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1. PHYSICS AT LHC WITH THE L3P DE-
TECTOR

1.1. Physics Objectives

The great efforts made at CERN on the construc-
tion of a Large Hadron Collider {LHC) at a center
mass energy of 16 TeV and ultimate luminosity of
4 x 103%¢m~25~" will enable physicists to explore
competitively new frontiers of physics.

The plan to use the existing LEP tunnel and
mich of the existing CERN-LEP infrastructure im-
plies that LHC will be constructed in an economical
and timely way.

In this LOI, we propose to construct a general
purpose detector (see Fig. 1), which will have a
unique high resolution in measuring electrons, pho-
tons and muons, using much of the existing L3
equipment and infrastructure. The physics ob-
Jectives of L3P are not only to search for
particles predicted by current theories, such
as the Higgs boson, but more important, to
look for unexpected phenomena. The spirit of
this effort is to propose a detector which is comple-
mentary to other detectors at the SSC, Tevatron
and LHC. The design is based on a realistic assess-
ment of the very high LHC background situation
and on our efforts in studying e, 4, 7, including the
L3 experiment and the successful design of L* at
the S5C. It is our intention to ensure that a pow-
erful detector will be available for physics at LHC
turn on.

1.2, Physics Considerations

Over a period of a quarter of a century, there
have been many fundamentally important discov-
eries in elementary particle physics. These discov-
eries, which gave us 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 kinds of neutrinos [1]
came from measuring g and e final states.

2. The discovery of the J particle [2] shown in
Fig. 2a was done by an experiment on ete-
final states with a mass resclution of 0.1 %
and a hadron background rejection of 1/10'°,

3. The 7 lepton [3] was discovered with a de-
tector measuring the coincidence of y,e final
states.

4, The discovery of the P, state by the DASP
Collaboration [4] at DORIS in July 1975 from
a very clear and elegant observation of the 2y
transition of the ¥ is one of the most impor-
tant confirmations of the existence of charm
quarks.

5. The T particle [5] (Fig. 2b) was discovered by
an experiment with a g pair mass resolution

of 2 %.

6. The proof that the J particle is indeed a
bound state of ¢¢ quarks comes from preci-
sion inclusive photon measurements with Nal
crystals by the Crystal Ball group [6]. The
identification that the T particle is from a
bound state of bb quarks comes from inclu-
sive photon measurements by the CUSB [7]
and CLEO groups [8] as well as by the AR-
GUS and Crystal Ball groups [9].

7. The picneering study of et e~ pairs at the ISR
by the CCR and CCOR groups contributed
fundamentally to the understanding of the
production mechanism of new particles (J, T)
at high energies [10].

8. The discovery of the Z° particle [11] (shown
in Fig. 2¢) was done with large solid angle
detectors measuring ete~ and ptp~ final
states.

9. The W% [12] was found by measuring its
large momentum single electron and muon
decays.

These facts lead us to make the following obser-
vations :

e These discoveries were not predicted when
the original accelerators were constructed
(the Z and W excepted).

# None of these discoveries were made by de-
tecting hadronic final states.

¢ In general, the decay rate of heavy particles
into single lepton, single photon and lepton
patrs 15 much smaller than the decay rate
into hadrons. However, since the background
from large momentum transfer single leptons
or single photons and high mass lepton pairs
is generally very small, if an experiment can
be done cleanly and precisely, with good res-
olution and good hadron rejection, one can



clearly distinguish the signals from the back-
ground, as shown in Figs. 2a to 2c.

1.3. Design Considerations

In high luminosity hadron colliders such as the
ISR as well as stationary target experiments with
high intensity beams, 10!° — 10'2ppp on target
(with equivalent luminosity of 10** and higher}),
the background was always much higher than an-
ticipated. Monte Carlo calculations of background
can only be used as a lower order estimation of
the background. Part of the reason is because the
yields of photons, electron pairs and muon pairs are
many orders of magnitude lower than the yields of
hadrons. In addition, there are always abundant
amounts of muons, photons and neutrons traveling
along the beam and entering into the detectors. It
is often very difficult to trace the origin of these
particles.

The following experiments serve as examples for
designing a precision lepton and photon pair exper-
iment at LHC :

1. Test of Quantum Electrodynamics and
study of leptonic decays of vector
mesons at DESY. A series of experiments
[13] were done in a high intensity beam of
10! photons per second. The detector had
a mass resolution of AM/M ~ 1 % and a
hadron rejection of ee/hh = 1/10%. The key
elements of these experiments were such that

(a) The detectors were far away from the
target and no material was placed be-
tween the target and the detector to pre-
vent 7° conversion.

(b) Strong magnetic field between the tar-
get and the first detector elements swept
away low energy particles.

(c) Electrons were measured twice : first
the momentum (p) was measured by
magnetic spectrometers with threshold
Cerenkov counters and second the en-
ergy (E) was measured by shower coun-
ters. The requirement p = E eliminated
most of the backgrounds.

{d) The minimum transverse distance be-
tween the detector and the beam line
was =z 2 meters therefore the beam spray
did not enter into the detector.

2. Discovery of the J particle at Brook-

haven. This experiment [2] was carried out
in a high intensity proton beam of 10!? pro-
tons per second, equivalent to a luminosity of
10%em—25~ 1.

The key elements of this experiment were :

{a) Strict application of the experience
learned at DESY (see above) by locat-
ing the detector far away from the target
to eliminate the beam spray (the mini-
mum distance between the detector and
the beam line being again =~ 2 meters)
and by minimizing the material ini front
of the detector to reduce the #° conver-
sion and knock-on electrons. Indeed, it
was the development at CERN of hydro-
gen gas Cerenkov counters, with 3Jmm
spherical collecting mirrors and 125um
mylar windows at each end of the coun-

ters, that made this experiment possi-
ble.

{b) Development of high rate proportional
chambers to operate at low voltage and
orientate the wires 120° apart with the
result that these chambers (size 1 m?)
could work at 20 MHz and were able to
reconstruct the trajectory without am-
biguity.

3. Discovery of the T particle at Fermi Na-

tional Laboratory. This experiment [5] had
a mass resolution of 2 % using (1.5—3) x 1011
incident protons per accelerator cycle. The
proton intensity was limited by the require-
ment that the single rates at any detector
plane not to exceed 107 counts per second.

The mass resolution of 2 % was obtained by
measuring muon trajectories in free space.
The identification of muons was done by mea-
suring muons with an accuracy of =~ 15 %
(at 10 GeV) using trajectory informationin a
magnetized iron absorber. The minimum dis-
tance between the first counter and the beam
line was again = 1 meter.

. Muon pair study at the ISR. This was

a 27 detector [14] measuring muon pair pro-
duction with a luminosity of &~ 10%2. This
experiment was carried out with the classi-
cal method of measuring muons with magne-
tized iron sandwiched with large drift cham-



bers. Whereas the result of this experiment
provided very accurate information in study-
ing pp > pp + X scaling precisely, it also
revealed the great difficulty of aligning large
area drift chambers sandwiched in a closed
area between magnetized iron. We learned
that, in practice, it was difficult to align large
area chambers (3 x 6m?) to better than ~
Imm, with the result that the momentum res-
olution was considerably worse than that of
the original design value.

The L3 experiment at LEP. Nearly all the
physicists in this LOT participated in building
a 4w detector (L3) [15] which measures a 100
GeV particle decaying into a pair of muons
with a mass resolution of 1.7 %. L3 also mea-
sures electrons and photons with a coordinate
resolution of & 1mm, an energy resolution of
5 % at 100 MeV and an energy resolution of
1.3 % at 2 GeV. The L3 detector has a good
hadron rejection. The momentum of ple) is
measured twice, first in the vertex chamber
with a value of P, and second, by the preci-
sion muon chambers with a value P, or in the
BGO with a value P,. The muon energy loss
AFE is measured by the sampling calorimeter
which also monitors hard photon radiation.
The energy balance, P = AF+ P, ot P = P,
eliminates the backgrounds efficiently.

From the above five examples, we conclude that
a high precision detector to measure e, g, v at LHC
should have the following characteristics :

1.

To reduce the beam spray : the trans-
verse distance for most of the detector ele-
ments should be as far from the beam line as
possible.

. To reduce neutral particle background :

all elements should be far away from the in-
tersection point.

. To reduce charged particle back-

grounds : a strong magnetic field surround-
ing the intersection region is necessary.

. To reduce background on photons : the

individual electromagnetic calorimeter ele-
ments should be far away so as to separate
the 2 + rates from 7° decay and there should
be a minimum of material before the electro-
magnetic detector.

5. To reduce background on electrons :
the momentum of the electron (p) defined
by electron trajectories in a magnetic field
and the energy of the electron (E) defined by
pulse height with the individual electromag-
netic calorimeter elements should be both
measured with high accuracy, so that p = E
can be satisfied to the 1 % level.

6. To reduce background on muons : the
momentum of muons should be measured re-
peatedly (pi,p2...pn). The most precise mo-
mentum measurement (p]) can only be done
by measuring trajectories in free space. Other
measurements g5 to pn to &~ 10 % level are
used to reject background by the constraint :

P1=p2 = pn.

1.4. Technical Considerations

A realistic design of a large experiment must also
take into consideration the ability to build the de-
tector on time. Therefore, one must take into ac-
count the following :

1. Technical Capability : Many physicists in
this collaboration have continued R&D ef-
forts on precision instrumentation m muon
physics, in new crystals and in mass produc-
tion of high guality crystals for electron and
photon physics and in calorimetry. In the
following we give some examples (limited by
space considerations),

(a) precision instrumentation on
muon physics : over a period of 20
years, we have continued intensive R&D
efforts [16] to develop precision instru-
mentation for muon physics. This in-
cludes the following :

e Alignment systems : development
of high precision alignment systems
(bpm precision) with UV laser ver-
ification.

¢ Chamber construction : develop-
ment of methods to build high res-
olution muon chambers covering an
area of & 1,000m? with 30um pre-
cision,

+ Supporting structures : develop-
ment of supporting structures for
precise alignment of the chambers
{10pm reproducibility).



» Gasstudy : selection of the gases for
large area drift chambers in a mag-
netic field, and particularly non-
flammable gases.

The success of this program is the main
reason why we were able to build the
precision muon system in L3, and our
continued effort on muon R&D gives us
confidence to be able to construct a pre-
ciston muon system for L3P.

(b) precision instrumentation on
electron and photon physics : Since
most of the rare earth materials are pro-
duced in China and there are many ex-
cellent centers for crystal studies there
(Shanghai Institute of Ceramics, Shan-
dong University, Zhejiang University
and Beijing Glass Institute) as well as an
excellent research center in Russia (In-
stitute of Solid State Physics, Moscow}),
we have continued large scale systematic
efforts in developing new crystals and on
mass production at low cost of radia-
tion resistant crystals. The Chinese ef-
fort, under the coordination of Professor
D.S. Yan, and the Russian effort coor-
dinated by Academician Yuri Ossypian,
have been most successful. We are now
confident to be able to produce large
amounts of crystals for the L3P experi-
ment.

(c) silicon calorimetry : A large sys-
tematic effort on the properties of sil-
icon calorimetry, VLSI readout associ-
ated electronics and radiation effects on
both detectors and electronics has been
carried out by the SICAPO group [17].
Currently an intensive R&D program
lead mainly by the INFN (Florence, Mi-
lan and Rome} groups in L3 and by the
Pubna group is achieving the required
low cost for mass production on both
silicon detectors and associated VLSI
readout electronics, as well as on silicon
detector plane assembly.

2. Engineering Resources : The construction

of large experiments depends on a good col-
laboration between engineers and physicists.
Over the last 10 years, the L3 collaboration
has assembled a large group of engineers and

technicians from leading physics institutions
all over the world (member states of CERN,
Russia, China and the U.S.). It has taken
many years to establish mutual understand-
ing and collaboration among these engineers
and technicians who are now famihar with
each others measurement systems and prac-
tices. The ahility of this group of engineers
and technicians must be taken into constd-
eration in determining the complexity of the
final detector.

