID for Data Digitizer 

Muon Ch. 
Straw Tube 

BsFa 
Hadron Cal 

1 ns Shift Register c:::=> Hit Enooder 
Fiber Optic• for Signs/ Tr•n•ml••lon 

Analog· or Digits/ Pipellned ADC 

Analog Pipeline 
Switched Capacitor Array 
CCD c=:::;> Slow ADC 

Digital PiDeLine 
Flash ADC 
Sigma Delta ADC Fast Memory 

22 bit Dynamic Range of BaF. requires R/D. 



For L * We Need 
Additional Techonologies 

Very Fast front end Buffering 
L 3 : 500 µs L • : 16 ns 

Fast Pipelined Level-1 Trigger 
. 3 : 22 µs L • : 16 ns 

Fast Event Builder 
L3 : 16 Mbls L * : 1 Gbls 



Requirement of Electronics 

Subdetector Signal Resolution Dynamic Electronics Channels 
Range 

µ chambers Timing <1ns 1µs Discrim. 250,000 TDC 
BaF2 Ampli. 0.1% 22bits ADC 26,000 Calorimeter 

Hadron Cal. Ampli. <1% 12bi ts ADC 180,000 Si Pad 

Straw tubes Timing <1ns 0.1µs Discrim. 75,000 TDC 

Si microvertex Hit 16ns Special 76,000 

Scintillating Hit 5ns MCP· tube 50,000 fiber Discrim. 
Resistive Hit 16ns Discrim. 20,000 Plate Counter TDC 

Total Readout Ch. 700 k 
-- ··-- ---- - -- -- -



L 3 Trigger and Online System 
Muon Ch Had Cal BGO TEC 

4 G I( H-' 
I t ' 

ADC TDC FADC BBam Analog Sum 
..... Gate .. Trig ADC TDC 

BUFFER MEMORY 4 G C(; I . 
, 

100 Hz . Level 1 
' ' ' Trigger 

FAST BUS Ev. Build. ... Fast 
..... c, •• , 100 Hz , 10 Hz Level 2 

Level 3 Memory Trigger 
Trigger c,.., 

, 
1 Hz 

VAX 



Trigger and Data Acauisiti!2n 

,a• evl• 

Lsv-1 
400 n• 

RxKJ • evl• 

Lsv-2 

,011• 

Centr•I 
Tr•cklno 

••All <):=-

PIPELINE 
Analo• .. -~ 

Bynohronou• 

Ana/011 . ·" A1ynoh. 

,0 evl• IEnood. 

Lsv-3 1 , 111,y,./•~ -f tlby,./a 
,a evl• 

C•lorlm. 
EU IHAD 

Muon Ch. 

¢=:> .. -----•¢=> 

ADC 

L•v-1 Trio 

11600 

Lev-2 Trig 
11200 

Event BulltMr 

Lev-~ r,,_., 11100 

o.,.111or.,,. 

-.., 
mot 
''""·' 

TrHk 
Flttd•r 

L------1 I 
Enood. 

-,a I Cit. ro,., 



WORK FOR L * CENTRAL TRACKER 
CONSTRUCTION AND INSTALLATION 

All construction of the system is anticipated 
at Los Alamos. Collaborating universities will work on 
_ the components as follows : 

1 . Structure fabrication Loa Alamos 
2. Silicon detectors and electronics Loa Alamos 

3.Straw tubes, electronics Boston Univ., Moscow 
4.Scintillating fiber readout Los Alamos, Hamamatsu 

5. Simulations 

6. Data acquisition system 

Los Alamos, Boston 
Indiana, and others 

Las Alamos, Boston, 
Indiana, New Mexico 



l 
3 i . 
l l 
• 

• 

l 
l J i • .s • I i l 



ISAJET Monte Carlo •tudy Mlllple : 
10 •wwnt• owrlap 

{ I mini-bl•• etf9nta • 1 h_,, nent (,n H• BOO a.vJ) 
< N ch> ""260, 

for 8 ,,.,.,1c19 > 16 ° 
Ellk:Mnoy of tHonetruot W9l1IU ol 4 ,.,,,,,,,_ .. ,oo s, 

fTraok nnt1 .,no_,,,,,. >eosJ 
Standard dlvlatlon ol reootMtruot .want Z-ooordlnate, 

Oz • 0.85 Cm 

150 

E 
(.J 

100 
0 

' rn 
.,) 

C 
Q,) 
> 

r.TJ 

a • 0.8~cm 

0 u...... ..... ::.c..11111 ............... -...._._ ............................... 