1.5. Financial Considerations

Qur experience in the construction of L3 and in
designing L* enables us to realize that much ef-
fort must be spent in understanding and controlling
the cost of general purpose detectors at LHC. The
enormous costs of the SSC and LHC detectors will
ultimately determine their completion date. With
limited financial resources available, it is important
for us to design a detector, taking into account the
following :

1. Use as much as possible of the existing
L3 equipment and infrastructure.

2. Construct the detector in phases but en-
suring that a powerful detector will be avail-
able at LHC turn-on.

1.6. The L3P Detector

Based on the above considerations, we present
the design of the L3P detector in Fig. 1. It has the
following unique features :

1. The central trackers (C} and (D) are far
away from the colliding proton beams. Most
parts of the first detector (D) (made out
of proportional chambers, drift tubes and
gas microstrip detectors) are located at least
1.65 meters away from the proton beam (see
Chapter 3). Even the very forward region
near |5| = 3 made out of the gas microstrip
detectors is located 50 c¢m away from the
beam.

The entire tracker (260 m®) can be removed
and a new tracker can be installed for special-
ized physics research, such as heavy ion phy-
sics. Indeed, the volume is large enough to
accomodate most of the dedicated heavy ion
detectors presented in the LHC EQI meeting
in Evian, France.



. We shall use crystals from China (for example
CelF3), specially made for L3P, for the region
|7 < 1.4. In the forward-backward region
14 < |nf <€ 3.0, a sampling calorimeter will
be used (see Chapter 4).

. The total amount of material in front of the
crystals and the electromagnetic sampling ca-
lorimeter is less than 3 % X,.

. Low energy charged particles will be swept
away by a 2 - 3 T magnet with a 7 meter inner
diameter and a 13 meter length. The 2 -3 T
field magnet means that it can be constructed
econommically and reliably. The combination
of large empty (= 50m®) volume around the
interaction point with a 2 - 3 T field implies
very low rate in the trackers.

. Photons are measured by the electromag-
netic crystal calorimeter, located at a mim-
mum =z 3 meters away from the intersection
point. At this large distance, the knowledge
of shower profiles from crystals yields accu-
rate information on the photon production
angle. This large distance also implies that
a 25 GeV 7°® — 2y will produce two sepa-
rate shower peaks and thus can be rejected.
The large distance also implies that the neu-
tral background on the crystal surface will be
minimized (see Chapter 4}.

. Electrons are measured twice, first from mo-
mentum information in the trackers (C) and
{D) to an accuracy of 1 % (100 GeV). This
will be matched with energy information ob-
tained from the pulse height measurement to
an accuracy of = 1 % at 100 GeV (see Chap-
ter 4).

In the second phase of L3P with the comple-
tion of the central tracker with a 3 T field, the
electron momentum will be measured with an

accuracy of 3.6/1000 (see Chapter 12).

. Hadrons are measured by a sampling calo-
rimeter (total absorption > 9A) which is con-
structed similarly to the L3 detector, with
read-out towers pointing to the intersection
region (see Chapter 5). It provides complete
11 coverage up to 1 = 4.6 {see Chapter 7).

. Muons are measured independently three
times :

(a) with multi-layer drift tubes (A), existing
L3 muon chambers (B), central tracker
(C & D), together with vertex informa-
tion (E) given by LHC (see Chapters 3
and 6).
Typically, if we use the 3 T (2 T) magnet
for 100 GeV muons we have :

(82); ~ 0.7%(1%)

(b} Measurements (A, B, C and E} without
inner tracker (D) yield :

(82), = 4%(6%)

(c) Measurements from stations A, B com-
bined and E yield :

(82)s ~ 10%(14%)

The requirement g3y = pz = pa elimi-
nates most of the backgrounds.

In the second phase of L3P, with the
completion of the central tracker with
a 3 T field, the muon momentum will
be measured to an accuracy of 3.6/1000
(see Chapter 12} and we shall have:

(82)) ~ 0.36%
(82); ~ 4%

(82)a ~ 10%

9. Because the first detector element is far away
from the beam, with the 3 T magnet the de-
tector will be able to use the ultimate lumi-
nosity of 4 x 103em~257! for e, u and v phy-
SICS.

10. The detector is designed to use much of
the existing L3 infrastructure, the forward-
backward muon chambers, a large part of the
central muon chambers as well as the existing
L3 magnet frame and toroidal doors.

To summarize, despite current financial limita-
tions, the L3P Collaboration intends to construct,
based on their past experience, a complementary
detector to all other detectors, at the SSC, Teva-
tron and LHC. We intend to fully explore the po-
tentials of LHC without compromises.



CHAPTER I
The Magnet System
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2. THE MAGNET SYSTEM

2.1. General Magnet Design Considerations

The use of large superconducting magnets has
increased in recent years, both in high energy phy-
sics and in fusion research. For example, ALEPH
and DELPHI magnets are operating successfully
at LEP/CERN, while the T-15 magnet [18] at the
Kurtchatov Institute, the LCT coils [19] at ORNL
and TORE SUPRA at Saclay are examples of mag-
nets for fusion research.

In this LOI we consider two versions for the su-
perconducting coil, a 2 T option (Fig. 3) and a3 T
(Fig. 4)), both having an inner free bore diameter of
7 m. The main advantage of the 2 T option is that
the magnetic flux can be contained by the existing
1.3 iron barrel. Although the 3 T option requires
additional iron in the barrel, it has the advantage
of reducing the charged particle background sig-
nificantly. Fig. b shows the background rate per
crossing in the innermost tracking elements as a
function of B. When increasing the field from 2 to
3 T the rate in the end-cap detector barely grows
while the rate in the innermost barrel tracker ele-
ment is reduced by 2.2. Beyond 3 T the background
reduction becomes less important. The cost of the
3 T option is higher due to the additional cost of su-
perconductor and structural material, and the iron
to contain the increased return flux.

As seen from Fig. 5 the detector will be able
to function at a maximum luminosity of 4 x
103%em—2s~t.

To minimize the thickness of the magnet we use
pure Al as stabilizing material and Al-Mg alloy
(thermally compatible with Al) as the structural
material. The magnet thickness is 0.5 — 0.7 Agps.

For this project we have followed a conserva-
tive approach by keeping the conductor in the elas-
tic state to suppress mechanical perturbations and
thus the admissible strain level has been limited
to 0.1% which corresponds to a stress level of 60-
70 MPa. To ensure a reliable operation one must:

¢ minimize possible thermal perturbations,

e ensure a high mechanical stability of the
winding to prevent important mechanical
perturbations,

¢ provide a stability margin for the conductor
as high as compatible with a reasonable wind-
ing thickness.

Following the broad experience of the Kurchatov
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Figure 5: Background rate as a function of mag-
netic field B for a luminosity of 1 x 103%¢m=2s71.

Institute in special adhesives for low temperature
applications in superconducting coils, we will use
adhesive foils developed by the aircraft industry.
These foils provide thin adhesive layers, not prone
to cracking, having a strength several times higher
than the typical shear stress met in SC coils.

A common feature for both aptions is the use
of recently developed Al stabilized conductors hav-
ing a thin copper layer lined over the Al surface.
This copper layer offers a good and reliable contact
with the main metal ensuring high thermal diffu-
sion, provides the possibility of soft soldering the
conductor elements for manufacture, and simplifies
the realization of low resistive current joints inside
a winding. Table 1 shows the main parameters of
the two options.

2.2. 2 Tesla Monolayer Solencid
2.2.1. Magnet General Description

The layout of the solenoid is shown in Fig. 3 and
its cross section in Fig. 6, while the winding char-
acteristics are listed in Table 2.

The design is quite similar to the successfully
operated ALEPH magnet. The monolayer wind-
ing of pure Al stabilized conductor is adhesively
bonded to an Al-Mg support cylinder which takes
a part of the radial magnetic pressure and almost



Table 1: Main parameters of the two magnet op-
tions,

Option L3p2T | L3P3T
Vacuum vessel
inner bore (m) 7.0 7.0
outer dia. {m) 8.0 8.2
length (m) 13.0 13.0
mass (t) 45 70
Cold mass (t) 100 220
Central induction (T) 2 3
Operating current (kA) 29 21
Stored Energy (GJ) 0.9 1.9
Magnet radial
thickness (cm) 50 60
in nuclear interaction
length (Aass) 0.5 0.7
| 126 m »
axial helium ritrogen  vacuum radial

support

shield  shigld vessal support

winding
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Figure 6: 2 T Magnet cross section.

Table 2: Winding characteristics of the 2 T option.

Type of winding monolayer
Coil dimensions
outer diameter of
supporting cylinder (m) 7.60
winding outer dia. {m) 7.44
winding mean dia. (m) 7.38
length {m) 12.8
Sections
number 8
winding length (m) 1.29
number of turns 100
length of conductor (km) 2.38
Inductance (H) 2.2
Dumping voltage (V) + 600
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Figure 7: 2 T Magnetic Field Distribution.

the whole axial compressive force. This cylinder 1s
cooled by the thermosiphon method and the con-
ductor is indirectly cooled by thermal conduction
through several layers of insulation. For a chosen
operating current of 29kA the conductor current
density can be as high as 40A/mm? for 27" with
a monolayer winding. Stability is ensured by pro-
viding a sufficiently high critical current margin,
by protecting the conductor with L.He temperature
shields, and by suppressing the mechanical pertur-
bations by designing the conductor and the cylin-
der to a low stress level {Tresca equivalent stresses
are limited to 60 and 104 MPa respectively}. To
ease manufacturing, transportation and assembly,
the winding 1s subdivided into eight sections sepa-
rated by 300 mm gaps, adjacent sections being fixed
to each other by flanges. POISSON computations
have shown a satisfactory magnetic field uniformity
in the central tracker region as shown in Fig. 7.

The vacuum vesse] is reinforced by seven spoke-
like assemblies made from 50 mm bars (radial sup-
ports) connecting the inner and outer shells. Such
a design allows the inner and outer shells to be as
thin as 20 rnm, while the average stress in the shells
does not exceed 23 MPa.

The conductor parameters are listed in Table 3
and Fig. 8 shows the cross section. A Rutherford
type cable, with strands of 1.3 mm diameter, is
soldered between two copper clad pure Al profiles.
The critical current for 3.1 T (which is the maxi-
mum field seen by a strand taking into account the



Table 3: Main parameters of the conductors.

Option L3P2T L3P3T
Dimensions
thickness (mm) 12.2 20
width (mm) 60 40
SC wire Nb-50% Ti | Nb-50% Ti
SC/Cu 2/3 2/3
diameter (mm) 1.29 1.29
number in cable 25 21
Critical current
in max. field (kA) 35 42
Stabilizer Cu clad Al | Cuclad Al
RRR 500 500
QOverall conductor
length{km) 19 37

17

25 NbTi+Cu wires
2 1.3 mm
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Figure 8: 5C conductor.
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Figure 9: Assembly sequence of the 2 T magnet.
On the righthand side a blowup of two coil sections
is shown.

self field) is twice the operating current. This pro-
vides a temperature margin of about 1 K, taking
into account warming-up of the cylinder by eddy
currents created when energizing the magnet in 2
hours, thus allowing a safe operation.

To ensure a high construction quality, the coil
and the vacuum vessel sections, equipped with their
radiation shield elements, wili be manufactured at
a company site. Possibilities do exist to air lift sec-
tions of such dimensions to CERN for the final as-
sembly. The following vertical assembly procedure
is proposed (Fig. 9):

¢ The end flange of the vacuum vessel with its
radiation shield is installed onto a special sup-
port structure,

¢ The first coil section is installed onto the end
flange by means of temporary supports and
all permanent connections with the flange are
fitted and tested.

¢ The first cylindrical section of the vacuum
vessel is engaged onto the magnet section and
is bolted to the flange.

o The second magnet section is installed on the
first one, attached to it, and all cryogenic and
electrical joints are welded or soldered and
tested.

e The second cylindrical section of the vacuum
vessel is engaged onto the second coil unit and
is bolted to the first vacuum vessel section.



e These cycles are repeated until the vacuum
vessel second end flange is installed and fas-
tened.

e The vacuum vessel is finally closed with 18
circular joints by welding, and vacuum tests
of the vessel can be performed.

# Cryogenic and field tests can be performed in
the surface hall before lowering the magnet
down to the pit.

2.2.2. Cryogenic System

In normal operation, the cryogenic heat loads are
about 500 W. A cryogenic system (1 kW refrigera-
tor, LHe vessel for thermosiphon, cooling and pipe
lines} can operate in varicus regimes:

1. Pre-cooling of the winding with cold He gas.

2. Cooling by natural convection of He vapor-
liquid mixture in the tubes attached to the
support cylinder.

3. Warming-up of the winding with warmer He
gas when necessary.

The pre-cooling requires about one week with a He
gas flow of 0.25 kg/s. This rate is determined by
the admissible level for the mechanical stresses in-
side the magnet structure, and for this, the tem-
perature difference in the coil should not exceed
30 K around room temperature and 50 K around
LN temperature. To absorb the transient heat load
caused by eddy currents in the cylinder when en-
ergizing, an additional amount of 1500 1 of liquid
helium is needed.

2.2.3. Power Supply and Energy Dumping
System

The magnet is energized with a stabilized semi-
conductor power supply (15 V/450 kW) in two
hours, this rate being limited by the acceptable
level for the eddy current losses (400 W).

When discharging, the high current density in
the conductor does not allow the extraction of all
the energy from the winding. A combined method
of dumping is used. After breaking off the cur-
rent supply circuit the current in the coil decreases
but, due to eddy currents warming-up the cylinder
to a much higher temperature than the conduc-
tor critical temperature, the winding becomes nor-
mal (quench-back effect). The coil discharge takes
about 60 s for a maximum voltage not exceeding

Table 4: Winding characteristics of the 3 T option.

Type of winding Double pancake
Coil
inner bore (m) 7.23
outer dia (m) 7.83
winding mean dia (m) 7.53
length (m) 12.3
Pancakes
number 92
number of turn in
a double pancake 17
thickness (mm) 82
length of conductor (km) 0.4
Inductance (H) 8.6
Dumping voltage (V) £600

£600V. About 350MJ of the stored energy dis-
sipate in the two dumping resistors {0.02€ each).
The same amount of energy dissipates in the wind-
ing and the remaining 200 MJ fraction dissipates
in the support cylinder. The maximum tempera-
ture does not exceed 100 K and the maximum tem-
perature difference between the winding and the
cylinder stays below 45 I, which is quite admissible
from the point of view of the mechanical strength
of the adhesive.

2.3. 3 T Solenoid

A design for the 3 T option, with a pancake type
winding, is shown in Fig. 4, the main parameters
being listed in Tables 1, 3 and 4. To get a coil
with sufficient strength to prevent mechanical per-
turbations, relative movements between the turns
are excluded by fixing each turn by adhesive bond-
ing to a disc shaped plate. All the winding elements
(Al conductor, Al-Mg tape and Al-Mg plates) work
together against the radial pressure (3.6 MPa) due
to the magnetic field, and the hoop stress is dis-
tributed uniformly over the winding cross section.
The role of these elements differs in resisting the
axial force (13 MN). The plates and tapes {which
are slightly wider than the conductor) form a stiff
lattice carrying the main part of the axial load. The
conductor, sitting inside these lattice cells, sup-
ports a reduced axial stress because it is surrounded
by a low Young's modulus insulation layer. The
conductor design is quite similar to the one previ-
ously described, but here we have more freedom to
choose the cross section of the conductor. For this
case the current density in the conductor can be



as low as 25A/mm?, and no problem is expected
for the magnet protection. The 92 double pancakes
are axially compressed with two (inner and outer)
sets of clamps then bonded together by gluing. LHe
tubes are attached to the clamps which are in effect
also used as LHe shields protecting the conductor
against thermal leaks. To compensate the small
difference in the thermal contraction coefficients of
the glued winding and of the metal clamps, springy
elements are placed at the ends of the coil between
the clamps and the winding. As in the 2 T op-
tion the conductor is indirectly cooled from tubes
glued to each plate. The thermal conductivity of
the Al-Mg plate with adhesive layers is sufficient to
provide pre-cooling of the winding in a week. The
cryogenic system is the same as for the previous
option. However the level of eddy current losses is
lower because the electrical resistance of the disc-
plate assemblies is much higher than the one of the
solid support cylinder. The assembly of the mag-
net follows a conventional procedure. The coil and
the vacuum vessel are assembled separately and the
coil is inserted inside the vessel and hung by fiber-
glass reds. Movements in the axial direction are
blocked by special fiberglass supports. However, as
in this case there are no intermediate radial sup-
ports between the two shells, their thickness must
be at least 48 mm. This brings, all in all, a 600
mm radial thickness for the 3 T option.

Design studies are in progress to decrease this
value down to 500 mm. However, it is already
clear that a straightforward extrapolation of to-
day’s proven techniques is not sufficient, and inno-
vative solutions must be found, They must be the
subject of R&D programs and qualification tests
before they can be implemented. For example the
problem of what is the acceptable stress level in a
pure Al stabilized conductor must be understood.

2.4. Magnetic Flux Return Frame

For a large magnet the construction and assem-
bly of the yoke in the underground area is the
longest operation. As the existing iron yoke of L3
is used for L3P, with only a slight increase of the
barrel thickness, this brings a decisive planning ad-
vantage. The cost of the supplementary structure
has been minimized by using simple manufactur-
ing techniques, keeping in mind that the amount
of work to be done in the underground area has to
be kept to a minimum, in particular heavy welding
must be suppressed as far as possible.

The construction and assembly of the L3P yoke
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follows closely the construction solutions and as-
sembly scenario successfully applied for L3. At
both ends of the magnet, the already existing L3
octagonal crowns are used as self-supporting struc-
tures to take the weight of the roof of the mag-
netic barrel. These crowns consist of eight open
frames filled with iron plates stacked side by side.
The barrel, also recuperated from the L3 magnet, 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, while
the three top octants rest on the crown by their ex-
tremities. When L3P is closed, the central hole of
the crown is filled with a movable pole plug. The
new plug and the yoke are optimized for a maxi-
mum induction of 1.9 Tesla in the 1ron. The exist-
ing L3 doors, equipped with their toroidal winding,
will be placed outside the new plug, to provide an
additional measurement for the muons in the for-
ward directions. The plug and the door together
make the magnetic end-cap. This heavy magnetic
end-cap can be displaced in the heam direction, on
grease pads, to give access to the inner part of the
magnet to load the superconducting solenoid sys-
tem and the inner detectors, and later allow main-
tenance of the sub-detectors. The construction of
the new plug is very similar to the construction
of the present L3 doors. The grease pad system,
foreseen to support the weight of the magnetic end
cap, is a direct extrapolation of the one already
used to support the 675 t L3 magnet doors and the
1,000 t L3 support tube. The weight is transmitted
to the grease where the pressure reaches 500 bars
and the friction factor is around 0.001. The moving
mechanism is a step by step system which allows
movement in 1 m steps.

For the 3 Tesla design option, an additional
50 cm thick iron layer will be necessary for the bar-
rel, these will be provided by laying two 250 mm
thick plates over the iron bars.
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3. CENTRAL TRACKING SYSTEM

3.1. Introduction

The layout of the central tracker system 1s shown
in Fig. 1, Fig. 10, and Fig. 11. It consists of a barrel
covering |p! < 1.4 and a forward tracker at 1.4 <
[n] < 3.0. In accordance with the discussion on
design considerations presented in chapter 1.3, this
central detector is designed to have the following
properties:

¢ It provides a resolution:

Apfp = 1% at pr = 100 GeV/c at 2 T,
Apfp = 0.7% at pp = 100 GeV at 3 T.
Apf/p = 0.36% at p, = 100 GeV with the
final system (see Chapter 12).

e It contains a total of 0.03 X, of material in
order to minimize photon conversion and to
avold degrading the resolution of the electro-
magnetic crystals.

¢ The first detector is 1.65 meters away from
the beam line, thus it is not reached by most
background particles, which are restricted to
a lower radius by the magnetic field.

¢ The tracker is designed to operate at the max-
imum luminosity of £ = 4 x 10* em=% 571
with the possible exception of the very for-
ward region.

o The entire tracker (260 m3) can be removed
and a new tracker can be installed for spe-
cialized physics research, such as heavy ion
physics.

Figs. 12a and b show particles arising from a sin-
gle bunch crossing (at £ = 103 em~% 571} in the
L3P detector for two field values(2T and 3 T). The
major detector background is due to low-p, charged
particles produced in "minimum bias” interactions
{Fig. 13). The magnetic field curls the trajecto-
ries of these particles, which can induce multiple
hits in the trackers (Figs. 12a and b). Because the
background is considerably higher at small 8 (see
Fig. 14), different detector technologies are speci-
fied for the barrel and forward regions, as described
below.

3.2. Barrel Tracker
The barrel spans the rapidity range |pj < 1.4
(see Fig. 11). The barrel initial tracker is shown in

Arbitrary units

1.5 2

1
R (GeV/c)

Figure 13: p; of minimum bias event particles in
different rapidity ranges.
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Figure 14: Background rate in different regions of
central tracker. For the central region the 3 T field
will reduce the rate by a factor of 2.2.



Fig. 15 and the final design is discussed in Chap-
ter 12. The tracker is used to determine the mo-
menta of charged tracks originating at the interac-
tion point (IP) by measuring their sagitta in two
concentric superlayers composed of drift tubes and
proportional chambers.

High coordinate accuracy is needed in the bend-
ing (r/¢) plane in order to obtain a precision mo-
mentum measurement. This accuracy is achieved
by sampling the track position at several measure-
ment planes within the two superlayers. By mea-
suring the bending coordinate N times, the average
measurement improves in accuracy by a factor of
v/N; this multisampling technique has been suc-
cessfully applied in the muon chambers of the L3
experiment [15).

The two barrel superlayers are located at average
radii of 1.65 m and 2.7 m. Although the most sen-
sitive momentum determination is achieved when
the three measurement sites are equally spaced,
the inner superlayer (which effectively measures the
sagitta of a track between the IP and the outer
layer) is displaced to a slightly larger radius. This
is done to gain a considerable background reduc-
tion (i.e. a factor 1.5) with less than 4% change in
the momentum precision.

The inner superlayer, at B = 1.65 m, performs a
precise coordinate measurement using 8 planes of
drift (straw) tubes [20], which are grouped into two
clusters (each 4 tubes deep), separated radially by
20 cm.

The radial separation within a superlayer in-
troduces a local lever arm that helps in reject-
ing background tracks, which are mainly at low p;
(Fig. 13), thus curl significantly in the magnetic
field (Figs. 12a and b). In contrast, the high mo-
mentum particles from the events of interest have
almost straight trajectories, hence they are better
distinguished (see Fig. 15).

The straw tubes are made out of thin (25 pm)
plastic-wall tubes with a diameter of 5§ mm. The
tubes contain a CFy + Ar + t56C4 H1o gas mixture
and operate in the proportional mode. This gas
mixture is chosen because it has a large electron
drift velocity (100 jsm/ns). This property provides
a fast (drift+shaping time < 45 ns) coordinate mea-
surement in each tube with an accuracy of 125 ym
[21] .

A measurement in the the inner superlayer (con-
taining 8 layers of straw tubes) thus provides an
accuracy o = 125um/v/8 & 45um. The length of
the straw tubes is limited by the maximum occu-
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pancy {~ 1%) that can be tolerated without signif-
icant loss of reconstruction efficiency. Accordingly,
the inner superlayer tubes are each 30 cm long.

In order to aid pattern recognition in the tracker
barrel, a set of proportional chambers are sand-
wiched between the two layers of drift tubes. Three
successive planes of these chambers are at 0°, 120°,
and -120°, which causes a legitimate particle track
to produce signals on a triplet of wires. The dis-
tances dy,ds, d3 measured from the 3 wire plane
satisfy the relation

dy + dy + d3 = const.

A fast validity check can then be performed
(i.e. the wires hit in the first two chamber planes
uniquely determine the wire that must fire in the
third, such that all three wire addresses always
sum to the same constant), thereby resolving am-
biguities that can be expected from neutron atbedo
and a noisy, high-rate environment. Chambers of
this type were successfully used to resolve high-
background, multi-track events in experiments ran
at luminosities above 10%%¢m=2s71[2].