-10 -a o 10 

~Zv•rt•x ( cm) 



• 
,_ --II .. 
J -l te -D 
:l ---
:, -.. -

• 

Straw Tubes 
8 0 layers optically aligned within 

25µ to silicon tracker 
Much done at Boston University 
+-a.mm Diameter driftime _,.15 ns 

CJ =: 691-1 
· Tests: 4x1014 nlcm 2{r,saion spectrum) 

Performance stable 

Fe~~ Calibration 
SSC Prot.olyp• 2t 

27-Dec-190 
f 16-Jan-90 

en I \5-Ma,-90• 
C: 

a•6Qµ ::, n 
0 u ' t. 

' 0 
200 600 I000 -- • - .. 

Residuals (micron•) Channel 



Ehgineerin_g & Mechanical Design Issues 

. Require 5l,lm wafer positional stability 

( 2% radiation length 

Manage waste heat ( 20 kW) 

0 0 Operate at -20 C and + 10 C 

Radiation exposure to be 10 Mrads over a 
10-year service life 

Los Alamos 
Experience and Technology in Space & Reactor 



Silicon detectors 
are reverse-biased diodes -

Thickness = 300µm 
- Collection time ,,. 10 ns 

Voltage 25-200 V 
32K electron-hole pairs for signals 

- Noise ( 1K electrons 
25µm for inner layers, 50µm for outer layers 
with 5-mr stereo angle 
Radiation resistance to f luences : 

1014 neutrons/ cm 2 

Front-end electronics mounted 
on the detectors 



Radiation Calculations 

by : Los Alamos 

L* geometry 

Neutron . f luence 
• 1n 

Central Tracker volume 
With 0.13X0 

boron-polyethylene shield 
12 2 10 /cm per year 



1 . To distinguish the sign e• and e-
from • 1 TeV particle r ....... e+e-

2. To meaaure the multiplicity of 
charged particles surrounding e and IJ 

3. To me•.,.. the momentum of e and µ 
to match with preciaion e and 11 
meaaurementa in specialized 
e and IJ detectors 

1989 Data Tau Decays into Electrons 
14 -------------

L3 : 
12 Data matching 

10 

8 

6 

4 

2 

0o 2 

E:P 

4 6 8 10 12 14 
P t ( TE C) vs E t ( 8 GO) 



L* Central Tracker 

§ ll U ,J cC ([J) l!ll llllllli :C l/\[l) a lf if_rp) § ( 7. 6 • I otq 

~0!f(IJJW · 0fl1J/JJ@5 & (75000t 

§ (t: d l![j a t1 ll II ({lJ tl n ((11 t!{j f n lffl le" § , s o o o o t 

angular acceptance 

vertex resolution ( r 4>) 
(z) 

)(~ Clll < r < 4() cm 
I zl < ISf) cm 

4 f) c 111 < r < 7 5 cm 
I zl < 15() cm 

s0 < e $ 175° 

2() µm 
·1 mm 

momentum resolution t1p/p = 1.25 * 10 -3 * p ((;eV) 
- SO % @ 400 GeV 



· L• Central Tracker: fi IJ fi <ID Iffi 

radial layers 

forward layers 

strip pitch for inner ( outer) layers 

stereo angle on alternate layers 

single detector thickness 

signal size for a mip 

signal to • ratio no,se 

signal collection lime 

radiation resistance to fluences 

JLV lt U (ID 11 

6 

2•12 

25 (SO) 

s 

JOO 
32000 

30/1 

10 

IO 14 

( r • 4> , z) cylinders-

( r • 4> , r) disks 

µm 

mrad 

µm (3.2 • 10-lXo) 

Qe 

typical 

ns 

neutrons/cm2 
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R & D nceclec) 011: 

UV - J l I 1 <l t. o cl i o c I es: . I ; , I>;, 11 

U 11 i fo r 11 1 I i g I 1 t co 11 cc: f. i o ll < II i c i c 1 1 c j' : . I , q • a 11 

IlacJiation resistance~ of LJ\'-diod,~s: I\I J'r-.la1>a11 

Low 11 o is e , w id e r < I y 11 a 1 11 i ca I r a 11 g c , fas t c r a 1 1 11 > I i f i < rs : 

MIT-ORNL 
Inexpensive flasl1 A ))C's: IJcC~roy 

J rr l J) r O Ve CJ p ll r i fi Ca f. i O ll Sy S f. < II l : ( o I II II aJ > i a - M f 'l' 

New J>rocluctiou IIH~tliods for x,~11011: 

U11io11 Carlliclc 
Liquid Air (Alphagaz) 
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Proto-type Work: 
Light attenuation > > 7 cm, 
Photoelectron yield: 50~000/5.5 MeV a's 
or 107 /GeV 
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Components of LXe Cell 
I. Photosensors 

5 cm diameter (Waseda) or 
1 cm • 1 cm (Hamamatsu). 

Rise time: 10 ns 
Quantum efficiency: 80% at 170 nm. 