To keep material al a minimum, these pattern
recognition chambers are supported on very large
thin frames, see Fig. 16a, and possess on-chamber
sparsification electironics that reduce the required
cabling bulk by at least a factor of 16. The com-
pressive force of the wires is supported by Rohacell
planes {0.05 g/cc) with inlayed C-fiber supports.
The 0° plane is segmented into 1 meter long over-
lapping sections, see Fig. 16b. The frames of the
large modules also overlap in r¢, in order to attain
full acceptance.

These chambers are filled with the same gas mix-
ture used by the drift tubes. The introduction of
C'F4 1s known to lower the aging rate of gas detec-
tors [22]. This is an important feature, consider-
ing the large {and somewhat unpredictable) back-
ground rates expected at LHC.

The outer (at R=2.7 m) and inner superlayers
have similar structure. The outer superlayer, how-
ever, contains 4 layers of drift tubes, thus produc-
ing a net bending-plane coordinate measurement of
o = 125um /4 =~ 62um.

Since the background expected in the outer
tracker is about a factor of 10 lower than that of
the inner tracker (see Fig. 14), the length of the an-
ode wires in both the drift tubes and proporticnal
chambers can be increased from 30 cm to 1 m, and
the anode wire pitch in the proportional chambers
coarsened from 1.5 mm to 3 mm.



As indicated above, the measurement of particle
momenta can be degraded by multiple scattering
i the tracker structure. Excessive material in the
tracker region can also create additional charged
background by converting photons arising from #°
decays. In order to address these concerns, provi-
sions are taken to minimize the amount of material
used in the mechanical structure of the trackers.
Accordingly, the thin plastic walls of all drift tubes
and proportional chambers of the central tracker
are designed to introduce as little as 0.03 Xj.

A special R&D program is dedicated to mint-
mizing the material needed to supply the gas and
anchor the wires.

The main features of the barrel tracker are sum-
marized in Table 5.

3.3. Forward Trackers

Forward (backward} trackers (Fig. 11) cover the
rapidity range 1.4 < |#| < 3.0. As in the bar-
rel, charged particle momenta are determined by
a sagitta measurement. Because of the projection
into the bending plane, particles passing the for-
ward detectors will have a lever arm (£, } that de-
creases with polar angle # (as opposed to the barrel
arrangement, which results in a £, independent of
#). The two forward tracker superlayers are situ-
ated along the beam axis, at 3 m and 5 m from
both sides of the interaction point.

A forward superlayer consists of several propor-
tional chamber planes in combination with g-strip
gas chambers (MSGC) [23] installed at small an-
gles. These components are grouped into two sub-
layers of similar structure. A schematic of such a
sublayer is shown in Fig. 17.

The forward chamber arrays are designed as a
series of disks centered on the beamline, with an-
ode wires stretched in the radial direction. Fig. 17
portrays slices of these disks as arranged in a sub-
layer (the disks are also radially segmented, as will
be discussed below). A superlayer is composed of 2
sublayers, each of which contains 4 disks. Succes-
sive disks in a sublayer are rotated about the beam
axis (relative to their predecessor} through an an-
gle that displaces the corresponding wires in neigh-
bouring disks by 1/4 of their ¢ pitch. This stag-
gered arrangement of chamber disks produces an
effective sublayer position resolution that is a factor
of 4 better than that achieved with a single cham-
ber. The superlayer arrangement thus achieves a

net coordinate resolution of: (’“‘”’;;;";dth)

The anticipated flux of charged particles through

14

the forward trackers i1s plotted as a function of
radius in Fig. 18a (for the inner superlayer} and
Fig. 18b (for the outer superlayer). The chambers
spanning the tracker disks are radially segmented
into concentric annular regions, to maintain a low
occupancy and to keep a close wire spacing {hence
preserving the measurement granularity). Accord-
ing to the expected background flux at the chamber
location, a tracker disk is divided in up to four such
annuli, which are labeled as regions 1-4 in Figs. 17-
18b. Proportional chambers cover the regions at
larger radius; the wires are spaced such that their
minimum separation is 2 mm. The disks compos-
ing the superlayer closest to the IP (situated at 3
meters along the beam axis) contain two annular
regions of proportional chambers (regions 3,4; see
Figs. 17 & 18a). The superlayer at larger distance
(5 meters along the beam axis) 1s composed of disks
split into 3 such annular proportional chambers (re-
gions 2,3 4 in Fig. 18b).

The segments of the forward tracker closest to
the beam consist of MSGC’s (regions 1 and 2 in
Figs. 17 & 18a, and region 1 in Fig. 18b), with
radially-directed strips pitched at a 0.2 mm min-
imum width. There is one such layer of MSGC
contained in each sublayer of the forward trackers
{thus the MSGCs appear in only one of the disks
portrayed in Fig. 17).

To measure the radial track coordinates and fa-
cilitate pattern recognition, each sublayer is com-
plemented with two additional proportional cham-
bers, having anode wires at £120° (these are shown
at left in Fig. 17).

As in the barrel trackers, a fast, low aging-rate
gas mixture of CFy + Ar 4 isoC4 Hig is used in all
of the forward chambers.

The measurement accuracy of the forward sys-
tem will be ~ 100pm at larger angle (where
measured by radial proportional chambers) and
~ 40pm near the beamline (where measured by
MSGC’s). The parameters of the forward tracking
system are listed in Table 6.

3.4. Mechanical Accuracy and Alignment
The large volume of the L3P inner tracker, to-
gether with its low density (thus extremely small
multiple scattering) enable a high-precision mo-
mentum measurement to be performed. As out-
lined in the example given below, a resolution of
Ap/p < 1% can be achieved at p = 100 GeV, pro-
vided the mechanical accuracy is known to Az =

30um.



Table 5: Parameters of the barrel central tracker

Inner superlayer | Quter superlayer
Total length [m] 6 9.8
Radius of first drift tube layer [mn)] 1.55 2.6
Radius of second drift tube layer [m] 1.75 2.8
Length of drift tubes [m)] 0.3 1.0
Occupancy/(tube x bunch) at 103em=257T 0.006 0.0009
Number of layers in drift tube layer 4 2
Measurement accuracy in the bending plane [um] 45 62
Total number of drift tubes (TDC channels) 331,752 135,717
Radius of proportional chamber layer [m] 1.65 2.7
Length of proportional chamber wires [m] 0.3 1.0
Total number of proportional chamber wires (Digital channels) 229,940 166,430

The trajectory of a 1 TeV muon in a B=2T field
over £; = 2.8 m will produce a sagitta of:

s=03B¢,.%/(8 p) = 600 um

Scaling from 1% at 100 GeV, the expected tes-
olution becomes Ap/p = As/s = 10%, implying
that &As = /62 + (Ar)? < 60pum, where § = 53
p#m is the resolution of a multi-chamber superlayer.
Consequently, we obtain as requirement on the me-
chanical accuracy: Ar < 30um.

For a 3 T field the same alignment accuracy is
necessary to improve the resolution at higher mo-
menta. In order to achieve the ultimate resolution
of Ap/p = 0.36 % at p = 100 GeV, the r.m.s. me-
chanical alignment error should be: Az < 20um.

This is a very tight alignment tolerance, which
demands:

e A carefully designed and highly repro-
ducible support structure, with accurately
predictable deflections under load.

¢ Special instrumentation for high-accuracy
initial survey and alignment.

¢ Dynamic monitors that precisely record sub-
sequent deviations caused by temperature,
pressure, magnetic field, and other environ-
mental changes.

In L3 we have reached such accuracies in a vol-
ume of more than 1,000m?. At L3P we note two
essential advantages that will aid significantly in
attaining a 20 uym alignment:
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¢ The inner volume is a large open space, al-
lowing unobstructed alignment lines-of-sight
and a monolithic support structure.

o The structure is light and thermally stable.

o Application of previous L3 experience and
precision instrumentation.

Indeed, accuracies of < 30pm were achieved in
all 16 modules of the L3 muon detector [15] (see
Fig. 19). Set to "0” by optomechanical systems,
the alignment was independently verified by cosmic
rays and UV lasers. The r.m.s. of the measured
sagittas is indeed

Az = 17pm.

This has been verified by measuring the momentum
resolution in Z — p*u~ decays (see Fig. 20).

The total volume of the L3 muon system is 1,000
m3. It is divided into 16 modules, each of which
has a volume of (6 x 6 x 3) m® and weighs 5.8 tons
(the entire L3P central tracker is thus comparable
in size and volume to a single L3 muon module).
The middle plot of Fig. 21 shows the measured de-
flection at the most sensitive spot of a L3 module
under a 360° rotation, during which the structure
reproduced to within the measuring accuracy of 6
prm.

The L3 octants track the position of the three
precision chamber layers that measure the sagitta
{i.e. momentum) with specially developped and in-
expensive "straightness monitors” [24], which are
depicted in Fig. 21. Light from an LED mounted



Table 6: Parameters of the forward central tracker

First superlayer

Second superlayer

Distance from interaction point [m] 3 5
Radial span of MWPC’s [m]
1 0.8-1.1 0.9-1.2
2 1.1-1.7 1.2-2.0
3 2.0-2.8
Number of layers of MWPC’s
Chambers with staggered ¢ pitch 4 x 2 4 %2
Pattern recognition chambers 2x2 2x2
MWPC measurement accuracy in the bending plane [pm)] 100 100
Number of channels in MWPC’s
1 31,200 30,000
2 42,000 46,800
3 75,600
Total on both sides 146,400 304,000
Occupancy/(MWPC channel x bunch) at 10%¥em=2s~1 [%]
1 1.5 1.8
2 0.8 0.8
3 0.2
Radial span of MSGC’s [m]
1 0.32-0.5 0.52-0.9
2 0.5-0.8
Number of layers of MSGC’s
1x2 I1x2
Number of channels in MSGC’s
1 20,000 34,000
2 32,000
Total on both sides 104,00 68,000
Occupancy /(MSGC channel x bunch) at 1 x 10%cm™%s! [%]
1 0.5 0.3
2 0.3
MSGC measurement accuracy in the bending plane [um)] 40 40
Total number of channels (Digital readout) 250,400 372,800
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Figure 17: Schematics of forward tracker sublayer.

on layer 1 is projected through a lens on layer 2
onto a quadrant diode on layer 3. As calibrated on
an optical bench, these points align perfectly when
all quadrants receive equal light. When installed
on the chambers, the detected illumination imbal-
ance thus provides a precise measure of the 3-point
misalignment. The bottom plot of Fig. 21 shows
the behaviour of a 1.3 module over 2 years of run-
ning, as measured by these monitors. Better than
10 pm absolute and 5 gm relative accuracies were
maintained.

Figs. 22 and 23 show the L3P tracker being sup-
ported by a carbon fiber structure with honeycomb
cylinders. The entire detector is light {i.e. 3 tons,
half of the L3 module weight). Similar straight-
ness monitors are used to align the superlayers to
one-another and the IP, as schematically depicted
in Fig. 23. The technologies developed at L3 will
thus be adequate for attaining the required 20 pm
mechanical alignment.

The tracker structure is self-contained and inter-
nally aligned. The tracker is suspended from the
calorimeter and adjusted by 3 kinematic mounts
at each end. Straightness monitor components are
mounted on the two superlayers (photodiode on the
outer and lens on the inner). A small, lightweight
cylinder at the center of the tracker (termed the
“alignment reference” in Fig. 23) carries radiation-
hard light sources that illuminate the straightness
monttors, which are between the corners of the fidu-
cial volume at the edges of superlayer boundaries
(as depicted by dotted lines in Fig. 23). This cylin-
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der is in turn located relative to the beam pipe
(by which the interaction point is determined) by
touchless proximity sensors. If the beam tube is not
sufficiently stable, the beam reference can be ac-
quired by inserting additional monitors that track
the machine quadrupoles. The beam can alsc be
more directly located with respect to the refer-
ence cylinder by using beam position monitors (i.e.
pickup electrodes or flux loops fixed to the beam
tube). The precision calibration of such devices
and their operation in the strong magnetic field will
require additional R&D.

The entire tracker thus forms a closed system,
with only one "global” reference required from the
outside. The forward, barrel-left, barrel-right, and
backward modules are attached to a common struc-
ture, and are independently aligned by straight-
ness monitors. Since a precision of 20pm is re-
quired from the sagitta measurement, the straight-
ness monitor elements are referenced directly to the
precision-machined end plates that locate the drift
tube sense wires, thereby incurring minimal align-
ment transfer error.

Fig. 22 shows an end-view of the chambers, as
mounted in concentric support cylinders that are
held in position by cross-braced tension rods. Be-
sides resulting in a light structure, this mounting
strategy exclusively applies linear forces, insuring
that the structure can be reliably modelled (as
was accomphlished at L3 [15]). This is not possi-
ble if plates and welds introduce additional ten-
sor forces that can change with temperature gradi-
ents. For thermal stability, carbon fiber materials
(< 3 ppm/°C) are used, which have a low radiation
length, yet maintain high strength.

To avoid induction shocks from changes in the
magnetic field, the support cylinders are longitudi-
nally interrupted by an insulating strip.

3.5. Readout Electronics

The initial data acquisition system will accept
timing information from about 300k drift tubes for
time-to-digital conversion and about 1,000k chan-
nels of digital (binary) information from propor-
tional chambers and MSGC’s (see Table 7).

Because of the high channel count, we are
planning te site much of the electronics at or
near the detector (i.e. certainly the preampli-
fier/discriminator/sparsification ASICs, and possi-
bly the drift tube TDCs & digital pipelines as well).

The drift tube TDCs (Fig. 24) will measure the
drift time relative to the most recent beam crossing



with a 1 ns resolution. Accordingly, only 4 bits of
TDC range are required to span the full 15 ns bunch
crossing period. The TDC ocutput is sampled by a
5-bit digital pipeline, clocked synchronously with
the beam gate (four bits are used for the drift time
information, with an additional bit to signal the
hit occurance). The digital pipeline is planned to
be 128 locations deep, allowing a first level trigger
decision delay of 2 ys. Upon receiving a first level
trigger, the contents of the pipeline location corre-
sponding to the accepted event (plus the contents
of the 3 previous stages) are transferred to a local
buffer and propagated through the readout chain.
In this fashion, the 60 ns history following trigger
signal, 2.¢. the whole range of the straw tube drift
time, will be available for subsequent analysis.

Similar readout electronics will be used for both
the proportional chambers and gas micro-strip de-
tectors (see Fig. 25). Since time information is not
produced, these channels will not contain TDCs,
hence their digital pipeline will be only 1-bit wide.
Only a single pipeline location needs to be trans-
ferred upon receipt of a level 1 trigger, if the pro-
portional chamber signals arrive within a single
beam gate (otherwise previous pipeline locations
must also be included).

3.6. Performance
3.6.1. Momentum Resolution
As previously discussed, the central tracker pro-
duces a momentum measurement that is derived
from the track sagitta determined from the two su-
perlayers. This approach requires that the interac-
tion point is known to 20pm RMS in the bending
plane and to 5.7 em RMS along the beam axis.
The momentum resolution of the central tracking
system is shown in Fig. 26 for 100 GeV particles.

3.6.2. Pattern Recognition

The ~ 45 ns latency of the drift tubes is sig-
nificantly longer than the 15 ns bunch-crossing pe-
riod at LHC. As a result, background from several
bunch crossings (see Figs. 12a and b) will superim-
pose, correspondingly increasing the effective oc-
cupancy of the inner trackers. Moreover, since the
rotation period of spiraling background particles is
rather long {30 - 60 ns per cycle), particles from
previous bunch crossings will contribute to the in-
stantaneous background included with the recon-
structed event (this effect has been accounted for
in Fig. 14).

We have performed a Monte Carlo [25],[26] study
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Table 7: Associated Electronics Requirements.

Signal | Resolution | Dynamic | Electronics | Nb. of channels
Straw Drift Tubes | Timing I ns | 60 ns Disc., TDC 500k
Prop. Chambers Hit 15 ns Disc. 1,000k
Gas Micro-Strip Hit 15 ns Disc. 200Xk
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Carbon fiber Honeycomb structure.
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Figure 23: Mechanical structure of central trackers; elerments of the alignment system are shown.
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bers.

to examine the efficiency of the momentum recon-
struction 1n the central tracking system for isolated
charged particles (i.e. leptons produced in pro-
cesses such as H? —» Z°2Z% 4 41 or heavy gauge
boson decays like Z' — 1ti™).

The leptons were reconstructed in the presence
of ”minimum bias” background corresponding to 5
superimposed bunch crossings {75 ns) at a luminos-
ity of 10¥em=2s~1.

An important part of the pattern recognition
and analysis will incorporate the information from
other L3P subdetector systems. For example, re-
construction of an electron relies on matching the
position and energy of a shower measured in the
high-granularity electromagnetic calorimeter (see
Chapter 4) with the direction and momentum of
a particle track measured in the central tracker,
which will provide an accurale measurement (~
1 mm) of the impact coordinates,

Muon momenta are independently measured in
the muon system (see Chapter 6). In the barrel re-
gion of the central tracker, a muon reconstuction al-
gorithm uses the measurements of the background-
free outer muon system (which estimates the mo-
mentum with ~ 14% accuracy for a 2 T coil) to
identify the locations of candidate muons in the
central tracker.

This information defines a fiducial zone in the
inner tracking system within which the muon track
must appear. Combining the corresponding tracker
data with the muon system measurements (see A,B
in Fig. 1) we can obtain a ~ 6% momentum accu-
racy using the outer superlayer of the inner tracker
{C) for a 2 T coil and ~ 4% for a 3 T coil. The
final resolution of ~ 1% at 100 GeV for a 2 T coil
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Figure 27: Muon momentum reconstruction effi-
ciency at different momenta in barrel trackers for
a 2 T coil. Note, for a 3 T coil the reconstruction
efficiency is very close to 100%

and ~ 0.7% for a 3 T coil is obtained when in-
corporating data from the inner superlayer (D). A
momentum reconstruction efficiency close to 100%
is reached for mucns traversing the barrel region
(Fig. 27).

Fig. 28 shows the reconstructed muon resolution
at 100 GeV wit h and without a 60-event minimum
bias background, plotted for {n| < 3. Fig. 29 shows
the corresponding track reconstruction efficiency.
Both the resolution and efficiency in the forward
regions (1.4 < |n| < 3) are different from those in
the central region (n < 1.4) because of the of high
background density.

3.7. R&D Program

& An investigation of the mass production of ac-
curate drift tubes has been started (~ 500K
such devices will be needed for L3P). Proto-
type tubes of 25 pum wall thickness, 5 mm
diameter, and | meter length have been con-
structed at ETH Zurich. Particular attention
is given to reducing the material introduced
through gas and electrical connections,

A corresponding study of suitable drift gases
at MIT has measured drift velocities and
examined the behavior of several candidate
mixtures, leading to the choice of Ar : CF; :
isoC4Hp; see Fig. 30, Additional tests
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Figure 26: Central tracking system momentum resolution at 100 GeV.
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Figure 28: Accuracy of 100 GeV muon momen-  Figure 29: 100 GeV muon momentum reconstruc-
tum measurement in the forward trackers for a 2T  tjon efficiency in the forward trackers. The effi-

coil. For a 3 T coil the resolution improves approx- ciency does not change from 2 T coil to a 3 T coil.
imately by a factor of 1.5.
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Figure 30: Measured characteristics of candidate
gas mixture. The B = 2.0 T curve is based on
calculations.

24

are underway to determine the exact time-
distance relationship, and to optimize the gas
performance at higher magnetic fields.

Designs of the tracker structure must be eval-
vated. Accordingly, they will be modelled
and analyzed via the NASTRAN software
package. This procedure was used for L3 and
produces estimates of the static, dynamic and
thermal structural response.

Although the straightness monitors present
now a sufficiently mature technology for our
applications, appropriate proximity sensors
and beam position monitors must be searched
for.

Cost-effective production of proportional
chambers with Rohacell carriers are being
studied and prototypes are under design. The
chambers will be tested for their long-term
stability. Simple techniques of mounting the
readout ASICs are being studied. The behav-
ior of these chambers with the CFy gas used
in the drift tubes is being investigated.

Low-cost, radiation-hard electronics for
chamber readout and data processing is un-
der study by ETH Zurich and LeCroy Re-
search, Geneva.

(Gas microstrip chambers will be investigated
with C Fy-based gases in a magnetic field.



CHAPTER IV

Electromagnetic Calorimeter

Figure 31. Electromagnetic Calorimeter division
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Figure 32. Mass spectra of 1t °, £°, n° as measured in L3 BGO Calorimeter



4. ELECTROMAGNETIC
CALORIMETER

4.1. Introduction

The design principle of the electromagnetic ca-
lorimeter is based on the practical experience de-
rived from the construction and operation of the
L3 BGO crystal calorimeter [15] and many years
of precisely studying electrons and photons at high
intensity beams. The L3P electromagnetic calo-
rimeter system includes a cylindrical barrel (Fig.
31) of tapered, trapezoidal crystals similar to the
barrel L3 BGO calorimeter, covering the interval
] € 1.4. A forward endcap calorimeter covers
the region 1.4 < |pf € 3, and is described in sec-
tion 4.10. The barrel detector has the following
unique propetties:

¢ It is located approximately 3 meters from the
interaction point, so as to reduce the radia-
tion level and neutral particle Aux. Since the
RMS pileup energy is inversely proportional
to the calorimeter radius (Fig. 33}, the pileup
noise is appreciably reduced by locating the
calorimeter at a large distance so that the
photon density is reduced and charged parti-
cles are swept away; see Fig. 34. More details
on this topic are provided in Ref. [27].

The amount of material in front of the crys-
tals i1s only 0.03 Xj.

It measures the electromagnetic energy to
better than 1 %.

The fine granularity of the crystals eliminates
the need for additional instrumentation for
photon pointing (i.e. segmented crystal read-
out or preradiators); see Ref. [27].

The good angular and spatial resolution of
the crystal array provides a unique opportu-
nity to study multiphoton final states, as has
already been demonstrated with photons in
the L3 calorimeter (Fig. 32).

4.2. Description of Detector

Several crystals [28] are good candidates for a
precision electromagnetic calorimeter at LHC. For
design purposes, we have assumed Cerium Fluoride
{CeF3) crystals. The crystals are located at an in-
ner radius of ~ 3 m from the interaction point, and
have a front face of approximately 3 x 3 em? and a
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Figure 33: RMS pileup vs. radius in Anp x A¢ ~
0.06 x 0.06 at £ = 10**¢m~?s~! and |n| < 1.4 for
B = 2T. For B = 3T the RMS pileup decreases
slightly with respect to the above.

length of 23 - 25 X,. With a coverage of |n| < 1.4,
this gives 129600 crystals (240 in 5, 540 in ¢) with
An x A¢ ~ 0.01 x 0.01. CeF5 properties, which
have also been incorporated in the simulations, are
summarized in Table 8,

Several features make CeFs an atractive candi-
date for a erystal calorimeter at LHC:

s High Density
CeF3 has a high density due to the high con-
centration of Ce®* ions in the lattice (1.88 x
1022cm~?), which yields a small radiation
length and small Moliére radius.

Fast Scintillation

Only crystals with optically allowed transi-
tions (such as 5d — 4f forC'e®t) can give rise
to a fast scintillation. The scintillation mech-
anism of C'e 3 is simple and well understood.
It involves the fast, intense and temperature
independent transition 5d — 4f of the Ce®+
ion. T'wo broad emission bands centered at
300 nm and 340 nm (see Fig. 33) produce a
light yield roughly half that of BGO, and a
decay time of 20 to 25 ns (see Fig. 36).