Operate in magnetic field. 

II. UV Reflectors 
100 µm kaptotJ foil coated with Al and 

MgF2 with 85% reflectivity · tested. 

Ill. Amplifiers 
10 ns rise time at 500 pf. 



L * Electromagnetic Calorimeter 
Liquid Xerion Option 

Cllipsoidal Shape Covering 1171< 3 
5.2 m Long; 2.a m Diameter 

15 m3 Liquid Xenon 
24,000 Cells 

72,000 Readout Channels 

PHOTO 
DETECTORS 

THICK 
OUTER WALL SUPPORT FRAME 

LATCH 

100 
cm 

I 
THERMAL 

INSULATION 

7S ~===~-=-==-=-~=~ 
cm 

0 
0cm 100 cm 

COOLING 
PIPES 

200 cm 

CABLING 
I 

I A:._'-' M IN UM 
REFLECTOR 

IN INNER 
WALL 

CONNECTORS 

300 cm 



Construction: 1993 - 1997 
Crystal Production: Shanghai, Beijing 

Quality Control: 
Caltech, Annecy, CMU, Aachen, Bombay 

Radiation Hardness: Caltech, CMU 

Mechanical Support: ORNL, Annecy, Aachen 

Photodevice: Caltech, CMU, Aachen, Bombay 

Electronics: Princeton, Caltech, 
ORNL, Rome, Loa Alamos, Geneva 

RFQ Calibration: Caltech, CMU, Geneva 

System Assembly: Caltech, Annecy, O_RNL, 
Princeton, Aachen, Geneva, Bombay 



Crystal R & D Program 
SIC (Shanghai) and BGRI (Beijing) 

• Mass Production Methods for Growing 
Fast, Transparent Rad Hard Crystals 

• Use Pure and Doped BaF2 Pilot Crystals 

0 Systematic Study ot A are- ;::a.- (11 _ 

Especially La-Doped Ba~c2 C,, )1sia~s 

• Systematic Study of New Fluoride Crystal 
Scintillators: CeF3 , LaF3 , and other 
Rare-Earth Fluorides 

Manpower: 25-30 FTEs Per Year, 
For Three Years 



CALIBRATION IN SITU 
RFQ 

'{ 

3.9 MeV Ho 
• 1 

---~~ y 

r o · 
Up To 40 Ge V Equivalent Per Crystal 

Per 1 µsec RFQ Beam Pulse 

-2 -1 0 1 2% 

TEST RESULT: 
RMS DEVIATION of PEAK= 0.3% 



Scintillation of BaF2 

Select 
Fast Components 

K -Cs- Te Photocathode 

After Shaping, No La Doping 
Effective F /S > 1000 
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L * Precision EM Calorimeter 
Based on L3 Experience 

Large Scale R& D 
Over the Last 10 Years 

• Mass Production of Larg~, 
Radiation Resistant Crystals 
Shanghai, Annecy, Caltech, CMU 

• Electronic Readout: Linear to O. 1 % 
1 08 Dynamic Range 
Princeton, Lyon, Aachen, Rome 

• Cooling System: Constant to 0.1 °C 
Over Large · Volumes 
Lausanne 

• Thin Carbon Fiber Support: 
Minimize Inactive Material 
Annecy, Rome 

• Calibration in situ to < 1 % 
Caltech, Geneva, Lyon, Rome 
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L * Electromagnetic Calorimeter ( Baf,) 

a = 1.3% + o.s% 
E \IE 

a/jet 11 10-4 

Shaping time 3 ns, gate in 
One Beam -Crossing · 

Radiation Resistance 

• 8 = f:.f) = 0.20 

6 Energy resolution measured 

5 L3 : 12000 BGO crystals 
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HC CONSTRUCTION 
SILICON OPTION 

CENTRAL .AND ENDCAP REGIONS 
DESIGN 1991/92 

ORNL/ITEP /DUBNA/TENN 
Si DETECTORS 1993/97 

DUBNA/TENN R & D for production 
DUBNA/ORNL Ingots and wafers, Qualit 
ITEP /SERP Prototype construction 

Teats at ITEP / SERP, Quality control 
ELECTRONICS 1993/97 

ORNL/TENN Prototype/acceptance teats 
MECHANICS 1994/97 

ORNL Supporting and cooling 
ORNL/ITEP . Aaaembly 

ASSEMBLY . 1998/98 . 
ITEP /DUBNA/ORNL Det9ctor aaaembly 

Calibration ayatem,Acceptance taata 
SIMULATION 

ORNL/ITEP /DUBNA/SERP /MISS/LANL 
FORWARD SYSTEMS 

RWTH/ .ALABAMA/ BOMBAY 



HC CONSTRUCTION 
LIQUID SCINT. OPTION 

CENTRAL AND ENOCAP REGIONS 
DESIGN 1991 /92 

ORNL/ITEP /LLNL/TENN 
DETECTORS 1993/97 

ITEP/ORNL R l D for production 
ITEP /ORNL Detactora, Quality 
ITEP /SERP Prototype construction 
LLNL/ORNL Photodetectora 