Good Uniformity
The energy resolution of the calorimeter,



Table 8: Properties of CeF3, BGO and PbF,

Cely BGO PbFy Units
{orthorhombic)

Density 6.16 7.13 824 g/cm®
Radiation Length 1.68 1.12  0.88 cm
Moliére Radius 2.6 2.7 1.80 cm
Decay Time of Light 20 to 30 340 <20 ns
Total Light (relative) ~1/2 1 a
Emission Peak 340 480 450 nm
Temp. coeff.(at 20° C) < 0.1 -1.4 %/ C

9)For currently available samples (1 % orthorhombic phase), the light output
is around 30 % of that of BGO. The value for final samples is expected to be

better than that of BGO.
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Figure 34: RMS pileup in a 5 x 5 CeF3 crystal sum
as a function of the effective number of minimum
bias events per bunch crossing. The two families of
curves correspond to the pileup with B = 0 and "B
= oc” (photons only) for R = 1.5 mand 3.0 m. The
two vertical bands indicate the pileup at a luminos-
ity of 1 x 10¥em=2sec~1 and 4 x 103em—2sec—1.
The low value in the band is the intrinsic pileup
(from physics) and the high value is for moderately
fast shaping electronics {f = 1.5; f will be explained
below in equation (1)). As this figure shows, the
large radius L3P design is capable of very clean
electron and photon detection at the highest lumi-
nosities.
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and particularly the constant term, will
strongly depend on all possible sources of
non-uniformity. Intrinsic scintillators like
C'eFy are therefore preferred to doped ma-
terials, because it 1s difficult to control the
uniformity of doping. The light collection
in a pointing geometry will introduce a non-
uniformity due to the focussing effect, which
depends on the refractive index of the crys-
tal. Cerium fluoride crystal has a refractive
index around 1.62, which will limit this ef-
fect to a much smaller value than that for
BGO (n=2.15). In addition, the scintillation
yield from CeFy is almost temperature inde-
pendent {less than 0.1%/°CY), eliminating the
need for thermal insulation of the detector.

Radiation Hardness

Much progress has been made recently in
the radiation hardness of CeF3 which has
been shown to be intrinsically resistant up to
1,000 Gray (photons} and 10'? neutron/cm?
irradiation [29]. At a distance of 3 m and
I ]< 1.4 even with £ = 4 x 10%em= 257 we
expect a crystal lifetime exceeding 20 years.
Radiation hardness depends on the quality of
the raw material. In inorganic scintillators,
the scintillation efficiency is generally not af-
fected by the damage, but impurities, even in
very small quantities, can create colour cen-
tres which absorb a fraction of the emitted
light.

Research is in progress to find ways to iden-
tify the specific impurities which are respon-
sible for the damage in C'eF3 and to find eco-
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Figure 35: Transmission, Excitation and Emission
Spectra of CeF3

nomical ways to remove them from the raw
material.

s Good Mechanical Properties

Due to the good mechanical properties of
Cefls, a high production yield can be ex-
pected after mechanical processing. Nonethe-
less, mechanical processing will be one of the
dominant cost drivers, and extensive R&D is
In progress to find economical techniques for
cutting and polishing crystals.

o Economical

Cerium 1s the most abundant of the rare
earths, with China as the world’s main pro-
ducer of cerium oxide. Tt is widely used for
several industrial applications. The prelimi-
nary results from the Crystal Clear Collab-
oration indicate that a purity of 99.95% is
probably good enough to guarantee a good
quality crystal.

Cerium fluoride can be grown
by the Bridgeman-Stockbarger technique in a
graphite crucible. The high density of CeF3
limits the crystal size to about 25 radiation
lengths, which can be grown in furnaces of
reasonable size and at modest cost.

The intrinsic EM resolution for 25 X expected
from a sum of 5 x B crystals (Xz5) has been simu-
lated with GEANT [25], and is shown in Fig. 37.

In order to keep the highest resolution, we have
minimized the material in the tracker (3% X to-
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tal), as well as the thickness of the supporting
structure. This limits any degradation in resolu-
tion by supporting walls between crystals or any
material before the crystals, in which showers may
originate. For the purpose of calculation, the crys-
tal resolution for a Eq5, with & in % and E in GeV,
may bhe parameterized as:

A

i —_—
E  JVE
where A = 0.94% is the stochastic term, B = 0.14%
is the constant term, C = 0.025% and o = 0.34
represent the high energy leakage, N < 100 MeV
is the electronic noise in the £,5, opp is the RMS

pileup in the 55, f is the electronic pileup factor,
and ¢ is the calibration error. At a luminosity of

N .
eBaC Eopr el TP o

3 7 (1)

L = 10% em~2s~! | the resolution may thus be
written as:
o 0.94%
— = y 0.14 : Woak
o JE ® 0.14% ¢ 0.026% - £ (2)
10%  10%
7 % ® 0.5%

This formula is applicable for a low-noise vac-
uum photodiode readout. At high magnetic fields,
where a silicon photodiode readout is required, the
noise term should be replaced by N < 500 MeV .
At £ = 4 x 10®*cm~ 257! the resolution is only
slightly affected due to the increase of the pile-np

contribution (see Fig. 34).

4.3. Crystal Production in China

China has demonstrated several advantages in
large-scale production of crystals: Nationwide col-
laboration has been organized with the strong sup-
port of the Chinese Government; infrastructure and
experience to produce large quantities of crystals
are already available from mass production of the
L3 BGO and R&D on CeFs, BaFy and PbFs;
China is a country rich in rare earth resources.

Together with ETH Zurich, a large Chinese col-
lahoration, including research institutes, universi-
ties, and industries, exists today. The Chinese
members of the collaboration and their specialties
include:

o Crystal growth:
Shanghai Tnstitute of Ceramics (SIC), Shang-
hai. Five Bridgeman growing furnaces are in
operation at SIC, as well as several cutting
and polishing machines, and mechanical and
optical measurement devices,
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Beijing Glass Research Institute (BGRI),
Beijing. Nine furnaces are in operation at
BGRI, with 8 more large furnaces to be in-
stalled.

Mechanical processing:

Zhongnan Optical Instrument Factory
(ZOIF), Zhicheng. ZOIF specializes in mass
production of high-quality optical products,
as well as machining and finishing.

Quality control:
Institute of High Energy Physics (IHEP),
Beijing.

Study of Properties:

Institute of Crystal Materials, Shandong Uni-
versity, Jinan,

Department of Materials Sciences and Engi-
neering, Zhejiang University, Hangzhou.
Tongji University, Shanghai.

University of Sciences and Technology of
China, Hefei.

The Chinese Academy of Sciences is coordinating
an active R&D at all of these institutes concerning
the properties of C'eF53 and the means for crystal
production. We are investigating the use of raw
materials with 99.95% purity by performing com-
parative growth experiments using CeF3 provided
by different firms, and processed from different salt
materials. These studies also include composition
analyses of the raw materials, as well as investiga-
tions on the pre-treatment and refining processes
to be nsed.

Crystals of good transparency have already been
successfully grown. Transmission is over 85% at
310 nm, and is still around 80% after irradiation
with 1,000 Gy. Radiation hardness tests are per-
formed on samples using a C'o% source, in coopera-
tion with the Shanghai Nuclear Research Institute.

Mechanical processing is being studied with five
cutting machines, two polishing machines and a
large lapping machine. Results are verified with
computer-controlled dimension measuring devices,
and surface roughness meters. Optical properties
are determined with spectrophotometers, and UV
and X-ray flourescence measurements are part of
the standard crystal measurements.

Rigourous quality control is required after pro-
duction, before shipment and after reception of the
crystals. We plan to assure quality control in a



mantet similar to the L3 BGO, by performing the
following steps:

e Visual Inspection to ensure that there are no
cracks or scratches on the crystal.

o Dimension Measurements: Each crystal will
be compared to the corresponding reference
standard. The tolerance for each dimension,
as compared to the standard, is +0 and -200
pm. The planarity of all six faces is 50 um.
The endfaces of the crystal are perpendicu-
lar to the two adjacent reference sidefaces to
within 50 pm.

Transmission Measurements will be per-
formed by spectrophotometers.

Light Yield Measurements will be performed
with Cs!37 sources. Two end points and a
mid-point will be compared against a refer-
ence standard.

Arrival Inspection will be performed at
CERN by repeating each of these measure-
ments.

Untformity Measurements will be performed
at CERN. After the crystals have been
coated, they will be measured with a cosmic
ray bench, similar to what was used for the

L3 BGO.

4.4. Research and Development on CeFj,
PbFy and CsI(CsBr) Crystals

The Shanghai Institute of Ceramics(SIC) and
ETH Zurich are conducting a research on new crys-
tals for L3P (CeF3, PbF> and others). The Insti-
tute of Solid State Physics, Moscow is now partici-
pating in the development of PbF; crystals as well.

PbF; is still a very attractive material worth de-
velopping, because of its low production cost and
high density (see Table 8). SIC has developped
a new technology to grow very clear, uniform and
highly transmitting PbF crystals. However, so far
only Cerenkov and UV excited scintillation effects
were detected on these crystals. Through the fol-
lowing measures, we believe, it may be possible to
use these crystals in the electromagnetic calorime-
ter:

e Better understanding of the optical proper-
ties.

e Studies of the phase transitions of Lead Flu-
oride.
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¢ Studies of doping effects.

e Improving the crystal quality to enhance the
Cerenkov effect.

The Institute of Solid State Physics, Moscow,
has studied the quenching mechanism of room tem-
perature scintillation in P&Fy, and we conclude
that orthorhombic PbFy crystals are much better
scintillators than the cubic crystals normally pro-
duced. The orthorhombic phase of PbF; 1s in equi-
librium at room temperature, but the phase transi-
tion from the high temperature cubic phase to the
orthorhombic one does not usually take place due
to the large specific volume decrease (about 10 %)
from cubic to orthorhombic structure.

An application of high hydrostatic pressure does
induce this transition, but due to the large internal
volume contraction, a high density of microcracks
appears, thus making the crystal opaque.

The specialists at the Institute of Solid State
Physics, Moscow, have invented a plastic deforma-
tton procedure to initiate orthorhombic phase gen-
eration, while preserving the crystal transparency.
After this deformation treatment, PbFy crystals
grown by SIC began to scintillate at rcom tem-
perature.

The decay times of PbF; room temperature scin-
tillations turned ont to be quite fast (less than
20 ns) with a convenient spectral range of emis-
sion (about 450 nm). The light output of the first
samples was already comparable to that of CeFjy,
see Table 8. The light level of this sample is lim-
ited by the small percentage of the orthorhombic
phase (less than 1 %). Further experiments to in-
crease the orthorhombic phase composition should
enhance the scintillation output considerably.

Intensive R&D work is planned by the Institute
of Solid State Physics, Moscow, in order to de-
velop the scintillating PbF5 technology on the basis
of plastic deformation structural transformations.
This R&D could result in the production of high
density, good sensitivity, fast and cheap scintillat-
ing crystals with dimensions appropriate for L3P.

The deformation treatment technology devel-
oped by the Institute of Solid State Physics com-
bines volume structure transformation with surface
deformation flattening, which makes all of the sur-
faces of the crystal optically smooth. This elim-
inates the need for additional abrasive polishing,
thus making the crystal production much more eco-
nomical.



In addition, the Physics Institute of the Uni-
versity of Tbilisi, Georgia and the Institute for
Mono Crystals in Kharkov, Ukrainia are studying
CsI(CsBr) crystals in collaboration with the Paul
Scherrer Institute (PSI), Switzerland.

Czechoslovakia has expertise in the production of
heavy crystal scintillators, laser crystals and heavy
glasses doped with rare elements. The collaborat-
ing institutes include the Preciosa/Monokrystaly
(former Crystur) Company in Turnov, the Tesla
Company, Research Institute of Nuclear Instru-
mentation, in Premysleni and the State Research
Institute of Glass in Hradec Kralove {for more de-
tails see [27]).

4.5. Readout

Electromagnetic calorimeter readout at high-
luminosity hadron colliders presents unprecedented
challenges in signal acquisition. The dynamic range
requirements equal or exceed those at LEP, with
three orders of magnitude increase in speed going
from LEP to LHC. In addition, the extremely high
bunch crossing frequency necessitates a “pipelined”
readout: Because the time between successive in-
teractions is much less than the time needed to
form a trigger decision, the information (energy de-
posited in the calorimeter) associated with a given
bunch crossing must be stored in some fashion for
several (tens to hundreds) of bunches before a trig-
ger decision is available. The combination of these
factors, with the requirement for high resolution,
demands considerable attention at each stage of the
readout.

Operation of the detector in a magnetic field
places limitations on the choice of a photodetec-
tor. There are several candidate photodevices
{avalanche photodiodes, hybrid photodiodes, sil-
icon photodiodes, vacuum photodetectors, etc.)
each with advantages as well as disadvantages.
Large-area silicon photodiodes have successfully
been used as photodetectors for calorimeters oper-
ating in the ps timing regime. The largest such sys-
tem with silicon photodiodes is the L3 BGO elec-
tromagnetic calorimeter [15], whose performance
specifications are listed in Table 9.

The noise performance of a silicon photodiode
systern at the LHC may then be roughly estimated
as follows: For a single-component scintillator (like
BGO or CelF3), the photocurrent is proportional
to (Q/7)e~!/", where  is the number of photo-
electrons/MeV and 7 is the decay time constant of
the light. If all of the charge can be integrated in
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a single bunch crossing (as is the case with BGO
at LEP), then the available signal is simply pro-
portional to Q. At the LHC, however, one would
need some 5 to 10 bunch crossings to collect most
of the CeF;3 charge, so that the signal available is
proportional to @ - (7s/7), where 75 is the effec-
tive electronic shaping time of the signal (for a lin-
ear system). As the noise for a given preamplifier

is proportional to C - ‘rs_l/z, where (' is the total
capacitance at the input of the preamplifier, the

Signal-to-Noise ratio at LHC behaves like

®
C

so that as the shaping time r5 is made shorter, the
S/N ratio degrades as 72/2.

In going from L3 BGO (LEP) to L3P CeF;
(LHC), 1 MeV of noise at LEP will become more
than 100 MeV of noise at LHC. Although there now
exist large area silicon photodiodes with thicker de-
pletion layers than those used on the BGO (thus
with somewhat lower capacitance per em?, but
with increased leakage current and susceptibility
to radiation damage) such diodes with fast shap-
ing amplifiers would still produce at least 75 to 100
MeV of noise per crystal.

Vacuum photodiodes, which have lower leakage
current. and faster risetime, have a noise perfor-
mance which is an order of magnitude superior
to silicon photodiodes. Further, the only radia-
tion hardness problem with a vacuum device is the
envelope, whereas silicon photodiodes exhibit gain
changes, leakage current increases and reduced life-
times in radiation environments. Although addi-
tional gain is possible (phototriode, tetrode, ...)
for maximum gain stability and ease of operation
in a magnetic field, a photodiode is the favored so-
lution.

Operating a vacuum photodevice in a strong
magnetic field requires orienting the tube axis (the
electric field axis) with some angle less than 90 de-
grees with respect to the magnetic field axis. A
proximity focussed photodiode can easily operate
at moderate fields with only a small tilt angle, and
no appreciable gain loss (so that the gain as a func-
tion of 5 is constant). Such a tilt angle has only
a small effect on the light collection and mechan-
ics. A higher gain device, while providing more
signal, requires a much greater tilt angle, and oper-
ates with reduced gain in the field. As the magnetic
field grows stronger, however, it becomes increas-
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Table 9: L3 BGO Readout

Crystal Back Face
Readout

Capacitance

Effective Dynamic Range
Intrinsic Noise

Total Noise

Residual on next bunch

75 pF/em? + 75 pF Preamp
> 18 bits (< 1 MeV to 250 GeV)
0.8 MeV (=~ 900 electrons RMS)

9 cm?
3 ¢em? Si photodiode

1 MeV
< 10°°

ingly impractical to employ vaccuum photodiodes,
thus another readout scheme, such as using sili-
con photodiodes, must be developed (although at-
taining the required noise performance with silicon
photodiodes will require considerable R&D).

The electronic readout chain consists of photo-
diodes with preamplifiers, shaping and gain stages,
signal acquisition, and the higher level readout and
trigger stages. The crystals that form a trigger
tower (a 5 x 5 array of crystals) comprise a con-
ceptual readout module, and share common elec-
trical services. The preamplifiers are located di-
rectly behind (or on) the photodetectors, and have
short cable runs to shaping and line driving stages.
Because of the high dynamic range and large band-
width, the signals are split into two components (a
high and low gain channel) directly at the shaping
stage, before proceeding to the signal acquisition
electronics.

The data pipeline may be formed either in an
analog fashion, in which case the pipeline consists
of a switched capacitor array with virtual 1** and
27% level memories formed by pointers; or in a dig-
ital fashion, with high speed ADCs and digital 1
and 2°? level memories. Because of the compara-
tive ease in forming a 1°* level trigger, as well as the
higher fidelity of digitization, we favor the digital
pipeline approach.

With the digital pipeline, the multiple range sig-
nals are digitized either by separate ADCs, or mul-
tiplexed into a single ADC. The resulting data, an
ADC mantissa, along with identification bits indi-
cating which range was used, are then stored in dig-
ital memory awaiting trigger decisions. The same
data are then presented to a lookup table (RAM)
whose outputs correspond to a calibrated energy
(or transverse energy) to be used in the trigger de-
cision. The trigger may be formed either as an
analog current sum, in which case the calibrated
digital data drive a fast current-output DAC; or in
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a digital fashion with a pipelined adder. Note that
the analog sum formed from digital data differs
markedly from an analog sum formed by adding
shaped copies of the raw input signal in that the
data are already calibrated, the effects of time slew-
ing have been completely eliminated, and the band-
width is considerably reduced, so that the resulting
signal is much cleaner and more precise than would
be possible with a classical analog sum.

Noise level estimates for the crystal readout have
been presented in [27]. An additional problem
arises at high luminosity because the time between
bunches at LHC is short compared to the time
needed to integrate the full detector charge. The
electronic enhancement of pileup must therefore be
included in the overall detector resolution. For a
linear shaping system with voltage sampling, if a;
represents the normalized gain (the height of the
pulse on the i#* bunch after “t = 0", normalized to
the peak height) then the increase in the observed
pileup due to the tails of pileup pulses from pre-
vious bunches is given by oops = f - opy, where
f? = Ta? is the clectronic pilenp factor (f > 1).

4.6. Trigger

The designs that are currently favored for calori-
metric triggering at high-luminosity hadron collid-
ers consist of multi-level trigger stages, each stage
performing more powerful analysis on the data.
The first stage trigger is generally a fully hardware
trigger processor which operates on special trigger
data constructed by the Level 1 readout. The final
stage 1s a fully software trigger processor operating
on the main readout data, and the intermediate
stage may operate either on the trigger data or the
main readout data.

With such a design, severe requirements are
placed on the Level 1 trigger, which must return
a trigger decision within a few ps, while accept-
ing input data every 15 ns. Such a Level 1 trigger



Table 10: Calorimetric Trigger

Level Description Timing

Level 0:  Synchronous Hardware processor € 1 us
Local computation of hits above thresholds

Level 1:  Synchronous or Monotonic Hardware processor 10 — 100 ps
Crude Isolation cut and matching with HCAL towers

Level 2:  Monotonic Software processor >1ms
Precise Isolation cut
Charged Energy cut (with tracker)

Level 3: Software processors
“Off line” analysis

must therefore be pipelined (each operation of the
trigger is clocked by the beam clock) so that the
processing capability of Level 1 is highly restricted.
'To overcore this problem, our calorimetric trigger
adds an additional stage, Level 0, which performs
simple, local discrimination. The addition of this
level, simplifies construction of the trigger, and al-
lows one to two orders of magnitude more com-
putation time for Level 1. The organization and
functionality of the trigger stages are described in
Table 10, The basic trigger flow is then as follows,
An energy sum, as well as a few bits corresponding
to hits above threshold are formed for each electro-
magnetic trigger tower. Level 0 receives the trigger
bits, and forms a trigger decision based on n hits
above threshold (n; hits above E;, n, hits above
Ey, etc.). If the Level 0 decision is yes, then the
digitized 1°* level data are stored in the local 1°¢
level memory while Level 1 processes the trigger
tower-sumn data. A Level 1 yes causes the data in
the 1°* level memory to be loaded into the 2 level
buffer, for readout to the Level 2 trigger.

Extensive simulation has been performed to as-
certain the trigger rates in the electromagnetic
calorimeter and verify the performance of trigger
cuts; see Ref. [27].

4.7. Calibration

Experience with the L3 BGO calorimeter shows
that several design parameters must be carefully
chosen to optimize resolution and calibration sta-
bility. Whereas the BGO was designed to have
optimum resolution at low energies, the CeF; ca-
lorimeter should have optimum resolution at high
energies. Some of the relevant design parameters
are listed in Table 11.

Each of these eflects has a major contribution
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to calibration stability. Temperature effects, while
important for BGQ, are expected to be very small
in CeF3. The nonuniformities and nonlinearities
due to geometry, reflectors, index of refraction and
attenuation length are less critical in CeFs than
BGO. The choice of calibration energies is also im-
portant, because the errors due to nonlinearities
depend on the ratio of the energy being measured
to the nearest calibration energy. For example, a
simple gain error, such as mismeasuring the gain of
a crystal channel i by some amount &; introduces a
constant term of ¢ = RM S(g;) in the energy reso-
lution.

A nonlinearity, Earpas = o E+ 3 E? introduces
a constant term of ¢ = RM S(a;) - (1 — E/Ecat),
which then depends on the difference between E
and Ecar.

The initial calibration and detailed understand-
ing of the crystal nonlinearities requires excellent
incident momenturn and position definition, to-
gether with fairly high statistics. As with the L3
BGO, this initial calibration will be performed in a
test bearn. The crystal ring assemblies {described
below) are mounted on a rotating table, so that
each crystal may be positioned on the test beam
axis. In one 14 second SPS cycle, the two second
beam burst contains a sufficient number of parti-
cles to calibrate the crystal. In the remaining 12
seconds, the turntable moves to the next crystal so
that <15 seconds per crystal are required for cali-
bration.

After installation, we will perform in situ calibra-
tion monitoring, in order to make small corrections
to the initial calibration constants for any gain
drifts. This calibration monitoring will be done
with isolated e* from W, Z — e* + X (in || < 1.4,



Table 11: Calibration Stability - Ce F3 vs. BGO

Effect BGO CeF3
Temp. coeff. -1.4 %/°C < 0.1%/°C
Geometry R = 55cm R = 290 cm (Angles are smaller)
Uniformity Wide range used Small range must be used, and optimized
Optimized low energy for high energy
Index of refraction  High Low, better
uniformity
Calibration Energy  One, 10 GeV Several, high E
High energy in situ
calibration possible No Yes

more than 90% of the e are isolated). The cal-
ibration monitoring makes use of E/p matching
with the tracker, followed by resolution optimiza-
tion. (This technique is possible because the origi-
nal calibration constants are already known. Such
a technique is insufficient for actual calibration ab
initio.) With the high resolution of the tracker,
dp/p = 1% at pr = 100 GeV, the number of events
required to monitor the calibration to an accuracy

of ¢ is given by
- ()
(4)

E

where §E/E is the crystal resolution (8E/FE ~
0.5% for a5 and dE/E ~ 1% for Xyq), opy is
the RMS pileup at the luminosity where the cal-
ibration is being monitored, and oy is the elec-
tronics noise. To monitor the calibration to an ac-
curacy of ¢ 0.3% at 50 GeV thus requires at
least 10 events/crystal. The cross-section for iso-
lated et from W, Z — e + X in |p| < 14 is
about 7 nb for pr > 30 GeV and about 850 pb for
pr = 506 GeV. Calibration monitoring to an ac-
curacy of ¢ = 0.3% at E = 5016 GeV can therefore
be performed over the entire detector on the order
of 6 times per year (107 s) at £ = 1032 em~%5~!
and 65 times per year at £ = 103 cm=2s71,

Additional gain monitoring systems, such as
light pulsers or electronic test pulses may be em-
ployed. Several experiments have used light pulsers
to monitor gain stability, however the problems
that will arise at LHC speeds, due to the vast dif-
ference in the light pulse shape and the scintillation
pulse shape, may be non-trivial to solve. Electronic
test pulsing may be readily performed with the ad-
dition of local test pulse drivers on each channel,

dp
p

oPU
E

) () ) e
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however with proper electronic design, electronic
gain drift should not pose a serious problem (the
12,000 channel L3 BGO Level 1 readout has main-
tained electronic gain stability of better than 0.01%
over 5 years of operation).

4.8. Mechanical Support

The crystal electromagnetic calorimeter is de-
tailed in Ref. [27], and consists of an array of crys-
tals with pyramidal frustum shapes pointing to the
interaction point. It is divided into 540 identical ¢
slices and each slice contains 240 crystals with mir-
ror symmetry. The total crystal volume is about
64 m? and the corresponding weight is 400 tons.