ELECTRONICS 1993/97 
ORNL/TENN Prototype/ acceptance teats 

MECHANICS 1994/97 
ORNL · Supporting and cooling 
ORNL/ITEP . Assembly 

ASSEMBLY 1996/98 
ITEP/DUBNA/ORNL Delactor aaaembly 

Calibration ayatam~ceptance taata 
SIMULATION 

ORNL/ITEP /DUBNA/SERP /MISS/LANL 
FORWARD SYSTEMS 

RWTH/ ALABAMA/ BOMBAY 
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LIQUID SCINTILLATOR 
R&D ISSUES 

• Light collection system optimization 

• Scintillator should · match the fiber 
both chemically and optically 

• Fiber gluing and sealing techniques 

• Photo~etectors: fast, compact, 
stable, . tolerant to magne.tic field 

• Radiation resistance of fibers 

.., 



Cell separators 

The light readout _is made thru a fiber 
that spirals inside the liquid scintillator 
cell 



Liquid Scintillator Option 
Decay time : 2ns 

Mechanical design 
and 

Segmentation 
are the same as for Si 
except for detector gap (5mm) and 

absorber I detector thickness 

Simulation 
80 photons/per MIP I Layer 

at photodetector input 



SILICON DETECTOR 
R & D PROGRAM 

Started in 1988 

40 /TEP and 30 Dubna physicists and engineers 

/TEP, U Tenn, ORNL, . Dubna construct 
a silicon detector O. 5m x o. 5m 

to perform beam scan 
of hadron and electron showers 

/TEP, U Miss, RWTH (Aache,,) coordi,,ate 
simulation studies 



Silicon Procurement 
Silicon detectors are from USSR 
JINA (Dubna) is coordinating the effort. 
Current crystal l)roduction : 
Ti-Mg Factory (TMF) Ukraine 
monocrystals 76mm, 10cm long 
annual production 5 - 6 tons 

Current wafer production: 
Univ. of Blelorussla Research Cent•r, Minsk ... 

• performs· alici·ng, lapping, polishing, thermal 
oxidation, photolitography, ion implantation 
annual production of 700'000 wafers 
Silicon amoun f_ n~eded .-
5000m 2 Or 24 tons (20% contingency included) 
3'000'000 wafers 



Silicon 
Issues to be solved 

(1) Cost 
(2) e/h = 1 for Si/U 

More tests of Si/Fe-Pb are under · way 
(SICAPO) 

(3) Radiation damage should be understood 

( 4) Radiation hardness Silicon calorimeter 
should withstand total annual neutron 
fluence 10 12 to 10 13 neutrons/ cm 2 

Dose due to charged particles is less important 



ADVANTAGES OF SILICON 

- Speed : transit time 15-30 nsec _ 

- Linear Response : no saturation 

- Transverse· and longitudinal 
segmentation: 

only limited by number of channels 

- No cryogenics 

- Insensitive to magnetic fields 

- Monitoring : easy by source 

- Mechanics : simple 

- Stability in time : very good 



RADIATION EFFECTS ON SILICON 
- Radiation damage in silicon is bulk damage 
. due to trap formation. 
Leakage current increase due to these traps 
is highly temperature dependent. • We plan to operate the detector at - 20 C 
This gives factor 30- 80 in radiation hardness 

- The traditional use of Si in nuclear 
spectroscopy required long shaping times and 
low no~se, noise increase due to leakage 
increase was not tolerable . 
In case of 1 Ona shaping time the ef feet 
of noise due to leakage current is negligible. 

These two factors provide 2 to 3 orders of 
magnitude improvement in Si radiation hardness. 



Trigger Considerations 

! Fast energy trigger 

• Fast isolated muon -
trigger is also possible 
due to fine longitudinal 
and transversal 
segmentation 
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The e-m calorimeter is designed 
in a way that it can be replaced 

by a fine sampling (0.5XoJ 
silicon section. 

The entire calorimeter should be 
compensating. 

Oem 
E 

50% = --+ 1% 

-- 15% 
+ 1% 

Where the 1 % constant term is 
defined by systematic uncertainties 

of calibration, uniformity, stability, etc. 
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EXPECTED 
ENERGY RESOLUTION 

Froffl our experience with the La 
calorimeter the jet energy resolution 
of the combined BaF2 and Si/Fe-Pb 

calorimeter system will be: 

Oh = 50% + 4% 
E VE . 

.. i 

-·-
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