A very rigid supporting structure is needed to
take this load with tolerable deformations. As
crystals cannot take any part of the deformations,
clearance between crystals must be foreseen and
a compromise found between incurred solid angle
loss and exceeding dimensions of the supporting
structure. From the experience gained in L3 dur-
ing the construction of the BGO calorimeter, a
similar principle is used to minimize solid angular
foss: structural material is optimized for the rigid-
ity and resistance needed once in place in the ex-
periment. Reinforcements are used during assem-
bly and installation maneuvers to compensate the
progressive loading during assembly, the position
changes during transportation, calibration and in-
stallation maneuvers, and occasional accelerations
due to shocks.

Each crystal has a constant front area of 1150
mm?, and a height of 390 mm. For reasons of
economy in the processing of the crystals, the front
face and two side faces are made perpendicular to
each other to define a reference trihedron (Fig. 38).
There are therefore 120 different crystal shapes
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HEAT EXCHANGER

PREAMP. PCB

PHOTODETECTOR
GLUED TO CRYSTAL

Figure 39: Photodiode and capsule

(right hand) and their 120 symmetrical counter-
parts (left hand).

As with the L3 BGO calorimeter, every crystal is
equipped with a photodetector located on its back
face with a glued coolant-, gas- and light- tight
plastic capsule. The capsule contains:

e The photodetector, which is glued with a spe-
cial adhesive to the back face of the crystal.

* A preamplifier board.
e Cables for power supply, readout and control.

¢ Cooling ducts connected to a small metal
heat exchaiger in good thermal contact with
the preamplifier board.

The capsule is rigid enough to transmit the force
setting the crystal into correct position and to
evenly share it on the crystal back face to avoid
dangerous stress concentrations (Fig. 39).

The electromagnetic calorimeter is divided into
16 rings of 8 different shapes. Rings are two-by-two
mirror-symmetric. Each ring is made of 36 modular
identical crates.

One crate contains 15 crystals in ¢ and 15 crys-
tals in n. A crate with its 225 crystals weighs
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Figure 40: Crystal crates

about 700 kg (see Fig. 40). Each crate is a box
with 5mm thick metallised carben fibre composite
or 2mm thick titanium alloy side walls, with par-
allel faces in ¢ and tapered faces in n. With this
design the solid angle loss due to material is 0.3 %.

Thete is no structural partitioning wall between
each crystal. The bottom of the crate is a light
sandwich panel. Crystals are held in position by a
frame which closes the back of the crate. The frame
carries pressing devices pushing on the crystal cap-
sules so that crystals are accurately set on the cor-
responding step-like bottom face of the crate.

Some freedom is necessary between crystals af-
ter the optical separation film is inserted, because
of the combined dimensional tolerances of the crate
and crystals, and Lo allow for expected elastic de-
formation of the crate during handling operations.
The 225 individual forces applied on the crate bot-
tom are reacted by an equivalent 13.5 kN tension
in the side walls, which enhances their rigidity so
that assembled crates are self-supporting in any po-
sition.

4.9. Assembly, Installation and Calibration
Mechanics

4.9.1. Calorimeter Assembly

The calorimeter consists of modular rings, which
facilitate the assembly at each stage. For crystal
loading, the open crate is set inside an assembly
container with very rigid walls so that it is unde-
formed during insertion of the 700 kg of crystals.
Once the 225 crystals are installed, preamplifiers
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and their cooling devices are connected, and com-
plete tests are performed to check circuit continu-
ity, insulation and tightness. The closing frame 18
fastened to the side walls and mechanical pressure
is applied on the back of the crystal. This proce-
dure was successfully used for the assembly of the
BGO crystals in the L3 endcap modules.

Before lowering into the experiment, the calori-
meter is pre-assembled in 16 rings on the surface.
36 crates are assembled horizontally in a ring on a
circular jig. These rings weigh about 25 tons with-
out jig weight. Once assembled and tensioned, the
ring assembly is rotated to the vertical position,
then lowered to the pit with the existing 63 ton
crane.

4.9.2. Calorimeter Beam Calibration Me-
chanics

Once rings are assembled, they are ready for
beam calibration. The jig is fit for mounting on
a rotary table providing the ¢ orientation and the
7 inclination (see Fig. 41). The cable and service
connections do not allow a complete 2 7 rotation
in ¢ during a calibration run. It is realistic to fore-
see calibration of the 15 n layers of crystals on 270
¢ positions in one run, then a 180 degree rotation
of the assembly including the cables and services
attached, and a second run for the remaining half
ring. As described above, the two second extracted
beam burst is used to calibrate one crystal, after
which the table is rotated to the position of the
next crystal during the remaining 12 seconds of the
SPS cycle. The active calibration time (27 hours
per ring) is small compared to the total setup time.

4.9.3. Calorimeter Installation

The calorimeter is suspended inside of a support
tube (ST), which is 13 meters in length, has an
inner radius of 3,390 mm, and an outer radius of
3,490 mm. Tts design details are given in Ref. [27].
After the support tube is in place, the rings may
be installed. In order to balance the pre-stresses
which give the calorimeter its stability in spite of
its very light structure, the rings must be installed
in symmetric pairs, starting with the central ones.
This implies that access is required simultaneously
from both sides of the detector (see Fig. 42).

Two railways are installed on both sides of the
detector and are continued inside the support-tube
using the available fixation points. The ring-jigs are
attached to carriages rolling on the railway. The
carriages are counterweighted to cantilever the ring
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Figure 42: Installation of rings in the support tube

load. For each pair of rings to be installed, the rails
inside the support-tube are withdrawn to leave the
ring length free.

When the two rings are in position they are at-

BEAM e, tached together and spokes are connected to the
E \ fixation points of the support-tube. Spokes are ten-
\ b sioned, and expected deformations must be moni-

tored until the jigs can be detached from the rings.
The spoke positions on the ring circumference are
scattered from one ring to the next so that rings
can be temporily fastened both to the jigs and to
) the spokes.
The computed support tube deformations are
4 such that there will be no need to readjust the
spoke tensions of previously installed rings after a
ring pair is added. The spoke tensioning device can
therefore be made simple, as no remote action will
I be required.

7/l

3

4.10. Endcap Electromagnetic Calorimeter

The endcap electromagnetic calorimeter, which

Figure 41: Beam calibration set up covers the range 1.4 < || < 3.0, consists of
a high granularity silicon calorimeter (see Figs.

43, 44, 45). The energy resolution for this calo-

rimeter is ~ 20%/vE @ 2%, which is appropriate

36



Supporting plat
ang?r?terco% ect?ons

n=144 |Ring
) h
3™~
1
’é‘ [ 2
c °f 3
4
1 5
)
1k 7
n=3 ?
1 } L 1 1
6 5 4

Z (m)

Figure 43: Schematic view of the endcap silicon
calorimeter layout
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Figure 45: Cross-section of the calorimeter

for the reaction H — de,

The design of the calorimeter is based on the ex-
perience gained by the SICAPO [17] collaboration,
and on the R&D proposal P34 [32] which is devel-
opping low-cost silicon production and construct-
ing a full scale calorimeter module.

The calorimeter consists of 13 sampling layers.
The first 10 layers are 1.5 Xy thick and the last
three are 3.0 Xy. The total calorimeter depth is
24.0 X,.

The mechanical structure is divided up into 10
rings supported at the back by a thick plate. All
external connections are routed along this plate as
shown in Fig. 43.

Each ring is subdivided in Ag sectors, and covers
Ap=0.15-0.2.

Silicon detectors planes (active planes) are lo-
cated between copper and lead absorbers. They
consist of silicon diodes 400 pm thick, with an ac-
tive area of 2 x 2 cm?, matching the Molitre ra-
dius of the calorimeter (ppr = 1.8 cm). The diodes
are sandwiched between two printed circuit boards.
One board contains the preamplifiers lodged in
holes in a sheet of polyethylene envisaged to mod-
erate neutrons. The second board carries the high
voltage. The entire sampling layer is covered by
a third board for mechanical protection, and en-
closed in a copper box. A spring made of Cu-Be
foil adapts the 3.0 mm thick active plane to the
3.5 mm free space inside the box. The detailed
structure is shown in Fig. 44.

The rest of the absorber is Pb, 7 mm thick in



Table 12: Main parameters of the silicon calorime-

ter
7 coverage 14-3.0
Total depth 24 X,
Total geometrical thickness 282 cm
Sampling layers 13
Smallest cell size 2x 2cm?
Largest cell size 4 x 4 em?
Total Si surface area 690 m?
Number of silicon diodes 1.7 108
Number of preamplifier channels 600K
Number of summing channels 150K
Number of readout channels Q0K
Cu weight b8 t
Pb weight 61t

the first 10 layers to complement the Cu absorber
to 1.5 Xo, and 10 mm thick in the last 3 layers to
complement the 7 rmm Cu and the mechanical sup-
porting structure (10 mm/layer). The total thick-
ness of the calorimeter is thus 28.2 em, including
the space for the 3 service planes described below
(see Tig. 45).

The Si diodes are readout by preamplifiers
whose outputs are summed to form minitowers and
buffered in an analog pipeline memory before be-
ing sent outside for further processing. The charge
sensitive preamplifiers are based on the design de-
veloped by the SICAPO collaboration and adapted
for the readout in the P34 R&D proposal. They are
very fast (shaping time = 20 ns) and can match
the Pipeline Analog Memories developed at CERN
{33]. Four preamp channels are contained in a VLSI
chip. They dissipate 45 mW /channel with a dy-
namic range of 105. Hence the power dissipated on
the active plane never exceeds 110 W/m?,

The copper plates act as heat conducting sheets,
allowing heat exchange to the cooling circuit. A
model simulation shows that the temperature gra-
dients are less than 2° C with an average value of
10° C. This temperature is necessary to mantain a
low leakage current after irradiation.

The 13 active planes are longitudinally organized
in 3 segments of 4, 6, and 3 layers. At the end of
each longitudinal segment, the gap between the ab-
sorbers is increased to allow a service plane carrying
the HV distribution to the planes of the segment,
the summing of the signals from the planes of the
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Figure 46: Distribution of leakage current of fully
depleted detectors praduced by ELMA

segment to form projective minitowers, the pipelin-
ing of their outputs, the controls and the protection
devices. With this organization, the number of in-
terconnections is minimized (bonding only), thus
reducing the electronics costs. To reduce the num-
ber of readout channels further in the region 5 =
14 to 7 = 2.2, 4 adjacent silicon diodes will be
summed up.

Taking into account the moderation effect of the
polyethylene located in the active samplers (see
Fig. 44), in 10 years of operation the estimated
neutron fluence will be less than 5 x 1013n/cm?
down to 7 = 2.5. This fluence increases gradually
to 2x10'3n/cm? in one year at 5 = 3.0. Radiation
damage may therefore require replacement of some
of the silicon (up to 20 m?) after 5 to 10 years of
full intensity and continous running.

The silicon could be supplied by Russian Indus-
try. The first lot of detectors produced last year
in the framework of an extensive R&D program,
demonstrated sufficiently good characteristics (see
Fig. 46) for the leakage current distribution.

This R&D program includes extensive radiation
damage tests, the study of the organization of a
silicon system to be used in calorimetry and the
preparation of a full scale subsystem prototype [32].

The main parameters of the endcap silicon calo-

rimeter (for both endcaps) are summarized in Ta-
ble 12.



4.11. Conclusions
The key features of our design may be summa-
rized as follows:

o Availability of Crystals: A coordinated na-
tional effort is under way in China, with the
intent of providing us with the large quanti-
ties of crystals needed at the minimum price.
Such efforts have already been proven suc-
cessful with the 12,000 crystal L3 BGO calo-
rimeter.

¢ Large Radius: Background is inherently lower
as the detector is located farther away from
the interaction point, pileup noise and front-
end trigger rates are reduced and the 7° re-
jection is enhanced. A large-radius design
ensures the least sensitivity to errors in the
present assumptions of the backgrounds and
ensures the best physics performance at any
LHC luminosity.

o Simplicity:  The performance of our bar-
rel calorimeter is achieved solely through the
use of crystals, without reliance on com-
plex photon pointing or 77 detector systems.
Avoiding split crystals for additional detec-
tors eases the task of maintaining precision
calibration.

e The design is based on proven L3 erperience,



